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Foreword

Although the main topics chosen for presentation and discussion at this

symposium were motion sickness and central vestibular mechanisms, the scope
was broadened, as on previous occasions, by extending invitations to heads of
NASA laboratories and to principal investigators of NASA-sponsored projects
to report on any progress in related areas.

Sessions I through IV were designed to review the historical aspects, etiology,
symptomatology, and treatment of motion sickness. But at the end of these

sessions, despite many excellent presentations and much discussion, there was
no escape from the conclusion that our limited knowledge of motion sickness
represents a highly unsatisfactory state of affairs. It soon became evident that the
use of the term "motion sickness" was not always restricted to its literal meaning

and that even when it was, there were differences of opinion, either with regard
to its definition or with regard to the criteria used in making a diagnosis. The
effects of these differences became even more evident when the discussion cen-

tered on etiology, symptomatology, and the central mechanisms underlying motion

sickness and its abolition through adaptation.
The situation we face is that there are too few facts known about motion

sickness and that those available have not been structured conceptually. More-
over, we need to identify the precise role motion sickness plays in the total symp-
tomatology evoked by exposure to unusual force environments, and to differentiate

between these and other circumstances not involving "motion" but evoking similar
symptoms.

It is pertinent to inquire why the challenge presented by such a frequently
occurring fascinating constellation of symptoms has received so little attention.
Some of the answers are probably contained in the following statements:

(1) Scientific studies must to a large extent be conducted under controlled

laboratory conditions, and such studies are costly in terms of subjects, facilities,
equipment, and the time required to carry them out.

(2) Motion sickness is a reversible illness which annoys but does not worry
mankind and consequently holds little interest for the clinician whose services
are not needed either to make the diagnosis or to prescribe treatment. But the

clinical scientist should note the analogy between motion sickness and psycho-
somatic disorders involving the visceral nervous system. For example, the experi-
menter, through selection of subject and manipulation of vestibular input, can
create conditions for studying influences of a psychological nature on physical
symptoms.

(3) The study of motion sickness has held little interest for the physiologist or
psychologist, partly because of the "cost" mentioned above but mostly because
it is a problem in the area of operational or environmental medicine.

To regard motion sickness solely in this light is to ignore both its intrinsic
theoretical interest and its relatedness to continuing areas of psychological and
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iv THE ROLE OF THE VESTIBULAR ORGANS IN SPACE EXPLORATION

physiological concern. The techniques which are currently used to study motion
sickness in the laboratory offer an excellent means of investigating the central
mechanisms of adaptation involved in accommodating to an "atypical" environ-

ment and subsequently reaccommodating to the "typical" environment once
the atypical conditions have been removed. Moreover, the very large yet rela-
tively consistent variability that is observed among individuals in the extent to
which they are susceptible to motion sickness suggests the existence of some
stable and enduring characteristic of the individual. Thus, these individual
differences are likely to be of considerable interest to those investigators con-
cerned with identifying the important parameters of psychophysiological variation.

The subsequent presentations by anatomists and electrophysiologists were
outstanding and exemplified the widening growth of interest in vestibular mech-

anisms and the high degree of specialization required to obtain the information
which one day will allow conceptualization of the roles of the semicircular canals
and the otolith apparatus. At the moment, the anatomists seem to face fewer
obstacles than the physiologists in that all of the powerful tools of the former

can be brought to bear in revealing fine structural differences among receptor
cells and properties of specialized synapses and by tracing pathways in the central
nervous system and depicting communication channels and topographical arrange-
ments. Their important accomplishments edge ever closer to "function," and

some of their findings are of great significance for physiology.
In contrast to the anatomist, who can apply his techniques as well to the vestib-

ular as to any other system, the eleetrophysiologist works under severe con-

straints in dealing with the vestibular system, especially when comparison is
made with research on vision and hearing. His problem does not lie in recording
electrical "responses" in the central nervous system but rather in presenting a
normal stimulus to the end organ. Angular and rectilinear accelerations cannot

be manipulated as can light and sound. Moreover, the employment of "releasing
stimulr' evoking innate patterned responses, which accounts for recent major
advances in our understanding of auditory and especially visual mechanisms,

has scarcely been used in vestibular neurophysiology.
Difficulties with stimulation is only the beginning. The electrophysiologist

has yet to distinguish sharply between canalicular and otolithic inputs which
perforce must produce different effects. The physiologic inertial accelerative
stimulus to the canals is gravity independent as is its resting discharge. The
otolithic receptors, in addition to whatever gravity independent resting discharge

might be exhibited in weightlessness, are never without the stimulus of gravity
when properly positioned in the gravitational field. This stimulus pattern changes
with changing position of the head and is complicated by whatever inertial accelera-
tion transients are generated in the act of moving.

The electrophysiologists are the first to point out that, in stimulating

electrically a vestibular branch or the whole vestibular nerve, the sensory input
is preternaturally "strong" and always abnormal in its temporal and spatial pat-
terning. It is important to recognize that in the intact organism, not only is a

right-left imbalance a cause for "disturbance" in the vestibular system, but even
an acceleration, normal in all respects save its patterning, usually causes a dis-
turbance. This extreme sensitivity to abnormal patterning of inputs may well
result from the fact that of all sensory nuclei, the vestibular, perhaps to the greatest
extent, combine the functions of analysis and integration. The disturbances
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caused by abnormal stimulation are manifested by many indicators which suggest
that vestibular influehces may reach cell assemblies never stimulated under

natural circumstances. Until normal stimuli are applied, the physiologist will
be studying not only th e physiological pathways but also the polysynaptic "dis-
turbance pathways" of the central nervous system. These constraints are pointed
out only to demonstrate the great difficulty in conducling eleclr(q)hysioh_gical
studies and to underscore the need for additional support in the long task ahead.

Recent progress, as indicated by the elegant studies reported in this sym-
posium, emphasize the importance of the triadic interrelations of vestibular nuclei,
cerebellum, and reticular formation together with their direct and indirect
reciprocal connections with the brainstem, cord, and cerebral cortex.

ASHTON GRAYBIEL

Naval Aerospace Medical Institute
Naval Aerospace Medical Center
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Welcome

WALTON L. JONES

Office of Advanced Research and Technology, NASA

For tile National Aeronautics and Space fits in with and will contribute to these trends

Administration, I should like to welcome you of tile times.

once again to Pensacola and to the Fourth 1 should like to take a few moments this morn-

Symposium on the Role of the Vestibular Organs ing to review some of the trends of the present-day

in Space Exploration. For some of you, this research and to examine this symposium in the

represents our fourth occasion to gather together light of these trends. The firs! concerns the

to discuss our research findings; for others, this increasing use of the multidiscipline approach

is the first meeting. I trust, however, that all tu problems in science. NASA is quile cow

of you will find the present meeting as productive vineed that most of the problems facing the

and rewarding as those of the past. agency and the world today are so complex

I should like also to note the international that they will yield only to research-and-develop-

flavor of our present conference. This year, we ment efforts that transcend individual scien-

have representatives from many countries. It title disciplines. For this reason, a substantial

is agreed that the exchange of the latest research part of the funding for the NASA University

data among investigators such as these is having Program is in the form of grants to the university

a stimulating effect on research in the field of rather than to specific departments, and it is

vestibular physiology and, at the same time, is intended to encourage broad integrated attacks

providing needed information for the space on problem areas by the university as awhole. I

program, am pleased that this policy is quite in keeping
As director of NASA's Biotechnology and with the structure of this symposium which, in

Human Research Division, I have an opportunity addition to having representatives of many of

to review NASA support of various research the nations of the free world, also has in attend-

programs. From this vantage point, it has ance investigators representing a number

become clear to me that the United States is of the traditional disciplines. I see physicians,

entering a new age of science and technology physiologists, engineers, psychologists, phys-

and that a substantial impetus for our entry icists, andothers, all working toward the common

into this new age is coming as a result of NASA goal of understanding the human vestibular

research programs. From our examination of system.

many of our specific research efforts, whether A second trend I should like to note concerns
conducted at NASA centers, universities, the increasing application by research scientists

(;overnment laboratories, or contractor facil- of space technology to basic scientific investiga-

ities, I have come to identify certain trends and lions. An example is a miniature blood-pressure

characteristics which appear to be largely re- sensor, less than 0.05 inch in diameter. It is

sponsible for our rapid strides into this new era small enough to be inserted through a hypodermic

of technology. Obviously, in reviewing any needle, and it is now being used to obtain pres

research program, we give a heavy weighting sure measurements inside the arteries and the

to the extent to which the proposed effort heart without disturbing the flow of blood. In

1
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this case, the sensor is based on transducers Sciences, one that deals with physiology in the

originally designed to measure pressures on space environment:
flight models in NASA wind-tunnel tests. Systems analysis, based on modeling of a system with

Another significant point concerning the re- known data on known factors, can provide significant exten-
sions of our understanding. Moreover, this can be accom-search of today, and one of which I am sure you
plished at remarkably less cost in time, effort, and resources

all are aware, has to do with the use of high-speed thanby any other methodnowavailabletous.
digital computers as an integral tool within the
research effort. These computers, so critical in A word or two is in order, however, concerning
the control and monitoring of space flights, now both the hazards and the benefits of such efforts.

are being put to use in real-time analyses of physi- First, it must be realized that the mathematical
ological experiments. The increased utilization of modeler deals essentially with input-output
computers for the immediate reduction of data relationships. In describing these relationships,

is due in part to the recent development of time- particularly when he is developing a model of
some human physiological or behavioral system,sharing systems which allow a single computer

to service several users simultaneously through the modeler draws largely upon the concepts of
telephone quality-data lines. The first time- servomechanics or control engineering as

sharing computer system was placed into opera- explanatory devices for dealing with the adaptive
tion early in the 1960's. Since then, a number of character of these human systems. However,
commercial organizations have begun to offer this even if the model, once developed, is capable of
service, including the provision of operating soft- describing perfectly the response of the system

to any combination of stimulus forces, it doesware. These systems, which are expanding at

an incredible rate, allow any investigator to have not mean that we understand the system from
what is almost an on-line computer capability the biologist's point of view.
with a rapid readout concerning the results of It is obvious that the basic structure of the
his investigation. The excellent computer facility human does not consist of a large number of

at the Naval Aerospace Medical Institute pro- integrators, differentiators, and serw)motors-
vides on-line capability to research studies con- at least not in the sense in which the mathema-
ducted here. The use of on-line services such tician uses these terms. These terms simply

as this, plus the expanding availability of time- are useful in describing the functional char-
sharing systems, should greatly increase the acteristics of biological systems. The biologist
pace of progress in the physiological sciences in will want to examine the precise structure of

years to come. these systems, frequently at the subcellular
Now I should like to turn to what I consider to level, so that he can understand the manner in

be one of the most significant characteristics of which such phenomena as learning and adapta-
modern research: the use of the systems- tion take place-phenomena which, incidentally,

engineering approach. The systems-engineering are nut easily handled by the systems-engineer-
approach, so important in the development of ing and mathematical-ntodeling techniques
major aerospace equipment, now is being used of today. The development of these models,
in the study of physiological processes. One however, can be of great value, since they offer

important phase in this approach involves the an organized theoretical structure which is
development of analytic models of system func- amenable to empirical testing and since they
tions. These models, which in the case of suggest reasonable explanations concerning

dynamic systems draw heavily on control- the operation of component structures within
engineering techniques, attempt to describe the system. Thus, modeling should serve both

as an incentive to research and as a frameworkthe interrelationships among the many com-
for the integration of the results of differentponents of a system and to predict the response

of the system to any combination ot' stimulus investigations.
forces. To quote a recent report of the Space There is one final feature of some of our
Science Board of the National Academy of current research which I feel is worthy of com-
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ment. In this case, I would draw your attention can be so dramatic and so important that 1

to the unique opportunities for research which should not like to see any of us lose sight of
are presented with the advent of the space age. these opportunilies.
I believe it is incumbent on each investigator In conclusion, I believe there are a number of

to recognize these opportunities and to exploit identifiable characteristics of what might be
them as appropriate within the framework of termed the mainstream of modern research pro-

his particular area of interest. As an example grams. These programs draw on the talents of
of these unique opportunities, consider the many disciplines and mount a broad attack on a

subject of our symposium today-"The Role given problem area. They exploit recent ad-

of the Vestibular Organs in Space Exploration." vanees in technology and typically rely on high-

Gravity exercises such a profound influence on speed computer analyses for data processing.
the functioning of human postural mechanisms They make good use of the techniques of systems

that many problems in basic vestibular physiology analysis and are', sensitive to the opportunities to
can be studied more effectively under weightless-
ness than in a normal gravitational field. One conduct research in unique environmental set-

of the dividends of space flight will be the tings. It seems to me that the current research
opportunity to carry out such experiments that in vestibular physiology, as exemplified by the
are impossible on Earth. totality of papers presented at these meetings,

It is obviously both difficult and expensive to can be considered mainstream research in every

program an experiment to be conducted during respect. I am quite pleased that the National
the course of a space flight. However, the Aeronautics and Space Administration has played
information gained through such experiments some part in the: support of this program.
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Experimental Studies of the Eliciting Mechanism of Motion
Sickness

ARNE SJil)BERG

University of Uppsala, Sweden

S UMMAR Y

After an analysis of ship movements and calculation of the maximal acceleration values for a

normal-sized passenger vessel on high seas, it is concluded that angular acceleration is unimportant

in the elieitation of seasickness. The vertical up-and-down motions of a ship are the most important,

and experimental motion sickness can easily be provoked in human beings and dogs exposed to vertical
movements in rapid elevators or hoisting cranes. Deaf-mutes with reactionless labyrinths and dogs

after labyrinlheetomy have no symptums of motion sickness after exposure to these rapid elevator

lnovements.

On board a ship on a heavy sea, eye movements similar to nystagmus have been recorded by

electronystagmography (ENG). Simultaneously, on the same direct-writing paper, the pitching and

rolling motions of the ship have also been recorded with accelerometers.

Optical and proprioeeptive impulses are not necessary for the appearance of symptoms of motion

sickness. It is known from experience, however, that these impulses together facilitate and promote

the appearance of the symptoms. The optical impulses facilitate the symptoms to a greater extent

than do the proprioeeptive ones.

Results of hydromeehanical studies and experiments on labyrinth models and temporal bones

have shown that, when a person is exposed to linearly accelerated horizontal and vertical movements

or to the movements of a ship on a heavy sea, pressure variations with accompanying displacements

and flows in both the perilymph and the endolymph must occur at every point in the contents of the

labyrinth. These pressure variations affect both labyrinths at the same time, but the momentary pres-

sure in the corresponding points of the two labyrinths will seldom be exactly the same during these

varying motions. It seems very probable that these pressure variations in the fluids of the labyrinth
are of such a magnitude that the transmitted excitatory effect will create manifest symptoms of motion
sickness.

It thus seems justifiable to assume that the symptom complex of motion sickness arises from the

two receptor systems of the labyrinth: the otoliths and the ampullar cristae.

The intermittent headache and some of the psychic symptoms accompanying motion sickness may

be largely due to the intracranial pressure variations caused by the linear acceleration movements.

The results of some new hydromeehanical experiments in the absence of gravity can be applied

to the problems concerning weightlessness in prolonged space flights. The unfavorable vestibular

reactions of the motion-sickness type after sharp movements of the head in Russian cosmonauts may

probably have been due to the fact that, in the absence of gravity, as soon as a sudden horizontal ac-

celeration takes place, the fluids of the labyrinth will be forced "outward" or flung toward the mem-

branous and osseous walls of the labyrinth. The liquid in a vessel is forced toward the side away from

the direction of the acceleration. The result will be a very rapid adequate excitation of the "deaffer-

ented" weightless receptor systems. These unexpeeted afferent impul,_es will suddenly produce

symptoms of vertigo, motion sickness, and perhaps sensory illusions.

The hydromeehanieal hypotheses and experimental results may also plausibly explain the spatial

illusion in weightlessness of the body being in an upside-down position.
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INTRODUCTION excitatory process was primarily induced in
the labyrinth.

When I began my research 40 years ago on the
My original aim was to study seasickness

fascinating problem of the mechanism eliciting experimentally on dogs subjected to artificial
seasickness, I hardly anticipated that this sub- ship movements.
ject would be of such great topical interest in
the world of today, in the space age with its

ANALYSIS OF SHIP MOVEMENTSstudies of vestibular problems in manned space

flights of long duration. It is of primary impor- Since ship movements on rough seas are
tance at the present time to prevent vestibular

extremely complex mathematically, an analysis
disturbances in weightlessness and perhaps to

of them was considered necessary (fig. 1). Three
solve problems concerning artificial gravity, principal types of oscillations are involved:Because of the increase in sea and air travel

(1) Plunging-a purely vertical motion;
by both civilian and military, the production of (2) Pitehing-a motion around the transverse

effective anti-motion-sickness drugs is equally axis of the ship; and
important. (3) Rolling-a motion around the longitudinal

For centuries, intensive studies have been
axis of the ship.

made of the symptom complex which has been
Motions around the vertical axis of the ship-

generally called seasickness, better known yawing-are due only to unsteady steering of
today as motion sickness, vestibular sickness, the ship and probably have no actual influence
or space sickness. It was at the end of the 19th on the induction of motion sickness.
century that motion sickness was first seriously Added to these is a continuous motion forward.
related to the inner ear, and at an early date its

The accelerations can vary here in either a
resemblances to M6ni6re's disease were pointed positive or a negative direction, according to
out. Important support for this view was the size of the ship in relation to the dimensions
obtained by the observation that deaf-mutes of the waves.

seldom or never became seasick (refs. 1 to 3). In figure 1 we see that, from a mechanical
In 1901, Butler Savory (ref. 4) considered that

point of view, a passenger undergoes the same
seasickness was provoked reflectively from the
semicircular canals, and Corning in 1904 (ref. 5)

pointed out the similarity between rotatory _z__-..... _-- ......... _-_-___vertigo and seasickness. In 1903, Kreidl suc- _-_ 1

ceeded in inducing seasickness experimentally '_"" --
in animals subjected to artificial ship movements. Plunging

Remarkably enough he does not seem to have r_-. _--'-'_

published his results, but he is said to have _ ....... --- '

shown "qu'apr_s section bilaterale du nerf ___-__ __auditif, les animaux sont insensibles aux mouve .... __-
ments artifieiels" (ref. 6). Bfirfiny (ref. 7), Bruns Pitching

(ref. 8), Byrne (ref. 9), and many others con-

sidered that it was the angular accelerations ,q_._ _._-_
which provoked the symptoms and they therefore _.7.-

tested subjects in rotating chair experiments. \I;, __ --,
It was Wojatschek (ref. 10) and Quix (ref. 6) who ],_P_77__ _'

first suggested that it was probably the otoliths _ -"--_, _ __ _,
and not the semicircular canals which were

Rollln
stimulated by ship movements. In spite of

intensive studies, however, no unequivocal FIGURE 1.-Three types of oscillations of a ship's movements

explanation was given for the way in which the on roughseas.
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movements on pitching and rolling, h may be on pitching, P is at tile mast top or on tim naviga-

said that these two movements are composed of tion bridge, he describes instead a harmonic

a harmonic oscillatory motion and a rotatory imndulous motion in the horizontal plane, but

motion, now forward and backward.. On rolling he de-

Figure 2 corresponds to the hmgitudinal scribes instead a harmonic pendulous motion

section of a vessel with regard to pitching and from side to side in the horizontal plane.

to the transverse section on rolling. It is imagined If our passenger changes his location on the

that the passenger (P) is placed at a supposed ship, then naturally the amplitude of tire harmonic

point A on the vessel. Both on pitch and on pendulous motion on pitch and roll varies. The

roll, P describes, with point A as the median amplitude becomes progressively smaller as he

position, a to-and-fro movement from C to B. comes ch)ser to lhe axis of rotation O, and pro-

If the angle is small enough (especially if the gressively grealer the further his distance from

radius, as (m a ship, is large), then tire path of O (fig. 2). It is a well-known fact that a her]-

point P can be regarded as a straight line, and znntal body position close to the cenler of gravity

tim projections of P on the vertical and horizontal of the ship lessens the symptoms produced by

planes, respectively, then describe approxi- rough seas, but it should be noted thai the value

mately harmonic pendulous motions in the paths of the angle is the same whatever Ihe location

C1 and BI and C_ and B2, with points PI and P.., of P.

respectively, as median positions. It is thus seen that the path of P (-mlsists ap-

If the passenger is located right in the front proximately of harmonic pendulous motions in

of the prow of the ship, then on pitching and both the vertical and the horizontal plane and,

also on plunging of the ship he is subjected mainly in addition, of an angular motion.

to a vertical harmonic pendulous motion. If, The general motion to which a passenger is

subjected takes place under varying axes and

comprises a SUlmrposition of three pure sine

C, p, B, Horizontal plane curves with different amplitudes and numbers of
oscillations. (See fig. 3 which illustrates condi-

tionally selected sine curves.) To this supposed

Bt motion is then added the continuous accelerated

p) motion. This general motion consists of_
(1) A space motion (composed of plunging plus

c, the harmonic pendulous motion in bolh the verti-

cal and the horizontalplane on l)itchaml roll);

(2) A c,,mbined rotatory nmtinn which is the

sum (d' lhe r()tal,uy motim_s (m pitch and on roll;

,- 0 (3) A c(mtinuous, possibly irregular, accelerated
t_
"a motion in the horizontal plane, which would seem

"_ to have special importance in small vessels.o
i_ Since the time period and also the angle of
O
> pitch and of roll are specific for every vessel and

a = Estimated angle of roll resp. pitching - " ---

P Passenger '"_" " "..... " -_..... "

{Transverse reap. Iongitud axis of the vessel)

FIGURE 2.-Seetion o[" a vessel. The lmssenger P is /)laced

at an imaginary point A on the vessel. The figure represents FIGURE 23.-Superposi/ion of three pure sine curves represent-

both pitch and roll. ing motion axes to which a ship's passenger is subjected.



10 THE ROLE.OF THE VESTIBULAR ORGANS IN SPACE EXPLORATION

characterizes M6ni_re's disease comprises,
among other things, vertigo and nystagmus. In
seasickness, on the other hand, nystagmus in
its usual sense is absent on macroscopic obser-
vation. In this connection it should be recalled

that, in M6ni_re's disease, the labyrinthine ex-
- citation is induced on only one side and therefore

nystagmus occurs. This has long been con-
sidered to support the assumption that seasick-
ness is only induced from the one type of
mechanoreceptors of the labyrinth, the otolitbs,

__ which react to linear acceleration. The ampullar

cristae, on the other hand, are considered to

respond only to angular accelerated movements.
The lowest value for the angular acceleration

which in normal persons can induce an ocular
movement in the direction of the slowest nys-

tagmus phase is called its "minimum percep-

FIGURE 4.--Illustrating the angle of pitch (od a,rd of roll (/3) tibile." The values obtained experimentally

of a vesselat sea. for minimum perceptibile have varied in man from
1°/see 2 up to 4° to 5°/sec 2 (refs. 6, 12, and 13).

are also dependent upon the nature of the wave As mentioned previously, it is only on heavy
movements, no mean values for these factors are rolling that the angular accelerations reach a
to be found in the literature on shipbuilding, value of 5°/see 2. The Dutch investigator

Figure 4illustrates rolling and pitching. Angle Nieuwenhuijsen (ref. 14), during journeys
ce in this figure is the angle on rolling; i.e., the in 1958 across the Atlantic from New York to
inclination of the mast toward the vertical plane. Rotterdam, and using an angular accelerometer,

The angle on pitching (/3) represents the inelina- obtained a figure of 4.5°/sec 2 fl:_r angular speed
tion of the vessel toward the horizontal plane, as a maximal value which was maintained for

For passenger ships of normal size there are cer- only a short period. Usually the maximal angu-
tain upper and lower limit values. The maximal lar acceleration was lower than 1.5°/sec 2. In
value for roll is probably 15° and for pitch 5°. other words, it is only in extreme cases that the
The time period (the time for a simple oscillation, angular accelerations exceed the values for

7) can vary; for roll and pitch it probably varies minimum perceptibile, and then only negli-
between 5 and 40 seconds (ref. 1). gibly.

The greatest angular acceleration that can As I have just mentioned, it has been con-
occur for a passenger ship of normal size (10 000 sidered, generally, that these facts support the
to 20000 tons) is approximately 5°/see 2. This view that it is in the otoliths and not in the semi-

corresponds on rolling to an angle of 15° and a circular canals that the cause of seasickness
time period of 5 seconds. Such heavy rolling is to be found.
seldom occurs and then only on a very choppy Before the introduction of eleetronystagmog-

heavy sea. All other values for pitch and roll raphy, no nystagmus could be observed with the
lie below 2°/see 2 (refs. 4 and 11). unaided eye. As early as in 1931, however, I

was able to demonstrate, with Dohlman's photo-

EYE MOVEMENTS ON LINEAR kymograph (ref. 12), despite all sources of error,

ACCELERATIONS refleetory eye movements on linear up-and-down
vertical acceleration motion in rapidly moving

Now we come to a very important problem in elevators. The amplitudes were 4 meters to 6
seasickness. The vegetative explosion which meters and the maximal speed just over 1 m/sec.
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The principle of Dohhnan's recording rnethod was according to its length. Extension of tile wire
that a beam of light was reflected in a small is a linear function of the acceleration. In heavy

concave mirror fixed to the eye with a rubber seals we halve so far succeeded in recording verti-
arrangement. The spot of light was projected call nystagmus..like eye movemenls (fig. 5).
onto a light-sensitive paper to a curve, a These studies have not yet been published,
nystagmogram, and these results are preliminary ones.

In 1922, Fleisch (ref. 15) demonstrated on It seems justifiable, then, to conclude that
rabbits vertical eye movements of the nystagmus seasickness symptoms are most probably not

type on horizontal accelerations. Later .long- induced by angular accelerations but by har-
kees and Philipszoon (ref. 16), but especially monic oscillatory space motions in the how
Niven, Hixson, and Correia (ref. 17) and also zontal and vertical planes on pitching, rolling,

Guedry (ref. 18), demonstrated eye movements and plunging. Of the different motion corn-
of nystagmus type on linear accelerations, ponents, the up-and-down harmonic oscillatory

During recent months my collaborators, movements would seem to play the principalrole.
C. Angelborg and R. Aust, and I have made

recordings on persons on board ships belonging
to the Swedish Navy and also on board large MAGNITUDE OF FORCES tIT
automobile ferries on the Stockholm-Gotland DIFFERENT LOCATIONS ON SHIPS

line. We have used a Mingograph 34 (Elema-
Sch/;nander, Sweden) which is a muhichannel To give a hetter idea of the enormous f,rrces Io
direct-writing electrocardiograph with four re- which our bodies are subjected on board a ship

cording channels and a universal amplifier for during heavy seas, we have calculated tim magni-

recording of biological potentials; e.g., electr41nys- rude of those movements to which a passenger is
tagmograms (EN(;). By this means it has been subjected by the different principal oscillations

possible to record simuhaneously both horizontal at varying locations on a passenger ship of normal
and vertical eye movements and, in addition, size.

We assume that the ship has a displacement ofvertical and horizontal accelerations of the ship
]0000 tons, with at length of 120 meters and aon one and the same recording paper. For

recordings of pitching and rolling ship move- breadth of 16 reelers. The maximum angle for
ments, we have used a small accelerometer pitching is assumed, as discussed above, to Ire

5° and for rolling 15°. In reality, the oscillatorywith fine sensitivity. A thin wire of eonstantan
motions of the ship naturally take place aroundis used as the detector element in these trans-

mitters. The resistance of the wire is varied varying diagonal axes. For the sake of simplic-
ity, we may regard the principal oscillations here

as isolated motions around the longitudinal and

transverse axes thr.ugh the center of gravity.
Rough sea From these calculations (ref. ll),it is evident

that-

._.---,/'-N./-- (1) A person located at the prow of the ship is,
Calm sea -----------.f--_-___._-_'-" on pitching, thrown up and down 10 to 11 meters,

with a maximum acceleration at the turning

Ashore _ points of approximately 2 m/see 2.
(2) When at the side of the ship on a level with

_LjL the center of gravity, the passenger is raised and

lowered 4 meters, with a maximum acceleration

Blinking of just under 1 m/sec 2.

(3) On plunging there are maximum vertical

FIGURE5.-Reco,ding of vertical nystagmus-like eye move- movements of ]0 meters, and the acceleration is
meritson heavyseas. about 2 m/see 2.
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about ] to 1.5 m/see _. The machinery of the crept logether apathetically and appeared
elevators has to be suitably cooled in order to prostrate. After the first w:m_iting attack, they
allow the heavy stress _exerted by prolonged generally recovered rapidly, but after 30 to 60
upward and downward movements with rapid minutes there was an exacerbation with further
braking. Persons who knew that they became vomiting.

easily seasick had pronounced symptoms of With the asthenic form, the animals did not
motion sickness after 15 to 30 minutes in these reach the stage of vomiting. They showed clear
elevators. Even elevator conductors with symptoms, however, in the form ,f increased

many years of habituation easily became ill salivation, polypnea, diarrhea, and pollakiuria.
after these upward and downward movements They lay pressed to the bottom of the cage,

with rapid braking and starting. However, avoiding all movement, and showed no reaction
deaf-mules with intact tympanic membranes to external stimuli such as calling, whistling, or
and reactionless labyrinths (on syringing with prodding, etc.
iced water) had not the slightest symptoms in After 3 to 4 hours' "traveling," or after re-
moving elevators, pealed trials, the animals often became habitu-

ated to the oscillations, and it took a rather longer

In Dogs time to induce symptoms. No definite eye move-

To elicit motion sickness in dogs, there has ments were observed with the unaided eye.
to be a more rapid change at the turning points Labyrintheclomy

for the up-and-down movement than is attained Bilateral labyrinthectomy was performed on
in elevators. This requirement could only be dogs that had previously been subjected to the

fulfilled in large hoisting cranes in Stockholm elevator movements and had reacted with typical
Harbor. The experiments were very time con- motion sickness, and microscopic examination
suming. The machinery of the cranes was of serial sections after the animal had been killed
strained to such an extent that the resistances was made in order to establish that the removal
sometimes became red hot. of the labyrinth had been complete. Before the

The animals were placed in cages with longi- animal was killed, however, control tests were
tudinal sides made of wire netting, so that they made in the hoisting cranes about a month after

could be observed easily. The maximum the operation. Even after up to 4 hours' travel-
accelerations were 1.5 m/sec 2, and the amplitudes ing, the animals never showed any symptoms of
3 to 4 meters, motion sickness. They moved freely in their

cages or lay quietly on the floor. They showed no
Clinical Picture caloric reaction after syringing with 500 to 600

To these up-and-down movements in hoisting ml of ice water:.

cranes, adult dogs, varying in weight from 9 to These experiments demonstrated unequivo-
21 kilograms, reacted with typical symptoms of cally that a well-functioning labyrinth must be
motion sickness after periods varying between present for symptoms of motion sickness to be
10 and 30 minutes. The symptom complexes elicited.
occurred in two forms: agitated and asthenic.
Most animals showed the agitated form. After OPTICAL AND PROPRIOCEPTIVE
a few minutes they became restless and ran IMPULSES
about in the cage, howling and barking. Their

respiration increased. A number of animals For control of our balance, our orientation in
had diarrhea and pollakiuria. Their salivation space, and our locomotion, we depend upon im-

was greatly increased, so that saliva ran from pulses from (1) the ocular system, (2) the vestib-
their noses. At first they followed the move- ular system, and (3) from muscles, joints,
ments with their eyes. In the last few minutes viscera, and skin in the form of proprioceptive
betore the first vomiting attack, the dogs instinc- impulses. It is of extreme importance to re-

tively avoided keeping their eyes open. They member that the predominant neuro-otological
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symptoms are particularly referred to this the distribution area of the vestibular nuclei can
principal triad of physiological equilibrium stim- occur.
uli. We all know that it is the vestibular receptor But with regard to the origin of the vestibular

system, the end organ of the labyrinth, that gives symptoms alter rotation of the head in the Barr6-
us true information on the linear and angular Lieou syndrome, consideration must also be
acceleration to which the head is subjected in taken of the tonic, cervical, occipital, and

relation to the ground, labyrinthine reflexes, which are probably pro-
As early as in 1922, Gertz (ref. 19) stressed in voked by the proprioceptive impulses from the

his studies that the efferent impulses which arise receptors in the muscles of the back of the head
from muscle movements induce the sensory corn- and joints in the upper part of the cervical spine.

ponents in the reaction of the vestibular nerve Exostosis directed posteriolaterally can constrict
and give a "propriozeptiven Schwindel" ("tactile the intervertebral foramina, and may compress
vertigo"). This is induced most simply if, with the spinal roots and produce root symptoms in the
the head and neck motionless, a person stands form of pains and vertigo via the spinonuclear
on a circular, rotatable plate and makes "right vestibular communications just mentioned.
turns" or "left turns." When he steps down to To determine the importance of optical and

the floor and walks forward with closed eyes, he proprioceptive impulses for the elicitation of
deviates because of the proprioceptive impulses motion-sickness symptoms, we made animal
induced by the leg movements. Most persons experiments in which these impulses were
have probably had similar sensations when first successively eliminated. The optical impulses
walking on land after a rough sea voyage. In were excluded by an occlusive bandage and by
German it is often said, "und dem Seemann suturing the eyelids togettaer. The surest way of
schwankt nicht selten der Boden unter den eliminating the deep sensitivity would have been

Fiissen." These are purely proprioceptive im- to incise the posterior roots or the spinal cord
pulses which, so to speak, persist when the below the medulla oblongata. For technical
stimuli have ceased, reasons we limited ourselves to merely excluding

In this connection I want to emphasize the the kinesthetic impulses by enclosing the entire
intimate relations between proprioceptive body of the animal, including the neck, in plaster

(cervical) impulses and the vestibular nuclei, of paris. Only the head and a window over the
Cervical receptors are found not only in the abdomen and around the urogenital orifices were
cervical and occipital muscles but also in the cut out. The dogs were suspended in an upright

joints of the upper three cervical vertebrae, position in the cages.
Spinovestibular communications, therefore, take First the normal "elevator time" prior to the
place. Afferent fibers pass to the vestibular first vomiting episode in elevators traveling up
nucleus from the upper three cervical segments and down was determined, and then the elevator
(refs. 20 and 21). After incision of the posterior times prior to vomiting (1) without optical im-
roots to C1, C2, and C3 in cats, Cohen (ref. 22) pulses, (2) with plaster bandage, and (3) with

demonstrated equilibrium disturbances closely plaster bandage plus occlusive bandage were
resembling those seen following labyrinthectomy, measured. To exclude some degree of habitua-

In spondylosis deformans in the cervical spine, tion, control experiments were then performed.

the syndrome of Barr6-Lieou (ref. 23) often The results showed longer elevator times when
occurs; it is also called cervical migraine or, the optical impulses had been eliminated. The

briefly, the cervical syndrome. The main symp- longest times were obtained with the plaster
tom here is vertigo of a transient type, an oc- bandage combined with the occlusive one on the

casional feeling of uncertainty with a tendency eyes. By excluding optical impulses only, the
to propulsion or lateropulsion. Pathogenetically elevator times became longer than after plaster
it is considered that, on rotations of the head, the bandaging alone.
more or less arteriosclerotically changed verte- From these animal experiments it is justifiable

bral artery can be compressed and ischemia in to conclude that optical and proprioceptive ira-
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pulses are not necessary for the elicitation of There seems to be good reason to suppose that,
symptoms of motion sickness. But as experi- in the perilymphatic and endolymphatic spaces,
ence has shown, these impulses facilitate the similar pressure variations occur. On tile basis
induction of the symptoms. The optical ira- of this supposition, it would seem suitable to use

pulses have a stronger stimulatory effect than one single canal system when making a simple
do the proprioceptive ones. labyrinth model for analysis of the hydrome-

chanical conditions in linear acceleration

HYDROMECHANICAL STUDIES motions. We made a simple model ,,t" a laby-
rinth in the form of a water-filled glass tube

The vestibular apparatus has, as is known, bent at an angle, both ends of which were closed

mechanoreceptors built into a system of fluid- by thin rubber membranes or bags, which were
filled spaces to which defined hydromechanical to represent the'. "safety valves" of the labyrind_
laws are applicable. The basic excitatory me- against pressure increase.
dium would seem to be the pressure changes, First 1 shouht like to give an example of the

induced by external factors, which induce flows pressure distribution in a fluid, water, lying in a
and displacements in the perilymph and which container at rest or in linear motion with a
are transmitted homogeneously to the endolymph, constant velocity or acceleration. This container

whence the excitatory stimulus is transmitted can represent a model of a labyrinth.
to the sensory cells. The labyrinthine fluids are

practically noncompressible. Thus, for labyrin- Apparatus
thine excitation to occur, the surrounding vessel
walls should not be completely closed but should Container in Verlical Motions

allow movement of labyrinthine fluids. For the Open, con.t_tin,er:

peri]ymphatic space, such protective arrange- 1. The container at rest or in linear vertical
ments against pressure increase include (1) the motion at constant velocity (the acceleration
perilymphatic duct, (2) the oval window, and (3) thus being equal to zero).
the round window. For the endolymphatic If, over the open surface (V) of the liquid,

space, the endolymphatic duct and sac serve atmospheric pressure=p0 is prevalent, then,
as safety valves, according to the laws of hydromechanics, the

QCC :0

o9

I I b

FIGURE 7.--A water-filled glass representing a model of a labyri.th. 7"he pressure i_ linear to the depth. _ = open sutJ_lce of

the liquid; po = atmospheric pressure; g= acceleration due to gravity; z= depth beneath surface of water; A =particular

point at z; p = mass of liquid per unit volume.
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absolute pressure p at a particular point A at P=po+p(g+a)z
depth z beneath the surface of the water will be

From this relationship, it must follow that,
p=po+pgz when on vertical motion the acceleration is

changed, the pressure at each point of the walls
where p=the mass of the liquid per unit of of thecontaineris changed.
volume= the density of the liquid, and g is the 4. Container in linear vertical motion with
acceleration caused by the force of gravity, varying acceleration.

From figure 7 we see, therefore, that the pres- The motion of the container consists of a ver-

sure is linear to the depth. The pressure curve tical harmonic pendulous oscillation, for exam-

appears as p =po+pgz. pie, between points A and B in figure 10; in other
2. The container in linear vertical motion with words, a motion with a variable acceleration.

constant downward acceleration a. Above the middle point 0 in section OA where

The pressure p on a particular point at a depth the acceleration is directed downward, a pres-z below the surface of the water will be
sure reduction results. In section OB, on the

p=po+p(g--a)z other hand, a pressure increase is obtained since
the acceleration is directed upward. (The direc-

From figure 8 we see that the pressure in case tion of the acceleration is the same during the
(b) is lower than that in case (a). rising as during the falling phase.)

A downwardly directed acceleration (toward If the container is given a form with a right-
the same side as the acceleration due to gravity) angle bend as in our labyrinth model, this ob-
resuhs also in a pressure reduction, and this re-
duction becomes greater with increase in
acceleration.

3. The container in linear vertical motion with

constant upward acceleration (fig. 9).
An upwardly directed acceleration (opposite

to the acceleration due to gravity) results in an

increased pressure, and we obtain the equation I "\I
I \ "\

-o-1 I _ \
7 D_ ....... •

--z- z1 ' I \---2t------- ', I "\. "\_y

,,\..... p.p,'Og_ \. \

I i\ '"'',acceleration • a _ \ _ '\.

, I \ . .
.......... p,p .Q(9-a)z |

a) P = Po + P g z

b) P =P0+P(g--a)' a) P = Po + p gz
b) P = Po + P (g--a) zFIGURE 8.--Container in linear vertical motion with constant

downwardacceleratio,,.Pressureat each point qf walls (7,)....... P = PO + P (g + a) :
of container is changed when the acceleration is changed
on vertical motion. Acceleration directed downward FIGURE 9.-Container in linear vertical motion with constant

results in pressure reduction, upward acceleration resulting in increased pressure.
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Q Cl_ ClCC'0 "_- 0 QCC .0

PlGURE ]3.-Container in lineftr horizontf_/ motion. I: At rest. ll: In motion. HI: Decreased aceelerf_tiotl, lW: Aceelerf_tion

zero. V: Acceleration in opposite direction. FI: lncre_lse in acceleration. VII:Acceleration zero. a= linear acceler_aion:

g--force of gravity; _ = flrlt surface of the fluid; z = the depth o/point A under the w_lter's surface; Po = atmospheric pre._sure

above the free surface of the water.

gravity. The pressure p at point A at depth z ingly, it can be seen that also by varying horizon-
will vary with the value of z. In case II it will tal accelerations, pressure variations and fluid

be smallest, and in case VI, greatest, displacements occur in a similar manner.
Thus with this motion, at each point of the con- Closed container:

tainer, and particularly on the walls of the con- If this container, like the model of the labyrinth,
tainer, pressure variations will occur and result is closed by an elastic rubber membrane, it may
in fluid flows and fluid displacements, be assumed that qualitatively the same pressure

3. The container in linear horizontal motion variations with flows and displacements in the
with varying acceleration, fluid will occur as were seen with the vertical

Figure 13 illustrates the pressure distribution motions.

in the fluid-filled container. In case I the con- We also found that our closed model of the
tainer is at rest, and in case II it is set in motion, labyrinth, when subjected to linear motions in

The surface of the liquid takes a sloping position the horizontal plane with varying accelerations,

and the value of z diminishes. When the ac- reacted distinctly with deviations of the writing
celeration then decreases, as in case III, the arm.

value of z increases slightly, since the positional One conclusion from our hydromechanical
angle of the surface of the liquid to the horizontal studies and experiments was, therefore, that,
plane is slightly smaller. When the accelera- in the labyrinth model closed with an elastic

tion has declined to zero, then the velocity is rubber membrane and filled with fluid, pressure
constant. The surface of the liquid again is at variations occur at each point of its contents and

rest (case IV); this applies both to the state of especially in its walls under harmonic oscillatory
rest and to constant velocity, motions in both the vertical and the horizontal

If the acceleration is then again changed, plane. The same applies to other horizontal and

either in a negative or a positive direction (cases vertical motions with varying accelerations. The
V and VI), the position of the liquid changes fluid pressure variations result in flows and dis-

correspondingly as it did in cases II and III, and placements, which can be easily recorded
the value ofz is increased. In case VII, accelera- graphically by the movements of a writing arm.
tion is again zero. Most investigators of the vestibular system

Figure 13 also illustrates the pressure distri- probably consider today that the ampullar cristae
bution in a container moving in harmonic pen- react only to angular accelerations, while it is
dulous oscillation in the horizontal plane, with the otoliths that respond to linear accelerations.
case IV as the middle position. We assume that Fleisch (ref. 15) as early as 1922, and also
the container moves from II to IV to VI, and back Magnus in 1924 (ref. 24), showed that the semi-

again the same way to II. The acceleration is circular canals probably reacted to linear
greatest at the turning points II and VI and is acceleration motions.

equal to zero in the middle position. Accord- Magnus and deKleyn used a glass model of a
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c' As is known, one labyrinth in the human body
is located on either side of the median plane of

the body, the plane of symmetry. In relation to

this plane the labyrinths are mirror images of

e each other (fig. 15). The pressure variations on
linear acceleration motions discussed above

must occur in the two labyrinths simuhaneously.

That the momentary pressures at correspond-
ing points on the labyrinths are not always the

b same is evident from figure 15, a labyrinth model.

FIGURE 14.--The Mag,+us arm deKleyn glnss model of a If the two liquid-filled containers (labyrinths),
labyrinth. (Seetext.) placed on either side of a plane of symmetry, are

set in motion with an acceleration o, (correspond-

labyrinth (fig. 14). In the ampulla there was an ing to the arrow in fig. 15, i.e., at right angles to
elastic cupula (d). The model was closed with the plane of symmetry), the surfaces of the liq-
an elastic window (e), and the inner sac-the uids assume the positions as shown in this figure.
"membranous semicircular canal"-communi- Points p_ andp:_ are corresponding points on the

cared with the outer sac by means of a"pressure two containers. The momentary pressures at

reservoir," a rubber bag if}. This model reacted these points are not equal; zz is greater than Zl.

promptly to linear accelerations with cupula If, on the other hand, the container is set in
impulses both at the beginning and at the end of motion in the direction of the plane of symmetry,
the movement, the momentary pressures at points p_ and pe are

The writing arm in our labyrinth model is always equal. If the movement has acomponent
analogous to this eupula and reacts, as we have which is at right angles to the plane of symmetry,
seen above, to accelerated movements in the the pressures at corresponding points of the
vertical and horizontal planes. It must then be labyrinth models will never be equal, as we have
asked whether these experimental results can seen.

be applied to living persons who have been sub- A passenger on board a ship in rough seas

jeeted to accelerated linear motions that provoke will, at many locations on the ship, be moved
nmtion sickness in its different forms, but es-

pecially in true seasickness.
It seems plausible to me that the hydro- B _--c

mechanical results can, on the whole, be applied //I.

to the living labyrinth, o

LABYRINTHINE PRESSURE

We must thus consider that, in persons who /-"/-_

are subjected to ship movements in rough seas, I /- _-._or at any rate to linear motions in a vertical or z, ///J/j _o
horizontal plane where the accelerations are of I'_--S -//_-0 _6 p_
such magnitude as to correspond to those on _,
rough seas, each point of the labyrinth and its m
contents is affected by pressure variations. Such
pressure variations occur in the walls of the

labyrinth and in the labyrinthine fluids, and must
be followed by displacements and flows in both FI¢;URE 15.--The "'labyrinths" in relation to the medium pl_tne

the perilymph and the endolymph, o/the body, the pl(tne q/symmetry. (See te:_t.)
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platinunl plate was a small piece of tinsel thread the two labyrinths. But tile momentary pres-

0.6 mm long and 0.03 mm thick. The prepara- sures at corresponding points within the two

tion was placed on the ebonite plate of our labyrinths are probably seldom of the same

apparatus for vertical harmonic oscillations magnitude.

(fig. 16). The platinum plate was connected to As a result of the pressure variations, flows

an electric circuit. With the vertical motions and displacements are probably transmitted to

the stapes plate was moved, the platinum plate the perilymph and endolymph. These are of

came into contact with the tip of the micrometer such magnitude that an intensive excitation of

screw, the circuit was closed, and the ammeter the sensory epithelium is induced in the two re-

gave a signal. The greatest distance to contact ceptor systems of the labyrinth, the otoliths and

was the measure of the maximum outward dis- the ampullar cristae, resulting in manifest symp-
placement of the stapes. On the average, this toms of motion sickness. It would seem rea-

displacement was 0.0l mm. The maximum sonable to ask why vestibular nystagmus cannot

acceleration value for passenger ships of normal be recorded even by eleetronystagmography

size and for the elevators which we used was (ENG). On the nystagmograms, as we have

about 3 m/see 2. We used a maximum accelera- just seen, only typical nystagmus-like vertical

lion of 3.95 m/see 2 for the temporal bones. The eye movements are visible.

driving wheel of the apparatus rotated at 60 In my opinion, this may be due theoretically

rpm. The time for a complete oscillation up and to the fact that the two labyrinths are stimulated

down was l second. The amplitude=the simuhaneously, and inhibitory impulses prevent

radius = 10 era. the induction of a manifest vestibular nystagmus.

In the heating experiments the preparations Since the pressures at corresponding points of
were heated electrically by winding a constantan the labyrinths are not always equal, the impulses

wire around the bone (fig. 17) (resistance, 12 to to eye movements, arising from each side, can-

15 ohms). Heat was produced by a storage not completely eliminate one annlher, and only

battery. The temperature was measured with the small atypical nystagmic beats can occur, but
thermoelements of copper-constantan placed not a fully developed vestibular nystagmus.

against the promontorium. In these expert- Also belonging to the clinical picture of motion
ments also, the outward displacement of the sickness is intermittent headache, which may

stapes was, on the average, 0.01 mm when the perhaps be due to intracranial pressure varialions

bone was heated 5 ° to 12 ° (measured against the which are undoubtedly provoked by ship and
wall of the labyrinth), elevator movements.

The up-and-down vertical oscillations thus

elicited intralabyrinthine pressure variations of APPLICATION TO PROBLEMS OF
such magnitude that, in a living person, they fFEIGHTLESSNESS
would probably exert such a strong excitatory

effect on the sensory epithelium of the vestibular It now seems appropriate to ask whether these

apparatus that this could well be compared with resuhs of our experimental studies on the eliciting

a very strong caloric effect of the type which we mechanism of motion sickness can possibly give

see today; for example, in ultrasonic treatment a plausible explanation for part of the vestibular
of Mimi_re's disease, disturbances in weightlessness. Graybiel (refs.

25 and 26) said that the absence of the weight

The Eliciting Mechanism factor can probably explain the relative ease with

We have seen from the foregoing that, on rough which astronauts seem to manage their strenuous

seas or in elevators where persons are subjected space journeys and science-fiction-like walks in

to linear acceleration movements in the vertical space. There would be no otolith stimulation.

and horizontal planes, it can be expected that Transient weightlessness has been studied in

pressure variations will occur sinmltaneously in parabolic flights with rapid jet planes, and Soviet



22 THE ROI_E OF THE VESTIBULAR ORGANS IN SPACE EXPLORATION

experimenters (refs. 27 to 29) have described and disappeared altogether on descent and the
the illusion of rotation in opposite directions and return of g-f,,rces.

postrotational nystagmus. Two subjects (not
professional airmen) had a sensation of being New Hydromechanical Experiments

upside down during the period of weightlessness. As far as I know, no acceptable explanation
Such spatial illusions have been observed by for these illusions has been given. Likewise,
Soviet cosmonauts in orbital flight. These the question seems to be unanswered as to
Soviets state that it is the change in afferent whether impulses pass to the vestibular nerve

impulse activity that is responsible for the pro- from the equilibrium apparatus in weightless-
duction of sensory reactions in weightlessness, ness or not. Graybiel's view seems to be the

For studies of weightlessness of longer periods, most plausible, that the otoliths are not stimu-
we have to turn to prolonged orbital flights. The lated in weightlessness and no afferent impulses

Soviet studies in the spaceship Voskhod are of are thus sent out to the brain.
special interest. The cosmonauts had under- How then can we explain that (1) in weight-
gone different degrees of vestibular training, lessness, as a result of rapid movements of the
"Komarov had had several years of vestibular head, i.e., linear accelerations, a sudden sensa-

training. Feoktistov and Yugarov only a few tion of vertigo and symptoms of motion sickness
months." Komarov showed very high vestibular occur?; and (2) even when the space pilot is
resistance before the flight, and during the flight lying on his back in the capsule, throughout the
he developed no unfavorable vestibular reactions, period of weightlessness he has the confusing
The other two, on the other hand, with less train- illusion that he is upside down?

ing and low vestibular resistance, developed In this connection, Schock's experimental
"vestibuloautomatic reactions" of the motion- studies on cats (ref. 30) may be mentioned.

sickness type. Normal nonoperated animals became disorien-

During orbital flight with a period of weightless- tared and confused in weightlessness. The symp-
ness lasting 24 hours, "Yugarov and Feoktistov toms increased when the eyes were covered.
developed illusory sensations that their bodies Animals that had undergone bilateral labyrin-

were upside down in space." These illusions thectomy were unaffected, but when their optical
appeared when their eyes were closed and when impulses were excluded they also became dis-
they were open. The sensations persisted orientated in the state of weightlessness.
throughout the whole period of weightlessness Intact vision is essential f.r space flights. In

and remained until the onset of g-loading during a state of weightlessness, when the proprioceptive
the descent of tile ship. Tile two also had un- impulses are also eliminated, Ihe pilots have only
pleasant sensations of vertigo during sharp their sense of vision to depend upon. I have
movements of the head and, consequently, been fascinated by this peculiar state when the
"tried to move less and when performing their sensation of weight is eliminated; therefore, I

work they moved smoothly." After sleep, the have continued my previous hydromechanical
vestibular syndrome improved, and they were studies and experiments at the Stockholm College
able to carry out their program, of Technology. In collaboration with H.

Earlier, in the spaceship Vostok II, Titov had Bergkvist, new model experiments are being

also had similar feelings of the head being down carried out.
or that he was in an inverted position. This We will return now to figure 13 of the liquid-

type of illusion has been described by many filled container, representing a model of a laby-
cosmonauts when they were still lying on their rinth. We will imagine that the container is sub-

backs, but oddly enough, not apparently by the jected to a horizontal acceleration a. Two forces
American astronauts. During sharp movements are acting on the liquid: first the force of gravity
of the head, Titov was also troubled by vertigo g, and second the horizontal force of inertia ma

and manifest symptoms of motion sickness. (mass times acceleration). The flat surface of
The symptoms declined after a period of sleep the liquid will assume a position at right angles
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celeration has ceased, the membrane, because on both the membrane and the sensory hairs

" of the acceleration due to gravity, will return to will probably accentuate this condition. The
its position of rest. macula will thus continue to indicate the presence

In a condition of weightlessness, on the other of an acceleration which has, in fact, ceased.

hand, spatial illusions can occur, since there is After, for example, a posteriorly directed ac-
no restoratory force to act on the membrane, celeration, the individual may well have a sensa-
There is no signal that the acceleration has tion of being in the face-downward position. In
ceased. If now the macula is subjected to an figure 24, finally, we attempt to visualize the

arbitrary small acceleration, the otoconic mem- mechanism of such a vestibular macular spatial
brane will remain in its displaced equilibrial illusion. In weightlessness the membrane re-

position even when the acceleration has ceased mains in position and indicates an erroneous
to have any influence. The influence of the positional change. The individual will have an
frictional force of the viscous superficial layer illusion of being in an inverted position.
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DISCUSSION

McNally: I should like to pay tribute to Dr. Graybiel tion? It is accepted today that angular acceleration can

because he is pretty important to us all. You know that in produce motion sickness; therefure, the receptors for angular

science, as in everything else, there are styles, and at the accelerations must play a role in motion sickness. You did

present time vestibular physiology is in style. There was a not mention such receptors as active elements in the produc-

time not so long ago when it was not, and cochlear physiology tion of motion sickness, ls there an otolith respnnse to ac-

was the rage. Back in the 1915's and 1920's in the days of celerations in space during zero-g or not? Dr. Gualtierotti

B_ir_iny, Sherrington, Magnus, and DeKleyn, physiology of made a similar query at tile last symposium. There are otolith
the vestibular system was very popular. Dr. Graybiel took fibers or linear-acceleratiun-responding units which are

up the study of vestibular physiology, persevered in it, sensitive to 1 milli-g, to a thousandth of a g. The ballistic
trained his associates, and had them ready to respond to forces of the heart produce acceleration movements of the

problems involved in the space program. We owe him a head much greater than tllat; therefore, even during weight-

tremendous debt of gratitude for what he has been able to do lessness the otolith is constantly stimulated with each

for vestibular physiology, heartbeat.

It is rather interesting that our first speaker also brought Sjliberg: It is well km_wn tt_at, fur the slatoconic mem-

us a link with these early physiologists, especially to B_irgmy brane of the macula, the specific weight is considered approxi-

who did his work in Uppsala and won his Nobel Prize there, mately twice as high as that of the endolymph.

It is nmst fitting that we had one of his successors at Uppsala, On a very winding road, naturally the receptors h_r angular

Professor Sj(iberg, talk to us today. I can well remember accelerations play a role in the elicitation of motion sickness.

when I first became interested in seasickness while reading Lansberg: I am very much impressed by the measure-

articles by Professor Sji_berg back in the 1920's. ments you have made of the distance that the stapes moves
Money: Professor Sjiiberg, do you think that the pressure out. Du you not think that, during ultrasonic therapy for

changes in response to linear accelerations are more or less M6nibre's disease, there is more involved than just the heat-

important than the direct effect of the linear acceleration ing of the labyrinth? Is it not the selective destruction of the

on the otolithic membrane? Also, could you outline the evi- epithelium in the horizontal canal that causes the symptoms,

dence for the conclusion that the proprioceplors are not both in the irritative and in the paralytic phase?

necessary for motion sickness? Sjbb'erg: In my subsequent paper ("Experimental and
Sj_berg: I believe that the pressure variations with flows Clinical Experiences and Comments on Ultrasonic Treatment

and displacements probably are transmitted to the perilymph of M6nibre's Disease"), I go into the question of the thermal

and endolymph, there inducing in the two receptor systems effect. In Uppsala we have experimented on rabbits and hu-

of the labyrinth, the otoliths and the ampullar cristae, a strong man beings during ultrasonic irradiation witi_ the head in

excitation of the sensory epithelium, resulting in manifest different positions. We have shown that tile initial nystag-

symptoms of motion sickness, mus of the irritative type brought about by ultrasonic treat-

Money: 1 understood you to say that neither the impulses ment is probably a caloric reacti_,n provoked by the endc_lym-

from the eyes nor from the proprioceptors was necessary, phatic flow caused by the thermal effect. The nystagmus

Sj_berg: In my paper 1 said that, from the animal ex- of the destructive type dues not change direction when the

periments, it is justifiable to conclude that optical and pro- head position is altered from face up t(, ['ace down.
prioceptive impulses are not necessary for the elicitation of

Waite: During Gemini 7, Astronaut Frank Borman shook
symptoms, but these impulses stimulate and facilitate the

his head repeatedly and reported no untoward symptoms

induction of the symptoms. I agree with you that the optical whatsoever. Has motion-sickness symptomatology been re-

is more important, ported during vertical acceleration or linear acceleration with

Money: More important than the proprioceptors? the head rigidly fixed so that no angular accelerations can
Sjiiberg: Yes. more impurtant; the uptical impulses have

take place?
a stronger stimulatory effect than do the proprioceptive ones.

Money: That answers my second question. Sjliberg: Symptoms of moti()n sickness can be elicited dur-
Huertas: 1 should like to dwell a little bit more on the ing up-and-down harmonic pendulous movements with the

vibration-conducting mechanism. The labyrinth is contained head fixed.

in a nonelastic bony box, so to speak, which cannot be dis- Barber: Have you any comments to make upon the inci-

tended; therefore, any change in shape of the membranous dence uf motiun sickness in bilateral otosclerosis, where each

labyrinth would be due to changes in buoyancy between the stapes is fixed?

membranous membrane of the labyrinth and the fluids by Sjliberg: 1 have no experience with ntosclerosis in rela-
which it is surrounded. Do you have any evidence of the tion to motion sickness.

differences in specific gravity between the three elements McNaily: Professor Sjiiberg represents a line of very dis-

involved-the perilymph, membranous labyrinth, and en- tinguished investigators as does Professor Wendt who brings

dolymph- to back up your theory of displacement by vibra- to us the traditions of Parker and Maxwell and Dodge.
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Experiences With Research on Motion Sickness 1
GEORGE RICHARD WENDT

University of Rochester

SUMMARY

The author's studies of motion sickness, conducted since before W_rld War II, are brieflyde-
scribed. They included studies of the nature of susceptibility 1o motion sickness, of 1he effects of
wave character on incidence of motionsickness, of other factors related to motionsickness, including
preventivedrugs, and of the effects of sickness on performance.

INTRODUCTION to answer the many questions I left unanswered
or insuMciently proven. The reports which

I was invited to take part in this symposium give access to most others are one to the National
to review the researctt on motion sickness tbr Research Council Committee on Selection and

which I have been personally responsible. My Training of Aircraft Pilots in 1944, a final report
associates and 1 have done several hundred to the Office of Naval Research in 1954, and a
separate researches of all degrees of magnitude progress report to the National Institute of Mental
from relatively small to very large. Most of Health in 1956 (refs. 1 to 3). Most of our pub-

these were done in the period 1939 to 1956, but lished papers are in the Journal of Psychology.
some span the period from 1930 to the present. After Pearl Harbor, I was deluged by requests
Relatively few are in normal publication chan- for answers to the problems of motion sickness.
nels, but nearly all are at least briefly described I did my best to answer these needs. From the

in technical reports and so-called final reports, perspective of 27 years later, my efforts do not
Let me briefly account for this state of affairs, seem to have been misleading on major issues.

In 1939 our inw)lvement in war was easily pre- What follows is a selection of problems empha-
dieted. I decided to direct my interests in the sizing those we did not solve and wish someone
vestibule to an area of military consequence, else would soon try to solve.
motion sickness. Because there were then few

people with either skills or interest in motion
STUDIES OF NATURE OF SUSCEPTI-sickness, I allowed nay interest and research to

cover nearly the entire gamut of possible BILITY TO MOTION SICKNESS

problems. Our early wartime work, 1939 to 1942, was

This paper will have served my purpose if it low-budget exploratory investigation, resulting
leads a few of you to seek copies of my unpub- in over 200 studies of human vestibular, auto-

lished reports and, hopefully, to do experiments nomic, other physical and physiological, and

psychological characteristics of those susceptible
In the 38 years during which I have engagedin this re- or nonsusceptible to motion sickness, as indicated

search, it has been supported by agencies and aided by by their life histories. In retrospect, I can sayindividuals far too numerous to mention. Preparation of
that most data on the nature of susceptibilitythis paper is currently aided by the Universityof Rochester

and by a contract withthe OfficeofNavalResearch. Neither were negative, i.e., of no predictive value, others
sponsor shuuht be held accountablefor tl_eviewsexpressed, were positive, but not feasible to use, and one,

29
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"N,

on past history of vomiting and of motion sickness, tical use, being so heavily culturally influenced,
had amoderatepredictivevalue, they should be used only for understanding

rather than prediction. A set of predictive
Studies of Vestibular Sensitivity

criteria based on our liberal-arts college popula-
The magnitude and duration of vestibular tion is virtually useless for a secondary school

nystagmus are probably not predictive of motion population that does not have the same choices
sickness according to a number of our studies, of activities.

It is possible that visual inhibition of nystagmus
Predictive Value of History of Vomiting

is less effective in susceptibles. Habituation to
rotation, with the subjects being rotated in the We were able to account for 4 to 35 percent of

dark, is not related to motion-sickness suseepti- the variance of motion sickness in actual prac-
bility. This may not apply to the very different tice, based on various predictions. A single
problem of habituation in the Pensacola Slow test on a wave machine was least predictive. A
Rotation Room, where full vision is standard and good history of motion sickness by question-
sicknessis common, naire or interview was dependable and could

account for about 20 percent of the variance,
Studies of Autonomic Responses

while more elaborate biographical data, adapted

About 50 studies of many aspects of the prob- to a particular population, could perhaps double
lem of autonomic responses gave negative results, these odds.

Blood pressure; pulse rate and its changes; Unfortunately, this work was done in the days
arrhythmia; cardiac response to vestibular stimu- of the DC-3, the landing ship-tank, and lawn

lation; reaction to revolver shot or to apprehen- swings and may be much less useful for today's
sion; tilt-table response; cold-pressor reaction; hardware. Changes in our culture require a
vasomotor response to hyperventilation and to frequent reassessment of biographical data.
breath holding; injections of Adrenalin or of
acetyl-/3-methylcholine, and others, were not STUDIES OF THE EFFECTS OF WAVE
usefully predictive. CHARACTER ON MOTION SICKNESS

Other Physiological and Medical Studies The chances are that most of you know of
my papers on the effects of wave characteristics

Motor coordination, the electroencephalogram, on frequency of motion sickness. These studies
somatotype, and breathing rate were unrelated became possible when more research money
to susceptibility. On the other hand, suseepti- was available after Pearl Harbor.

bles made health complaints and displayed I started with the general observation that
symptoms much more often. Medical histories
yielded no support for their complaints, nor did magnitude of acceleration was not in direct re-lationship to sickness, e.g., in riding horseback,
infirmary records, bm that time between accelerations was. My

Psychological Studies first experimental proof was that wave frequency

A very large number of biographical data and was very important. A medium-frequency

psychological test scores were assembled on wave of 16 to 22 cpm was most effective in mak-
630 men. The results are interesting but of ing men sick. I then went on, in a series of

little practical value. The susceptibles rated seven more experiments, to show the role of

slightly higher on neuroticism. The}¢ took two other factors. I will quote front my sixth paper:
to three times as many courses in religion, phi- In general conclusion, then, it would appear that the capacity

losophy, art, and music, and only half as many of a waveto induce sickness depends on wave-duration,ac-
in economics and chemistry. They were equal celeration-level, waveform, and energy per wave. It is clear

in athletics, but outstanding in individual sports that the effect of any one of these wlriables depends on itscontext with the others. We have obtained enormous dif-

such as track, wrestling, and boxing. They ferences in the nauseating properties of waves. The H-

tended to avoid liquor, coffee, and tobacco, wave for instance (16 cpm, 0.25 g) is roughly 20 times as

Because almost all these data have little prac- nauseating per unit of energy as the A-wave (32 cpm, 0.65 g).
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I suggest a report by C. H. Baker (ref. 4) as a Relationship of Motion Sickness to Temperature and
review of this work. (See also J. Psychol., vols. Posture

39 and 57.) Contrary to my own expectations, we have not
A general conclusion from these studies is been able in three separate studies to show that

that the human, exposed to wave action, reacts high temperature facilitates motion sickness.
as a resonating system with a maximum output Nor have we been able to establish an inter-

of sickness at about 20 cpm, followed by a sharp action of temperature, body or head orientation,

cutoff at higher frequencies. It was my hope and wave frequency, except that an uncomfort-
and intention to find where in the brain or re- able posture (head 90° back) is accompanied by

ceptors this resonant action took place. Un- more sickness. Studies of airline passengers,
happily, in the late 1940's our electronic tech- requested to adopt head-up and head-back pos-
nology failed at both the receptor end and the tures, were inconclusive.
cerebellum. We tried in six experiments to re-

Head Movement on the Vertical Accelerator
cord from various elements of the vestibular sys-
tem, but essentially failed in each. It is also Motion pictures of head bobbing on the vertical

possible that animals may not make good sub- accelerator, taken from 240 men, showed no
jects. R. L. Cramer and I, in a behavioral ex- relationship to development of motion sickness.
periment, exposed 126 cats to waves of different

Motion Sickness and Efficiency of Performance
frequencies, but found them too variable to make
suitable subjects. In these present days of All our laboratory performance studies were

implanted electrodes, J. W. Wolfe has worked done immediately before and after brief ex-
with me and showed that the situation is much posures to motion (20 minutes or less). A quote

more hopeful for finding what the central nervous from a summary of all our studies of the effects
system is doing. I hope that he or others can of sickness on performance (ref. 5) follows:

supply the answers I failed to supply. It has now been shown that speed in code substitution,

I should also mention that I failed to produce level of aspiration in rifle target fire, and speed on the Mash-

acceptable sinusoidal waves with my equipment, burn complex coordinator are slightly decreased; speed of
mirror tracing, accuracy of code substitution, accuracy of

and used only constant acceleration waves. The rifle fire, accuracy of dart throwing, speed of obstacle running,

problem of comparing these two wave types must and speed ofdash showed statistically insignificant decreases.
eventually be done by someone who has available [A] greater deficit in those nauseated as comparedto those

both types of waves, who vomited was present [in seven out of nine of these

I did a little work with what is now known as tests].

canal sickness, but, except for an impression All deficits were trivial. On the other hand,
that it is more uncomfortable and longer lasting interviews with chronically seasick or airsick
than the reaction to vertical acceleration, made personnel often show severe weight loss and
no contribution, motivational problems.

Laboratory Tests of Prevention of Sickness by Drugs
OTHER SELECTED ITEMS

Sea trials and air trials of motion-sickness

preventives are not replicable unless one uses
Motion Sickness and Fear hundreds of subjects. By contrast, we showed,

On the basis of much behavioral evidence, by replicating the same procedure on five groups

I used to be unalterably opposed to the idea that (total of 240 men), that findings were consistent
with group sizes of 24 men. Laboratory testing

motion sickness is caused by fear. I have
seems to have advantages. It is regrettable that

softened my line on this, now believing that
motion sickness may cause anxiety. I am still no facility exists for continuing such work (ref. 6).

strongly opposed to the idea, popular in 1940, Correlated Studies
that people susceptible to motion sickness are Not included in this account are the results of

cowards. 17 years of studies of vestibular function, eye
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movements, and very numerous experiments on the vertical accelerator, we normally used 14
the effects of drugs on social behavior and on variables with one subject for each possible
emotions and motivations. Many of the latter combination of these 14. In drug studies we

are basic to any advance in use of drugs for have used each subject one or more times on each
prevention and treatment of motion sickness drug variable, always using at least four variables

(ref. 7). (i.e., drug treatments) which were used in all
of our previous experiments. The level of con-

CONCLUDING REMARKS sistency of our results, in both motion-sickness
and drug studies, has been very satisfying. In a

We believe that our multivariable experiments, laboratory at Trinity College, an attempt was

planned so that each experiment included a made to replicate our drug studies exactly, and

replication of several previously used variables nearly identical results were obtained that
of a total of 14 or more, are an efficient way to showed high correlations of drug-induced
obtain valid data. We have done two kinds of changes, one as much as r=+0.994 when corn-

experiments. In motion-sickness studies on pared to our data.
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A review of knowledge about the neural mechanisms of motion sickness is presented, and recent

unpublished attempts to increase that knowledge are related. The i_articipation of peripheral afferent

nerves, peripheral efferent nerves, and central structures is described and the integrated action ,,f

these structures is discussed. The structures that are indispensable for the w,miting of motion

sickness are the vestibular apparatus, the vestibular nerve, tim vestibular nuclei, the uvula and nndulus

_f the cerebellum, the chcmq_ceptive emetic trigger z_,ne, thc vomiting ,_'entcr. and the s_,matic pe-

ripheral nerves to tim respiratory muscles and to Ihe musch:s ,_f the abdominal wall.

PERIPHERAL AFFERENT NERVES least, the ainpullary nerves are necessary for
motion sickness. It is possible, of course, that

The Vestibular Nerve tbe nerves to the otolith organs are also neces-
It is well known that motion sickness does not sary for motion sickness.

occur in the absence of a functioning inner ear Abdominal Afferents
or after section of its nerve. James reported in

Because some kinds of nauseating motions1882 (ref. 1) that none of a group of 15 deaf-mutes
can be expecled to cause movement of the

who were exposed to rough weather at sea
became sick, and it was established in later viscera, it has been suggested tbat such move-

ments contribute to the nausea and vomiting of
studies of deaf-mutes (refs. 2 to 6) and in studies

motion sickness (refs. 14 to 17). In a studyof animals subjected to experimental surgery
(refs. 7 to 13) that destruction of the vestibular (ref. 18) of 21 clogs, however, denervation of the

viscera did not markedly reduce susceptibility
apparatus or section of its nerve confers immunity to motion sickness. To obtain a measure of their
to motion sickness. It can be said, therefore,

initial susceptibility to motion sickness, the dogsthat the vestibular nerve is necessary for motion
sickness, were exposed to swinging at intervals of 1 week

More specifically, because it has been shown or longer, and the duration of swinging required
to cause vomiting was recorded. The animalsthat discrete inactivation of the semicircular
with consistenl susceptibility were then subjectedcanals confers immunity to motion sickness in
to sympathcctomy, vagotomy, or both, and the

dogs (ref. 12), it seems likely that, in dogs at
susceptibility was again measured by weekly

DRET Review Paper No. 720. Technical serviceswere swinging. None of the animals operated upon
provided by A. D. Nicholas and W. J. Watson. Statistical exhibited immunity to the vomiting of motion
analysis was by Dr. D. M. Sweeney. sickness, and a consistent increase in the dura-
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tion of swinging required to cause vomiting was motion sickness in three dogs that were swung

found in only two of six sympathectomized dogs, after injection of Xylocaine behind the eyeballs.
in only two of six vagotomized dogs, and in only The dogs were swung four times at weekly
three of nine both sympathectomized and intervals without treatment, to establish the dura-

vagotomized. Because sympathectomy and tion of swinging required to cause vomiting.
vagotomy divide the visceral afferent route (as They were then swung after injection of 4
well as the autonomic supply) of most of the milliliters of 2 percent Xylocaine behind each
gastrointestinal tract, as revealed in the doubly eyeball. This treatment eliminated vestibular

operated dogs by markedly increased thresholds and optokinetic eye movements and caused the
(doses and times) for vomiting to orally admin- pupils to dilate fully, but it had no apparent
istered copper sulfate, it is reasonable to conclude influence on the duration of swinging required to
that visceral afferent nerves are not necessary cause vomiting(table 1). Although it seems clear
for motion sickness, tn fact, it seems unlikely that afferents from the eye muscles are not

that they play any important role. necessary for motion sickness, they might in
some circumstances play an important role,

Afferents From Proprioceptors as do afferents from the retina.

The receptors of muscles, tendons, and joints

have not been investigated for a possible role in PERIPHERAL EFFERENT NERVES
motion sickness. These receptors are involved The role of efferent nerves in motion sickness
with posture and orientation, and it would be

has not been investigated in any detail. It has
surprising if they were found to be without

been suggested (ref. 25) on theoretical grounds
influence, that the vestibular efferents, by sensitizing the

Afferents From the Eyes vestibular end organs during motion involving
sensory incongruity, increase the afferentThe influence of vision on susceptibility to

motion sickness can be very important. For activity to the vestibular nuclei and thereby
example, in a two-pole swing experiment in which promote the development of motion sickness.
the subjects' heads were not fixed, the incidence Similarly, it seems reasonable to expect that

activity in the gamma efferents to muscle
of motion sickness was found to be 35 percent spindles would exert an influence, and in view
when the eyes were closed, but only 2 percent of the importance of head movements in motion
when the eyes were open (ref. 19). Vision can

sickness (ref. 26), motor nerves which influence
also increase the incidence of motion sickness,

as shown by experiments in which the subjects head movements probably play a role. The
were either blindfolded or permitted to view the

inside walls of moving capsules (refs. 20 and 21). TABLE 1.--Durations of Swinging Required To
Indeed, movement of the visual field without any Cause Vomiting, to Nearest Minute, With and
movement of the body can cause signs and

Without Xylocaine Behind the E reballs 1
symptoms of motion sickness (refs. 22 to 24).
Because movement of the visual field has not

Without With

been effective in persons lacking the peripheral Dog no. treatment, Xylocaine,

vestibular receptors, it seems possible that vision min min

influences motion sickness through an action on

the vestibular system, possibly on the central 62.................................... 9,5,6,7 12
vestibular structures. 64.................................... 7, 12, 11, 13 7

76 .................................... 23, 12, 14, 16 10Afferents from the retina are not necessary
for motion sickness, however, because motion

1Tests were conducted at intervals of week or more.

sickness can readily be produced in blindfolded The 10-minute result with dog 76 was obtained after the

subjects. Similarly, afferents from the external 12-minute result and before the 14-minute result; otherwise

eye muscles were found not to be necessary for the results are recorded in chronological order.
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efferents to the retina are not necessary for system. It is possible, although not likely, that
motion sickness, as shown by the dogs that the pallor and sweating of motion sickness are

vomited to swinging after application of Xylocaine caused t)y a circulating chemical unrelated to the
to the orbits, but they may play an important autonomic mediators; the pharmacological
role in some situations. If vomiting is taken as dissection which could answer this question has
the criterion of motion sickness, the motor apparently not been done.
efferents for vomiting are necessary for motion In the experiment designed to investigate the
sickness, role of abdominal afferents in motion sickness

(ref. 18), nine susceptible dogs were prepared
The Autonomic Nervous System with sympathectomy and vagotomy. These

The autonomic nervous system is the efferent dogs were, therefore, without the sympathetic
nerve supply to smooth muscle and glands. Its division of the autonomic nervous system, and

role in motion sickness seems to have been without the parasympathetic supply to tile
grossly exaggerated, gastrointestinal tract down to the ileocolic valve.

Motion sickness, and especially the vomiting of Only three of the nine animals were consistently

motion sickness, have been described frequently less susceptible to motion sickness postopera-
as vegetative or autonomic phenomena (refs. tively, and even these three were not immune.
27 to 33). Vomiting, however, is the expulsion It seems reasonable to conclude from this experi-

through the mouth of the contents of the stomach ment not only that the visceral afferents play no
and (in some cases) upper intestine. It is ac- vital role in the vomiting of motion sickness

• complished in mammals primarily by an inte- but also that the autonomic supply to the viscera

grated action of the respiratory and somatic plays no vital role. Theories of motion sickness
abdominal musculature, and not by the muscles that depend upon the proximity of the medial
of the gastrointestinal tract (ref. 34). The vestibular nucleus and the dorsal nucleus of the

stomach is largely a passive sac during vomiting, vagus nerve are scarcely tenable in the light of
and the force for expulsion is supplied by the this experiment.
diaphragm, the intercostal muscles, and the
muscles of the abdominal wall. The important CENTRAL STRUCTURES
motor nerves for vomiting are therefore the

phrenic nerve to the diaphragm and the spinal Vestibular Nuclei
nerves to the intercostal and abdominal muscles. Because most vestibular sensory fibers synapse
The autonomic supply to the stomach and upper in the vestibular nuclei, and because the vestibu-
intestine is also active during vomiting, but its lar nerve is necessary for motion sickness, the

contribution is dispensable, because "there is vestibular nuclei are probably necessary for
no essential difference in the vomiting act per- motion sickness.

formed by normal and gut-denervated animals"
(ref. 35). Vestibular Parts of the Cerebellum

The sensation of nausea, which can be ex- In four dogs that had consistently vomited to

perienced by human subjects after total gastrec- swinging preoperatively, the uvula, nodulus,
tomy (ref. 34), is probably the conscious aware- and pyramis were removed (ref. 36). Two of
ness of unusual activity in the vomiting centers, these dogs did not vomit in any postoperative
and there is no reason to regard it as a result of test, and the other 2 vomited in only one of 9
autonomic activity. Therefore, the major parts or 10 postoperative tests. In a later experiment
of the motion-sickness syndrome, nausea and (ref. 11), nine dogs that had consistently vomited

vomiting, cannot be described as autonomic phe- to swinging were subjected to partial or complete
nomena. The pallor and cold sweating of motion removal of the uvula and nodulus. Seven of
sickness can reasonably be considered autonomic these dogs did not vomit in any postoperative

phenomena, but only because pallor and sweating test, one dog vomited in only one postoperative
are usually controlled by the autonomic nervous test, and one ,:tog with minimal damage to lhe
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uvula and nodulus vomited in all of the four behind the mammillary bodies (ref. 38). Its

postoperative tests. Additional animals sub- susceptibility was tested again between the 26th
jected to the removal of the pyramis and other and 53d postoperative days, and it vomited
nonvestibular parts of the cerebellum retained in all of the five swing tests administered, within 3

their preoperative susceptibility to motion sick- to 9 minutes of swinging. In six other dogs
ness. It seems clear that the vestibular parts with unilateral removal 9f the cerebral cortex,
of the cerebellum are necessary for the vomiting and in six additional dogs with bilateral removal
of motion sickness in dogs. of the cerebral cortex from temporal or occipital

or parietal areas, no essential participation by |
Chemoceptive Emetic Trigger Zone a cortical structure was revealed (ref. 36).

The chemoceptive emetic trigger zone is Motion sickness in a decorticate man has also
located superficially in the caudal part of the been reported (ref. 39).
floor of the fourth ventricle, dorsolateral to the Because the cerebrum is not necessary for
vagal nuclei (ref. 37). Central emetics such as motion sickness, it is difficult to escape the con-

apomorphine and the cardiac glycosides act, by clusion that psychological factors are not neces-
way of the bloodstream, upon the chemoceptive sary for motion sickness. Aside from the ques-
trigger zone which in turn acts upon the "inte- tion of necessity, however, the cerebrum and

grative vomiting center" (ref. 34) to cause psychological factors can undoubtedly influence
vomiting. In 12 dogs that had regularly vomited the development of motion sickness in man.
to swinging preoperatively, the chemoceptive

trigger zone was destroyed (ref. 37). Two of these THE INTEGRATED PICTURE
dogs vomited in all the postoperative tests after
durations of swinging comparable to the preopera- Figure 1 presents an integrated picture of the

tire durations, but two of' them vomited only neural mechanisms of motion sickness. Ap-
during some of"the postoperative tests and eight propriate motion acts on the vestibular apparatus,
of them failed to vomit in all of the postoperative the proprioceptors, and the eyes. In some cases
tests. The absence of the chemoceptive trigger it also acts on the abdominal viscera, but this

zone was confirmed by failure to vomit to apomor- is probably not important in motion sickness.
phine and by histology, and the ability of the Afferents from the eyes are not necessary for
animals to vomit postoperatively was established motion sickness, but they are known to play an
by oral administration of copper sulfate. It important role in some situations. The struc-

seems likely that the chemoceptive emetic trigger tures that can be considered indispensable for
zone is necessary for motion sickness, the vomiting of motion sickness (in dogs at least)

are the vestibular apparatus, the vestibular
Vomiting Center nerve, the vestibular nuclei, the vestibular part

The neural mechanisms responsibile for the of the cerebellum, the chemoceptive emetic

coordinated muscular contractions of vomiting trigger zone, the vomiting center, and the somatic
are obviously necessary for vomiting. It is not motor nerves to the respiratory muscles and to
known whether the required coordination is the muscles of the abdominal wall. Structures

effected by a morphologically distinct "center" that are dispensable are the nerves to the eyes,
having only an integrating function, the nerves to the abdominal viscera, and the

cerebral cortex.

Cerebrum Following the sequence of events between ap-
The cerebrum (telencephalon)does not play a propriate motion and vomiting, one can see a

vital role in motion sickness in dogs. One dog logical relationship among motion, the vestibular
that had consistently vomited within 4 to 10 apparatus, the vestibular nerve, the vestibular

minutes of swinging was decerebrated by nuclei, and the vestibular cerebellum; there is
removing a wedge of tissue rostral to a plane an equally logical and well-known relationship
joining the superior colliculi to a point just among the chemoceptive emetic trigger zone,
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the vomiting center, the motor nerves for vomit- motion sickness. The susceptibility of hypophy-
ing, and the muscles of vomiting. There is sectomized dogs to motion sickness is there-
no known reason, however, why the vestibular fore of interest. |
cerebellum should influence the chemoceptive Normal mongrel dogs were tested for suscepti- J

emetic trigger zone, and therefore the essence of bility to motion sickness on a motor-driven
motion sickness is probably to be found here, in swing, and dogs that vomited within 20 minutes

the relationship between the vestibular cere- on the initial exposure were considered suitable
bellum and the chemoceptive trigger zone. The for further testing and were subsequently swung

mystery of why motion causes vomiting in a at intervals of at least 1 week until they had
healthy animal is found reflected here in the demonstrated susceptibility at least four con-
brain, secutive times. In most cases, more than four

Because the chemoceptive emetic trigger preoperative tests were carried out. After the
zone is sensitive t(, chemicals (ref. 40), and initial test, the maximum duration of swinging
because motion sickness develops so slowly was set arbitrarily at 60 minutes, and dogs that

(usually repeated stimulation of the vestibular did not vomit within 60 minutes of swinging at any
apparatus is required for a period of several preoperative test were discarded from the experi-
minutes or even hours to cause vomiting), it ment; postoperatively, swing tests were stopped

seems likely that the cause of nausea and vomit- after 60 minutes and failure to vomit by that
ing in motion sickness is an emetic chemical that time was taken as a negative response. After
accumulates under the influence of the vestibular consistent susceptibility to motion sickness had

cerebellum during motion. Babkin and his been established, each dog was hypophysecto-
associates as early as 1943 (refs. 9, 41, and 42) mized by the transbuccal approach. In some

investigated the possibility that circulating acetyl- cases, parts of the hypothalamus were also de-
choline was responsible for motion sickness in stroyed, by cautery. After recovery from the
dogs. They were unable, however, to demon- operation, the surviving animals were again
strate any increase in blood acetylcholine during tested for susceptibility to motion sickness at
motion sickness, intervals of 1 week or longer, and they were

observed for polyuria throughout the remainder
of the experiment. No hormones were admin-

ATTEMPT TO ESTABLISH THE HY-
istered to the animals postoperatively.

POPHYSIS AS A LINK BETWEEN THE
VESTIBULAR CEREBELLUM AND THE Seven dogs survived the hypophysectomy and
CHEMOCEPTIVE TRIGGER ZONE were tested postoperatively. The operations had

no consistent effect on the durations of swinging

Several observations suggest that the neuro- required to produce vomiting (table 2). A Wil-
hypophysis secretes an emetic agent during coxan two-sample rank test showed no significant

appropriate motion: (1)posterior pituitary extract difference between the preoperative and post-
is an emetic agent (ref. 35); (2) a pituitary-type operative vomiting times of the seven dogs.
inhibition of water diuresis occurs with motion Five of the dogs exhibited polyuria following the

sickness, and an antidiuretic substance can be operation, and in three of these the polyuria was

recovered from the urine of subjects who have permanent, continuing until the deaths of the
been motion sick (ref. 43); (3) the cardiovascular animals 6 to 10 weeks postoperatively. Autopsy

response to nauseating motion resembles closely with an operating microscope confirmed that the
the response to Pitressin injection (ref. 44); (4) pituitary glands had been removed.
the centers which normally control pallor and In this experiment it was not established that
sweating are intimately associated with the either the adenohypophysis or the neurohypoph-
hypothalamic-hypophyseal system. Also, the ysis was completely ablated in the dogs, but
adrenocortical response in motion sickness the pituitary glands were removed, and in three

(refs. 45 to 47) suggests the possibility that the of the dogs the neurohypophysis was inactivated,
adenohypophysis plays an important role in according to the criterion of permanent polyuria
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(ref. 48). A dog was considered to have polyuria INVESTIGATION OF GAMMA-AMINO-
if its postoperative daily urine output exceeded BUTYRIC ACID IN MOTION SICKNESS
the preoperative output by more than 1 liter per

10 pounds of body weight. The operations did It has been suggested (ref. 49) that various un-
not have a large or consistent influence on BUS- related drugs that are effective against motion
ceptibility to motion sickness, and the results sickness have a common action in increasing the
indicate that motion sickness is possible in the level of 7-aminobutyric acid in the brain. In
absence of the pituitary gland and in the presence terms of the relationship between the vestibular

of permanent polyuria. It therefore seems un- cerebellum and the chemoceptive trigger zone,
likely that the hypophysis plays any necessary this would mean that during appropriate motion
role in motion sickness in the intact animal, the vestibular cerebellum causes a decrease in

TABLE2.--Durations of Swinging Required To Produce Vomiting, to Nearest Minute, Before and
After Hypophysectomy t

Dog no. Preoperative, rain l:'nstoperative, min Postoperative
polyuria

58 ................................................................................ 5, 6, 5, 5 15, 14, (died) Transient.

15 ................................................................................. 9, 8, 7, 6, 8,_ 8 5, 5, 5, 5, 7 Permanent.

B200 ............................................................................ 18, 25, 21, 53, 19 x, :_x, x, 19, x, 14 Transient.

B224 ............................................................................. 6, 5, 8, 9, 4 13, 17, 17, 14, 33 None.

15A ............................................................................... 12, 14, 6, 5, 4, 5, 4, 5, 6, 8 Permanent.

_223 ............................................................................. 6, 7, 6, 4, 8 5, 4, 6, 5, 7 Permanent.

B334 ............................................................................. 4, 11, 11, 11 11, 15 None.

t Tests were conducted at intervals of I week or more and are recorded in chronological order.

Nonstandard stimulus used inadvertently.

3 Values greater than 60 indicated by "x."

TABLE 3.--Durations of Swinging To Cause Vomiting

[In minutes and seconds]

Interval
between

Date Medication injection Dog no. 4 !Dng no. 6 Dog no. 7
and

swinging, hr

1968

an. 23 .......................................... "..................................................................... 17:30 13:02 8:35

31 ............................................................................................................... 15:15 8:50 8:07

?eb. 7 .............................................................................................................. 15:43 16:05 11:08

14 .............................................................................................................. 15:40 10:00 6:40

21 AOAA, 0.2 mg/kg _.................................................................. 6 7:25 16:40 9:22

28 AOAA, 0.5 mg/kg .................................................................... 6 6:15 15:54 3 0:00

Mar. 27 Thio SC, 2 mg/kg 2................................................................. 3 ............... 7:15 8:45

_pr. 4 Thio SC, 2 mg/kg .................................................................... 1 ............... 13:59 4:37

AOAA means aminooxyacetic acid.
2Thio SC means thiosemicarbazide.

3Dog vomited just before swinging started and again after 5:20 of swinging.
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the level of 7-aminobutyric acid, or, alternatively, The original intention was to study more dogs
that the vestibular cerebellum is unable to exert with antinooxyacetic acid after these preliminary

its influence on the chemoceptive trigger zone trials, but the results were so discouraging that
in the presence of high concentrations of T- the decision was made not to continue. Because
aminobutyric acid. It was therefore of interest raising the brain level of" y-aminobutyric acid
to investigate susceptibility to motion sickness caused vomiting and seemed to promote motion

in animals in whom the brain level of T-amino- sickness, it was decided to test susceptibility
butyric acid had been artificially raised, to motion sickness after lowering the brain level

Three dogs were exposed to swinging motion of y-aminobutyric acid, which can be accom-
once each week for 4 weeks to establish the dura- plished with thiosemicarbazide (ref. 51). Two of

tion of swinging required to induce w:_miting, the same dogs (one had become pregnant) were
After a further 7-day interval, the dogs were used. No strong influence of 2 mg/kg of thio-
swung again, 6 hours after subcutaneous injec- semicarbazide was found when testing the ani-
tion of 0.2 mg/kg of aminooxyacetic acid. This mals 3 hours after injection or, again 1 week

drug is known to raise the level of T-aminobutyric later, 1 hour after injection (table 3). While the
acid in the brain (ref. 50). As indicated in table data from this experiment are scarcely eonelu-
.3, the injections had no significant effect on the sire, it seems unlikely that the level of T-amino-
durations of swinging required to cause vomiting, butyric acid in the brain plays any essential or
One week later the dogs were swung again, 6 powerful role in the development of motion sick-

hours after injection of 0.5 mg/kg of amino- ness, and it seems unlikely that anti-motion-

oxyacetic acid. As shown in table 3, this dose sickness drugs act by raising the brain's con-

also had no strong influence, but possibly caused centration of 7-aminobutyric acid.
vomiting sooner than without medication. Larger The link between the vestibular cerebellum

doses of aminooxyacetic acid caused repeated and the chemoceptive trigger zone remains
vomiting without any swinging or other motion, unilluminated.
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Conflicting Sensory Orientation Cues as a Factor in Motion
Sickness 1

FRED E. GUEDRY, JR.

Naval Aerospace Medical [nstitute

SUMMARY

Evidence is adduced to support the hypothesis that conflicting sells(pry data relating to spatial

orientation frmn among visual, vestibular, and somatosensory syslems can induce motion sickness

in the absence of any strong, hmg, ,,r periodic stimulus to the semicircular canals (,r .,tolith system.

During a number of years of conducting spin- to,_,-axisfrom starting and stopping the head move-
ning, oscillating, and tilting experiments, I have ment, which would occur during any natural head
never purposely conducted a motion-sickness movement even if the table were not rotating.

experiment. However, in the course of various These accelerations leave no residual effects.
experiments, some stimulus conditions seemed (2) The second component is constituted by angu-
much more conducive to motion sickness than lar accelerations about a third orthogonal axis,

others, and some individuals were much more the tOw_O._,-axis,shown in figure 1. During the
susceptible to motion sickness than others, head movement, this stimulus changes in magni-

One of the primary aims of the present paper is rude and direction relative to the canal system

to point out timt a vestibular stimulus of moderate so that a complex pattern of stimulation of the
magnitude, repeated several times but not with canals is produced during tbe movement. The
any particular periodicity, can produce a high oJ,(o_ acceleration would cause the canals to
incidence of the signs and symptoms of motion signal approximate angular velocity about the
sickness. This stimulus, which has been vari- subject's y-axis, whereas the (:hange in position

ously named the Coriolis vestibular stimulus or relative to gravity signaled by the otolitb organs
the angular Coriolis stimulus, involves contradic- during the movement would be about the sub-

tory sensory input from within the labyrinth ject's x-axis. The o),to._,stimulus shifts during
itself', the head movement but when averaged over

The kind of stimulus to which I refer is de- time, the w_to._,stimulus is alined with the suh-
picted in figure 1. The subject is rotating on a ject'sy-axis. When the movement is completed,
device about an Earth-vertical axis that has an the cupulae deflections would signal rotation
angular velocity to_, and his head tilt is made which should be accompanied by change inorien-

about a second axis, the oil-axis, which is orthog- latinn relative to gravity (if such rotation were
onal to the axis of the turntable. During the head really taking place), but the otoliths would signal

movement there are two angular acceleration constant position; i.e., no change in orientation
components: (1) Angular accelerations about the relative to gravity. These patterns of sensory

input from the canals and otoliths are clearly con-
' I should like to acknowledge very helpful eommunica- flicting. This is in contrast to the normal synergy

lions with K. E. Money and with J. T. Reason who have

conducted independent reviews of motion-sickness lileralure between canals and otoliths depicted schemal-

and have provided me with their prepublication manuscril)ts, ically in the lower right portion of figure 1, where

45
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the axis of change in orientation signaled by to have been unaffected by the head movements.

the otoliths and the axis of angular velocity sig- By the students' own ratings, about 50 percent
haled by the canals are one and the same; viz, indicated some feelings of nausea and only 11
the subject's x-axis, percent indicated no effect at all. The magni-

In the past few years we have observed more tude of the stimulus to the semicircular canals
than 500 student pilots while they made six 45° produced by each head movement can be dupli-

head tilts with their eyes closed during rotation cared by a simple angular acceleration to 11.5
at 15 rpm (refs. 1 and 2). These head move- rpm. Simple angular impulses of this magni-
ments were approximately 30 seconds apart, tude seldom produce nausea in the absence of
but there was no strict periodicity maintained, conflicting visual data. Moreover, during the
After six such head movements, only 5 percent initial angular acceleration to 15 rpm while the
of the student pilots were adjudged by observers head was fixed relative to the turntable, there

(t)j
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BY OTOLITHS MEAN AXIS OF

r _ t ANGULAR VELOCITY

SIGNALED BY CANALS
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\
\

I \ t
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BY OTOLITHS X

ANGULAR VELOCITY POSITION SIGNAL

SIGNAL PROM CANALS PROM OTOLITHS X

RESIDUAL EFFECTS FROM HEAD TILT ON ROTATING TABLE

NATURAL HEAD TILT

FIGURE 1.--Illustrating the directional conflict of sensory inputs from canals and otoliths during head tilt on a rotating table

and the concordant sensory input during natural head tilt without concomitant whole-body rotation.
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were no signs from these subjects of displeasure flexed through 60° in 3 seconds from the initial
or surprise; yet, with the first head movement position to the final position. In this particular

that actually produced a lesser angular impulse head movement, it is primarily the lateral canals
to the canal system, many subjects indicated dis- that are stimulated, and though there is some
pleasure and many exhibited pallor and sweat- stimulation of the vertical canals, the net residual
ing. All of those subjects who were adjudged effect of tile stimulus to the vertical canals is
to have been severely affected by the head- zero when the movement is complete. It can
movement stimulus later dropped out of the be shown that, under this particular condition as

flight program, the head movement is just completed (,4 of fig.

"1"_)illustrate the magnitude of this Coriolis 2), the angular impulse delivered to the lateral
vestibular stimulus, the situation shown in figure canals by the head movement is equivalent in
2 was used. The configuration shown in A was magnitude to the angular impulse delivered by
selected because the residual stimulus as the angular acceleration to 10 rpm with the head
head movement is completed is to the lateral fixed as showninB.

canals that yield an easily recorded nystagmus. Subjects placed in situations A and B of figure
Subjects were positioned so as to locate the plane 2 produced resuhs graphed in figure 3. The
of the horizontal canals 30° from the axis of the nystagmus produced by the head tilts (A) was
turntable. The rotation device was set into rota- usually of lower intensity, and it clearly declined
tion at 10 rpm (co_=10 rpm). After 2 minutes of more quickly than that produced by simple
constant rotation at 10 rpm, the head was dorso- angular acceleration (B).

...................................

"' '

i FINAL POSITION INITIAL POSITION

t- ................. _ I../............. ...t
/"____ PLANE OF

/,/// LATERAL CANALS
/

A. HEAD TILT DURING ROTATION B. SIMPLE ANGULAR ACCEL[RATION

FIGURE 2. --Stimulus used to produce horizont_d nystagmus (A) by head movement during 60 °/sec anA_ular velocity _uul (J_)by simple
angular acceleration to 60 °/sec with head in fixed relation to the axis of rotation.
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20 [3 20

Ld . STOPPING SIMPLE
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, ANGULAR _I_CELERATION
-- IO L AXIS IO
>-

_ 5- 5

STOPPING ROTATION
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HEAD MOVEMENT

CORIOUS SllMULUS FROM BE_SON,A,,J, AND BODiN,BLA., 1965
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FIGURE 3.--l//.st.ting different deca3 r.tes (_-/A)of nystagm.s slow-phase ve/ocity fi)//owing diff':rent stimtdi of equ./ magnitude
to the lateral canals. Upper left panel is the average res.lt from the individual responses (G through S) displayed in the
five lower panels.

The rapid decline of nystagmus produced by From considerations of the mechanics of the
the head movement is a sign of conflict between stimulus as well as the magnitude of the nystag-

the canals, which signal rotation about an axis mus responses, the stimulus in situation A is no
not alined with gravity, and the otolith and greater in magnitude than that in situation B.

somatosensory systems, which signal a constant Yet simple angular acceleration of the magnitude
orientation relative to gravity. This situation and duration used in B may be repeatedly ad-
as the head movement is completed is closely ministered without producing any of the signs

analogous to the nystagmus and sensation pro- of motion sickness, whereas head movements
dueed by cessation of rotation about an Earth- during rotation produce signs of motion sickness.
horizontal axis; in the latter situation as well, For example, I conducted one experiment in

the canals signal rotation while the other sys- which more than 100 men received 176 simple
terns signal no rotation. As shown in the upper angular accelerations to 10 rpm within a 4-hour

right graphs, the nystagmus decline following interval. There was not a single indication of
rotation about a horizontal axis is more rapid motion sickness from these subjects. In an-

than the decline of nystagmus produced by simple other series of experiments (refs. 4 and 5) in

angular acceleration about a vertical axis even which a total of 50 men made 45° head tilts dur-
though the angular impulses are equal in the two ing rotation at 7.5 rpm, approximately 70 percent
situations (ref. 3). of the subjects showed some sign of motion sick-
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ness. Typically, signs of motion sickness ap- sick (ref. 7 and A. C,raybiel et al., "C_ml_ara-
peared within the first40 head movements. The rive Effects of 12 Days' Rotation at 10 RPM
angular impulses produced by the head move- on Four Normal Subjects and Four Persons With

ments were of less magnitude than the simple Bilateral Labyrinthine Defects," in preparation).
angular accelerations to l0 rpm, yet the head The fact that these subjects showed psycho-
movements produced signs of sickness, whereas motor disturbance upon return to a normal
the stronger simple angular accelerations did stationary environment _indicates that a central-

not produce these signs, nervous-system adjustment to sensory rearrange-
When a person is permitted to move around ment had occurred, but no sickness was prn-

within a rotating room, there is much more than duced. This could be interpreted to indicate
an intralabyrintbine conflict. During bodymove- that the intralabyrinthine conflict is crucial t,_
ment within the room, information fed back from the motion sickness in this situation. However,

the muscles and joints signal curvilinear motion other interpretations are clearly possible, and
relative to the Earth, while visual estimates that this is a debatable issue.

gage the intended movement do not register the Many authors have pointed out experiments
curvilinear path. Movement in a straight line (refs. 11 to 17) that show that visual-sensed too-
relative to the floor of the room is actually move- tion without concomitant vestibular stimulation
ment in a curved path relative to the Earth. can produce motion sickness. Especially inter-

Even in the absence of vision, the somatosensory esting observations were made by Miller and
system would feed back information indicating Goodson (ref. 18) in connection with a helicopter
curvilinear movement of the hand or foot when simulator. The ..subject's control stick manipu-
the intended movement of the hand or foot is in lated the motion of tile visual field as though the
a straight line. Coupled with these incongruities subject had moved, but he actually remained sta-

(between intended movements, somatosensory tionary relative to the Earth. Experienced hell-
feedback, and visual feedback) is the intralaby- copter flight instructors were reported to be more
riuthine conflict as described above, susceptible to sickness in this situation than were

The rearranged sensory input that occurs inexperienced students.
within the slow rotation room (SRR) is analogous There is in progress a closely related study by
to what happens in experiments in which lenses Sinacori (J. B. Sinacori, Northrup Norair Division,
have been used to rearrange the visual input as Hawthorne, Calif., personal communication), who

subjects attempted to move about (ref. 6). The is using a simulator similar to that used by Miller
results within the rotating room have characteris- and Goodson. Some visual distortion present in
tics in common with other sensory rearrange- the earlier device has been reduced, but even so,

ments. At first, subjects experience difficulty in experienced helicopter pilots have become nause-
walking and in other w_luntary motor activities, ated and have foulad the device difficult to control,
and most subjects experience nausea. With whereas inexperienced personnel were less dis-

prolonged exposure, the psychomotor skills ira- turbed by nausea. The most interesting new
prove, while nausea, nystagmus, and illusions development reported by Sinacori is that a motion
diminish. After adaptation to this situation, base has been incorporated into the simulator

return to a natural environment reinstates many which gives a vestibular signal as the visual simu-
of these responses, including nausea (refs. 7 to lation is commenced. These vestibular signals

9). These new reactions in a natural environ- are limited by restricted angular displacement
ment offer inferential support for the "pattern of about 10° in pitch, roll, and yaw; but the results
copy" hypothesis proposed by Groen (ref. 10). indicate that when the signals are "washed out"

It may be significant that individuals without gradually, i.e., by using a time constant of 2 sec-
labyrinthine function, when exposed to this onds or longer in returning the subject to initial
rotating-room environment, have all of the visual upright position, there is a greatly improved con-
and somatosensory rearrangement encountered trol of the simulator and a reduction in nausea

by normal subjects, yet they have not been made among experienced pilots. This improvement
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with the motion base has been present irrespec- tibular sensations are both magnitude and direc-
tive of whether the pilots have been exposed first tion. If an unnatural stimulus situation produces
to the motion-base or to the fixed-base condition, a magnitude mismatch or a directional mismatch

Recently, an inexperienced person was exposed in the sensory signals from the otoliths and
to the motion base hut with unfavorable washout canals, the individual's reflex actions and per-

characteristics, and he did not have nausea, ceptions are inadequate to cope with his state of
He was then given a training session with favor- motion unless tile central nervous system either
able motion characteristics during which his per- disregards part of the vestibular input or develops

formance became very good and nausea was new compensatory reflexes appropriate to the
absent. In a third session, he was reexposed to situation. In some individuals, motion sickness
the unfavorable motion characteristics and he is a byproduct of the adjustment to such

became sick and performed poorly, even though situations.

initially the same exposure did not produce While I have been emphasizing the importance
nausea. The results imply that at least part of of intralabyrinthine conflict in the production of
the nausea and lack of control with the fixed- motion sickness, I should not discard the idea

base simulator used by Miller and Goodson and of "overstimulation" of the canals or otoliths
later by Sinacori was attributable to the absence completely. Motion sickness has been en-
of correlated vestibular input. These studies countered in several experiments involving pro-

imply that conflicting data from the visual, ves- longed simple angular acceleration about a ver-
tibular, and somatosensory systems may be the tical axis (ref. 24, and personal observation).

important aspect of the stimulus relative to pro- Angular impulses from a 40-rpm change in angu-
dueing motion-sickness symptoms in these situa- lar velocity produce pronounced dissociation be-
tions, and these situations certainly did not in- tween nystagmus and sensation in many subjects

volve intense or periodic stimuli to either the and strong secondary effects that interact with
otolith or semicircular canal systems. The re- the effects of immediately following stimuli.
sults also stress the fact that training in a motion There is reason to believe that these interactions
device sets up expected correlations between increase tile incidence of motion sickness that oc-

motor commands and expected patterns of sen- curs with these particular stimuli (ref. 24, and
sory input pertaining to spatial orientation and personal observation), but the intensity of the in-
motion. When these expected patterns do not teraction is partially determined by the length and
match the incoming patterns, the probability of strength of the preceding canal stimulus. Motion
sickness is increased, sickness has also been encountered occasionally

Several authors (refs. 19 to 22; ref. 23, p. 99) in prolonged sinusoidal variation of angular accel-
have emphasized intralabyrinthine conflict as an eration, and it has been encountered frequently

especially important factor in production of too- in sinusoidal variation of vertical linear accel-
tion sickness. The invariant correlation be- eration (ref. 25). In some of these experiments,
tween information from otoliths and canals in periodicity and intensity of stimulation both ap-

natural head movements leads me to speculate pear to be important to the motion sickness that

that unnatural stimuli that yield conflicting inputs occurs, and it is possible to raise arguments
from these two kinds of labyrinthine sense organs that intermudality conflicts were also present.
are especially potent in the production of motion Whether one chooses to call these situations
sickness. The vestibular receptors work on an cases of conflicting sensory inputs, unfavorable

inertialprinciple and provide quantitative velocity periodicity, or overstimulation appears some-
and position data relative to an external fixed what arbitrary.
reference system which perceptually is the In summary, it has been my purpose to point
Earth. In a natural environment, the adequacy out that conflicting sensory data relating to
of reflex actions and perceptions depends upon spatial orientation from among visual, vestibular,

the magnitude and direction of angular velocities and somatosensory systems can produce a high
and displacements signaled. Inherent in yes- incidence of motion sickness in the absence of
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any strong, long, or periodic stimulus to the occurs when motion is sensed directly only by
semicircular canals or otolith system. An the visual system.
argument has been presented for the proposition It has not been my purpose to imply thai the

that intralabyrinthine conflict is especially potent idea of overstimulation of the canals or of the

in the production of motion sickness, perhaps .loliths should be: discarded as a factor in motion

more potent than intermodality conflicts between sickness. There are several forms of vestibular

the visual, vestibular, and somatosensory sys- stimulation that produce motion sickness without

tems. It is possible that a functional vestibular obvious intralabyrinthine conflict or intermodality

system is necessary to the motion sickness that conflict.
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SUMMA R Y

Among investigators who agree that tile vestibular organs are essential in producing motion

sickness, there is either uncertainty or disagreement as to tile roles of the .tolith organs and the semi-

circular canals which, tinder natural living c.nditions, furnish different information in response,

respectively, to linear and angular accelerations. The shifting emphasis on the essentiality .f the

two organs is briefly traced, leaving in doubt today the role of the ololith organs formerly regarded as
essential in the causation of seasickness anti airsick.ess. This doubt has arism) by the demonstration

that nystagmus, easily evoked when the canals are stimulated by angular or Cnriolis accelerations,

also may be manifested when a person is exposed to rectilinear accelerations or to "'rotating linear

acceleration vectors" (RLAV) in the absence of angular or CorMis accelerations.

Some experimental findings on man are reviewed. In one series, it was demonstrated that, in

highly susceptible subjects, motion sickness may be experienced when the RI_AV is within 4° of the

physical upright. If the canals are indeed stimulated under these e.nditimls, it implies a second

highly effective means of stimulation inasmuch as, under the same circumstances, fluid in a model of
the canals is not disturbed. In a second series of experiments, nystagmus was ew_ked in subjects

regarded as possibly having residual otolith function, based on the ocular eounlerrolling test, but
absent canalicular function, based .n lack of response to high angular accelerations and t. irrigation
.f the external canal with ice water.

Ahhough there may be doubt regarding the essentiality .f the otnlith organs in the genesis of

motion sickness, there is little doubt but that their "'influence" has been dcnnmstratcd in weight-

lessness. Six subjects, symptom free while tixed in their scats during I,aralmlic flight, manifested

symptoms when required to carry out experimenter-paced head motions. Moreover, most subjects
demonstrated a significant change in susceptibility when exposed to Coriolis accelerations under

ground-based and weightless conditions, some manifesting an increase, others a decrease.
While making preparations to study the effect of g-loading on susceptibility to motion sickness,

it was accidentally discovered that a susceptible person subjected to passive rotation with his long

body axis tilted 10° from the gravitational upright readily became muti.n sick. This early opportunity

was taken tu describe the device and to present some preliminary findings illustrating its uses.

INTRODUCTION secondary influences which always are present;

specific secondary etiologic factors may increase

The primary etiological role of the nonacoustic or decrease susceptibility or, indeed, may be

labyrinth in the genesis of motion sickness is facultative in this respect.

declared by the fact that it is unique among sen- Among investigators who agree that the non-

sory systems in conferring immunity after func- acoustic labyrinth is essential in the causation of

tion is lost. This recognition of the essehtiality motion sicknes% there is still either lack of agree-

of the labyrinth in no way minimizes the role of ment or uncertainty concerning the individual

53
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and combined roles of the semicircular canals in causing airsickness is shown indirectly by the

and the otolith organs. Until these roles have impact made by a report (ref. 7) of observations
been elucidated, it may not be possible to pre- that motion sickness in flight could be reduced or
dict with scientific accuracy the susceptibility to prevented by fixation of the head, thus impli-
motion sickness in novel force environments. It cating the semicircular canals more than the

is the purpose of this report and the one to follow otolith apparatus.
to summarize our present position regarding the Motion-sickness studies using horizontal and
etiologic roles of the two vestibular organs in vertical oscillators were reevaluated in the light

causing motion sickness; a third report (Walter H. of this finding. The angular component in hori-
Johnson, "Secondary Etiological Factors in the zontal swings and lack of head fixation in some
Causation of Motion Sickness," this symposium) experiments using vertical oscillations were
will deal with secondary etiological factors, underscored as generators of small angular accel-

erations (ref. 8). Observations on seasickness

BRIEF HISTORICAL REVIEW were also reevaluated in the light of studies prov-
ing that the thresholds of response of the semi-

Historically, the shipboard force environment circular canals were far lower (ref. 9) than they

was the first to receive serious attention, and the were formerly thought to be.
acceleration patterns of that environment, in- Although there was ample evidence that typical
terpreted in the light of the Mach-Breuer-Brown symptoms of motion sickness could be evoked in
theory (ref. 1), seemed to implicate the otolith susceptible subjects by thermal stimulation and

apparatus. Thus, when motion sickness was angular acceleration (ref. 10) inwAving the hori-
experienced under mild sea conditions, the linear zontal semicircular canals and by Coriolis accel-
accelerations were above threshold value while eration (refs. 11 and 12), it was the observations in

the angular accelerations were below 2 to 4 deg/ the slow rotation room (ref. 13) which strongly
sec/sec which was then regarded as in the thresh- emphasized the predominant etiologic role of the
old range. Moreover, clinical observations semicircular canals in causing motion sickness, at
revealed the absence of nystagmus, which was least in this force environment.

regarded as supporting evidence that the semi- Equally important was the evidence pointing
circular canals were either not implicated or, if away from the otolith apparatus by calling into

they were, played a small etiological role. On question the validity of the Mach-Breuer-Brown
the other hand, the early experimental studies theory under certain artificial stimulus conditions.

using vertical oscillations (refs. 2 and 3) and later The evidence consisted in the demonstration
studies using horizontal oscillations (refs. 4 and that nystagmus can be evoked when a person is
5) clearly proved that rectilinear accelerations exposed to (1) rectilinear accelerations (refs. 14
could readily evoke frank motion sickness in and 15), (2) constant angular velocity when rotated

'susceptible human and animal subjects. De Wit about a coplanar Earth-horizontal axis (ref. 16),
(ref. 6) in his monograph on seasickness published and (3) a rotating linear acceleration vector in
in 1953 concluded, "Seasickness is caused by the absence of angular motion (in a counter-
overstimulation of the otolith system." rotating room) (ref. 17).

The connection between the otoliths and sea- In addition to studies on man, experiments

sickness was so strongly established that years using animal subjects with selective injury to the

elapsed before any doubt was expressed that, in- canalicular system showed reduced or abolished
sofar as the etiological roles of the vestibular susceptibility to motion sickness (ref. 18), and
organs were concerned, there was any difference eleetrophysiologieal studies revealed what ap-
between seasickness and airsickness. In the peared to be canalicular responses to linear

early days of flight the etiological role of the force accelerations (ref. 19).
environment was often complicated by hypoxia, In summarizing this brief review, it is evident
another cause of nausea and vomiting. That the that there has been a gradual shift in the majority

majority opinion implicated the otolith apparatus opinion regarding the roles of the two vestibular
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organs in the genesis of motion sickness. The the unusual input from the otolithic receptors,
early experimental studies interpreted in the and, in this way, would give rise to symptoms.
light of the Mach-Breuer-Brown theory seemed to The fact that nystagmus can be evoked at

demonstrale the essentiality of tile otnlith organs, higher stimulus levels in the CRR (ref. 20) and
Today, the evidence suggests that the canals are in ,_ther devices when angular or Cori_,lis aecel-
essential organs in the genesis of motion sickness erations are absent is a matter of great and con-
and, by implication, leave in doubt the role of the tinuing interest and tins been reviewed in NASA

otolith apparatus. SP-115. Although the definitive experiment has
not been lmrforlned, nystagmus ew_ked under

EVIDENCE IMPLICATING THE OTO- the above conditions constitutes the best evi-

LITHAPPARATUS IN THE CAUSATION dence that the canals may be stimulated at low
OF MOTION SICKNESS

as well as at high stimulus levels.
The Counterrotating Room

Experiments on Persons With Vestibular DefectsA counterrotating room (ref. 20) is chosen to

typify the force environment in devices either Labyrinthine-Defectiw_" Subjects

not generating angular or Coriolis accelerations Eleven persons with severe bilateral laby-
or at least not generating them at the time motion- rinthine defects (L-D subjects) have participated
sickness symptoms are evoked. Among 18 in many experiments fora periodofover 10 years,
healthy subjects with normal function of the and during this lime functional tests have been

canals as revealed by tire threshold caloric test conducted on several occasions (table 1) (ref. 22).
and normal function of the otoliths as revealed None has experienced motion sickness in any of
by the oculogravic illusion test, 11 manifested our laboratory devices (refs. 13 and 20) or in the

• symptoms of motion sickness in the counter- air (ref. 23). During their exposure at sea they
rotating room (CRR), six did not, and in one the were free from symptoms characteristic of motion

evidence was in doubt. Two experienced syrup- sickness; two occasions in this regard deserve
toms while rotating at 10 rpm, one after 14, and comment. On one occasion (ref. 24) several of

the other after 30 minutes. At the effective them had not recovered from a nauseating dose
radius of 2 feet in the room, the rotating gravi- of sirup of ipecac at the time they were exposed
toinertial vector deviated from the physical up- to turbulent seas in a boat; recovery was unevent-
right of tile subject by less than 4°. Three other ful despite the conditions. On the second occa-
subjects experienced syml_tolns while r, dating sion (reC 25) during a severe Atlantic storm when
at 15 rpm for 30 minutes or less. with the rotating livin_ conditions aboard the ship were abnm'maI.

vector less than 9° from the physical upright, one subject (HA) reported "sligllt nausea-n,u
There can be no question that, in these sub- gastrointestinal"; other symptoms checked in

jects, the otolith organs were stimulated in an the prepared questionnaire form were not
unusual pattern, even at the lower stimulus level, remarkable under the circumstances.

inasmuch as the stimulus exceeded tire thresh- Based on the clinical findings in these L-D
old of response (ref. 21). It is equally certain subjects (table 1), il was concluded that some

that the cupula-endolymph system of the canals otolithic function might be left. In six of them
was not stimulated, at least in a normal manner; the likelihood of residual canalicular function

the fluid in a glass model was not even disturbed, seemed to be nil in view of the lack of response
If the canals were stimulated at the lower el- both to ice-water irrigations and to exposure to
fective stimulus level, the rotating linear accel- high angular accelerations, yet they manifested
eration vector evoking symptoms would represent nystagmus when exposed to Earth-horizontal
a second fairly efficient stimulus mechanism, rotation at 12 rpm (ref. 16). The conditions in
inasmuch as the accelerative forces involved the latter experiment were favorable for sthnula-

were small. If the canals were not stimulated, tion of any residuum of the otoli/hic apparatus,
the question of the significance of their resting where differences in specific weight between
discharge arises and whether it was modulated by the otoliths and surround were great, but not
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TABLE 1. -- Clinical Findings i;_ 11 Deaf Persons ff/ith Bilateral Labyrinthine Defects

I Cuunterroll

Auricular defects Hearin_ _ Threshold response, caloric test index, minutes
_f al-(;. 2

in_txillllllU tilt :_

Subject Age

Onset

Etiology year, R L R L 50 ° 75"
age

Domich ............... 48 Meningitis ........ 13 Nil Nil N.R.. 4 10° C. N.R., l0 ° C, 74 74
3 rain 3 rain

Greenmun .......... 48 Mastoiditis ........ 12 Nil 160 N.R ................. N.R ................. 60 ...........

Culak ................. 26 4½ /> 145 /> 145 l0 ° C, 40 scc ..... 10° C, 40 sec ..... 76 89

Harper ............... 29 13 Nil Nil N.R., 2.8 ° C, N.R., 2.8 ° C, 47 53
10 rain 10 rain

ordan ............... 34 71 Nil Nil N.R ................. N.R., 3.0 ° C, 126 176
3 rain

Larson ............... 29 6 1> 115 />110 10°C.40sec ..... N.R.(?) ............. 73 109

Myers ................. 25 _Meningitis ........ 8 Nil Nil N.R., 2.8 ° C, 7.9° C.40 scc ..... 63 82
10 rain

Peterson ............. 33 12 Nil Nil N.R., 2.6 ° C, N.R., 2.6 ° C, 21 30
3 rain 3 rain

Piper ................. 26 3 Nil Nil 9.8 ° C.40 scc ..... Not tested 71 85
(infection)

Steele ................ 25 12½ />130 />135 10.0°C.3min .... ll.0°C.3min.., ll0 117

Zakutnev 25 3!• . ........... 2 _ 135 >/130 2.8 ° C. 10 rain .... 2.8 ° C. 10 rain .... 22 36

Respmlse to white m_ise up h_ 160 decibels.
2 One-half the sum _f maximum r_dl right and left (minutes of arc).

:_Angular displacement _f b_My frmn vertical in fr.ntal plane.

4 N.R.-N,, respm_se.

for the sensory epithelium of lbe canals where function are insusceptible to motion sickness
differences in specific weight were very small, raises the problem of how much loss confers
The dilemma is created by the fact that in a immunity. In table 2 are shown the relevant

normal person, nystagmus is so easily ew)ked clinical findings in eight persons with abnormal
by an artificial stimulus to the canals, whereas values on the threshold caloric test (ref. 26)
in the otolith apparatus the typical response is or ocular counterrolling test (ref. 27), or both.

a compensatory nmvement of the eyes. Henriks- Interpretation of the findings is made difficult
son (personal communication) believes that on because of the great individual variance in suscep-
approaching a critical rate of cyclic stimulation tibility to motion sickness and in ocular counter-
of the otolith apparatus, compensatory move- rolling values among clinically normal persons.
ments might become nystagmic. In any event, The first subject was "discovered" fortuitously,

the findings in these L-D subjects demonstrate during a demonstration in the slow rotation room

a clear separation between evoking nystagmus (SRR), when he failed to manifest atty signs of
and motion sickness, motion sickness during a variety of activities

Partial Loss of Vestibular Function when rotating at 10 rpm. At that time he was

The fact that persons with loss of vestibular unable to stand more than a few seconds on one
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leg. About a year previously he experienced ground-based conditions. The accelerations
acute symptoms referable to the labyrinth follow- were generated by requiring the subject to move

ing a dive; these gradually declined but per- his head in a standardized manner while rotating
sisted over a period of about 2 weeks. There in a chair device. Susceptibility was measured
was no opportunity for systematic tests on the in terms of the number of bead movements re-
occasion of his first visit, but 2 years later he quired at a given angular velocity to evoke severe

was seen again. The threshold caloric test malaise. It was found that susceptibility ah,ft
values were above normal, and his performance either increased (eight subjects) or decreased
on the postural equilibrium test battery was (sevensubjects).cmnparedwithlhatundergr,,und-

below normal despite the fact that he had been based conditions (fig. 1). When the subjects
an exceptionally gifted athlete. After 85 head were ranked in order of increasing susceptibility
motions at 10 rpm in the SRR, he manifested m_der ground-based conditions, it was found that

severe malaise, indicating that susceptibility this order was preserved under weightless condi-
was in the normal range. Ahhougt_ the findings tions up to subject: 7 but not beyond.
are meager, it is reasonable to conclude that his Inasnmch as parabolic flight exclusive of the

susceptibility to SRR sickness had increased in weightless phase may properly be regarded as a
the 2-year interval, force environment tending to evoke motion sick-

The second subject was a professional diver Hess, the reduced susceptibility manifested by
v_h,,, (luring the course of a routine evaluatim_, some subjects during the test procedures was
manifested a threshold caloric test value far regarded as a conservative valid finding, while in-
above normal on the left side but no other definite creased susceptibility would have to be inter-

abnormality. His susceptibility to SRR sickness preted with caution. The further demonstration,
was in the normal range, however, that six subjects experienced symptoms

The third subject, a professional diver, was

seen on three occasions. Aside from a slight
hearing loss, the only abnormality revealed was ,sol- o+_lx ,,

a low ocular counterrolling index on two occa- L _1 +!

,°ol i_ L_ _

sions. His susceptibility to motion sickness was +o .... _i !! ;i

within the normal range. ,_o _ _ ::The remaining five subjects were similar in _i ::

their lack of susceptibility to motion sickness. _,_oI !I
q

Four had no response to irrigation of the ear with _ _J"

ice water on one side and varying increases in >__° !I !i.' !!

threshold level on the opposite side. It is note- _ i!
worthy that the ocular counterrolling index was _ ::7O

within the normal range in subjects 5 and 7 (table +o !: r:

2). More information of this kind is needed, but ili !!

it would appear that loss of canalicular function n ii i i
is more critical than loss of otolithic function in ii :i

reducing susceptibility to motion sickness. :1

Experiments in Parabolic Flight ,% , ?, _ ,"_ ....... ,_ , _,, ,"; ,"_ _, ,. , _,

Observations in parabolic flight (ref. 28)have fur- _OT,ONS,CKNESSSUSCEPT+,UT_
nished some evidence that the otolith apparatus

plays a role in the genesis of motion sickness even F_<;UREI.--Comparison of Coriolis (motion) sickness sus-
though this does not demonstrate its essentiality, ceptibility of 1,5 subjects measured in weightlessness and

under terrestrial conditions. 0": +'t,+,+ symptoms, except in

Susceptibility to motion sickness was compared subject HA who experienced moderate malaise (M 11 +4) on

in 15 subjects exposed to Coriolis accelerations in only hisfirst test at zero g. M Ill: severe malaise. (From

Lheweightless phase of parabolic flight and under ,._:/::,s. t
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_ -- FIGURE 2.--/i'/otioH sickness suscel_tit_ility in zero g. [_JF_ct

among si_ susceptible subjects of active head movements

i i relative to the restrained condition upon motion-sic]_'ness

,, • % _ _ suscel_tibilitv measured in terms of the number (_/lmrabolas
;% = - ,
= = ,_ _ =_ required to provoke _l'hdaise 111. (From ref 28).

¥

_- __ =- _ while making head motions in the absence of rata-

- _. = _ tion (fig. 2) not only adds to the validity of the
-_ _ z ._,_' findings indicating increased susceptibility but

i _ also demonstrates experimentally what had been
_ _ _ _ reported by Soviet cosmonauts (refs. 29 and 30).

¢_ 5 A ._. It seemed reasonable to conclude that any s_g-

._=_ nificant changes in susceptibility during weight-

+ _ + _ _ = lessness were due very largely to changes in
= _8,6 _=__ _=__ _= _, _ ,._ .___ otolithic modulating influences resulting from the
% -_ = '= g _ _. _ g g _ _ lifting of the gravitational load.

:_ There is a large amount of other evidence that
'= canalicular responses are modified by linear ac-

,5'__{ ,_'_®_ ,_'__ ._ celerations in man (refs. 31 to 33) and that suscep-
,5= __ i_ hS_ ,5:_® _®_._ tibility to motion sickness is affected by increased

._ __ g-loading.

= "_ OFF-VERTICAL ROTATION

a_ _ _" _ _ _ While making preparations to conduct experi-

6_ ,_ _ 8 _ ments with the object of determining the in-
•_ _ - ® fluence of g-loading on susceptibility to motion

..... sickness, it was found that symptoms were readily
evoked in most normal persons when they were
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passively rotated with the base of a chair device for proper counterbalancing to ensure smooth
tilted 10° away from the gravitational upright, rotation at any degree of tilt. The rotation was

Although a full report is in preparation, it seemed programed on a time axis involving periods of
worthwhile to make a brief account here inas- acceleration at 0.5 deg/sec/sec for 30 seconds,
much as the off-vertical rotation (OVR) affords followed by periods of constant velocity for 6

an exceptionally precise means of controlling the minutes until either the endpoint described below
stressful accelerations, was reached or 6 minutes at 25 rpm were com-

pleted. In effect, this program represented unit
Exposure Device and Procedure increases of 2.5 rpm every 6.5 minutes after

A Stille rotating chair, model RS-3, was the initial step. Thus, the endpoint indicated

modified (fig. 3) for use as a rotating tilted chair, that temporal summation of the disturbing
It was mounted on a platform which could be effects had exceeded the capacity for homeostatic

tilted up to 20 °, either by means of a hand crank adjustment over a period of time, and this served
or an electric motor, and the degree of tilt could as an index of susceptibility. The endpoint also
be read from a large protractor. A rigid bracket could be expressed in elapsed time at terminal

was added with provision for supporting and velocity.
adjusting both a dental appliance to fix the sub- With each revolution of the OVR device, the

ject's head and a goggle device (ref. 34). The subject's head also rotated out of phase about the
latter device included a monocular target, con- yaw and roll axes. Thus, while turning at con-
sisting of a dimly illuminated line of collimated staRt velocity, the vestibular organs are exposed

light, which the subject could rotate about its to a rotating linear acceleration vector. The el-
center to indicate the upright or raise or lower leers on the paired maculae of utricle and saccula
to indicate the "horizon"; visual and automatic are unusual in that the horizontal component of
readouts were available, this specific force with respect to tile subject con-

Provision was made for centering the subject's tinually changes direction. The question whether

head precisely over the center of rotation and the semicircular canals also are stimulated by
a rotating linear acceleration vector has been

_ discussed above.

L The endpoint used in this series of observa-t tions, "moderate malaise" (M II A), has been
described elsewhere in detail (ref. 35); the diag-

jig: _ _ nostic criterion on which it is based is sum-

_iii!i __ marized in table 3 (ref. 35).

Subjects

:..'.7, -_5"_'

_;_......_i:' ........._"<" Five of the deaf persons with bilateral labyrin-(_ ,_: " ....._::. thine defects mentioned in table 1 and 66 normal
_._!i([..__. -.. _ ............

.....:::_...__,:)._ males participated. The five L-D subjects,

[.i_i_ _ 28 to 54 years of age (CR, GU, MY, PE, and ZA),
were in good heahh, and each had participated

in many similar experiments; hence, they were

regarded as sophisticated subjects.

The control group of 66 subjects ranged in age
from 19 to 33 years; 34 of them were in the Navy
aviation officer training program, 30 were Navy
enlisted men, and 2 were Navy medical externs.

FIGURE3.--Off-vertical rotating chair device; slide mecha- All had met the required Navy medical qualifica-
nisms for positioning subject not shown, tions and were in good health.
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TABLE 3. -- Diagnostic Categorization of Different Levels of Severity of Aeu, te Motion Sickness

Category Pathognmnmdc, Major, 8 points Minor, Minimal, 2 points AQS? l point
16 points 4 points

Nausea syndrome ......... Vomiting or Nausea ll/ Nausea 1 ...... Epigaslric discom- Epigastric aware-

retching. II1. fort. hess.

Skin ......................................................... Pallor 111 ......... Palhw II ........ Pallor I ................. Flushing, subjec-
tiw: warmth./> It.

Cold sweating .............................................. Ill ................... I1 ................. I ......................................................

Increased salivation ..................................... III ................... 11................. I .........................................................
Dr.wsiness .................................................. III ................... 11................. 1.........................................................

Pain .................................................................................................................................... Headache, _>11.

Central nervous sys|em ............................................................................................................ l)izziness:
Eyes closed,/> 11.

Eyes .pen, II1.

I_cvels of Severity Identified by Total Points Scored

Frank sickness Sew:re malaise Moderate malaise A Moderate malaise t3 Slight malaise

(S) (M I11) (M 11 A) (M 11 B) (M I)

/> 16 points 8-15 points 5-7 p.ints 3 4 poinls 1-2 points

J Additional qualifying symptoms.

IIl, severe or marked: 11, moderate; I, slight.

General Procedure exposed for 6 minutes at terminal velocities of
Each subject was carefully instructed in the 10, 20, and 30 rpm, and all except GU were

best manner of reproling lhe symptoms. This exposed on other occasions at 30 rpm for periods

was important, nol only for the observer to oflOminutesorlonger.
estimate the level .f severity of the signs and
symptoms but also to awfid oversbooting the Results
endpoinl (M IIA) because of the rapid increase

Motion Sickness
in severity of symlm,ms mine they became

definite. Symptoms of all but 6 of the 66 control subjects

Under the conditi,ms of this test, the observer reached the endpoinl during the "standard"

always had a good opportunity In note and record lest, and the variance in their susceptibility is
(-hanges in facial color and expression and the shown in figure 4. More than half reached the
onset of sweating. The subject was queried cndpoint at the three velocities of 7.5, 10.0, and

rel)eatedly and, with the onset of moderate 12.5 rpm.
malaise, the device was quickly tilted to the Of the six not reaching lhe endl)oinl, three were
upright to abolish the stressful stimuli, and available for retesting. Of these, two expert-
deceleration effected at the same rate as that of enced M IIA when the tilt was increased to 20 °,
the acceleration, as indicated by the dotted columns in figure 4.

In conducting susceptibility tests the subject's Under the test as programed, once symptoms
eyes were covered with a padded shield. Unless appeared, they waxed rapidly, necessitating
otherwise indicated, normal subjects were alertness on the part of subject and experimenter

exposed to the programed accelerations de- to avoid overshooting the endpnint, as illustrated
scribed above while tilted 10° away from vertical, in figure 5. This could be prevented by using

This program was altered for the group of L-D another mode; e.g., selecting the velocity at
subjects. On one occasion all except ZA were which symptoms would be exp_dcted. None of
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,o =,

| so sEco_ _E_,oo o_ ACCCLE_,T,ONtO_'l

..... dO" nUT

_,66

__ / /'

6: / . _

' 6 ........ 2_o _....... '_ d ......... FIGURE 5.--Demonstrating relatively rapid increases in level:i_E _MINUTES_

1_l--_o-t'-,,-4-,oo-f ...... t'-,_o-4-,,_oo_F-_'-'I-_°o- of severity of symptoms among seven subjects varying in

"_" susceptibility to motion sickness when exposed to off-vertical
rotation at 10 ° tilt.

FIGURE 4.--Differences in susceptibility to motion sickness

(endpoint, M 11 A) among 66 subjects exposed to off-vertical
rotation according to the programed stress indicated on the

nbscissa; am°ng the six not experiencing symp t°msatlO° j-; : :: iRITCHi ! i ' ::T-i ', : i :: i i i ! : : "
j ', ,

tilt, three were available for retesting at 20 ° tilt. Two of i , i i =,! ::_i I i : : i',:_ ..... :"• : . '= r : ' " '. : ', ,

the three reached the endpoint as indicated b) the dnshed
tines. ]il!i!::T!l,i _':_ :_!_i_: i_!_

I[_ii _i::i:: iili;_

the five L-D subjects experienced sympton, s II I i i i i ' i [ ! : :• l]i i !- i] ; ; '_ I i I . ' i :

of motion sickness. _o,_ ...............

SensationsDuringRotation , ] ] ] ] I ] j i [ ] , ] ,, [ i i , ! ! ] i i :: i i iThere were more unifornfities than differences -i-l "111.........III [T,-i-3I I i _:=_" ;' __i:::: : _-'
between normal and L-D subjects in reporting I I I [ I [ I !J_U_/_I_I-I!__l _;: ___3
their perceptions with eyes covered during rota- I I I [RoL,_I I ] I if !: _ i :: :, :: I ':
tion. During periods of constant velocity, both ] ] :; i : : ::__ ; ;
L-D and normal subjects sensed the motion

not as rotation but as if they were revolving, i I : :

and, except in a few instances, sensed the direc- __1] _ ! ! [,,_' ' '
t.ion as being opposite to that in which the chair
was turning. Although a detailed analysis has FIGURE6.--Actual recording ql' a subject's dynamic settings
not been made of the cyclic variations in the of the visual target to the "horizon" (pitch)and the vertical

subjects' experiences and the variations from (roll) during 10° off-vertical rotation at 5 rpm.

one experience to another, they were reminiscent

of thoseexperiencedinthecounterrotatingroom the shape of the "envelope" in which they
(ref. 20). In general, there was a greater rew:_lved.
tendency for the L-D subjects to become
disoriented than was the case for the normal Estimations of Deviations From the Vertical and From

controls, and there were greater individual the Horizon
differences among the L-D subjects in reporting A few recordings have been made of t,e sub-

their subjective impressions with regard to their jects' settings using the goggle device described
orientation to the gravitational upright and in above. The subject's task was to maintain the
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dim broken line of light in darkness at the described f_w motion sickness is sh,,wn by the
vertical and the center gap at the level of the small angle of tilt required to ew_ke symptoms
horizon. In figure 6 are shown typical settings in 90 percent of subjects available at an air

of a normal subject. It is seen that this rather station. The reliability, i.e.,testiretest, was high.
demanding task was accomplished quite well. The passive character of the exposure minimized

A few normal subjects became "confused" or fatigue, as compared to that experienced when
"disoriented," and a larger number perfl)rmed making active head movements. The scoring
poorly. The L-D subjects experienced much index accurately ranked the subjects inasmuch

more difficulty than normal subjects in making as a given value represented the same exposure
the settings. One evidence of this was their history for all. Although only one programed
need for a greater excursion of arc in setting mode was used, variations could be made to

the target to the "horizon"; they kept hitting fit different purposes. The OVR device is
the "stops." useful in exploring further the visual and non-

Comment visual subjective experience, both in normal

The effectiveness of the provocative test just persons and in persons with labyrinthine defects.
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DISCUSSION FOLLOWING ALL OF SESSION II

Gernandt: What about tile splanchnic nerve, Dr. Money? Graybiel: I wouht think so. We did find a bimndal dis-

Money: These nerves are present, but since the animals tribulion, not a complclc separation into two groups. These

after operation failed to w,nit to copper sulfate (rather, they findings are suspect because in parabolic flight there is the

did not fail, hut the thresholds were markedly increased by a high-g pullup and pullout which may influence suscepti-

factor of 10), it was concluded that the drug was taking tile bility to motion sickness in the weightless phase. But we

blood route to the chemoreceptor trigger zone. It was con- used subjects who were familiar with this maneuver and lbr
eluded that the viscera was denervated, at least frmn the the most part were nol bothered in standard parabolic

point of view of the vagus nerve and the sympathetic nerve, flights. They were rotated just during the weightless period.

As Dr. Gcrnandt points ,,ut, there are other nerves to the 1 bcliew: thai, qualitatively, our findings will stand up. I
viscera as well. We can take this as referring only to those think lhe evidence thai the nystagmus runs on for a much

which were in fact eliminated by Wang, Chinn, and Renzi. longer time in weightlessness also tends to indicalc the in-

(Postsymposium note: The sympathectomy as described hy fluence pr,,bably of lhe otolith apparatus on tile canal

these authors, by removal of the sympathetic chain in one response.
unbroken thread, would, in fact, divide the splanchnie nerve.) Sehiff: My comment is on Dr. Money's paper and relates

Waite: Concerning the parabolic flight data presented to w_wk done at the Army Chemical Research Center some

early ill Dr. (;raybiel's paper, I should like to comment lhaI time prior to my retirement from the Navy. We performed
a Soviet investigator, Yuganov, reported three groups, in- a series of experiments ill which, inthc first case, we injected

eluding subjects who demonstrated no change whatsoever, diisopropyl fluornphosphate (DFP) or some analog which

Does Dr. (;raybiel think he might obtain such a group if he destroyed the acelylcholincsterase. As soon as this oc-

were tu test agreater number of subjects'? curred, the animal would walk in circles, the so-called
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adversive syndrome. IlL annlher cat we put cocaine next lessness; or is it thai we have so far only tested people who

t. tile r.und window. The animal would again walk in are habitualcd?

circles. Theu we put thc G-agent or DFP against the round (;uedry: I'robably 1 shouh] say I canuol answer your

window. This snllstaclce permeates inost tissues highly questi.n. It seems to ule that wc arc llOt exactly sure h.w
effectively. No circular motion occurred in the animal, that ntolith sysleln is responding during weightlessness.

The conclusion w,mh] seem to be thai h was a central ldm- We may hc slim]dating the canals and .t.lilhs with head
nomenon, since the acetylch.linesterase exists in th_ brain movements, hut the otoliths wouht be stimuhtted differently

portion. As Far as in the peripheral labyrinth isc.ncerned, than in a I-# environment. However. their sensory input

acetylcholineslerase exists as a result oF]he eferent system, would not necessarily be in direct coutlict with that of the

hut we have no way .f measuring eferent effect. From an canals. If the astronauts ','.'ere in a rotating vehicle, head

afl'erent pninl of view, the animal did n.t walk in circles, movement near the axis .f rotation w.uhl n.t necessarily

which meant there was no acetylcholine involved, produce conflict of the kind I pointed out between the

Baldes: Dr. Grayhiel, have you tilted your seat 10 ° For- otolilhs and the canals. This also apl.lics to a weightless
ward from tile vertical? situatiem which doe:s not involve a rotating vehicle. If tile

otolith cfl'eel is simply missing as y,ui sugges|, then the

(;raybiei: The base .f tile chair is 10° away from tile axis of rotation signaled by tile canals during head move-

vertical. As it rutates, a person in tile chair changes his ments is n.t in dh'ect conflict with auy specific inl'mmatiou
position all the time. We call it off-vertical r.,tation. ] t'rom the .t.iiths. In the rotation situations to which l

w.uld like to ask Dr. Money a question regarding the use of referred in our experiments, imad nn,vements pr.duced di-
vomiting as an endpoint or the guiding system in motion rectioua] hfformalion from Imth tile canals and the otoliths,

sickness. Vomiting is not an initial cardinal symptom of and Ihe dirc'ctional int_rmation Fr.m these two s.urces was
motion sickness: in my opinion it is a complicatiuu. By]lie incnmlmlihlc. Itowever, we must aJs- kecp in mind that head

time vomiting occurs, many preceding events have taken ulovenlents during weightlessness d. induce nausea in some

place. The initial cardinal symptoms are such manifesta- individuals, as Billingham reported at the second symposium

tions as sweating, pall.r, drowsiness, and st.mach aware- in 1966 t.lohn I',illingham: "Russian Experience of Prohlems

ncss. In an.lher paper Ihave shown ahvgr_mlcterrecmding on Vestibular Physiology Related to Space Environment."
demonstrating that, as a result ot' one single head movcmenl NASA S['-I 1S. 1966. pp. 5-] 1).
in the slow rotation ro,,m, there is a slight increase in sweat-

ing and a little change in linger temperature (ref. 9 of text). Walte: Dr. !\'loney, would v,m care t. postulate a fuuction
These changes oCCUl"Vely quickly indeed, whereas, w.miting, for the Solnaslllnalic synaptic c,mnections between the

vestibular nuclei and tile dorsal vagal nucleus which have
as Dr. Money pointed out, is usually a rather late symptom

heen described variously .ver the ]last few years, especially
unless the stress is exll-eulely severe.

hy Malcolm (iarpentcr?

Money: OF course, there are many other things besides Money: No. I could not postulate a function: hut, inasnmch

vomiting that go with motion sickness. However, I meant as vagot.mizcd dogs get sick as easily as most ,_togs. I &,

tu p(,int out that l see motion sickness as basically a rays- not think it is important for motion sickness.

tery. It is an anomaly, or what |lave you. It happens even Bar|mr: (Jail y,)tl speculate, Dr. Money. as t. a phys-

in fish. It happens in man. monkeys, cows, horses, and <togs, iologieal or perhaps phylogenetic purp¢.se for moti.n sick-
_.llld why shotlId Slleh ;All tlntiteIe_logiea] t_hen_tlllIH/OIl occur ness'. _ "l'here nlay _De one, since it occurs ill so nlally orders

iu s. many different species? When that qtmstiun is an- of life. Secumtly. can you reconcile your views of chemical
swered, the essence .t" motion sickness will he understood. stimulation of the ehemoreceptive emetic trigger zone to

Although there are more sensitive indicators than vomiting, variations in susceptibility to motion sickness?
I believe that vomiting is the only part of the too]tun-sickness

syndrome that is common to all the species which have motion Money: F.r whatever reason, there is individual varia-

sickness. Therefore, to attack the problem of mnti.n sick- lion in susceptihility. IF it is a matter .f direct neuronal

ness, you have to consider the element common to all the mechanisul .r connection, there would he a variation i_f that

species, and that is vomiting, kind, .r a variatiun in tile rate at which an emetic chemical
The autonomic effects that you mentioned, salivation and is produced .,r destroyed. Why some individuals would

pall.r, are u,,rmally omtrolled by the aut.nomic nerv, uts have such a mechanism and others a different one, l have no

system, but it has never been shown as far as 1 know that, in idea. The haste phih,s.phical notion of motion sickness is
motion sickness, it is the autonomic nervous system which something 1 have given some thought to and have come up

is effecting these changes, it might be, but it is just possible with nothing. There seems to be no survival value in vom-

lhat the palior, salivati.n, and sweating are caused by a iting in response to motion, and there is no survival value

circulating chemical that is not related to the autonomic in hecoming pale or sweating either. The only wild idea I
had that was consistent v,,ith tile fact is that it is just possible

transmitters, we had a sea-dwelling ancestor wh. did derive s.me sur-

Lowenstein: I)r. Cuedry placed emphasis on internal vival value from a vomiting response to motion such as in

labyrinthine conflict. Why do many people show minimum shallow water .r s.,mething like that; and we just inherited

disturbance in weightlessness when semicircular canal and this. aull it is thcrcF.re a vestigial mechanism. But that is

missing otolith effect seem to contradict each .]her in weight- just a Slmculati.n.
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Whiteside: My question, perhaps ratber a connnent, is people are quite randonl in the kinds ofautonomic responses

directed to Dr. Guedry in regard to the cmlflict situation tbeygive, even to the same stress.

which he refers to in the vestibular labyrinth itself. I would Another concept might he autonomic precision. Here I

have thought that there were indications that the conflict refer to a sort of damping phenomenon. For example, you

would have to he between different modalities, because produce changes in heart rate as a function of exposure

although you can i,roduce a conflict in the visual sense alone, to a stress and, in some individuals, a great deal of rebound

for example, by .the waterfall illusion, that situation does not may be exhibited; i.e., they go from a high heart rate to well

produce nausea, certainly not in me, and 1 think not in any- below their homeostatic level. We could suggest, perhaps,

one else, nor does it produce any discomfort of any nature, that individuals may be differentiated along a scale of pre-

I would have thought, therefore, that the internal inter- cision. We could suggest that they may be differentiated

modalityconcept was probably the better one. along a scale of stereotypy. We could suggest that indi-

Guedry: This is something tbat we will not settle today; viduals may be differentiated along a scale of autonomic

but, certainly without any visual input and with simply a balance. By locating individuals within this hypothetical

few head movements in darkness, you call make people multifactor space, through appropriate testing, we nlighl
pretty sick fairly quickly. ] would argue, and this is nothing he able to predict some individual differences in motion

but an argument, that the vestibular system gives vectorlike sickness susceptibility.

information. We are given directional information as well Torok: Autonomic nervous responses to strong vestibular
as magnitude information. The canals seem to locate the

stimulation have been known for a long time. There is m_t
angular velocity vector relative to the skull. Now, if the

much doubt that such reactions exist. As to the meaning, the

canals resp.nd only to angular acceleration, as is generally reason, or the philosophy of these reactions, they may be
believed, then the canals cannot possibly l.cate the axis considered to be alarm reactions t. extreme stimulation .r

of rotation relative to gravity, but tile otolith system certainly abuse. The parasympathetic syslem particularly is known

could, to serw: and function in such capacity in general physiology.

In the situations I described, the otolith system would Autonomic responses do not occur during physiological
indicate one axis .,f rotation relative t,, the skull, while the

stimulation, but will be manifest only when the stimulation
canals would indicate a different axis of rotation relative to

strength is above physiological level or when the receptors

the skull. The directions indicated would be incompatible, are abused. Such a totally tmphysioh_gical abuse occurs
I do not want to say that is the only thing that produces during motion sickness.
motion sickness in all situations, but 1 think that an intra-

Dr. Money tries to prow: that v.miting is not necessarilylabyrinthine conflict of this kind may be a primary cause of
motion sickness in the situation to which 1 referred, an autonomic nervous response in motion sickness. He

Parker: Returning to the question of autonomic nerw)us speculates that it might he a direct vestibulomuscular
response through intercostal nerve stimulations, for instance.

system involwmrent in motion sickness, 1 would suggest

that perhaps we can get at individual differences in sus- Certainly, the intercostal musculature is involved along
with tile diaphr_¢gm and the abdominal muscles in wmliting,ceptibility to nmlion sickness by studying the autonomic
but these are ratber secondary to the antiperistalsis which, inresponses. Autonomic-response characteristics may indi-

cate individual predispositions to respond to stress in general turn, is the autonomic effect elicited by vestibular abuse.
This is not a unique phenomenon but rather the role of theand to motion-sickness-inducing stimuli in particular. If
atmmomic nerw:ms function in the entire general physiology.

tbis approach is valid, why have autonomic nervous system

response measurements not given us any information pre- Money: I disagree that tile autonomic nervous system is

viously? I think we are just beginning to get some under- important to the vomiting of motion sickness. Perhaps
standing, through tbe work of people who identify them- Dr. Borison can outline tbe evidence fi_r this, but it is a matter

selves as psychophysiologists, of some properties of the of controversy whether there is any antiperistalsis whatever

autonomic nervous system. I think we are seeing three or in wm_iting. Certainly, vomiting occurs quite normally in

four concepts which might be valuable for investigating animals essentially lacking the autonomic nervous system

individual differences in motion sickness. These concepts altogether. This is not to say that the autonomic nervous

include tbe autonomic balance which has been explored by system cannot be used as a valuable index of something that

Wenger. He has suggested some relation to motion sickness is going on somewhere else in the body; but nevertheless,

with this measure and has developed quite precise measuring except in frogs and fishes, antiperistalsis is dispensable

techniques. , t)_r vomiting and it is not tbe essential thing. Tbe essential

More interestingly, Lacey has developed a concept called force for expulsion in mammals crones from the respiratory

response stereotypy; some people are very rigid in the man- musculature and the abdominal-wall musculatftre. Per-

ner in which they respond to various stresses, whereas other haps we could submit this to Dr. Borison for mediation.
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SUMMA R Y

Data are presented which support tile view that tile semicircular canals car/ act as the essential

factor for the prnductiml of nmtion sickness and the ew_eation ¢,t" syml)ton'ls characteristic of this

malady in the absence of "motion." Quantitative grading of acute symptoms denmnstrated that

motiCm sickness can be evoked by stimuli which are at once adequately prow_cative and unique f,w

the canals. These results are cmnpared with timse _f Iwo ira>vocative tests that intr,_duce C,wiolis

fm'<:es and with one thai generates a r,_tating linear aceelel'ali,m vectc, r when lmman sul_jects are

exl,,sed in rotating devices. Wide interindividual differences but only slighl intrain,lividual differences

am,rag the six lU'UV,_eative tcst conditions arc rev(:aled. The llallcrn of SylllphHlls manifested by tim

gr, ml) of 10 subjcets at the test endlmint, moderate malaise, is also similar am,rag these tests.

The fact that typical symptoms of motion sickness (M I1A endpoint) were produced by bitbermal

irrigation as well as simple angular acceleration in several subjects representing a wide range _t'

susceptibility adds to the evidence that the semicircular canals can act as the primary etioh@cal

factor in this malady.

INTRODUCTION furnished by animal and human studies. Money

This report is intended to complement the and Friedberg (ref. ]) reported that confirmed

preceding one by centering attention on Ihe in- inactivation of all six semicircular canals by

dividual role of the semicircular canals in the plugging elintinates motion sickness it) suseep-

etiology of motion sickness. The presentation tible dogs, at least to the same extent as does

fails into two main parts, the first demonstrating bilateral labyrintheetomy of these animals.

the essentiality of the canals and the second None of four patients treated for M_ni6re's

comparing susceptibility to symptoms charac- disease with streptomycin sulfate experienced

teristic of motion sickness in the same subjects the nausea syndrome while carrying out the Dial

when the canals only, the otoliths printarily, and test or during exercises to habituate them Io

when b,:,th organs of equilibrium are stimulated the ocuh,gyral illusion (ref. 2). The yes,lira-

simultaneously. Iometric testing of these individuals revealed

Some evidence that the canals are the primary great suppression of semicircular canal function,

etiological factor in motion sickness has been but sparing of various amotmts of otolith func-
tion. In two patients this was within normal

' This study was supported by Contract T-81633, Bio- range, although there was a probability that
medical Research Office, Manned Spacecraft Center, and some loss ofololith function had nevertheless ,,c-

by Order R-93, Office of Advanced Research and Tech- curred. The history of motion sickness was

nology, NASA. not helpful; these patients had not experienced

69
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much motion sickness prior to the therapy, is not the vestibular stimulus intensity but its

but, on the other hand, none had been exposed pattern whose effectiveness is difficult to predict
to very stressful force environments. Still the (ref. 10). For example, relatively small forces

argument that motion sickness cannot occur which, with a particular patterning may be well
without at least some residual function of the tolerated in one situation, with another, may be
semicircular canals remains unchallenged, surprisingly provocative. Recently it has been

Historically, several investigators have dem- shown that even ordinary head movements in
onstrated, for the most part in an incidental near weightlessness can produce motion sickness
manner, that specific stimulation of the canals (ref. ll).

by caloric irrigation and simple angular accel- Complex temporal and spatial patterns of
eration can evoke vegetative reactions in man. vestibular stimulation can be generated by active
Schmiedekam and Hensen as early as 1868 or passive movement of the subject's head
(ref. 3) recorded that filling the external auditory while he is being rotated at a constant velocity.
canal with cold water produced dizziness, nausea, This procedure has been shown by numerous

and vomiting, whereas water of near body investigators to be highly provocative, even at
temperature did not have this effect. Calori- low rotational rates (refs. 12 to 15), but unlike
zation has been employed by several investi- the two general methods of canalicular stimu-
gators for determining motion sickness suscepti- lation already described, it provides otolithie
bility (refs. 4 to 7). stimulation as well.

Bfirfiny (ref. 8) reported that his now classical
clinical method of evoking nystagmus by rotating PROCEDURE

a patient 10 times in approximately 20 seconds, Subjects

then suddenly stopping him, only infrequently The subjects used in the intertest compari-
provoked nausea. "Impulse" braking of lesser sons were ten young Navy enlisted males, 19 or
intensity used for example in certain cupulo- 20 years of- age. Each had passed the standard

metric techniques can also evoke vegetative medical examination required by the Navy De-
reactions (refs. 5 and 9), but this response would partment and was in excellent health at the time
only be expected in individuals with fairly high of these tests. In addition, each manifested

susceptibility. Increasing the rate of angular normal vestibular function as determined by
acceleration, as was done in the present study, specific tests of otolithic (refs. 16 and 17) and
markedly increases the incidence of motion semicircular canal function (ref. 18). The addi-
sickness and thus its adequacy as a test of sus- tional subjects cited in this report have been
ceptibility for generaluse. Rates within or above described in other communications (preceding
the range of this study have been employed in paper, this symposium, entitled "The Otolith

cupulometric studies but not repeatedly for the Organs as a Primary Etiological Factor in Mo-
purpose of studying susceptibility. These oh- tion Sickness: With a Note on 'Off-Vertical'

servations illustrate that if a provocative type of Rotation," by Graybiel and Miller; ref. 13; and

motion is used as the stimulus, its effect in terms Miller and Graybiel, unpublished data).
of motion-sickness production is dependent upon
the strength of the forces involved, within deft- Methods
nite limits and, of course, the level of the sub- In each of the tests herein described, the

ject's susceptibility. The selection of an ade- vestibular stressor level was adjusted so that it
quately provocative type of motion from among was subjectively and objectively equivalent
the wide variety available to the investigator among all subjects as indicated by the common
who desires to develop a laboratory test of motion- manifestation of a definitive level of moderate
sickness susceptibility is quite another matter. (M IIA) or severe (MIII) malaise (ref. 19). The

In most cases this process is either based upon M IIA and M III endpoints as well as other
information gained from "natural" environ- diagnostic malaise levels were quantitatively
ments or empiric data, since the major factor determined by specific diagnostic criteria which
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are outlined in table 1. This set of ground rules were experimental probes; the others are used
has placed the study of motion sickness in this routinely in this laboratory.

laboratory on a highly workable, standardized,

and quantitative basis. Moreover, it has per- Angular Acceleration Susceptibility (AAS) Test
mitted the reliable measurement of susceptibility

using premonitory signs and symptoms without The subject was rigidly fixed in an upright post-
resorting to the classical pathognomonic endpoint tion with his head and neck held firmly by a fiber-
of vomiting or retching. In fact, in this invesli- glass mold and centered approximately over the
gation as well as in others currently being con- axis of rotation of a special motor-driven B_r&ay-
ducted, M IIA, a condition in which even mild type cltair. The subject's eyes were open and un-
nausea is a rare occurrence, served success- covered. The test was initiated (time zero) by

fully in defining susceptibility (E. F. Miller II rapidly accelerating the chair within approxi-

and A. Graybiel, "Cmnparison of Five Levels of mately 4 seconds (_90°/sec '-') 1o a velocity of
Motion Sickness Severity as the Basis for Grading 30 or 60 rpm which was maintained until 150
Susceptibility," in preparation). A tally sheet seconds had elapsed. The choice of maximum
(shown as an appendix) was used to score the chair velocity was dependent upon the sub-
specific signs and symptoms of motion sickness ject's level of susceptibility. It was found that
as they appeared in each test; tiffs aid permits the more susceptible individuals could not sustain

even an observer with minimal training to record the initial acceleration to 60 rpm without mani-
the symptomatology, sum corresponding point resting very rapidly appearing and severe syrup-
values, and end the provocative stimulation upon toms; these individuals were retested at 30 rpm
reaching the desired criterion (ref. 13). (_ 45°/see 2) (table 2). Following the constant-

The order of testing varied among the sub- velocity phase, the chair was decelerated to a stop
jects as listed in table 2; the time interval within approximately 4 seconds. The chair
between tests of an individual was at least 24 remained stationary until the accumulative time
hours. The first two methods to be described totaled 300 seconds; this inactive phase was

TABLE 1.--Diagnostic Categorization of Different Levels q/'Severity of Acute Motion Sickness J

Categury Pathognomonic, Major, Minor, Minimal, 2 points AQS, 2 1 t)oint
16 points 8 points 4 points

Nausea syndrome .......... Vomiting or Nausea II, III a.. Nausea 1 ....... Epigastric Epigastric
retching, discomfort, awareness.

Skin .......................................................... Pallor Ill .......... Pallor 11 ....... Pallor I .................. Flushing/subjective
warmth/> II.

Cold sweating ........................................... llI ................... ll ................. ! .........................................................

Increased salivation ................................... Ill ................... It ................. I .......................................................

1)r,_wsiness ............................................... 111................... II ................. I .......................................................

Pain ............................ _............................. _....................... _.................... t............................. Headache /> It.

Central nervous system ......................................................................................................... Dizziness:

Eyes closed, t> II.

Eyes open, III.

Levels of Severity Identified by Total Points Scored

Frank sickness Severe malaise Moderate malaise A Moderate malaise B Slight malaise

(S) (M II1) (M IIA) (M IIB) (M I)

_> 16 points 8-15 points 5-7 points 3-4 points 1-2 points

From ref. 19.

2 Additional qualifying symptoms.

a III, severe or marked; Ii, moderate; I, slight.
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introduced to allow for any lag in the appearance carefully explored before this method is era-
or intensification of the diagnostic symptoms, ployed routinely.

The 300-second procedural cycle (acceleration, Bithermal Irrigation Susceptibility (BIS) Test
constant velocity; deceleration, static hold) was

repeated up to 20 times or until the subject By strict definition, any test employing caloric
exhibited M IIA. If the test were terminated irrigation does not, at least in any direct way,

during a dynamic procedural phase, the chair was measure motion-sickness susceptibility since
slowly decelerated (0.5°/sec 2) to a stop. The the subject remains stationary. However,
accumulative test duration served as the index cupular deflection is accomplished, and the

of susceptibility to motion which involved simple effect in terms of subjective sensations and
angular acceleration without any significant attendant symptoms closely resembles that
gravitoinertial force changes, which can be induced by accelerative forces.

Concern has been expressed that rates near A version of the Fitzgerald-Hallpike method

or above those provided by the Beir_ny method (ref. 22) has been used as a provocative test. It
can damage the labyrinths (ref. 20). Arslan has also been our experience that the stimulus II

argued that such accelerations which can be conditions of this particular test are occasionally !
greatly exceeded in ordinary head movements sufficient to elicit symptoms to the point of in-
probably do not harm the cupula (ref. 21) and validating any subsequent test of susceptibility
suggested the possibility of central adaptation made on the same day. To increase its provoca-
in the decrease in the duration of nystagmus tire effect for more subjects, we irrigated both
and sensation of rotation. There was no op- ears simultaneously, one at the higher, the other

portunity in the present study to test the after- at the lower temperature level. In this test the
effects, if any, of the multiple exposures to rapid subject was seated upright in a stationary chair

angular acceleration in the AAS test which with with his head firmly secured by straps and a head
the exception of one subject was the final one rest. He was instructed in the use of hand sig-
administered. Such a possibility should be nals which the experimenter used to question

TABLE 2.-Motion-Sickness Susceptibility as Measured by the 6 Experimental Conditions

Angular Bithermal Bithermal Coriolis Coriolis accel- Off-vertical
acceleration irrigation, irrigation, acceleration, eration, slow rotation

eyes open eyes closed rotating chair: rotation room
'rest

Subject order

Score, Score, Score, Score, Score, Score,
Rank time/RPM, Rank time, Rank time, Rank CSSI Rank RPM/HM I Rank time,

sec sec sec sec

SY ......... 2 1 41/30 1 26 1 35 1 1.9 1 7.5/20 3 620 4--5-6-2-3-1

JE ......... 2 240/30 6 156 2 89 7 9.0 9.5 20.0/40 1 325 4-5--6-2-3-1

,IA ......... 3 340/30 5 134 9 315 2 6.4 3 7.5/35 5 1280 5-4--6-2-3-1

95/60

HR ........ 4 180/60 3 119 3 115 4 7.4 2 7.5/30 6 1755 5-4-2+3-1

HB ........ 5 460/30 4 124 4 130 3 6.8 4 10.0/30 4 970 4-5+2-3-1

185/60

HE ........ 6 187/60 8 180 6 200 8 9.4 7 15.0/30 7 1790 5--6-2-4-3-1

RO ........ 7 374/60 9.5 360+ 10 360+ 5.5 8.2 5.5 10.0/50 2 550 4-5-6-1-3-2

HU ........ 8 420/60 2 105 5 180 5.5 8.2 5.5 10.0/50 8 2075 5-6-4-2-3-1

DA ........ 9 605/60 7 172 8 295 9.5 24.0 9.5 20.0/40 10 3720 4-5+3-2-1

DI... 10 1080/60 9.5 360+ 7 207 9.5 24.0 8 15.0/45 9 3675 4-5+3-2-1
I

Head nlovelllenls.

2Most susceptible.
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the occurrence of specific diagnostic symptoms are expressed as the individual's functional

during the binaural irrigation. The test was vestibular reserve (FVR) (ref. 23). One inter-
initiated with the simuhaneous introduction of a pretation of the critical FVR value is that it rep-
stream of warm water (44° C) into the right and resents a limit of an individual's ability to make
cold water (30° C) into the left external auditory homeostatic adjustments, perhaps in the form
canal. A constant flow rate of 6 cc/sec into of inhibiting irradiation of vestibular activity to
each ear was maintained until acute signs and neural centers inw_lved in the genesis of motion

symptoms indicated M IIA or an arbitrary time sickness, If the chair rpm were lower than indi-
limit of 6 minutes was reached. The water cared for the individual's FVR, neurovegetative
temperature was maintained within -0.1 ° C of symptoms apparently would not appear no mat-
the stated values. The procedure was varied ter how long this test were continued. The con-

by either having the subject's eyes closed cept of FVR is of great practical significance in
(BIS E/C) or eyes open (BIS E/O), conditions training and habituating astronauts for space
which will also be described in the following flight (ref. 23), but in tiffs and other tests of sus-
text by eyes covered or eyes uncovered, respec- ceptibility it is important thai the vestibular
tively. The duration of the irrigation period in stressor level be in excess of the subject's FVR
sectmds served as a convenient index of motion-

sickness susceptibility as measured by this

method.
Coriolis Acceleration Susceptibility (CAS) Test

Chair I
The experimental apparatus (Stille rotational UPRIGHTPOSITION

chair) and procedure for a standardized and r0SITt__-
highly reliable laboratory test of susceptibility to ,- ......

described in detail in another report (ref. 13). / ",,_"" I "='-/ \'," ::',
/ .......; .,_,_",,-

It was found early in this test's developmental ./.... <,}_..,. 2" _ ,._:.)...;

program that one rate of rotation could not be ( _ \-'"_.i) \

used to scale the wide range of individual dif- • / ....._
ferences in this susceptibility, and chair velocity POSiT;ON"2 , ""......
had to be introduced as an additional parameter. I , :5>. _, POSITION1/5
The stressor effect of a standard head tilt as a

\
function of chair velocity was measured in an-
other study (Miller and Graybiel, unpublished

data) by determining among several subjects the
number of head tilts required to elicit a common
malaise level (M IIA and MIII) at each of sev-
eral different chair velocities. Individually, the
regularity of this function was limited to rota-
tional rates above a critical amount. When the

rpm was reduced below this amount, there was
characteristically a sudden marked increase in
the subject's capacity for making head move-

ments without evoking symptoms, as would be
predicted from the results of testing at higher

FIGURE l. -- Diagram of the standardized procedure for making

veh)cities. These findings indicated the pos- each sequence of head movements to and from tilt positions

sible influence and the limits of physiological I through 5 during clockwiseandcounterelockwiserotation

mechanisms for adjusting to motion stress which of the chair.
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in order to obtain a valid calibration of his as well as to allow for the lag in the appearance
susceptibility, of motion-sickness symptoms after each exposure

Attention was given in the design of this test to the head movement sequence. Immediately

to factors which reduce or, if' possible, eliminate upon reaching the M IIA level the head move-
habituation. Moving the head in different direc- ments were terminated, the subject returned to
tions for a limited nmnber of times, covering the his upright position, and the chair was slowly
eyes, and if the test were repeated, reversing decelerated (0.5°/sec 2) to a stop.

the direction of rotation (CW, CCW) were pro- The level of motion stress imposed upon each
cedures introduced to increase the complexity subject had to be such that his symptoms would
of the stimulus, to decrease experiential factors develop rather gradually in order that the ob-

and thereby reduce the subject's ability to habitu- server could readily differentiate and sequentially
ate to the test conditions. Furthermore, a chair register them; furthermore, it was of great prac-
velocity which would stress the individual at a tical importance to avoid overstimulating the

level above his functional vestibular reserve subject to the point of extreme nausea or vomiting
was carefully selected. These procedures prob- (frank sickness). For this reason, the "motion
ably contributed to its high test-retest reliability experience questionnaire" was developed as a
(refs. 11 and 13). guide for selecting the proper chair rotational

The subject was secured in the rotary chair and rate for testing each subject (ref. 13). Table 3
blindfolded. While stationary, he demonstrated lists the best estimate of the chair's rotational

the head-movement sequence. After the sub- test rate (rpm) which we so far have been able to

ject returned to an upright position, the chair gain from the average level of experience X and
was rotated clockwise or counterclockwise at an intensity of symptoms S which the subject reports
acceleration rate of 5°/sec 2 until one of the several in this questionnaire. The table's usefulness is

programed constant velocities (2.5, 5.0, 7.5, 10.0, demonstrated by the fact that, in approximately
12.5, 15.0, 20.0, 25.0, 30.0 rpm) was reached. At 4 out of 5 cases among 250 subjects, it predicted
no less than 60 seconds thereafter, the first head an rpm which yielded the malaise criterion within
movement sequence was begun. Coriolis accel- the limits of 40 to 166 head movements on the

eration was then introduced by having the sub- first trial (ref. 13). Only one additional test was
ject bend his neck and upper body as necessary usually necessary to calibrate those individuals
to effect approximately 90° positive and negative who were tested with an incorrect rotational rate.

movements of his head (and vestibular apparatus) It is our experience that when M IIA or MIII
from its upright position within the frontal and occurs within a limited range of head movements

sagittal planes according to the following pattern: (ref. 13), the signs and symptoms develop
forward, upright, pause; rightward, upright, regularly and gradually without exceeding the
pause; backward, upright, pause; leftward, up- chosen criterion level. If the number of head
right, pause; forward, upright, rest (fig. 1). Each movements required falls outside this range,

of the movements to a new position or the return the test is considered invalid, and the subject
to upright was executed smoothly over a ]- is retested after at least 48 hours have elapsed,
second period. A taped recording directed and with the rpm adjusted in accordance with his
standardized the temporal sequence of head initial response. If the M IIA criterion is not
movements, reached at this limit of 150 head movements when

The pauses between movements were of the 30 rpm is used, the test is stopped and the results
same (1-second) duration with the final pause used as evidence that the individual was essen-
(rest) lasting for 20 seconds. The rest duration tially immune to motion sickness.

was found to be short enough so that any appreci- With regard to the physical forces present, the
able recovery from previous stimulation did not amount of Coriolis stimulation with the set pattern

occur. On the other hand, it was sufficiently of head movements was found to vary directly
long to query the subject fully and to observe with the rotational rate of the chair (Miller and

closely for signs of malaise appearing on his face Graybiel, unpublished data). The average
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"FABLE3.- Table of Rotary Chair Test Velocities Found To Be Most Often Associated With. th,e Various
Average Coded Experien, ce X and Symptoms S Levels Reported in the Motion, Experience Questionnaire

Syml_tonls S
M III

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.(I 4.5 5.0

Experience X:
0.5 ........................... _10.0 10.0 10.0 10.0 10.0 10.0 10.0 7.5 5.0 5.0 5.0

1.0 ........................... 12.5 12.5 10.0 10.0 10.0 10.0 10.0 7.5 5.0 5.0 5.0

1.5 ........................... 12.5 12.5 12.5 10.0 10.0 10.0 10.0 7.5 7.5 5.0 5.0

2.0 ........................... 12.5 12.5 12.5 12.5 12.5 10.0 10.0 10.0 7.5 5.0 5.0

2.5 ........................... 12.5 12.5 12.5 12.5 12.5 12.5 125 10.0 7.5 5.0 5.0

3.0 ........................... 15.0 15.0 12.5 12.5 12.5 12.5 12.5 12.5 10.0 7.5 7.5

3.5 ........................... 20.0 15.0 15.0 15.0 12.5 12.5 12.5 12.5 10.0 7.5 7.5

4.0 ........................... 25.0 20.0 15.0 15.0 15.0 15.0 12.5 12.5 10.0 7.5 7.5

4.5 ........................... 30.0 25.0 20.0 20.0 20.0 15.0 15.0 12.5 10.0 7.5 7.5

5.0 ........................... 30.0 30.0 25.0 25.0 25.0 20.0 15.0 12.5 10.0 7.5 7.5

Rotary chair velocity (rpm).

stressor effect (E-factor) of a single head move- TABLE 4.--Average Stressor Effect (E-Factor) q/'a
ment which was determined for each of the test Single Head Movement for Each, of the Test

velocities and malaise criteria (IIA and III) is Velocities andMala, ise llA amllll Criteria

presented in table 4 (Miller and Graybiel, unpub-
lished data). With these values a measure of Test velocity,rl,m M IIA' M 1112
each individual's susceptibility, referred to as 3o.0..................... 0.67 0.60
his Coriolis Sickness Susceptibility Index or 25.0...................... 48 .43

CSSI, is simply cah;ulated by muhiplying the ap- 20.0...................... 33 .28

propriate E-factor associated with the chair's test 15.0...................... 205 .16512.5 ...................... 150 .118

velocity and malaise criterion by the number of 10.0...................... 105 .078
head movements N required to elicit the selected 7.5 ...................... 064 .046
malaise criterion: 5.0 ...................... 032 .021

2.5 ..................... .010 .006

CSSI = E × N 1.0...................... 002 .001

Slow Rotation Room _ 150 head movemems at 30 rpm= 100.0.

The dial test conducted on the Pensacola Slow _166 head nmvements at 30rpm = 100.0.

Rotation Room (SRR) has been described else-
where (ref. 14). Essentially, it involves dials

which are positioned around the subject such that Off-Vertical Rotation (OVR) Susceptibility Test
he is forced to make head movements, which are This method was described in the preceding

out of the plane of the slowly rotating room, when report (this symposium, Graybiel and Miller).
resetting these dials according to taped instruc- The subject sat upright in a Stille rotary chair and
tions. Twenty sequences of five head move- his eyes were covered with a padded shield. The
ments are made in a single successive series of chair was tilted so that its rotational axis was
trials at 5.0, 7.5, 10.0, 15.0, 20.0 rpm or until MIII displaced 10 degrees from the gravitational

develops. Unlike the other tests, the patterning vertical (fig. 2), then accelerated slowly (0.5°/
and progressive buildup of symptoms up to this sec 2) for 30 seconds to reach and maintain for a

endpoint were not recorded and therefore could period of 6 minutes the constant velocity of 2.5
not be compared. The test resuhs are expressed rpm. Continuing from this veh,cily level, the
in terms of the number of head movements same sequence of slow acceleration, followed by 6

executed at the rpm level which produced MIII. minutes of constant velocity, was repeated in
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_-_ ranked below those tested at 60 rpm, since the
effective stimulus ratio as indicated by the dualLt

test results of two subjects (table 2) greatly
" \

.J_ _ exceeded the 2:1 ratio based upon chair

_i _o velocities.

In the bithermal irrigation tests, subject RO

iiliI _ experienced only mild symptonls with 6 minutes
::::.::::"_ of irrigation, whereas subject SY developed

•" M IIA after only 26 seconds of irrigation; the
_'_ _:":_ ........... rapid development and continuation in the build-
.......`:::>._ up of his symptoms after M IIA was reached and

[.. _ " irrigation stopped required several trials each on

/ '"I..Z}_ a separate day in which the duration of irrigation
/ .......... /o- was progressively reduced in order to determine

this threshold. The substantial lag between the

caloric stimulus and the manifestation of syrup- I
toms was also revealed but to a lesser extent in

the other subjects. As a result, the endpoint
FIGURE 2.-Diagram of apr)aratus used in the off-vertical could no! always heproperly controlled and often

rotation test.

exceeded the M IIA level, sometimes reaching
severe malaise (M IlI). For this reason, the test

succession for levels of 5.0, 7.5, 10.0, 12.5, 15.0, protocol has been changed for future studies to
17.5, 20.0, 22.5, and 25.0 rpm. With the onset of

include pauses in the irrigation throughout the
M IIA the chair was quickly returned to its up- test.
right position, which ended all provocative stim-
ulation, and then the rotation was slowly (0.5°/ Susceptibility to Coriolis forces generated by
see") halted, active head movements in a rotating chair

covered a wide range from what could be de-
scribed as high (CSSI= 1.9) to moderate (CSSI

RESULTS AND DISCUSSION = 24.0). This gross classification on an arbitrary
scale of 0 to 100 is based upon data of a previous

The results are summarized in table 2 which study (ref. 13) (fig. 3) which revealed marked

lists each subject's score expressed in terms of skewness toward the high score (low suscepti-
magnitude of the stimulus and duration of its bility) end of the frequency distribution ofCori-lis
application and corresponding rank order of sickness susceptibility among 250 subjects.
motion-sickness susceptibility as determined with This graphic representation, the first to be ex-
each of the test procedures. As indicated in the pressed quantitatively on a single scale of values,
table, the vestibular stinmli associated with each indicates that the distribution of motion-sickness
test were adequate to provoke M IIA (M III, for susceptib lity is not (;aussian as has been sug-

the dial test) in all subjects except RO and DI gested (ref. 24).
with eyes covered, and RO with eyes open during Under the dial test conditions, development of

the bithermal irrigation test. MlII was well distributed throughout the range of
scores from 20 head movements at 7.5 rpm (sub-

lntratest Subject Differences
ject SY) to 40 head movements at 20 rpm (subjects

All tests yielded a wide range of scores in- JE, DA).

dicating that susceptibility varied considerably Susceptibility to simple rotation around an off-
among the subjects. For example, susceptibility vertical axis varied about tenfold in terms ofdura-
as measured by the angular acceleration test tion of exposure and terminal velocity level; viz,

ranged from 41 seconds at30 rpm to 1080 seconds from 325 seconds, 2.5 rpm (subject JE) to 3720
at 60 rpm. All of the subjects tested at 30 rpm seconds, 25 rpm (subject DA).
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_o_ forces encountered in the slow rotation room
as well as in the rotating chair. The most ap-

2, parent difference between the conditions of

these two types of tests was lhe active or passive
N = 250

movements of the head in space which in this
zo

individual could have I:)een the significant

N factor. Another example, subject RO, the least

'_ susceptible to bilhermal bilabyrinthine caloriza-

tion, ranked second in susceptibility to off-vertical

,0 rot ation.

As a general rule, however, susceptibility to_-_l,_] the various provocative tests followed a more or

-- less regular order. The extent of this orderli-

.............. -7] [_ , R ness is expressed in the correlations among sus-
.................. ceptibility rankings for the six provocative test

css, (M=) conditions as presented in table 5. All correla-

I"[GUI_E3.--Distribution qf Coriolis sickness .w_scet)tibility tions were positive in sign and substantial in
index (CSS1)among 2.50normal subjects, amount; the highest (p = 0.93) was found between

Coriolis sus(-eptibility as measured by the rotating

Inlet'lest Sttl)jec! Differences chair and the rotating room methods. This find-

In addition to intratest individual differences, ing can be explained by the fact that the Co|iolis

certain subjects did not always maintain their rank f,,ces used as the stinmlus in these two situations

order among the several test conditions. Since were quite similar. Differences in the tw,) pro-

the test sequence varied among subjects aud cedures which were principally vision versus no

each test was administered only once, no ira- vision, on-axis versus oif-axis rotation evidently

portance can be attached to small intraindividual did not differentially affect the subjects' relative
differences in scores or rank order. However, susceptibility. The high correlation indicates

some differences are so substantial that it must that the standardized rotating chair test (ref. 13)
be considered that susceptibility may vary as a can be used as a wdid sul)stilute f(_r the dial test

function of the type of vestibular stimulus and when a centrifuge is not available. Furthermore,

this variance in turn may be highlyindivich|alistic, the data collected with the dial test (refs. 14 and

For example, subject JE, who revealed high sus- 25) can serve as background for the new test.

ceptibility to angular acceleration and off-vertical The next highest correlation (0.75) existed be-

rotalimL was relatively unsusceptible to Coriolis tween susceptibility as measured by bithermal

"FABLE 5.--Correlations Among Susceptibility as Ranked by Several Tests of Motion Sickness

Upright angular Upright Upright Upright Upright Tihedconstant eOllSlant oif-vertical
acceleration bithermal bithermal

on-axis rotalion ()if-axis rotation rotati(m,

withma head irrigation, irrigation, with active head with aelive head passiw: head
lnovelnenls_ eyes ch)sed, eyes open, ll/Ovelnents_ lllovenlents_ iI'lOVell/enls_

eyes closed no movement no n/ovelnenl eyes eh)sed eyes open eyes closed
(AAS) (BIS E/C) (BIS E/O) (CAS, chair) (CAS, SRR) (OVR)

AAS ........................................... 0.60 0.57 0.7 t 0.56 0.75
BIS E/C .............................................................. 69 .33 .31 .32
BIS E/O ...................................................................................... 75 .74 .19
CAS, chair. ...................................................................................................... 93 .5.5

CAS, SRR ................................................................................................................................... 35
OVR ..........................................................................................................................
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irrigation (eyes open) and that measured with pear to be a secondary but significant factor in
Coriolis force environments of the dial and rotary motion sickness whose influence goes consider-
chair tests. Correlations between each of the ably beyond any aid it may provide for immobili-
Coriolis acceleration tests and the bithermal irri- zation of the head in situations in which it is not

gation test dropped markedly (p=0.31 and 0.33) restrained (ref. 26).

when the eyes were covered during irrigations, The substantial correlations found among all
reflecting to a great extent the rank order differ- the various provocative tests of this study indicate
ence of subject JA as already described, that generally individuals possess an overall sus-

An equally high correlation was found between ceptibility to motion sickness which is relatively
angular acceleration and off-vertical rotation sus- independent of the type of motion. However, it is
ceptibility measurements, while the latter corre- well known and shown in this study that suscepti-

lated the least (0.19) with the bithermal irrigation bility measured in one motion environment may
not always be a valid predictor of susceptibility intest (eyes open) data. One significant differ-

ence which exists among these tests and bither- another (refs. 14 and 25). Other factors, includ-
mal irrigation tests probably lies in the presence ing otolithic contributions which have been dra-
or absence of motion which is also perceived by matically demonstrated when the normal g-load
nonlabyrinthine receptors, a secondary factor in is counteracted (ref. 11), may markedly influence
motion sickness. This might also explain the susceptibility.
finding of only moderate (0.57 and 0.60) correla- The general agreement, but occasional wide
tions between the two "pure" tests of suscepti- discrepancy, between susceptibility to different

motion environments is exemplified in the resultsbility to semicircular canal stimulation. It must
also be considered that the calorization technique shown in figure 4 which were obtained from a

larger population tested by the Coriolis (rotarystimulated mainly the vertical, whereas the angu-
lar acceleration stimulated mainly the lateral chair) and the off-vertical rotation methods.
canals-which may have had a differential in- These two sets of data collected on 35 of 66 nor-
fluence upon susceptibility. The moderately

high correlation between the eyes covered and
uncovered conditions of the bitherma] irriga-
tion test indicates that visual cues generally had
no appreciable effect upon the susceptibility of .A

most subjects, but there were exceptions. A ."
greater effect from irrigation was found with

vision for subject JA and without for subjects JE _ _ •s
and DI. Subject DI who experienced only mild (3

dizziness during the 6 minutes of irrigation when _ -
he observed the laboratory environment, on the _ _
other hand, spontaneously noted and complained _OJ 13

of the great increase in sensations and symptoms >i
without vision, and he developed M IIA after 207 O

seconds. Subject JA, who ranked fifth in Sus- N=35
ceptibility with visual stimuli present, sustained p=o.62

greater than twice the duration of irrigation and ".
ranked ninth without this influence. These .c
results suggest that visual stimuli may in certain _ j , , , , _ , , , , L , , , , , , ,
individuals tend either to suppress (ref. 15) or HIGH_'_- SUSCEPTIBILITYRANK _'-LOW

facilitate the effects of vestibular activity and indi- CORIOUsACCELERATION

cate the complexity and variability in processing FIGURE 4.-Scattergram of 35 normal subjects showing the

multiple sensory inputs. Since the subject's head relationship between motion-sickness-susceptibilitytest by

was rigidly fixed in these studies, vision would ap- the Coriolis (rotary chair) and @:vertical rotation tests.
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mal subjects, described in the preceding study rotation. Increased subjective warmth was ex-
(this symposium, Graybiel and Miller), correlate perienced more frequently in the Coriolis tes!
highly and at a level comparable to that reported which required active head and body movements
for the smaller group of subjects of this study and thereby may have contributed to the mani-
(table 5). Most cases fall at or near the regres- festation of this ,_ymptom; this test provoked in-
sion line but there are notable exceptions, par- creased salivation in only one subject. Cold

ticularly those individuals denoted by letters A, sweating was conspicuously absent in the off-
13,and C in figure 4. In this small percentage of vertical rotation and the angular acceleration
subjects, the factor of active or passive movement tests which, on the other hand, featured increased
of the vestibular organs might have been in- salivation. Calorie irrigation elicited moderate
fluential, but tim relative arnounts of stimulation to severe dizziness in about one-half the subjects.
of the canals and otoliths in the two test situa- The similarities among the group's symptom-

th:,ns must also be considered. In most cases, atological patterns would be an indication that

however, the two methods .f measm'ing suscep- similar physiological mechanisms were inwdved.
tibility yield quite similar resuhs. Comparison of symptomatology manifested by

the group nf35 subjects during passive off:vertical
Symptomatology

ro!ation and active head nmvements with vertical

The subjects' M IIA syn_ptomatnlogical pattern- rotation revealed that with the exception of the
ing found for the angular acceleration, Coriolis difference in subjective warmth, again influenced

acceleration, the two bithermal irrigations, and by exercise, no distinct differences were found
off-vertical rotation conditions is summarized in (fig. 6).
figure 5. The patterning among these tests was With respect to rate of buildup of symptoms,
similar with respect to frequency of incidence and there was a clear-cut difference between the

grouping of symptoms, but some significant off-vertical rotation and the Cori.lis acceleration

differences were revealed. Pallor and epigastric test which probably stems from a procedural
awareness or discomfort were the most significant difference. When the standardized test of

symptoms for all provocative tests. Headache susceptibility for Coriolis acceleration is pr, q.)erly
II, 1II, and nausea I were manifested infrequently
at this endpoint level. Drowsiness I occurred most

frequently (3 of the 10 subjects) during off-vertical ....
CORIOLIS _CCELER_T_ON

---- OFt-VERTICAL ROTATION
80--

Joo • .................... i
90 [] B,,.E.,*_,_*,o_,o_L,c 52

i,!ill50--

•;,; ° Y /" v v / Y _/ i
/

FIGURE 6.--Comparison oJ"frequency of spec_[ic diagnostic

FIGURE;5.--Frequency of specific diagnostic symptoms symptoms manifested during off-verticul ( lO °) and vertical

manifested for each test condition. (with active head movements) rotations.
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conducted, symptoms slowly appear and increase .... '_ _" /"
in intensity from M 1 up to the endpoint (fig. 7); ,4 ,'_ /B

whereas, in the case of off-vertical rotation they " "/
,2 /

can appear suddenly and wax rapidly, passing ,, ,, /

through several malaise levels within several ,o / /./,

seconds' time (fig. 6, preceding paper this _ -_ /I/_//z/ //c/_/'L o//Esymposium, Graybiel and Miller). Much greater gif!/_"

care and closer observation are therefore re-

quired in administering this test in order to aw:fid

overshooting the selected malaise criterion. It ' _._/J_ ° . :.__/...._ (zis probable that exposure to longer durations at a _i ]/..
velocity below the terminal one would be suf- _'

ficiently provocative yet yield a slower symptom ° ; _'-v .... .z%C-_J_: ._:_: :_:_: .-: :-:-:7_r_oe 5 m 15 ze z5 _3 3_ _0 _5 50 55 60 65 70 r5 so 85 9a 95 c

buildup pattern. <_D_,_O_M_B

Among 250 subjects of a preyious study fief. FmURE 7.-Variations among six selected cases (subjects A

13), nausea I, epigastric discomfort, or epigastric through F) in the buildul_ rate q/'Coriolis-sictcness symt*toms.

awareness was the predominant feature of severe

malaise (M III). However, a significant propor-

tion of tiffs test population (9.6 percent) failed to head movement in the Coriolis acceleration

manifest even the mildest form of this syndrome (rotary chair) test could be expressed by the

at this malaise level. This finding is not in aline- factor E, which directly related in logarithmic

ment with the classical viewpoint which, for the terms to chair velocity (table 4). It appears,

most part, equates motion sickness with a gastro- therefore, when vestibular stressor conditions

intestinal reaction marked by nausea or vomiting, are appropriate, each head movement may act

symptoms which have represented the endpoint to release autonomic effects on an incremental

in the vast majority of studies dealing with this and accumulalive basis through a neural or

topic and are still regarded by some investigators humoral mechanism. The latter is suggested

as the only ones having reliability (ref. 24). in the report of Wang and Chinn that insertion

If M III as diagnosed by a nonnausea symptom 9f plastic barriers in the fourth ventricle of several

complex is equivalent, in terms of the subject's dogs removed their susceptibility even though

well-being, his psychomotor efficiency, or some their emetic thresholds to apomorphine were not

other indicator, to that involving the nausea raised (ref. 27). In any case the rate of release

syndrome, then the restricted "nausea syndrome" seems dependent on the stressor "step-size"
criterion of motion sickness nmst be reevaluated, taken with each head movement at a specific

In many of the cases in which the endpoint was chair velocity. Six cases from a 250-subjecl

reached without the nausea syndrome, the group (A, B, C, D, E, F, fig. 7) illustrate the

symptoms were for the most part effectively different rates in the buildup of symptoms. The

localized in the head region; e.g., moderate or ideal pattern of response is illustrated by cases

severe levels of drowsiness to the point of being D aud E. As a rule, when a subject experienced

unable to follow instructions, headache, facial M IIA and M II1 with only a few head movements

pallor, severe dizziness, and increased salivation. (cases A, B, C) it was found extremely difficult

It is possible if not probable that if the motion if not impossible al times to prevent a sky-

stress had been continued, the nausea syndrome rocketing of his symptoms up to the level of frank

would have eventually appeared in most of these sickness (FS) as illustrated by cases A and B.

subjects. In any case it is questionable that the These two cases show the typical response when
manifestation of the nausea syndrome is required the rpm is too high relative to their susceptibility

for predicting susceptibility to frank motion level. If, on the other hand, the rpm selected
sickness. As described in the methods section, is too low for the individual, head movements

the average relative stimulus effect of a single can be continued beyond a practical number
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without any apparent effect, such as in case F trolled so as to provide an equivalent stressor

in figure 7. In another case, not represented stimulusin tern|s of the response of each subject

in the figure, in which the subject was rotated under each test cmldition as diagnosed by specific

below his critical rpm value, 900 head movements criteria (ref. 19). The physical dimensions of

were executed without provoking any increase the stimulus therefore varied with the individual

in symptoms beyond that found in the initial head but in most cases they were small, approaching

movements. In fact, there was a lessening and what commonly is regarded as physiological

disappearance ,t" his symptoms as the test proportions, yet they proved highly effectiw_ in

progressed. However, when each of these prow)king motion sickness. As expressed by

subjects was retested at a properly adjusted rpm, Lansberg (ref, 28), the opinion adwmced by

the "n,lrmaI" paltern of response (such as cases certain investigators (refs. 29 to 32) that moti_m

D and E) resuhed, sickness is simply the resuh of overstimuiation

In these studies the intensity and duration of of the otolith organs is untenable.

the vestibular stimulus were individually con-
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Secondary Etiological Factors in the Causation of Motion
Sickness

WALTER H. JOHNSON

University of Toronto

SUMMARY

It is well known that there are great variati,ms in susceptibility t. motion sickness: h.wever, much

remains to be determined as to the physiologic and l_sych-l-gie reasons for such differences. Alth,_ugh

individual differences in sensitivity of the nonauditory labyrinth undqmbtedly c.nstitule the primary

factor inv.lved, extralabyrinthine influences e.mstitute secondary etiMogic tttelol's o[" importance

under certain circumstances. Vision, cerebral activity...lfaclion, ft..l, ambient air temlmralurc,

sexual difl'crences, age. and chemical t,_xicily inch.ling ah:,,h.I, ilhmss, and adaptati_m arc discussed

in relalion t. their influence on motion-sickness susceptibility.

INTROD UCTION VISION

As stated by Tyler and Bard (ref. 1), "Motion A number of authors have attributed motion

sickness is a specific disorder which is evoked in sickness to conflicting central effects br.ught on
susceptible individuals and animals when they by conflicting visual, vestibular, and kinesthetic
are subjected to movements which have certain impressions. Sjiiherg (ref. 2) noted that suscep-
characteristics." tibility to motion sickness is diminished when the

Ahhough it is well known that there are great eyes are closed. According to Desnoes (ref. 3),
variations among individuals in susceptibility to persons watching foam-crested waves or currents
motion sickness, little is known as to the physio- in the ship's wake are inure likely to become sea-
logic andpsychologicreasonsforsuchdifferences, sick, vision here being considered only as a
As Tyler and Bard again so aptly concluded, "By contributing factor.
way of summary about all that can be said is that The "witch's house," sometimes seen in amuse-

susceptibility appears to depend on a rather ment parks in which the walls and floor move in-
specific constitutional capacity to respond to dependently of each other, results in confusion
certain patterns of vestibular stimulation and thus as to orientation in space (ref. 4); that is, there are

it can be modified to some extent by several conflicting impressions between one's field of
extralabyrinthine influences." vision and the remaining equilibrium senses,

This last statement was made in 1949, and with resulting nausea and vomiting. Such con-
today, 19 years later, there still remains a dearth flict, it is said, can also produce nausea without

of knowledge as to just what these extralaby- movement of the subject (e.g., when a darkened
rinthine factors are, and this is largely because of floor is slanted but the visible wails are set
lack of significant controlled documentation, normally).
When discussing the basic cause of variations It is a common experience among viewers of
in motion-sickness susceptibility under different wide-screen motion pictures to experience nausea.
conditions, it becomes dimeult to separate the This is especially efl'ective when highly vealis-

primary from secondary influencing factors, and tic sequences, such as bobsled runs and flight
the distinction between the two is hard to define, by low flying aircraft, are viewed. Similar el-

83
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fects have been reported in theater presentations ing or decreasing its incidence and severity.
of ships at sea (ref. 5). Available evidence suggests:

A most interesting correlation between motion- In humans visual information which is in agreement with

sickness susceptibility and nausea induced by information from the vestibular and other sensory receptors

moving visual fields has been reported by Cramp- suppresses motion sickness, but only when the circumstances
ton and Young (ref. 6), who concluded, "lndi- are such that the visual information can influence head move-

viduals susceptible to motion sickness are also sus- ments. Oil the other hand, visual information which is not
in agreement with information from the vestibular and other

ceptible to nansea in a rotary visual field situation, sensory receptors promotes motion sickness (K. E. Money,
and conversely, nonsusceptibles are resistant." "'Motion Sickness," in pressl.

C,raybiel (ref. 7) and his associates have made
the significant finding that moving visual fields CEREBRAL FACTORS
do not cause sickness in the absence of a normal

functioning vestibular system; this was estab- The outstanding neurosurgical work carried
lished by exposing labyrinthine-defective humans out by Tyler and Bard (ref. 1) showed that the

to appropriate conditions, both in the laboratory motion-sickness syndrome can occur in decere-
and in aircraft aerobatics. The significance of brate dogs, the nodulus and uvula of the cere-

this finding possibly merits further investigation, helium being the essential components of the
but it does suggest that moving visual fields central nervous system involved. Removal of
cause sickness either by stimulating the vestibu- the cortex resulted in essentially the same

lar system directly or through ewi_ked bead move- conclusions.
ments. Another possibility has been suggested It could easily be concluded that no function
by K. E. Money ("Motima Sickness," Pbysiol. dependent upon the cerebrum is necessary for

motion sickness. However, there is ample evi-
Rev., in press) who stated-

dence for believing that the cerebrum does exert
It seems likely that vision modifies vestibular responses nor- considerable control over the brainstem con-

mally, in the sense that olfaction modifies salivation, and it cerned, with resulting suppression, on the one
may be that a visual stimulus which is normally associated
with a vestibular stimulus would give rise to a central vestibu- hand, or facilitation, on the other. Correia and
lar activity in the absence of the vestibular stimulus. This Guedry (ref. 9) have recently shown that the na-

then could explain how moving visual fields cause sickness, ture of concomitant mental activity strongly

since the subjects would not be adapted to the vestibular affects the development of motion sickness;
activity provoked, and it would explain why labyrinthine- distracting unrelated tasks such as mental arith-
defective subjects are immune to such visual stimuli.

merle have an inhibitory effect while closely
Vision, however, is not essential to motion sick- associated cerebration facilitates its development.

hess since blind subjects are susceptible. Although anxiety and fear can induce nausea
It is significant to note that, in some circum- and vomiting, the consensus as the result of con-

stances, vision promotes sickness and in other trolled experiments is that anxiety is not an
conditions it suppresses sickness. [n the latter influencing factor as reported by Graybiel (ref.
case it may be that vision results in diminished 7) and probably does not promote its develop-
vestibular stimulation by acting to control head ment very much. It has been reported that the
movements, incidence of motion sickness in aircrew is about

Several authors (including Kottenhoff and Lin- five times higher during training than during
dahl, ref. 8) bave reported the nauseating effect combat (ref. 10).

of wearing spectacles that invert the visual field, Wendt (ref. 11) has made a particularly excel-
especially when accompanied by some kind of lent study of psychological factors in relation
motion, even walking. It is also known that to motion-sickness susceptibility and has con-
disturbances such as refractive error or diplopia cluded that although suggestion and conditioning
can cause nausea, do have some effects, "physical and physio-

No matter what the conditions may be, then, logical factors outweigh them in practical ira-
it can be concluded that vision does influence sus- portance." He concluded that emotional states

ceptibility to motion sickness, either by increas- and personality defects have no important influ-
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ence on the development of motion sickness, tion sickness, but it may well account for the
There is even a report of a decorticate man who difference of opinion thai exists as lo food in tile

exhibited facial pallor and vomiting during a stomach and susceptibility to motion sickness.
turbulent aircraft flight (ref. 12).

AMBIENT AIR TEMPERATURE

OLFACTION
Uncomfortable heat has been considered to be

The effects of odors, insofar as bringing on the a contributing factor (ref. 17), and sufferers are

objective signs of motion sickness more readily, known to express a desire for cool fresh air.
are, in a sense, confusing or perhaps surprising. There is, however, insufficient evidence to sub-
It seems reasonable that odors that are normally stantiate a correlation between ambient air

considered as being unpleasant would precipitate temperature and motion sickness susceptibility.
the classical symptoms more readily than would
be the case in their absence, the smell of vomitus DIFFERENCES BETWEEN SEXES
being particularly effective. Odors like that of
tobacco smoke, however, and even those of food As the result of recording the incidence of

airsickness among airline passengers, Ledererwhich normally are considered pleasant ones,
become the very opposite when some degree of (ref. 18), Reason (ref. 19), Hanada (ref. 20), and
motion sickness prevails; thus, they can be con- others have reported that women were more
sidered in this sense as contributing toward susceptible than men. Why this should be so is

increased susceptibility, unknown, although a feeling of malaise during
menstruation is possibly a contril)uting factor.
There is no physiologic reason to believe thatFOOD
vestibular end-organ sensitivity is different

There are conflicling reports as to eating habits between sexes, although endocrine changes may
in inducing motion sickness. Manning and Stew- well affect the sensory and associated autonomic
art (ref. 13), for example, reported no relation- responses.
ship between susceptibility and time duration
since eating the last meal, although Fields (ref. AGE

14) reported a relationship, with susceptibility There is really no conclusive evidence to

increasing with postmeahinm. It is perhaps no! indicate any correlation between age and sen-
surprising, therefore, that student pilots are sitivity to motion sickness, although it has been
given conflicting advice by their instructors in stated that infants and elderly persons are less

this regard. It may well be that the presence susceptible (ref. 21). One should remember,
of food in the stomach can initiate a gastric aware- however, that infants and elderly people are less
ness, especially during aircraft maneuvers in- active, and hence any nausea-inducing stimulus
volving positive g-forces, thereby contributing to becomes less intense. Infants spend much of
a threshold stimulus causing vomiting. Traction their time either supine or with the head well

on the mesentery during abdominal surgery has supported, conditions that render them less
been reported to induce nausea(ref. ]5) bystimu- vulnerable (ref. 22). 11 is significant to note that

}ating visceral afferent nerves. A pertinent vestibular responses can be demonstrated in
finding was reported by Johnson (ref. 16) when infants within a few days after birth.
monkeys were made to regurgitate their stomach
contents as the result of being exposed to quickly CHEMICAL
applied negative g-forces on a centrifuge, Simi-
lar experiences have been reported by pilots as Although there may be tw,. distinct nausea
the result of so-called Bunting aircraft maneuvers centers in the central nerwms system which are

with resulting projectile expulsion of the gastric triggered by different means-namely, chemical
contents, but without any accompanying nausea, stimulus and motion-there is interdependence
This response cannot be considered as true mo- between these zones for the production of sick-
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ness caused by motion. Wang and Chinn (ref. ILLNESS
23) showed that motion sickness required the

integrity of both centers even though an emetic Certain pathologic disorders undoubtedly
drug (apomorphine) required only one of these have effects similar to alcohol in changing sensi-
tbr its action, the chemoceptive trigger zone that tivity to motion sickness, although there is a
is located in the superficial region of the floor of scarcity of any pertinent measurements of this.

the fourth ventricle. It may be, as suggested by Women are thought to be more susceptible to
Chinn and Smith (ref. 10), that motion-sickness airsickness during the menstrual period, but one

vomiting is triggered by "a chemical elaborated hesitates to call this an illness. Certain toxemia
in signifcant amounts during motion." It is not conditions, as occur with jaundice, kidney dis-
surprising, then, to find thatnauseatingchemicals ease, and diabetes, can result in nausea and
lower the resistance to motion sickness, vertigo. Also, toxins produced by foreign bodies

such as virus, bacteria, or allergens undoubtedly

In the case of alcohol, there is undoubtedly a have both central and peripheral effects that
twofold effect that makes it particularly haz- alter susceptibility to motion sickness.
ardous. First of all, it has been established that Two well-known disorders inw_lving the yes-
when the blood alcohol level reaches a significant tibular system are M6ni6re's disease and yes-
amount, the threshold for stimulation of the ves- tibular neuronitis. Both are characterized by
tibular receptors is significantly lowered, so that episodes of vertigo, sometimes accompanied by
it readily responds to weaker stimulation. Also, nausea and vomiting in spite of the fact that the
the response to a normally effective stimulus involved labyrinth usually shows a hypoactive

lasts for a much longer period of time. These response to caloric stimulation. It would be
responses become further complex because of interesting, therefore, to determine the sensi-
the fact that even in the absence of motion, the tivity of such patients to motion sickness. It
subject may experience marked subjective may well be that their threshold might be raised
vertigo in certain head positions, a condition by decreased vestibular sensitivity, although the
that has been called positional alcohol nystagmus very opposite could be the case for psychogenic
(PAN). The initial onset of PAN has been called or other reasons. The author is unaware of any
phase I by Aschan (ref. 24); in man this can be significant experiments on this.

followed several hours later by phase II in which Vertigo and nausea can, of course, be caused
the vertigo and nystagmus return, but occur in by many other pathologic changes that may well

the opposite direction, even when all traces of render the subject more susceptible to motion
alcohol have left the blood. These effects have sickness, notonly because of the above-mentioned

been considered as being central in origin, but factors, but also because of poor compensatory
because the peripheral vestibular receptors are head responses resulting from lack of interest in
essential at least for the nystagmus, the possi- the environment. On the other hand, if suffi-
bility remains that the effect may be on the end ciently ill, the subject may well assume a supine
organ. In any case, the result is an increased position, which in itself can result in a diminished
sensitivity to nausea-inducing motion, vestibular stimulation; this is caused by de-

creased concomitant head movements or by the
An additional effect that undoubtedly fact that the oto]ith receptors or even canals

summates with such increased vestibular are in a less vulnerable position.
sensitivity comes from the effect of alcohol's

inducing nausea and vomiting even in the absence ADAPTATION
of motion. These effects of alcohol can thus add

up to a vicious long-lasting combination causing This author will not discuss adaptation in any
greatly increased sensitivity, the degree of which detail because it has been well documented and
is dependent upon both the amount of alcohol studied by others. In fact, the most meritorious

involved and the subject's sensitivity to alcohol study on this subject has been carried out at
and motion. Pensacola by Graybiel and his associates in the
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slow rotation room. Adaptation should be men- nomenon can effectively moderate the physiologic
tioned, however, for the sake of completeness, response to nauseating motion in most people.
as a factor affecting susceptibility to motion However, the physiologic basis for adaptation
sickness, although it perhaps should be classi- still awaits clarification, as is also the case for

fled as a primary rather than a secondary factor most, if not all, of the factors that have been
in this regard. There is no doubt that this phe- mentioned.
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The Symptomatology of Motion Sickness

JACK E. STEELE

6570th Aerospace Medical Laboratories
Wright-Patterson Air Force Base

SUMMARY

Motionsickness is maladaptationto a dynamicenvironment. The major symptomsarc caused
by inadequate and inappropriate vascularand circulatoryresponses,resulting mainly frominadequate
perception (integration and analysis of the pertinent sensory data) of the dynamic environmentand
consequent misestimationof the nature and degreeof the threat involved.

INTRODUCTION orientation" refers to the condition in which

perceived orientation is incorrect. The term

Motion sickness is essentially maladaptation "vertigo" (originally meaning a false sense of
to a novel inertial environment. The symptoms rotation) now is used commonly to refer to
do not develop inevitably in the presence of conscious awareness of a failing or inadequate

motion, nor is motion inevitably present when the perception of motion and accelerative forces.
symptoms do develop (refs. 1 to 4). Motion- Conscious fear is relatively unimportant in
sickness symptoms occur only when there is a motion sickness. Unconscious estimate of the
malfunction of the victim's orientation-perceiving threat is most significant. Adaptation to motion
mechanisms and his motion- and acceleration- consists mainly of learningto perceive it correctly
compensating mechanisms. This is a complex and to make proper adjustment of antigravity
system involving many subsystems. There are compensatory reflexes, etc., and learning to
various ways in which it can fail or decompensate, evaluate the threat properly so that inappro-

depending on the specific nature of the load priate defensive preparatory steps are not
placed upon it and the individual variations in taken.
ability to handle the load. Symptoms arise as the result of failure to make

The orienting system integrates and utilizes adequate compensatory adjustments, as the re-
information from many sense organs, most suit of inappropriate or incorrect adjustments
notably the vestibular, the visual, and the tactile- and preparations, and as a result of the additional
proprioceptive-kinesthetic. There is much mu- information-processing load imposed by incorrect
tual interplay among these subsystems. The perceptual data processing and the effort to cor-
main systems utilizing the resulting integrated rect it. Similar symptoms can be produced by
data are the visual, the musculoskeletal, and the bringing about these same conditions in various

cardiovascular. The system contributes to ways, other than by subjecting the victim to the
arousal as an important source of early warning motions typically associated with motion sickness.
of impending threat (danger of falling, being
struck, etc.). It is also monitored for reliability. The novelty of the environment need not be so
Both orientation information and an estimate of great as we might expect. Even return to lha!

its reliability are available consciously. Either most familiar condition, 1 g vertical and zero
can warn of impending danger. The term "dis- angular acceleration and total zero velocity, can

89



90 THE ROLE OF THE VESTIBULAR ORGANS IN SPACE EXPLORATION k._

produce symptoms in one who has been thoroughly of the actual acceleration and motion environ-
adapted to some other, such as a ship, a rotating ment or in the inadequacy of their compensatory
room, or even that environment produced by the physiological adjustments. "Maladaptation to
disassociation of the normal relationship between inertial environment" more accurately (though
the visual and the vestibular sensory inputs in- awkwardly) designates the condition whose mani-

duced by wearing inverting or reversing spec- festations I am to discuss. For whether the
tacles (refs. 1 to 6). Such a condition could be subject is moving or not, whether his environs
called "still sickness" if we persist in attempting are moving or not, the inadequacy of his adapta-
to name the disease by the characteristics of the tion to the dynamic aspects of his environment
environment that are contributory to its is the one element that distinguishes the sick

production, subject i¥om the unaffected.
Concepts of diseases lead lives of their own. When examined closely, the borders separating

They evolve. As we learn more about them, one disease from another, one body malfunction

originally different diseases may come to be con- from another, are not sharp. The blackout and
sidered as but different manifestations of the unconsciousness that can result from high ac-

same underlying disease process, or a disease celeration in the foot-to-head direction might not

may fragment into many as we learn to differ- seem closely related to the usual symptoms of
entiate between basically different entities that motion sickness. Yet the same symptoms would
had but superficial resemblance. As an illus- be felt every time we arose from a supine to an
tration, I offer a disease from antiquity, the "boat erect posture were it not for the cardiovascular
disease." This is not a disease of boats but one compensatory adjustments that occur. Lesser

caused by riding in boats. In accordance with derangements of these same adjustments can
medical tradition, it was named after the old account for symptoms in many cases of motion

Greek word for boat, "naus," hence nausea, sickness. The body is a complex system corn-
This disease grew to include similar conditions prising many interrelated subsystems. Its
even when they were not caused by riding in malfunctions are better understood from this
boats. Ultimately it lost its status as a disease point of view than from attempts to sharply de-

and reverted to being merely a symptom found as marcate disease entities or to overemphasize the
part of many syndromes, role of any one of the subsystems involved.

We went through the cycle again with seasick-

ness which became travel sickness, which then SYSTEMS INVOLVED IN MOTION
fragmented into mountain sickness, trainsick- SICKNESS
ness, carsickness, airsickness, etc. With the

advent of laboratory interest in the condition, we In motion sickness, the perceptual-sensory sys-

acquired rotating chair sickness, Coriolis sick- tem dealing with inertia and motion, that part of
hess, elevator sickness, swing sickness, and even the central nervous system that is alerted by and
Cinemascope sickness, 2-FH-2 Hoover simulator prepares for response against external threats,
sickness, and still sickness. Motion sickness the cardiovascular system, and the neuromus-

provides a pertinent and insightful name for the cular system are involved. I offer a partial trac-
syndrome occurring under all of these circum- ing of the vestibular signals as a rationale for
stances. Even though motion is neither a neces- dealing with a hypothetical central processor for

sary nor suificient cause (and in the case of dynamic inertial information rather than with
2-FH-2 hover simulator sickness can, when detailed neural structures involved. The ves-

properly applied, actually reduce symptom forma- tibular ganglia communicate with 14 specific

tion, preceding paper by Fred E. Guedry, Jr., neural structures having about 2 dozen mutual
"Conflicting Sensory Orientation Cues as a interconnections. These, in turn, communicate
Factor in Motion Sickness"), motion does indicate through approximately 120 identified channels to

the general area in which the victims are mal- the next level consisting of 44 centers (ref. 7).

adapted, whether with regard to their perception Thus, going no farther than three steps from the
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sense organ, and without even considering the pant in symptom generation, first through failure
visual, auditory, proprioceptive, and other inputs, to compensate adequately for acceleration loads
the system becomes quite unwieldy, placed directly on it, and, second, by its inability

Sense organs measure certain qualities of their to handle the demands placed on it by the
environment and send signals to the central nerv- circulatory requirements of muscles inappro-
ous system. To understand the subsequent priately preparing: for emergency action. The
chain of events, we must distinguish between the neuromuscular system participates by its in-
transmission of excitation and the transmission ordinate demands on the circulatory system and

of messages. The distinction is particularly ira- manifests the inadequate central integration of
portant in discussions of the vestibular system in inertial data by ataxia, tenseness, and fatigue.
which corresponding semicircular canals send the The central arousal system (reticular formation ?)
same message by shifting the intensity of their participates by triggering several alarm re-

signals (repetition rate of their pulse outputs) in sponses, including muscle hyperemia and, more
opposite directions. This is important in under- appropriately, the reorganization of inertial
standing how the reduced sensitivity found in perception. Many of the symptoms and other
M6ni_re's syndrome can lead to sensations of observable conditions of motion sickness are
rotation, dizziness, and nausea. A reduced overdetermined. There are several causal

pulse output rate conveys the message of rota- chains leading to the same effect. Some of the
tion as surely as does an increased output rate. changes observed are part of the problem, some
A man who has recently lost all vestibular input part of the solution, and some are both. A change
on one side as a result of surgery is receiving compensating for one disturbance may aggravate
from that side zero input pulses (i.e.,.zero excita- another.

tion), but a message signifying very strong angular Inadequate cerebral circulation is an old theory
and linear acceleration. Analysis of the produc- of motion sickness. It still has much to recom-
tion of symptoms in motion sickness is analysis mend it. There can be no doubt that nausea

of changes occurring in the body as the result of often accompanies decreasing blood pressure
all incoming messages concerning orientation, and falling cardiac output from any cause.
acceleration, and motion (or failing to occur in Whether or not this nausea is secondary to em-
appropriate response to this information), barrassed cerebral circulation is less certain.

Sensory organs function normally in motion Two items are of cerebral significance in motion
sickness. At least there is no evidence that sickness. One is the known increased metabolic
they are not functioning normally, and indeed demands of the brain in arousal states (ref. 8),

it is extremely dimcult if not impossible to elicit and the other is the high correlation between
motion-sickness symptoms in subjects lacking susceptibility to motion sickness and unusual
functional inertia-sensitive sense organs. The lability of cerebral circulation (at least as reflected

central processor is usually not working correctly, by central retinal artery changes) under con-
Perception of acceleration and motion is usually ditions of minor longitudinal g-changes on a
(though not necessarily always)incorrect. Symp- horizontal swing (ref. 9). There is some experi-
toms arising directly from this malfunction are mental evidence that cerebral circulation, or at
minimal, consisting mainly of such illusions as least the quantity of blood in the head, decreases
a tilting horizon. Failure of correct central with vestibular stimulation (ref. 10). Decreased

interpretation of acceleration and motion data spontaneity, increased depression, and headache
participates in the generation of major symptoms are mild indications of impaired cerebral function.

mainly through the inappropriate or inadequate Compensation _br longitudinal acceleration is

adjustments of the other subsystems that require about the simplest adjustment the vascular sys-
the information for their proper functioning and tem must make. Yet it is of considerable mag-
through the elicitation of attempts to correct the nitude. For even so simple a change as shifting
central perceptual processor, from the supine to the erect posture, the hydro-

The cardiovascular system is a major partici- static pressure difference introduced between
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head and foot is greater than the pressure dif- The cardiovascular changes considered up to
ference that the heart maintains between its this point could occur in the absence of any dis-

input and its output. To remain adequate, this orientation or errors in data processing relevant
adjustment requires practice and training. Light- to motion and inertia. Errors in processing
headedness accompanies first arising after sev- inertial information can only make matters worse.

eral days in bed. Symptoms may be caused Even in that excellent angular overstimulation
simply by vascular compensatory inadequacy in situation, Coriolis stimulation, linear-accelera-
spite of adequate correction data supplied by the tion messages cannot be ignored. Angular ac-
central integrater of inertial data. The after- celeration about any axis not parallel to the direc-

nausea following various types of motion sickness tien of linear acceleration implies a change of
experiments is aggravated by standing, relieved direction of linear g. Central-nervous-system
by sitting or reclining. One of the mildest in- determination of direction of linear g (vertical)
puts, from the point of view of sensory stimula- is a complex thing involving several separate in-
tion, is capable of producing nausea in a few puts. In general, the short-term information is

minutes. This is simple rotation in a vertical derived from semicircular-canal inputs, and the

plane at a frequency of about 15 rpm while in the long-term information depends on integration of I
seated position (ref. 11). Elevator experiments inputs from the otolith and other organs. With

have shown that g-changes at about this fre- a time constant of only a few seconds for blood
quency are most effective in nausea production, displacement caused by linear g, compensation,

though more time is required (ref. 12). Some to be adequate, must utilize some of the implied
have attributed this frequency sensitivity of the g-change information based on semicircular-

nausea-producing mechanism to an undiscovered canal inputs. Experimental subjects report that
resonance in the sense organs. I feel that this they experience changes in linear g. They
is a highly unlikely explanation, and far more describe this as being in a climbing or diving
significant is the fact that this is approximately spiral. Objective measurements on the same
the natural slosh frequency of the blood in the vas- subjects show actual and different physical re-

cular system. Near this frequency the blood un- sponses, depending on whether a climb or a dive
dergoes the greatest displacement, and the great- is being experienced. Some subjects showed

esI compensatory shift in vessel tone is required, slowed and deepened respiration during the
In zero-g experiments, in which zero g alter- dive," and breath holding during the

nates with increased g, the periods of increased "climb."
g seem most responsible for the symptoms. In
one series, subjects either became sick during the Neuromuscular Factors

preweightless acceleration or they did not be- To keep the cause-effect steps in proper
come sick at all (ref. 13). In another series in sequence, I should like to discuss the neuro-
which 51 percent of the subjects vomited at one muscular changes before returning to more
time or another, no one experienced nausea serious cardiovascular problems that occur

while prone during the accelerations. Two secondarily to the muscle changes. The simplest
vomited in this position, but this occurred within neuromuscular effects are directly caused by
20 seconds of starting the maneuver and with no improper central-nervous-system integration and

nausea (ref. 14). It appears that for production of interpretation of sensory messages dealing with
nausea under these circumstances, increased acceleration and motion. The problem is made
loads on the cardiovascular system are of greatest more difficult by the need to predict the inertial

importance. I participated in two such runs. environment in order that intended movements
Allowed to lie down during increased g and to and dynamic postural reflexes may be properly

float free during zero g, I experienced no symp- compensated in time to achieve their objectives.
toms. On the later run, confined to a seat, I Correcting muscle tension after an arm or leg
became nauseated and experienced afternausea has been deflected by an improperly predicted •

hours later while standing, force is not a satisfactory solution. We are
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usually unaware of these unconscious compensa- toms. Other indications of alarm response are
tory contributions to our motions, though we may increased blood and urine levels of catechola-

experience them as _theaviness on first emerging mines and 17-hydroxycorticosteroids (ref. 18).
after some time in the water, or as a lightness These changes also probably do not contribute

when first dropping a heavy load. Without the to symptoms, but rather to their suppression.
correct sensing and utilization of acceleration Sympatholytic drugs increase the symptom for-
data, we experience ataxia and clumsiness. This mation while sympathomimetic drugs tend to
is somewhat inconvenient and potentially danger- reduce symptoms (ref. 19). One phenothiazine
ous, but in most motion-sickness situations derivative that might have been expected to be
greater harm is caused by the body's reaction helpful turned out not to be, but it differed from

to what is only potentially dangerous. The part the effective drugs in being sympatholytic. The
of the alarm reaction that prepares the muscles most significant preparatory move by far, how-
for anticipated strong action in the face of this ever, is the diversion of circulating blood to the
implied environmental threat contributes greatly muscles.
to severe motion sickness. It has been shown that muscle volume in-

Immediate reflex response to acceleration and creases in subjects who are becoming motion
motion can contribute to tenseness and sub- sick (ref. 10). This volume shift in preparation

sequent fatigue. Benson has found that the for exercise is quite sensitive to central neural
gastrocnemius and soleus reflexes in man are control. Weber showed an increase in muscle

increased by angular acceleration (ref. 15). mass as a response to merely thinking about
There is no compensatory decrease in the exercise (refs. 20 and 21). Apparently, actually
opposite leg, merely a lesser increase. This using the muscles tends to counteract someofthe

increase in 16 subjects was from 73 percent to bad effects. Physical work and going about
136 percent, always greater in the trailing leg one's business tend to reduce the symptoms (ref.
and linearly related to the table velocity before 17). Circulatory compensation for the mass of
deceleration over a range from 20 ° to ll0°/sec, blood diverted to muscles is difficult. Skin

The reaction required the presence of a function- blanching can compensate for only part of it (ref.
ing labyrinth and was apparently mediated by 10). Other organs, mainly the intra-abdominal

the gamma efferent system, rather than directly viscera, must also lose some of their blood supply.

via the alpha motoneurons. The monosynaptic Cardiovascular Factors
reflexes were unahered. There is indirect evi-

dence for the involvement of the extrapyramidal Having described the manner in which muscle
system in motion sickness. Most antihistamine preparation for vigorous action can place addi-

drugs effective in motion sickness are also tional loads on the cardiovascular system, I
effective in Parkinsonism, and a surprisingly should like to examine the evidence that such a

large number of drugs primarily identified as load does actually occur and that failure to adjust
effective in Parkinsonism have proven effective to it correlates highly with development of
in motion sickness (ref. 16). The involvement symptoms.

of the system for dynamic postural reflexes seems The most severe motion-sickness symptoms
evident in both cases, seem to be caused by a decrease in circulating

The greatest contribution of the neuromuscular blood volume. In motion-susceptible individ-
system to the generation of motion-sickness uals, pulse rate decreases, systolic pressure and

symptoms is probably through the part of the minute volume decrease (refs. 10, 22, and 23).

alarm reaction that prepares the muscles for The common features are indicative of a pre-
vigorous activity. Increase in blood sugar ap- collapse state. 3?his is indicated primarily by
pears to be part of the solution rather than a cause the sharp drop in systolic pressure and minute

of symptoms (ref. 17; and Fields, Meakins, and volumes in spite of increasing peripheral resist-
MacEachern, cited in ref. 3, p. 1810). Reducing ance of the arterial system. The body's own esti-

blood sugar by giving insulin increases the syrup- mate of inadequate circulation is indicated by
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increased output of antidiuretic hormone (ref. 24). and metabolism. Decreased oxygen tension
Stimulation of the VIIhh nerve, whether ca- seems responsible for the nausea of mountain

loric, galvanic, or by angular acceleration, causes sickness. There is a higher incidence of motion
a fall in blood pressure (ref. 25). This fall in blood sickness in unpressurized aircraft flying at higher

pressure can be blocked by cutting the vagus, altitudes. Vestibular stimulation has promptly
Stimulation of the peripheral end of the cut vagus reduced the volume of blood in the brains of dogs

produces a similar fallin blood pressure. Lergi- and monkeys (ref. 8). Measures that tend to
gan, a phenothiazine derivative, can block the improve cerebral circulation can reduce syrup-
blood-pressure fall produced in either of these toms without necessarily improving the general
ways (ref. 19). It is an effective anti-motion- level of cardiac output. Lowering the head, for
sickness drug. On the other hand, another example, in a maneuver similar to that employed

phenothiazine derivative, chlorpromazine, a for the prevention of vascular syncope, can re-
potent and specific antiemetic, is ineffective in lieve the nausea (ref. 23). Nausea is less on
motion sickness (ref. 26). This is probably be- sitting than on standing, and still less on reclining.
cause it lowers blood pressure and can, in large Subjects with poor regulation of cerebral circu-
doses, cause vascular syncope. Measures that lation are more susceptible to motion sickness

help combat circulatory collapse reduce motion- (ref. 9). Retching or vomiting does, at least
sickness symptoms. These are tight abdominal momentarily, raise the intracranial blood pres-
belts (ref. 27), anti-g-suits, intravenous dextran sure. This is the only compensatory value ob-
solution, and adrenergic drugs (ref. 19; and servable for such a reflex, other than removing

Enquist, cited in ref. 19). Other conditions irritants from the gastrointestinal tract. It is
that reduce cardiac output, such as cardiac notable that nausea accompanies cerebral circu-

tamponade or sudden congestive heart failure, latory embarrassment produced by various other
tend to produce nausea, causes.

Reduced cardiac output can produce symptoms
CONCL USION

in two ways: those secondary to attempts at com-
pensation for the condition and those resulting The human body is a very complex system.
from inadequate compensation. Blanching of In attempting to understand some malfunction
skin and abdominal viscera appear to be com- we should not delve so deeply into one sub-

pensatory. There is little evidence of increased system that we lose sight of the others. Previ-
acid production in motion sickness, but blanching ously, seeking the cause of motion sickness,
would reduce mucosal resistance to that acid I have denigrated the role of the sensory systems
which is present. As high as 50 percent of and emphasized that of the perceptual or central
chronic seasick subjects show anatomical changes integrative system, but of course without sensory

in the gastric mucosa as a result of such irrita- input there is nothing to perceive or integrate
tion (ref. 28). Sweating, which commonly ac- (ref. 29). In preparing the present paper on

companies the blanching of the skin, could be symptomatology, I was impressed by the role of
compensatory for the skin's reduced effectiveness the extrapyramidal and vascular systems. Both
as a cooling organ. Sweating could also be part Parkinsonism and increased susceptibility to
of the preparation for vigorous muscle action in motion sickness have been reported as after-
anticipation of increased heat production. There effects of viral encephalitis. A large number of

are no reports on the actual body temperature of the same drugs are useful in both conditions.
motion-sick subjects, though their common desire Dynamic postural reflexes are increased under
for cooler surroundings would indicate the ira- conditions of acceleration. Muscle volume also

pairment of heat-loss mechanisms, increases.
It is not known for certain how decreased car- The major symptoms seem to be caused by

diac output and blood pressure produce nausea, cardiovascular inadequacy, secondary to diver-
There are several reasons to believe that it in- sion of circulating blood to the muscles in
volves embarrassment of cerebral circulation response to a threatened need for vigorous
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muscular action on the basis of inadequately the vagus-mediated fall in blood pressure and

perceived inertial and dynamic environment, cardiac output. The other increases blood
The problem is aggravated in people with poor pressure and cardiac output. These effects are
cerebral circulatory control. Vagotonic subjects additive against motion sickness.
are more susceptible. Cholinergic drugs aggra- A disease that began in the stomach has moved

vate and anticholinergic drugs ameliorate the through the ears, the brain, the musculature, the

symptoms. Two of the most effective anti- visual, the circulatory, the endocrine, the thermo-
motion-sickness drugs, scopolamine and amphet- regulatory, the urinary, and back to the upper
amine, have little else in common except perhaps intestine (increased serotonin content). What
their usefulness in Parkinsonism. One blocks have we overlooked?
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DISCUSSION FOLLOWING ALL OF SESSION III

Whiteside: Dr. Johnson has earned a reputation as negative report. I am wondering where his positive one

being the man who really brought the subject of motion sick- was found.
ness onto a rather different level. It was his work in ira- Steele: Ttlis was reported by Monnicr (ref. 3 of text) and

mobilizing the head of people who are flying which high- by Harbert and Schiff (ref. 17). Incidentally, the increase

lighted the importance of the factor of head mobility when is not necessarily in nmtion sickness, but to motion, being

angular accelerations are present and, therefore, of course, a compensatory change. As 1 did mention, the decrease in

the ass.elated development of the so-called C_,riolis effects, blood sugar was reported as augmenting the sympt.ms,

There is one big difficulty that we often have in this type whereas an increase tended t. reduce symptoms.

of exercise. You cannot really understartd the function and Money: That explains the difference, because the negative

the mode of action of many of the symptoms leading up to report l saw c'ompared two groups of subjects b.th of whom

a syndrome unless you step back and come out of the woods, were exposed to motion. When they compared the blood
I think we tend at this stage to be unable to see the trees sugar of the sick group to that of the nonsick group, there was

because we are in the woods. Words like "conflict" and so no difference.

forth have been mentioned. I personally think that this is Miller: We have done a number of studies here in Pensa-

a most promising line of approach, and, indeed, it forms the cola on labyrinthine-defective subjects and have never really

basis of the philosophy which Lieutenant Colonel Steele had any success in getting them motion sick. Are you sug-

has toward this subject, l believe he is in effect doing this gesting that your head-over-heels procedure might elicit

extremely useful step of taking us back, looking at the assem- motion-sickness symptoms in these individuals?

bly of symptoms, and trying to interpret them in an integra- Steele: 1 really wondered about that. Participants in this

tive way. This is what we tend not to do. Inevitably, we experiment at least admitted no symptmns. This would

must look at the bits and pieces, but we must also try to get indicate that more of the problem is in the message, in its

an integrative view of this problem and see the integrative analysis, and in the adjustments made in response to that

action of all these factors as they combine to give rise to this information rather than in an adjustment made to the actual

syndrome, displacement .f blood. The exposure of 3 minutes is not

Blatt: This may be somewhat anecdotal, but I think it really what I would consider a severe exposure, l wish nmrc

may be pertinent. Parenthetically, one might say tbat the effort were made to nauseate lbese subjects in other ways

theme of this meeting today might come from a chapter of than by pulling stimuli through their nonexistent sensors.

the book of the great Greek historian, Herodotus. The name The prublem of canal sickness is a little like the problem of

of that book was "Airs, Waters and Places." When I was the retinal disease which is manifested also hy nausea and

a corpsman in the Army during World War ll,we used to work sometimes by fainting; it is well known that blind men do not
about that beach in Hawaii where training was being given in faint at the sigbt of blood. But this does not really implicate

landing for beach assault. This beach was next to a sugar too greatly the retina.
mill. It was interesting that whenever the sugarcane was Whiteside: I really am intrigued at tbe way these factors

being processed, that is, the grinding occurred, there appeared of conflict keep coming up, perceptual conflict is really what 1

to be an increase in the frequency of motion sickness, because am referring to, and the way in which adaptation is referred
of this sickening smell of sugar-cane processing. In southern to could be interpreted as adaptation to the conflict situation.

Louisiana there are many many sugar mills, and grinding To be a little more specific, when the conflict is one involving

starts about the second week of October. It is very interest- vision, the eyes are caused t. move by a variety of involuntary

ing that, at about that time, there is an increase in frequency stimuli, such as the vestibular stimuli which have been con-
of nmtion sickness in the immediate environment of the sidered. One stimulu,_ which has not been cm/sidered but

sugar mill. The odor of fresh sugar being processed appar- which may play an important role is the tonic neck reflex.

ently can cause this. In addition, some of the employees The eyes inevitably move a small amount as one is observing
who arc new to the sugar-grinding industry will complain something, and one gets a visual sensation cff movement.

of a sensation of whirling. It is also interesting that ,me Some of that sensation may be suppressed or eliminated by a

such individual, who, at the beginning of each year of grinding better control of the eye movement. This control in response

would have a perennial episode of vertigo with nausea in to a specific type of deviation of the eyes from the target may

association with this exposure, no longer complained of this well be a factor in the so-called adaptation which seems to

after a laryngcctomy for malignancy. Of course, this is take place to a particular type of motion. Control of eye

subjective. Also, it is interesting that, during the month fixation may play a part in the observation that a man becomes

of October in Louisiana, people who go water skiing about the adapted to the motion of a specific ship of a certain tonnage

lakes and bayous next to the sugar mills, which are in opera- and size. He then goes onto a different type of a ship and

tion 24 hours a day, also complain of this cmnbination of he becomes seasick once nmre.

nausea and vertigo when they are immediately exposed to Lansberg: My remark anti question concern positional

that kind of environment, alcohol nystagmus and are directed to Dr. Johnson. I have

Money: 1 should like to ask Dr. Steele what the evidence done quite a few of these experiments, and perhaps it has

is for a blood-sugar increase in motion sickness. I saw one been an unforgivable neglect on my part, but 1 am afraid 1
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did not notice much nausea. The subjects got nystagmus, rate of the chair was increased did the subjects tend to reduce

but they did not get nausea or vertigo concurrent with the the rate of their head and body motions?

nystagmus. Is that right, or did I understand that you meant Miller: The velocity of the chair was held constant in

to say that vertigo accompanies the positional alcohol nystag- any given test. The rate of head (body) motion was always

mus, or do you feel th._t vertigo and positional alcohol nystag- essentially the same and independent of chair velocity;

mus are quite separate? it was controlled by having the subject follow taped in-

Johnson: I did not mean to say that the positional alcohol structions which provided the temporal sequence as well as

nystagmus causes nausea, although we all know that nausea the direction of each head tilt. Monitoring by the experi-
can result from too much alcohol. We know, however, that reenter further assured that the subject tilted his head

such nystagmus is dependent upon the presence of the approximately 90 ° and at the proper rate; i.e., 1 second to

vestibular end organ, the tilted position, 1 second return to upright. Occasionally

Lansberg: That is right, we have found that a subject might tend to restrict the magni-

Stone: Dr. Miller, in the seat rotation tests where the tude of his head movements when he began to develop

subject moved his head or body, did you measure the rate of symptoms, but he was quickly admonished about this and
motion of the head in these situations? If you did, as the always required to follow the standard procedure.
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Use of Drugs in the Prevention of Motion Sickness

CHARLES D. WOOD

Shreveport Medical School

Louisia_ta State Un,iversity

SUMMARY

The most potent drugs for the prevention of motion sickness are those with central autonomic
activity. Drugs which block parasympathetic or stimulate sympathetic activity are most effective.
Drugs such as the phenothiazines, phenoxybenzamine,or meprobamate, which reduce sympathetic
activity, appear to increase susceptibility to motion sickness. Scopolaminewas the most effective
singledrug, andwhen combinedwithd-amphetamine,it wasevenmoreeffectiveinpreventionof motion
sickness. The antihistamines appeared to be more suitable for use with exposure to mild forms of
motion. In highlysusceptible individuals,or during exposureto more intense motion,the combination
of scopolaminewitbd-amphetaminewas the mosteffectivepreparation tested.

INTRODUCTION and 3 different combinations of drugs; selection
was based on the reported effectiveness of

A large number of anti-motion-sickness drugs drugs in different categories as revealed by the
are currently available, and these can be classi- review of the relevant literature (ref. 2).
fled as belladonnas, antihistamines, pheno-

thiazines, or as a large miscellaneous group PROCEDURE
(refs. 1 and 2). Based on reports in the literature,
the various classes of drugs would appear to have Fifty Navy enlisted men 17 to 23 years of age

approximately equal efficacy in preventing were volunteer subjects. A comprehensive
motion sickness. This impression seems to medical evaluation revealed that all were in
be due to the fact that the drugs were not tested good health. With regard to the sensory organs
under identical conditions or in a controlled of the inner ear, none had any significant loss

environment (ref. 3). of (1) hearing as revealed by audiometry, (2)
The slow rotation room (SRR) at the Naval otolith function as revealed by ocular counter-

Aerospace Medical Institute has provided a rolling (ref. 6), or (3) canal function as revealed
laboratory setting in which to compare the by the threshold caloric test (ref. 7). The
effectiveness of drugs under controlled and Coriolis accelerations were generated by requiring
reproducible conditions (refs. 4 and 5). Re- the subject, while seated, to flex his head and
suits obtained from laboratory experiments upper part of the body out of the plane of the
have been validated by comparing them with room's rotation. These "head movements"
those obtained during field studies (unpub- were standardized (ref. 8) by requiring the sub-

lished observations). In this way a more exact ject to set the needle of five dials to different
comparison of the relative effectiveness of each locations according to taped instructions; the
individual drug and each class of drug could sequential order of the dial settings was varied
be made. in a random fashion. A series of five head

This report summarizes our data regarding movements followed by a pause was termed
the study of 16 drugs with 8 variations in dosage a "sequence" and required 30 seconds. Thus,

101



102 THE ROLE OF THE VESTIBULAR ORGANS IN SPACE EXPLORATION -.

the duration of stress in minutes was equivalent reduce the subjects' tolerance to the stressful
to 10 head movements, or two sequences, and Coriolis accelerations. Trimethobenzamide HC1
the severity of the stress increased as a function in a triple dose and meprobamate ranked just be-
of the room's angular velocity, low the placebo level, while a single dose of the

By individualizing the level of stress, persons former was effective just above that level. A new
with varying susceptibility to motion sickness drug known as Experimental 999 was the most
could serve as their own controls in an experi- effective, although its level of effectiveness was
ment. As part of the initial workup, subjects below that of all antihistaminic drugs tested with
were "calibrated" in terms of the number of the exception of meclizine in the usual dose.

head movements at a given rpm necessary to pro- When 2½ times the usual dose of Exp 999 was
duce a level of motion sickness termed "severe administered, its effectiveness decreased.
malaise" (M III). This endpoint has been pre- All six of the antihistaminic agents tested
cisely defined (ref. 9), and here it is sufficient to caused a decrease in susceptibility to SRR
describe it as mild motion sickness to which sub- sickness, although the difference between the
jects do not object. Independent estimates of the least and most effective was large. The effec-
MIII endpoint indicated close agreement among tiveness of meclizine was not increased when

experimenters with previously shared ex- given in combination with dextroamphetamine
periences, sulfate.

The double-blind technique was used. Drugs The effectiveness of the sympathomimetic
and placebo (lactose) were in matched oral cap- drugs was a chance finding and is thus explained:
sules and administered using a Latin-square de- Amphetamine was given to counter the drowsi-
sign. In each of 5 experiments, 7 drugs and 3 ness caused by /-scopolamine hydrobromide
placebos (4 placebos on one occasion) were given and then administered alone for purposes of

to 10 subjects, each participating in 10 experi- experimental control. In a 10-rag dose it was
mental trials. In all, the 50 subjects were found to rank in effectiveness near the middle

exposed to stress on 500 occasions, of the antihistamine group. It was unique
The capsules were given 1 to 2 hours prior to among drugs tested in that a larger than the

exposure in the SRR. Only one subject was ex- "recommended" dose increased its effectiveness,
posed at a time. The number of head move- but the side effect (nervousness) contraindicated
ments was recorded when the M III endpoint was this dose for routine use.

reached, and then the room was brought to a stop. Scopolamine with a parasympatholytic action
Habituation was taken into account by establish- was the single most effective drug. When the
ing the mean placebo level of susceptibility which usual dose of 0.6 mg was doubled, its effective-
was used as the baseline in measuring the effects ness was not increased, the actual number
of the drugs. It should be emphasized that the of head movements decreasing slightly. Drowsi-

procedure made it possible to demonstrate in- ness and "dry mouth" were prominent side
creased as well as decreased susceptibility, effects.

The combination of the sympathomimetic
RESULTS drugs and scopolamine, a parasympatholytic

The results are summarized in figure 1 where drug, was additive in case of ephedrine and

the drugs and combinations of drugs are ranked synergistic in the case of amphetamine 20 mg
according to their effectiveness in reducing plus scopolamine 1.2 mg. The onlytroublesome
susceptibility to acute SRR sickness, side effect was "dry mouth." The same combi-

Among drugs with either a sympatholytic ac- nation in half the doses was nearly as effective.
tion or a tranquilizing effect, some caused a slight
decrease and others an increase in susceptibility DISCUSSION
to SRR sickness. Phenoxybenzamine HC1 and It has been stated that all persons with normal

thiethylperazine maleate in the usual doses, as vestibular and neural responses are susceptible
well as a triple dose of the latter, were found to to motion sickness. The level of this sus-
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ceptibility varies greatly among individuals; increased susceptibility to motion sickness.

some are highly susceptible while others are Preparations with sympathetic stimulating
very resistant. If the stimulus is strong enough activity and those with parasympathetic blocking
and lasts long enough, however, all normal activity were most effective in preventing the
persons apparently will respond. The anti- development of motion sickness.
motion-sickness drugs raise this individual base Phenoxybenzamide, which is a sympathetic

line so that an increased percentage of persons blocking agent with some central action, in-
are then able to withstand a given exposure to creased susceptibility to motion sickness. This
motion. None of the drugs is completely drug was also reported to increase susceptibility
effective, being dependent on the individual's in a large study at sea. In aerobatic studies at

susceptibility and the strength and duration of Pensacola the tolerated motion with this drug
the stimulus, was below that of the placebo trials. Mepro-

The medications with central autonomic bamate is another preparation with adrenolytic
activity appeared to have the greatest effect activity which reduced tolerance to motion.

on susceptibility to motion sickness in the SRR. Another group of drugs with sympathetic
The drugs that blocked sympathetic activity blocking activity is the phenothiazines. These

EFFECTIVENESSOF ANTIMOTION SICKNESS DRUGS IN PREVENTINGMOTION SICKNESS IN 50 SUBJECTS

2Jo EXPOSED ON 500 OCCASIONS IN A ROTATINGENVIRONMENT USING THE "DIAL TEST''3
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medications are very effective against chemically near the middle of the antihistamine group.
induced nausea; however, in the usually reeom- Ephedrine was another representative of this

mended dose they produced only a slight in- class of drugs and it proved to be almost as
crease in tolerance to motion over the placebo effective as d-amphetamine in preventing motion

level with all representatives tested. When the sickness; it was effective when used in combina-
dose was increased, these preparations reduced tion with scopolamine and when used alone.
the tolerance to motion below the placebo level. Ephedrine was not so effective in relieving the

It would appear that any drug which reduces drowsiness produced by scopolamine as was
sympathetic activity will be ineffective or will d-amphetamine. The effectiveness of both of
increase susceptibility to motion sickness, these drugs served to illustrate that medications
These results further illustrate that drugs which which activate the sympathetic division of the

protect against chemically induced nausea must autonomic nervous system also afford some pro-
act by a different mechanism from those which tection against motion sickness. In searching
protect against motion sickness. Any recom- the literature, it was found that d-amphetamine
mendation of a drug as a motion-sickness pre- had been tested against motion sickness prior to
ventative should be based on its emcacy in tests World War II (refs. 11 and 12) and was found to

involving motion and not on its activity against be fairly effective by some British investigators;
other types of nausea, however, due to conflicting results in other studies

Trimethobenzamide, which is reported to be it was not then adopted as a motion-sickness
an effective antinausant with little, if any, auto- preventative.

nomic activity, was ineffective in our studies. The parasympatholytic class of anti-motion-
In fact, even a triple dose did not produce a sickness drugs is represented in this study by
significant variation from the placebo level of scopolamine. This preparation, also known as

susceptibility to motion sickness, hyoscine by the British, has had extensive testing
The antihistamines include a large number of and has proven to be the most effective drug in

effective anti-motion-sickness remedies; these this classification, which includes a number of

have an "atropine-like effect" which is thought synthetic preparations and atropine. The central
to be due to a central anticholenergic (para- action of scopolamine is known to be several

sympatholytic) action. All drugs in this classifi- times greater than that of atropine; therefore,
cation were effective, to some extent, in prevent- it was chosen to represent this class of drugs.

ing motion sickness. It appears that the The antihistamines also have a central anti-
antihistamines are quite useful during exposure cholenergie effect and are effective against motion

to the mild types of motion. They have a longer sickness, but scopolamine has a much more pro-
duration of action and milder side effects than nounced action. Scopolamine was the single

some of the other groups of anti-motion-sickness most effective drug in our series of studies, but

drugs. In exposure to more severe motion, the the side effects of dry mouth and drowsiness are
antihistamine types did not prove to be highly disturbing factors with its use.
effective. The failure of the British investiga- Various combinations of drugs have been

tors to find these drugs to be effective may have tried against motion sickness, usually with little
been due to the more severe stress to which if any increase in efficacy. In the present study,

they exposed their subjects (ref. 10). d-amphetamine was combined with scopolamine
The sympathomimetics represent another class as well as with meclizine in an attempt to relieve

of drugs found to be effective; they were first the drowsiness produced by these drugs. When
used to relieve the drowsiness caused by some of used alone, d-amphetamine was effective

the other anti-motion-sickness drugs. The most against motion sickness, as was previously

effective representative of this class for this mentioned, and combined with scopolamine,

purpose was d-amphetamine. Tested alone in a potentiation of effectiveness was obtained;
a 10-rag dose, it was found to rank in effectiveness that is, the effect obtained was greater than the
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sum of the effect of the two drugs when tested the parasympathetic-somatic reactions would

separately. The combination of d-amphetamine result in vomiting.
and meclizine failed to increase effectiveness, The results of our drug evaluation studies
however. The increased protection afforded indicate that the effective drugs act by activat-

by the combination of a sympathomimetic ing the central sympathetic activity or blocking
(d-amphetamine) and a parasympatholytic the central parasympathetic activity. In this
(scopolamine) indicates a prominent role for way, the autonomic activity during exposure
the autonomic nervous system in motion sickness to motion would be shifted toward the protec-

and its prevention, tive sympathetic reactions. Habituation to
As motion sickness develops, the involvement motion could be the result of conditioning these

of the autonomic reactions is quite obvious, same protective mechanisms to a stronger
Earlier theories of motion sickness were based reaction when exposed to motion. The diverse
on autonomic activation, but the inability to nature of the effective anti-motion-sickness drugs
demonstrate consistent changes in such areas argues for a central action rather than a primary

as blood pressure, respiration, etc., which are one on the receptors or on the effector organs
responsive to alterations in autonomic activity, through peripheral actions. The reticular
caused these theories to be discarded. However, activating system is known to have a marked

when a subject in whom motion sickness is influence on the autonomic activity; however,
developing is observed in controlled experiments the presence of both stimulant and depressant
in the SRR, a waxing and waning of the various drugs in the effective groups would indicate that
autonomic reactions can be seen. The face of this is not the primary site of action. It would

the subject may flush, then become pale, only appear, therefore, that higher systems directly
to return to normal color. Variations also can involved with the autonomics are the critical

be seen in sweating, stomach awareness, etc., ones involved in the motion sickness reaction.
until motion sickness actually develops. In Motion sickness certainly involves not only the
individuals who have a tolerance above the stress autonomic system, but rather a complex of higher

of the motion they are being exposed to, varkms systems, including the vestibular, cerebellum,
reactions related to motion sickness can fre- somatic motor areas, hypothalamus, and possibly

quently be seen. This is also true of persons the reticular system.

protected by medications. Such observations, The perfect anti-motion-sickness drug has not
along with the types of drugs which give pro- been found, but the results of our studies appear
tection against motion sickness, would suggest to indicate promising pharmacological areas for
the action of competing systems in the central future exploration. The present drugs only
nervous system involving both divisions of the increase an individual's resistance and do not
autonomic nervous system. The signs and make him immune to motion sickness. In

symptoms associated with the sympathetic addition, the most effective drugs have unde-
division would then appear to be protective, sirable side effects. Therefore, much progress
while those associated with the parasympathetic is still possible in this field. The studies re-
division would contribute to the uhimate vomiting ported here demonstrate that the combination
of motion sickness. Therefore, as a person of scopolamine with d-amphetamine is the most

is exposed to the stresses of motion, the con- effective preparation now available. The
flicting sensory stimuli, such as vestibular, superiority of this combination of drugs has been

visual, and proprioceptive, would activate both demonstrated in SRR studies as well as in aero-
autonomic divisions. As the stress continues, batic and sea studies. For exposure to milder

either the protective sympathetic reactions conditions, antihistamines such as cyclizine
would be sufficient to prevent motion sickness may be sufficient and more agreeable to the
or the stress would override this protection and patient.
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DISC USSION

Baltics: As Dr. Jones pointed out in his introductory seat, the time for rotation of 210 ° from stop to stop may be

remarks, this symposium is devoted to the role of the yes- less than 3 seconds. When this rotation is combined with

tibular organs in space exploration, but I am going to take maneuverability of the aircraft, I think there will be problems

you out of orbit and bring you down to some lap-of-the- of a vestibular nature. In addition, may i point out that the

Earth problems with which the Army is concerned. As gunner looks forward and downward through his telescope at

you all must know, a few years ago competition was entered the target. He does not sit upright and thus aline the vertical

into by 12 aircraft companies for the development of an through his head. This should bring up some very interest-

advanced aerial fire-support system. This competition was ing problems in disorientation.

won by Lockheed which developed what is known as the com- Dr. Wood, do you have a pill or capsule you can recommend

pound helicopter; this is a most unusual-aircraft called the that can be bought at a drugstore for motion sickness?

Cheyenne. Ten of these prototypes have now been accepted Wood: These, of course, have to be made up, but they

by the Army for testing purposes. Regarding the maneuver- have a few more side effects than the antihistamines. The

ability of this aircraft, it 'has the following capabilities: a antihistamines such as Marezine or Dramamine are usually

diving speed of 264 knots, and an ordinary speed of about effective for the usual type of motion sickness.

220. It has the capability of turning around 180 °in 8 seconds Licking: I have been working in Dr. Wang's laboratory

at a speed of 100 knots, the radius of turn being 435 feet. and with Dr. Tokumasu of the University of Tokyo. We have

That means it is exposed to more than 2 radial g; it is stressed tested scopolamine on several units in the vestibular nuclei

for 3½, actually. It can hold a 90 ° bank, and roll at the rate of several cats, and scopolamine seems to have quite a

of 60°/sec. It is powered by 3400-horsepower gas turbine, dramatic effect, decreasing the capacity of motion-sensitive

It is called a compound helicopter because it has wings and units respor_ding to a specific movement. Were your sub-

a pusher prop tail. jects also tested as to their thresholds for perceiving motion,

The thing of interest which I think might be of concern to pitch, yaw, plunging, etc.?

some of us is this: Remembering that this is a highly Wood: No; but Dr. Miller may have done some other

maneuverable aircraft, the problem concerns the gunner or research in his area. He could probably answer that question

the copilot who sits tandem with the pilot, but at a lower because these same subjects were used in other Pensacola

level. The gunner's seat is placed on a rotating table; studies.
this can rotate at a maximum rate of 100°/sec, the maximum Miller: The semicircular canal threshold of nmst, if not

excursion of the rotation being 210 ° from stop to stop. The all, the subjects used by Dr. Wood was determined by
maximum acceleration of the rotating table is 180°/sec ='. measuring the smallest angular acceleration for which the

Assuming equal acceleration and deceleration rates of the direction of apparent movement of a fixed target (oculogyra]
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illusion) could be correctly identified. The thresholds which another. There was very little effect with 10 mg, and with

covered a wide range of acceleration values showed no 30 mg, the effectiveness fell below the baseline.

apparent correlation with motion-sickness susceptibility. Johnson: We found Torecan effective only when using

Johnson: I want to congratulate Dr. Wood for a very 40 rag.

well-organized research program and his explanation of Schiff: It was very interesting to see how effective Drama-

how these drugs act in relation to their chemistry. As he mine was. Dramamine is made of two molecules, one is a

has pointed out, controversy does exist as to the relative molecule of Benadryl and the other part is a chlorotheophyllin.
effectiveness of such drugs. I think this is due to experi- The Benadryl is highly parasympatholytic, and the chlorotheo-

mental design. The British, for instance, have long pre- phyllin is a preventive against sleepiness; so it is decidedly a

ferred hyoscine in the Royal Navy. I must point out that sympathomimetic.

I have published an article (W. H. Johnson and P. E. Ireland, There is a question whether or not sweating and skin

"Suppression of Motion Sickness by Thiethylperazine changes as occur with other parasympathetic, other cholin-

(Torecan)," Aerospace Med., vol. 37, 1966, pp. 181-183) ergic, phenomena, eccur since all preganglionic fibers are

which disagrees with your conclusions as to the effectiveness cholinergic; some of the postganglionic fibers are adrenergic.

of Torecan (a phenothiazine). We tested this compound If the level at which the acetylcholine was working was con-
in the Canadian Air Force on several search-and-rescue mis- ceived to be acting ,3n the preganglionic fiber, we would be

sions involving low flying in turbulent areas. The airmen able to explain all the phenomena without having to separate

experienced considerable airsickness until we used this them into two categories. This appears to be what happens

compound. Possibly you used a different dose. because the sympa/homimetic also is antagonistic to the

Wood: As shown in figure 1 of the text, we used 30 mg of parasympathetic. So one is driven further toward a greater

thiethylperazine (Torecan) in one instance and 10 mg in control. It is a very interesting study.



Prevention of Motion Sickness in the Slow Rotation Room by

Incremental Increases in Strength of Stimulus

ASHTON GRAYBIEL
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SUMMARY

Two groups of experiments in the Pensacola slow rotation room demonstrated the possibility of

preventing motion sickness in human subjects by incremental exposures to otherwise highly stressful

Coriolis accelerations. These accelerations were generated by motions of the subject's head out of

the plane of the room's rotation, in the first experiment, control of the accelerations was maintained

principally through regulation of the room's velocity. In the second, the adaptation was speeded up

by control over head motions made by the subjects as well as over the room's velocity.
The cardinal findings in these experiments have important theoretical and practical implications

in adaptation to Coriolis accelerations, as well as in the prevention of m.tion sickness by "natural"

means in a rotating spacecraft.

INTRODUCTION tunity for restoration is initiated. When assigned
tasks of a general nature are carried out, it is

This report deals with experiments in the difficult to measure the incidental stressful head
Pensacola slow rotation room designed to motions involw_d. Only if the head motions are

prevent motion sickness by means of incremental standardized and precisely carried out are
increases to otherwise almost intolerable levels quantitative data obtainable; obviously, however,
of Cori,)lis accelerations, the experimenter has only limited control over

The primary etiological factor causing slow head motions even when subjects cooperate

rotation room (SRR) sickness is stimulation of fully. Subjects left to their own devices differ
the vestibular organs, especially the semi- in the number of stressful head rotations made

circular canals, by Coriolis accelerations whether or not motion sickness is present.

generated by rotations of the subject's head out The experiments to be described fall into
of the plane of the room's rotation. Thus, two groups. In the first, control of the stress
control of the stressor is exercised through regula- was exercised mainly through regulation of the

tion of the room's angular velocity, which is SRR angular velocity; and in the second, con-

accomplished accurately and without difficulty, trol over the subjects' head motions as well as
and control over head rotations, which is not so the room's velocity was attempted. A terminal

readily accomplished in the active subject, velocity of 10 rpm was chosen partly because
With regard to the latter, the experimenter of the small likelihood that rotating orbiting

exercises control by requesting the subject spacecraft would exceed this velocity and partly
either to fixate his head, to carry out tasks in- because, in our experience, normal subjects

volving stressful head rotation, or to execute suddenly exposed in a room rotating at 10 rpm
standardized head motions. With head fixed, invariably became sick while carrying out

the stressor is "off"; adaptative processes come assigned tasks and housekeeping activities
to a halt, and if motion is present, the oppor- (refs. 1 to 4). Under different conditions, how-

l09
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ever, susceptibility to motion sickness at rota- SRR velocity (ref. 9). The initial speed of
tional velocities of 10 rpm may not be so great rotation was 2 rpm, after which there were
(refs. 5 to 7). nine unit increases in velocity, with dwell times

of 2 days at each level except terminal velocity
ADAPTATION THROUGH CONTROL (10 rpm) where the subjects remained for nearly

OVER VELOCITY OF THE SRR 9 days. Four male subjects, 17 to 19 years of
age, participated. All were healthy, and

Three initial probes were unsuccessful (ref. semicircular canal and otolith organ function
8). Two involved three incremental steps to was normal as revealed by the threshold caloric

terminal velocity on the SRR (10 rpm) over (ref. 10) and ocular counterrolling (ref. 11) test
a period of approximately 3 days, and the third procedures. The diagnostic categorization

a series of 40 incremental steps over a period used in estimating levels of severity of acute
of 40 hours. The subjects were free to follow motion sickness is summarized in table 1 (ref. 12).
their own interests except during testing periods After 3 days of familiarization with the test
of 4 hours in the morning and afternoon, program, the subjects entered the SRR where

Although all of the subjects experienced motion they remained for about 32 days; the rotation
sickness, it was estimated that the severity was period was nearly 25 days. They had a busy
lessened as compared with that experienced by schedule except in the evening and at times
subjects suddenly exposed to such a velocity, made "experimenter-paced" head motions.

It was concluded that none of the patterns of The stress profile and the symptomatology are
stepwise increases in velocity resulted in accept- summarized in figure 1 (ref. 13). With the ex-
able levels of adaptation to the stress, ception of drowsiness, the subjects' symptoms

In the next attempt, symptoms of motion sick- were either trivial or explicable (due to power
ness, with the probable exception of drowsiness, failure) in the perrotation period. Daily clinical
were prevented solely through control of the evaluations by the onboard physician-experi-

TABLE 1. -- Diagnostic Categorization of Different Levels of Severity of Acute Motion Sickness 1

[AQS = Additional qualifying symptoms. IIl= severe or marked II = moderate, I = slight]

Category Pathognomonic, Major, 8 points Minor, Minimal, 2 points AQS, 1 point
16 points 4 points

Nausea syndrome ......... Vomiting or Nausea II, Nausea I ....... Epigastric dis- Epigastric
retching. III. comfort, awareness.

Skin .......................................................... Pallor III .......... Pallor II ....... Pallor I .................. Flushing/subjective
warmth, /> 1I.

Cold sweating ............................................. III ................... II ................. I .........................................................

Increased salivation .................................... Ill ................... II ................. I .........................................................

Drowsiness ................................................ III ................... II ................. I .........................................................

Pain ..................................................................................................................................... Headache.

Central nervous .............................. i.......................................................................... Dizziness: eyes

system, closed, >i II; eyes
open, IIl.

Levels of Severity Identified by Total Points Scored

Frank sickness Severe malaise Moderate malaise A Moderate malaise B Slight malaise

(S) (MIII) (M IIA) (M IIB) (M I)

t> 16 points 8-15 points 5-7 points 3-4 points 1-2 points

From ref. 12.
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reenter, bolstered by routine hematological pro- up by controlling the subject's head motions as
cedures, urinalysis, and other laboratory tests, well as the velocity of the SRR.
revealed no definite variations from control Two experiments were conducted (ref. 14)in

values. The results of the analysis of the excre- which the dwell time at each incremental in-
tion rates for catechol amines and 17-hydroxy- crease in velocity of the SRR was determined
corticosteroids revealed no significant differences by the capacity of the subject to make a given

from baseline rates throughout the entire ex- number of standardized head motions generating
perimental period. On cessation of rotation,
ataxia was the most prominent and lasting com- TABLE 2.-Susceptibility to Acute SRR Sick-
plaint, and symptoms of motion sickness were ness (Dial Test)
either absent or trivial.

Rotation, Head Level of
Subject rpm movements, symptoms 1

ADAPTATION THROUGH CONTROL OF number

THE SUBJECT'S HEAD MOTIONS AND
VELOCITY OF THE SRR

Experiment I:
TA 7.5 60 M Ill

The experiments described in the preceding SC 1.5.0 35 M III
section demonstrated that adaptation would JE 20.0 70 MllI
occur in the absence of overt symptoms of motion Experiment II:
sickness, but that long periods were required RO 20.0 300 M I

when reliance was placed only on "incidental" CA 20.0 300 M IIA
DA 20.0 75 M lII

stressful head motions. It became apparent
that the adaptation process should be speeded ' See table 1.
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FIGURE 1.--The stress profile in the SRR and changes in level of motion sickness symptoms in four healthy subjects exposed to

rotation over a period of nearly 25 days. (From ref. 13.)
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Coriolis accelerations. The limiting factors of the head from the upright and return: about

were fatigue on the part of the subject and the 70° forward, about 35° backward, and 45 ° left
periods required for sleep and other life-support and right, always in the same order. The head
activities. Three volunteer subjects partici- movements were paced with a metronome set

pated in each experiment. All six were college for 2 seconds at velocities of ] to 6 rpm, 4 seconds
students, 18 to 23 years of age, and were selected at 7 to 9 rpm, and 6 seconds at 10 rpm.

mainly on the basis of clinical fitness and not on Standardized tasks were used to test for the
the basis of susceptibility to motion sickness, effectiveness of transfer of adaptation to omni-
None had any significant loss in hearing, all had directional motions at terminal velocity.
normal threshold caloric tests responses and Individual differences in susceptibility to
ocular counterrolling indices, and scores made motion sickness and in rate of adaptation to

on postural equilibrium tests (refs. 15 and 16) the stressful accelerations were revealed.
were within the normal range. Their suscepti- TA was by far the most susceptible of the three
bility to acute SRR sickness as revealed by the subjects. He became drowsy at a very low level
dial test is shown in table 2; note that the end- of stress, and this was followed by more severe

point, severe malaise (MIII), was not reached symptoms at higher angular velocities; indeed,
by subjects RO and CA at the cutoff point; i.e., he was not able always to make the required
300 head movements at 20 rpm. number of head motions. To insure prevention

of symptoms at 10 rpm in his case, a different
Experiment I program for the incremental increases in stress

The stress profile and summary of the findings would be required. There were small but
in the first experiment are shown in figure 2. significant differences between the other two
The subject's shoulders were restrained, and subjects. SC manifested very mild symptoms

the movements consisted essentially of flexion at 8 rpm while both SC and JE, for the first time,

500
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FIGURE2. --The stress profile in theSRR and manifestationsof motionsickness in threehealthy subjects exposedto rotationfor
over2 days. (Fromref. 14.)
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manifested symptoms when required to carry out movement of the trunk at the waist. The back of
the standardized tasks at terminal velocity, indi- the chair limited backward motion to about 40°,

cating that the adaptation acquired making the but the movements sideways were about 70° and
standardized (limited) head motions did not those forward, 90°.
afford full protection (incomplete transfer) The findings revealed that one subject, DA,

during activities inwAving omnidirectional head did not manifest any overt symptoms of motion
rotations of maximal excursion, sickness either perrotation or during the post-

rotation period, while in the other two the syrup-
Experiment I1 toms were either trivial (CA) or mild (RO). It

The stress profile of the second experiment, is also noteworthy that all of the subjects were

along with a summary of the findings, is shown ataxic on attempting I. walk after cessation of
in figure 3. The duration of rotation in the SRR rotation.
was a little over 2 days, during which time the DISC USSION
subjects made 1000 head movements at each one-

unit increase in velocity, except at 10.0 rpm when The cardinal findings in these experiments
they made 500 and then participated in gener- have important theoretical and practical implica-
alized activities. These sessions occupied about tions which are discussed below.
4 to 5 hours of each day, and there were no re-
strictions on the subject's moving about at other Theoretical Implications

times. In this experiment the subjects were The fact that adaplation to strong C.ri.hs
secured by means of a lap belt, and the move- accelerations can occur in the absence of overt
ments involved not only flexion of head but also symptoms of motion sickness is proof that the
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FIGURE 3.- The stress profile in the SRR and manifestations of motion sickness in three healthy subjects exposed to rotation fi)r

about 2 days. The I_lrge number of head motions accounted for the rapid ad_tptation. (From rej_ 14_)
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adaptive processes need not involve the neural under natural conditions. The initial responses
processes and events immediately responsible implicate the visceral nervous system, but these
for motion-sickness symptoms. In other words, effects are followed by second- and third-order

by preventing symptoms it was demonstrated effects, some of which are in the nature of"com-
that what is sometimes referred to as "habitua- plications" (refs. 18 to 20). Although it is well

tion of symptoms" did not occur and raised the known that a person may be more susceptible to

question whether it ever occurs. Groen (ref. 17) motion sickness in one force environment than
has discussed both the nature and possible sites another, there is no evidence that vestibular

of the adaptation processes, mechanisms underlying the symptomatology are
There was evidence of transfer of adaptation not generally applicable.

acquired at a given angular velocity of the SRR Practical Implications

to a higher velocity; also, adaptation acquired The findings in these experiments point the

through limited head excursions in two planes of way toward the prevention of motion sickness
arc transferred to omnidirectional head motions by "natural" means if it is decided to generate
of unlimited excursion, provided a sumcient artificial gravity by causing a spacecraft to
number of discrete motions had been made. rotate. Adaptation could be effected without

There was some evidence in our studies that evoking significant symptoms of motion sickness
overadaptation at 10 rpm minimized or abolished through control over the angular velocity of the
the susceptibility to symptoms on cessation of spacecraft and through the astronauts' control

rotation, suggesting a "general suppression" over head rotations out of the plane of the
effect with the exception that it was direction spacecraft's rotation. Additional observations
specific; adaptation in a clockwise direction in- must be made to determine the best profiles,
creased susceptibility to symptoms during ex- taking into account the number of stepwise
posure to a counterclockwise rotation. On ces- increases to terminal velocity and individual

sation of rotation, after long exposure at 10 rpm, adaptability, not only under terrestrial conditions
ataxia was prominent even when symptoms of but also at given subgravity levels. With regard
motion sickness were absent, implicating non- to the former, it may be pointed out that all
vestibular and somatosensory systems, persons have some vestibular reserve in a

Another implication, based on findings in rotating environment under terrestrial condi-
present and previous experiments in the SRR tions, but that, for some persons, this reserve is

(refs. 1 to 4), is that when symptoms do occur, nil in weightlessness even in the absence of
they represent a "failure" in homeostatic proc- rotation and even may be exceeded; i.e., symp-
esses. This failure is due to exposure to Coriolis toms may be evoked with head motions (ref. 21).
accelerations, the stressor, which exceed the Obviously, the incremental increases would be

capacity of the organism to adapt. In other differently patterned in the case of astronauts
words, the "functional vestibular reserve" rep- selected for low susceptibility compared with
resenting the adaptive capacity has been ex- an unselected group of astronauts. It is also
ceeded, and symptoms of failure appear. The essential to keep in mind that adaptation does

strength of the stressor per se is not important, not occur with head fixed, such as would be
but its strength vis-a-vis the reserve is all ira- the case while astronauts were sleeping or
portant. Some of the characteristics of natural while engaged in tasks not requiring head motions
or innate reserve are shown by interindividual out of the plane of rotation of the spacecraft.

differences in susceptibility to motion sickness For a given pattern of changes in angular
in persons with little or no previous exposure in velocity and the accompanying changes in g-
unusual force environments. Going beyond the loading which would be a function of the effective
limits of the functional reserve or a failure of radius, e.g., position of the astronaut, the remain-
homeostasis presumably allows, through the ing aspects in control of the vestibular stimulation

processes of facilitation and inhibition, irradia- would rest almost entirely with the individual.
tion of vestibular activity to areas not stimulated The greater the number of stressful accelerations,
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the more rapid the adaptation, although addi- be worked out as well as the best means of
tional guidelines are important. Overt symp- avoiding symptoms while a susceptible astronaut
toms of motion sickness should be avoided, is carrying out essential tasks.

although it is reasonable to believe that levels Return to a stationary environment, or quick

of stress just within the tolerance limits are transfer back and forth between a rotating
the most effective. Some experience is needed and stationary environment presents little or
to avoid summation or cumulation effects, no problem from the standpoint of motion

Very mild acute symptoms quickly disappear sickness but may with regard to ataxia which is,
with head fixation. Details concerning the in very large degree, a separate problem (refs. 22

most efficient way to effect adaptation need to and 23).
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DISCUSSION

Lansberg: Do you think the effect will linger once the man Proh_nged Rotation in a Space Station Simulalor," NASA

has become habituated and he has left the rotating room SP-77, 1965, pp. 279-292) that tbere were no symptoms

alter a nmnth or after 6 weeks? after stepwise adaptatiun. Even more surprising was that we

Graybiel: No, 1 do not. He loses this quite rapidly, had no postrotation effects. There were no postrotation

Lansberg: The habituation has to be rebuilt? effects providing the man kept his eyes open. Did you do any
blind rail walking or blind balancing-?

Graybieh Yes. He remains habituated for a little while,

but even within 48 hours it appears as though it is decreasing. Graybiel: We have perfl_rmed a number of experiments
indicating that symptoms of motion sickness and manifesta-

However, the subject does seem to retain a little extra protec-
tions of ataxia in the rotatiqg room, though commonly asso-

tion as compared to what was present bctorc. We have not

really studied this systematically, elated, can be "uncoupled." This was clearly demonstrated
in an experiment involving the use of air-bearing supports

Baldes: Have you tried any experiments on hypnosis in and articulated Fiberglas molds which permitted the subjects

your rotating room? to carry out activities, including walking, when in the Earth-

Graybiel: We had one young medical officer who practiced horizontal position. While rotating for 2 days in the "hori-

autohypnosis. He was able to prevent motion sickness while zontal mode," they experienced symptoms of motion sickness

making head movements at 20 rpm during the provocative dial which disappeared through the mechanisms of adaptation.

test. This requircd considerable effort on his part. Prior Then they were taken out of the molds and exposed for an

to the exposure, I found him lying on a couch. I asked him if additional 2 days when upright. In this vertical mode they

he was unwell. He said, "No," and that he was "just concen- experienced ataxia but not motion sickness. Whe.n the first
trating and getting set." We have precipitated one mild 2 days were spent upright, they experienced both ataxia and

attack of petit real. On two occasions we have precipitated a nmtion sickness which gradually disappeared. The last 2

severe circulatory collapse in a highly susceptible person, days were spent in the molds without complaints, and they

Symptoms due to a fall in blood pressure are extremely rare remained in the molds for a day and a half following cessation

in our experience, of rotation. Soon after rotation ceased, mild symptoms of

Newsom: 1 am glad to see the confusion between our two motion sickness appeared on making head movements. On

studies has finally been cleared up. As you recall, we re- getting out of the molds they experienced ataxia as the result

ported at the first symposium ira 1965 (Newsom. Bernard D.; of adaptation to the rotating environment acquired 3½ days

and Brady, James F.: "Observations on Subjects Exposed to previously; obviously different mechanisms were involved.
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SUMMARY

This is a review of the neurological elements responsible for coordinating tire vomiting sequence

and a discussion of the input and output components of the emetic reflex. Questions are raised as

to the nature of tile reflex arc ira the w,miting of motion sickness, the cause for the long onset of the

effects of motion sickness, and the mechanism by which anti-molion-sickness drugs act.

REVIEW OF THE VOMITING turbing the inherent control mechanism of
MECHANISM vomiting. Wang and I described this phenome-

non around 1948 and attributed the resulting

If we go back into medical history, we find the emetic refractoriness to destruction of a special-
ancient Egyptians depicted w)miting in a painting ized receptive site that we labeled the medullary
decorating a wall in a tomb of Thebes (fig. 1). emetic chemoreceptor trigger zone (CTZ). We

Presumably the lady is disgorging herself came to this conclusion for two main reasons,
between courses at a banquet. Another early namely, that olher reflex-induced emetic re-

reference to vomiting is in the form of a quotation sponses were not attenuated and, most impor-
attributed to a Christian physician of Bagdad, tantly, we had localized the vomiting center
one Elluchasem Elimithar, who died in 1063. itself more deeply, in the reticular formation

He said, "Vomiting is to be preferred when the of the medulla oblongata. Figure 4 is a phantom
moon is north of the house in conjunction with view of the medulla showing the spatial orienta-

a receding planet." tion of various components of the neurological
I have done some work in the footsteps of mechanism responsible for coordinating the

Dr. S. C. Wang on the vomiting mechanism, complex sequential pattern of vomiting. I will
Figure 2 shows a specimen of the brainstem of not dwell on the experimental evidence for
the cat removed after in situ perfusion with localization of the brainstem "centers." We
formalin. Such an experimental preparation have concluded from our studies that organization

lacking both forebrain and cerebellum, but of and integration of the emetic response must be
course retaining its peripheral connections, accomplished in the reticular formation and that

is quite capable of executing the complete the CTZ on the medullary surface serves solely
emetic process in response to appropriate as a sensory organ-a chemical transducer, if
stimuli-although certainly not to motion, you will-for specific agents in the bloodstream

Figure 3 is a drawing of the same surface of as well as'in the cerebrospinal fluid.
the brainstem as photographed in figure 2. The Figure 5 is a photomicrograph of a section

arrows point to the limits of a lesion on the through the region of the fourth ventricle (IV)
margin of the fourth ventricle that abolishes at the level of the superficial chemoreceptor
selectively the emetic effectiveness of a variety trigger zone and the deeper vomiting center
of chemical agents without in any way dis- (VC). It was only after we had developed our
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physiological disturbance. Tiffs is another investigative efforts we are faced with the fact

source of difficulty in extrapolating laboratory that anti-motion-sickness drug efficacy bears no
experiments-these elegant laboratory experi- correlative relationship to other types of anti-
ments on humans-to the real thing that occurs emetic drug activity. Thus, antiemetic drugs
in the field. We are also dealing, in human that are effective antagonists of substances that
experimentation, with the same situation faced act on the CTZ are not effective in preventing

in clinical pharmacology; namely, with the motion sickness. So where are the anti-motion-
ever-present hazard of subjective interpretation, sickness drugs acting? We observe many side

Going on to more specific questions: First, effects of drug therapy that cast suspicion on
what is the essential reflex arc in the vomiting actions unrelated to the specific neural pathways
of motion sickness? We know that structures participating in motion sickness, at least for the

of primary importance include the labyrinthine vomiting component. To get to the root of the
apparatus and the cerebellum. The whole problem, I think it becomes necessary to work
forebrain can be excluded, which takes care with the stripped animal, that is an animal with-

of a huge lineup of secondary effects that in good out its forebrain- one that is free of the psychic
measure are mediated by the hypothalamus, complications that confound the underlying

Second, what accounts for the long onset of physiological disturbance.

effect? This suggests cumulation of a trans- Nothing I have said diminishes the marvelous
mitrer, a neurohumoral substance. In looking work being done in humans, with its broad

at Dr. Graybiel's work with stepwise adaptation, psychological implications. I wish only to inject
this might be explained by some process such a note of caution that we may lose sight of the

as enzyme induction, which implies that the forest because of the trees, and that both ap-
hypothetical transmitter is destroyed faster than proaches are really required. We still have no
it is being made. Something of this sort could means of making educated guesses on drug
possibly account for adaptation, but where does efficacy in motion sickness. The role of our
the process occur? chemoreceptor trigger zone remains an enigma.

This is, of course, the key problem that poses In the final analysis, it appears that we should
our third question. At the present time, the two be looking for agents that act directly on the
most likely sites of transmitter action for motion- labyrinth or, with less likelihood of success, in
induced vomiting, which should also be con- the cerebellovestibular circuit.

sidered vulnerable points for therapeutic attack, I have not spoken specifically of the fine
are the labyrinth itself and the CTZ. Our lack critiques given today on such matters as sensory
of understanding of the discrete mechanism, conflict and the dynamics of motion as a physio-
however, is underscored by the empiric and large- logical stimulus. I hope, in any case, that I have
ly ineffective therapy of motion sickness that has touched most of the bases and beg to be excused
availed itself to date. As a result of extensive for my oversights.



SESSION V

Chairman: BO E. GERNANDT

Naval Aerospace Medical Institute



t

The First-Order Vestibular Neuron

HANSENGSTR6M

Upt*sa./a, Swedet_

SUMMARY

Tile vestibular part of tile stat,,ac,)ustic nerve contains both afl'erent and efferent til)ers, tile

former being much more nutnerous than the latler. The afl'erent neurons have bipolar ganglion
ceils h)eated in ,me single gangli,m cell in the tinier meatus. The gangli,,n cells I)ehmging I,) life
vestibular nerve are considerably larger lhan those of lhe spiral gangli(m and they also differ slightly
in structure. Several (d' the w_slibular fibers are /bicker than the cochlear fibers. The majority of
Ihe vestibular ganglion ceils are surf, rended by a multilayered myelin sheath. In this sheath s(mm

regi(ms are fmmd where the myelin is very regular. })titin most areas the myelin is quite irregular with
alternating regions of loose and semicompact myelin. The majority of the ganglion cells are mve-
linated, but a small percentage (2 to S percent} have only a single (,r a dmible layer of Schwaun-cell
cytoplasm. These cells differ considerably from the myelinated ones, not only in structure for they

are also mueh smaller. Tim way they tire related to tim sensory cells is not yet known, mu" is their

funeti,m known. Similar unmyelinated eells are found in about 10 percent of the st,iral ganglion of
the cochlea, and it has nol yet been possibh: to certify their sensory-cell relati(,n in the cochlea either.
The efferent fibers are rather thin compared with the afferent ones. Th,ey have their ganglion cells
in the brainslem. Their peril,heral endings form a rich plexus in the vestibular epithelia where they

form many en passanl synapses with sensory cells, nerw: calyces, and nerve fibers.

The vestibular nerve contains a large number (,1"uumyelinated fibers t'mmd intermingled with
tbe afferent and efferent nerw_'fibers.

During the last 10 to 15 years the fundamental man (refs. 9 and 10), it has been shown that the

princil:)les of the structural organization ofvestib- sensory cells are organized in a very character-

ular sensory regions have been described. In istic manner on each macula, and on each crista

studies by Wersii[l (ref. ]); by Wers'all and Flock ampullaris. Because of this characteristic ori-

(ref. 2); by Ades and Engstri;m (ref. 3); by Eng- entation of the sensory cells, we talk abmlt a

striim, Lindeman, and Ades (ref. 4); by Smith (ref. morphoh)gical polarization of the cells. Several

5); by Spoendlin (ref. 6), and others, it has been authors have shown that the morphological polari-

shown that all vestibular sensory epithelia have zation of the sensory cells is paralleled by a rum;-

two kinds of sensory cells, called type I and type tional polarization. This means that two nearby

II. Their structural features have been repeat- regions in ,me macula utriculi, for instance, truly

edly described in earlier symposia of this series give different responses to the same stimulus.

(figs. 1 to 4). It is rather generally agreed upon that the

In studies by Engstri;m, Ades, and Hawkins otoliths or the statoeonium membranes over the

(ref. 7), by Flock (ref. 8), and recently by Linde- -maculae (figs. 5 to 7) and the cupulae ()vel" the
cristae act upon the sensory cells by shearing

tThis research has been sponsored in part by the Office movements with respect to the surface of the

of Naval Research, Wasbinghm I).C.. ',hrough the European sensory epithelium. It is also generally accepted
Office ,,f Aerospace Research, OAR. U.S. Air Force under that the semicircular canals act as integrating
Conlraet F61052-68 C-0064.
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DISC USSION

Lowenstein: Do you have any information about the pos- by one nerve fiher; therefore, one medium-sized nerve fiber
terior ani_pulla nerve? Where does this join the pars superior at tile slope of the crista is innervating 10 sensory cells of

complex of the vestibular ganglions? It is due to develop- type 1. I might mention also, as I have earlier, that a type I

mental reasons that that nerve passes initially through the nerve fiber may innerwtte a type II cell. It might even be that

pars inferior nerve. It has always puzzled me how one can a sensory cell of type I has a nerve calyx around itself, and
find the reunion of the three ampullary nerves in the vestibular that nerve calyx has a synaptic bar onto the type 1 cell and

ganglion, a synaptic bar to an adjacent cell of type II on the side. Thus,

Engstriim: We have dissected the vestibular nerve es- there musl be an intermediate stage sometimes between these

pecially in the cat, but also in man and some other animals, cells. And I guess there is a development from the type 1I

We have also many serial-sectioned labyrinths. It is normal cells. It has been slated, especially by Wers_ill, that, in

that the nerve fibers are twisted. The posterior ainpullary reality, it was a mistake when he named these type 1 and the

nerve joins the saccular nerve to form the lower vestibular other type II. It should have been the opposite way.

nerve. After a slight further twist this nerve meets the Lowy: You mentioned that the spike generation occurred

superior vestibular nerve. We have tried to dissect the at the beginning of the myelinated part of the vestibular
vestibular branches free together with their ganglion cells, nerve. Is that based on direct experimental evidence (mr

but due to the complicated course of the different components, an analogy with other systems like Pacinian corpuscles?
it is extremely difficult to follow the nerve fibers during their

whole length. Engstrllm: I was referring to other reports, not to my

Steinberg: In one of your slides you seemed to show a own experiments.

progressive change in the structure of the ribbon synapse of Newsom: Would y_)u expand a little on the comment

the type II primary sensory cell. As you know, this type of you made about the radiosensitivity of the particular portion

synapse is also prominent in the vertebrate retina, at both of that cell?

the receptor and bipolar cells. Do you mean that this struc- Engstriim: These arc experiments made by Winther

lure actually opens into the extracellular space? who has published a paper (ref. 21 of text) on this problem.

Engstrom: I am not quite clear whether you mean the He studied irradiation ,)f the inner ear and discovered that by

invagination shown in my schematic drawings. In the irradiating the head of a guinea pig and giving a dosage to its

cochlea we have good evidence that invaginations form an inner ear. He then followed the degeneration taking place

intermediate stage in the formation of synaptic bars, but 1 and found just the opposite to what we expected. The

admit that the evidence is not conclusive. Large numbers damage occurred mainly at the slopes of the crista; all other

of similar invaginations of nerve-ending cytoplasm into in- damage we have been able to cause has been at the top.

foldings of the sensory cells have been observed in vestibular Thus, ototoxic antibiotics are always acting upon the top of

and cochlear sensory regions. Some such formations can the crista, but irradiation is clearly mainly acting upon the

be found among our illustrations, sides. Thus, there is a kind of inverse situation in this case.

Precht: My question concerns the type I sensory cell. At the same time he has shown that, by giving a high dosage

From your illustrations it appears that one fiber, one large of irradiation, he obtained a very clear damage to the base of

fiber, supplies one sensory cell. Is that a simplification or the cochlea. So the region of the slopes of the cristae gets
is this a true one-to-one relation between this particular type severe damage by irradiation, and it is much more than

I sensory cell and the primary fibers? Winther expected at the beginning of his studies. We have

Engstrom: This is a simplification. In the text it states been very amazed at b,)th the extent of damage and the form

that, at the top of the erista, there is a low factor relation, the damage takes, but it is quite clear and indisputable

approximately one to three or one to five. But down along absolutely that, with the high dosage, he obtained an inverse

the sides, Lindeman has counted up to 10 cells innervated form of degeneration.
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Computer Analysis of Single-Unit Discharges in the Vestibular

Nerve of the Frog

JORGE HUERTAS

AND

RUTH S. CARPENTER

Antes Research Center, NASA

SUMMARY

Description is made of several cl_ml)uter methods I. amdyzc single-nervous-uni! discharges. Their
applicability to the study of w_stibular units during slmnlancous anll prow_ked activity is discussed. A
computer window technique lhat analyzes the frequency, the shortc'st interval, the Jonges! inlcrval, and
standard deviation is described. This technique seems !o be par!icularly suited to describe the
changes in activity of vestibular neur¢,ns. The results are discussed in light ofpresen! knowledge of
neurophysiology and ana!.my.

INTRODUCTION irregular intervMs, an analysis of their relation-

ship has been difficult, if not impossible, until the

advent of the computer.

During the previous four decades, one of the For the study of neuronal activity correlated

main activities of the neurophysiologist has been with the sensory inputs that have a direct effect

the study of the electrical potentials produced by upon the electrical performance of the neurons,

neural structures. Much advancement in un- the vestibular nerve of the frog presents several

derstanding the functions of the brain has been advantages. These advantages arise from the

made by correlating electrical activity with the following facts: Direct studies of the nerve can

structural arrangement of the nervous system, be performed in the intact unanesthetized animal

On the other hand, as methods and technology (refs. 2 and 3); exposure of the vestibular nerve

have improved, understanding the performance for microelectrode recording is accomplished
at the subcellular level and at the level of the with minimum surgery, which is nondestructive

neuron and its neighboring cells has become a to the nerve, to the blood supply, or to the nerwms

challenge, system; and, most importantly, the nerve can

Since the time of Ramon y Cajal, the neuron be activated using physiological stimuli. These

has been recognized as the functional unit of the stimuli can be measured with accuracy by means

nerwms system (ref. 1). The neuron receives of accelerometers.

messages, elaborates messages, produces a There are many descriptions in the literature

response, and also serves as a conductor of the of computer analysis of neuronal spike patterns

message unit from neural station to neural sta- (refs. 4 to 7). Some of these methods demnn-

!ion. The neurophysiologist has been intrigued strated characteristic arrangement in the serial

for a long time by the presence of discharges- dependence of the intervals that can he described

equal in size and shape but occurring at different statistically. Most of the papers deal with the

intervals-- which express neuronal activity. As "spontaneous activity" resulting from stimulation

these discharges in some instances occur at of the neuron by natural means. The purposeof

137
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this paper is to present a computer analysis of determination of a stationary vestibular fiber
the performance of the vestibular units during were as follows: Pulses should appear with
stationary and acceleratory periods. These varying intervals; the minimum interval should
studies should then demonstrate- not be shorter than 1.5 msec; the size and shape

1. How the single unit of the vestibular nerve of the spikes should be very similar; and the

behaves during periods in which the animal is discharge pattern of the unit must exhibit stability
not submitted to the influences (accelerations) for at least a 20-second period before recording.

which noticeably alter its performance. For Recording was achieved (fig. 1) through a

the purpose of this paper, these periods will be sequence that began as the signal was picked up
referred to as "spontaneous." by an emitter follower with an input impedance

2. How the single unit performs when the of 40 megohms (G. Deboo, personal communica-
animal is submitted to acceleratory influences tion). Then the output of the emitter follower
(tilt or rotation), was amplified, displayed on a cathode-ray

3. Whether or not there is a constant relation- oscilloscope, and also monitored by means of a

ship between prestimulus activity and post- loudspeaker. The signals were recorded on
stimulus activity, magnetic tape for further analysis only when we

4. What happens after the animal is returned were reasonably convinced that we were dealing
to the initial prestimulus position, with one fiber. Ancillary display systems con-

sisted of an inkwriting oscillograph coupled with

a ramp generator with an automatic reset, where
MATERIALS AND METHODS the interspike interval is then represented by a

More than 100 single units in the Rana sequence of saw teeth, the shorter ones corre-
catesbeiana were studied. The frogs were sponding to short intervals and the longer ones to
anesthetized in a solution of tricanin'e methane- long intervals. An Ampex analog magnetic

sulfonate (Sandoz MS 222). Immediately there- tape recorded the activity of the unit under con-

after, their brachial and, lumbar plexuses were sideration, a fiducial mark that determined the
dissected and sectioned to prevent voluntary beginning of a sequence, a time mark in real
movements (accelerations) from the animal while time, the frog's electrocardiogram, and the values

recording. As the effects of this anesthesia expressed on the accelerometers.
tend to wear off in about 3 hours, this time of The computer processing was divided into

three steps: digitation of analog data, which for
elapse was allowed between preliminary prepara-
tions and the actual collection of data. By using

the technique of Guahierotti and Gerathewohl
EXPERIMENTAL ARRANGEMENT IN VESTIBULAR LABORATORY

(ref. 3), the vestibular nerves were exposed via
the roof of the mouth, taking particular care not _ FROG ]

TILTINGAND Jto damage the endolymphatic organ, the cerebral ROTATINGTABLE
circulation, the bony labyrinth, or the neural

structures. The animal was then placed on a
rotating and tilting table. The electrocardiogram

(EKG) was monitored constantly. The EKG is a
good index of the general condition of the frog.

The position of the table in three-dimensional
space was monitored by three accelerometers
that measured accelerations (positive or negative)

in the three spatial vectors x, y, and z (ref. 8).

The microelectrodes (tungsten) or micropipets I_R_HI4"-I GE_ArTOB_

(average tip diameter, 0.5 micron; filled with 4 M
NaC1) were driven slowly into the nerve by means FIGURE1.-Flow diagram demonstrating howthe single nerve

of a hydraulic manipulator. The criteria for fiber potentials were processed for computer analysis.
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the present purpose is the measurement of the tributing to the fast rise of the first histogram.
interval between two spikes; statistical analysis This illustration shows very clearly how the same
of such intervals; and display of the results, data plotted witilin different bounds have a
This display is done either using the cathode-ray seemingly different appearance. This must be

oscilloscope screen or an x-y plotter. This kept in mind for statistical analysis of the data.
report is concerned with the findings in 90 single The histograms for all fibers studied were uni-
fibers, modal and were skewed to the right. The mean

RESULTS interval in these histograms changed with each
unit; however, we noticed that the shortest

Spontaneous Activity interval, the longest interval, and the mean inter-

Computer analysis revealed a great deal of val maintained a dynamic relationship. Other

variability in the range of the firing frequencies authors have found unit-specific stability (ref. 6),
from unit to unit. Expressed in terms of the and our findings confirm this observation.

mean firing frequency, values ranged from under
1 per second to 46 per second. This analysis Provoked Activity
is limited to the slower firing units. Analysis of the short-term provoked activity

Figure 2 is representative of an interval histo- of the neurons of the vestibular system present
gram of spontaneous activity as described above, special problems resulting from the physical
The histogram at the upper left shows a fast rise characteristics of the system. Here the stimu-
time and an exponential-like decay of frequency lating force is an acceleration that by definition
of intervals. It shows also that 60 percent of all involves a rate of change. This is in contraposi-
intervals are contained in the 0- to 250-msec tion to other forms of stimuli acting upon other

class. The histogram on the upper right receptors in which the stimulus control can be
represents the same data but with different maintained within set limits. When a neuron
bounds. It still shows the same pattern; how- becomes activated by an acceleration, the firing
ever, as the bounds have been changed, the decay pattern changes suddenly. Figure 3 shows how

does not look so steep as it was in the first angular acceleration alters the pattern of inter-
instance. The histogram in the lower left shows spike intervals. If the acceleratory force is
the distribution of intervals between 0 and 500 applied in one direction, the intervals become

msec. This histogram contains essentially the shorter (facilitation); if the force acts in the
same information as the first two classes of the opposite direction, the intervals become longer
first histogram. Finally, the histogram in the (inhibition). It has been found that, in the hear-
lower right shows the interval frequencies con- ing organ, the same stimulus applied a second

: ! i IEVENT MARKER

I!I I INTERVAL,secI.O.5f _(jl_ _ii 'l_li_l li -Ll_il_ , li_l_il t )]i _1_itI

EKG ................. _1'_ I [ _ _ _ _ I _ _ _ I _ I

r
>. 0 u _ ' ' ' 'zee _ ?_ _c_ iz_ I_ iT_o?_0 0 U L_ EJ_3755_ 625 1_ 875 tC_ 0 ACCEL Z

,.o,_ f ACCEL'_ ,ACCEL X

I
O u 6z iZ5 _r Z_ 312_ 43Z_,_ 0 U 15 31 _ 6_ ?l 93 lee I_ 0 TIME CODE luuumm='JdJ_ulJ_'_ub_'Li_j_,b_

UPPER LIMITS OF SPIKE iNTERVALS, msec .......................lo'seci_........_i.................................

FIGURE2.--Interval histograms of spontaneous activity of a FIGURE3.--Responses of a vestibularnervefiber to horizontal
frog vestibularunit usingfour differentbounds, angular acceleration.
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time does not necessarily produce the same in- short period of time. If the effect of stimulation
terval response (ref. 9). In the vestibular organ, is facilitatory, the time lapse becomes short;
it is far more difficult to repeat the same stimulus if the effect is inhibitory, the time lapse becomes
several times, and we are still in the process of longer. The arithmetical mean for each group of

making these comparative studies. 25 spikes is represented by the heavy line and the

The statistical sample necessary to obtain an maximum and minimum intervals are repre-
interval histogram from a single unit must be sented in figure 4 by dots and dashes above and
rather large. Yet, during the period in which below the mean, respectively. The value of the
the unit is being excited, it is undergoing a con- mean is changed noticeably when the neuron is
tinuous change in performance. Therefore, it activated, a fact noted previously by Nakahama
is difficult to obtain a large enough sample that (ref. 11). Yet, regression analysis does not

can be compared statistically with the prestimu- prove that there is a direct relationship between
lus period. We are dealing here with two seem- the mean values and a given stimulus.
ingly different time series: the spontaneous activ- The second procedure to be considered here
ity time series and the stimulated activity time involves the use of an arbitrary time window and
series. It has been suggested that the time pat- observation of the behavior of the spike intervals
terns in spike discharges are influenced by both during these time limits. As the angular ac-
stimulus and refractory properties of the neurons, celeratory forces that were used in our experi-
Therefore, the stimulus histograms should re- ments lasted for about 2 seconds, 2-second
flect the continued influence of these two factors, windows were selected to study neuronal activity.

the "recovered probabilities" fief. 10). Figure 5 demonstrates such a window. The

The question of how long a sample must be duration in real time for each event displayed
during a stimulus remains unanswered. Stim- here is 2 seconds. The number of intervals is
ulation during 2 seconds of angular acceleration expressed in percentage, and the bounds for the

produces a response that is related to the vec- histograms have been established between 0
tor of the stimulus. During the 2 seconds and 500 msec, subdivided into 50 classes of 10
in which the acceleration is applied, the unit msec each. During the spontaneous firing event

responds either in a facilitatory or an inhibitory represented in the first histogram, 13 spikes
pattern. During facilitation the intervals are occurred in 2 seconds. The next 2 seconds were
very short and compressed in time. During
inhibition the long intervals provide a very

meager sample. Moreover, in the examples 5oor .-

under consideration the acceleratory rate is con- / " ""

tinuously increased. No two spikes occur 4oo "
during the same acceleratory value. " "" "

o

There are two procedural routes that can be _ .... .
used for the analysis of intervals during short E 300 ..
periods of stimulation. A set number of spikes J ""., "" ". • .

may be taken as an index of activity and to es- _ 200
tablish a relationship between the number of _-

z • MAXIMUM

spikes and the time during which they occur --MEAN
(fig. 4). The computer was programed to count Ioo MINIMUM

a predetermined number of spikes and clock
the time during which they occur. In this case, Fi"v-i i--i-_r?-r _-__--_r:,_--r--(;_.... ,

the spikes are grouped in sets of 25. The 0 50 IOO 150 200 zso
abscissa represents elapsed time. If the TIME,sec

intervals are long, the unit of time in which they FIGURE 4.--Responses of a vestibularunit of the frog to hori-
will occur is long; if the intervals are short, the zontal angular acceleration. Each point represents the
predetermined number of spikes will occur in a average of 25 intervals.
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SPONTANEOUS in figure 5, but with values obtained by the60

40 [ HI3 D! NI_ window technique plotted on semih)garithmicpaper. The abscissa represents real time, and
20

-_ 0 ,I II [,111,_..... ,I _ I _ I, I _l]=,t:,l,..,,,I ,.,"I' _''' thesecondsnUmberareregistered°fintervalsat theC°Untedtop,forTheeaChvalues2
ROTATION-PLUS

_]:_ ,,,, iDLi Nss for each window, maximum interval, mean in-
terval, standard deviation, and minimum inter-

2°Ill /ILl val, are plotted for each time period. The
o l!" ! r%,.." !"'":'+"h4 'l "'_I'"H'''_''_h'''_''_.... plot for spontaneous activity obtained in thisROTATION-MINUS manner shows how these four values remain6o

4o t N,0 i_>t NI_ within a limited range, and fluctuation of maxi-

mum and minirnum intervals occurs propur-
20

0 II !,II I H .!..,J I! , I, I|1,,I!1,,,+,,:1,1!:,,1,,,+,,,'.... tionately wilhout disorderly dispersion or conver-
o Loo260 3oo400 560 o ioo zoo 300400 5oo sion. The mean and the standard deviation

TIME,msec remain within very close limits, and in a few
instances we have seen them expressed by the

FIGURE 5.--Interval histograms of consecutive 2-second same value.
samples of a vestibular unit that responds to rotation.

When the unit is stimulated (in this case by

populated by 17 spikes. In both histograms rotation), all four values shift in the same direc-
there is a relatively good spread of intervals tion. If there is facilitation, both the maximum
among the different classes. These histograms and minimum intervals become shorter con-
can be described in terms of the arithmetic mean, comitantly. The parallelism observed during

standard deviation, largest interval, and shortest spontaneous activity is shifted, and the log-
interval, together with the number of spikes arithmic differences between the maximum and
occurring during each event. The second row minimum interwds remain seemingly unaltered.

of histograms in figure 5 shows the same windows In the case of inhibition, there is a shift in
during facilitatory stimulation. Here the number minimum and maximum to longer intervals,
of spikes has been increased by a factor of 8.6, which are clearly defined by the increase in value
and all the intervals have shifted toward the of the mean interval. The window technique

shorter periods. When deceleration occurs, the allows the physiologist to observe four statis-
neural unit becomes inhibited. This is ex- tical parameters at the same time. This is in

pressed by longer intervals and a slight decrease marked contrast t. other displays such as

in the number of spikes. The third row shows
the distribution of intervals when the animal is

_l 22 1522_2 2T 282T 24 _ _I _6 1925 20 24 III IB 19 21?6 21 15 1826 21 12 _0327 3120 7 6 54 51

rotated in the opposite direction. Here inhibi- ,0._-,-,-, ,- .... -..... -_-_-_-,-,- .... -_ _-,-,_
._ _°OllTk_OIJ5 ROlkfl_i ROlkTlO_i

tion occurs, and the number of intervals L LE, ,,_,,-'

diminishes. '_ I I
The method that was selected and devel- _

oped for the present study stresses the time _-

but it also takes into consideration the _ ___ /_sample,

number of spikes. The program written for _/_'_'--...... " _/'-"-" #"]>J"/'" _-- 1,";

this purpose produces the following data: It ,oi -'..f%/-- v "-- ,)/ -_
MAXIWUW i
HEANdivides the time events into consecutive 2-sec- ! ..... s_0_0_,_._

---- MINIMUM

ond epochs, counts the number of intervals _L__..........................................J

within this period, and finds the longest and the _ss,_T,,__,P_s
shortest interval. It also calculates the mean,

standard deviation, tYequency distribution, and FIGURE &-Firing patterns of a vestibular unit at rest andduring horizontal rotation. The numbers along the top

percentage frequency, represent the number of interwzls that occurred during each

Figure 6 shows data similar to those displayed 2-secondperiod.
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histograms in which only one parameter is ob- Figure 7 illustrates the behavior of another
served and time dependencies are lost. The unit that is essentially the same as the one dis-
window technique also allows a comparison of played in figure 6; however, the responses are
the number of intervals that occur during a given more marked. It also exemplifies how the firing

period of time and serves as an index as to pattern returns to the prestimulus level. Figure
whether the vestibular unit is firing spontaneously
or is being influenced by a stimulation. 5s55535s525453sI52so5454so58ss ST536_S_ 4045S_S_

10,000- , _ _ _ , _ _ , _ _ _ _ _ _ r _ _ _ _ _ _ -

17 19 1231 2T 2524 25 2224 15 19 17 78 15 8 12 3355 23 2f 24 25 28 15 3757 2l SPONTANEOUS TILT TILT

I0,000F .......................... _ LEFT RIGHT

I ,SPONTANEOUS ROTATION _TATION SPONTANEOUS ROTATION1

q
LEFT RIGHT NIGHT I000

MAXIMUM

_ ..... STANOAHOOEVIATION

"/'¢---_-"/\ _ \/// \/_ _ .............. S" "_ ..... " """ ""
MEAN

..... STANOARODEVIATION
---- MININUW

i I I I I I i I J I i i I I I J I t I I I i _ r I I I
_- 2 5Ec I I I I I L I I I I [ I I I I I I I I I I I

SUCCESSIVETIMESANPLES "_ _ 2S[C
SUCCESSIVETIMESAMPLES

FIGURE 7.--Firing patterns of a vestibular unit at rest and FIGURE 8.-- Vestibular nerve unit that is not sensitive to tilt.

during horizontal rotation. The numbers along the top Note how the values remain within the prestimulation limits

represent the number of intervals that occurred during each during tilt.
2-second period.

EVENT MARKER- i

VESTIBULAR UNIT,,_.,,_BL._ .......................................... _ 1._........ L,.......J,_.,L,._.,t_J_U _

EKG"

Z AXIS

Y AXIS

TIME CODE 'l .... "J _ l .... l l " ................. " I l .....

EVENT MARKER l

It I I ' _i t I •

EKG

Z AXIS-

Y AXIS- _ /_J _------

FIGURE 9.--Response of a vestibular nerve unit to linear acceleration.
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8 is an example of a unit that is not sensitive to ,o_o3_2,2,,,z,_,3, z2r_5_42,_,2,_,_2,9232, r 59596,_3,,,_,_
tilt. Notice how the values remain within the E s,.o,._,¢o_ ,_ _,_,

same range duringstimulatiOn.case respond to I _,c,r _....
In the of vestibular units that ,0_

tilt, theoretically the situation should be different _ __ _z_

because tilt can be maintained at the same value _ '_! /- _, ......

for a long period of time. Therefore, a compari- _.- _'- . //\\_7_son of a spontaneous interval activity and an ,0_ \_ _-._/_-\\/ _l_\_/\\
? -- MEAN

equivalently long sample obtained during tilt r ..... S_,,_,ooE_,_T,0, _"
should be possible. Figure 9 shows the perform- " .........,[_............................. J
ance of a unit that responds to tilt. It is obvious _ _ 2_ SUCCE_IV[T_MESAMPLES

that this is not a steady state and that with time

there is a trend toward adaptation. Therefore, FIGURElO.-Comparison of the spontaneous firing patterns of
a vestibular unit and the pattern obtained during tilt. The

an interval histogram is not representative of the numbers along the top represent the number of intervals that

active process that is taking place. Because of occurred during each 2-secondperiod.

this fact, the window technique is also better

suited for the analysis of the behavior of these

units that respond to tilt. Figure 10 exemplifies by increasingly longer intervals proportional to
the sequence of events that characterize the per- the length of time during which the unit remains
formance of such a unit. By use of this method, constantly stimulated.

the trend toward adaptation in time can be ob- The shifts that we found in the values for the
served with accuracy during sustained tilt. In maximum interval, minimum interval, and stand-
one instance a unit was followed with this trend ard deviation suggest that peripheral and/or

for 80 seconds, and the unit did not return to the central biasing mechanisms must exist, of
baseline values of spontaneous activity. At the which the dynamic range of the spontaneous

present time we are in the process of studying discharge is an expression. This mechanism
more of these long-term shifts, must involve a regulatory system that inhibits

or releases the first-order neuron from its in-

CONCLUSION ttuence according to a pattern of information.
Perhaps this originates at other sensory terminals

The vestibular units that have been found to of the same organ, as is the case in the retina, or
date can be classified as follows: (1) units that at the level of the central nervous system, as

respond directionally to rotation only, (2) units is the case in the muscular sensory system.
that respond to tilt only, (3) units that respond to The long periods of inhibition during linear ac-
tilt and rotation, and (4) units that do not respond celeration suggest the importance of inhibition
to the acceleratory stimuli applied. The spon- for carrying information. Our findings are in
taneous activity for these types of units varies agreement with what has been found in single-

markedly in range. The different frequencies unit work of other sensory systems, particularly
were represented in all four types; however, the the visual and auditory systems.
faster frequencies were found in those units that To understand the performance of the first-
responded to rotation. In spite of this variability, order neuron of the vestibular system, a great
each fiber seems to conform to a typical firingpat- amount of research is still needed. This re-
tern, and the values of the longest and the shortest search must be carried out at the cellular
intervals fluctuate about a characteristic mean. level using electron-microscopy techniques,

Despite this, the spontaneous discharges do not at the end-organ level using histoehemistry

predict the degree of change during stimulation, procedures, and at the level of the central nerv-
The ratio of change can be greater in some of the ous system using neurophysiological techniques.
slowest firing units. For other units, the pattern The computer analysis of these data will help
of the prolonged response to tilt is characterized in the progress of such an endeavor.
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DISC USSION

Lowenstein: How much hysteresis did you find on re- Huertas: Yes, we measured automatically the minimum

peated stimulation with the same magnitude of stimulus, interval, and the minimum interval was different; it varied

say in utricular preparations? within a few milliseconds to a similar stimulus.

Huertas: Hysteresis was always found. It varied front Precht: Is there any kind of a mathematical relation

case to case. 1 have no measurements on hand, but hys- between the stimulus and the response, for instance, linear

teresis is present, or logarithmic?

Pompeiano: In your experiments was the vestibular nuertas: Not if one uses only one parameter. We are
nerve contralateral to the recorded side cut or not? attempting to find a definite answer to your question in the

nuertas: No; I have not recorded that. It is very hard to near future.

get equivalent fibers. In nay attempt to do so I kept getting Graybiel: My comment is in regard to the behavioral
two differently acting fibers all the time. To establish a aspect. If you tilt a person and measure ocular counter-

mathematical order with one fiber is hard enough, rolling, the roll will remain about the same value for a period

Precht: You mentioned that you got quite different re- of hours. If you expose a person under conditions wherein

sponses when you tested the same unit more than one time he observes a change in direction of a line of light in response

with the same acceleration. The illustration makes the to a chartge in direction of the resultant vector with respect

reason for this difference in response quite obvious; the to the observer, there is a dynamic phase, followed by a static

stimulus was not the same in each test. phase; there is no decay over a long period of time, at least

Huertas: No. up to 21 hours.

Preeht: The second point is, Did you try to correlate the Money: Did the height of the spikes vary with acceleration

shortest spike intervals measured in a single unit during or did the height of the spikes remain constant?
constant stimuli of various magnitude with the stinmlus Huertas: It remained constant. But one of the beliefs

intensity; that is, did you try to get a stimulus-response in neurophysiology is that the spikes of the same neuron are

relationship? exactly alike. They are not. Therefore, other criteria for

Huertas: Do you mean did I correlate the stimulus with stationary are needed. Let me answer your question this

the minimum interval only? way: They remain within the same patterns as before ac-

Preeht: Yes. celeration.
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Vestibular and Somatic Inputs to Cells of the Lateral and
Medial Vestibular Nuclei of the Cat
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The RockeJeller Ul_iversity
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An important input to Deiters' cells is that from the labyrinth, which includes fibers frmn static
receptors. The input from the labyrinth is seen in a larger fraction of the cells projecting to the
cervical and thoracic cord than of the cells projecting to the lumbosacral cord. Bolh groups of cells
can be facilitated by impulses ascending the spinal cord. These impulses are due to activity in a
variety of peripheral nerves coming from different receptors, but apparently not from primary spindle
endings or Golgi tendon organs. The cells of Deiters' nucleus, that influence the excitability of mo-
toneurons at all levels of the spinal cord via the vestibulospinal tract, are therefore themselves impinged
upon by a variety of inputs that share in the regulation of their excitability.

Some cells in the medial vestibular nucleus project to the spinal cord, but many more project
rostrally. Both types of projecting cells are almost completely absent from the caudal region of the
nucleus, as is the monosynaptic input from primary vestibular fibers. Ti_e vestibular input originates
in the horizontal canal and utricle, and probably in other parts of the labyrinth. Electric stimulation
of the labyrinth activates many projecting cells as well as many cells withot_t ]_)ng axons. There is
also a somatic input to cells in the medial nucleus, and it is of particular interest that vestibular anti
somatic inputs, as well as eommissural inputs and inputs frmn fibers descending from higher levels
of the central nervous system, converge on many cells lacking long axons projecting rostrally or to the
spinal cord. It is probable that among these cells there are interneurnns that regulate the activity of
projecting cells.

INTRODUCTION analysis of the organization of the lateral and

medial vestibular nuclei of the cat, and of

In recent years a remarkable amountofdetailed vestibular and somatic inputs to cells in these

anatomical information has become available nuclei. All our experiments have emphasized

about the organization of the vestibular nuclei, study of cells identified by location and projec-

the projection of their cells and the inputs to tion, since only in this way is it possible to relate

them, to a large extent through the investiga- physiological results to the anatomical data at

tions of Brodal and his collaborators in Oslo. our disposal. In this paper I will describe some

It is profitable to attempt to relate this anatomical of the results of experiments that have been

knowledge to the properties of neurons in the presented in greater detail elsewhere (refs. 1 to 4).

vestibular nuclei, as revealed by electrophysi 0- All our experiments have been performed on

logical methods. Such studies have been under- acutely decerebellated cats, anesthetized by

taken in several laboratories, including ours. intraperitoneal injections of chloralose (40 mg/kg)

So far, we have concentrated our efforts on an and urethane (800 mg/kg) dissolved in p,@-

ethylene glycol, paralyzed by gallamine tri-

ethiodide (Flaxedil, American Cyanamid Co.),Work in the author's laboratory was suppurted in hart
by grant 5R01 NI_I(12619 ['rmn the National "Institute of and artificially respired. A diagrammatic repre-
Neurological Diseases and Blindness, USPHS. sentation of the experimental arrangement is

145



146 THE ROLE OF THE VESTIBULAR ORGANS IN SPACE EXPLORATION _1/

shown in figure 1. Recording of the activity of an electrode inserted near the descending medial
single neurons in the vestibular nuclei was longitudinal fasciculus at the level of the third
extracellular, by means of glass micropipets or first cervical segment, or by an electrode
filled with 2 M NaC1 saturated with Fast Green placed in the medial longitudinal fasciculus
FCF. With such electrodes it is possible to about 2 mm rostral to Deiters' nucleus. Ves-

eject a small amount of dye (refs. 5 and 6), which tibular afferent fibers were activated by electrical
was frequently done at the bottom of electrode stimulation by means of an electrode inserted
tracks. The dye marks were easily found in inthe scalavestibuli. In experiments on Deiters'
serial histological sections of the vestibular region nucleus, only the ipsilateral labyrinth was stimu-
prepared after each experiment, which made lated, but contralateral stimulation was added in

accurate localization of the tip of the recording many medial nucleus experiments. In one series
electrode possible. During experiments, cells of experiments, natural stimulation of static
were sometimes found by the presence of receptors was achieved by tilting (ref. 7). Somatic

spontaneous or synaptically evoked activity, afferent fibers were activated by electrical stimu-
more often by antidromic activation. Anti- lation of various muscle, cutaneous, and mixed
dromic invasion of Deiters' cells resulted from limb nerves, as well as by stimulation of spinal
stimulation of the vestibulospinal tract at various tracts with the same electrodes used for anti-

levels of the spinal cord; cells in the medial dromic stimulation of cells in the vestibular
nucleus were activated antidromically either by nuclei. Further details of experimental proce-

dures can be found in the original publications
(refs. 1 to 3).

A RECORDING DEITERS' EXPERIMENTS

ELECTRODE

THE LATERAL VESTIBULAR NUCLEUS

I C3-C4 L3-L4

s B Many cells in this nucleus project to the spinal

_____ //_/_ cord in the vestibulospinal tract, ending at all

LABYRINTH . O _ LIMB
.......... _ " _ ...... levels from upper cervical to sacral (refs. 8 to 10).

ENC_IE_LNT_°sc_L Electrical stimulation of Deiters' nucleus resultsB in facilitation, monosynaptic or polysynaptic, of
extensor motoneurons at all these levels of the

8 MEDIAL NUCLEUSRECORDING

......... EXPERIMENTS spinal cord (refs. 1! and 12). Anatomical, as
well as some physiological, investigations have

CONTRALATERAL S suggested that the nucleus is somatotopically
_AB...... organized; specifically, cells projecting to the

cervical cord are to be found predominantly
in the rostroventral part of the nucleus while

........... DMLF cells projecting to the lumbosaeral cord areCERVICAL LUMBOSACRAL

........... E....... ENT mainly located in its dorsocaudal region (ref. 13).
To a certain extent this distribution has been

confirmed by recent electrophysiological studies

FIGURE 1.--Diagram of experimental arrangement. A, ex- (refs. 2 and 14). Our experiments, however,
periments on Deiters' nucleus. Stimulating electrodes (S) show that there is considerable departure from
at C3-C4 and L3-L4 were used for antidromic activation

the ideal somatotopic pattern. Localization ofof vestibular neurons. Cells activated by the lumbar and

cervical electrodes were classified as L-cells, while cells cells found in tracks marked by dye ejection in-
stimulated only by the cervical electrodes were classified as dicates that the dorsocaudal part of the nucleus
C-cells. The other stimulating electrodes were used to does contain mainly cells whose axons extend

stimulate various limb nerves, and the ipsilateral vestibular to the lumbosacral cord (henceforth designated
nerve. B, experiments on the medial nucleus. Electrodes L-cells). In the rest of the nucleus, L-cellsfor antidromic stimulation were placed in the medial longi-

tudinal fasciculus rostral to Deiters' nucleus (MLF) and in and C-cells (the latter projecting to the fore-
the upper cervicalcord (DMLF). limb region and thoracic cord) are intermingled,
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C-cells outnumbering L-cells by a relatively A s c

small margin (ref. 2). Such serious blurring of _]_] W i_i_lmlD if_

somatotopic organization must be taken into
account when considering the functional meaning
of the termination of different types of afferents _ a

in specific regions of the lateral vestibular
nucleus.

It has been suggested previously that Deiters' _ Inucleus can be divided into parts that are

not equivalent functionally. Our findings on FIGURE2.--Effect of stimulation of the labyrinthon a rostral
the distribution of spontaneous activity, which L-cell in Deiters' nucleus. Each picture consistsof several

is much more prevalent dorsally than ventrally superimposed sweeps,recorded extracellularly. A: l/sec.

in the type of preparation we have used (ref. 2), The cell is driven monosynapticallyfrom the labyrinth andresponds to every .,;hock;there is a largeP-wave,represent-
and on the distribution of the vestibular input, to- ing the incomingafferentvolley,right after thestimulusarti-
gether with the results of others on the location fact. B: 5/sec. Cell misses occasionally, revealing the
of cells inhibited by stimulation of the cerebellar underlying N1 potential. This is a postsynaptic (monosyn-

cortex (ref. 15), indicate that the most mean- aptic) field potential. C: 20/sec. Cell no longer responds,

ingful dividing line is between the dorsal and but a sizableN1 remains. Time mark, msec;voltage cali-
bration, 500 txV. Negative deflection upward in this and

ventral regions of the nucleus. As we shall succeedingfigures. (From ref. 3.)
see below, the ventral part of the nucleus re-

ceives a pronounced input from the labyrinth, stimulating the labyrinth with a single electric
The dorsal part, on the other hand, receives a shock. Some of these cells had axons the con-
strong inhibitory input from the cerebellar

duction velocity of which exceeded 100 m/sec;cortex. It is therefore reasonable to consider

ventral Dieters' cells as relays between labyrinth these were giant cells. As shown in table 1,
...... almost alt"cells that fired m_iaosynaptically_were

and spinal cord, while dorsal Deiters' cells are
part of the efferent system of the cerebellar located in the ventral part of the nucleus. In

addition to cells fired monosynaptically, a few
cortex. (16/141, or 11 percent) were fired polysynaptically

Vestibular Input to Cells in the Lateral Nucleus with a longer latency. This relatively small
number of cells fired polysynaptically is in con-

It was shown by Walberg, Bowsher, andBrodal trast to the much greater number of medial
(ref. 16) that vestibular afferents terminate nucleus cells so fired (ref. 4, and below).
principally in the rostroventral part of Deiters'

nucleus. This has recently been confirmed by TABLE 1.--Fraction of Cells Driven Monosyn-
Mugnaini, Walberg, and Brodal (ref. 17) who aptically by the Labyrinth in Different Part of
showed, in addition, that vestibular afferents Deiters' Nucleus
terminate not only on small- and medium-size
cells, but also on some giant neurons. In ex- Rostral Middle Caudal
cellent agreement with these findings, Ito and his

colleagues (ref. 15) have observed monosynaptic E)orsal.................. 1/3C 0/8 014C
excitatory postsynaptic potentials (EPSP's) in 1/TL .................. 0/10L
Deiters' neurons on stimulation of the vestibular Ventral................. 6/12C 3/6 6/9C

nerve, and our results (ref. 2) show that such 9/llL .................. 2/6L
monosynaptic excitation, illustrated in figure 2,
is found almost exclusively in the ventral part of This table is based on 76 cells foundin tracks containinga
the nucleus, dye mark. Locationof cellswasdetermined froman analysis

of serial frozen sections cut at 40 micronsand stained with
Among the cells that we sampled, 31 of 61 thionin. L, cell projecting to lumbosacral cord; C, cell

C-cells (51 percent) and 18 of 80 L-cells (22 projecting to cervicothoracic cord. Data from ref. 2 and
percent) could be fired monosynaptically by from unpublished observations by B. W. Peterson.
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Although stimulation of the labyrinth excites the caudal part of Deiters' nucleus. In accord
more C-cells than L-cells, in keeping with with these observations, short-latency excitatory

previous anatomical and physiological findings postsynaptic potentials have been observed
(ref. 13), the number of L-cells excited is far from in some Deiters' cells following stinmlation of the
negligible. A relatively direct pathway therefore ventral and lateral funiculi of the cervical spinal
exists between the labyrinth and segmental motor cord (ref. 14). What the functional meaning of
mechanisms at all levels of the spinal cord. this pathway is remains to be determined. It is

The question may be asked, What part or unlikely to play a very important role in regulating
parts of the labyrinth give rise to the afferent the activity of Deiters' cells; in our experiments,
fibers that reach the lateral vestibular nucleus? stimulation of the spinal cord or of peripheral

In 1933, Lorente de Nd (ref. 18; see also ref. 19) nerves caused almost no short-latency modifica-
showed that while there is overlap between the tion of the activity of Deiters' cells (refs. 1 and 2).

projections of different parts of the labyrinth We have observed that stimulation of various
within the vestibular nuclei, there is a clear forelimb and hindlimb nerves can produce a

projection to Deiters' nucleus from the utricle, relatively long-lasting facilitation of the firing
the receptor for position sense. Adrian (ref. 20) of single units in Deiters' nucleus, as is shown in
found that vestibular neurons in the cat were figure 3 (refs. 1 and2); not unexpectedly, facilita-

affected by tilt, and subsequently Duensing and tion can also be evoked by stimulation of muscle
Schaefer (ref. 21) studied this effect of tilt on and cutaneous afferents from the neck (un-
various cells in the vestibular nuclei, some of published observations by R. M. Wylie, M.

them located in Deiters' nucleus. Recent detailed Yoshida, and V. J. Wilson). Unlike stimulation of

investigations by Peterson (ref. 7) have shown that the labyrinth that could fire silent cells, stimula-
the spontaneous activity of manylateralvestibular tion of peripheral nerves usually was able only

cells, including cells with axons in the vestibulo- to facilitate cells with ongoing spontaneous activ-
spinal tract, can be increased or decreased by ity, of which there were many. Some other
tilting (see also ref. 22). In agreement with the characteristics of this peripheral activation of

findings described above, Peterson observed Deiters' cells are as follows (refs. 1 and 2):
that cells strongly affected by tilting were (1) It has a latency near 20 msec (on stimulation
generally found in the ventral part of Deiters' of hindlimb nerves), and the pathway that pro-
nucleus; electrical stimulation revealed that duces it has a spinal conduction velocity ranging

most of the strongly affected cells received a from 10 to 80 m/sec, usually 40 m/sec or less;
monosynaptic input from the labyrinth. This (2) the facilitation lasts 100 to 200 msec; (3) while
monosynaptic input could come from various
receptors, as there is evidence that canal and A 8 ¢
utricular receptors often converge on cells in the _ _ _ _ • '
lateral nucleus, as well as in other nuclei (refs ..... ,
7, 21, and 23). _

Somatic Input to Cells in the Lateral Vestibular ; i i ; ; ;' I
Nucleus

It has been known for some time that fibers in FIGURE3.--Activation of a Deiters' L-cell by peripheral

the restiform body may give off collaterals to the stimulation. Extracellularly recorded spikesare displayed
on the lower beam while the afferent spike and cord po-

vestibular nuclei (cf. ref. 24). These fibers tential, evoked by stimulation of hindlimb nerves and re-

may include dorsal spinocerebellar tract fibers, corded at the cord-dorsal root junction, are displayed on the

but at least some of the spinovestibular fibers upper beam.. A, spontaneous firing; B, effect of a strong

that have been described recently (refs. 25 and shock to many ipsilateral nerves simultaneously; C, effect

26) are not collaterals of the dorsal spinocere- of a stimulus to the superficial peroneal nerve, strong enoughto activate many delta fibers. Calibrations: time, 10 msec,

bellar tract. Spinovestibular fibers are scanty in amplitude for lower beam, 500 IxV. Spikes retouched.

numbers and terminate, among other places, in (Fromref. l.)
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single shocks to cutaneous or mixed nerves are and there is considerable agreement among the
effective in producing facilitation, multiple results obtained (refs. 1, 2, and 28). Facilitation
shocks to muscle nerves are usually required, results when cutaneous or mixed forelimb and
An important result is that stimulation of ipsi- hindlimb nerves are stimulated with very weak
lateral and contralateral forelimb and hindlimb shocks, and increases as the shocks are strength-

nerves often produces facilitation of the same ened to 20 or more times the threshold of the
Deiters' cells, and these may be cells projecting largest fibers in the nerve; impulses in large and
to the forelimb or hindlimb regions of the spinal small fibers can lead to facilitation of Deiters'
cord. The facilitation is not organized somato- cells. Evidently the large fibers that are effec-
topically (ref. 2). Similar convergence was ob- tive in producing facilitation and that are t)mnd

served previously (refs. 27 and 28), but these in mixed nerves are not muscle afferent fibers.
earlier experiments were performed in animals Stimulation of hindlimb muscle nerves does not
with the cerebellum intact. Because of the result in facilitation until the shocks are strong

localized distribution of spinovestibular fibers, enough to stimulate fibers larger than group I,
the extensive convergence was ascribed to whether the cerebellum is in place or removed

passage of impulses through the cerebellum. (fig. 4; see refs. 1, 2, and 28). The same is true
Our experiments on decerebellate animals show for stimulation of forelimb muscle nerves in
that this convergence is characteristic of the decerebellate animals (fig. 4; ref. 2); in animals

spinal or bulbar components of the ascending with an intact cerebellum it is possible that
pathway. The nature of the ascending pathway stimulation of the smaller forelimb group I fibers
is apparently quite complex and it may include may influence Deiters' cells (ref. 28), but the data
pathways through the reticular formation as presented so far are not sufficient for critical
well as collaterals of spino-olivary, spinocerebel- evaluation of this possibility. It is interesting
lar, and reticulocerebellar fibers (refs. 1, 15, that cells in the brainstem reticular formation
and 29). Finally, in our experiments, just as also are not affected by stimulation ofhindlimb, or

in those of Pompeiano and his colleagues forelimb, group I fibers (ref. 31). Group I fibers
(refs. 27 and 28), the change in excitability activate some types of spinocerebellar fibers
of Deiters' cells due to peripheral stimula- (ref. 32), and stimulation of group I fibers from
tion was usually facilitatory and only infrequently some hindlimb muscles, particularly quadriceps,

inhibitory. Impulses reaching the cerebellar evokes field potentials in the olive (ref. 33). As
cortex could activate Purkinje cells, which it is likely that collaterals of some spinocere-
are inhibitory cells (ref. 30) and which project bellar or olivocerebellar fibers terminate in
directly onto dorsal Deiters' neurons. Of Deiters' nucleus (see above), the possibility
course, impulses relayed through the cerebellar remains that searching by means of intrace[lular
cortex and deep nuclei can produce not only recording, or by means of extracellular excita-
inhibition but also facilitation and disinhibition bility testing more exhaustive than so far em-

of Deiters' cells (ref. 15), and the net effect ployed might reveal, even in decerebellate ani-
resulting from different peripheral stimuli mals, group Ia and Ib inputs to the cells of
remains to be determined. Nevertheless, it Deiters' nucleus that have so far escaped detec-

would be expected that stimulation of peripheral tion. This possibility is even stronger in animals
nerves in animals with the cerebellum intact with the cerebellum intact. A group Ia input
should produce more inhibition of Deiters' cells from hindlimb nerves (gastrocnemius-soleus),

than has so far been described, and systematic activating Deiters' cells by disinhibition via the

investigation of this matter seems to be required, cerebellum, has recently been assumed in ex-

What kind of afferent fibers, when stimulated, plaining long-latency facilitatory effects on H

produce facilitation of cells in the lateral ,/estib- reflexes in human subjects (ref. 34).

ular nucleus? This question has been asked in Facilitation of Deiters' neurons can be pro-

experiments performed in animals with the cere- duced by weaker stimuli when stimulating fore-
bellum intact as well as in decerebellate animals, limb muscle nerves than when stimulating hind-
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limb muscle nerves, as shown in figure 4. It is approximately two times the threshold of the

generally accepted that effects that first appear largest fibers in the nerve are due to activation
when the stimulus to a muscle nerve reaches of group II fibers, while effects starting at 5 to 10

times threshold are due to activation of group III

fibers. From this and figure 4 it is obvious that,
A Gastrocnemius-Soleus and Hamstring in decerebellated cats, hindlimb fibers in the

5
group III category must be stimulated for facili-
tation to appear, but that it is sufficient to stimu-

4 late group II fibers in the forelimbs to evoke
facilitation. Apparently hindlimb group II

3 fibers are effective in animals with an intact

cerebellum (ref. 28), but this, as well as any possi-
z ble contribution of group I fibers in such prepara-

tions, needs further investigation.

We have, therefore, a reasonable amount of

"a _ information about the size of muscular and extra-
o _ • muscular afferent fibers that, when stimulated,

_' can influence the excitability of Deiters' cells.
I I |

-' T- 1.5- 2-L'5_3-_.5-4-15-6-7- S-,_-.Z_ .5- Z_-_ There is also some information about the reeep-"_ I.fT2 2.5/3_.fNI 5 ]6 7 e 0 2o z5,_ tors these fibers supply. Most interesting is the
fact, indicated by the ineffectiveness of electrical

B. Anconeusand Lateral Headof Triceps stimulation of group l fibers, that activation of the
primary endings of muscle spindles, or of tendon

5
__ organs, has little or no influence on cells of the
v lateral vestibular nucleus. Apparently the vestib-g ,

_ ulospinal system, closely involved in the regula-

-z _ tion of posture and muscle tone, is little affected

o by information originating in the most importanth

muscle receptors. Since group II fibers in
muscle nerves do not necessarily innervate only

the secondary endings of the spindles (ref. 35),
and since some muscle nerves may be contami-

nated by joint afferents (of. ref. 31), it is difficult
l _ - to estimate the contribution of fibers from spindle

secondary endings to the facilitation produced by

' ' .... ,0-I,2-,s-zo->25
-I T- 1.5- Z-[2._3-_.5-4-5- S-7- e- ' ' ' ' stimulation of group IT fibers.

I.fT 2 2.5|3_._4 5 6 7 8 101121t5 Z0 As for other receptors, Pompeiano and Cotti

Multiple of groupI threshold (ref. 27) found that Deiters' units could be facili-
tated by manipulation of the limbs, tendon tap-

FIGURE4.-Comparison of facilitating action on Deiters' ping, hair movement, and even by stimuli to the
cells of a triple shock (300/sec) to hindlimb (A) and fore- snout. In the experiments of Frederickson,
limb (B) muscle nerves. Results of stimulation of two dif-

ferent hindlimb nerves were merged to cortstruct graph A; Schwarz, and Kornhuber (ref. 36), deep somatic

of two forelimb nerves to construct graph B. Results from stimuli, particularly joint movement, were much
12 cells were used for A, from 11 cells for B; three cells were more effecti,/e than exteroceptive stimuli in
common to both populations. T is the threshold of the exciting vestibular cells. Most of the cells they
largest fibers in the nerve; i.e., group I threshold. The bars studied, however, were located in the medial and
show the standard deviation of each mean; n ranged from

5 to 50, and was usually 10 or more. For 20 of the cells, descending nuclei, and a detailed investigation
measurements were made from lO0-msec sweeps; 200.msec of the effect of different types of somatic stimuli
sweeps were used for the other three cells. (From ref. 2.) on Deiters' cells still needs to be done.
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Convergence of Vestibular and Somatic Inputs lar nuclei (refs. ii3 and 43). This is in contrast
to Deiters' nucleus; most of its cells are be-Vestibular and somatic imputs converge on

many Deiters' cells. For example, in our ex- lieved to have long axons (ref. 13). I will refer
periments (ref. 2) most of the cells that were to medial nucleus cells without long ascending or
driven by stimulation of the labyrinth, mono- descending axons as interneurons, and will
synaptically or polysynaptically, and that were include among them commissural cells project-
spontaneously active (making detection of an ing to the contralateral vestibular nuclei (ref. 44).
ascending facilitatory input possible), were also In discussing our work on the medial nucleus

facilitated by stimulation of leg nerves. While (refs. 3 and 4), I will limit myself to describ-
most of the facilitated cells studied in these ing some vestibular and somatic inputs to the

experiments were located in the dorsal part of different types of cells in this nucleus. First,
the nucleus, subsequent experiments have shown however, it is necessary to consider some as-

that ventrally placed cells can also be facilitated pects of the nucleus' organization.
by impulses originating in the spinal cord, and For convenience, we have divided the nucleus
these same experiments have shown that somatic into 10 areas equal in length. These areas are
and vestibular convergence takes place in cells illustrated in figure 5; 1 is the most caudal
whose activity is modified by static position and 10 the most rostral. The landmarks in

changes (unpublished observations by B.W. these areas remained constant from one animal
Peterson). Convergence of vestibular and to another, making it possible to pool the data for
nonvestibular synaptic inputs (nonvestibular cell location obtained in all experiments. Our

inputs include those transmitted via the cere- findings on the relative number of units pro-
bellum as well as direct ones) has also been jecting rostrally (MLF cells) and caudally

observed by Ito and his collaborators (ref. 15). (DMLF cells), and on the location of these units,
It should be noted that convergence is seen in
cells whose axons project to many levels of the

spinal c°rd in the vestibul°spinal tract (ref" 2)" 0S_O _ _0 _ o 4 L

Cells projecting to the level of neck motoneurons, D o _sA"_ "s_°which are particularly influenced by vestibular s z.. °
inputs (refs. 37 and 38) and by stimulation of $_ °

Deiters' nucleus (ref. 12), have not yet been

D _e @ L

THE MEDIAL VESTIBULAR NUCLEUS o . •

The axons of many medial nucleus cells ttsT

project rostrally, mainly in the medial longi- _ ___3

tudinal fasciculus (MLF), and terminate predom- 0 L__
inantly in the extraocular motor nuclei (refs. 39 _"
and 40). Other cells send their axons to the

spinal cord in the descending medial longi-
tudinal fasciculus (DMLF; refs. 8, 40, and 41), FIGURE 5.-Distribution in areas 1 to 9 of the medial vestibu-

as do some cells in the descending vestibular lar nucleus of cells that were driven (filled circles) and were
not driven (open circles) monosynaptically by stimulation of

nucleus (ref. 42). The fibers to the spinal the labyrinth at a rate of l/sec. Areal isthemostcaudal
cord appear to be small in number, do not de- tenth of the nucleus;area 9 is very rostral. Abbreviations:
scend below midthoracic levels, and terminate D, descending vestibular nucleus; DV, dorsal nucleus of

on cells of laminae 7 and 8 (refs. 10 and 41). the vagus;G, genu of thefacial nerve;L, lateral vestibular
nucleus of Deiters'; N VII, facial nerve. NST, nucleus of

There are in the medial nucleus not only cells
the solitary tract; PH, nucleus prepositus hypoglossi; SA,

with long axons, but also a significant number of stria acustica; ST, solitary tract; VI, nucleus of the abdu-

cells with axons that arborize within the vestibu- censnerve. (Fromref.4.)
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are shown in table 2, and can be summarized as Vestibular Input to Cells in the Medial Nucleus

follows: (1) 41 percent of medial nucleus cells Many cells in the medial nucleus can be fired
tested projected rostrally in the MLF, while monosynaptically or polysynaptically by electri-
only 17 percent projected to the spinal cord in cal stimulation of the ipsilateral labyrinth (refs.
the DMLF. This is in agreement with the results 3, 4, 45, and 46), and it is this ipsilateral input
of anatomical investigations, that also show the that I will deal with primarily. Many cells in

rostrally projecting axons greatly to outnumber the medial nucleus receive inputs from the
caudally directed axons. (2) Contrary to our horizontal canals. Those cells excited by ipsi-
expectations, very few cells had long axons pro- lateral and inhibited by contralateral acceleration
jecting both rostrally and caudally. Even have been called type I cells; those inhibited by

though the number of dichotomizing cells re- ipsilateral and excited by contralateral accelera-
vealed in our experiments is probably an under- tion have been called type II cells (cf. ref. 46).

estimate, there are apparently fewer such Type I and type II cells are included in the
cells than previously believed (ref. 13). (3) Most sample of cells that we have studied by means of
cells projecting rostrally and caudally were lo- electrical stimulation. This sample undoubtedly
cated in areas 4 to 10; i.e., in the rostral two- also includes cells activated by fibers originating
thirds of the nucleus. (4) A substantial number in parts of the labyrinth other than the horizontal
of cells seemed to lack long axons. Some of canal. In our experiments with electrical stimu-
these cells undoubtedly had long axons that lation, of 264 cells, 58 (22 percent) responded
were not excited by our stimuli, either because only monosynaptically, 86 (33 percent) only poly-
their threshold was too high or because they synaptically, 34 (13 percent) fired twice-mono-

projected to regions we did not stimulate (e.g., synaptically and polysynaptically-while 86 (33
the cerebellum, ref. 13), but others were cer- percent) were not driven at all by the stimulus.

tainly interneurons. In agreement with anatomical results which show
that after destruction of the labyrinth there is a
little terminal degeneration in the caudal region

TABLE 2.--Fraction of Units Tested Projecting of the medial nucleus (refs. 16 and 19), we found
Into MLF AND DMLF that in this region (areas 1 to 4) there were very

few cells driven monosynaptically by electrical

Area Projection Projection i Nonprojecting stimulation of the labyrinth (fig. 5). In contrast,
into MLF into DMLF units cells fired polysynaptically were scattered

throughout the nucleus, in approximately similar
1.............. 1/6 1/6 4/6 proportion in all areas.
2.............. 0/21 3/22 14/18 It will be noticed that the distribution of cells

3.............. 3/33 0/20 19/19 driven monosynaptically is essentially the same
4 .............. 17/60 0/43 28/36

5.............. 32/68 8/56 19/56 as the distribution of cells with ascending or
6.............. 49/79 9/51 16/53 descending axons. In this region of overlap, cells
7.............. 14/26 5/23 6/9 of all types were fired by labyrinthine stimulation.

8.............. 22/44 10/34 9/37 Monosynaptic firing was observed in 32 of 40
9............... 5/18 9/18 5/19 DMLF cells, 37 of 99 MLF cells, and 27 of 106
0 ............... 2/2 1/1 0/2

cells lacking a long axon; polysynaptic activa-

Total.. 145/357 (41%) 46/274 (17%) 120/255 (47%) tion was observed in 9 of 35 DMLF ceils, 51 of
101 MLF cells, and 54 of 94 cells without long

This table is derived from units studied in experiments with axons. There are several interesting aspects to
the MLF stimulating electrode placed 1.5 to 2.0 mm rostral these results. First, it is apparent that while
to Deiters' nucleus and the DM1,F electrode at C3. Non- all types of cells receive a monosynaptic input
projecting units include only those tested with both MLF and from the labyrinth, a particularly high proportion
DMLF stimulation, and found lacking both. Tile sample thus

tested is smaller thanthe samples tested for one or.the other of DMLF cells receive such an input despite
projection. (Data frmn ref. 3.) the fact that MLF and DMLF cells are inter-
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mingled. This gives support to the suggestion in our sample of cells without long axons; type

(cf. ref. 47) that while the location of a cell is of 1I cells excited by stimulation of the contralateral
great importance in determining its input, the labyrinth usually lack long axons (refs. 4 and 51).
function of the cell also plays a role in regulating It is reasonable to assume that the interneurons

this input. Second, since many fibers in the influence the activity of cells that receive ipsi-
MLF are known to end in the motor nuclei of the lateral excitatory vestibular inputs and that relay

eye muscles, labyrinthine activation of cells this input rostrally or caudally. It is therefore

projecting rostrally provides a direct reflex of interest that inputs from the ipsilateral and
pathway for deviation of the eyes following move- contralateral labyrinths often converge on cells
ment of the head. Labyrinthine activation of without long axons and that, as we shall see

cells projecting caudally provides a direct path- below, the converging inputs also include some
way from labyrinth to cervicothoracic cord. of nonvestibular origin.
What type of spinal cells these caudally pro- As is the case with Deiters' nucleus, the

jecting fibers end on, and what effect they have medial nucleus receives inputs from more than
on those cells, is not known. Most investiga- one part of the labyrinth. It seems that all
tions on the role of descending vestibular fibers three semicircular canals, as well as the utricle,

have concentrated on the vestibulospinal tract, supply afferent fibers to the medial nucleus
and the vestibular projection in the medial (refs. 18 and 19). In experiments utilizing nat-

longitudinal fasciculus needs further attention, ural stimulation, cells in the medial nucleus have
Third, many cells excited by stimulation of the so far been shown to be excited (or inhibited) by

ipsilateral labyrinth lack long axons, and, as horizontal acceleration (refs. 46 and 52) and
stated above, there are probably many inter- static tilting (refs. 7 and 21, and unpublished

neurons among them. In connection with these observations by B. W. Peterson). Our experi-
cells, it is necessary to discuss briefly the effects ments do not indicate which vestibular receptors
of stimulation of the contralateral labyrinth, impinge on rostrally and caudally projecting
These effects, excitatory and inhibitory, were cells. It is known, however, that many cells
described in some detail by Shimazu and Precht excited by horizontal acceleration have axons

(ref. 48), and many of their findings were con- ascending in the MLF (ref. 53), while few have
firmed by ours (ref. 4). For purposes of the axons projecting to the spinal cord (ref. 51).
present discussion, it is sufficient to restate that So far there is little to indicate whether cells
some cells in the medial nucleus can be excited, affected by tihing can be fired antidromically
others inhibited, by stimulation of the contra- by spinal cord stimulation (unpublished obser-
lateral labyrinth, via commissural vestibular vations by B. W. Peterson).
fibers (ref. 44); the latency of the inhibition is
sometimes as short as 1.6 to 2.1 msec (ref. 4), Somatic Input to Cells in the Medial Nucleus and

and, as there are no crossed primary fibers Its Convergence With the Vestibular Input

(refs. 16 and 17), it seems that some of the com- There is much less information about the

missural fibers are inhibitory, and that the somatic input to medial nucleus cells than there
simplest commissural inhibitory pathway consists is about this input to Deiters' cells. A few direct

of an inhibitory commissural cell, activated spinovestibular fibers end in the caudalmost
monosynaptically by vestibular afferents (refs. part of the nucleus (refs. 25 and 26), and from the
4, 49, and 50). In other cases, however, the Observations of Lorente de N(_ (ref. 24), it ap-

pathway probably consists of an excitatory pears that collaterals of some cerebellopetal
commissural cell that in turn excites an inhibitory fibers also terminate in the medial nucleus.

neuron (probably a type II cell) located on the Many of the ceils studied by Frederickson,
contralateral side, near the cell to be inhibited. Schwarz, and Kornhuber (ref. 36) were located in

It is apparent that there are inhibitory, and the medial nucleus and, as described above in

probably excitatory, interneurons in the medial the discussion of Deiters' cells, they could be
nucleus and these cells are undoubtedly included activated by deep somatic stimuli, particularly



154 THE ROLE OF THE VESTIBULAR ORGANS IN SPACE EXPLORATION N_

by joint movement. All these cells also re- rarely found spinal synaptic activation of type I |
sponded to polarization of the labyrinth. In neurons receiving an excitatory input from the
our experiments (ref. 4) synaptic activation ipsilateral horizontal canal, but found it fre-

from the spinal cord was often looked for only quently among type II cells, excited from the
by stimulation through the same electrode contralateral horizontal canal. Few of these
(located in the cervical spinal cord near the mid- cells could be activated antidromically from the
line) that was used for antidromic activation of spinal cord, and it was presumed that there
medial nucleus cells; in some cases stimula- were inhibitory interneurons among them.
tion of peripheral nerves was also attempted. Not only somatic stimuli of spinal origin im-
A number of cells were excited transsynap- pinge on the group of cells we have been discuss-

tically by the cord electrode and by strong ing. Cells in the medial nucleus can also be
shocks (above group III threshold) to peripheral activated synaptically by fibers in the MLF (fig.
nerves, in a manner similar to that shown in 6), many of which originate in the interstitial

figure 6. As we did not search systematically nucleus of Cajal (refs. 53 and 54). The cells
for such activation in all cells, only limited con- activated by this descending MLF input are type
clusions can be drawn from the results. Most II cells, excited by contralateral horizontal ac-

interesting is that of 38 cells in which spinal celeration (ref. 53). Cells excited by ipsilateral

synaptic activation was seen, only 5 had long horizontal acceleration are inhibited by the de-
axons. Apparently somatic activation of cells scending fibers, and it has been suggested that
in the medial nucleus is most common among the inhibition is mediated by type II ceils (ref. 53).

interneurons. This result is similar to that of In our experiments we have observed synaptic
Precht and his collaborators (ref. 51), who activation of 40 medial nucleus cells as a result

of stimulation of the MLF. Only two of these

cells had long axons. Finally, 17 cells were r
activated synaptically from both MLF and spinal

__ cord; none of these cells had long axons.

It is apparent from all of these results that

i vestibular and nonvestibular inputs converge on

_!__._ .-_,,"_,_ _A ^ many cells in the medial vestibular nucleus. I

_'__ Most of these cells lack long axons, and it is likely
i that many are interneurons whose function it is

to regulate the activity of those cells that relay
information from labyrinth receptors to other

i levels of the central nervous system.
,_,_.v',,,_[_,,-_ The functional role of the medial vestibular

N_'_ _,,._._,_ _,_/k_,,.,,,,._ nucleus is not clear. Considerable evidence has

accumulated, however, that this nucleus is in-

_" | _ volved in a variety of phenomena taking place

tatF L_ a_al.F during sleep, including presynaptic inhibition
of different spinal pathways and of various supra-

FIGURE 6.-Synaptic activation of a cell in area 3 of the spinal structures (ref. 55). Whatever the path-
medial nucleus. Extracellular recording. This cell could ways by which these actions are carried out,
not be driven antidromically. Stimulation of the MLF further study of the regulation of activity within

(left) produced transsynaptic firing at a variable latency of the medial and descending nuclei is clearly called1.6 to 2.9 msec. Stimulation of the DMLF (right) caused

firing at 1.1 to 1.7 msec. Calibrations: 500 txV and 1 msec. for. A more detailed study of nonvestibular in-

(From ref. 4.) puts should be part of such a study.
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DISCUSSION

Nyberg-Hansen: Concerning the medial nucleus, I know from the work of Cajal, and from Lorente de No, too, I

noticed from one of your illustrations that there is little evi- think, of such dichotomizing axons from the medial nucleus.

dence of axons dichotomizing, sending one branch in the Do you have any comments on this?

rostral and another in the caudal direction. However, we Wilson: My first comment is that we did find far fewer
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dichotomizing fibers than we expected. This may be ac- really discuss, but it is part of the work we arc doing now.
counted for to some extent by our missing some of the By tile way, I still find it hard to believe that there is no la

rostrally and caudally descending fibers. The other thing input,direct or indirect, to Deiters' nucleus.

you must realize is that I am speaking about long dichotomiz- Pompeiano: I shnuld like to discuss briefly two problems
ing axons which can be stimulated in the midline and in the which are relevant to the nice presentation made by Dr.

spinal cord. Some of the axons may go up in some other Wilson. The first problem concerns the effects of stimula-

direction where we fail to stimulate nne of tbe branches, lion of the primary afferents on Deiters' neurons. The sec-

Also from my experience, looking back at Cajal's and ond problem concerns the effects of stimulation of the ves-

Lorente's pictures, it seems that it is sometimes a little hard tibular nerve on the primary afferents in the spinal cord.

to know exactly where the cell bodies are. I am not com- With respect to the pcriphcral influences on Deiters' neurons,

pletely sure what the main reason is for our finding relatively our observations made in unanesthetized decerebrate cats
few dichotomous fibers. Perhaps there are just fewer of with the cerebellum intact clearly support the conclusion of

these tban we expected. Dr. Wilson. In particular, we were t, nable to find any change

Nyberg-Hanscn: How far rostrally did you stimulate the in the activity of the Deiters' neurons on repetitive stimula-

medial longitudinal fasciculus? tiun _,["the group la affm'cllts ((:iaquinto. S.; P,m_pcian,,, O.;

Wilson: We put our electrode approximately 2 mm rustrai and Santini, M.: Response of Deitersian Units to Graduated
to Deiters' nucleus. I think tbis would be rostral to the end of Stimulation of Cutaneous and Muscular Nerves in Decere-

the medial nucleus, brate Animals with Intact Cerebellum. Boll. Soc. ltal. Biol.
Borison: Do you have any reason to exclude the forebrain Sper., vol. 39, 1963, [:,p. 524-527). On the other hand, the

from participation? That is to say, have the latencies of cutaneous and the high-threshold muscular afferents exerted
effects and the time courses given you reason to exclude a clear-cut effect on Deiters' neurons. On the basis of these

pathways from distant sources reaching, say, the cerebral findings, it may be questioned whether Dciters' neurons
cortex? In this connection do you think your results might receive collaterals from the dorsal spinocerebellar tract

have been different in unanesthetized decerebrate animals? (DSCT), at least from that subdivisi_ul of the DSCT which

Finally, did you curarize your animals, and have you any transmits group la volleys to the cerebellum. In our experi-

reason to believe that there might not have been secondary ments the response patterns of Deiters' neurons to stimula-

effects due to reflex responses in the periphery? lion of the cutaneous and high-threshold muscular afferents

Wilson: As far as curarization is concerned, of course were generally characterized by a facilitation and in a few in-

the animals were Flaxedilized, and there has been no move- stances by inhibition; however, witb an increase in stimulus

ment. Secondly, it is likely that, if I had done my experi- intensity, the majority of the units responded in a complex

mcnts on animals that were m_t anesthetized and decerehrate, fashion. The most common response was an initial short-

or under Nembutal, or under any one of many other possible latency discharge, followed by a silent period or a late dis-

conditions, some resuhs would have been different. Con- charge. It seems likely, at least in tbe preparation with the

cerning the results of the monosynaptic inputs from the cerebellum intact, that some competition of facilitatory and

labyrinth, the location of cells driven antidromically, and inbibitory effects _ecurs at tbe level of the vestibular neur, ms

anything else of this type, there would be no difference what- from converging afferent volleys of different spatial and

soever. One thing which you can consider is these long- temporal dispersions.

latency and diffuse effects coming up from the spinal cord. With respect to the second problem, I should like to men-
They were similar in animals under Nembutal and under lion that stimulation of the vestibular nerve performed in
chl_walose anesthesia. 1 suspect they wouht be reasonably decerebrate cats evokes dorsal-root potentials in the lumbar

similar under other conditions, but not exactly the same. cord at the time that descending vestibular w_lleys elicit

Probably the patterns of activity would have been different motoneuronal discharges (Cook, W. A., Jr.; Cangiano, A.;
under some conditions. As far as exclusion of effects going and Pompeiano, O.: Vestibular Influences on Primary Ef-

rostrally and then coming back is concerned, the latencics ferents in the Spinal Cord. Pfliigers Arch. gcs., Physiol.,

of the facilitation, for example from the forelimbs to Deiters' w_h 299, 1968, pp. 334-338). The vestibular evoked primary

nucleus, are on the order of a few milliseconds. I really afferent del.Aarization involved group 1 affcrents from both

do not believe there is enough time for this to go all the way extensor and flexor muscles and also large group II cutaneous
to the cortex and come back again, but certainly I cannot afferents. These findings suggest that when spinal motoneu-

exclude that there is something going on rostrally to the tons are triggered by the vestibular apparatus, it may be

vestibular nuclei. [ do not think it is a major factor, functionally important to reduce the segmental afferent input

lto: Relevant to your observation on the inltuence of group to these motoneurons by the mechanism of presynaptic inhibi-

Ia muscle afferents upon Deiters' neurons, have you tested tion. This partial deafferentation may prevent instabilities

the effect of joint afferents which, in the previous work by in the motor system, which might occur when somatic sen-

Gernandt, Livingston, and Katsuki, seem to have a powerful sory volleys elicited during movements are fed back intt_

action on Deiters' neurons? the spinal cord and interact with the discharging motoneurons.

Wilson: No. S_ far we have nut specifically dissected Wilson: This, of course, is something I covered in mention-

out any joint nerves to stimulate them. Of course it is possi- ing the various interesting observations made by you.
ble that some of the nerves that we stimulated there were Precht: Just a short comment on the function of the medial

contaminated by joint afferents. This is something I cannot nucleus with respect to the spinal cord. We tried to activate
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antidromically the vestibular neurons that responded to hori- antidromic driving in the same cat, but we are pursuing this
zontal rotation, having in mind the idea that there is an effect also.

of horizontal rotation on the spinal cord reflexes as Gernandt
Precht: A short comment to the problem of monosynaptic

and Thulin showed many years ago. However, it is quite and polysynaptic activation of the vestibular neurons in re-
striking that almost none of the second-order neurons of the

sponse to vestibular nerve stimulation. In talking about

horizontal semicircular canal is activated antidromically by second-order neurons of the horizontal canal, it is quite sur-

stimulating the spinal cord at C3. prising that, if one uses the adequate stimulus, the thresh-
Wilson: Type I?
Precht: Type I is not activated; however, several of the old of the monosynaptically activated neurons is much

type II and type III neurons were antidromically excited, higher, significantly higher, than that of the ones that are

The effect of horizontal rotation on spinal reflexes cannot polysynaptieally activated. So it is quite important from the

be satisfactorily explained on the basis of these data. Prob- standpoint of a correlation between anatomy and physiology
that a monosynaptic input is not necessarily powerful in

ably vestibuloreticulospinal projections are also of great im-
terms of assuring a high sensitivity to a given sensory input.portance. So we are still in the functional "no-man's land"

at this particular point. We know to some extent the syn- Wilson: Absolutely. I should like to add right here that I

aptology of the vestibulospinal system, but we do not know think the same thing applies to the output side. Very often

what kind of sensory information is transmitted to the spinal when we talk about the output, and the vestibulospinal tract

cord via the vestibulospinal tracts, is an example, we concentrate on the monosynaptic effect.

Wilson: We have also been intereste.d in this. Peterson It is my personal opinion that most of the effects that you see

has been looking to see whether any of the ceils that he sees on the extensor tone are mediated polysynaptically. The

in the medial nucleus are influenced by tilting. Unfor- monosynaptic action is a more discretely organized arrange-
tunately, so far he has not had good tilting effects and good ment.
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Electrophysiological Experiments on the Isolated Sur-
viving Labyrinth of Elasmobranch Fish to Analyze the
Responses to Linear Accelerations

OTTO E. LOWENSTEIN

University of Birmingham, England

SUMMARY

The classical assuinptim_ that semicircular canals respond exclusively to angular acceieratim_
and cannot, therefore, be involved in the elicitation of responses to linear acceleration Ires recentZy
been challenged by a number of observations.

Experiments are described in which the isolated surviving labyrinth {,f elasmobranch fishes
(dogfish and ray) was subjected to linear acceleration. Recordings t'rmn h,_rizontal and w.'rtical canals
as well as from the utriculus and lagena indicate that semicircular canals---under these physiological
conditions (interruption of blood supply and opening into the perilymphatic spaceY--do yield responses
to tilting and to rotating vectors of linear acceleration which resemble those obtained from the otolith
organs. As compared with the latter, however, the responses frnin the semicircular canal have a
signifcantly higher threshold.

INTRODUCTION thai responses to angular acceleration, i.e.,

perrotatory and postrotatory nystagmus, per-

There is no need for a detailed restatement rotatory and postrotatory impulse activity chiefly

of the classical concepts concerning the distri- in second-order neurons in vestibular centers, as
button of function between semicircular canals well as the subjective experience of human ob-

and otolith organs. Whereas it is generally servers, are signifcantly modified by centrifugal
assumed that the semicircular canal is stimulated effects and by simultaneous changes of head

exclusively by angular acceleration and pro- position in space. For detailed references and

vides the central nervous system with integrated discussion, see references 1 to 7.

information relating to angular velocity at any In a number of these cases the autbors have

given moment, the otolith organ, although capa- quite rightly taken into account that these modi-

ble of being stimulated by changes in angular fications in the canal responses could be ac-

velocity, is chiefly concerned with the monitor- counted for by central integration of canal re-

ing of linear accelerations in the form of gravita- sponse with simultaneous information derived

tional, centrifugal, translatory, and oscillatory from otolithic inputs with or without a contri-

stimuli, the last belonging to the field of vibration button from vertical canals. Money, Graybiel,

and sound, and Johnson (see ref. 2, pp. 196 and 197) and

The assumption that semicircular canals are Benson (personal communication) have tried to

exclusively stimulated by angular acceleration, deal with such ambiguities by an ingenious device

and not at all by linear acceleration, has been which makes it possible to subject the fort-

challenged in the past, but has recently come zontal semicircular canal to a rotating vector of

under renewed and serious scrutiny in the light linear acceleration without any concomitant post-

of a number of experiments in which it was found tional change of the subject. However, here,

161
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tOO, the possibility of interference by simul- linear acceleration, especially of those that have
taneous signals from vertical canals cannot be been postulated to modify the basic response
excluded (refs. 1, 8, and 9). Nor can one be picture of the semicircular canals.
sure that kinesthetic information and otolith- It is imperative at the outset to establish under

derived responses to centrifugal effects may not what conditions the exposure of isolated units
have contributed to the observed modification from a semicircular canal to linear accelerations

of perrotatory and postrotatory responses of the is capable of yielding truly crucial results. The
horizontal canals, isolated labyrinth preparation, although eminently

If we are interested in the functional range of manageable, is cut off from the circulatory

the peripheral organ as such, even if this may be sources of oxygen and other metabolic materials.
considered of rather academic importance, the It is true that useful response pictures can be ob-

only conclusive method is to test and evaluate tained from such a preparation from a cold-

the responses of such peripheral structures in blooded animal for prolonged periods of time,
complete isolation, in fact for an hour or more, if the ambient tem-

perature and air humidity are kept within certain

Material and Methods limits. When deterioration becomes recogniz-
Preparations that would lend themselves to able in a canal preparation, it manifests itself in

such a study in isolation are not easy to obtain, ways usually compatible with the assumption
Attempts to record from first-order vestibular that it has its origin in a change in the turgot or
neurons or their nerve processes have only rarely elasticity of the cupula. The threshold to angu-
been reliably successful, especially in birds and lar acceleration becomes lower, the preparation

mammals. Gernandt (ref. 10) reports having becomes highly sensitive to vibration of the
recorded from the vestibular branch of the eighth substrate, and, finally, in excessively old prepara-
nerve where it leaves the auditory meatus. The tions, say 3 to 4 hours after isolation from the

labyrinths of elasmobranch fishes (refs. 8, 9, animal, the strict directionality of the response
and 11) and of the frog (ref. 12) have yielded much may disappear before the final disappearance of
of the information on which our qualitative discharge activity in the nerve. This well-known
notions about the functional behavior of semi- sequence of events yields useful signposts to the
circular canals and otolith organs are at present experimenter from which he learns when the
based. When the emphasis is on quantitative further use of a certain preparation is inadvisable

aspects, the study of single units may be con- in accordance with this or that objective of the
sidered preferable, if not imperative, although experiment, especially so far as its quantitative
useful results have been obtained by the analysis evaluation is concerned. It must be conceded

of the electronic integration of responses based on here that ideally the use of the isolated prepara-
the recordings of massive muhifiber response tion, as elsewhere in physiological experimenta-
pictures, tion, is inadvisable for the evaluation of absolute

Single-unit peripheral preparations are rela- as opposed to relative quantitative parameters.
tively easily obtainable from the dendritic The second important consideration arises
branches of the primary sensory neurons in- from the fact that access to the nerve strands

nervating the ampullae of the horizontal and innervating the individual labyrinthine end
anterior vertical canals of the isolated surviving organs is gained by the removal of part, however
labyrinth of the dogfish, Scyllium canicula, and small, of the cartilaginous wall of the labyrinth
of the thornback ray, Raja clavata. Greater capsule. This results in the opening of the

difficulties are encountered in attempts to perilymphatic space and in a certain loss of
obtain such preparations from a utriculus, a perilymphatic fluid. As this fluid may be con-
sacculus, or lagena. Having developed the tech- sidered to act as a shock absorber and, together

nique for the isolation of these recording sites, I with anchoring strands of connective tissue, nor-
felt it incumbent on me to try to contribute to really helps to keep the membranous labyrinth
the search for the site of orion of responses to in place, such loss of support may easily con-



i

f_ EXPERIMENTS ON THE LABYRINTH OF ELASMOBRANCH FISH 163

tribute to dislocations of canal and ampulla under protracted periods of time, especially under ex-

the impact of linear accelerations. The rele- perimental conditions of the preparation's rapid
vance of this can be seen in the fact that expert- displacement in space, is the attachment of small,
reenters observing effects which they feel might whittled-down nerve twigs in a forceps electrode.
be due to canal responses to linear acceleration The application of microelectrodes such as tung-
have suspected that they might be brought about sten needles coated with insulating material up

by such dislocations within the perilymphatic to the tip does not generally yield lasting pickup
space, even in the intact unopened bony laby- from single units, unless balanced floating micro-
rinth, especially when exposed to linear accelera- electrodes of tile type developed by Guahierotti

tion of high g-values outside the normal range (personal communication) are used. These
with which the labyrinth is evolutionarily adapted sophisticated electrodes may in fact provide the
to cope (ref. 13). Both circumstances might answer In the problem, but they are difficuh to
greatly impair the significance of results in make and consequently very expensive.
which linear accelerations are seen either to These thoughts crystallized in part during a
modify tile responses to simuhaneously applied conversation with A. J. Benson and, with them

angular accelerations or to lead to a significant in mind, I had the dual-purpose accelerator de-
modulation of the resting discharge purely on signed and built in my department by my chief"
linear acceleration, be this by gravity in positions technical officer, S. V. Hill, whose ingenuity has
deviating from the normal, during constant-speed again, as ml previous occasimls, made a signifi-
rotations, or during rotations in which vectors of cant contribution to the work to be described.

linear acceleration are made to sweep over the
end organ. If, however, a canal preparation Technique

showing the full range of responses characteris- The preparation can be mounted on the plat-
tically occurring during angular acceleration forms in various orientations such as normal,

failed to respond to any of tile above-mentioned upside-duwn, nuse-up, nose-down, side-up, or
types of linear acceleration, such behavior would side-down longitudinally or transversely t_
have to be considered significant evidence the direction of movement. The movement

against the susceptibility of canals to such stimuli, is monitored photoelectrically and transmitted
The ideal solution would be if it were found via radio link to the second oscilloscope

possible to record single-unit first-order activity channel. The impulse discharges after pre-
of definitely known origin from the anterior ramus amplification are similarly transmitted t_ the
of the eighth nerve just outside the foramen first channel of the oscillograph and to a tape

through which it leaves the labyrinth capsule, recorder or, if necessary, straight through an
On their passage through the foramina of the integrating frequency meter to a pen recorder.
elasmobranch labyrinth capsule, the branches Platform I is rigidly fixed to a rotating arm at a
of the eighth nerve are packed in a highly viscous distance of 30 cm from the center. Prepara-

jelly which obviously serves the purpose of estab- lions mounted on it are stimulated by rotatory
lishing a leakpronfbarrierbetween perilymphatic eccentric torque; i.e., angular acceleration at
space and the brain case. Centrally to this pas- the beginning and end of prolonged periods of
sage the nerve disperses into a brain-type tissue constant-speed rotations up to 90 rpm with a
organization which makes it quite impossible slowest useful constant speed of 2 rpm. Again
to isolate strands containing reeordable single the impulse discharge from a preparatiml is

units. Moreover, a scattered assembly of cell preamplified on the platform and transmitted
bodies of the first-order neurons are found here, by radio link to the first channel of the oscillo-
and any record taken from here could not be scope to tape recorder, frequency meter, and pen
held to be above suspicion with regard to possi- recorder. The rotation is monitored photo-

ble synaptie cross-modification of responses electrically.
originating in neighboring end organs. Platform II (el. ref. 2, pp. 1196and 197) rotates

The only reliable pickup that can be held for freely on its central spindle at the end of the rotat-
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ing arm. By means of a chain drive to the center and side-up positions. The same holds, but to a

spindle, it is made to counterrotate at the same much lesser extent, for the horizontal ampulla.
angular velocity and consequently keeps facing There is a distinct possibility that these responses
in the same direction during the rotation of the may be the result of a dislocation forward of the
arm. A preparation mounted on it will therefore whole membranous labyrinth as a consequence
not be subjected to torque but to vectors of linear of the disturbance in the anchorage and/or loss
acceleration which sweep over it once per full of perilymph associated with the opening made

cycle rotationofthe platform. Here transmission in the wall of the labyrinth capsule. On the
by radio link was found unnecessary and takes other hand, I have recently observed similar
place by wire after preamplification on the plat- static responses from the ampullae of the un-
form. The machine is at present installed at the opened cyclostome labyrinth.

Marine Biological Laboratory at Plymouth, and

I am only in a position to report on preliminary PRELIMINARY RESULTS p
results gained during a period of 3 months'
experimentation. The account of the preliminary findings in the

The first test to which a successful single- or first 3 months of the present series of experi-

few-fiber preparation of either the horizontal or ments may conveniently start with the response
vertical ampulla is subjected is a tilting test on a picture obtained from otolith organs, i.e., utric-
tilting gantry. Its responsiveness to swings in ulus and lagena, to stimulation with the rotating
the plane of the canal and to swing about hori- vector. The strong increases and decreases in
zontal axes is tested and put on record, the discharge activity are confined to a certain

Pickup of the nerve was in all cases by means direction of the vector, each wave in the inte-
of a forceps electrode through a minimal opening grated total voltage occurring once per revolution |
in the cartilaginous capsule as near as possible of the stimulator and in a fixed sector in space.
to where the nerve twig joins the anterior ramus The utriculus preparation was mounted in the
and as far as possible from the ampullary wall normal horizontal position; the lagena prepara-

itself. So far, attempts at picking up fibers after tions were also mounted horizontally. Thresh-
removal of the jelly outside the unopened capsule olds of such responses from otolith organs were
have not met with success, found to vary, but in some instances were as low

During earlier work with this type of prepara- as 2 rpm or below 0.01 g. This then is what one
tion, postional responses shown by the ampullae has to look out for in search of a response to
of the horizontal or anterior vertical canal were linear acceleration.

interpreted as signs of functional deterioration. Turning now to the semicircular canals, we are
In the present series of experiments, tilting tests faced with a puzzling situation. Although, with
were carried out as soon as possible after the the preparative methods used so far, a large

isolation of the labyrinth, and clear static re- proportion of the vertical ampullae and somewhat
sponses were found in both types of canals with fewer of the horizontal ones proved to be position-

disturbing regularity as early as 15 minutes after sensitive immediately after isolation and there-
decapitation of the animal. The difference in fore to react to gravitational stimulation, only a
frequency in the horizontal and in 90° head-up small percentage have so far yielded significant
and head-down positions is striking, and we are responses to stimulation by a rotating linear

dealing with a clear response of the organ to a vector. The threshold was high and only in one
gravitational stimulus; i.e., to linear acceleration case did the response amount to much at 30 rpm
(see also ref. 12). Whether this is entirely due (0.3 g). In the material analyzed so far, I have
to the interruption of the blood supply or to not found an impressive response of this kind

perilymph loss around the ampullae, or to both, from a vertical ampulla, despite their very strong
cannot be ascertained. Maximum discharge positional responses. This is puzzling, especially

frequencies are found near the 90° nose-down or as in a number of experiments the resultant be-
side-down positions, with minimum in the nose-up tween gravity and the linear vector ought to have
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summed. I have to leave this question open at centric and eccentric rotation. This would

present, obviously be the necessary condition for an as-
There are, however, not a few instances of the sessment of the significance levels of any differ-

total absence of a response to the rotating linear ences in the time constant under these conditions

vector both in horizontal and vertical ampullae, of stimulation. As yet no significant difference
Finally, there is yet another type of situation in has been observed at 45 rpm.

which linear acceleration has been claimed to

have modified the response from the semicircular CONCLUSIONS 1

canal. This is claimed to happen on eccentric The important task now is to elaborate a
torque. Here the time constant of the decay of
the perrotatory nystagmus is said to have been technique of recording from the unopened laby-rinth as soon as possible after its isolation from
significantly altered, i.e., shortened (ref. 3), under the animal. It will be seen whether under these
the influence of the constant centrifugal effect on

conditions the rather puzzling effect of spatial
the semicircular canal during and after a period of

orientation on tile basic discharge level of semi-
constant acceleration followed by constant-veloc- circular canal units can be minimized or com-
ity rotation. This situation too can be easily re-
produced on platform I of the rotary stimulator, pletely prevented. In such preparations, linear
The decay of perrotatory and postrotatory re- accelerations of any kind should be without

sponses appears to fall well within the decay effect, at least at.g-values.

periods found by Groen, Vendrik, and myself ' The results discussed in this paper are tentative and un-

(ref. 14). I have had an opportunity to test one imblished. The illustrations sln,wn at its presenlation are

and the same preparation quantitatively during fl,,_ref,,renot includedin this imblicalion.
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DISC USSION

Money: Did I see what you called a torque response at the Lowenstein: No.

heginning of the countcrrotating stimuli?
Anliker: We are engaged in the mechanical analysis of

Lowenslein: The tor(lue respnnse was a control experi-
the semicircular canals, and we predict that the semicircular

ment. 1 wanted to see h,w the preparation responds It)
canals not only respond to linear acceleration but also to

torque in the plane of the canal.
circular translation ,r counterrotati,,n. If we have time. 1

Money: 1 see. Then that was not part of the picture?
could show how this works.

Lowenstein: No: it was not part of the picture.

Money: I thought it was the acceleration of the counter- Lowenstein: I was told about this by Dr. Anliker. and it

rotation, sounded convincing at first hearing.
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SUMMARY

A review is given of the functional organization of tile vestibulospinal projection in tile cat. Special

cn,ldlasis is placed on the sites of termination of vestibulospinal fibers wit]lin tile spinal gray matter.

Tim spinal projecti, m from the vestibular nuclei can be separated into two different fiber systems:

the classical vcstibulosllinal tract and the fibers descending in the medial longitudinal fascicuhlS.

Beeause of their origin from the medial vestibular nucleus and their medial course in tim brainslem

and the spinal cord, tile latter is called the medial vestibuh_spinal tract, and the more laterally cmlrsing

classical vestibulospinal fibers is called the lateral vestibuh)spinal tract.

The lateral tract comcs from lhe lateral vestibular nucleus and descends in the ventrolatcral

funiculus organized in a soulatolopical manner throughout the wlmle cord. The fibers ternlinate ipsi-

laterally in the entire lamina VIII and the neighboring parts of lamina VII of the spinal gray matter.

No terminations are found among the perikarya of the lnotoneurons in lamina IX.

Tile mcdial tract descends bilaterally in the dorsomedial part of the ventral funiculus to the rostral

half _d'tlm cord only. There is no evidence of a somat,_topieal organizati,m within this tract. The

tibcrs terminate bilaterally in the dorsal half oflamiua VIII and the adjacent part of lamina VII. 'File

fibers on tile ipsilateral side outnumber those on tile conlrahlteral side.

Although the lateral and medial vestibuh,spinal tracts exhibit some striking mutual resemblances,

they ,lifter in other anatomical respects. This makes it likely that the two pathways also, at least to

some ,extent, are functionally dissimilar. The hlteral tract exerts a tonic faeilitatol+y effect on imstural

tonus and spinal exlensor mechanisms. This influence is mediated both ,m _- and y-ml_hmeul+,,ns.
chiefly by way of spinalinternetmmsinlanlinaeVllandVlll. There is s,,me physioh_gical evidence ,,f

minor direct nlonosynalltiea] COlluectil_ns to the motonellrOllS. Tile most likely anatoulical exl)lana-

ti, m of this is the terminating of vestibulospinal fibers on dendrites of m,,toneurons extending beyond
the confines of lamina IX, into laminae Vll and VIII.

The nlcdial vestibulospinal tract is concerned with movements ,,f the head and neck and, aecording

to recent physioh_gical observations, also with presynaptic inhibitiml of l_rimary afferents in the spinal
cord.

hnpulses of vestibular origin are also conveyed to the spinal cord indirectly by way of reticulo-

spinal pathways. Pontine retieulospinal and lateral veslibulospinal pathways exhibit striking mutual

resemblances anatomically as well as t,hysiohlgically.

The anatomical observations on the vestibuh,spinal pathways Itresented in this review are in

general agreement with conclusions reached in recent physiological investigations.

167
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INTRODUCTION methods of Nauta (ref. 7) and Glees (ref. 8). The

descending vestibulospinal fibers have been
The anatomical organization of the vestibular studied in transverse as well as in longitudinal

nuclear complex is rather intricate. This is sections of the cord, a procedure which allows
already apparent when subdivision of the nuclear much more detailed observations to be made
complex into specific nuclei on a cytoarchitectonic than can be obtained in transverse sections alone,

basis is performed, but the complexity is even which are most commonly used.
more outstanding when the various afferent and
efferent fiber connections of the vestibular nuclei
are taken into account. Recent advances in the THE VESTIBULOSPINAL PROJECTION

neurophysiology of the vestibular nuclei and their
connections with other regions of the central The fiber connections from the vestibular

nervous system have increased the demand for nuclei to the spinal cord can be separated intotwo different fiber systems: the classical ves-
a detailed knowledge of their minute anatomy,

among other things of the anatomical organiza- tibulospinal tract and the fibers descending in
tion of the vestibulospinal projection, including the medial longitudinal fasciculus. These two
the sites of termination within the spinal gray pathways should be called the lateral and the
matter. Anatomical data of these kinds are medial vestibulospinal tract, respectively, as

indispensable for functional interpretations, and proposed by Nyberg-Hansen (ref. 6).

for the analysis of the vestibular influences on The Lateral Vcstibulospinal Tract

spinal mechanisms. The experimental study in the cat by Pore-

In the present account, anatomical aspects of peiano and Brodal (ref. 9), using the modified
the organization of the vestibular projection to Gudden method (ref. 10), confirmed the results

the spinal cord will be presented with special of some previous investigators that the lateral
emphasis on the sites of termination, which will vestibulospinal tract originates exclusively from
be referred to the laminar organization of the the lateral nucleus of Deiters. The lateral yes-

spinal gray matter described by Rexed (refs. 1 tibular nucleus is defined as that part of the yes-
and 2). Rexed's observations that the spinal tibular nuclear complex which contains the giant

gray matter may be subdivided on a cytoarchi- cells of Deiters (ref. 11). However, this nucleus
tectonic basis into 10 different laminae, repre- also contains a considerable number of medium-
senting at least in part functionally different sized and small neurons as well, and all types of

regions, have in recent years provided a fruitful cells project to the spinal cord. This was empha-
common basis of reference for the sites of termi- sized by Pompeiano and Brodal (ref. 9), and
nation of various afferent fiber systems to the later confirmed physiologically (refs. 12 and 13).
cord. This has allowed more precise correlation The anatomically demonstrated somatotopical

to be made between anatomical and physiological organization within the lateral vestibulospinal
observations and their functional interpretations, tract has likewise been verified physiologically

and thus unveiled functional aspects of the in- (refs. 12, 14, and 15). Figure 1 diagrammatically
trinsic organization of the spinal cord as well summarizes the findings of Pompeiano and Brodal

(see, for example, refs. 3 to 6). (ref. 9) and shows how the rostroventral part of
In this presentation, attempts will likewise be the lateral vestibular nucleus projects to the

made to correlate the anatomical observations cervical cord, while the fibers to the lumbosacral
with relevant physiological data in order to reveal cord take origin from the dorsocaudal part.
aspects of the functional organization of the Fibers to the thoracic cord come from intermedi-

vestibulospinal projection, ate regions. Abbreviations used in figures 1, 2,

The methods used for tracing the course and 3, 7, 8, and 11 are listed below. (Note that roman

determining the sites of termination of vestibulo- numerals are used in reference to the laminar

spinal fibers following lesions of the various yes- organization of the spinal gray matter, while
tibular nuclei have been the silver impregnation the numerals VI and VII are also used to indi-
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cate the positions of the cranial nerves of those _--_1 ._---z3.c.
numbers. However, there should be no con- /5

fusion as the former are used in conjunction _ .L (---._
with sectional views of the spinal cord, and the , _.

latter label the indicated nerves seen in cross _ I _f NVK _'_
section at the level of the fourth ventricle.) ; , '1

_2 > " Yr..sp.VB.c ............................. brachium conjunctivum , N.tr. sp.V
C, with subscript .......... cervical ' /

C,e............................. column of Clarke
C.r ............................. corpus restiform

C.t ............................. corpus trapezoideum rostral

D ............................... descendingnucleus(inferior) vestibular __ 3 _!!_!!12

il................................ intermediolateral cell column ,/dorsal /
1................................ left 4, : ___ 3

1,, within drawing ......... lateral vestibular nucleus _+4_t 3 ventral

l.,, with subscript .......... lumbar medial lateral
M.............................. medial vestibular nucleus

N.c.t .......................... nucleus of the trapezoid body 4
N.cu.c ........................ nucleus euneatus externus

, ventral caudal
N.tr.sp.V ..................... nucleus of spinal trigeminal tract

/ /

N.n.VI, N.n.VII ............ nuclei of cranial nerves VI and
VII

N.VI, N.VII, N.VIII, cranial nerves

VI, VII

OI.i ............................ inferior olive 5

Ol.s ........................... superior olive , • fibers to cervical cord

p.h ............................. nucleus praepositus hylJoglossi _"X/ o .... thoracic ....

1_[............................... right _ 6 lumbosocral ....
S ............................... superior vestibular nucleus + ....

Th, with subscript ......... thoracic FIGURE I. -Diagram showing the somatotopical pattern with-

Tr.sp.V ....................... spinal trigeminal tract in the lateral vestibulospinal tract in the c_lt as demon-

x ................................ small-celled group x, lateral to str_lted e__perimenmlly by t'ompeiano and Brodal (r_f. 9).
the descending vestibular To the left (I-6) u series of trunsverse sections through the

nucleus lateral nucleus; to the right (1 6) a Iongitudinul reconstruc-
tion of the nucleus. (See text Jar explanation oJ'_tbbrevm-

tions. }
In an experimental study with silver-impreg-

nation methods, Nyberg-Hansen and Mascitti
(ref. 16)confirmed the observation of Pompeiano The tract gradually decreases in size as more
and Brodal (ref. 9) that the lateral vestibulo- caudal levels are reached, but it can be followed

spinal tract takes its origin solely from the ti_roughout the whole cord. Its position changes
lateral vestibular nucleus. Following lesions during its descent in the cord. In the cervical
of the superior, medial, and descending ves- enlargement the tract is located peripherally in
tibular nuclei, they found no degeneration in the ventrolateral funiculus extending laterally

the lateral vestibulospinai tract. Figure 2 shows to the most laterad emerging ventral root fibers,
the finding in one of their cases (cat B. St. L. 307, and does not extend into the dorsal three-fourths
killed after 8 days) where the lesion is restricted of the ventral funiculus where the medial longi-
to the lateral nucleus, which is completely tudinal fasciculus is located along the anterior
destroyed, median fissure. During its descent in the

The ensuing degenerating fibers of the lateral thoracic cord, the lateral vestibulospinal tract
vestibulospinal tract descend purely ipsilaterally is gradually displaced in a dorsomedial direction,
along the periphery of the ventrolateral funiculus, and in the lumbosacral enlargement it is found
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medially in the ventral funiculus along the practical importance in physiological studies of
anterior median fissure (fig. 2). This dorso- the lateral vestibulospinal tract. As will be
medial shift has previously been noticed by some further commented upon in the section on the

authors (refs. 9 and 17 to 19) and is a feature of medial vestibulospinal tract, it follows from this
arrangement that the only conclusive way to
identify fibers from the vestibular nuclei descend-

co,,...... ing in the medial longitudinal fasciculus in the

___ spinal cord is to observe them in the area allotted
N N to the fascicle in the cervical cord.

. ', :_ From a quantitative point of view, it appears

:! that the cervical and lumbosacral enlarge-

ments receive equal numbers of lateral vestib-ulospinal tract fibers, while a smaller number
os ro _ a

go to the thoracic cord. Although the precise
diameter of degenerating fibers cannot be deter-
mined, it seems likely that the lateral vestibulo-

spinal tract is composed of fibers of differentA B C

",_' __ size, but the majority of them are rather thick.

Cot BS_L 265

C7

321 _

Ros_,ol 43, 21 Ca_oal

452_ c

i 2 5 4

rh,

L6 i 2 _ 4

FIGURE 2.--Diagrammatic representation of the distribution

of degenerating coarser (wavy lines) and terminal fibers

((lots) within the spinal cord in o case with a total lesion

(hatchings) of the lateral vestibular nucleus involving the

origin of the lateral vestibulospinal tract. From the tho-

racic cord only transverse and sagittal sections are shown, FIGURE 3.--Diagrammatic representation of the distribution
while horizontal sections as well are shown from the cervi- of degenerating fibers of the lateral vestibnlospinal tract

cal and lumbar enlargements. The positions of the /ongi- within the spinal cord as seen in transverse and sagitta/
tudina/ sections are indicated in the drawings of the trans- sections jCrom the cervical, thoracic, (_n(/ lumbar cord in a

verse sections. The roman numerals refer to the laminae of case with a lesion (hatchings) of the dorsocaudal, "bind-

Rexed. (From ref. 16.) (See text for explanation of abbre- limb" region of the lateral vestibular nucleus (above).

viations.) (From r@ 16.) (See text for explanation of abbreviations.)
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The Medial Vestibulospinal Tract Co,ss_L3,t

Using the modified Gudden method (ref. 10),

Pompeiano and Brodal (ref. 9) found retrograde

cellular changes only in the lateral vestibular
nucleus giving origin to the lateral vestibulo-

spinal tract. However, from a critical analysis _..... _odo,

of the pertinent literature, they concluded that ___ _

fibers descending in the medial longitudinal
fasciculus most probably are derived from the
medial nucleus. Experimental evidence for

this suggestion has later been given by this author
(ref. 46). Following lesions of the medial c,

vestibular nucleus, this author found fibers in __

the dorsal three-fourths of the ventral funiculus

of the cervical cord, within the area along
the anterior median fissure generally allotted

to the medial longitudinal fasciculus in the cord. C7

Because of this position it is often called fascicu-

lus sulcomarginalis (fig. 7). The degenerating _ ,_2 __
fibers do not extend as far ventrolaterad as the

most dorsomedially localized lateral vestibulo-

spinal fibers. On account of their origin in the
medial vestibular nucleus and their more _
medial course in the brainstem and in the

spinal cord, Nyberg-Hansen (ref. 6) proposed F,(;uR_:7.-Di,grammatic relne.._ent,tior,_/the di._tribution
of degenerating coarser (wavy lines) mtd termimd fibers

that these fibers should be called the medial (dots) within the spinal cord itl a c(tse with a lesion U'tbe

vestibulospinal tract, medial vestibular nucleus (above) involvin,,.z the origin of the

Figure 7 shows one case from Nyberg-Hansen's medi_tl vestibulospi,,_tl tract. From the thor_mic cord o_dy

study (ref. 46) (cat B. St. L. 311, killed after 7 t_,,,,_(._,.,and sagittal sectionsaresbow,z,while horizontal
sections ,s well are shown j}om the cervical cord. J"rom

days) with a lesion localized to the medial r(_f46.) (See textfi)rexldan,,tion_fabbrevi,ttions.)
nucleus. As can be seen, the medial vestib-

ulospinal tract is confined to the upper half and descending vestibular nuclei, no degenera-
of the cord. Its fibers can be traced bilaterally tion has been found in the medial vestibulo-

to midthoracic levels in the dorsal part of the spinal tract. Figure 8 shows two cases (from

ventral funieulus along the anterior median Nyberg-Hansen's study, ref. 46) where there were
fissure. The fibers on the ipsilateral side lesions of the descending nucleus, in which no
outnumber those on the contralateral one. degeneration could be observed in the spinal
These findings appear to be in accordance with cord. However, as is shown, the rostral and
some older investigations (refs. 47 to 49). The caudal parts of the descending nucleusare not

number of medial vestibulospinal fibers is very destroyed. The observation that the descending
modest when compared with those in the lateral nucleus does not project to the cord agrees with
vestibulospinal tract, which is the major pathway the anatomical findings of Carpenter (ref. 51)
from the vestibular nuclei to the spinal cord, as and of Carpenter, Alling, and Bard (ref. 52). Re-

recently confirmed physiologically by Wilson, eently, however, Wilson, Wylie, and Marco (refs.
Wylie, and Marco (ref. 50). The fibers in the 50 and 53)have presented physiological evidence

medial tract also have a smaller diameter than for very modest contribution to the medial veslib-
those in the lateral tract (ref. 46). ulospinal tract from the medial as well as from

In cases with lesions in the superior, lateral, the descending nucleus.
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co,Bs,,24_ above, there is in addition physiological evidence

D for ample vestibulospinal influence on spinal

interneurons (refs. 37, 41, and 56). This arrange-

ment provides a basis for a variable interplay at
the interneuronal level among afferent impulses
from other sources as well. Interaction and con-

vergence of vestibulospinal, corticospinal, and
Ros,,o, ooo propriospinal impulses at an interneuronal level

co,eS,L246 in the cord have been reported (ref. 57), and re-

cently a more precise localization of these particu-

lar interneurons has been attempted by Erulkar,

Sprague, Whitsel, Dogan, and Janetta (ref. 37).
Interneurons activated by vestibular nerve stimu-
lation alone were h)cated chiefly in lamina VIII,

those responding in addition to dorsal root stimu-

_$tr0l CoudQI lation mainly centromedially in lamina VII, and
finally interneurons activated by vestibular nerve

I;'I(;URE8.-Drawings qfthe lesions (hatchin_.,s)qfthedescend- and motor cortex stimulation appear to be situ-
ing vestibular nucleus in twoc(tsesill whichnodegener_aion ated laterally in laminae VI and VII (ref. 37).
is preseltl (zt tilt" slH'lltll cord. The rostr(([ (lll([ C(llldll[ tHlrls

of the descending nucleus are not destroyed. (From ,-,J: Furthermore, Grillner, Hongo, and Lund (ref.
46.) (See text jot e.rplamttion of abbreviations.) 56) reported that vestibulospinal impulses mono-

synaptically activated interneurons mediating
the antagonistic extensor la inhibition to flexor

Concerning the sites of termination of the c_-motoneurons, and recently these particular
fibers of the medial vestibulospinal tract, figure interneurons have been localized to the ventral
7 shows that the majority of them terminate in part of lamina VII, just mediad to lamina IX
the cervical cord. They enter the gray matter (ref. 58).
of the ventral horn corresponding to the dorso-
medial aspect of lamina VIII, and terminate in Vestibulospinal influences on the y-moto-
the dorsal half of this lamina and the neighboring neurons innervating the intrafusal muscle

fibers are also well known. Thus, stimulation
medial parts of lamina VII (figs. 4C and 7). No

of the vestibular receptors (refs. 59 and 60)
fibers terminate among the soma of the moto-

and the vestibular nerve (refs. 41, 61, and 62)
neurons in lamina IX, neither in the intermedio-

as well as the lateral vestibular nucleus (refs.lateral cell column nor in the column of Clarke.
62 to 64) have all been shown to activate theThe area of termination is much less extensive
y-motoneurons, especially to extensor muscles.

than is that of the lateral vestibulospinal tract.
Some evidence of a monosynaptic connection to

FUNCTIONAL CONSIDERATIONS extensor y-motoneurons through the lateral
vestibulospinal tract has also been reported

The lateral vestibular nucleus and the lateral (ref. 64), but there appears to be no doubt that

vestibulospinal tract are known to exert a tonic the polysynaptic route is by far the largest

facilitatory influence on postural tonus and spinal (refs. 41 and 64). Since the y-motoneurons
extensor mechanisms (for references, see ref. 54). supplying a particular muscle are located within
In accordance with this, EPSP's have been re- the group of c_-motoneurons innervating the same

corded in spinal extensor c_-motoneurons follow- muscle (refs. 65 and 66), the importance of the
ing stimulation of the lateral vestibular nucleus polysynaptic route is in accordance with the
(refs. 36 and 55), some of them being the result anatomical observations reported above that

of monosynaptic vestibulospinal connections In the fibers of the lateral vestibulospinal tract
the motoneurons (ref. 36). However, in accord- chiefly terminate on interneurons in laminae
ance with the anatomical observations outlined VII and VIII (figs. 2 and 3).
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Following stimulation of the vestibular nerve, that reticulospinal pathways, thus being the

the y-motoneurons discharge at lower threshold final path for at least some vestibular impulses
and with higher frequencies than do the c_- to the spinal cord, have been shown in part to
motoneurons (refs. 41 and 62). Furthermore, course together with and terminate within the
stimulation of the vestibular nerve is much more same laminae of the spinal gray matter as do

effective for y-motoneuron activation than is the vestibulospinal pathways (ref. 45). Figure
stimulation of the lateral vestibular nucleus 9 shows the course and sites of termination of

itself (ref. 62). The well-known activation of medullary and pontine reticulospinal fibers
the reticular formation of the lower brainstem (ref. 45), and, as further shown in figure 10,

following vestibular stimulation (refs. 41 and 67), which is from tile study of Nyberg-Hanscn
and the participation of reticulospinal pathways, (ref. 6), the anatomical similarities are most
in addition to vestibulospinal ones in conduction conspicuous as concern the pontine reticulo-
of vestibular impulses to the cord (refs. 41, 62, spinal and lateral vestibulospinal fiber systems
and 67), may be the possible explanation for these (refs. 6 and 45). These mutual anatomical
differences. Since there is no evidence of resemblances presumably reflect common

primary vestibular fibers to the reticular forma- functional features as well, a suggestion indeed
tion (ref. 68), the recently demonstrated heavy supported by physiological studies which show
vestibuloreticular projection from the vestibular that pontine reticulospinal and lateral vestib-
nuclei (ref. 43)may account for the transmission ulospinal pathways both facilitate spinal ex-
of vestibular impulses to the reticular formation, tensor motoneurons (see refs. 69 and 54, re-
In this connection it is of great interest to notice spectively). Both pathways appear, furthermore,

to be engaged with monosynaptical activation of
neurons ,,f the ventral spinorclicular tract

Medu,,ary__ Medu,,ory (bVFRT) (refs. 70 and 71)polysynaptically
in-

retsp _ __ fluenced by flexor reflex afferent (FRA) impulses

/ _ _°°_;'_ (ref. 72). The neurons of the ventral spino-

_ ' P/' A o • / _ _

_, _OioOo°, _ ",,_
° /

Pontine retsp.fibres C8

• Sites of terminalion of pontine ret. sp fibres
oSites of lerminationof medullary ret. sp fibres R L

FIGURE 9.--l)ta#ram qf a tr_lnsverse sectinn oJ" the spinal .... P.
cord showing the Ioc_ltion in the ventral and I(iter(dJimiculi

ftnd the sites nf termination within the spinal grfo" matter q[" /x Sites of termination of lot.vest sp fibres

pontine (rod medulh_t'y reticulospin_H fibers (lrising in the • Sites of terminationof pontineret sp.fJbres
nucleus reticularis pontis caudalis and nucleus reticular

gigantocellularis, respectively. Note the different Io- FI(;URI,; lO.-Diagram q/_t tmmsverse section q/the sl*imd cnrd
cation in the white matter, and the partially dissimilar showing the Ioc(ttion in the ventrolater_d .[hnicttlus _lml

are_ls of tetvnination within the _ray matter q[ the two the sites q[" termimtlinn within the spired gm O" mtttter t_/'

contingents q[" reticulospintd fibers. Note, .[)trthermore, I)ontine retietJOSl)intd and lateral/ vestibulospinal .fibers.
the _zntttonticetl simih_ritics between the pontine retienlo- Note the simihtrities between the tt_;o ptttltwttys with regttrtl

spimtl illld vestibuloslfitml .tibers. (Fronl rej_ 45.) to the course and sites of termination. (From r£/] h.
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reticular tract are usually claimed to be located CONCLUSION
ventromedially in the spinal gray matter (ref.

It will appear from the foregoing account that
73), where pontine reticulospinal as well as lateral

the vestibular nuclear complex has at its disposal
vestibulospinal fibers terminate, as shown in

two different direct routes by which vestibulo-
figure 10. There appears thus to be a satis-

factory anatomical substratum for the physio- spinal impulses may be mediated to the spinal
cord: the lateral and medial vestibulospinal

logically demonstrated monosynaptical activation.
tracts. In addition, impulses of vestibular

Because of its restriction to the upper half of origin are also conveyed to the spinal cord by
the spinal cord, and its origin from the medial
vestibular nucleus, the medial vestibulospinal

tract is generally assumed to be concerned s

with the adjustments of the tonus in the muscles M_
of the head and neck and with movements of

the head occurring simultaneously with conjugate , ,

deviati°n °fthe eyes' particularly in the h°ri _ i I/I_

zontal plane (see refs. 46 and 54). Some recent
physiological observations indicate that the ' _ (5
medial vestibulospinal tract also may be engaged _ _ III1_
in the control of incoming sensory impulses in _"._i_"='_//_]

the cord. Thus, the phasic inhibition of mono- ',I ;

synaptic and polysynaptic spinal reflexes which Me_.,I _//_ "_0¢tsPL°tv'

"S/_ Lat.vest.

vest.I ,sp.
takes place during REM sleep (ref. 74) has been sp._oct_, // t,oct.

shown to be due to presynaptic inhibition of "_!
""NI tllJ--"_//_qI -.,group la afferent fibers fief. 75). Since bilateral Col;ll[-_[/\

lesions of the medial and descending vestibular - ,_il_\ ll \.i_._I_ II_ I

nucleus abolished the rapid eye movements _.'_i__l_,¢J//x),]
as well as the accompanying phasic inhibition

"7"of monosynaptic reflexes during REM sleep
(ref. 76), Pompeiano fief. 77) concluded that

the medial and descending nuclei by way of

presynapticthemedial vestibulospinalgrouptraCtla,exert a pre- _1,1,,_/1"_I,__ 1

synaptlc inhibition of primary afferent fibers _!_
in the spinal cord. The observation by Car- t-7:penter, Engberg, and Lundberg (ref. 78) that

inhibition of lb, and FRA :[l _--"_J/

afferents occurs on stimulation of the region of ' ,,\,I,_,,,.,,,'

the medial longitudinal fasciculus in the medulla Med.vest. sp. fibres Lot.vest.so.fibres
oblongata and lower pons fits in with this line
of reasoning. It should, however, be emphasized FIGURE ll.--A diagram showing the sites of origin, col_rse,

that in addition to medial vestibulospinal fibers, and sites of termination of the lateral and medial vestibulo-

pontine reticulospinal (ref. 45) and interstitio- spinal tract as determined by Nyber_-Hansen and Masdtti
Iref. 16) and Nyberg-Hansen (ref. 46). The medial tract

spinal fibers (ref. 79) as well course within the arisesfrom the medial vestibularnucleusand courseschiefly
area of the medial longitudinal fasciculus at ipsilateral/y within the descending medial longitudinal

this level of the brainstem. Furthermore, fasciculus to midthoracic levels of the cord. The lateral

since the medial vestibulospinal tract only can tract originates/kom the lateralnucleus and descends purely

be traced to midthoracic levels, it follows that ipsilaterad to sacral levels, organized in a somatotopical
manner. Both tracts terminate in laminae VII and VIII.

the effect on the lower half of the cord must The lateral vestibulospinal tract is the majorspinal projec-

be relayed farther down by way of descending tion from the vestibular naclei. (See text for explanation

propriospinal fibers, of abbreviations.)
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way of reticulospinal fibers. There appear tory influence on postural tonus and spinal
anatomically and physiologically to be mutual extensor mechanisms. This influence is exerted
resemblances between the lateral vestibulo- on a- as well as on y-motoneurons, and available

spinal tract and the pontine reticulospinal fiber anatomical and physiological data point to the
system. The two direct vestibulospinal path- indirect route via interneurons in laminae
ways differ in some anatomical aspects, which VII and VIII as the most important one. There
make it likely that they, in part, are functionally is, however, in addition, some physiological
dissimilar, also. evidence in favor of a direct monosynaptic

The lateral vestibulospinal tract originates vestibulospinal route to both c_- and y-extensor

solely from the lateral nucleus and descends motoneurons. This anatomical arrangement,

ipsilaterally, organized in a somatotopical with the majority of lateral vestibulospinal tract
manner throughout the whole cord. The fibers terminating on spinal interneurons, and
medial tract, on the other hand, comes from the not directly on the motoneurons, is well suited

medial (and possibly descending) vestibular to permit a large degree of plasticity and freedom
nucleus and descends bilaterally to the rostral of the motoneurons. It provides, furthermore,

half of the cord only. Fibers of both pathways a basis for a variable interplay and integration
terminate in laminae VII and VIII of the spinal of afferent impulses from several sources at

gray matter, chiefly on interneurons, those of an interneuronal level before the impulses
the medial tract in more dorsal regions (fig. 11). finally converge upon the motoneurons.

The medial vestibulospinal tract is, furthermore, In contrast to the lateral tract which may act

very modest when compared with the lateral on all spinal levels, the medial vestibulospinal
one, which, by far, is the major pathway mediat- tract is restricted to the rostral half of the cord.
ing vestibulospinal impulses to the cord. The In concert with this, the medial vestibular nucleus
differences between the two pathways are and the medial tract are primarily assumed to

further emphasized when the origin of peripheral be concerned with the control of proprioceptive
vestibular impulses to the lateral and medial mechanisms of the cervical cord and with move-
vestibular nucleus is considered. While the ments of the head which may occur simul-

utricular macula appears to be the main source taneously with eye movements. However, recent
of origin of primary vestibular fibers to the lateral physiological studies indicate that the medial
nucleus, those to the medial nucleus are primarily and descending vestibular nucleus by way of
derived from the cristae of the circular ducts the medial vestibulospinal tract exert a pre-

(refs. 54 and 80 to 82). synaptic inhibition of primary afferents in the
It follows from this arrangement that the lateral spinal cord, and that this is the likely basis for

nucleus and the lateral vestibulospinal tract the phasic inhibition of spinal reflexes occurring

are well qualified to exert the well-known facilita- during REM sleep.
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DISCUSSION

Tang: How did you place the lesions and how do you a-motoneurons is also relevant to your anatomical findings.

determine the extent of your lesions? This problem needs further experimental data, but a few

Nyberg-Hansen: The lesions were made stereotaxically observations are available on tbis subject. It has been found

by an electrode going through the cerebellum in an ohlique recently (S. Lund and O. Pmnpeiano: Mmmsynaptic Excitation

angle in order to avoid tentnrium cerebelli. The lesions of Alpha Mohmcurones Frmn Supraspiual Structm'cs in the
were checked histologically in serial sections at 15-micron Cat. Acta Physiol. Scand., wd. 73, 1968, pp. 1-21) lhal the

stained thionine. Every fifth section was mounted and values for the "time to peak" and the decay of the lnono-
examined, synaptie EPSP induced in extensor motmmurons by single-

Tang: What electrode are you using, and are you using shock stimulation of the Deiters' nucleus are well in accord-

alternating or direct current to destroy the tissue.'? ante with the corresponding values for the hmnonymous

Nyberg-Hansen: We used steel electrodes, and the group Ia EPSP's. This suggests that, in the cat. there is

lesions were made with direct current, no difference in the average distance frmn the soma of the

Tang: I asked because 1 found by using the Prussian blue imstsynaptic membrane for the two kinds of synapses, as

staining method that tbe lesima is much nmre extensive than has been found in the frog (E. Fadiga and J. M. Brookhart:

histologically shown because the ion diffusion goes way Monosynaptic Activation of Different Portions of tile Motor

beyond the histologically identifiable big hole. The ion Neuron Membrane. Am. J. Physiol., w_l. 198, 1960, pp.

can diffuse way heyond tbe site of the lesion. 963-703).

Nyberg-nansen: I can say only that in our sections we Nyberg-nansen: Yes. I want to stress that we have

got only a very small hole, and the lesion as depicted in my seen some very few fibers in lamina IX among the moto-

illustrations is not the hole which is made, but includes neurons, but it has been impossible to tell whether they

tim gila reaction as well. 1 think that with weak current and have any relationsbip to these neurons. With present

small lesions, examined closely in thionine sections, you anatomical methods, it is mdy safe to conclude that there

can outline the lesion very well. are no terminations on the soma. If there are any termina-

Pompeiano: I sbould like to nmmion the results of some timls on the motuneurons, as the physiologists have shown,

unpublished experiments made recently by Cook, Cangiano, it must be on the dendrites.

and myself, indicating that the effects of vestibuhu" nerve 1 may add that we have recently started doing electron-

stimulation on the primary alferents in the lumbar cord are microscopic studies with degeneration techniques on this

not mediated by the medial vestibulospinal tract nor by fihersystem. So far our results are only preliminary. Such

propriospinal descending pathways, hut are transmitted studies may turn out to show synapses ml tbe dendrites of

to the spinal cord by collaterals from the vestibular nuclei m,mmeurons. But I think that with electronmicroscopic
to brainstem strllctures whose descending pathways clmrse studies, this will not conic out SO lnuch concerning the soma,

ahmg tbe ventral quadrants, because if you see few fibers among the soma in silver studies,

The problem of the distribution of the vestibulosfdnal it shall be very difficult to see them in electrumnicroscopic

synapses within the somalodendritic complex of the extensor studies.
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Wilson: As far as the locatiun of the terminals in the Nybcrg-Hansen: I have not persona]ly d_me retrograde

vestibulospinal tract is concerned, we fi_und that the rise studies on this, but from the studies _,f Pompeiano and Br_dal,

time of the EPSP's in the neck is quite slow. So there i it appears like all large, medium-sized cells and small neurons

would certainly look on the dendrites. The position of the of the lateral nucleus projcct to the cord. But there may very

people in your laboratory used to be that most of the cells well be axon collaterals going in a rostral direction, and as

or all of the cells in Deiters' nucleus project to the spinal recently shown by 1.adpli and BrCJdal, there is a heavy inter-

cord. Does this still remain your viewpoint or do you think connection between the vestibular nuclei as well as a pro-
there might also be interneurons in Deiters' nucleus? Do jection t'rom the vestibular nuclei to the reticular formation.

you still think all the cells project to the spinal cord or would This may, of course, be c_Jllaterals of vestibulospinal tract
you consider there might be interneurons in there also? fibers.



The Cerebellovestibular Interaction in the Cat's Vestibular

Nuclei Neurons

MASAOITO

University of Tokyo

SUMMARY

Postsynaptic effects of the vestibular and cercbellar impulses were investigated in tim cat's vestib-

ular nuclei neurons with intracelluhtr recording techniques. These neurons were idcntitied by their
antidr.mic invasion from the spinal cc,rd or the cercbclhm_ amt/.r by their hmati.n detcrmiucd with
histoh,gically controlled nficromanipuhltion. The wzstibular nerve impulses exert mon,,synaptically
an excitatm'y effect upon inany veslibular nuc'lei netlrltl|S, im,ducing the excitatory I_ostsynaplic po-
tentials (EPSF"s). Polysynaptic actions, howcw:r, inwdvc b.th excitation and inhilfiti.n. In c,,n-
trast, Ihe cercbcllar impulses ahmg I'urkinjc axons ewNc the inhibitory postsynaptic p.tentials (ll'Sl"s)
monosynaptica]ly in any of their target neurons. These vestibular and cercbellar impulses converge
upon vestibular nuclei neurons in the fashi.n that the cerebellum is SUlmrposed on the reflex arcs
which arc primarily formed between the veslibuh, r nerve and cerlain vestibular nuclei cells. (_)ntile
basis of Ibesc obscrvalions, an attempt is made to interpret the role of the cerebellum in terms of basic
COll(:epts of the control the,,ry.

INTRODUCTION are supplied from the spinal c.rd and medulla as

well as from the supramedtdlary centers (ref. 1).

The w._stibular nuclear coral:alex (z,nsists of After integration of these inlmt signals, the

four divisions: lateral (Deiters), medial, (teseend- vestibular nuclei send their output message

ing (inferior), and superior (see ref. l). Synaptic through the following five i_rojeetion pathways:
organization in these nuclei has been the st,bjccl (1) descending thr.ugh the lateral veslilml.-

of extensive histological investiga|ions (refs. 1 spinal tract, (2) descending thr,.,gh the medial

and 2). 'rite vestibular nerve fibers supply longitudinal fasciculi, (3) cerebelhgtetal. (4)

synapses to all of the fimr nuclei ipsilaterally, ascending thr<,ugh the medial hmgitudinal

though with certain regional predominance fasciculi, attd (5) intranuclear and internuclear

(refs. 3 and 4). Purkinje-cell axons mediating c,,nneclions, the laller being either homohtteral

the output signals from the cerebellar cortex or between the right and left sides. The first

also impinge upon the vestibular nuclei ipsi- type 0f projecti.n is derived only from tile mwleus

laterally; those from the cortex of the vermis, of Deiters and the third one mainly from the

predominantly of the anterior lobe and less of descending nucleus. The second and lhe

the posterior lobe, innervate the relatively dorsal fifth arise frmn hoth the medial and descending

parts of the nucleus of Deiters as well as of the nuclei, and the f.urth from all of the four divi-

other nuclei (refs. 5 and 6), while those from the sions (,'el'. 1).
s.-called vestibulocerebellum cover almost the A weahh of analomical data has facilitated

enth'e nuclei except for the nucleus of Deiters greatly the recenl pllysiological investigalions on

(ref. 7). Axons from fasligial nuclei fl_rm another vestibular nuclei neuriHIs. With microeleelrode

cerebellar output and have abundant synapses techniques tim nature and efficacy o1" lrans-

with vestibular nuclei cells (ref. 8). Other inl:mts missi<m could be determined <m each type of
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synapse with histologically defined origin, was found. These sections were first stained
Of particular importance is the finding that with methylene blue, and tile contour of their

Purkinje cells exert solely inhibitory action histological structures was traced under a
upon their target neurons, while both vestibular photographic enlarger. Tile sections were
nerve fibers and fastigial axons have direct then stained by the Kliiver-Barrera method to
excitatory action. These observations now reveal details of the cytoarchitecture of the
reveal some essential features of the cerebello- vestibular nuclei. The position at which in-

vestibular interaction and facilitate conception of dividual neurons were impaled was plotted on a
some general ideas about the cerebellar control lattice made up of the microelectrode tracks and
mechanisms, lines equal to the depths of microelectrode

insertion as measured on the scale of the micro-

METHODS OF STUDY manipulator. The lattice was then fitted on the

Under Nembutal anesthesia, the cat's head histological section by using as a guide thetrace of the microelectrode track.
was fixed in a supine position. Microelectrodes

filled with solution containing 3 M KCI, 2 M CELL IDENTIFICATION BY
NaCI, or 2 M K-citrate were inserted through ANTIDROMIC ACTIVATION
the ventral surface of medullary pyramid in
a ventrodorsal direction, usually on the right Antidromic activation has been employed
side (ref. 9). The vestibular nerve branches widely as the most reliable method of identifying
were exposed in the right vestibule by the method certain neuron groups (ref. 9). This was suc-

of Andersson and Gernandt (ref. 10). An acu- cessfully applied to the folh)wing three groups
puncture needle, insulated except for the very of vestibular nuclei neurons.
tip, was placed lightly on the vestibular nerve (1) Deiters' neurons. - When the C._, or C:_
branches as a cathode. The anode was formed segment was stimulated with the needle electrode
by another needle placed on the cochlear bone. placed about 2 mm lateral from the anterior
The ventral surface of the spinal cord at median fissure (C/in fig. 1), conspicuous negative

the second or third (C2 or C3) cervical segment field potentials developed over the region of the
was exposed; upon this three needle electrodes nucleus of Deiters on the same side (ref. 9).

were mounted, one on the anterior median These field potentials are produced by the
fissure and the other two at 2 mm right and left, antidromic invasion of Deiters' neurons through

respectively, to the tbrmer. The needle or their vestibulospinal axons. In individual
concentric electrodes were also inserted into Deiters' neurons, the antidromie spikes show
the cerebellum stereotaxically, a marked inflection on their ascending phase as

Penetration of neuronal elements within in motoneurons (ref. 13) (fig. 1A) and are tol-

vestibular nuclei was signaled by the sudden lowed by an afterhyperpolarization of several
appearance of a membrane potential of --40 milliw_lts that lasts for about 50 msec (fig. 1B)
to-70 mV and also of spikes and postsynaptic (ref. 9). As confirmed by histological exami-
potentials in response to stimulation of the spinal nation (ref. 14), the cells projecting onto cervico-
cord, cerebellum, and vestibular nerve. Locali- thoracic segments of the spinal cord were

zation of impaled neurons was determined by located relatively ventrad and those onto lure-
the following procedure (refs. 9, 11, and 12): bosacral segments relatively dorsad, though
After each experiment, the brain tissues were with a considerable overlap (ref. 9). Unit

fixed by intracarotid injection of a 10-percent analysis by Wilson et al. (ref. 15) further con-
buffered formalin saline solution, with the firmed that the lumbosacral Deiters' neurons tend

mieroeleetrode left buried in one of the tracks to be located caudally in relation to the cervico-

through vestibular nuclei. Frozen sections thoracic ones (ref. 14). The conduction velocity
were then prepared from the medulla and cere- along the vestibulospinal tract fibers ranged
bellum (transversely with a 40-micron thickness) from 25 to 140 m]sec, with the mode at 90 to
on which the trace of the microeleclrode track 100 m/see (refs. 9 and 15).
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(2) DMLF cells.-Antidrmnic activation of of l)eiters (cf. ref. 1). These cells were acti-

these neurons was brought about re.st effec- vated frmn tile cervi(;al cord with relatively

lively with tile C,, electrode placed on tile short latencies (mean 0.82 msec from C2),
anterior median fissure (fig. 1) (ref. 12). Tile comparable to those for ventrally located Deiters'
difference in threshold for this activation be- neurons (0.81 msec from Ca) (ref. 12). These

tween Ci and C,, or between C,: and C,,, elec- neurons may have similar conduction velocities

trodes was usually more that, fivefold; these and so lm)bably have similarly large-sized

cells should be sending axmls through the cell sontata. On the basis of histology findings,

descending medial longitudinal fasciculi (DMLF). the majority of DMLF cells appear to be hu-ate<]

Their action potentials were similar to those within the medial vestibular nucleus (ref. 16);

of Deiters' neurons in that timy had an inflection this was confirmed recentlv by unit rec.rding

on the ascending phase (fig. 1C). The DMLF (re['. ]7). These medial cells, h.wever, were

cells presently studied were impaled mostly not particularly sought out in tile present

in the rnstral pole of the descending vestibular investigations.
nucleus which extrudes underneath the nucleus (3) Cerebella, r-projecting cells.-Cells in the

descending nucleus often responded antidrom-

ically to the juxtafastigial stimulation by generat-

ing action potentials similar to those .f Deiters'
and DMLF neurons; spikes have an inflected

..... ascending phase (fig. ]E) and are followed by an

afterhyperl)olarizati(m (fig. IF).
The other comp<ments of vestibular nuclei were

_" less well identified. The cells impaled withinp.,.,.-N >..--.i-.4

_ (_ (__ _ the superi<,r vestibular nurleus may betaken as% rel)resentative of those cells sen(ling axons

''oc_vs _'>"+_ craniad through the ascending medial h:mgitudi-
..... ' nal fasciculi (AMI_,F) and are gronped as type IV,

"" ' _:" + since most o|' the (:ells in this region appear toF ' : - -

be directed rostrally (ref. 1). A number -f

....... ...... 2o _, _ ..... neurons iml)aled in tile descending and inedial

\ r
It _'v._ - tt vestibular nuclei could not be actiwlted anti-

": + +_,. dr,,mically, either fr<,m tile spinal cord or from
rose,'

..... ,o .... the cerebellum. Such neurons may include

FmURE l.--ldentiJication of vestibular nuclei neurons by those cells projecting rostrally through the AMI+F,
their antidromic activation. The diagram on the topillus- but at least a |)art of the,ll may be serving as
trates axo,al projections for five types of neurons. I-V: connections among vestibular nuclei and thus

Indicated in the text. CER: Cerebellum. Fast: Fastigial may be grouped as type V.
nucleus, floe.: Floecular lobe. N: Nodulus. VS: Ves-

tibulospinal tract. A: lntracellular recording J'rom a Axons were also often penetrated within ves-
Deiters' neuron during antidromic invasion from Ca level, tibular nuclei. Some of them could be identified
Arrow marks the inflection on the spike ascending phase, as the vestibular nerve fibers by their direct

B: Afterhyt)erpolarization following an antidromic spike resl)onse to the vestibular nerve stimulation (fig.
(from ref. 9). C. Antidromic spike of a DMLF cell it+ re- ID). The ew)ked sl)ike showed the steep as-
sponse to C.,_stimulation; arrow mark similar to A; note
that the stimulus intensity wns set at threshold where anti- tending phase with no inflection and was followed
dromic inwtsion failed in about half the trials. D: Direct by little afterpotential, features characteristic ,A'
response of a vestibular nerve fiber to the vestibular nerve axons (ref. 18). Some others were identified as

stimnlation OCromref. 18). E: Antidromic inwzsion of a de- Purkinje-cell axons of cerebellovestibular pro-

scending vestibular nucleus neuron to the juxtafl(astigial stim- jeetion or cerebellar afferent fibers (or their col-ulation. Arrow indicates as in A and C. F: Afterbyper-
polarization following an antidromic spike from juxta- laterals) run,ring tim,ugh the vestibular nuclei
fastigial region (from refs. 9, 12, and 18). (refs. 9 and 19).
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STUDY WITH VESTIBULAR there was usually orth.dr.mir firing of impaled
S TIM ULA TION cells (E).

The latency of the vestibular-evoked EPSP's

Monosynaptic Action of Vestibular Nerve Volleys distributes multinmdally, with the earliest group

The most ronspicuous event which happens at 0.6 to 1.0 msec and later ones at 1.0 to 1.8

in many vestibular nuclei cells during s/imula- msec. The earliest EPSP's have a mean latency

tion ,_t" the ipsilateral vestibular nerve with brief of 0.76 msec (± 0.08 msec SD) in 44 Deiters'

electric pulses (0.1- to 0.2-msec duration) is neurons and of 0.72 msec (±0.08 msec SD) in 43

initiation of excitatory postsynaptic potentials non-Deiters' vestibular nuclei cells (refs. 12 and

(EPSP's) with extremely short latencies. They 18). These EPSP's must be produced mono-

are illustrated in figures 2A through E for a synaptically because their latencies are h)nger,

Deiters' neuron, in Fthrough H foracerebellar- just by a monosynaptic delay time, than the

projecting cell, and in I through K for a superior latency of arrival of the primary vestibular ira-
nucleus neuron (refs. 12 and 18), with vari.us pulses at the vestibular nuclei. The latter

stimulus intensities. At two to five times the laleucy is 0.33 msec(ref. ]8) at the P-wave of the

threshold of excitation of the vestibular nerve, field potential (ref. 20); at tile foot of spikes in
individual vestibular nerve fibers it is 0.46 msec

(ref. 18).
Cl:t¢,

Distribution

The monosynaptic EPSP's were seen in

(44 .f 151). These vestibular-excited cells

are located relatively ventrad, as confirmed by

histological data (ref. 4) and unit analysis (ref. 15).

'_ J '"_ _ The mon(,synaptic EPSP's occurred in 6 of

"l_ m "a_'.,m,,._-._ ~ '_'_,/_ projecting7DMLF cellSones,eXamined,in9 olin912 Ofsuperiorl4cerebellar-nuclei

"--- I( ,,. cells,andin]9 ,,f30 descending and medial

,. _._ _.,_ [_ J \ nucleus neurons with identified projection.__ "_ _ These fre(tueneies of occurrence appear to be
l + _ , , considerably higher than those given with

..... 20 mV ........... unit analysis (36 percent for medial and 40

FmURE 2.--Monosynaptic excitation of vestibular nuclei percent for descending nuclei, ref. 21), but the

neurons by the vestibular nerve voile)'. Top diagram shows discrepancy may, at least partly, be due to tile

the direct i,nervation by the vestibular nerve fibers. L: fact that the intracellular recording presently

Lateral nucleus. VN: Vestibular nerve, lntracellular re- adopted reveals existence of the EPSP's even
cording fi'om a Deiters' neuron (A through E), J}-oma de-

if they are subthreshold for orthodromic excita-scending nucleus neuron (F through H), and from a superior
nucleus neuron (I through K). Lower traces in A through C tion that is detected only by tile extracellular
and F through H, and middle truces in D indicate extra- unit recording. It is also to be considered

cellular control potentials. The bottom trace in D shows that the intracelhdar recording preferentially

the upper and middle traces in superposition; the down- samples relatively large cells which might
ward arrow indicates their diverging point. In A, the in-
tensity of the vestibular nerve stimulation wasjust ot thresh- more commonly receive the monosynaptie
old .lb; the EPSP, and increased to 1.1 ti,nes in B, 1.5 EPSP's than do relatively small cells.
times in C, and 3.8 times in D over that in A. E: Same as in
the upper traces of 1) but taken with a low amplification. Unitary Composition

Similarly, the vestibular nerve stimulation is of threshold The gradation in size of the monosynaptic

intensity in F and increased by a fi_ctor of 1.5 in G, by 5 in EPSP's, which varied according to the intensity
H, 1.03 in 1, 1.06 in J, and 3.6 in K. Voltage scale o]'2 mV
applies to A through D and F through H and that of 5 mVto of the vestibular nerve stimulation (fig. 2/t
I through K. (From refs. 12 and 18.) through K), indicates that a nunlber of vestibular
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nerve fibers cmwerge onto single vestibuhn the least discernible EPSP's ev,,kcd with

nuclei neurons. In figure ,3..4 the vestibular juxtathreshold stimulation and averaged ow;r

nerve stimulation was adjusted toajuxtathreshold 20 to 40 sweeps al a repetition rate of 10 per

irltensity and was repeated every second. Small second trig. 3A). In ]l l)eiters' neurons the

monosynaptic EPSP's onset at tile left broken mean smalles! EPSP's have a peak aulplitude
vertical line and show a considerable fluctuati,,n ,,f 0.25 to 0.67 mV (average, 0.46 mV), their

in size. As indicated in figure 3C and D for maximum ascending slope being 0.3to2.5 V/see

two Deilers' neur(ms, reslmctively, tile fluctua- (average. l.l V/see). In these (:ells, tile maxi-

lion in amplitude ,d" these EPSP's occurs with munl ascending sh,pe of tile maximal EPSP's
tim smallest unit of 0.2 to 0.3 mY. Sinlilarly was 12 to 61 times (average. 25 times) as large

small amplitude EPSP's were usually seen t,_ as that of the mean Slll;tl]cst EPSP's (ref. ]8).

occur slmntancously as in figure 3/3 and E. It These figures will give a rough measure of lhe

is probable that a part of lhese EPSP "noises" number of the vestibular nerve fibers converging

is caused by the vestibuhu impulses which on Deiters' neurmls.

arise spontaneously, lt_ Ibis way the mono- Ill Uml-Deiters' veslibuhlr nu(-leus (;ells thc

synaptie transmission from tile w:stibular size of the unitary EPSP's was often relatively
nerve fihers to Deiters' neurons resenlbh_'s t]lal hlrge (see fig. 2F and 1). In 12 n,,n-l)eiters'

fr,,m group la muscle afferents 1o spinal tin,to- neurons lhe mean smallest lEPgP's ranged ('r, ml

neurons (refs. 22 to 24); it is performed through 0.27 to 2.0 mV (average, 0.76 mV) and their maxi-

c,mvergeuce of a number of afferent fibers, mum ascending slopes frmn 0.6 to 3.6 V/scc
each fiber making only a minute contribution. (mean, 2.19 V/see). The ratio ,d tile /naxinlunl

The action of singlc vestibuhn nerve fibers ascending stope,fftlle mean smallest EI:'SP'sl,,

was evaluated apl.U'oxinlately by measuring that of lhe maximal EPSP's was between 6 and
38, tile average being ]5 (ref. 712). Theref,,rc,

uon-Deilers' vestibular nucleus neurons aplmar
A B

_..._ ...__._.._ to receive a snlaUer nun/bet of w_'stibular nerve
--"'" "-- " r--q fibers, each of whi(:h ilas a iligher efficacy ,,f

-''"_"" _ "-"--'_-_" , ] ], , _ q , ,r7-71,i , synaptic transmissi,m than that ,d' Deilers' re:u-
---:v-L" "----"-"

.._,1 -_ _ '... rollS. Actually, Wilson el a]. (ref. 25) reported

--" _''K_%' ' ". , 1 , , _ p , produce monosynal_tic firing of a medial nu( eus

" :""_'"'"'..,-. "" '_'_"'_-,._..- unit bv vestibular nerve impulses. It mav be

.. -..:.___ _ said that, in general, the t[ansmission from the

- -'-_--- vestibular nerve to non-Deilers' neurons is ess

"+?" "- + 17 ,m, ,_ .....@_','7"-,.... [ 2 mV_ .... n integrative alld thus Inol'e Ill' arehly than th0.1 to
- msec 0 0.5 1.0 mV Deiters' lleurous.

Repetitive Discharges in Vestibnlar Nerve Fibers
FIGURE 3.-Vestibular-evoked and spontaneous unitary

EPSP's in Deiters' neurons. A, B: lntracellular recording A rather peculiar observation with w:s/ibuhlr
from two Deiters' neurons; time constant, 0.02 sec. From nerve stimulation is that the monosynaptic EPSP's

the top to the bottom are single-sweep records taken ever)" are followed by prominen! late EI)SP's with a

second. In A tbe vestibular nerve stimulation was at a latency of 1.9 to 2.2 nlsec (fig. 4A t(, C) and
juxtathreshoht intensity. Left vertical broken line indicates
the moment of onset of the monosynaptic EPSP's; the right further by those at 3.5 to 4.2 msec (D), there
one marks the moment when delayed small EPSP's were being characteristic multipeaked depolarization.
induced in some sweeps. In B no stimuli were given. That this successive onset of El'SP's is caused

C: Frequeno" distribution of amplitudes of the small by repetitive discharges in the vestibular nerve
EPSP's evoked monosynaptically by the juxtatbreshold fibers is indicated by three lines of observations:
stimulation of the ipsilateral vestibular nerve, partly
illustr, ted in A. D: Similar to C, but for ,,,other cell. First, when examined with double-shock stimula-
E: Similar to C and D, but for spontaneous EI'SP noises, lion of l]le vestibular nerve, tile rclractory (:urve

partly illustrated in B. (From ref 18.) [¢_r testing monosyual_tic Ei'_SP"s ('ails (]_p',vn twcJ
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or three times, corresponding exactly to the peaks burst of repeated spikes, similar to that evoked

of EPSP's, as illustrated in figure 4E through J by stimulation, occurred spontaneously at a

and plotted in K. Second, individual vestibular frequency of about 20 per second (fig. 5D).

nerve fibers, as impaled within vestibular nuclei, Third, the fact that such repetitive discharges

often responded repeatedly (twice or three times, as seen in figure 5A through C take place in

or even more) to single vestibular nerve stimula- many vestibular nerve fibers is demonstrated in

tion (fig. 5A through C). At threshold stimula- figure 5E through I where the refractoriness is

tion, the whole train of these spikes behaved in tested for the P-wave of the field potentials which

an all-or-none manner (A, B). Therefore, the represent the volley in the vestibular nerve. As

late spikes in a fiber appear to be triggered by plotted in J, the refractory curve shows inflections

the initial spike in that fiber. Sometimes the approximately corresponding to the onset of

late EPSP's. When the vestibular organ was

destroyed, the refractory curve of the P-wave

"_ _ _:.,5 _" _,//_v_ ,J_ I+ became simpler, indicatingtbat many vestibular
-" nerve fibers ceased to discharge repeatedly.

,,o_ " The cause of this muhiple firing in vestibular2 mV

•"_- ,.)_ _. , _j,_.. nervefibersisnotclearatthepresenttime. It,.,,V</. L ".. .
K

f J-
<3

_r i_-;:-'t-/_ ^,i^

.... _ _ i, _ _ _ ...,_ o. i ' -v ,it "-
FIGURE4.-Multipeaked EPSP's built up in Deiters' neurons "tl_ ll><l[_.... ._ ......

Upper traces, intracellular recording from a Deiters' neuron. I_ 2 .Lower traces, extracellular controls. Stimulus intensity is _' i
indicated in each record by the multiple of vestibular nerve _ 2 ....... I ' _ " "

excitation thresholds. Upward arrows in Dpoint to the n 2_v l°° F-I----i_ _.....
moments of late onset of depolarization. E through J: ' i I_ '.l/_ /Double-shock vestibular nerve stimulation in another ] J 1., i (¢_)

r V Ir--v

Deiters' neuron. E: Control obtained with conditioning _ , 5o _o_
rl_s e c o

stimuli with a supramaximal intensity for the mono-
0 5 msec 10

synaptic EPSP. m, I, and 1': Three peaks of EPSP's. In

F through J, test stimuli of the same intensity as that of the FIGURE 5.--Multiple discharges in vestibular nerve fibers

conditioning ones were given at various intervals after which occurred in response to single vestibular nerve

conditioning at the moments indicated by dots. In each stimulation. A through D: Partial intracellular recording

record, test stimuli were switched off in about half of the from three vestibular nerve fibers (A, B, C, D) within the

trials. In F and H, the descending phase of the m- and nucleus af Deiters. E through 1: Extracellular recording

I-EPSP's is indicated by broken lines which were assumed from the nucleus of Deiters. Double-shock stimuli, each

to follow an exponential curve with time constant of 0.9 being supramaximal for P-wave, were given to the vestibular
msec. Upward and downward arrows show how to measure nerve at various intervals. The test stimuli were switched

the amplitudes of test EPSP's. In I and J, the test EPSP's off in about half of the trials at the moments indicated by

were measured from the baseline provided by the condition- dots. J: Relutes the amplitudes of the test P-wave in the

ing stimuli alone. Time scale of msec (1.0) applies to records partly illustrated in E through I (ordinate) to the

E through H and that of 2 msec to [ and .I. K: Refractory shock intervals (abscissu). Inset diagram in J indicates how

curve for the test monosyaw_tic EPSP's. Ordinates: amp/i- to measure the size of the P-wave, which is the sum of the

tude of the test EPSP relative to that of the m-EPSP which respective peak amplitudes of the positive (p) and negative

is indicated by horizontal broken line. Abscissae: time (n) phases of P-wave as measured from the potential curves

intervals between the conditioning and test stimuli. Ver- following the conditioning stimuli alone (broken line).

tical broken lines separate the phases a, b, c of the recovery K, L: Similar to J, but taken immediately after (K), and

curves of the test EPSP's, corresponding to the m, I, 1' peaks about 2 hours after(L), destruction of the vestibular organ.

of the conditioning EPSP's. (From ref. 18.) (From ref. 18.)
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7

call only be pointed out that this may be due to through excitatory interncurons interposed be-
a kind of pseudoreflex at the peripheral end of lween tile vestibular nerve fibers and Deiters'
nerve fibers which occurs in frogskin nerve under neurons.

certain experimental conditions (ref. 26). ALl ahernate possibility thai the delayed
EPSP's are induced monosynaplically by

Polysynaptic Action of Vestibular Nerve Volleys impulses ahmg relatively slow conducting

ILl some Deiters' neurons, the latency of the fibers can be excluded for two reas¢ms. First,
vestibular-ew)ked EPSP's exceeded 1 msec the intensity range of lhe vestibular nerve
(fig. 6H). These EPSP's were usually of rela- stinmlation effective for evoking tile delayed

tively small size even with maximal vestibular EPSP's is quite similar to that for tile mono-
)nerve stimulation (fig. 6A through C). The synaptic EPSt s, indicating that both tile nmno-

mean latency for these delayed EPSP's is 1.28 synaptic and delayed EPSP's are ew_ked through
msec (n = 18) and is longer by 0.52 msec than lhe vestibular nerve fibers which have a similar
that of the monosynaptic EPSP's (0.76 msec; excitability and hence presumably a similar

see above). The 0.52 msec is close to tile conduction velocity. Second, delayed EPSP's

0.75-msec difference in latency between mono- were encountered widely within lhe nucleus of
synaptic EPSI s and disynaptic IPSP's evoked Deiters, even in its dorsal portion, as shown in
by group Ia muscle afferents in spinal moto- fgure 7Q (shaded), where no primary vestibular
neurons (ref. 27). Therefore, it is assumed that nerve fibers have appreciable synapses, ac-
tile delayed EPSP's are produced disynaptically cording to histological observations (ref. 4).

The delayed EPSP's, prcsumably of disynaplic
origin, were seen also in some mm-Deiters'

_, ,..... _ neurons (fig. 6J).

-"_-'" _, were also somelimes observed either in isolation

L_ _ .,l . or in superp<_sition upon the m<mosynaptic
"_"" _t_, ... ............ EPSP's (fig. 6D through G'). The latency of

,,_,, _ these IPSt s falls within tile range of from 1.2

it" "_ [_,i,;'........... ! to 1.8 msec, indicating that they have a poly-
.,_

_ i t_ _5,_,. synaptic (or at least a disynaptic) origin.
_ ,............ The neuronal c(:m.rleclions between the vestib-ms,,, ms._

ular nerve fibers and vestibular nu(-lcus neurons

,.o are illustraled in the diagram at tile bottom o[

''_ f-___ figure 6. The cell V.. receives mmmsynaptic
EPSP's and in some cases also polysynaptic
PSP's through interneurons V_, and Vi. They
inw)lve about one-third of Deiters' neurons and

FIGURE 6.-Vestibular-evoked polysynaptic EPSP's. A

through C: lntracellular recording from Deiters' neuron, lwo-thirds of tile non-Deiters' neurons examined.
D through G: From a DMLF cell. Intensity of vestibular V, cells are activated only polysynaptically.
nerve stimulation: 1.2T in A, 2.5T in B, 3.8T in C, 1.OT They are common in the dorsal part of the nucleus
in D, 1.2T in E, 1.4T in F, and 1.ST in G. H: Frequency of Deiters. Va ceils, r¢,ceiving inhibition only
distribution of the latency for the vestibular-evoked EPSP's from the ipsilateral vestibular nerve, were found
(abscissa) in Deiters' neurons. Downward arrow indicates

latency of the P-wave. Shaded area represents the early only in non-Deiters' nuclei. They may have

group of EPSP's in the monosynaptic range. 1: Similar other sources of excitalory input. The inter-

to H but for IPSP's. J and K: Frequency distributions of neurons V_ and Vi should also be h,cated in I]le

vestibular-induced EPSP's and 1PSP's, respectively, in vestibular nuclear complex, probaldy in lhe
non-Deiters' vestibular nucleus neurons. Bottom figure is medial and/or descending nuclei where shorl-
a diagram of the synaptic connections front the vestibular
nerve to vestibular nucleus neurons. Further explanation axoned cells of the inlerneuron lype exist (re['.

is in text. (From refs. 12 and 18.) ]). Some cells impaled ill these regions and
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activated inonosynaptically from the vestibular convergence number was calculated for" Deiters'

nerve might serve as interneurons as poslulaled neurons as 20 to 50 (ho el al., unpublished).
here. Histological data (refs. 5 to 7) indicate that

Purkinje-cell axolts from the cortex of the

STUDY WITH CEREBELLAR vermis project onto the dorsal part of the nucleus
STIMULATION of Deiters as well as of the other non-Deilers'

nuclei. The whole a,eas of the vestibular nuclei,
Inhibitory Action of Purkinje Cells

The inhibitory action of the cerebellar Purkinje
cell was first noticed in the exlleliment where ........

microelectrodes were inserted into dorsal __ !

Deiters' neurons. During stimulation of the ..' I

anterior lobe of the cerebellum, IPSP's appeared '"! il,,
with monosynaptic latencies (refs. 28 and 29)  .lllD

(fig. 7(.; through M). The monosynaptie inhibi- __ _ .,[_JI_
tory area for Deiters' neurons expanded hmgi- I _ _"-'" ...........

tudinally, mainly along the ipsilateral vermis -- _I_o,, _i , _
cortex ,,t" the anteri,w lobe (ref. 30). The ipsi- %#ev_: __,.
lateral cortex of the posterior lobe was also effec- _- _ i_ t_ '._i i.[[:
tive in inhibiting Deiters' neurlms, though less _ -_,',a'-,,,t.._r-_

prolninently than the anterior lobe. The _i_.. ' _ ,o _ :

inhibitory fibers could be stimulated in the white ......... _ _ -7
matter of the cerebellum, predominantly in the -.',,..,,----- ...... °__.......
ipsilateral side at rostral regions of nuclei
fastigii and interpositus. Further, the mono- F'ICUI_E7.-Monosyn,l,tic IPSP's induced in vestilml,r
synaptic iuhibition of the anterior and posterior ,,zch,,,s ,_eu,'onsd,,i,_._stimuhuio,_of the ce,'ebelhl,'co,tex.

/)irt_rttm rtt top skows tke eerebello_estibuhtr projections.

lobes occurs chiefly in the dorsal portion of tile A tkrougk F: Recorded fiorn tkree superior vestibular

nucleus of Deiters, as shown in figure 7N and hue/ells neurons during stimul,tion of tke floccular lobe.
O. These spatial patterns of distribution of Urn,e, tr,ces: Intracelhda, records. Lower tr'aces in A
the inhibitory fibers, in both the cerebellum and ,,,,d t3 ,nd D tkrougk l'" ,ne extr, cel/ul,r controls, while

the nucleus of Deiters, eonfl)rm to those of the those in C are intracellular but during passage qfC1-

Purkinje-cell axons Of corticovestibular projec- injection k)7_erTmlarizing currents. Inte.nsity of jloccuhtrstimul,tion (0.2-reset durrltion) w,s 2 volts in A. IO in B.

tion (refs. 5, 6, and 31 ). It is also demonstrated /0 in C. 2 in D. 10 in E. and 20 in F. (; through M: ll'St"s

that transsynaptic activation of Purkinje cells induced in a Deite,s' neuron during stimuhaion of ve,mis

through eerebellar afferent fibers produces co,tex qf cuhnen. Stim,lus intensity. 1.9 V in (;. 2.1 in
lPSP's in Deiters' neurons with a delay of m,mo- H, 3.2 in 1,5.0 in J, I0 in K.20 in L, ,nd 30 in M. Dotted

lines i, 1. ,rod Mindic,te the time course of the I*otenti,I

synaptic range (ref. 33). ck.nges similar to th.t irl .l. Note tke difl_srent voltage

Similar inhibitory action has been observed sc_,l,,,._./br t; through I (2 mF) ,nd .1 through M (5 mV).
recently in the SUl)e,'i.w vestibular nucleus N: F,equency dist,-itmtio,,of the del,tks of lmnetr, tion oJ"

neurons (ho, Fukuda, and Kaji, unpublished), those cells which did not receive monosynapticinhibition
In them, stimulation of the ipsilateral floccular J_o,,, the cerebell.r r,nte.rior lobe. (): Similar to N. but

lobe was very effective in produeing nlonosyuaptie .['or those which received the inkibition. Zero on the
absciss, and vertical brol,'en line indic.te the me_tn depth

IPSP's, in accordance with the floccuh)vestil)ular of ,ll tke Deiters' neurons in eack i_re#_tr_ttion. Figures

projection defined histologically (refs. 7 and 34). witk minus sign rel,resent ventr.I, mid those with no sign

The vestibular-ew_ked IPSP's show a fine dors_d deviations (J}'om ref. 11). P. Q: Illustrating,

gradation in their sizes, according to stimulus simil.rly to N and O, the frequency distribution fi_r those

intensity (fig. 7A through M); there must he Oeiters' neurons with 11_) and without ¢Q)monosyn_ll*tic
activ,tion fiom the vestibuhH" nerw_. Shaded in Q are

convergence of a number of Purkinje cell those cells _tctivated only #olysynal_tically by the vestibuhlr

axons onto single vestibular nuclei cells. The nerve volley, tFromrefs. I1 and lB.)
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except for tile nucleus of Deiters, are covered chains fr(ml Purkinje cell to vestibular nuclei

also by Purkinje-cell axons from the vestibuh:t- cell and then to Inotonet, rons are illustrated

cerebellum (nodulus, flocculus, ventral uvula, in figure 8D and /;2.

and ventral paraflocculus). Peculiarly, the ven- With the cerebellar nuclei inserted, the (;(tll-

tral part of the nucleus of Deiters receives little nection from Purkinje cells Io tile final common

cerebellar corticofugal projection. Accordingly, m(t r path beconles multi;tel)peal (fig. 8A

monosynaptic IPSP's have not been evoked in through C). There is evidence indicating thai

ventral Deiters' neurons from ally part of the lhe Purkinje ceils exert solely inhibih)ry at-lion

cerel)cllum. Th(}se Deiters' neurons receiving up()n cerebellar nuclei cells (ref. 36). T,,

monosynaptic activation from the vestibular the contrary, tile simplest arrangement has

nerve showed m, trace of tile cerebellar inllibi- been found in , cuh nl t }r uetm,ns ,,t Japanese

lion except in a few (;elKs in which both vestib- snake fish whi(zh Purkinje cells inhibi! directly

ular EPSP's and cerebellar IPSP's appeared (fig. 8F) (,-et.37). Rece,ltly, l_limis el al. (ref. 38)

mon(_synaptieally (It :} et al., unt.)uhlished), found in !he frog thal |he ccrebe[lar Purkinje-cel[

Recent electron-microscopic study also indicates axons I)ass oul of tile medulla and innervate

that some Deiters' neurons have synapses with the hair cells o[" tile vesti[)ular organ dirc('tly

both vestibular nerve and Purkinje-cel[ axons (fig. 8H). Here again the action .f Purkinje

(Walberg, personal conllnunication), ceils seenls to be inhibit(,'y (ref. 39). It inay

Dorsal Deiters' neurons may have direct also be mentimmd lhat Purkinje cells inhibit

connection with spinal motoneurons, though basket and (;olgi ceils in the cerebellar cortex

distinction between the dorsal and venlral thr(mgh !heir axon collaterals. There are no

Deiters is not c[ear in the experiment by Lund data available on the action of the Purkinje

and I_omlmianl}(ref. 35). The superior vestibular (;ells involved in tile c(mtrol (,f ele(-tric-,,rgan

nuclei neurons may connect with oculonnm)r discharges in electric fish (fig. 8G), but, since

neurons (ref. 1), but there is no direct physio- the electric pla(lue is a nlodific'ati(m o['muscula-

logical evidence. These possible three-neuron tillC, it is highly l)ossilde that Purkinje (-ells
have inhibitory action similar to that in the

lnoIor Systenl.

A B C D E F G H Disinhihilion

,........,............. -............ Electri(: stimulation of lhe cerebellar (:ortex

zation lasling for 50|o 500 Insecilldib'sa Deilers'

neurons (refs. 29 and 40). Evidence has been

__,___ _ _ given to illdicale that this slow dep()]arizali(m

_" ,'i' is caused by depression of Purkinje cells which!,_" otherwise are firing Sl ntaneously and st,
building up a steady hyllerpolarizalion at the

menlbraue of Deiters' neurons (ref. 40). This

..... depression of t)urkinje cells seems to be effected
through the inhibitory neurons in file cerebeliar

corlex (basket, superficial stellate, and Golgi
Ilv, mkl_tle 121e(trl_ \ ,:.tthnL,/ t,l-_m

.................. ,.... cells; ref. 41).

FIGURE 8.--Diagrammatic illustra.tion of various types of Disinhibitory slow depolarization in dorsal
cerebellar efferent connections. L: Lateral nucleus. Deiters' neurons could also be produced by

I.P.: lnterpositus nucleus. F: Fastigial nucleus. VL: stimulating the sl)inocerebelh(r afl'erents a!

Nucleus ventralis lateralis of thalamus. RN: Red C2 level or in tile inferior (}live (ref. 40). in
nucleus. V: Vestibular nuclei in general. RF: Reticular
formation, dD: Dorsal part qf nucleus of Deite,s. VS: superior vestilmlar nt, c'leus ceils the s!imulation
Superior vestibular nuch:us. Py: Pyramidal tract neurons. Of the vestibular nerve ev(,ked similar dis-
M: Motoneurons. EM: Eh.ct,'onwtor neuron, inhibiti(m (lto and Fukuda, unlmblished).
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Disinhibition was seen also in cerebellar nuclei EPSP's are brought about through the cere-

(ho et al., unpublished). It appears to account, bellar efferents which may have synapses with
at least largely, for the facilitatory action pro- subcortical cells via their collaterals, as de-
duced by cerebellar stimulation upon muscle scribed previously by Lorente de N6 (ref.
tone (refs. 42 and 43). 44). Recently, sources have been identified

for some of the excitatory fibers to vestibular
Axon Reflex nuclei (ho, Kawai, Udo, and Mano, in prep-

One of the most important aspects of the cere- aration). One is the vestibular nerve fibers. In
bellar organization in the cerebellar efferent sys- figure 9A stimulation of the floccular lobe evoked
tem was revealed by the finding that the cerebellar prominent EPSP's with monosynaptic latency
stimulation evoked not only monosynaptic IPSP's in a ventral Deiters' neuron. In their time course
in subcortical neurons but also monosynaptic and in their having a late peak superimposed, the
EPSP's. In the superior vestibular nucleus cell floccular-induced EPSP's (A) greatly resemble
of figure 7E and F such EPSP's as these are seen those produced by vestibular nerve volleys (B).

in superposition upon the IPSP's. It has In fact, when evoked at short intervals, thesealready been suggested (ref. 11) that these EPSP's interacted with each other in the manner
of impulse collision, as seen in figure 9C and

_. plotted in F(O). It is obvious that the floccular

-'-q__q _oc. v_ J__t ,,_ _ ,....... stimulation ew:,ked the EPSP's via the vestibular

_'_ ' nerve fibers which, after synapsing with ventral
'_ '_ * . _),\ Deiters' neurons, pass into the floccular nerve,

.... _ ..........._ " "_'_ as indicated histologically (ref. 45). In the cell

vx *_I__m,'1_. '--_.. of figure 9A through F, stimulation near the fastig-
__. ial nucleus also produced EPSP's with mono-

":_'q'_ synaptic latency (D), and these EPSP's again

_o.... i ......................... L,qdx;*_*I intracted with those from the vestibular nerve
, .... -_ ...._" _'o, oo (E and F). Apparently the vestibular nerve

i" ' '_ fibers are giving off branches also to the juxta-
5O _ ;

.......... fastigial region, presumably innervating the

I_ nodules and ventral uvula (refs. 7 and 45).o........ The interference curves between the EPSP's
0 5 msee

from the flocculus (O) or juxtafastigial region
FIGURE9.--Axon reaqexfiom the floecular lobe to vestibular (_) in figure 9F show a fall at 2- or 3-msec in-

nucleus neurons through vestibular nerve fibers. Diagram.
tervals. This indicates that the vestibular nerve

on the left indicates the arrangement of recording (m) and

stimulating (S,, $2, Sa) electrodes, jf: Juxtafastigial fibers respond to floccular nerve or juxtafastigial
region. A through E: lntracellular recording from a yen- stimulation with repetitive discharges, just as

tral Deiters' neuron. A: EPSP from floceular lobe. seen in vestibular nerve stimulation (see above).
B: EPSP from vestibular nerve. C: Combination of the That the major portion of the vestibular nerve
floccular (conditioning) and vestibular nerve (test)stimuli.
Dotted line indicates the time course under no test stimula- fibers is involved in this repetitive response is
tion. D: Combination of if and VN stimuli, the latter being indicated in figure 9 G through K where the P-wave
switehed offinabouthalfofthetrials. E:SimilartoD, but ew_ked by the vestibular nerve stimulation is

with a shorter stimulus interval. F: Ordinate plots the depressed by the floccular stimulation very

amplitudes of test VN-EPSP's relative to their control effectively in the phase corresponding to the
value as function of time intervals after conditioning at

floe. or jf. Horizontal broken line indicates the lO0-percent second fall in the interference curve of EPSP's
value. G through K: Extracelhdar recording within the (see I) (ho, Fukuda, and Kaji, unpublished).

descending vestibular nucleus. Conditioning stimuli were Similar EPSP's of vestibular nerve origin were
given to floccular lobe and test ones to the vestibular nerve seen in the superior as well as descending vestib-
at various intervals, the latter being switched off in about ular nuclei cells.
half the trials. Downward arrows indicate the moments of

teststimulation. Another type of excitatory fibers was found to
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be distributed widely within the anterior lobe of figure lO. It is known that fastigial axons

the cerebellum and to impinge onto both ventral have only excitatory action upon vestibular

and dorsal Deiters' neurons. By examining the neurons and mediate the Purkinje-cell inhibition

occlusion due to impulse collision and refractori- indirectly by withdrawal of the excitatory

ness, the major source of these excitatory fibers fastigial impulses (ref. 43). The cerebello-

was found to be in the dorsomedial portion of the fastigial influence may act upon dorsal Deiters'

lower medulla which inw)lves the so-called peri- and superior vestibular neurons in parallel

hypnglossal nuclei and alsl) the dorsal part of with the direct projection by Purkinje cells,

paramedian reticular formation. Both the peri- while it is the only pathway for cerebellar control

hypoglossal nuclei and paramedian reticular for- on ventral Deiters' neurons.

marion project to the cerebellar anterior and

posterior lobes bilaterally (refs. 46 to 48). It CEREB.ELLOVESTIBUIMR

appears that the cerebellar afferents of these INTERACTION

medullary origins have collateral innerwttion on In figure 10 it will be realized thai there arc

Deiters' neurons, two different types of syn_q_tic organizations
Histologically, the dorsal spinocerebellar fibers concerned in cerebellovestibular interaction.

are shown to synapse with Deiters' neurons (refs. Ventral Deiters' neurons (B) appear to form a

44 and 49). Actually, occlusion was seen be- reflex center driven by vestibular as well as

tween the EPSP's ew_ked fl'om the eerebellar medullary inputs, but there is no direct control
anterior lobe and those from C2 lateral funiculus from the cerebellar cortex. On the other

(Ito et al., in preparation). The spinal ascending hand, the excitatory signals to dorsal Deiters'

fibers appear to impinge only onto these Deiters' neurons and superior vestibular nucleus cells
neurons located dorsocaudally(ref. 49). are fed also into the cerebellar cortex and,

The neuronal connections thus revealed are after being processed there, are returned as

illustrated schematically in figure 10A, B, and C inhibitory signals through Purkinje-cell axons

for dorsal Deiters', ventral Deiters', and superior that interact postsynaptieally in vestibular

vestibular neurons, respectively. Those con- nuclei cells with the original excitatory inpuls

nections via fastigial nucleus are omitted in (A, C). it seems that a certain region of the
vestibular nuclei forms a reflex center by itself

without direct interference trom the relevant

B C cerebellar cortex, as shown schematically investibular superiordorsal D,.ttors vei, tr_l De,ters

_ _ figure liB. The cerebellum w.uld be sup_ -.......... imposed upon the other divisions of vestibular
.... nuclei, as in A, which may be inw)lved in rela-

tively complex functions (see below).
1 s The simplest reflex arc is the well-known

____ ___ two-neuron are that se rves as the followup

length of servomechanism of muscles (rcf. 113)

(fig. 12B). A comparable two-neuron are is
composed of the vestibular nerve tibets and

oeulomotor neurons in Japanese snake fish

(Kindokoro, personal communication) (fig. 12//).

Histological data indicate that the vestibular
_' nerve fibers innervate also the cerebellar cortex

FIGURE lO.-Synaptic connections from the Purkinje-cell (ref. 50), and there is now evidence indicating
axons and cerebellar afferents to vestibular nuclei neurons, that the cerebellar Purkinje cells pass down
M: Medullary cell of origin of cerebellar afferents which

their axons directly onto _eulomotor neurons
have abundant synapses with Deiters' neurons. P: Purkinje
cells. SC: Spinocerebellarfibers. VO: Vestibular organ. (ref. 37). It appears that the cerebellar cortex
mf: Mossy fibers. VD: Fentral part of nucleus of Deiters. is there superimposed on the two-neuron arc,
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corresponding to the fact that the system inw:dves

aeomplexcontro, function, having the feedbaek _o_ ! ___ w__ _
loop completed from the eye to vestibular organ. _ %_

The three-neuron arc is formed with the

vestibular nerve, ventral Deiters' neurons, and

extensor motoneurons, particularly those for
neck muscles (fig. 13B) (ref. 51). In this system oM
the function may be relatively straightforward;

A B

I _ FIGURE 13.-Possible three-neuron ,rcs with (A) or without

1 1 cell. EM: Extensor motoneuron. Explanation is in text.

cc
ct neck muscles control the head position which

is readily reflected in the activity of vestibular
receptors. The superior vestibular nuclei

cells, receiving tbe vestibular nerve, may

/_3_,_ innervate oculomotor neurons directly (ref. l),

though there is no direct evidence at the present

time. With reservations because of this uncer-

tainty, one may conceive a three-neuron arc on
which the cerebellum is superimposed, corre-

spondlng to the complex task to be performed

__ with this system. A general idea of this sortQ of origin and ew)lution of the cerebellum ap-) peared in Herriek's article many years ago
(ref. 52).

FIGURE ll.--Relation between the reflex center and the

cerebellar cortex, el: Climbing fiber. E: Effector part of

the reflex system concerned. R: Its receptor part. CC: GENERAL CONSIDERATIONS ON THE

Cerebellar cortex. Explanation is in text. ROLE OF THE CEREBELLAR CONTROL

On the basis of present knowledge of the
,, cerebellovestibular system, one may consider

[2 _e +% a little further the role of the cerebellumingeneral.

Motoneurons in combination with certain

_) receptors and a certain muscle or muscle group

would form a simple control system with a nega-
tive feedback loop (fig. 14A). In an engineering
control system, when the dynamic characteristics
of the object to be controlled or of the feedback

loop are relatively complex, a compensatory
element ought to be inserted, usually in series
with the object to be controlled. This element

(for instance, a differentiator or an integrator)

FI(;URE 12.--Two-neuron arcs with (A)and without (B)cere- would improve the overall performance of the
belMrcontrol. M:Motoneurons. OM:Oculomotorneuron. system. As illustrated schematically in figure
la: Group la muscle afferent. Explanation is in text. 14B, certain supraspina] neurons, such as ventral



CEREBELLOVESTIBULAR INTERACTION 195

Deiters' neurons, may function in this way, s c

at least to some extent. When the systemhas ..............A 1 I_ ! _ _ Ito carry out a more complex performance, a i cF Ill/ I I

modern computer will be introduced instead of ,' _?_P i[_' ' i[ _'_ [i'a relatively simple compensatory element. I ',
The cerebellum appears to be inserted in this ', I t ] ] ]1 _'I_cm I I { ] _-F'oN ',

_,1 I I ._ I; t_ ,_ I I b
way into certain motor control systems (fig. ;i I _ I I I i J [ I

I I I I

14C). Examples are those which involve dorsal t _I _, l] ,_/,J_ ]'!

..............Deiters' and superior vestibular nuclei cells , , ,

(figs. 10 and 13).

A piece of the cerebellar cortical sheath in FmURE 15.--Diagrammatic illustration ofvarMtion in cere-
combination with a brainstem motor center bellar corticosubcortical connections. BS: Brainstem.

CN: Cerebellar nuclei. Further explanation is in text.now appears to form a unit of the compensatory

element in a very expanded sense (fig. 1.5//).
Insertion of the cerebellar nuclei between the

_@_,_ cerebellar cortex and the brainstem may modify

• the ability of this unit in two respects. First,

the integration of excitatory inputs with the iR-

A hibitory Purkinje-cell signals is performed at the

cerebellar nuclei, allowing the brainstem centers

to carry out more integralim_ with other signals

(fig. 15B). Second, a reverberating circuit

may be formed between the cerebellar nucleus

(_@_H °_T neurons and those originating in certain

cerebellar afferents (fig. 15C). There is aRa-

B tomical evidence to suggest a reverberating con-

, nection between the descending vestibularnucleus and fastigial nucleus (refs. 53 and 54),

between the paramedian reticular f, rmatioll

....... 1 and fastigial nucleus (refs. 1 and 48), and

{cl _ ]. between the pontine nucleus and the intracere-

bellar lateral nucleus (ref. 55). These connec-

tions would favor the maintenance of a certain

___ 7_/_y standard of activity in the cerebellum-brainstenl
_ system. Such activity as this would provide

the bias around which the dynamic eharacteris-

C ........ j tics of the system may be optimum.

While the extrapyramidal centers in the brain-

stem, together with the phylogenetically older

t4" part of the cerebellum, are engaged in respective

servo actions, the pyramidal system would carry

out the wAuntary movement. It would influence

FIGURE14.-Block diagrams illustrating the development of the extrapyramidal system by shifting equilibrium

the motor control system. M: Motoneurons. S, S', S": so as to fit its achievement (fig. 16). It is known

Sensory part of the system. H, H', H": Feedback loop. that the fast-conducting pyramidal tract fibers

B: Brainstem neuron, a: Motor nucleus as the object to have a disynaptic inhibitory and the slow-con-be controlled, b: Brainstem center as a kind of com-
pensator, c: Cerebellareortex. Further explanation is in ducting ones a monosynaptic excilatory linkage
text. with red nucleus neurons (fig. 16/?) (ref. 56). The
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one might recall the way in which a feedback

control system is converted into a feedforward

one (ref. 60). This is done by replacing the

B original feedback oop with a side loop which in-

......... wdves in itself tile "duinmy" for tile elementRed ,,ucleu_ _,.iter_' auclous rettrular torm_tio,,

---- _ --__ skipped by this shot'tcut. In figure 17A, the
)_t ,.,_,,..,_.i_t_ ...... original loop for a voluntary moveinent is closed" _ through tile external world. It is assumed that

.... -:[A_ tile voluntary action starts fnim the assoeiatiorlcortex and is transferred through the motor cortex
Io lower motor centers. Tile effects would be

FIGURE 16.-The f)athways through which pyramidal tract checked through the sensory systetn and be fed
system influences the extrapyramidal one. A: Diagram
similar to figu,re 14C. Thick curved arrow indicates the back into the association area. An equivalent
pyramidal tract sign(ds. B: Connection from the cerebral performance would be possible if the motor area
motor cortex to brainstem centers, fPt: Fast-conducting is equipped with the cerebellar side loop in which

pyramidal tract fibers, sPt: Slow-conducting pyramidal all lhe elemenls in the control system except

tract fibers. Per: Corticorubrnl projection fiber. IP: for the nlotor area are miniatulized, as diagram-
lnterpositus nucleus. F: Fastigial nucleus. PH: Perihy-
poglossal nuclei. Possible connections j?om pyramidal malieally illustrated in figure I7B. There tile
tract fibers to PH are indicated by broken lines, wduntary movement would be pefforn_ed in the

way pr_gramed in the cerebellum without re-

ferring to its actual end effect. This seems to be
reticulospinal neurons, on the other hand, the case with learned, skilled moveinent.

appear to receive monosynaptic excitation from Objection to the above view may arise from the

fast-conducting pyramidal tract fibers (Mano, fact that the neocerebellmn receives signals not
personal communication) (fig. 16B). There is

only from the motor cortex but also from other

no direct connection between the pyramioal parts of the cerebral cortex through pontine
tract fibers and Deiters' neurons (ref. 1). How- nucleus and the lateral reticular nucleus as well
ever, the perihypoglossal nuclei receive

as the inferior olive (refs. 61 to 63). Tile outputs
pyramidal tract fibers and so may mediate the

from fastigial nucleus and rubrospinal tract fibers

cerebral influence onto Deiters' neurons (see also enter the neocerebellum through the lateral
above) (fig. 16B). reticular nucleus (ref. 63). Existence of these

Besides modifying the extrapyramidal systein,

the pyramidal system appears to utilize the phylo-
genetically newer part of the cerebellum for its

own achievement. In cats the pontine nucleus A ................ ,........................................,

receives projection fibers from the cerebral sen- __,_ ......................_ ___@ .........

sorimotor area, a certain portion of which appears ............

to be the collaterals of pyramidal tract fibers

(ref. 57). The pontine nucleus neurons, in turn, _--

project to the cerebellar cortex, chiefly to the s __)]

hemisphere, having excitatory synapses with the ......................._L_ Q-_@lateral nucleus neurons (ho et al., unpublished)

and eventually terIninating in the cerebellar cor-

tex as mossy fibers. The lateral nucleus neurons,

after receiving Purkinje-ce[l axons, project ros-

trally to the ventrolateral part of the thalamus ........................

which, ill turn, innervates the fast-conducting FIGURE 17.-Illustrating diagrammatically the possible

pyramidal tract neurons monosynaptically (ref. control system activity involved in voluntary movements.
58). The functiona_ significance of this loop Association: association cortex. Circles filh:d with dots
has been discussed by Eccles (ref. 59). Here, indicate the origin of will. Further explanation is in text.
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projections, however, may be understandable neocerebellum will always be modified by the

from tile viewp,:lint of control theory as an arrange- signals coming in from the original elements (fig.

ment required tor a kind of adaptive control 17B, indicated by broken lines and arr, rws). Of

Inechanism. To carry out a high-ordered func- course, this may be nothing more than one of the

lion, the dynamic characteristics of the elements many possible ways of thinking, but i1 seems to

invlilved in a control system have to be examined deserve consideration because the functional

on line to maintain adequate conditions. In a significance of the arrangement in the i-erebellar

similar way, the miniaturized dummies in the control syslem still remains so obscure.
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DISC USSION

Borison: One pathway which was not given much atten- When we see FPSP's il_vestihular neurons during stimulation

lion in your analysis is the one concerned in motion sickness. _,f the ccrehral cortex, we can always show that these EI'SI"s

Do you think that Deiters' nucleus might he implicated in a are produced through axon collaterals, just using the impulse

ccrebellovestibular pathway /hat has a feeder input to the collision technique. This was so with the vestibular nerve,

reticular formati.n? with the fibers originating from i_erihypoglossal nuclear

lto: Actually, I cannot answer such a question because regions and also with some spinoccrcbral fillers. Of com'se,
we are working on Ncmbutalized cats and never see motion it is necessary to do further experiments to exclude posilively

sickness in them. H(,wever, my guess is perhaps that the the p(,ssil)ility that you mentioned.

cerebellovestibular system is involved in it. Nyberg-Hansen: Dr. ho is quite correct conccrningthc
c.ntrihution h, the medial vestihulospinal tract from the

Snider: l was particularly fascinated by your difficulty descending nucleus. As I showed in my study, tile lesions

with handling the EPSP's which you picked up in Deiters' did not hit the rostral part .f that nucleus. If they had. l

nucleus. I am curious to know how the explanation you gave would have destroyed vestibulospinal fibers from the lateral

negates the possibility that there might he Purkinje cells nucleus coursing through the rostral part .fthe descending

that are excitatory rather than inhibitory. I know this is i_t" nucleus. When you thus cannot demonstrate fillers with

special interest to you and should be brought out. retrograde cellular changes, and you cannot do it with anlero-

Ito: Very slrietly speaking, 1 have to say there is no evi- grade degeneration either, you have to do it physioi.gically,
denee indicating that any I'urkinje ceils are excitatory, and you and Dr. Wils,m have doneit.
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Multisensory Influence Upon Single Units in the Vestibular
Nucleus

JOHN n. FREDRICKSON
AND

DIETRICH SCHWARZ

University of Toronto

SUMMARY

Ceils in the vestibular nucleus respunsi,;e to vestibular end-organ and joint stimulation have
been studied by tile methud of single-unit analysis in the unanesthetized cat. Ninety-nine percent
of tim units responded to vestibular stimulation and 80 percent to joint movement. There were no
responses to muscle pressure, or to optic or acoustic stimuli. '['he convergent pattern of lhe tWO
effective sensory systems on single cells was usually summatiw_,. Cerehellectomy did not gruss]y
alter the pattern uf joint influence.

The vestibular cells responsive to joint movement function to detect the angular positions of
joints, and through discharge patterns indicate the rate and direction of movement, as well as the

steady position of joints.
The convergence of the two main positiun-sensc receph_rs (joints and labyrinth) in the vestibular

nucleus is discussed from the standpoint of its significance for rapid, rctlcx, postural adjustments and
postural stability.

INTRODUCTION however, the question remained as to where this

positional information converged in the central
Head-position infortnation is provided by the

nervous system to bring about the necessarily
vestibular labyrinth: The otolith organs signal rapid, reflex, postural adjustments.

the axis of rotation relative to gravity, whereas In this study, single units were sampled in the
the axis of rotation relative to the head is moni- vestibular nucleus of cats in order to determine-

toted by the semicircular canals. To make (1) Whether convergence of deep somatosen-

rapid, reflex, postural adjustments, however, the sory and vestibular input occurs, and if so, how

central nerwms system must receive position frequently and in what way.

information concerning the relative position of (2) Whether acoustic or visual input has any
the head upon the body. Logically, neck-position influence.

afferents must play an important role in informing (3) Whether the pattern of responses is grossly

the central nerwms system where the body is in altered following cerebellectomy.
space relative to the head. In fact, it is known

that severe disturbances of body equilibrium METHOD
occur following ablation of C1, C2, and C3 dorsal

roots in the cat (ref. 1) and monkeys (ref. 2). This single-unit study was carried out on 21

Other classic neurophysiological investigations cats not under the influence of general anesthesia.

(refs. 3 to 5) have demonstrated the need for These animals were immobilized during the

integration of vestibular and deep somatosensory experiment with gallamine triethiodide (Flaxedil).

(proprioceptive) afferents in postural regulation; A long-acting local anesthetic was infiltrated into

2o3
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incised and pressure-point areas. Two of these Vestibular Responses

animals underwent cerebelleetomy. (Further Ninety-nine percent of the neurons analyzed

details as to methodology are available, ref. 6.) responded to labyrinthine polarization with short
Stimuli consisted of diffuse white light directed latencies. Approxin]ately 10 percent of the units

onto open eyes (both continuous illumination and responded exclusively to ipsilateral stimulation,
intermittent illumination with light phases and whereas 4 percent responded to contralateral

dark phases of equal duration were used), hand- stimulation alone. The most rapid responses
claps and whistles, galvanic stimulation (0.05 to ipsilaterally were monosynaptic, accounting for
0.12 mA) delivered through round-window mem- approximately 50 percent of the neurons analyzed
brane electrodes, and, finally, somatosensory with latencies of 0.5 to 0.7 msec. Fifteen per-
stimulation which included blowing on the fur, cent of the units responding to cnntralateral

gently touching the skin, deep muscle pressure, labyrinthine polarization had latency values
and joint movement. The location of all of the which were below 1.5 msec. A few of these
neurons sampled with steel microelectrodes was units were analyzed on fast film and were found
verified histologically. One hundred and thirty- to respond between 0.7 and 0.9 msec. Thus it
seven neurons were thoroughly analyzed; approxi- would appear that there is a small population of

mately 50 percent were located in the descending neurons in the vestibular nucleus served mona-
vestibular nucleus, 30 percent in the medial synaptically from the contralateral vestibular

nucleus, and 20 percent in the lateral (Deiters') labyrinth.
nucleus. Neuronal responses were broken down into

direction-dependent and direction-independent

types. The first terln implies thai the response
RESULTS changed with a reversal of the polarizing currents,

Some of the more pertinent details previously whereas the second term implies a fixed response

reported (ref. 6) for most of the units in this study regardless of the direction of the polarizing cur-
will herein be summarized. New data, spe- rent. The most common response, that is, acti-

cifically concerning single-unit responses to ration with ipsilateral cathodic stimulation (fig.

joint movement, will be presented. 1), is the same as that produced by stimulation ofthe lateral semicircular (:anal by ipsilateral rata-
Optic and Acoustic Responses tional acceleration or hot calorization (refs. 7 to 9).

There were no such responses, but it must be This most common ipsilateral response occurred

stressed that the analysis was visual. Thus a approximately 55 percent of the time. A more

very subtle neuronal response, particularly if it complete analysis of lhe responses to labyrinthine
had a very long latency, may have been missed• polarization has been reported (ref. 6).

anod. polar, contratat, labyr.

FIGURE l.-Neuron Ioccm'.d il_ the descending vestibulur nucleus which restmnded mono-

srnapticallr to labyrinthine pol+u'ization. This imrticu/ar response was preponderant
and was tel'me(I °'direction delJendent" as there was a response ret;er,sa[ with a reversal

q/'polarizt_tion.
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Somatic Responses It @peared that all units affected by joint

Approximately 80 percent of the neurons ana- movement responded immediately, ahhough

lyzed responded to joint movemen! (l:_ropriocep- exact latency times could not be measured. The

tive .r "deep" stinlulation). Only three units great majority of the responses were excitatory

responded to skin stimulation (ex!eroceptive or in nature. A few neurons appeared to he ira-

"superficial"). There were no responses to hibited by reciprocal joint m.ve,nent. This

deep muscle pressure, this is in agreement with was especially true for units influenced by neck

aprevious study(ref. ]0) denlonstrating that there movement. A more detailed analysis of joint

were no responsive Deiters' neurons upon elec- responses is contained in a previous comnmniea-

trically stimt, lating group Ia nerve fibers which lion (ref. 6).

arise exclusively from muscle spindles. The maxinu, m rate o1" neuronal discharge

Exteroceptive responses, rarely noted in the appeared to c.rrcspond with the maxinlunrjdut
vestibt, lar nucleus, have a wider effect upon displacemeut; however, an exact evaluation of

net, ronsirattrereticularformation(refs, ll 1o14). tire joint angle versus neuronal discharge was

The exteroceptive systenl, which is known to not carried ot, l. Thus, aft, rther nine vestibular

play an important role ira skilled aimed move- units, responsive to joints, haw_" l:,een sludied

ments, does not, frolal this study, appear to have more closely. Tire joints were moved by hand,

much direct influence on rapid, reflex, pastural but care was taken to move only tile joint in

adjustments, question, which was generally the only activating
The general distribution of responses from source. Joint angles were recast, red with a

joints was 40 percent from the vertebral column standard orthopedic device.

alone, 40 percent from both vertebra and limbs, N.ne of these additional units were inhibited

and 20 percent from the limbs alone. Approxi- by the reciprocal joint movement which prow_ked

mately 45 percent of the total number of joint- activati,m. On this occasion, as well as noting

responsive units responded to neck movement, that the neurons were activated maximally at an

lpsilateral joint responses exceeded cuntra- extreme range of joint movement, we also noted

lateral responses by 2 to ], and proximal joint thai successively snlaller degress of joint n>ve-

responses exceeded peripheral responses by ment produced successively lower frequencies of

almost 5 to l. This preponderance of proximal discharge (fig. 2). Thus from a threshdd l,)si-

joint influence up.n the neurons was significant, tion, if flexion was tile activating joint movement,

h has been previously shown (ref. 15) that the neuron discharged at more rapid frequencies

proximal joint-position sense is more acute than as the joint moved toward the maximal arrgle of
distal, both with respect to distance and rate-d'- ftexi.n (fig. 3). It can be seen t'rmn figure 3
movement slimtllus, that, at each angle of excitation, there is a stead}'

i

l anod. polar, il_ilat.

--I]0 o t 170 ° [

FI(;URE 2.-- Unit located in the lateral vestibuhtr nucleus responsiT;eto both vestibular and
joint stimulation. The inhibition produced by ipsilateml ,nodic l_tbyrinthine t_oluriza-
tion is included in order that one may compare the "resting" activity following the vestib-
ular stimulation with the discharge rate on the second line during extension of ipsilateral
elbow. Unit acridly at 130° o/" extension is less thorn tht*t at 170°. Maxinmm joint
extension resulted in the maximum disch<lrgerate. f'le.rion did not influence the resting
.ctidty of the l*nit.
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120 DISC USSION

Mechanism of Spinovestibular Influence

--_ _ There is a great deal of evidence to support

a _A _ the view that somatic influence has a direct

8 8O
effect upon some units in the vestibular nucleus:

_, _ (1) Spinovestibular fibers have been found to ter-
a. minate directly in certain portions of the vestib-
a, ular nucleus (refs. 18 and 19); (2) we found

-_ 40 that large doses of barbiturates did not eliminate

E the effect of joint movements; and (3) cerebel-
° 20° lectomy did not abolish or grossly alter the

I _ o 50° 35 ,<!i!i_iiiiiii_ii_i_i_i_i_i
0 }" 70 /...:!!!!!!!!i!!!!_iiiiiiiiiiiiiiiiiiilililiiiiiiiiiiiiiiiililililisomatic influence upon vestibular units.

_i_ii!i!i!i::::!::::::::::::::::::::::::_!!_i_!_!_!_i_i_i_i_i_i_i_i_i_i_iiiii_i_i_i_iiiiii_i_iiiiiii_i_i_i_i_i_i{_!_!!_{!_!i_!!_!_i_i!_i!The possibility that some somatic impulses

::i{ililllilDEGREESOFELBOWFLEXlONililli!i!i!i!i!i!iascend via the reticular formation cannot be...............,......... , , , , excluded; however, in a similarly constructed
20 60 100 parallel study, Potthoff, Richter, and Burandt

found far fewer neuronal responses to joint
Seconds movement in the bulbar and pontine reticular

formation (ref. 20). Other neurophysiologicalFIGURE 3.-Graphic illustration of the excitatory response

pattern of a neuron located in the medial vestibular nucleas, studies have also demonstrated very little in the

lncreasing angles of elbow flexion produced increasing levels way of joint responses in the reticular formation
of neuronal activity. Note the initially marked transient (refs. 11, 12, and 14).
increase in discharge as the joint is moved to a new angle,

followed by a steady discho.rge level peculiar to that angle. Significance of Vestibular and Joint Interaction

These results, which have demonstrated an

state of discharge which appears to be specific almost exclusive deep somatosensory influence

to that angle. The angular range of joint move- upon vestibular neurons, correlates well with the
ment producing activation was large, averaging known facts that reflex postural adjustment de-
approximately 100°. These characteristics pends upon impulses from the vestibular laby-
have also been noted with joint-responsive rinth and deep sensory receptors. It is interesting
neurons in the thalamus and cortex of the Rhesus that deep muscle pressure did not influence

monkey (refs. 16 and 17). the single units recorded. Flaxedil does not
appear to abolish muscle responses (H. D. Hen-

Convergence and Interaction atsch, personal communication) and therefore

Approximately 80 percent of all the neurons cannot be implicated in explaining why muscle
responded to both labyrinthine and joint stimu- pressure was ineffective.
lation. Interaction was thoroughly investigated Certainly joint movement has been shown to
for approximately 40 units, and the results were be exquisitely sensitive as a postural indicator.
ahnost invariably summative. On a few occa- Magnus and Storm van Leeuwen (ref. 1) pro-
sions a complex interaction was observed, duced a syndrome in cats somewhat resembling

a bilateral lahyrinthectomy by cutting the dorsal
Cerehellectomy Preparations roots of C1, C2, and C3, and Cohen (ref. 2)

Fourteen neurons were studied in two cere- noted an even more marked labyrinthine-like

bellectomized animals. Eleven responded to deficit in monkeys following section or local
both labyrinthine and joint stimulation, while anesthetization of C1, C2, and C3 dorsal roots.

three responded to labyrinthine stimulation alone. McCouch, Deering, and Ling (ref. 21) demon-
Thus, it appeared that the cerebellum did not, strated that the receptors for the tonic neck
in any major way, alter the distribution of the reflex appeared to be exclusively located within

effective stimuli. C1, C2, and C3 joints.
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1! would appear from this study that proximal vations for single units in the ventrobasal nuclear

limb and neck joints play an especially promi- complex of the Rhesus thalami, s, and they have

nell role in supplying postural information to the thoroughly discussed the possible significance.

vestibular nuclei. At this brainstem station, They also reviewed lhe variations in response

the information can be dealt with immediately, patterns noted at stations other than the vestibn-

permitting essential, rapid, reflex, postural adjust- lar nuclei receiving position-sense information

melts, from the joints; lhat is, the first-order afferents,

The receptor organs for joint movement ira- the thalamus, and the sensory cortex.

pulses have been traced by dissection and appear Position informalim! from the joints and

to be located in the joint capsule and pericapsular vestibular labyrinth appears to ascend together

connective tissue {ref. 16). The joint-position in the central nervot, s syslen|. We have found

information noted in the vestibular nucJens must (ref. 22) that the primary cortical vestibular re-

arrive via the spinovestibular tract (refs. 18 and ceiving area in the Rhesus corresp, mds to that

19). portion of the somalosensory cortex where Mount-

The discharge patterns and frequencies of lhe castle noted such prominent joint input. Pre-

units studied in the vestibular nucleus responding sumably, short-latency vestibular responses in the

Io joint movement provided information concern- thalamus would also be located in the same areas

ing the direction, rate of movement, and the as the joint inpul:, that is, in the ventrobasal

steady position of the limbs. Mountcastle, nuclear complex; however, this has not been

Poggio, and Werner (ref. 17) made similar ohser- proven.
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DISCUSSION

Precht: I think it has become clear by now that the but from the literature there is tm evidence to suggest Flaxedil
vestibular nuclei and the neurons in this nucleus are by no inhibits muscle spindle activity.

means simple relay cells that lead to some rettex action, but War!e: How many degrees of deviation in the cervical

rather very complicated centers for integration of various joints do yml think ymJ stimulated with, approximately?

inputs. Fredrickson: I would say approximately 60 ° was

Torok: I want to confirm a statement that l)r. Fredricksnn maximum.

made about whiplash injury and subsequent posturalvertigo Waite: W.uld you care t,, cmnment on the effect of 1°
attdnystagmus. We have seen recentJy several patients with or 2°, or perhaps less than 1°of deviation?
a diagnosis of "whiplash injury." Dizziness was the con>

Fredrickson: Yes; small degrees of deviation would

plaint. The cochlear and vestibular sensitivity appeared also cause the efl'ecl. We did nol closely study the effect of
to be normal and fully symmetrical. Upon postural stimu-

degrees of neck deviation versus neuronal activity. We did

lation, however, in certain head positions, shm'l vertigo for a few of the limb joint neurons as it was much easier to

and nystagmus was repeatedly observed. Contrary to more exactly ascertain the ]imb joint angle, but certainly small
the more typical benign paroxysmal [mslura] vertigo syn- degrees of movement of the neck did cause activation.
drome, the elicited postura] dizziness and nystagmus showed

no fatigue at all. 1,owenstein: Presumably the whole of the vestibular nerve

Precht: Did I understand you currectly that pressure on ",,,'aspolarized?
Fredrickson: Perhaps; however, the stimulating current

the muscle, even on the neck muscles, did not have any

influence on the discharge frequency of vestibular neurons? was very small. In all likelihood we surely stimulated more

Changes in frequency of firing did occur on passive head than one portion of the vestibular end organ.
movements? Lowenstein: I think you had 30 percent conforming to the

Fredrickson: That is right. We actually had to move the picture I described. You must not forget that I polarized

joint. This surprised us a great deal initially: therefore, we through the recording electrode directly at the ampultary

took great pains to stabilize the joint which was actually sense ending; therefore, I arn not surprised at the percentage.

producing the effect, and titan 1o retes! the effect of deep 1 think you were rather lucky to get consistent results.

muscle pressure. It was very cleat" that deep musc}e pressure Fredrickson: Yes; only 30 percent responded that way.

did not seem to have any effect. We wondered whether !he There were several combinations of responses to polariza-

Flaxedil was playing some role in preventing muscle influence, tion, so our results were really quite mixed.
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Interaction Between Vestibular and Nonvestibular Sensory

Inputs

OTTAVIO POMPEIANO

University of Pisa, ltaly

SUMMARY

During the deep phase of sleep tile activity of the secnnd-order vestibular neurons incrcases

phasically due to extralabyrinthine inputs to the vestibular nuclei. This activity leads to sudden con-

tractions of somatic and extrinsic eye muscles (rapid eye movements, or REM sleep). Experiments haw_'

been performed to find nut whether the increase in the vestibular discharge is also able to effect trans-

mission of somatosensory volleys through the ascending lenmiscal pathway.

The orthodromic lemniscal response recorded from tbe c.ntralateral medial lemniscus on single-

shock stimulation of the forelimb nerves is pbasically depressed during the tmrsts of REM. This effect

is still present after interruption of the spinncervical (Morin's) pathway, thus indicating that somatic

afferent transmission through the cuneate nucleus is phasically depressed at tiffs time.

The synaptic n|echanisms responsible for tiffs effect have been invcstigated. In particular, the

autidr.mic'group 11 cutaneous and group 1 muscular wdlcys led, respectively, from tile superficial and

the deep radial nerves on single-shock stimulation of the cuneate nucleus are phasically enbanced

during the bursts of REM. This increased excitability of the central endings ,,f the cuneate tract fibers

is taken to indicate presynaptic depolarization of the terminals of the primary afferents within the

cuneate nucleus, thus leading to presynaptic inhibition of synaptic transmission through tire cuneate
nucleus.

The cxcitabilily of Ihe cuneate neurons has also been tested during sleep. It is SllllWll thai

the direcl excitability of tile cuneothahtmic relay neurons is depressed during REM. an cffcct which is

attributed to postsyuaplic inhil)iti<m of tire cuncate neurons. "['iris p,_stsynaptic event, together with

the presynaptic mechanism, clmlributcs to the phasic dcpressi,m _f transmission ,d" Sl,lUdtic afferent

v,,llcys thr, mgh tile cuncate nuclctis al the time of the REM.
[.esion experiments indicate thai the incrcasc in ft.: ..-cslil*ular a_:tivily oct:utring dul+hlg REM

is able to block the transmission of somatic afferent wdleys within lbc d,wsal-c,duum uuch:i thr, mgh

lhe rl_tnl_._abotll way of the sc[isory-lno[o[ c_,rlex.

Cmrlrary to the depresscd transmission of somatic affe|cnt volleys at dorsal-column ]ew:l. the

translnissiou ,d" somatic wdleys through the nuch:tls wmtralis posternlateralis (VPlA is greatly facilitatcd

dtlring REM due to all increased In_stsyuaplic rcspnnsiveuess of the fllalamic neurons.

h is Imstulaled thai solnc part of the e.lt"erenl westibular activity giving rise t- contractim_s of the
limb musculature during REM is fed into the s.matic scns,,ry syslcm, particularly the VPl. ntn:lcus.

where it interacts with the incoming somatic int'.rmalion filtered at dorsal-column level. Tin: reduced

au]plitudc _,f the orthodromic volley due to aclive iulfibitory events within the cut'mate.t;uclcus has

thus h, bc weighted against an increased cxcitability,+l'thcthalam,+cnrtical ncur, ms. leu|'tlmrexperi-

ments arc required to find out vvimthcr tire w;stibular {:mdt'ol of smnatic all'trout transmissim+ dcscribcd

during tim deep phase ,,t"sleep is als. ,q)erative during the mot,,r acti.,'itics pr,.tuccd by natural labyrin-
Ibim: stimulatimls in the awake animal.

This study was suppnrted by PHS research grant NB 05695-03 from thc National Institute of Neurological I)iseascs and

Blindness, Public Health Service.
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INTRODUCTION musculature during the bursts of REM are actu-

It is well known that physiological sleep of ally associated with pyramidal discharges (refs.
20 to 22) which are triggered by ascending yes-

mammals consists of a synchronized phase, or tibular w)lleys (refs. 23 and 24).
light sleep, characterized by large-amplitude slow After the demonstration that the motor pat-
waves in the electroencephalogram (EEG), fre-

tern typical of the REM phase of sleep depends
quently grouped in spindles (ref. 1); a desyn- upon the activity of the vestibular nuclei, we
chronized phase, or deep sleep, characterized by decided also to study how sensory communica-
low-voltage, fast cortical waves (refs. 2 and 3);

tion to the brain is processed during motor
and by complete abolition of the postural muscle activities induced under strictly physiological
activity (refs. 4 and 5). One of the typical lea- conditions by vestibular volleys. The main
tures of this desynchronized phase of sleep is the result of these investigations is that during the
sudden appearance from time to time of bursts REM phase of sleep, the centrally induced
of rapid eye movements, REM (refs. 2 to 7), often

vestibular discharge is able to effect the trans-
associated with a typical motor pattern, charac-

mission of sensory volleys at different relay
terized by the occurrence of quick muscular stations of several sensory pathways (refs. 16
contractions (ref. 8). This phase of sleep is
present in man also, where a striking relation to 19).

Paradigmatic in this connection is the series
has been found between eye movements and of events which affects the ascending transmis-
dream activity (refs. 3, 6, 7, 9, and 10). sion of somatic sensory volleys through the dor-

In the attempt to investigate the central mech- sal-column medial lemniscal pathway. The
anisms responsible for the hypnic discharges of
the oculomotor and spinal motoneurons, the oh- result is that just at the time of the REM bursts,
servation was made that during this phase of i.e., when the vestibular activity increases thus
sleep, the vestibular activity increases phasically leading to motoneuronal excitation, the ortho-

dromic transmission of somatosensory volleys
(refs. 11 to 14). While during wakefulness the along the lemniscal pathway is partially blocked
activity of the second-order vestibular neurons
largely depends upon the discharge of different by active inhibitory processes which operate at

the level of the dorsal-column nuclei through both
types of labyrinthine receptors, during desyn-
chronized sleep the increase in the activity of the mechanisms of presynaptic and postsynaptie
vestibular neurons, particularly those localized inhibition (refs. 25 to 32). On the contrary, a
in the medial and descending vestibular nuclei, facilitation of the sensory-evoked responses

occurs at the level of the specific thalamic
depends upon internal extralabyrinthine volleys, nuclei (ref. 33).
There is evidence that pontine structures, which
are rhythmically active during desynchronized
sleep (refs. 4 and 5), are at the orion of the out- RESULTS
bursts of vestibular discharge (ref. 15). While

Vestibular Influences on the Oculomotor Nuclei

most of the electrophysiological investigations During REM
so far performed on the vestibular system utilized
anesthetized or decerebrate preparations, we Experiments were performed in order to local-
have given thought to the possibility of using the ize the structures responsible for REM. We

REM periods of desynchronized sleep as a tool have concentrated our attention on the vestib-
to study central vestibular mechanisms in un- ular complex, because the second-order vestib-
restrained, unanesthetized animals with the ular neurons project directly or indirectly to the
whole brain intact, oculomotor nuclei, thus controlling their activity

It will be shown here that the vestibular dis- (ref. 34). It was then assumed that the vestib-

charge typical of the desynchronized phase of ular nuclei which control eye movements were
sleep is able to excite not only the oculomotor involved during the outbursts of REM of desyn-
but also the spinal motoneurons (refs. 16 to 19). chronized sleep. A microelectrode analysis of
Muscle contractions which affect the somatic the spontaneous activity of the vestibular nuclei
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performed in the unrestrained, unanesthetized low-vohage, fast activity in the EEG and by
cat during natural sleep and wakefulness has complete electrical silence of tile cervical

shown that most of the neurons localized in the antigravity muscles. However, the bursts of

medial and descending vestibular nuclei, but REM are completely abolished (fig. 1). The
not in tile superior and lateral vestibular nuclei, abolition of the typical bursts of REM lasted

increase their activity during desynchronized throughout the survival of the animal; i.e.,
sleep (refs. 11 to 13). In particular, the pat- up to 36 days after the lesion. Hislologic
tern of discharge consists of bursts of rapid control indicated that a cnmplete and persistent
firing (80 to 160 spikes per second) which are abolition of REM occurs only wllen the lesion

invariably associated with the ocular movements affects completely the medial and descending
typical of this phase of sleep, vestibular nuclei on both sides in their entire

The increased activity of the units localized rostrocaudal exlent. Bilateral and symmetrical
in the medial and descending vestibular nuclei lesions of either tile superior or the lateral yes-

indicates that these structures are in some way fibular (Deiters') nucleus do not prevent the
related to REM occurring during desynchronized appearance of the bursts of REM.

sleep. The crucial proof was provided by the The abolition of REM is due neither to inter-

lesion of vestibular nuclei (refs. 35 to 37). The ruption of primary vestibular fibers nor to lesion
most impressive finding of these experiments of cerebellofugal fibers which cross the area of

is the demonstration that after well-defined the vestibular regions before reaching the brain-
vestibular lesions, the episodes of desynchro- stem (refs. 38 and 39). A regular occurrence of
nized sleep are still characterized by typical REM c.uld still be observed after bilateral chronic

A EEG

i

FOG

B EEG
"._:.__"__.__%%_'7,_,'7.'_'_t':_:.::'".......... , ._.7_:"_:_ :':: ":'." L__ , ..... _..................."_'?_":_. ........_...................._....................... '.......... ,,,,_,_,.,,_-'d',.,$t.._'.]. _._.. _- .. _-

EOG

PT

_IGURE I. -- Integrated pyramidal discharge during desynchronized ,sleep in the norm(l/preparcttion or (liter bilateral destruction of

the vestibalar nuclei. A: Experiment made 4 d_tys after the operation. Note the large phasic enhancements in the pyramidal

activity during the REM periods of desynchronized sleep. B: Experiment made 2 days after chronic implantation of the

electrodes and complete bilateral destruction of the medial and descending vestibalar nuclei. Note the absence of the large

bursts of REM and related phasic enhancements of pyramidal discharge. Desynchronized phases of sleep recorded from

unrestrained, unanesthetized cats. Bipolar records. EEG: Electronencephalogram. EOG: Electro-oculogram. PT: In-

tegrated activity of the pyramidal tract. Voltage calibrations: 0.2 mV (EEG) and 0.5 mV (EOG). Time calibration: 5 sec.
(From ref. 24.)



_,]2 THE ROLE OF THE VESTIBULAR ORGANS IN SPACE EXPLORATION

section of the vestibular nerves or complete activity alternating with periods of silence ap-
cerebellectomy (refs. 35 to 37). The conclusion peared during synchronized sleep (ref. 43),
is drawn that the medial and descending vestibu- which became much more intense and were

lar nuclei represent a necessary link in the causal separated by hmg intervals of complete inactivity
chain of events leading to the activation of the during the desynchronized phase. The same
oculomotor nuclei which is responsible h:ir the result was also obtained by recording the pyram-
REM outbursts, idal discharge from single fibers originating

from the postcentral gyrus (refs. 44 and 45).
Vestibular Influences on Spinal Motoneurons

During REM Further experiments dew,ted to an analysis
of the integrated activity of the pyramidal dis-

A typical phenomenon that occurs during charge during desynchronized sleep have shown
desynchronized sleep is represented by the rapid that the striking increase in the activity of" the
muscle contractions which appear at the time of pyramidal tract originating from the precentral
REM (ref. 8). The pattern and the organization motor cortex is related in time to the outbursts of
of these muscular contractions have been studied

REM (eels. 20 to 22, 44, and 45). The muscular

in unrestrained cats by recording simuhaneously contractions, therefore, appear to be associated
the activity from flexor and extensor muscles of

not only with the REM, as stated above, but also
proximal and distal parts of both hindlimbs and with outbursts of pyramidal discharges.
from the posterior neck muscles (ref. 8). Muscu-
lar contractions have been found in all hindlimb After the demonstration that the medial and

muscles tested. They are generally more descending vestibular nuclei are responsible for
prominent in flexor than extensor muscles, and tile oculomotor activity during the REM bursts,
are more frequent in distal muscles than in proxi- an attempt was made to find out (1) whether the
real ones. The fact that section of the dorsal increase in the pyramidal discharge related in

roots does not influence the frequency nor the time with the REM depends upon the integrity

pattern of the nmscular contractions indicates of the vestibular nuclei, and (2) whether the
that these are basically due to phasic excitatory destruction of these nuclei also prevents the

influences acting directly upon tile a-motoneu- appearance of" tile muscular twitches (refs. 23
tons. We are not going t_ describe here in detail and 24).

the pathways responsible for the nmscular The bilateral destruction of the vestibular
twitches. Suffice it to say that the vestibular nuclei did not abolish the modulation of the inte-
volleys may reach the spinal motoneurons, not grated pyramidal discharge during synchronized
only through pathways coursing ahmg the ventral sleep. Only the phasic increase of the integrated
funiculus, where the descending efferent projec- pyramidal activity related in time with the large
tions from the vestibular nuclei are located, but bursts of" REM depends upon ascending vestibu-

also particularly through pathways coursing along lar wflleys, since they disappeared following a
the dorsolateral funiculus. One of the main bilateral destruction of the vestibular nuclei

descending tracts located in this region is the (fig. 1). It is of interest that even the large
corticospinal tract, muscular contractions which oecm'red syn-

Evarts (refs. 40 to 42) was tile first to record chronously with the REM were abolished by
the discharge of single pyramidal-tract neurons the vestibular lesions (refs. 23 and 24).

in precentral gyruses of unanesthetized monkeys Stmlming up, a complete, bilateral lesion of
during natural sleep and wakefulness. A simi- the medial and descending vestibular nuclei
larity was found between wakefulness and desyn- abolishes the typical bursts of REM. In this
chronized sleep with respect to the average unit experimental condition the episodes of desyn-

activity in pyramidal-tract neurons. Striking chronized sleep are simply characterized by the
differences, however, were found in the temporal typical low-voltage, fast activity in the EEG and
patterns of discharge during the two experimental by complete abolition of the neck nmscular
conditions. While relaxed wakefulness was activity. The integrity of the medial and de-

associated with a regular discharge, bursts of scending vestibular nuclei is necessary not only
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for the occurrence of the bursts of REM during and increases with increasing stimulus strengths

desynchronized sleep, but also for the appear- until it reaches a maximum amplitude for stimu-

ance of the phasic increases in tile pyramidal lus intensities corresponding t. about 2.2 to 2.5

discharge and the related muscular contractions, times the threshold (T) tor the response, Ob-
servations in which the orth.dromic lemniscal

Transmission of Sensory Volleys Through the Cuneate response was recorded simultaneously with the

Nucleus During REM antidromic wAley led from a branch of the super-

A preliminary study was concerned with ficial radial nerve, distally to the stimulating

the modulation during sleep of synaptic trans- electrode, clearly showed that the threshold f,,r
mission at the level of tire dorsal column nuclei the orthodronlic lenmiscal response corresponded

in the lemnisea] system (refs. 25 and 30). Pre- to about 1.05 times the threshold for tire anti-

vious experiments had shown that the ortho- dromic group 1I w,lley (ref. 51). Since, with

dromic lemniscal response elicited by cutaneous our recording technique, there was no further

afferent w:dleys is not affected by sleep (refs. 46 growth in both amplitude and du,ation of tire

and 47). In particular, neither tile amplitude lemniscal potential for intensities above 2.2 to

(refs. 46 and 47) nor the latency of this response 2.5 T, it is apparent that the orthodromic let,,-

(refs. 48 and 49) appeared to be modified during niscal response was exclusively a resuh of

desynchronized sleep as compared with the stimulation of group 11 cutaneous afferents.

synchronized phase. However, the electro- Excitation of group 111 cutaneous afferents gen-

oculogram was not recorded ira these expert- erally occurs at stimulus strengths allow: 3.5 to

ments; the phasic effects that could be related 4.0 T times the threshold for group II cutaneous

in time with the REM were possibly missed, afferents.

Our experiments were performed in un- At the beginning of the experiment the animal

restrained, unanesthetized cats (refs. 25 and 30). soon became accustomed to the wdleys elicited

Tire electroencephalogram (EEG), the electro- by single-shock stimulation of group II afferent

myogram (EMG) of the posterior cervical muscles, fiber's of tire superficial radial nerve. No EEG
and the electro-oculogram (EOG) were recorded arousal was observed when the stimulati,m was

through chronically implanted electrodes as carried out at the repetition ,ate of one every

described in a previous paper (ref. 50). To 1.6 to 2.0 seconds on a background of cortical

stimulate the left superficial or deep radial nerve, synchronization. This can be easily understood
a bipolar collar-type electrode was applied to the since no collaterals are given off by the axons of

nerve at the level of the elbow, while tile lem- the cuneothalamic relay neurons to the reticular
niscal response was recorded from the contra- formation (refs. 52 to 58). During transiti,m

lateral side through a pair of stainless-steel from quiet-waking to synchronized sleep, there
electrodes (100 microns) completely insulated was no significant change in the amplitude of

except at the tip (interelectrodic distance less either the early or the late component of the

than 0.5 mm). All the electrode leads were then orthodromic lemniscal response. N,,r was any

soldered on tube sockets held tightly on the skull significant difference found in the amplitude

by dental cement. The experiments started 36 of tile evoked potentials by comparing the

to 48 hours after the end of the operation, when spindle periods with the interspindle lulls (fig. 2A).

the effects of the anesthesia had worn off. A distinction has been made previously be-

tween tonic manifestations, which occur through-

Depression of Orthodromic Lemniscal Response OUt the desynchronized phase of sleep, and phasic

Single-shock stimulation of the superficial phenomena, such as tile rapid eye movements

radial nerve with rectangular pulses 0.05 msec (REM) and the nmscular twitches (ref. 8).

in duration produces a large action potential in No tonic changes of the lemniscal response can

this preparation, which can be recorded from the be detected during transition from synchronized

contralateral medial lemniscus. It appears at to desynchronized sleep, nor at the end of the

a latency of about 3.T msec (range 3.5 to 4.0 msec) epis.de, when the EMG activity reappears in
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FIGURE 2. -Modulation of the orthodromic lemniscal response during a typical episode of desynchronized sleep. A: Synchronized

sleep. B and C: Desynchronized sleep with large bursts of REM. There is a great stability of the lemniscal response during

synchronized sleep and no tonic change in amplitude of the response appears during the desynchronized episode. A phasic

depression of the evoked potential occurs only during the large bursts of REM, as indicated by the arrows. Note, however,

the stability of the responses during isolated ocular jerks or during the small train of low frequency ocular movements in C.

See figure 3 for explanation of dashed horizontal lines a through c. Unrestrained, unanesthetized cat. Experiment per-

formed 2 days after chronic implantation of the electrodes. 1: Signals of the electrical shocks applied to the left superficial

radial nerve (rectangular pulses: 1 every 1.9 seconds, O.05-msec pulse duration, 3 times the threshold (T) for the'lemniscal

response). 2: Electro-oculogram (EOG); 3: Left parieto-occipital (EEG). 4: Right parieto-occipital (EEG). 5: Electromyo-

grant (EMG) from posterior cervical muscles. The amplitude of the orthodromic response of the right medial lemniscus is

represented by the dots. (From ref. 30.)
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FIGURE3.--Phasic depression of the orthodromic lemniscal response during a REM period of desynchronized sleep. Same.
animal and experiment as in figure 2. The records indicate the orthodromic lemniscal responses recorded j?om the right
medial lenmiscus following stimulation of the left superficial radial nerve before (a), during (b), and after (c) a burst of REM,
as illustrated in figure 2 where the amplitudes of the responses are plotted diagrammatically. Note the large phasic depres-
sion of the lemniscal response which appears during a large burst of REAl, particularly when the ocular movements reach
a very high repetition rate (compare b in figs. 2 and 3). (Front reJ_30.)

the cervical muscles. The orthodromic lemnis- inw:dved both in the production of the large

cal responses, however, are phasically de- bursts of REM and in the depression of the

pressed during the bursts of REM. Figure lemniscal responses.
2B and C shows that the phasic depressions The phasic depression of the lemniscaI re-

(arrows) are related in time with the large sponse is not due to interaclinn between the
bursts of REM. The records a, b, and c, of electrically induced w,lley and the propriocel_-

figure 3 were taken at the moments labeled as tive afferent volleys related with the short-

a, b, and c in figure 2C. The third record from lasting contractions of the limb musculature,

the left, in figure 3b, shows a striking reduction since it is observed also in the absence of these
in amplitude. It is clearly related in time with muscle contractions. The hypothesis of a

a strong outburst of REM (see fig. 2C). phasic inhibition of synaptie transmission at

The average depression of the lemniscal re- the level of the dorsal-column nuclei is supported

sponse during the REM corresponds to about by experiments |o be reported in the next section.
15 to 20 percent of the average amplitude One might simply ask now which pathway

recorded during the intervals between the contributing to the orthodromic lemniscal re-
REM. sponse is influenced during sleep. The elassi-

It should be noted, moreover, that not every cal scheme postulates that proprioceptive and

burst of REM was associated with a depression exteroceptive volleys ascending ahmg the dorsal

of the orthodromic lemniseal response. Only column are relayed by the gracile and euneate

when the REM bursts were strong and pro- nuclei and project, through the medial lemniscus,

longed was the depression observed; it generally onto the ventrobasal thalamic nuclei of the oppo-
did not outlast the end of the outburst. A site side. There are, however, two subsidiary

clear-cut relationship between intensity of the pathways to the sensory cortex; their primary

lemniscal depression and repetition rate of relays are localized in the spinal cord, not far
ocular movements within a burst of REM is above the segmental level of the dorsal roots of

shown by figure 4. This fact would suggest entry. One pathway, discovered by Morin

that mechanisms of temporal summation are (ref. 59), ascends along the dorsolateral funicu]us
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+ 5 responses recorded from the right medial lemnis-
• cus on single-shock stimulation of the left ,

e_........................ superfcial radial nerve and their sleep modu-
• lation were apparently unmodified after sec-

tion of the dorsolateral funiculus, leading to\
-5 _ interruption of the spinocervical pathway (ref.

62) as well as after interruption of the deep part

IO of the dorsal funiculi.
Tile dorsal-colunm tracts (gracile and cuneate),

which were spared by the lesion, were therefore

-15 \. responsible for the transmission of the cutaneous
"_ afferent w)lleys to the eontralateral medial

-2o _ lemniscus. The results show that after that

lesi(m, a t)hasic depression of the orthodromic
lemniscal response occurred during the REM.

-25 On the other hand, after the section limited to

• the dorsal funiculi, thus sparing the spinocervical
-30 tract, the sleep changes of the lemniscal responses

I I I I i I I were no h:mger statistically significant.
f e 3 4 5 6 r REV(c/s) Summing up, in the free-moving, unanesthe-

tized cat, the orthodromic lemniseal response
FIGURE 4.--Re/ation betweenrepetition rate o1"ocular move-

ments during the burstsof REM and the amlditude of the elicited by single-shock stimulation of the super-
orthodromic lemniscal responses. Same animal as in ficial radial nervewasnotmodifiedduringrelaxed
figures 2 and 3; same.experiment. The abscissagives the wakefulness and synchronized sleep. Striking
repetition rate of the ocular movements(c/s) within eacb changes, however, were observed during the

burst of REM. The ordinate gives the amplitude of the phase of desynchronized sleep. Although the
responseof theright medial lemniscustosingle.-sbockstimu-

orthodromic lemniscal responses were not alteredlation of the left superficialradial nerveduring the trains
oJREM. The amplitude is calculated aspercentageuf tbe tonically during the desynchronized phase of
mean controlvalue X obtainedduringthe intervalsbetween sleep, a phasic depression occurred synchronous

the REM. Eachpoint representstheaveragevalueof meas- with the large bursts of REM. Moreover, a
urements taken during 3 bursts of REal. Tbe greater the depression of the orthodromic lemniscal response
depressions of the orthodromic lemniscal responses, the
higher tbe repe.tition rate oJ"the ocular moventents, during the REM bursts was still present after
(From ref 30.) interruption of the ipsilateral spinocervical path-

way. It can be concluded that somatic afferent
transmission through the dorsal-column systemof the same side to the lateral cervical nucleus, to
is greatly depressed during the REM periods ofrelay thence to the thalamus and hence to the
desynehronized sleep.cortex. The other is the spinothalamic tract

ascending contralaterally to the nuclei of the Presynaplie and Postsynaptie Inhibition of Transmis-
thalamus and hence to the cortex. It is generally sion of Somatic Afferent Volleys Through the Cuneate
stated, however, that there are few if any spino- Nucleus During. RE1M
thalamic fibers in the cal. It has recently been The experiments reported in the previous
shown, ntoreover, that the dorsal-column tracts section have led to the conclusion that the sleep
contain not only primary afferents but also axons modulation of the orthodromic lemniscal response
of 'spinal units synaptically driven by afferent was mainly caused by reduced transmission of
fibers. These secondary fibers are located in the somatic afferent w)lleys through the dorsal-
deep part of the dorsal funiculi and are in- column pathway. It has been shown in acute
fluenced by cutaneous fibers and by high- experiments that a depression of synaptic trans-

threshold muscular afferents (refs. 60 and 61). mission through the dorsal-column nuclei may
Our experiments clearly show that the lemniseal be produced under several experimental condi-
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tions through both mechanisms of presynaptic shock stimulation of tile cuneate nucleus, follow-

and postsynaptic inhibition (refs. 63 to 66). A ing Wall's method (ref. 71). Tile postsynaptic

presynaptic mechanism is indicated by the occur- hypothesis was tested by studying the excita-

rence of depolarization of the terminals of primary bility changes of the cuneate ceils, by recording
afferent fibers within the cuneate nucleus (refs. the lemniscal responses to direct electrical

64 and 65), an effect exactly comparable to tile stimulation of the cuneate nucleus.

depolarization of the intraspinal endings of pri- For this purpose, a stimulating electrode was

mary afferent fibers (ref. 67). 2 The hypothesis of implanted chronically within the cuneate nucleus.

presynaptic inhibition is also supported by the This electrode was made from a steel wire, 100

fact that, in the cuneate nucleus, there are inter- microns in diameter, sharpened electrolytically

neurons with properties similar to tllose inter- until the tip reached a diameter of less than 5

neurons in the spinal cord which are postulated microns. It was then completely insulated

to be interpolated as the presynaptic inhibitory except at the tip and the resistance was usually

pathway (ref. 66). Electron-microscopic obser- of the order of 500 kilohms. The cuneate

vations have recently shown the existence of nucleus was stimulated mnnopolarly with single

axo-axonic contacts in the cuneate nucleus (refs. rectangular pulses, negative in polarity, 0.02 to

68 to 70). A postsynaptic inhibitory meclla- 0.05 msec in duration. 3"he intensity of the

nism can be documented (1) by the appearance stimulus was expressed in muhiples of the

of inhibitory postsynaptic potentials (IPSP's) threshold (T) for the antidromie or the direct

recorded intracellularly from the cuneothalamic lemniscal response. It was then possible to

relay cells, and (2) by a decrease in the excita- study in the unrestrained, unanesthetized animal

bility of cuneate cells to direct electrical stimula- either the modulation during sleep of tile anti-
lion. dromic responses, recorded monopolarly from the

Experiments were then performed in order to superficial _r the deep radial nerve, or the modu-

analyze whether these mechanisms of presynap- lation of the orthodromie lemniscal responses

tic and postsynaptic inhibition were inw_lved in to direct stimulation of the cuneate nucleus. In

the modulation of synaptie transmission occur- some experiments both types of responses could

ring at the level of the dorsal-column nuclei dur- be recorded simuhaneously or separately during

ing physiological sleep (refs. 26 to 28 and 31). successive episodes of sleep.

Since these experiments had t_ be performed in Exeitabilily Changes of I're_ynaptic Fibers in the
unrestrained, unanesthetized animals, no intra- Cuneate Nucleus

cellular recording could be made. Indirect evi- Figure 5 gives the anatomical localization of

dence to be presented in this paper leads to the the tip of the stimulating microelectrode in the

conclusion that both mechanisms of presynaptic cuneate nucleus in one of our experiments.

and postsynaptie inhibition are responsible for After unipnlar stimulation of the cuneate nucleus,

tile phasic depression of the orthodromic lemnis- antidromically conducted impulses were recorded

cal response occurring during the periods of in the superficial or deep radial nerves. Figure

REM. The presynaptic hypothesis was tested 5 shows the antidromic responses led from the

by studying sleep changes in the excitability of superficial (a) and the deep radial nerve (b)

the cutaneous and muscular primary afferents on single-shock stimulation of the ipsilateral

to the cuneate nucleus close to their synaptic cuneate nucleus in unanesthetized, free-moving

terminals. Antidromie volleys were elicited in animals. In figure 5a the antidromic volley

the superficial and deep radial nerves by single- recorded from the superficial radial nerve started

with a latency of about 1.92 msec and had a total
2 It is assumed that presynaptic dep,,larization leads t,, a duration of about 1.70 reset. Since the eonduc-

redueti,,n in the size ,,f the orthodrmnie spikes al tim pre- tinn distance was 160 ram, tile conclusion can
synaptie terminals and. hence, to a reduetiml in |heir effective-
ness in exciting the poslsynaplie membrane. AI tl,e same be drawn that in this experiment, the condue-
time presynaptie ¢tep,,larizali,m implies an increase in tile tion velocity of the fastest antidromically invaded
anlidromic response l,, direct stimulation of the lermimds, fibers corresponded to 83 m/see. The conduc-
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excitability changes of the intracuneate terminals standard deviation of" the resp.nses recorded

of primary somatosensory fibers and phasic during the same episodes of desynchronized
events occurring during desynchronized sleep sleep in the absence of REM closely corre-
indicates that the average size of the antidromic sponded to the values obtained during syn-
responses recorded during the REM corre- chronized sleep. A correlation between in-

sponded to 125 percent of the mean value found crease in the antidromic group iI cutaneous
during synchronized sleep. During these out- volley and ocular movements turned out to be
bursts the standard deviation increased to reach particularly evident when the bursts of REM were

20 to 25 percent of the mean amplitude. On composed of high-rate, large-amplitude move-
the contrary, the mean amplitude and the ments (fig. 6). The phasic enhancement of the

(3 I I I I I I I II I I I I I I I I I I 1

b

C 15o ,uv
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• ° • • °
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FIGURE 6.--Phasic increase in amplitude of the antidromic group I1 cutaneous volley during a REM period of desynchronized

sleep. Unrestrained, unanesthetized cat. Experiment made 2 days after intplantation of the electrodes, a: Signals of

the electrical stimuli (0.02 msec, 2 T, I every 1.6 seconds) applied to the left cuneate nucleus, b: Electro-oculogram (EOG).

c: Left p_lrieto-occipital (EEG). d: Posterior cervical muscles (EMG). The cathode-ra) oscilloscope records show 20 anti-

dromic responses of group 11 cutaneous fibers of the left superficial radial nerve following single-shock stimulation of the

eune_lte nucleus before (I-6), during (7-13), and after (14 20) a burst of REM, as illustrated (Ibove. Note the enhal_cernent

of the antidromic response (7-13) that occt_rs during the REM burst. (From re/'. 31.)
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antidromic volley in most cases lasted through- +20
out the duration of the outbm'st.

Ahhough the correlation between bursts of o
REM and enhancement of the antidrnmic

potentials is clear, we noted that not every + 15
ocular burst was associated with an enhance-

ment of the antidromie potential. To explain

this finding, a correlation was made between
excitability changes of intracuneate endings of +_0
group II cutaneous fibers and repetition rate of
the ocular movements within tile REM. In

particular, the average amplitudes of tile anti- /

dromic responses recorded during bursts of + 5 /
REM in which the ocular movements occurred 5at the same repetition rate were compared with

the average value obtained from the responses P, ...........................
that occurred during the same episode of de- • ",
synchronized sleep but ill the absence of REM.
Figure 7 shows that the higher the repetition rate
of tile ocular movements within the REM 5 I I I I I | I
burst, tile greater was the increase of tile I 2 3 4 5 6 7 REM(c/s)
antidromic response, h had been previously

FIGURE 7.-Relationship between rate of ocular movements
shown thai not only cutaneous but also group I

within bursts of REM and the enhancement of the anti-
muscle afferents from forelimb nerves project dromic group II cutaneous volley. Same animal and ex-

lo the dorsal-column-medial-lemniscal system pertinent as in figure 6. The dots represent the amplitudes

(refs. 72 to 80). It is of interest ttlat tile anti- of the antidromicgroup 11 cutaneous volley recorded from

dromic group 1 volley recorded from the deep the left superficial radial nerveon single-shock stimulation
radial nerve on single-shock stimulation of the of the ipsilateral cuneate nucleus during the REM periods

of desynchronized sleep. The abscissa indicates the repeti-

ipsilateral cuneate nucleus also showed mudu- tion rate (c/s) of ocular movements within the bursts of

lation during wakefulness and sleep similar in REM; the ordinate indicates the amplitude of the anti-

kind to that which affected tile antidromic group dromic response during the trains of REM calculated as

1I volley recorded from tile superficial radial percentage of the mean control value X obtained during
the intervals between the REM. Each point represents the

nerve, average value of measurements taken during 3 bursts of

Figure 8 shows the phasic enhancement of the REM. The enhancement of the antidromic response is
antidromic group I w_lley during desynchro- clearly related with the repetition rate of the ocular move-

nized sleep occurring at the time of a large mentswithin the burstsof REM. {From r@ 31.)
burst of REM. The degree of enhancement

was of the same order as that described for the outbursts, the synaptic transmission at the
group II cutaneous volley in the same experi- level of the relay neurons of the dorsal column
mental condition, nuclei is inhibited by a presynaptic mechanism.

These results indicate that depolarization of In fact, a phasic depression of the orthodromic
presynaptic intracuneate endings of both cu- medial lemniseal response to single-shock stim-

taneous and muscular afferent fibers occurs dur- ulation of the radial nerves always occurred
ing REM. h is well established that presynap- during the REM phase of desynchronized sleep
tic inhibition acts by decreasing the alnplitude (refs. 25 and 30). This phasic depression of the
of the presynaptic impulses, thus reducing their lemniscal response, however, is not simply the

excitatory influence on the postsynaptic mem- consequence of a presynaptie inhibitory action.
brane (ref. 67). These observations fit the It will be shown ill tire next section that post-

hypothesis that, synchronously with the REM synaptic inhibition is likely to contribute to the
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FIGURF 8.--Phasic increase in amplitude of the ¢mtidromic grtmp I muscular volley &_ring a period of REM qf desyncbronized

sleep. Experimental arrangment ,same as in figure 6 (electrical i)tllses: 0.03 reset, 1.54 T). The records show 15 _mti-

dromic responses of group I muscular fibers led from the left deep radial nerve .[bllowing single-shock stimulation q/' tbe
cuneate nucleus before (1-5), during (6, 7), and after (8-15) a burst of REM. A clear-cut enhancement of the t;ntidromic

response (6, 7) occurs during the REM burst. [From ref. 31.)

phasic depression of the orthodromic responses mus. Similar potentials could be easily identi-
during REM. fled also in our experiments, where single-

shock stimulation of the cuneale nucleus was
Exeitability Changes of the Cuneothalamie Relay made in the unanesthetized cat through an ira-

Neurons planted microelectrode, while the evoked poten-
It has been shown by previous authors (ref. 63) tial was recorded from the contralateral medial

that when a brief current pulse is applied lemniseus with a narrow bipolar electrode
through a mieroeleetrode to the cuneate nucleus (refs. 26 t. 28 and 31). Figure 5c and d shows
of the anesthetized cat, an initial brief positive the kind of evoked potentials recorded in our

spike (o_-spike), fi)llowed by a much more pro- experimental conditions at various sweep speeds.
longed and complex posilive potential (/3-spike), In agreement with the finding of previous
can be recorded from the lemniscal axons in the atdhors, we ohserved that the lalency of the

contralaleral ventrobasal complex of the thala- inilial spike (o_-spike) is so short (0.7 to 0.8 reset)
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that it must be due to impulses generated by vals between the large bursts of REM; it did not

direct stimulation of euneothalamie relay neurons occur, moreover, when the ocular movements

or their axons. The secondary, or/3-spike, had a appeared to be isolated or grouped in small

latency of 0.7 to 0.8 msec longer than the a-spike, bursts. A depression of the lemniscal responses

a time just adequate for monosynaptic transmis- actually occurred only when large bursts of

sion; it was attributed, therefore, to direct REM appeared in the electro-oculogram. At

excitation of presynaptic fibers and consequent this time both a- and /3-spikes were generally

synaptie excitation of cuneate neurons (ref. 63). depressed. Figure 9 shows the changes in

The /3-spike may have a simple configuration, amplitude of both the lemniscal responses
characterized by a rising phase, followed by a elicited by direct stimulation of the cuneate

slow decay. It may have, however, a double nucleus during desynehronized sleep and their

configuration, the second wave beginning about depression at the time of the large bursts of REM,

1.0 to 1.2 msee after the first fief. 63). while figure 10 illustrates those responses plotted

This observation has been attributed to the in figure 9 which occur at the time of two large

fact that transsynaptic excitation evokes a bursts of REM.

double discharge from most of the cuneate To obtain a statistical evaluation of the rela-

neurons fief. 66). In figure 5c, the decaying tire depression affecting a- and/3-spikes during

phase of the /3-spike complex indicates that REM, the mean amplitude of both the responses
some euneate neurons discharged three or even occurring during phasic bursts of ocular move-

more impulses, ments was compared with the mean amplitude

During relaxed wakefulness, both the a- and of the responses that occurred during the same

the /3-spikes were produced by each stimulus, episodes of desynchronized sleep, but in the

These responses were regular in amplitude and absence of REM. The a-depression was gen-

only slight fluctuations occurred. The standard erally smaller than the /3-depression. This

deviation with respeet to the mean amplitude finding is particularly evident in figure 11, where

was slightly higher for the a- than for the/3-spike, a correlation has been made between the fie-

and corresponded to 15 and l0 percent of the quency of the ocular movements within the bursts

mean amplitude, respectively, of REM and the depression of the responses.

During the transition from quiet wakefulness This analysis was performed since it had been

to synchronized sleep, there were no significant found that not every ocular outburst was asso-

changes in both mean amplitude and standard elated with a depression of the lemniscal re-

deviation of the a- and /3-spikes, nor was there sponses. Figure 11 shows that the more

any clear-cut difference found between the frequent the ocular movements within the REM

periods characterized by trains of synchronous burst, the greater was the a- and/3-depressions.

waves and interspindle lulls. However, the degree of depression was greater

The main changes in cuneale cell excitability for the/3-spike than for the a-spike. When this

occurred during desynehronized sleep. In occurred, the/3-depression was generally longer

this phase of sleep there was a slight depression lasting than the a-depression. This different

of both the a- and/3-spikes; the mean amplitudes time course of the depression of a- and/3-excita-

corresponded to 96 and 94 percent, respectively, bility during the REM episodes is particularly

of the value obtained during synchronized sleep, evident in figures 9b and 10b, where a-depression

The decrease in the mean amplitude of the re- is limited to the larger amplitude, higher fre-

sponses was accompanied only by slight changes quency ocular movements, associated and fol-

in the standard deviation. A detailed analysis lowed by a larger and more prolonged/3-depres-
of the relation between cuneate neuron excita- sion.

bility and the events occurring during desyn- Whenever a depression of the lemniseal re-

chronized sleep indicated that the depression of sponses elicited by direct stimulation of the

both the a- and /3-spike was not a tonic phe- euneate nucleus occurred at the time of the REM,

nomenon, since it did not occur during the inter- there was also a phasic depression of the ortho-
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FIGURE 9. -Jlodtdation of the lemnisc_d responses to direct stimulation of the eune_te

nucleus during the large bursts of REM. Unrestrained, unanesthetized eat. Experi-

ment made 5 days ttfter imphmtation of the electrodes. Bipolar records. 1: Signals

of the electrical shocks applied to the/eft cuneate nucleus (rect_mgular pulses: 1 et_ery

2 sec, 0.05 msec, 2.15 times the threshold (T)Jor the direct lemniseal response); 2: Elee-

tro-ocu/ogrttm (EO(;), 3: Left parieto-occipital (EEG): 4: Posterior eert_ical muscles

(EMG). The amplitudes of both the a-spike (empty circles) _nd the [_-spike _[illed circles)

recorded from the right lemniscus on single-shock stimulation of the left cuneate nueh;us

hm_e been plotted below. A, B. C: Episode of desynchronized sleep, during which time

there are phasic depressions of the lemnisca/ responses. They are observed only

synchronously with the largest bursts of REM. The e+_rlypotentials (empty circles)

are less depressed than the/ate potentials (filled circles). See figure lO fi_r exphmt_tion

of dashed lines a thrm_gh f. (From r_f. 31.)
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_ 4_ x %_ _._ w_j _ enhancement of presynaptic excitability is vir-
tually a mirror image of that depression.

o The conclusion ()f our experiments is that

excitability changes of the cuneothalamic relay p

b _%J'_._ A _ j_-,_,_ neurons as tested by direct stimulation of the
cuneate nucleus actually occur during a certain

phase of sleep.

,r. In agreement with previous findings (refs. 25
c -,e,_.. '\ _ "¢'_'_ and 30) that the orthodromic lemniscal response

Y _, t _

I I I

5 msec

FIGURE 10.- Phasic depressions (_ the lemniscal responses to 15

direct stimulation of the cuneate nucleus during REM o_

periods of desynchronized sleep. Same animal ond ex- -20 _ c_
periment as in figure 9. The records indicate the responses \ "-o--_.._

recorded before (a, d), during (b, e) mid after (c, f) the -25
bursts of REM, as illustrated in .figure 9. In this same

figure the amplitude of the cathode-ray oscilloscope re-

sponses has been plotted diagrammatically. Note the -50

large phasic depression of the lemniscnl responses that

appears during two bursts of REM characterized by high -35
repetition rate of ocular movements. Note also in b the

quick recovery in the amplitude of the (t-spike, as compared

to some persistent depression of the fi-spike, jollowing the -40 I I I I I " I

underlined response. (From re..[.3/.) l 2 3 4 5 6 REM (c/s}

FIGURE 1l.--Relationships between repetition rote of ocular

dromic lemniscal response recorded from the movements within bursts of REM and the amplitude of

medial lemniscus on single-shock stimulation of the o_'thodromic lemniscal responses elicited by direct

the superficial radial nerve. Also, this depres- stimulation of the cuneate nucleus. Same animal as in.

sion occurred during the REM periods. In figures 9 ond 10; same experinlent. The symbols represent
the amplitudes of both the early potential (empty circles)

figure 12 the mean amplitude and the standard
and the late potential (filled circles) recorded from the right

deviations of such orthodromic and direct lem- lemniscus on single-shock stimulation of the left cuneate

niscal responses recorded in the same experi- nucleus, during bursts of REM. The abscissa indicates

merit during different EEG backgrounds can be the repetition rates of the eye movements (c/s) within the

compared with the mean amplitude and the REM, the ordinate indicates the amplitude of the two
components of the lemniscal responses during the same

standard deviation of the antidromic group II trains of REM calculated as percentage of the mean control

cutaneous volley recorded in another experiment values X obtained during desynchronized sleep, in the in-

from the superficial radial nerve on single- tervals between the REM. Each point represents the

shock stimulation of the cuneate nucleus during average value of measurements taken during 3 bursts of

corresponding EEG backgrounds. It is clear REM. Greater depression of the lemniscal responses occur
with higher frequencies of ocular movements within the

from this figure that the depression of the a- bursts of REM. Furthermore, for the same bursts of REM,

and fl-excitahility during REM parallels that of depression is greater Jot the late potential than for the

the orthodromic lemniscal response, while the early potential. (Fromref. 31.)
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neurons (ref. 63). Therefore, the depression of thalamic responses and those recorded front the
the c_-exeitability during the desynehronized cortex (ref. 90). Moreover, a further increase
phase of sleep indicates that postsynaptic in- in tile lemniscocortical (refs. 86, 87, and 91) and

hibition has an important depressant influence on thalamocortical responses (ref. 86) has been found
many cuneothalamic relay neurons during REM. to occur synchronously with the REM.

The depression of the/%spike during the REM We are not going to discuss here the tonic
is more difficult to interpret. We have shown changes in somatic afferent transmission through
that the presynaptic depolarization of the the VPL nucleus, since they last throughout

primary afferents to the cuneate nucleus pro- the desynchronized phase of sleep, and therefore
duced by REM results in a large increase in the are not vestibular in origin. We are inter-
number of presynaptic fibers being excited by ested mainly in the observation that during the
the cuneate stimulus. This would tend to desynchronized phase of sleep, the thalamic

increase the size of the 13-spike. This increase, output resulting front stimulation of second-
however, has to be weighed against (l) the de- order somatosensory neurons shows sudden
pression of synaptic excitation that results from brief" increases (ref. 92). These happen at tile

the presynaptic depolarization, i.e., presynaptic same time as REM's and deep-sleep waves
inhibition, and (2) the depression that results (refs. 86 and 93). Suppressi,m of proprioceptive
from the postsynaptie hyperpolarization, i.e., oculomotor and/or retinal inputs does not pre-
postsynaptic inhibition, vent the occurrence of such phasic changes in

Of course the effectiveness of the presynaptie thalamic transmission (refs. 87 and 94). Experi-
inhibitory action during REM is indicated by the ments were recently made (ref. 33) in order
depression of synaptic transmission in cases to investigate the synaptic changes occurring in

in which /3-depression is coupled with very tile nucleus ventralis posterolateralis during
little or no c_-depression of cuneate neurons, desynchronized sleep, particularly at the time of

However, as pointed out by previous authors the REM. Similar to the approach used in
(ref. 63), the /_-depression of cuneate neurons our previous experiments on the dorsal column
does not give a simple index of synaptie excita- nuclei (refs. 26 to 28 and 31), both presynaptie
tion and its depression by presynaptic inhibition, and postsynaptic events have been investigated

since the /3-depression is minimized by the at thalamic level (ref. 33). In particular, the
large increase in presynaptic excitability, responsiveness of tile presynaptic and post-

Summing up, the structures which are respon, synaptic components of thalamic synapses was
sible for the phasic depression of the orthodromie studied by implanting chronically bipolar
lemnisca] response during desynchronized sleep electrodes in the medial lemniscus (ML), the

must operate through both mechanisms of pre- nucleus ventralis posterolateralis (VPL), and
synaptic and postsynaptic inhibition, the somesthetic radiations (SR). Each electrode

could then be used either for sthnulation or

Transmission of Sensory Volleys Through the Nucleus for recording.
Ventralis Posterolateralis During REM

Facilitation of the Orthodromic Thalamie Rcsponsc

Accumulated evidence indicates that during The orthodromic response evoked in the VPL

desynchronized sleep the transmission of somatic nucleus by stimulation of the medial lenmiscus
centripetal impulses elicited either by peripheral consisled of a short-latency-positive-negative
stimulation (refs. 47 and 81 to 84) or by central, deflection h:dlowed by a slower positive wave.
lemniscal (refs. 47, 81, and 85 to 87), or thalamic The first contponent of the response call be
(refs. 47, 81, 85, 86, 88, and 89), stimulation is attributed to the action potential of the presynap-

constantly facilitated. This effect occurs at tic terminals, while the second may be ascribed
the level of the nucleus ventralis posterolateralis to the postsynaptic activity of thalamic neurons.
(VPL) and lasts throughout the episode of desyn- It was hlund in particular that while the pre-
chronized sleep. There is also a constant synaptic component of tile VPL response did not

parallelism between the facilitation of tile significantly change in amplitude during tl_e
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FIGURE 12.--Effects o/ sh:ep on the orthodromic lemniscol response and on the excitability both

of cune_lte neurons and of/tie presynuptic termimtls in the cuneute nucleus. Filled circles:

Orthodromic responses recorded from the right mediul lemniseus (ML) on single-shoek stimulation

of the l_fi super/icial radial nerve (SR). Open circles and open triangles: Responses recorded

Jfom the right ML on single-shock stimulation _[" the left cuneate nucleus (CUN). The initial

o_-spike and the later _-spike due to direct _tnd ,synaptic excitation st�"the cuneate neurons have

been plotted with different symbols. Filled triangles: Antidromic responses recorded Jfom

the left SR on single-shock stimultttion q/'the CUN. The aver_zge ualues of meusurements during

desynehronized sleep (DS) ure calculated us percentage of the mean control values (X) during

quiet wake[itlness-synchronized .sleep (QW-SS). The vertical segments represent the standard

de_;iations. The responses during DS htzve been./in'ther divided into two groups: (1) the respouses

recorded during the intervuls between the REM (1)S without REM) _nul I2) the responses recorded

during the large bursts of REM (l)S with REM_. About 2000 responses for e_tch experimentul
,situation were statisticully evtduated. (From re/i 31.)

elicited by peripheral nerve stimulation is un- a- and /3-excitability occurs only during desyn-
modified during synchronized sleep, as compared chronized sleep, at the time of the REM (refs. 26
with relaxed wakefulness, the present observa- to 28 and 31).
tions show that both a- and/3-excitability of the It has been clearly shown that the test for
cuneate nucleus are also unmodified in the same a-spike depression provides a direct assessment

experimental conditions. A marked decrease of of postsynaptic inhibition of cuneothalamic relay
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desynchronized phase of sleep, the mean ampli- Excitahility Changes of Presynaptic Fibers in the
tude of the postsynaptic component was signifi- VPI, Nucleus
cantly higher during REM than during non-REM Experiments were performed to test the
periods (fig. 13, upper records). Only in some excitability of presynaptic terminals of second-

instances a slight decrease of the presynaptic order sensory neurons by antidromic stimulation
component in the VPL occurred during the bursts (ref. 71) of the VPL nucleus. The antidromic
of REM. responses recorded from the medial lemniscus

consisted of two positive components, probably
due to excitation of two groups of nerve fibers
with different conduction velocity, These anti-

EEG dromic responses did not show significant

changes in amplitude during the REM periods
FOG _ (fig. 13, middle records). On some ,,ccasions,

however, a slight increase of the antidromic

VPl. _'_ /_ response in the medial lemniscus was observed.

/ "-,_ _ ---_ _,_ This finding together with the observation that,ML during the same phase of sleep, the presynaptic
component of the thalamic response ew)ked by
stinmlation of the medial lemniscus is sometimes

i=1=G slightly reduced in amplitude suggests that
_-::.- .... -_-'--,.....,: ,.,--.-,,::-'..:-...... _=-.-_---::::-..--: -: depolarization of the presynaptic terminals

FOG '_'t'_"-- within the thalamus may occur at the time of theREM,

Excitability Changes of the VP1, Neurons

"_ "_ /"'% The increase in amplitude of the postsynaptic
VPL,,,. component of the discharge ew:_ked in the VPL

Mk V __J nucleus by stimulation of the medial lemniscus

during REM's suggests that the thalamic cells

EEG have become m_re responsive to incoming affer-
-=.... z.:=:.::'-:::-=:_:: .:::..:_._,;=:,=_-._:'::=-.-._::;_::.:._-':::::_.ent impulses, Direct stimulation of the VPL

EOG _ nucleus evokes in the corresponding thalamo-
cortical radiation a response consisting of an
initial brief positive deflection (oe-spike) followed

SR "_ f"" _/ f"-" by a second positive component of longer dura-

VPL"" t_] V _.1 tion (/3-spike). While the a-spike is due to directexcitation of thalamic relay cells, the /3-spike,

FIGURE13.--Presynaptic and postsynaptic changes in the occurring one synaptic delay later, is produced
nucleus ventralis posterolateralis (VPL) during the REM by direct excitation of presynaptic fibers in the
periods of desynchronized sleep. Unrestrained, unan- thalamie nucleus, with consequent synaptic
esthetized cats. Upper records: Changes in orthodromi- activation of thalamic neurons (ref. 95). The
cally evoked responses recorded from the VPL to medial a-spike is thus a suitable index for evaluating
lemniscus (ML) stimulation during a REM burst of de-

synchronized sleep. Middle records: Changes in anti- changes in excitability of thalamic neurons. The

dromic responses recorded from ML to intrathalamic ]3-spike cannot be used for this purpose, however,
(VPL) stimulation during a REM burst ofdesynchronized because its amplitude is affected as well by

sleep. Lower records: Changes in the excitability of changes in presynapticterminals. The amplitude
thalamic neurons recorded from the somesthetic radiation of the a-spike always increased during REM in
(SR) by stimulating the VPL nucleus. EEG: Electro-

encepkalogram; EOC: Electro-oculogram. Cathode-ray the somesthetic radiation when VPL was stimu-
oscilloscope calibration for the evoked responses: 1 msec lated (fig. 13, lower records). It is of interest
and 50 txV. (Front ref. 33.) that even the antidromic response recorded in
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the VPL nucleus by stimulating the somesthetic in the cuneate nucleus which occurs at the time of
thalamocortical radiations increased during the the REM.

REM periods. The invariable increase in size We have shown that bilateral destruction of
of the postsynaptic component of the thalamic the medial and descending vestibular nuclei

responses evoked by stimulation of the medial abolishes not only the REM but also the related
lemniscus as well as the increased discharge of phasic depression of the orthodromic lemniscal

the thalamic neurons produced by direct stimula- response evoked by single-shock stimulation of
tion of the VPL nucleus or antidromic stimulation the superficial radial nerve (fig. 14). The

of the somesthetic radiations supports the con- absence of any modulation, during sleep, of the
clusion that REM's are associated with a phasic lemniscal response following vestibular lesions

enhancement of the responsiveness of thalamic is also duplicated by experiments of bilateral F
cells in the VPL. ablation of the sensory-motor cortex, which, on

In summary, postsynaptic facilitation occurs the other hand, does not prevent the appearance
in the VPL nucleus during REM. Only on some of the typical bursts of ocular movements.
occasions this phenomenon is associated with Summing up, the depression of the orthodromic

depolarization of the presynapfic terminals lemniscal response elicited by single-shock
within the thalamus. Reduced transmission of stimulation of the superficial radial nerve during

orthodromic volleys at the level of the pre- the bursts of REM is abolished by a bilateral

synaptic endings within the thalamus is appar- lesion of the vestibular nuclei, or by complete
ently overwhelmed by increased postsynaptic ablation of the sensory-motor cortex. It appears,
responsiveness of thalamic cells, therefore, that during REM, the vestibular nuclei

depress the synaptic transmission at the level of
Vestibular Control of Somatic Afferent Transmission the dorsal column nuclei through the roundabout

in the Cuneate Nucleus and the VPL Nucleus way of the sensory-motor cortex and the py-

It has been shown that, during the REM, ramidal tract (fig. 15). Further experiments are

there is a phasic depression of the orthodromic required to find the pathways and structures
lemniscal response (refs. 25 and 30) which is due which are responsible for the facilitation of
to both mechanisms of presynaptic and post- sensory transmission through the VPL nucleus
synaptic inhibition (refs. 26 to 28 and 31). Ex- during the REM periods of desynchronized sleep.
periments were performed to localize the It may well be postulated, however, that the
structures which are responsible for the inhibitory efferent discharge originating from the second-

order vestibular neurons at the time of the REMcontrol of synaptic transmission in the cuneate
nucleus during desynchronized sleep (refs. 29 represents the common triggering mechanism

and 32). Attention was devoted to the vestibular which is responsible not only for the depression
nuclei which we have proved to be responsible in the orthodromic transmission of somatic

not only for the REM (refs. 35 to 37) but also for afferent volleys through the dorsal-column nuclei
the phasic enhancement of the pyramidal dis- (refs. 29 and 30) but also for the increased
charge, related in time with the REM (refs. 23 and responsiveness of thalamic cells within the

24). VPL nucleus during the REM bursts (refs. 33,
Since stimulation of the sensory-motor cortex, 87, and 96).

performed in acute experiments, is able to CONCLUSION
inhibit the transmission of cutaneous afferent

volleys through the cuneate nucleus by both An analysis of the central mechanisms re-
mechanisms of presynaptic and postsynaptic sponsible for the motor events occurring during
inhibition (ref. 63), the possibility exists that desynchronized sleep, made by microelectrode
excitation of the pyramidal neurons elicited by recording of single vestibular neurons in un-
the ascending vestibular volleys during the restrained unanesthetized animals (refs. 11to 13),

REM periods of desynchronized sleep is respon- as well as by lesion experiments, clearly indicates
sible for the inhibition of synaptic transmission that the medial and descending vestibular nuclei
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are responsible not only for REM (refs. 35 motoneurons (reI_. 23 and 24). It is of interest
to 37), but also for the phasic excitation of spinal that (1) during desynchronized sleep the py-

ramidal discharge increases (luring the bursts of

+co REM, and (2) the abolition of the hypnic con-

+ _o tractions following lesion of the vestibular nuclei

T T T l is always associated with the abolition of the
-e ............ o---_-'- pyramidal discharges that occur synchronously

,o 1 1 1 1"" ] with the periods of REM (refs. 23 and 24).-- xx "

- 20 _

CORTEX- 50

I I I I I I

QW SS DS DS,,.,,h,_,REMDSw,ThREM x

+ 20 THALAMUS
VENTRO-BASAL

+,o T T T T ,uc,. us
-- _ ..... o- ...... o ...... o ..... -o

I I I I I I _ CUNEATENUC.

QW SS DS DS...... s............ III _ _,...___REM oCulor movemenls ill

FIGURE 14.--Effects of different backgrounds of sleep on the MED. LEMN. _ /'1_ _--_,__
orthodromic lemniscal responses recorded in the intact /II ,)/_

animal or after vestibular lesion. Unrestrained, un-

\ II

anesthetized cats. Upper diagram: Intact preparatioti. PYR.TR.

Lower diagram: Animal submitted to bilateral electrolytic }_

lesion of the vestibular nuclei, sparing only the ventral "-_.2_'_.,._[ L/
part of the medial and descending vestibular nuclei of
both sides. In both instances the responses were recorded

from the right medial lemniscus on single-shock stimulation

of the left superficial radial nerve. The results obtained

during several episodes of desynchronized sleep have been

statistically evaluated. The average values of measure-

ments during quiet wakefulness (QW) and desynchronized sup RADIAL
sleep (DS) are calculated as percentage of the mean control NERVE
values (X) (luring synchronized sleep (SS). The vertical

segments represent the standard deviations. The re- FIGURE 15.--Anatomictt] schemtl of the neutral mechanisms

sponses during DS have been further divided in two groups: involved in the sleep modulation of somatic afferent trans-

(1) the responses recorded during absence of ocular move- mission through the cuneate nucleus. Synaptic trans-

ments (DS without REM), and (2) the responses recorded mission of cutaneous impulses (superficial radial nerve)

during the large bursts of rapid eye movements (DS with to cuneothalamic relay neurons (white) is blocked by

REM). In the lower diagram this group contains only the inhibitory cuneate interneurons (black) through presynaptic

responses recorded during the residual ocular movements and postsynaptic mechanisms. The hypothesis is made

which remained after the vestibular lesion (small bursts that the inhibitory interneurons are driven by collaterals

of ocular movements). Note the depression of the ortbo- of the pyramidal tract, the corticospinal neurons being in

dromic lemniscal responses during the large bursts of turn excited by ascending vestibular volleys through

REM (DS with REM) in the intact preparation and the unknown polysynaptic pathways (dotted line). D: De-

absence of any significant change in the amplitude of the scending vestibular nucleus; L: Lateral vestibular nucleus

responses during the residual ocular movements after (of Deiters); M: Medial vestibular nucleus, S: Superior

vestibular lesion. (From refs. 30 and 32.) vestibular nucleus. (From ref. 32.)
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The demonstration that, during sleep, vestib- excite neurons of the somatosensory cortex,

ular afferent volleys impinge upon the sensory- whose efferent discharge is finally responsible
motor cortex is supported by the observation that for the depressed transmission at dorsal column
in acute experiments, labyrinthine volleys are level. It has been pointed out above that the
able to alter the pattern of discharge of some phasic depression of transmission of somatic
neurons localized in this cortical area (refs. 97 afferent volleys through the cuneate nucleus

to 99). Moreover, a discharge of impulses can during the bursts of REM is due to both mecha-
also be recorded from the bulbar pyramid on nisms of presynaptic and postsynaptic inhibition

single-shock stimulation of the vestibular nerves (refs. 26 to 28 and 31). It is of interest that the
performed under chloralose anesthesia (ref. 100). same mechanisms occurring during physiolog-

In summary, a motor pattern is formed during ical sleep in unrestrained animals can also be

desynchronized sleep due to increased activity elicited in acute experiments on repetitive stim-
of the vestibular neurons. It consists not ulation of the sensory-motor cortex (refs. 63

only of REM, due to direct excitation of the to 66). We may conclude that the vestibular
oculomotor neurons, but also of muscular con- activity occurring during the REM periods of
tractions related in time with REM. These desynchronized sleep is able to block the trans-

phasic events are associated with reflex excita- mission of somatic afferent volleys within the
tion of corticospinal neurons due to ascending dorsal column nuclei through the roundabout
vestibular volleys impinging upon the motor way of the sensory-motor cortex (fig. 15).

cortex. Other structures, however, also trig- It is quite surprising that, contrary to the de-

gered by the ascending vestibular system, are pressed transmission of somatic afferent vol-
likely to contribute to the phenomenon. For leys at dorsal column level, the transmission of
sake of simplicity they have not been considered somatic volleys through the VPL nucleus is
in the present report, greatly facilitated during REM (refs. 33, 86, 87,

Parallel to the phasic excitation of the ex- and 91). Therefore, within the VPL nucleus
trinsic ocular and spinal motoneurons occurring the reduced amplitude of the orthodromic volleys

during desynchronized sleep, phasic events has to be weighted against an increased excita-
influence the transmission of sensory inputs bility of the thalamocortical neurons.

along the dorsal-column-medial-lemniscal sys- It has been assumed by several authors that
tern. In particular, the experimental evidence the sensory feedback dependent upon active

clearly indicates that the orthodromic lemniscal movement plays an important role in motor
response is phasically depressed during REM due coordination (refs. 101 to 103). It is of interest
to mechanisms of presynaptic and postsynaptic that, while during the movements associated with
inhibition occurring within the cuneate nucleus REM, the somatic sensory volleys are partially

(refs. 25 to 28, 30, and 31). An analysis of the inhibited at medullary level, a postsynaptic facili-
central structures responsible for the phasic tation occurs simultaneously within the spe-

depression of these lemniscal responses during cific thalamic nuclei. We can postulate, there-
REM shows that this effect is abolished after fore, that some part of the efferent vestibular

bilateral lesions localized to the medial and activity giving rise to contraction of thelimb mus-

descending vestibular nuclei (refs. 29 and 32). culature is fed into the somatic sensory system,
Bilateral destruction of the sensory-motor particularly the nucleus ventralis postero-

cortex also duplicates the effects of the vestibular lateralis, where it interacts with the incoming

lesions, although the appearance of the bursts of somatic information filtered at dorsal-column
REM is not prevented by the cortical ablation, level. The result is that external stimulation
Both these lesions in fact abolish the phasic due to sensory feedback is partially substi-

depression of somatic afferent transmission tuted by internal stimulation which is incorpo-
through the dorsal column nuclei during the rated at thalamic level and elaborated by the
REM. These observations suggest that volleys somatosensory cortex.

ascending from the vestibular nuclei are able to It has been assumed for years that the ves-
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tibular nuclei represent a premotor center which during the deepest phase of sleep are also opera-
controls the oculomotor and spinal motoneurons, tive during the motor activities produced by
The present experiments clearly indicate that natural labyrinthine stimulations. One may
the efferent discharge originating from the yes- propose that also during the natural labyrinthine
tibular nuclei affects the transmission of somatic stimulations in the awake animal, the somato-

sensory volleys at the different relay stations sensory volleys originated at the time of the
of the medial lemniscal pathway simultaneously muscle contractions are not simply transmitted
with the efferent discharges which give rise to without alteration through the ascending lemnis-

the hypnic contractions of the limb musculature, cal pathways. Similar to what has been de-
The existence of such "corollary" central scribed in the sleeping preparation, vestibular

discharges, i.e., discharges from motor to sensory volleys may well interact with exteroceptive and
structures, has been postulated in order to ac- proprioceptive afferent impulses at different
count for the perceptual constancy of the relay stations of the somatosensory pathway,
environment during movements (ref. 104). thus leading to proper perception during body

Further experiments are required to find out movements. Appropriate experintents, however,
whether the vestibular mechanisms described are required to test this hypothesis.
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DISC USSION

Tang: Do I understand correctly that, during rapid eye lary" central discharges, i.e., discharges from motor to sen-

movements, there is a spinal block of the smnatic afferent sory structures, has been postulated in order to account for

which provides for protection or for better sleeping? The the perceptual constancy of the environment during body

somatic affcrents would be blocked at the spinal level in movements (H. L. Teuber: In: The Frontal Granular Cortex

order that the animal not be awakened by its own muscle and Bet_avior, J. M. Warren and K. Akert, eds., McGraw-Hill.

contractions. On the other hand, the ventral posterior 1964, pp. 410-444).

lateral nucleus increases the excitability. Would that not Snider: Professor Pompeiano, that is a very fine presenta-

be a buih-in protection? In other words, if the external tion. No doubt we could spend the rest of the afternoon Oll

stimuli could get through the spinal nuclei, this would auto- some of the implications of this. It seems to me that one

matically awaken the animal very rapidly because the sen- point 1 missed was which comes first, the eye movenmnts or

sitivity of the higher level is increased. Would that be a the vestibular discharges. As 1 see it, you have not elimi-

correct interpretation? Hated the so-called trigger zones in the pontine region. What
Pompeiano: It is true that just at the time of tim motor happens in these animals if the extraocular muscles are

contractions synchronous with the REM bursts, there is a ablated acutely (i.e., the extraocular nmscles are removed),

depression of somatic afferent transmission not only to the thus renmving the feedback into the pontine system or even

spinal motoneurons but also to the dorsal-column nuclei, into the cerebellum? What, for example, does the vestibule
On the other hand, this effect is associated with a facilita- have to do with this? Your thesis, as 1 see it, is proposing

tion of the orthodromic response through the nucleus yen- spontaneous activity in the vestibular nuclei. Perhaps 1 am

tralis posterolateralis (VPL). The interpretation of our re- reading ahead of the data here.

suhs that you gave may well be correct. I think, however, In mJr subsequent paper on the cerebellum (Ray S. Snider

that the significance of our findings is more far reaching. It and Karl Lowy, "Ew_ked Potential and Microelectrical Analy-

was found in our experiments that all the effects described sis of Sensory Activity Within the Cerebellum"), we beliew:

depend upon vestibular discharges which are responsible the cerebellum is tied up with relating eye movements to

not only for the rapid eye movements but also for the appear- some of these discharges. I would also like to know how you

ante of the related contractions of the limb musculature, were relating tbe vestibular nuclei to the VPL. That is not

One may propose that even during the motor contractions a monosynaptic pathway. It must have been acting through
elicited by natural labyrinthine stimulation in the awake the reticular formation. Do you not feel that the spontaneous

animal, vestibular volleys interact with proprioceptive afferent activity, at least the trigger zones, is still in the reticular for-
impulses at different relay stations of the somatosensory mation and the vestibular system is carrying out the dictates

pathway, of it?

It has been postulated by several authors that the sensory Pompeiano: Our experiments indicate that the bursts of

feedback dependent upon active movements plays an ira- REM as well as all the related events depend upon the

portant role in motor coordination (R. Held: Plasticity in activity of the medial and descending vestibularnuclei. This

Sensory-Motor Systems. Sci. Amer., vol. 213, 1965, pp. activity still occurs after cerebellectomy or bilateral section of

84-94). Our experiments indicate that the integration of the VIII nerves. The persistence of a rhythmic pontine

the somatoscnsory volleys during the muscular contractions activity in spite of the destruction of the vestibular nuclei

related in time with the bursts of REM involves inhibitory suggests that the increase in the vestibular discharge during

events at the level of the dorsal-column nuclei as well as desynchronized sleep is triggered by central wdleys origi-
facilitatory events at the level of the specific thalamic nuclei. Hating from a pontine center. There is also evidence indi-

The result is that external stimulation due to somatic afferent cating that the phasic changes in sensory transmission dur-

volleys is partially substituted by internal stimulation due to ing the bursts of REM do not depend upon retinofugal dis-

vestibular afferent volleys which are incorporated at thalamic charges nor can they be attributed to afferent discharge from

level and elaborated by the somatosensory cortex. It appears, eye muscle proprioceptors because the same effects were

therefore, as if a central discharge originating from the oculo- obtained also following enucleation of eyes or extraocular
motor centers in the brainstem reaches the VPL neurons simul- muscles.

taneously with the efferent discharge which gives rise to So far, we have studied only the pathways responsible for

the limb and eye movements. The existence of such "corol- the depression of the orthodromic lemniscal responses elicited
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by single-shock stimulation of forelimb nerves during the directed in the future is that concerned with the relationship

bursts of REM. It appears that during these rapid eye move- existing between REM sleep and vestibular function. It is

ments, the vestibular nuclei depress the synaptic transmission well known that artificial interruption of REM sleep in humans

at the level of the dorsal-column nuclei through the round- is followed by a striking compensatory increase in amount and

about way of the sensory-motor cortex and the pyramidal percentage of the REM time if the subjects are allowed unin-

tract. The pathway responsible for the vestibular influences terrupted sleep. It has been proposed that the REM mecha-

on the VPL has not been investigated yet. nism is triggered by a neuroefiemical substance which ae-

Graybiel: Have you watched for REM sleep in persons cumulates to a critical threshold level within a pontine center

who had lost all four limbs? and is then released. One may postulate that the sensi-

Pompeiano: Nobody has so far watched for REM sleep tivity of the subjects to natural labyrinthine stimulation is
in subjects who had lost all four extremities. Our observa- inversely related to the amount of time previously spent in
tion that the REM bursts depend upon the activity of the

vestibular nuclei has been recently confirmed in man (O. Ap- REM sleep and that the intensity of the labyrinthine responses

penzeller and A. P. Fischer, Jr.: Disturbances of Rapid Eye increases during REM deprivation. In view of the possible

Movements During Sleep in Patients With Lesions of the relationship between REM sleep, REM deprivation, and

Nervous System. EEG Clin. Neurophysioh, wA. 25, 1968, intensity of labyrinthine reflexes, one may eventually begin

pp. 29-35). These auttiors found that REM's were absent in to sort out ways in which drugs may alter the sensitivity to

patients with severe Wernicke-Korsakoff's disease, in whom labyrinttfine reaction via the mechanism of permanently
the vestibular nuclei are known to be often affected, altering the nature of REM sleep. Obviously all these

One of the fields in which the investigations should be hypotheses should be tested experimentally.
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Vestibular Activity in the Descending Medial Longitudinal
Fasciculus 1,2

BO E. GERNANDT

Naval Aerospace Medical Institute

SUMMARY

The functional importance of the medial longitudinal fasciculus (MLF) in carrying vestibular

impulses into the spinal cord has been studied in cats. Tile amplitude, duration, and latency of the

gross motor responses evoked by vestibular stimulation and recorded from cervical and lumbar levels

do not show any significant or persistent changes after a selective hilatera] disconnection of the descend-

ing MLF. Thus, in evaluating the hierarchical importance of the three descending vestihulofugal

pathways, it becomes obvious that the MLF offers a much weaker link than the connections represented

by the vestibulospinal and reticulospinal tracts. By sectioning all pathways other than the MLF in

the brainstem at the cerebellopontine angle, this tract could be inw_stigated in anatomical isolation

from adjacent vestibular connections. Vestibular stimulation applied to this "MLF animal" prepara-

lion evoked motor responses which could be recorded as far down as midthoracie levels. No sign of

activity was ever recorded from lumbosacral levels. Judged by the response, the MLF seems to have

a homogeneous fiber spectrum, and the mean speed of conduction of the neurons is ahout 63 m/see.

Single MLF axon recordings demonstrated that the discharge frequency in response to vestihular

stimulation may reach values that are more than twice the value of ventral-root c_-fiber discharge in

response to identical stimulation, and that the synaptic transmission across the vestibular nuclei occurs

with a considerable safety factor. Excitatory and inhibitory postsynaptic potentials evoked by ves-

tibular activity conducted in the MLF have been recorded intracellularly from flexor anti extensor

motoneurons at cervical levels, but the relative amounts of excitatory or inhibitory action on a test

motoneuron are variable. Pure EPSP's or IPSP's can be recorded, but the majority of motoneurons

showed EPSP's; the hmg latencies of each were approximately the same and indicate that spinal inter-

neurons are inw)lved in the transmission. These depolarizing and hyperpolarizing effects could be
recorded in a random fashion from flexor and extensor neurons, as identified by antidromie stimulation.

but no consistent sign of reciprocity was obtained when recording from neurons with antagonistic
['unction.

INTRODUCTION ciculus (MLF)---which place spinal motor cells
under the reflex control of the vestibular appara-

Among a multiplicity of descending pathways tus. The funclional significance of the tirst

available for conducting impulses into the spinal two tracts has been studied extensively during

cord are three tracts--the vestibulospinal, the the last decade (ref. 1), and the amount of neuro-

retieulospinal, and the medial longitudinal fas- anatomical work that has gone into the elucida-

tion of the details of these pathways is consider-

The animals used in this study were handled in accord- able (ref. 2). However, some experimental

ante with the "Principles of Laboratory Animal Care" estab- attempts to obtain information about the impor-
lished by the Comminee on the Guide for Laboratory Animal tance of the descending portion of the MLF have
Resources, National Academy of Sciences-National Research
Council. not been successful, largely because of specific

An expanded report appears in Exptl. Neurol.,-vol. 22, inherent limitations which preclude complete
1968, pp. 326-342. systematic investigation (ref. 3). The anatomical

237
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properties of the fiber groups which compose col- the dural cuffs were opened and the dorsal roots
lectively the MLF have attracted attention as sectioned cxtradurally in order to obtain maximal
well as occasional disagreement. It is known distance between the distal portion of the roots
tbat the fibers of the MLF originate in the medial, and the cord. The distal ends were gently

and probably the spinal, vestibular nuclei and gripped between the two Ag-AgCI wires of the
descend in the homolateral as well as the con- stimulating electrodes and elevated to a vertical
tralateral fasciculus. Tbe extent of the descend- position. Exposed neural structures were

ing tract in the spinal cord and the manner by bathed in mineral oil and maintained at body
which the fibers articulate with the ventral horn temperature by radiant heat.

cells have been studied (refs. 4 and 5), but to Intracellular recordings from the motoneurons

what degree this tract participates in spinal of the cervical cord were carried out with glass
activity has been evaluated in various ways. A microelectrodes of approximately 0.5-micron tip
report describing primary vestibular fibers enter- diameter, filled with 3 M KC1, having a resistance

ing the MLF (ref. 6) was not verified in a more of 5-20 megohms, and connected via a Bak unity-
recent investigation (ref. 7). gain negative capacitance amplifier to a dc ampli-

fying channel consisting of a Tektronix type D
METHODS plug-in unit and a type 555 oscilloscope.

The experiments reported here were performed FINDINGS
on decerebellate cats anesthetized with intra-

venously administered oe-chloralose (60-70 Figure 1A shows the control response to single-
mg/kg), inmmbilized by gallamine triethiodide, shock suprathreshold vestibular stimulation re-
and maintained on artificial respiration. The corded from the ipsilateral deep radial nerve

peripheral branches of the left vestibular nerve (upper beam) and the ventral root L7. The il-
were exposed and equipped with stimulating lustration was obtained by superimposing 10
electrodes; for recording purposes, the deep sweeps. Except for a small opening through the
radial, selected intercostal nerves, and lumbo- occipital bone over the region of the obex, the
sacral ventral roots were exposed unilaterally

or bilaterally and a peripheral neurotomy per- ,._.
formed. To isolate the medial longitudinal 2 _

fasciculus, visible through the floor of the fourth _ >_____
ventricle on each side of the median sulcus,

a transection of the brainstem, sparing only the

MLF, was carried out at the level of the cerebello-
pontine angle under a Zeiss binocular dissecting
microscope. The section was followed by suc-
tion with a fine pipet, inducing a discernible

separation of the brainstem and with only the
MLF spanning the gap. As a consequence, the

preparations were essentially spinal. Histo-
logical controls upon Weil-Weigert stained
microscopic sections cut from blocks that in-
eluded the full extent of the operative lesion

were carried out after each experiment in order

to verify the extent and completeness of the
se paration. FICURE 1.-- Control responses to single-shock suprathreshold

The cervical spinal cord was exposed by lam- vestibular stimulation recorded from deep radial nerve
(upper beam) and ventral root L7 before (A) and after (B)

inectomy from the third to the seventh cervical selectiveeliminationof the descending medial longitudinal

vertebrae. In some of the experiments, the fasciculi as shown in schematic drawing. Time scale in

dorsal and ventral roots were left intact; in others, msec.
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In 42 instances intracellular recordings for

several minutes permitted testing the effects of
MLF activation on individual extensor and flexor

motoneurons, as identified by antidromic stimula-
tion of the deep radial and the musculocutaneous
nerves. The cervical motoneurons showed both

excitatory and inhibitory effects in response to

single-shock vestibular stimulation. The ma-
jority of the neurons, however, displayed an
excitatory postsynaptic potential. No significant
differences in discharge characteristics as defined
in terms of latency, magnitude, and duration of
evoked EPSP's and IPSP's were found during
MLF activation. Figure 3 demonstrates the
arrival of the vestibulospinal volley recorded from FIGURE 3.-- Upper traces indicate arrival of MLF volley in

spinal cord at the level of microelectrode penetration.

the surface of the cord (upper beam) at the same Lowertracesintracellular recordsof postsynaptic potentials

level as the site of the microelectrode penetration, in radial motoneurons. EPSP's evoked by I pulse/sec (A)

The latencies of these EPSP's, as measured from and 50 pulses/sec (B) vestibular stimulation. IPSP's

the onset of the cord surface potential, varied elicited by 1 pulse/sec (C) and 50 pulses/sec (D) vestibular
stimulation. Time scale in 5-msec intervals.

between 1.1 and 1.6 msec. These values indicate

that the activation of cervical motoneurons by polarizing effects was about 20 to 30 msec, i.e.,
impulses conducted in the MLF occurs via in- longer than the duration of EPSP's and IPSP's
terneurons. In many instances it was possible to evoked by stimulation of peripheral muscle
shorten the latency by increasing the strength of afferents. With vestibular stimuli of subthresh-

vestibular stimulation and, therefore, the values old strength for spike discharge, the irregularly
given are the shortest measured. In about one- shaped EPSP and IPSP waves reached values of

third of the neurons, the EPSP's were followed by 1 to 2 mV, but with increase in the strength or

a small but distinct hyperpolarizing phase which frequency (50 to 200 pulses/sec) of stimulation,
in some instances lasted as long as 75 msec. values of 4 to 6 mV were obtained. No pattern

In 10 of the impaled cells, the MLF volley of reciprocity was encountered when recording
evoked inhibitory postsynaptic potentials having from extensor or flexor motoneurons; the ap-
latencies varying from 1.2 to 1.8 msec. The pearance of depolarization or hyperpolarization
time course of these depolarizing and hyper- occurred in an unpredictable manner.
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DISC USSION

Wilson: This presentati.n is very interesting and cer- Wilson: There must be many more fibers of w_'stibular

tainly suggests that Ibis medial pathway does not mediate ,rigin in tile MLF than we thought.

any motor outflows through the ventral roots of the lower Nyberg-Hansen: I am very glad to see that you call follow
cervical and lumbosacral level. In talking about |he ccrvi- the medial vestibulospinal tract to midtboraeic levels. That

cal level, 1 think it is quite important to emphasize at wbat fits w_ry well witb my .wn anatomical findings. Concern-

particular cervical level you are working, because we fimnd ing the bilaterality, I would slress lhat there are many re.re

a significant difference between the upper segments dealing medial vestibulospinal fibers found ipsilaterally than contra-
with tile neck reflexes and the lower cervical segments deal- laterally. Tbere are few contralateral fibers, but they can

ing with the limb. We are going to apply some of these be demonstrated analomically. Have you ever stimulaled

techniques of selective culling, as you bave, to see whether more rostrally in tile MLF, above the level of the w_'stibular

they influence the monosynaptic inbibitory potentials tha! nuclei? 1 am particularly thinking about the intersti!iospinal
we have observed. As far as the s!imulation in the brain- fibers.

stem is concerned, I completely agree with you that it can Gernandt: No; that is wbat I was trying to tell you. If

be quite dangerous to stimulate in the brainstem and make you go down with tile stimulating electrode into that region

conclusi.ns from this. However, when small electr.des and and apply electric stimulation, you will activate everything.

threshold shocks are used, and when you track !hrougb a So, no, we have not. We have only used peripheral nerves

region and tile thresbold cbanges sbarply as you go through as inputs for activating the central nervous system. In going

it. I think then you are entilled to make some conelu- down and planting electrodes in the central nervous system
sions, for recording purposes you are safe, but not for stimulating

Are you implying that this bundle of fibers, approxima!ely purposes. That was my poinl.

3 mm deep and 3 mm wide, that you are stimulating in your Nybcrg-Hansen: 1 undersland perfectly well your poinl.

bridge experiment, contains only fibers originating in the I am {rely interested in the interstitiospinal fibers because
vestibular nuclei? they also course within tile MLF in the brainstem, together

with reticulospinal fibers and fibers from the medial w.'s-
Gernandt: Yes; in the midline. Those fibers are the

tibular nucleus. Furthermore, in the spinal cord, the in!er-

medial hmgitudinal fasciculi, stitiospinal fibers can be followed to the lumbosacral enlarge-

Wilson: You do not think there are any retieulospinal merit coursing in the dorsomedial part of the ventral funiculus.

fibers in that bridge at all? They are bilateral, but most numerous on the ipsilateral side.

Gernandt: No; l do not think so. According to the The interstitiospinal fibers ternfinate within the dorsal part

anatomists, that is the classical description of the MLF, of lamina VIII and adjacent parts of lamina VII, as do the

and I know that it does not include all the fibers, because medial vestibulospinal fibers. While the latter fibers are

tbey are scattered in !be ventral-lateral direction, as I said. restricted to the upper half of the cord, the interstitiospinal
But these fibers, I think, arc MLF fibcrs, fibers can be followed the whole cord throughout.



SESSION VIII

Chairman: WILLIAM D. NEFF

Indiana University



,', '>

r. J
.2

Evoked Potential and Microelectrical Analysis of Sensory
Activity Within the Cerebellum
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SUMMARY

The extensive to-and-fro conncciions between the ceretlellum and the vestibular system have been

reviewed. Purkinjc-cel] inhihition to the vestibular systenlis recognized in the direct pathways, and

tile role of the crossed fastigiovestihular pathway is discussed. Tllere is no overlap of auditory and

vestibular areas in the cerebellar cortex, hut thcre may he in the nuclei fastigii. In tile ccrehcllo-
cerebral projections, there is overlap at the cerebral levels. Microcleclrode studies on thc auditory

area indicate that it has eleclrophysioh_gieal properties similar to those reported for olher ccrehe]]ar

areas. The function of the cerehcllum in thc habituation of nyslagmus is discussed and s,_me electro-

physiological interpretations given.

The material to be presented is divided into face receiving areas are shown. There is one

three parts. Part I is a review of some of the area in the anterior lobe and one in the posterior
interrelationships between the cerebellum and lobe. Sensory impulses arising front the tail
the vestibular system, including connections region of the animal are located adjacent to the
with the cerebrum. Part I1 presents evoked- vestibular system. As the sensory areas repre-
response and microeleetrode data collected from senting the surface of the animal spread out on

the cerebellar cortex, with special emphasis on the dorsal surface, the two face areas overlap.
the auditory and vestibular systems. Part IIl There are only minor differences between the

contains data pertinent to a discussion on cere- projections of the two systems, and one usually
bellar function involved with habituation of speaks of the tactile and the proprioceptive areas
nystagmus, as being coextensive. The face areas are repre-

By way of emphasizing developmental rela- sented largely by projections from the trigeminal

tionships, figure 1A is shown. The basic vestib- system, and there is overlap with projections
ular area (in black) arises from the alar plate front two additional sensory modalities; i.e.,
and develops into a "typical" cerebellar cortex, auditory and visual (ref. 1). It is curious that
In lower vertebrate forms, this is the dominant the auditory area is located so far from the
part of the cerebellum which develops. As vestibular area, since both systems originate in
shown by the concentric dotted lines, however, end organs so intimately related. Instead, the

the newer portions of the cerebellum in higher auditory area is almost coextensive with the visual
animals mushroom upward from this area. The area, and they both overlap the face areas as is
base continues to be related to the vestibular shown in figure lB. This is a dorsal view of the

system, whereas the newer portions of the cere- cerebellum and the midline structures labeled,
bellum receive fibers from both the tactile and according to Larsell's terminology, lobules I

proprioceptive systems. The tail, leg, arm, and through X. To the right of the drawing are
shown the figurines as viewed from the dorsal

' This work was supported in part by grants NB-04592 and surface. The vestibular areas are located at
NB-06827from the National Institutes of Health. either end, and the tactile and proprioceptive
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FIGURE I.--A: Basic drawing of lateral view of cerebellum with vestibular areas (black) at base. Smaller area to left represents

portion in anterior lobe. Concentric dotted lines represent growth of cerebellum, especially neocerebellum. Tactile and

proprioceptive receiving areas far the tail (T), leg (L), arm CA), and face (F) are indicated. The dorsal stippled area represents

visual and auditory receiving areas. B: Basic drawing of dorsal view of cerebellum showing figurines spread on surface to

represent tactile receiving areas. Roman numerals on left correspond to Larsell's subdivisions. The auditory receiving

area (stippled) is in lobule V1 and part of VII. The vestibular areas (stippled) are in Iobules 1, IX, X. C: Basic drawing of

dorsal surface of cerebellum showing (stippled) vestibular areas, fi_stigial nuclei, and vestibular end organ (nut), vestibular

nuclei. Arrows represent connections.

representations of the different parts of the body Dow (refs. 5 and 7) showed direct fibers from

represented in between. In the region of lobule flocculonodular lobe to the lateral and medial
VI are the auditory and visual areas, vestibular nuclei. The recent studies of Walberg

Figure 1C summarizes the major vestibulo- and Jansen (ref. 8) furnish the evidence of a
cerebellar connections. As a result of the direct pathway from the anterior and posterior

studies of Cajal (ref. 2), Ingvar (ref. 3), Larsell lobes to the vestibular nuclei, while the studies of
(ref. 4), and Dow (ref. 5), the afferent projections Brodal, Pompeiano, and Walberg (ref. 9) furnish
were well established. As shown, there is both the details of the projection of the cerebellar
a direct projection from the end organ and an nuclei to the vestibular nuclei. A direct pro-
indirect one containing an additional synapse in jection from the flocculonodular lobe to vestibular

one of the vestibular nuclei, and, for unknown hair cells has been described by Llin_s et al.
reasons, both go to the same basic areas of the (ref. 10). In summary, it is pointed out that there
cerebellum (ref. 6). Also shown in figure 1C is are two cerebellovestibular pathways, and, with
a summary of the cerebellovestibular connections, few exceptions, .vestibular structures which send
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impulses to the cerebellum also receive impulses _'_'__ A i,l_I __3g£_ _t_;=

from it- often, from the same area. The func- /_', i_ _f,_ "_i_

tional implications of these to-and-fro projections
will be discussed below. ,_

Figure 2 shows the presence of various evoked B _ .A=_ ,....
responses within the (tuber vermis) auditory area
of the cerebellum when the cerebral cortex was _

stimulated: A, auditory area; B, visual area; t_ ,,f __. '_"
C, somatic area. Although there was extensive _ fS:;__, C

overlapping of these three cerebral systems with- , 250u_
in this region (see ref. 11 for details), this is the !, . .10m_...1
only part of the cerebellum from which visual and
auditory responses could be obtained. Auditory FIGURE2.-Evoked responses recorded from tuber vermis
responses could not be recorded from the ves- (dorsal, first turn). Cat under Chloralosanemedication

when responses in left column were taken; under Flaxediltibular areas, and vestibular responses could not
medication when responses in right column were taken.

be recorded from auditory areas. However, as A: Middle eetosylvian (auditory) cortex stimulated, 8.5 7,

shown in figure 3, there was definite interaction of o.1 msec, single bipkasic pulse. B: As A, except visual
visualand auditory impulses inthis area inasmuch cortex (posterolateralis) stimulated. C: As A, except

as a conditioning "flash" input altered the re- 5.o v to posterior cruciate gyrus (somatic receiving area).

sponsiveness of the test (click) input signal, Five traces superimposed. Calibration signals are 250 txV
(vertical) and 10 msec (korizontal).

which followed at varying intervals up to 120
msec when Flaxedil was used as an anesthetic,
and for 360 msec when Chloralosane was.used. Ruwaldt and Snider (ref. 13), evokes potentials
Since it is difficult to find overlapping pathways in a cerebral area overlapping the cephalic part

in these two systems, it is not unreasonable to of the auditory area. In figure 7 is shown a
assume that there is overlapping within the summarizing diagram of these two studies (refs.
cerebellar cortex. 12 and 13). The stippled regions represent the

Furthermore, as shown in figure 4, there is auditory areas, while the cross-hatched region
interaction of impulses arising in the auditory represents maximal ew)ked responses when the
area of the cerebrum and click-induced impulses vestibular areas of the cerebellum were stim-

within the auditory area of the cerebellum, with ulated (diagonal lines represent regions of lower
a recovery time between conditioning and test responses). There is obvious overlap of the two
stimuli of as much as400msec when Chloralosane in the anterior parts of the auditory area. The

anesthetic was used. These experiments cannot vestibular area in the cerebrum overlaps part of

be performed satisfactorily upon animals under the tactile face area, but this is not the case in the
barbiturate anesthesia (ref. 11). cerebellum. It should also be pointed out that

On the basis of the data presented thus far, Infantellina, Sanseverino, and Sperti (ref. 14)have
one might conclude that there is no place within found physiological evidences of a prominent

the nervous system where the vestibular and audi- vestibular projection to the pataflocculus, and
tory systems overlap. However, this is not true this part of the cerebellum projects to the yes-
because there is overlap in the least likely of all tibular area of the cerebrum as shown in this

places, the cerebellocerebral projections. As diagram.
shown in figure 5, electrical stimulation in the

tuber vermis elicits evoked responses within the METHODS
auditory area of the cerebrum in addition to
responses in the visual area (ref. 12), while The microelectrode studies are given in the
electrical stimulation within the vestibular areas second part of this paper. The cats were pre-

of the cerebellum (fig. 6), i.e., lingula and uvula pared for acute surgery for the recording sessions
and also the floeculonodular lobe, as shown by after adminisiering 12.5 mg/kg of the short-acting
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FIGURE 3.--A: Cat under Chloralosane medication (70 mg/kg). Recording electrode on first turn of tuber vermis (see insert).

Conditioning stimulus: 3-W neon lamp 2 in. from atropined eye-left. Test stimulus: 50-dB click fiom 8-in. speaker 2 m

away. Numerals indicate time in milliseconds between two stimuli. Note l O-msec time signal Jor traces through 140-msec

interval and then slower sweep for the remaining 250 l-IV. Unipolar recording. B: As A, except Flaxedil medication was

used (15 mg/kg). Records taken from tuber vermis (second turn). Insert shows amplitude of test response when compared

with control. Note overlapping areas of visual and auditor)" responses and the shorter recovery time tvhen Flaxedil medica-
tion was used. (Front ref 11.)

anesthetic agent, Surital. The animals were attached to probes containing one of the input
then maintained under Flaxedil medication while valves of the cathode follower input. The
attached to a stereotaxic instrument. In some other side was grounded. The signal was
cases Chloralosane, 30 mg/kg, was adminis- amplified by a Grass amplifier and the re-

tered. A micromanipulator was attached to the sponses were photographed from the face of a
stereotaxic instrument in order to allow fine 5-inch cathode-ray tube. Two types of stimu-

manipulation of the microelectrode. Care was lating electrodes were used. One, the so-called
taken throughout the experiments to maintain concentric electrode, was made by placing in-

body temperature above 34° C and, in the case sulated stainless-steel wire in metal tubing.
of the Flaxedil-treated animals, to maintain ade- These electrodes were especially useful when

quate respiration, the central white matter of the cerebellum was
Glass capillary tubing with a tip diameter stimulated. Surface stimuli were applied di-

of 1 to 3 microns (resistance of 5 to 20 megohms), rectly to the pia by means of bipolar, 26-gage
filled with either 3 M potassium chloride or 2 M silver wire with chlorided tips. Usually the dis-

potassium citrate, was used for recording extra- tance between the tips was 1 to 1½ram. At the
cellular unit activity. The microelectrodes were conclusion of the experiment, a small direct
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FIGURE 4.--A: Cat under Chloralosane medication (70 mg/kg). Recording (bipolar) electrode on Iobulus simplex (adjacent to

tuber vermis, see insert), (tnd conditioning stimu, lus was electric shock (6.5 V, 0.2 msec) applied to anterior ectosylvian gyrus.

Test stimulus was 50-dB click j?om 8-in. speaker 2 m in fi'ont of _tnimal. Numentls indicate millisecond interval betweett

conditioning and test stimulus. Note foster sweep . intervals through 120 msec. 2OO-tzl / calibration, t3: A. except

I"laxedil medication (15 mg/kg) was used and the recording electrode was moved to first turn q[tt_ber vermis. See insert ji_r

d_[.]_rences in recoveo" time qf conditioning (_nd test responses <tt various intert:als. Amplitude of test response e.rpressed

in percentage o[control (100 percent)response.

current was imposed upon the microelectrode, charges of individual Purkinje cells. No stimuli
and a lesion which was usually less than 250 were given in column A, (spontaneous activity),
microns in diameter was placed in order to iden- but electrical stimuli were applied in order to

tify the area of the recording tip when histological obtain the tracings shown in colmnn B (see
sections were prepared. These sections were shock artifact at the beginning of the sweep).
stained by the Nissl method. The inhibition of units lasted for 10 to 20 msec,

depending upon the strength of the stimulus.

RESULTS This was an unexpected finding, since excitation
rather than inhibition was the anticipated result.

In figure 8 is shown a series of traces recorded The microelectrode data shown in figure 9
from the auditory area of the cerebellum when a illustrate the inleraclion of cells in the cerebellar
single shock was applied directly to the auditory cortex. The records were taken from the Pur-
branch of the eighth nerve. The recording elec- kinje-cell layer. As shown in 9A, stimulation in
trode was adjacent to the Purkinje-eell layer, and the white matler of a folium within the firsl lurn

the high-amplitude units appear to represent dis- of the tuber verlnis induced a prolonged inhibi-
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FIGURE 5.-Cat under Chloralosane (70 mg/kg) medication.

i Electrical stimulation offolia offirst turn oftubervermis
(see insert), 12 V, 0.25 msec. Monopolar recording elec-

trode. Note localization of responses in cerebral auditory

and visual areas. To obtain this localization, it was neces-
sary to use stimuli just above threshold. Calibration, 1.5

msec (horizontal) and 500 #xli (vertical).

.J,

FIGURE 6.-Cerebral responses resulting from electrical stimulation of lingula (B); pyramis

(C); uvula (D), and uvula (E). Cat prepared under ether anesthesia and maintained u,nder

dihydro-_-erythroidine. A: Photomicrograph showing electrode tract in lingula showing

position of stimulation point (L2) for the responses shown in B. B: 20-V, 0.5-msec bipolar

stimulation• Note localization of responses• C: Evoked responses in cerebrum resulting

from surface stimulation of most posterior folium of pyramis (20 V, 1.0 msec). D: As C,

except the most anterior folium of uvula was stimulated (see insert). E: As C, except middle

folium of uvula was stimulated (see insert)• (From ref. 13.)
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PFL

FLOC

,UV

iNOD

FIGURE 7.--Outline drawing o/" lateral surJhce of cerebral hemi.sphere and dorsal view of cerebellunz showing Idotted) cerebellar

_treas which project to dotted areas of cerebrum. The vestibular areas of cerebellum, i.e.. lingula (lJN(;), uvula (UV), nmlule

(NOD), flocculus (FLOC), and Imraflocculus (PFL), project to cross-hatched and dia/4onal-lined area of cerebrum. Note

that the two projection systems overlap in the anterior ectosylvian #yrus. ANT is anterior lobe _tnd P is pyr_tmis. (Front

ref 13.)

lion of Purkinje-cell activity. As clearly shown Purkinje-cell layers of the tuber vermis. In

by Eccles and associates (ref. 15), such prolonged figure 10A a single shock was applied to the white
inhibition lasting approximately 400 msec can be matter of the same folium, according to the pro-

explained by the inhibitory action of Golgi II cedure of Eccles et al. (ref. 15). There was an
cells on incoming signals via granule cells, or by initial deflection which represented ascending
direct basket-cell inhibition of Purkinje-cell ac- fiber activity and then rhythmic 20/sec discharges

tivity. In 9B are shown the results of stimulating for less than 100 msec. Since reduction of the
the pial surface of an adjacent folium and the strength of the shock by only 10 percent failed to
induction of inhibition of Purkinje-cell activity in excite activity, this was arbitrarily assigned as
the tuber vermis for200 msec. There are several threshold; figure 10B shows similar data coi-

l !explanations for this; however, the one we favor lected when the shock was increased to 2 times
is the inhibition induced by the Purkinje-cell threshold. In this case the same two Purkinje
axon collateral which passes from one folium to cells fired for 350 msec, while the higher voltage
an adjacent folium and induces relatively short one continued for an additional 150 msec before
inhibition directly on other Purkinje cells, stopping. These data show not only the rhyth-

Figure 10 shows additional extracellular micro- micity of Purkinje cells but also the sharp locali-
electrode records in which the electrode was zation of active units which can be obtained when

placed at the junction of the molecular and small stimulating electrodes are used at near
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FIGURE 8.--Decerebrate cat. Single-unit recor[ting via .3 M

KCl-filled micropipet with 15-M_ resista,ce. The tip was

located adjacent to Purkinje-cell layer of a folium in first

turn _/" tuber vermis. Record reads from below upward. FIGURE 9.-A, B: Decerebrate cat. Micropipet (3 M KCl) I

A: Spontaneous activity. The high-voltage .spikes were 15-M_ resistance inserted into folium of tuber vermis.

interpreted to represent Purkinje-cell discharges. The Continuous record: read below upward. Single-shock

origin _[ the lower voltage spikes twts unknown. B: At the electrical stimulus induced inhibition of unit activity.

beginning of each sweep, a single pulse 1 _[.2times threshold Calibration, 100 msec and 1 inV.
(9 V) was applied to end (in osseous spinal lamina) of the

attditory nerve. Note the 25- to 30-msec inhibition of

activity. Calibration, lO msec (horizontal) and I mV 500/sec) and cause enduring inhibition of
(vertical). Purkinje cells. This, plus the fact that these

cells are located in the Purkinje-cell layer, in-

threshold values. Figure 10C shows the effect dicates that these data may be indicative of
of applying a single electrical pulse to the pial basket-cell discharges.
surface and recording from the Purkinje-cell In figure 11 are shown the effects of local ap-
layer of the same folium. There is an initial plication of 2 percent strychnine on the pial
burst of 300 to 500/sec activity which lasts for surface of a folium when the central myelinated

approximately 100 msec and then gradually fibers of the folium are stimulated electrically.
slows. This is followed by a period about 600 A is the control record showing the arrival of the

msec long in which there is inhibition of the afferent volleys in the Purkinje-cell layer and a

higher voltage single units observed in the pre- 200-msec inhibitory period which follows. In B
stimulatory period which, because of the ampli- are shown the alterations which occur 2 minutes
tude and the electrode tiplocation, were assumed after application of the strychnine, while the

to be Purkinje cells. As shown by Eccles et al. traces shown in C include activities which were
(ref. 15), basket-cell discharges are fast (up to observed 5 minutes after local application of the



MICROELECTRICAL ANALYSIS OF SENSORY ACTIVITY 253

1 rnV_

FIGUREI1.-A, B, C: Shows data collected when (1 lO-mll,
FIGURE IO.--A, 13:Decerebr_tte cat with 13-Mf_ resist_mce 3 MKC/-fi/led micropipet was inserted into the Purkinje-

microelectrodes (3 M KCI pipets) inserted into the tuber cell layer of the tuber vermis and used as a recording e/ec-
vermis. Single electrical stimuli were given. Records trode. Single electric_l shocks were _iven _t I'/_ times
read from below upward. Calibration, 50 msec (hori- threshold. Note prestimulatory and poststimulatory
zontal) and 1 mV (vertical). C: Cat under Chloralosane effects. Record reads from below upward. Same re-
medication (70 mg/kg). Record reads from below upward, cording, and stimulating sites for A, B, and C. Calibration,
Single electrical shock introduced first a fast burst of 100 msec (horizontal) and 1 mV (vertical). Two percent
activity, then an enduring inhibition. Calibration, strychnine applied locally 2 minutes before B was taken
50 msec and I inV. and 5 minutes before C was taken.

drug. Note reduction in size of the afferent will be few if any unique features of this region

volleys and the shortened inhibitory period, other than the type of sensory input used to acti-
From these data collected from single-unit vate the areas. Thus, unlike the cerebral cortex,

activity in the auditory-visual area of the cere- the cerebellar cortex possesses intrinsic activity

bellum, one can conclude that the electrical which varies little t¥om area to area.

activity does not differ from that described by At this point a fundamental question may be
Eecles and associates (ref. 15) for the somato- asked. If there is this uniformity within the

sensory areas. Unfortunately, our studies on eerebellar cortex, what function does it serve. 9
the vestibular areas of the cerebellum have not For example, why have both a direct vestibul_-

been completed. However, it is likely that there cerebellovestibular projection in addition to to-
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and-fro connections between vestibular nuclei extensive study has been done by Wolfe (ref. 25),
and the cerebellum? A partial answer may come and the next two figures show some of these data

from an analysis of the complex and subtle func- taken from unrestrained cat during horizontal
tional interrelationships which exist between canal stimulation. In figure 12, note that the

tbese two structures, burst of fast activity in nucleus fastigii precedes

(1) Dow (ref. 5) showed that ablation of the slightly the slow wave in vermis which occurs

nodulus plus part of the uvula in the primate during point of reversal; i.e., point of zero

produced a syndrome of disequilibrium which acceleration. Additional data show that changes

lasted for 1 to 2 months. A transient nystagmus in the activity of the fastigial nuclei are time
was observed. Bard et al. (ref. 16) showed that

locked to changes in the activity of the medial

flocculonodular lobe lesions in dog prevented vestibular nucleus related to the fast phase ofmotion sickness and that this effect was long
enduring, horizontal nystagmus. Figure 13 shows data

(2) Direct cerebello-oculomotor connections which indicate that there was a normalnystagmic
have been known since Klinoff's work (ref. 17). response at the beginning of record, but 24

seconds after stimulus onset the animal habit-Whiteside and Snider (ref. 18) were the first to
give electrophysiological evidence for these and uated to left rotation, while maintaining a normal
pointed out that the latency of response was so response to right rotation. A unilateral lesion
short that direct Purkinje-cell fibers might be was placed in right tuber vermis, and 32 hours
considered. Manni, Azzena, and Dow (ref. 19) after surgery this record was taken. Note the

showed that single units in the oculomotor slow wave in the nucleus fastigii which appears

nucleus were affected by both cerebellar and at zero acceleration during first part of record and
vestibular nuclei stimulation. With these which becomes less prominent when animal

prominent connections to the oculomotor nucleus, habituated to left rotation. Seventy-two hours
it is easy to accept a cerebellar control of eye after surgery, the animal did not habituate in
movements. Such effects have been known either direction. Daily tests on this animal failed
since Mussen's work (ref. 20). Koella (ref. 21) to elicit habituation until the 18th postoperative
was the first to point out that, so far as eye move- day when the animal reverted to unilateral

ments are concerned, the cerebellum "appears to habituation and on the 21st day showed habitua-
be organized with reference to three-dimensional tion to both right and left stimulation. Wolfe

space." The recent work of Cohen et al. (ref. (ref. 25) concluded that tuber vermis and nucleus
22) not only supports this concept but emphasizes fastigii are part of a control mechanism of the
that the tuber vermis region, i.e., so-called audi- fast phases of nystagmus and that the habituation
tory-visual area, when stimulated in the un- mechanism is located in the tuber vermis.
restrained animal, produces conjugated horizontal It is difficult to understand the changes which

eye movements similar to those seen when the occurred in the infraslow cerebellar potentials
horizontal canal (vestibule) is stimulated. Yet (IFSPC) which have a frequency of only five to
there is no evidence to show that the horizontal seven per minute and are too slow to be related
canal has connections to this part of the cere- to respiration. The IFSPC appeared in all
bellum, animals before stimulus onset and increased in

(3) Evidence in the third category is concerned frequency and amplitude after the stimuli began.
with the little-known role which the cerebellum However, as the animal habituated, the IFSPC

plays on the habituation of vestibular nystagmus, decreased in amplitude and occasionally dis-
Halstead first observed in 1935 (ref. 23) that appeared completely during habituation. Thus
pigeons with cerebellar lesions in the region of Wolfe's work (ref. 25) indicates that the tuber
the tuber vermis failed to show habituation of vermis contains neural mechanisms capable of

vestibular nystagmus for rotatory stimulation, modifying the fast phase of vestibular nystagmus
Di Giorgio and Pestellini (ref. 24) made similar and that there is diminished amplitude of
studies on the guinea pig. However, the most potentials during habituation.
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FIGURE 12.--Records taken from free-moving cat during horizontal oscillation of platform. The upper trace shows platform

movement at 0.33 cps. The second trace shows electro-oculogram (FOG). Note periodicities related to platform oscillation.

The third trace shows EEG recording from right side of tuber vermis. The fourth trace shows EEG recording from left thalamo-

cortical radiations (LTCR), and the fifth trace shows EEG record taken from left nucleus fastigii (LNF). Calibration, 25

mm/sec (horizontal); FOG=500 ttV/cm, vermis=lO0 ttV/cm; LNF and LTCR=50 txV/cm (vertical). (From ref. 25.)

• • ¶ • • '_,,..,._.__.- ,.__
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FIGURE ]3.--Records taken from free-moving cat on horizontal oscillating platform with cycle of 0.33 cps (trace 1). Trace 2

shows electro-oculogram (FOG). Note the changes in latter half which were correlated with "loss of fast phases to the left

and a marked decrement in slow phase output to the left." Trace 3 open. Trace 4 is EEG record taken from right nucleus

fastigii (RNF). The bottom three tracings are continued from the first three. Note that the loss of the fast phase of nystagmus

(to the left) continues throughout the bottom tracings. Surgic_tl remowl/ of the second turn of tuber vermis twls accomplished

32 hours previously. Calibration, 25 mm/sec (horizontal) and 1 ml//cm (vertical). (Front ref. 25_)



256 THE ROLE OF THE VESTIBULAR ORGANS IN SPACE EXPLORATION

DISCUSSION from whence the fast component originated.

Evidence is also given for a cerebellar role
While the sensory receiving areas of the cere- in habituation of the fast phase of nystagmus.

bellum are well known, the present paper stresses However, it is dimcult to obtain data on how the
the point that, despite the anatomical proximity

cerebellar cortex functions during habituationof the auditory and vestibular end organs, the
receiving areas are rather widely separated, because the time course is so much longer than
However, the two systems may converge at the the electrophysiological measurements associ-

level of the nucleus fastigii and they definitely ated with the stretch reflex, for example. Wolfe's
overlap in the cerebral receiving areas. (See fig. data (ref. 25 ) would indicate that the tuber vermis
7.) The biological significance of these cere- is an improtant part of this circuit. However,

bellocircuits has not been worked out fief. 26). since there are no known vestibular connections

Hopefully, microelectrical analysis of these to the tuber vermis, then the main afferent volleys

cerebellar areas when paired with measurable remain unknown unless they come from the

behavioral performance will provide some proprioceptive activity of eye muscles. The

answers, studies of Higgins, Partridge, and Glaser (ref.
With the studies of Brookhart, Moruzzi, and 32) on limb musculature indicated that the

Snider (ref. 27) and Granit and Phillips fief. 28), "cerebellar effect results in muscle tension-

and especially the recent studies of Eccles et leading stretch response in phase under condi-
al. fiefs 15 and 29), a challenging start has been

tions which should stabilize the stretch reflex,

made. The inhibitory function of the basket, thus reducing an inherent tendency to oscillate."
Golgi II, Purkinje, and stellate cells has been

If nystagmus were considered a special case ofestablished (ref. 29). Of special interest to the
present discussion is the paper of Ito, Obata, eye-muscle oscillation, then the cerebellum could

reduce an "inherent tendency to oscillate" andand Ochi fief. 30) which showed the direct

inhibitory action of Purkinje cells on cells in the participate in physiological mechanisms under-
lateral vestibular nucleus, as well as the indirect lying habituation. Under these conditions,

lesions of the cerebellum would temporarilyeffect of Purkinje cells on nucleus fastigii, thence
eliminate habituation until other areas could

to cells in lateral vestibular nucleus. A sig-
nificant unknown in most studies on efferent assume part of the function.

cerebellar systems is the role of the nuclear While experimental evidence seems com-
patible with some of these assumptions, thecells. Except for cerebellovestibular connec-
basic difference between the precise short-

tions, the Purkinje cell should be considered a
term regulatory function controlling skeletal

very important interneuron (not an effector) and eye muscles and the long-term effects of
synapsing on the efferent neuron in the cerebellar habituation must not be overlooked. Two obvi-

nuclei, ous gaps must be bridged before such a functional

The cerebellar control of eye movements is role of the cerebellum can be established.

considered along with the work of Ferndndez (1) Additional data must be obtained concern-

and Fredrickson fief. 31), which showed that ing the dependence on proprioception of cere-

lesions of the nodule produced disequilibrium, bellar control of eye muscles, and (2) the com-

positional nystagmus, and prolonged vestibular plexities of habituation must be analyzed with
data relevant to the function of the cerebellum

reactions to rotatory and caloric tests. Of
in long-enduring motor performance. Such ex-

special interest to the present discussion was
perimental data are overdue since, as early as

the prompt and consistent inhibition of nystag- 1943, Rosenblueth, Wiener, and Bigelow (ref.
mus produced by electrical stimulation of the 33) suggested that the "main function of the
nodule. Usually the eyes showed conjugate cerebellum is the control of the feedback nervous

deviation toward the side of the slow component mechanisms involved in purposeful motor
as if the stimulation inhibited the mechanism activity."
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DISCUSSION

ho: You are producing evoked potentials in various parts Receptors and of Their Connections With Brain-Stem.

of the cerebral cortex by stimulating the cerebellum. I Brain, vol. 78, 1955, pp. 564-583.) According to Cupedo

wonder what pathways are responsible for this rather short- (R. N. Cupedo: A Trigeminal Midbrain Cerebellar Fiber

latency evoked response. Connection in the Rat. J. Comp. Neurol., vol. 124, 1965,

Snider: I can answer it in relation to the auditory system pp. 61-69), the meseneephalic root of the fifth cranial nerve

but not in relation to the vestibular system. 1 can show sends fibers into the base of the cerebellum via the brachium

you the subsequent data, if you wish additional details. The conjunctivum and overlaps with the regions that are called

cerebellar projection passes through the dorsal aspect and an auditory- and visual-receiving area as well as a proprio-

synapses in the nucleus fastigii. From the nucleus fastigii ceptive-face area. One might say that the auditory and visual

it goes forward in the brachium conjunetivum to the anterior signals coming into the cerebellum are rather efficiently orga-

medial zone of the medial geniculate body. There is also nized because it is coming into that portion of the cere-

a second pathway that goes through the reticular formation bellum whicb, when electrically stimulated, causes eye move-

and is relayed into the cerebral cortex from there. From ment. In other words, when a sudden sound occurs to one

this anterior and medial zone in the medial geniculate body side, the eyes are turned, as is the head, toward the signal.

which is rather narrow, there is a proiection to the cerebral The same response holds for a visual input. But the question

cortex. In general, one might consider this the older por- of where proprinception fits into the movement of the eyes

tion of the medial geniculate body, and maybe that is why it cannot be answered. One would believe that, during nystag-
has been missed before. Now, of course, the question arises: mus, there would be a cerebellar interrelation with the ves-

Is there not a vestibular area nearby, particularly the parieto- tibule. However, to nay knowledge it is not possible to elicit

occipital for example, which may act as a relay through to a stretch reflex from extraocular muscles. So there is a

the cerebrum? Perhaps, but it is too early to say so. I gap here, and one has to be very cautious in interpreting

w6uld appreciate any information you may have on this. cerebellar function. If you think of the cerebellum as being

Whiteside: Dr. Snider, the question is perhaps an ele- a neurological comparator of exquisite sensitivity, then you

mentary one, but in regard to eye-movement control, I do can put almost anything in it, including learning mecha-

not understand how to equate the afferent fibers from the nisms. It is tempting, for example, to call it the head-

extraocular muscles with the apparent absence of a posi- ganglion-of-habit formation.

tion sense in the eye, which is functionally claimed and in- Also, I would point out that very few lesions of the cere- r

deed demonstrable. You can move the eyes and demon- bellum produce a permanent motor deficit. Compensation

strate quite definitely that there is no position sense as far readily takes place. One is reminded of some older experi-

as the individual is concerned. I am now talking about ments of Spiegel et al. in which they removed one labyrinth •

normal and conscious man. and noticed recovery from nystagnms, and then placed a

Snider: The trigeminal projection to the cerebellum is subsequent lesion and the nystagmus returned, but to the

rather well outlined, and includes projections not only other side. This would indicate to me that the cerebellum

from cutaneous sensibility but also proprioceptive endings was one of the compensating mechanisms in the nervous

of eye muscles. (S. Cooper, P. M. Daniel, and D. Whit- system for the nystagmus. This does not exactly answer
teridge: Muscle Spindles and Other Sensory Endings in your question, but the information is not available. I would

Extrinsic Eye Muscles; Physiology and Anatomy of These appreciate any comments you have.
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Cortical Projection of Labyrinthine Impulses: Study of
Averaged Evoked Responses

E. A. SPIEGEL, E. G. SZEKELY, H. MOFFET, AND J. EGYED

Temple University Medical School

SUMMARY

While the observation of the eyeballs, of tile reactions of the trunk, and of tile extremities permits

only a study of tile vestibulo-ocular and of the vestibulospinal reflex arcs, lhe pcrrotatory ,,r posl-

rotatory recording of the eleclroenceldlalogram or electrocorticogram may help one to ascertain the

conduction of labyrinthine impulses and their projection to the cerebral cortex. The cortical responses

to single rotations were sumlned by a Mnemotron computer. After eessati_m of rotation, long-latency,

slow, sometimes multiphasic responses appeared in human subjects and in cats. In man they were

either diffuse or were noted chiefly or exclusively in the region of the area preoccipitalis and/or para-

striata. They are probably due to excitation of the diffuse thalamic projection system. Short-latency

responses in the cat's cerebral cortex at the start of rotation were not limited to the second somatic

sensory area, but were t)mnd also in parts of tile auditory cortex and in the so-called association cortex:

in some experiments they were also close to, _r in parts of, the second visual area. The initial as

well as the postro|atory reactions in posterior parts of the cerebral eortex were not prevented by

bilateral ablation of the second sensory area; they depended on a functioning labyrinth.

The usual methods of testing the excitability endolymph flow by rotation would be the prefer-

of the labyrinth are limited to observations or able method of labyrinthine stimulation. The

records of reflex reactions to the muscles of the usual type of stimulation by 10 rotations in 20

eyes, the trunk, and the extremities. Such tests seconds on a B_rtiny chair is too intense for a

do not give any information about the state of the study of possible localized cortical responses be-

cortical projections of the labyrinth and their cause the excitation quickly affects the whole
afferents above the mesencephalon, though they cortex. An attempt was made, therefore, to use

may be influenced by corticofugal impulses. It single rotations only. By employing an averaging

seemed, therefore, of interest to develop methods Mnemotron computer, the responses in constant-

of testing these corticopetallabyrinthine systems, time relationship to the stimulus (cessation or

In selecting a method of stimulation that would be onset of the rotation) could be summed and tim

applicable to man, electric stimulation seemed discharges unrelated to the stimulus diminished

inadvisable, since it is not possible to stimulate (refs. 1 to 4).

the labyrinth selectively by using surface elec- Two groups of experiments were performed:

trodes without affecting adjacent receptors and studies of the responses folluwing the cessation of

nerves. Caloric stimulation may induce cortical rotation and of those at its onset. The first

responses; usually, however, these are too weak series was carried out in 37 cats maintained in

and inconstant to be useful for systematic studies, bulbocapnine catalepsy, and in 43 human sub-

It would seem, therefore, that production of an jects who showed no signs or symptoms of

impairment of the inner ear or of the nervous

Aided by grant 04418, National Institute of Neurological system; the second series consisted of 26 cats
Diseases and Blindness, NIH, USPHS. only.
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TEST SERIES 1 I _..........5- ' _ "_! _ i i -_ i " _ I* ...... i I i j --_i __-z - _ -4, _ v " ..l..---_

• I:_-i "_ i ' } :! _ .'I : L ; _L. J_"_

o {,---_--m;_iv-,4 v- _ : ;- :-._
In the first series, mostly unipolar, but in __--}_.4--_-_---t---:---r-r_t..... 4 ........... -I .... I t _,-4-4-.4 ---

some instances also bipolar, derivations were ;.iA ; t _ _ -I =J .... _ , t + ! I ._ '

used. In cats the recording electrodes were i
epidural stainless-steel bails; the reference -_ ..... • : _'....... _...... r-_-___ _.......i-_ "t i I.... ! !-_ ........._.......
electrode was the head holder or a plate fixed T,___ ;.__..,,t,,z_-,5
above the frontal sinus. In the human subjects, i i i i__..] __-{;.......... _...... _-_~!---- _ _:-_ _ _-- --- I...... : -,---+u_

Grass electrodes were applied, with the reference _ • , . ' . ,
electrode placed on the chin. _ . _ _ +- ;

The wires connecting the electrodes to the am- A B
plifiers and the averaging Mnemotron computer
were conducted over the subject's head in the FIGUREl.--Human subject without organic disease. Aver-
axis of the rotating chair. Each rotation lasted 3 aged electronystagmograms (E) and monopolar EEG

(scalp) records. A: Before rotations. B: After 15 single

seconds; as soon as possible after its cessation, clockwise rotations (averaged). Similar responses in the
the computer was turned on. After the recording frontal (F,), temporal (T,), and occipital (0,) leads. Time

of the response, the chair was slowly rotated in signal in figures I to 8:0.4 sec. (From ref 3.)

the opposite direction (e.g., counterclockwise
after clockwise rotation) so that an undesirable

twisting°fthewiresbY repeatedr°tati°nsinthe "i I ' /_ [ii___;_-j_/\

.! ............. '_.......... 7 'l -5 ...... ! .......s.medirec,ion.voi<'e'.ro,.tion ,'
repeated after a pause of 1 minute. After 10 _._i_3i. ,4" , ,. ]:>'"iI,t...rotations the averaged responses were displayed

on an X- Y plotter (model 500, Electro Instruments -_1 7'5_ r__7._; X _. _._[ ^
Inc.), and this process was repeated, so that the i ! " i v ,,--_. v _'V_ _ '_ [_/_t/

--i-- --: ...... _-i -_' --i-_ ...............effects of 10 to 30 or even more rotations were : . . _ . i- ,,

averaged. Thus, both the summated responses ..p31..J . _4_ '

and possible changes of the excitability, for ! _i I ' ," ,example, those due to habituation, could be m .... '!' ,,,,

studied. In one test, only the reactions to rota- [_'_ i [ :' F '' t rtions in one direction were studied. The reac- "
tions to the other direction were recorded after

FI(;URE 2.--Human subject without organic disclose. Postro-
a pause of several hours or on another day.

tatory responses to lO sitigle clockwise rot_ttions (averaged).

To prevent interference of retinal impulses, the F:,, frontal, %, temporal, P:_, parietal, 0_, occipital leads.
eyelids of the experimental animals and human Response in O_ prolonged and with higher amplitude than

subjects were kept closed during the rotations, in other leads. (Fromref. 3.)

Results and Discussion

The responses observed in man had a long recorded. Only rarely did such potentials play

latency; they were either diffuse (fig. 1), or they a part and invalidate the records. In most
prevailed in (fig. 2) or were restricted to (fig. 3) records there was no such interference; it seems
the region of areas 19 and/or 18 of Brodman justifiable to assume a cerebral genesis of the
(preoccipital and parastriate regions). Some- responses.

times they were multiphasic. To ascertain The experiments on cats (figs. 4 to 8) served as
whether eye movements or contractions of neck a further analysis of these responses. After
muscles interfered, electronystagmograms (fig. 1) peak latencies of 0.3 to 0.6 second, one finds slow,
were recorded in some instances, and in others, sometimes multiphasic responses. They were

electromyograms of the neck muscles were recorded not only from anterior parts of the cere-
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............. interest to determine whether unilateral or bi-

lateral ablations of these areas prevent thei i ....i.....L-
_!A /NJ appearance of these responses in the posterior

.' Fl-C:i-,_"Nx-.,.,-'_r_" ,..¢lt".,x. '__"v_ parts of tile cerebral owtex. This is not tile
I i : :-- ! i case (figs. 5 to 7); therefore, the responses

._ recorded from tile posterior areas cannot be
¢__T__,s_X._C_A--;N_-r_Nd_-_-/ caused simply by spread or propagation from

! : I iv
: t- ___--- the anterior part of the suprasylvian and ectosyl-

i ! _._,,7__, _. viangyri.- i Whether impulses of extralabyrinthine origin,
i ! : ' : i ,, e.g., proprioceptive impulses from striated mus-

I 01"1, _ _b.,, [1¢_ ... /_ ,._x^ cles, are responsible for these reactions was the
; ........_.... _ , : _ r,l/7_.7..,_'_..z subject of further study. The fact that the-- _ ; 'i-l-i" ': : cortical responses are independent of the post-

rotatory nystagmus {fig. 5) excludes propriocep-
-- - ---- tive impulses from the eye muscles as tile source

FIGURE3.--Human subject withoutorganicdisease. Bipolar of the cortical responses. Furthermore, neither
scalp EEG withphase reversalin 0,. Averagedpostrota- muscular paralysis induced by gallamine tri-
tory responsesto lOsingleclockwise rotations. F:_,frontal; ethiodide (Flaxedil) nor high transverse section

C:, central; T:_,temporal; and 01, occipital leads. (From of the spinal cord at C, (fig. 4), which interrupted
ref 3.) ascending impulses also from the body surface,

bral cortex (anterior part of the gyri ectosylvius from joints, and from viscera, interfered with
and suprasylvius) but also from posterior parts these responses. In contrast, they no longer

(posterior and middle ectosylvian and suprasyl- appeared after chemical destruction of the re-
vian and lateral gyri) (fig. 4). ceptors of the labyrinth by 70 percent alcohol or

The gyrus ectosylvius anterior a.nd the gyrus 4 percent formaldehyde (fig. 4); so, the laby-
suprasylvius anterior are regarded by some as the rinthine origin of these responses can be inferred.
"vestibular" cortex. It seemed, therefore, of Acoustic stimuli of low intensity (persistence or

T

. Aft, bil. I_htr eCCy

20_"t 20_"t
q sect_ Stx:nt, ;....

7 -it ...... _

k Esm

! .!

L_mSSs,p

I
, i

t l _ ......... ......... : ..... i_ _ ..........

FIGURE 4.-Cat. Transverse section of cord at C_. Compare averaged spontaneous discharT_es o/cortex, 20 averaged postrnta-

tory responses beJore and after bilateral labyrinthectomy. L.Es.a.post.p.: Left gyrus ectosylvius ,nterior, posterior Imrt.

L.Es.m.: Left gyrus ectosylvius medius. LSs.m.: Left gyrus suprasylvius medius. Ss.p.: Gyrus suprasylvius posterior.

LL.p.: Left gyrus lateralis posterior. (From ref. 3.)
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....... s_ ..... _ ('_) __ I -i I i
._~ .........

: i = " " " ' : ---_........ i --: ........ T-':-'--- " _ : "-.--T---_-

[_t (ex} __,t'----i - ! "!

B

{_o ! :. d
, : : _ _ FIGURE 6.-Averaged postrotatory cortical responses in cat

LSsp __ff'-""_.,/V'---__ i- ' .... kept in cataleptic state by bulbocapnine (brain shown inupppart
.fig. 7); left gyrus ectosylvius anterior and sttprasylvius

LLp. _._v,f_._-*'-_c_f_'_-_ " _.... i anterior ablated. A: Effect of 10 single counterclockwiserotations. B: Effect of 30 single coanterclockwise rotations.

......................... i " ..... L.Es.a.: Area of ablation of left gyrus ectosylvius anterior.

L.Ss.in.: Left gyrus suprasylvins medius. Li.p.: Left

gyrus lateralis posterior. (From ref. 3.)
FIGURE S.--Comparison of eleetronystagnwgrams (E) attd

cortical postrotatory responses in a eat with gyrus ecto- aml

suprasylvius anterior bilaterally extirpated. Cat in bulbo-

capnine catalepsy. A: Records in resting state (averaged). more marked and/or longer lasting in the pos-
B: Records following 30 single clockwise rotations (aver-

terior part of the cerebral cortex. This suggests
aged). L.Es.a.: Area of extirpation of left gyrus ecto-

that it is particularly those parts of the areas closesylvius and suprasylvius anterior. L.Ss.p.: Left gyrus

suprasylvius posterior. L.Lp.: Left gyras lateralis, pos- to the visual cortex which are stimulated. That

terior part. (Fromref. 3.) only a certain part of the diffuse thalamic system
is stimulated is not an unusual situation. Moruzzi

exclusion of the noise from an adjacent room) (ref. 8)has already indicated that sensory stimuli

did not significantly alter these responses, of low intensity may activate only part of the
With regard to the afferent pathways by which reticular system, and the same may be postulated

the vestibular impulses elicit these slow cortical for the diffuse thalamic system that receives ira-
waves, the long latency of the responses sug- pulses fiom the reticular activating system.

gests a multisynaptie system. The same con- The question arises whether, besides the activa-
clusion is suggested by the sensitivity of these tion of parts of the diffuse thalamic system, there
responses to anesthesia; pentothal anesthesia, for exists a more circumscribed cortical projection
instance, is able to diminish or to abolish them of the labyrinth. Recordings made after cessa-

(fig. 8). Obersteiner (ref. 5), as early as 1912, tion of the rotation hardly permit one to answer
anatomically traced fibers from the vestibular this question; since acceleration induces an
nuclei to the reticular formation, and Held (ref. 6) excitation of the cortex, the corticopetal impulses

and Godlowski (ref. 7) later described reticulo- induced,by the deceleration do not act upon a
thalamic pathways. Thus it may be inferred resting cortex but upon one already invaded by
that vestibular impulses activate the diffuse tha- impulses of labyrinthine origin.

lamic projection system and that the slow waves In further experiments, therefore, an attempt
appearing after a long latency are so-called was made to develop a method for averaging the
secondary evoked responses, cortical responses to the onset of single rotations

We have seen that these reactions were often by a Mnemotron computer.
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L ! s,'_ I , '
L.Lp , I

i, ' ' 1 [ _ Bulbocopn ' r

___ J i .........ii........'c........ _.....

FIGURE 8.-Averaged spontaneous dischar74es and responses

following 30 single counterclockwise rotations. Upper two

records: Cat in bulbocapnine (25 mg/kg) catalepsy. Lower

FIGURE 7.-Cat, bilateral destruction of gyrus ectosylvius two records: Same cat under sodium pentobarbital anes-

anterior and gyrus suprasy/vius anterior. (Front r@ 3.) thesia. L.Ss.m.: L@ gyrus suprasylvius medius. L.l,p.:
LeJ_ gyr,s lateralis posterior. (From r@ 3.)

TEST SERIES 2

Procedure

The rotation was produced by a weight of lO0 ph ' b

grams that acted by means of a string carried over p __C__. _

an upper and lower pulley and along the grooved

periphery of a rotating disk (radius 35.5 cm) to
which its free end was attached (fig. 9). The
animal board was fixed to this disk so that the
cat's head was at the center of the disk. The

experiments were performed on 26 cats; most of

them were under Nembutal (3 to l2 mg/kg) and /llp_s_ _

chloralose (25 mg/kg) anesthesia, r

The triggering circuit consists essentially of a
hand switch (I-I) and a mercury foot switch (M) in
series with a 3-volt battery (B) (fig. 10). If both
switches are closed, the sweep of the computer

is triggered. The hand switch consists of a rigid FIGURE9.-Rotating disk (r). if/eight (w) acts upon it over

straight spring (A) and, parallel to it, a shorter pulleys (p). Light from electric bulb (b) reaches photocell

plate carrying a screw (S) that is in contact with (ph) through slits (sl). (l"orfurther details, see/ext.)
A. The spring (A) of the hand switch is held by
the experimenter against the animal board that

is fixed to the rotating disk, thus preventing the s >

rotation of the disk by the pull of the weight. The A I _ _

hand switch is opened by pressure exerted on A. v ,.... p.,.,-

'lIn this stage the previously opened mercury foot v o IIII >
switch (M) is closed. If the experimenter now M B
discontinues the pressure of A against the animal

board, rotation of the disk by the pull of the weight FIGURE10.--Circuit triggering computerand rotating table.
H: Hand switch with rigid straight spring (A) and screw (S).

is started, and the spring (A) comes in contact M: Mercury foot switch. B: 3-volt dry-cell battety. T:
with the screw (S) so that the circuit triggering Triggering switch _a" control ext)eriments without rota-
the sweep of the computer is closed, tion). V: voltmeter. (For further details, see text.)
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To determine the angular acceleration, a small q)!-,z i _ -i i. ! i
stationary electric bulb was placed below the " " _-: !-_"- _........ --'_-!f,Yi. .... .....

rotating disk close to its periphery (fig. 9). Two ._ .... _J
weights totaling 4 or 5 pounds, depending on the .,_ ._
weight and position of the cats used, were fixed ._. ._ ./

at the center of the disk. In the early experi- ._- jJ

ments a plastic strip with slits at distances of o ! o 60 8o J_0 .tlo ,_ _0 ti0 _ ._10_ r_.gec.
0.5 ° was attached to the part of the periphery at _O_rS. _0 _0 ./
which the electric bulb was placed. The light 7-

of this bulb passed through the slits and activated 6- _/"

a photocell; its current was conducted to one of _s ./"i"
the inputs of the computer. For measurement 3. _"_
of the acceleration in the beginning of the rota- 2 _/"
tion, the plastic strip was replaced by a photo-

graphic film on which a series of equidistant o/_ _ ,00 ...... _0 _ _._ec.
vertical lines had been photographed, so that _'_.,0
distances representing angular displacements 3_ .-- ..........

30.

(4_)of 0.05 ° were obtained. _,_
From the records showing the fluctuations of i20

the output of the photocell, the angular displace- _
ments (_b),the angular velocities (o2),and the angu- ,0
lar accelerations (c0 were determined (fig. 11). 5
As can be noted in figure 11, the acceleration ........ _o ' ' ,_o ' _.......

gradually increased until a constant value of
40°/sec "-'was reached; after 10, 20, 40, 60, and F_GUREll.--Angular displacements (ffJ),angular velocities
80 msec, respectively, the angular accelerations (_), and angular accelerations (a) in the beginning ofrotation.

were 5°, 10°, 18.5 °, 26°, and 30°/sec _.

The above-described arrangement served also
for determination of the time interval between ---

the triggering of the sweep of the computer and
the beginning of the rotation in that the intensity L

of the light passing to the photocell-and thus
the current emerging from the photocell in the )resting state of the disk-was altered when the
rotation started. An average time interval of
4.5 msec was measured between the start of

the sweep and the onset of the rotation.

Bipolar derivations were used; the stainless-
steel-ball electrodes were placed in straight rows

(see fig. 12) equidistant as far as possible.

Results and Discussion
FIGURE 12.--I)iagram showing electrode phtcement cor-

The cortical responses obtained by the aver- responding to figure 13 in anterior part and to figure 19

,," ,_ technique at the onset of rotation had volt- in posterior part. Anterior row of electrodes: 1, gyr.a_ln_

ages varying between l0 p.V and 100 /xV and sylv. post.; 2. gyr. sylv. ant. upper part; 3. cornerbetween
gyr. ectosylv, ant. and med.; 4, corner between gyr. supra-

lasted between 20 and 60 msec. Their peak sylv. ant. and med.; 5, ant. part of gyr. lateral. Posterior
latencies, i.e., from the beginning of rotation to row of electrodes: 10, gyr. ectosylv, post.; 11 and 12, gyr.

the peak of the response, were between l0 and suprasylv, post.; 13, gyr. lateral, post. (From ref 4.)
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60 reset. In mic,'oelectrode studies of the corti-

cal responses to labyrinthine stimulation by "- I _ ' i -
polarization, Kornhuber and da Fonseca (ref. 9) [ i", i/_! , .: ! , I : I i

distinguished specific primary cortical responses _, i \J i .¢'_'-Z--_-..-_ / 2 ] "X_r -

with latencies of 5to 30 msec and specific assoeia- i---J':i_ , _,.m_./ !.; % ! I : Irive responses with latencies of 25 to 150 msec. _ _,-, : ^ _ , : "-

If one accepts this classification according to i i i ' !' ; ' : ' ! :, _: _ __
the latent period, the responses obtained by the : I -I I _ : i [ i [ , J _
averaging technique would have to be considered L_ _ : [ " i i^._/6_v,_I r-_ _ -v\vY'v'_vV_"Y'_"Y ! , i .l.. i
as belonging partly to the specific primary and -i [ ; r : I i [ I [

partly to the specific associative responses .... ! ] _ _ ' ] I .... ,
There was no definite difference in the re- : ' ' -

sponse, whether the rotation was directed toward
or away from the hemisphere on which the re- FIGURF13.--Averagedresponsesof cat's leJ)corticalareas to
cording electrodes had been placed. Muscle onset of IO counterclockwiserotations. Electrode place-
paralysis induced by gallamine triethiodide ments are shownin anteriorpart of figure 12. Chloralose-
(Flaxedil) in waking or anesthetized cats did not sodium peatobarbital anesthesia was used in this and

prevent the reactions. Triggering of the sweep subsequent experiments tfnot otherwiseindicated. Analy-

of the computer 10 times without acceleration sis sweep time, .500msec; time marked 50 reset. Calibr(L-
tion, 25 IxV (applies also to subsequent records). (From

produced only minimal fluctuations of the ref. 4.)
baseline.

With regard to the areas from which these
responses could be led off, it does not seem pos- gyrus sylvius anterior (twice), from the gyrus

sible to define a region from which they could sylvius medius (six times), from the gyrus sylvius
be recorded exclusively. They could be ob- posterior (once), from the gyrus ectosylvius
tained from S.,, the second somatic sensory area medius (six times), and from the gyrus supra-
in the anterior part of the ectosylvian and supra- sylvius medius (three times).

sylvian gyri (fig. 13). Phase reversals were The most posterior areas exhibiting responses
also observed from this zone (six times), i.e., to the onset of rotation of relatively short latency

deflections in opposite directions in two adjacent (peak latencies 10 to 60 msec) were the gyrus

electrode pairs (1-2, 2-3), indicating that the ectosylvius posterior (figs. 14 and 15) and the most
' area below the common electrode 2 corresponded posterior part of the gyrus suprasylvius medius.

to the site of the evoked potentials. It seems This corresponds to the so-called second visual

hardly justifiable, however, to designate the area. In 80 percent of the experiments (16
region of the gyri ectosylvius and suprasylvius out of 20), the responses in the gyrus ectosylvius
anteriores as "vestibular" cortex as Kornhuber posterior had a higher amplitude than those in

and da Fonseca do (ref. 9). One has to bear the adjacent parts of the gyrus suprasylvius.
in mind that this region receives also impulses Phase reversals were observed four times from

from other receptors (tactile, noeieeptive, pro- the suleus ectosylvius posterior, three times
prioceptive, acoustic)so that vestibular impulses from the anterior part of the gyrus ectosylvius
can interact here with other modalities. The posterior, but not at all from its posterior part.
designation, composite sensory projection area Once they were observed frdm the corner be-
or polysensory area (refs. 10 and 11), seems best tween the sulcus suprasylvius medius and

to reflect these facts, posterior, and once from the suleus suprasylvius
Furthermore, responses showing the above- posterior.

mentioned characteristics could also be obtained Unilateral or bilateral extensive lesions or

from areas behind $2, particularly from parts of ablations of the anterior part of the ectosylvius

the auditory cortex and of Buser's association and suprasylvius gyri (figs. 16 to 18) did not
cortex. Phase reversals were recorded from the prevent the appearance of the responses in
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FIGURE ]$.--ml;eraged responses to onset of 10 countercloek-
FI(,URE I,_. -- Diagrarl_. showing electrode positions correspond-

wise rotations. Electrode positions are shown in figure 15.

Gallamine triethiodide partdysis besides chloralose-sodium ing to record in figure 14. 1, sulc. ectosylv, post.; 10 and

pentobarbital anesthesia, a=artifact. (From ref. 4.) 11, gyr. ectosylv, post.; 12, corner between gyr. suprasylv.reed. and post.; 13, corner between gyr. lateral, reed. and

post. (From ref. 4.)

the posterior parts of the cortex, while such fibers with a specific function exist within the
responses did not appear after bilateral labyrinth- unspecific system. Our present findings seem
ectomy (fig. 19A before, fig. 19B after, to indicate that angular acceleration may, at

labyrinthectomy), least in some instances, also induce responses
with relatively short latency; i.e., primary

CONCLUSIONS specific and[or specific associative responses
in the vicinity of the visual cortex.

Thus it would seem that the onset of rotation This is in agreement with earlier experiments

may induce so-called specific primary and specific of Spiegel (refs. 14 and 15) in which labyrinthine
associative responses not only in $2 but also in stimulation by rotation was able to elicit epilepti-
posterior parts of the cortex as far back as close form convulsions in dogs and cats in which
to the second visual area. This may be the basis strychnine had been administered to the region

for a cortical integration of labyrinthine and of the gyrus ectosylvius posterior.
retinal impulses. Rotation producing an endolymph flow in

A comparison of our findings with the micro- both labyrinths is, of course, a much stronger
electrode studies of Grfisser et al. (ref. 13) and stimulus than unilateral polarization of the
of Kornhuber and da Fonseca (ref. 9) shows labyrinth as used by Grfisser et al. and by Korn-

that the responses recorded by these authors huber and da Fonseca, particularly since these
from the visual and paravisual regions showed authors had to apply rather weak currents in
chiefly a long and variable latent period; there- order to aw_id an excitation of other nerves, such
fore, they were regarded as unspecific reactions, as the cochlear and intermedius. Furthermore,

Yet a specific vestibular influence upon the optic the averaging technique permits one to visualize
cortex could be demonstrated by Griisser et al. responses that may be masked by the background
(refs. 12 and 13) in that the discharge rate of activity of the cortex. These technical details
ceils of the visual cortex could be influenced only may explain why it was possible to demonstrate

by vestibular stimuli but not by trigeminal or responses with relatively short latency in the
acoustic stimuli. They assumed that afferent vicinity of the visual cortex, which did not appear
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_

i

J-t_ J

i-' [ 1 . @'_l I ! i i 1 i.... FIGURE 17.--Averaged respo,_se to onset of IO counte,'cl_:,ck-

wise rotations ] hour after the ablations shown in figure 18.F1GURE 16.-Cat with bilateral ablation of the gyrus ecto-

and syprasylvius anterior. Averaged responses to onset of The electrode positions correspond to the posterior row

10 counterclockwise rotations, with phase reversal at the marked by ink dots in figure 18. (From ref. 4.)

corner between the middle and posterior part of the sulc.

suprasylvius (at 11). Other electrode positions: 1, at the

gyrus sylvius posterior close to the lower part of the sulcus

ectosylvius posterior; 10, gyrus ectosylvius posterior, upper

part; 12, gyrus suprasylvius, corner between middle and

posterior part; 13, gyrus lateralis, corner between middle

and posterior part. (From re./. 4.)

FIGURE 18.--Bilateral ablation of the gyrus eeto- and supra-

sylvius anterior. (Front ref. 4.)

on electric stimulation of the vestibular nerve

(refs. 10 and 11) or on unilateral polarization of
the labyrinth (refs. 9, 12, and 13).2 b

FIGURE 19.--Influence of bilateral labyrinthectomy upon

averaged responses to onset of 10 counterclockwise rota-

tions. A: Responses before elimination of both labyrinths.

We wish to express our deep appreciation to Dr. G. Henny, B: Responses 2 hours after elimination of both labyrinths.

Dr. G. Stewart, G. V. Jacoby, and Ch. Zanes for their advice Electrode positions are shown in figure 12 Cposterior part).

regarding the physical problems. (From ref. 4.)
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Tray. Clin. mal. Nerv. de l'Univ. Cracovie, 1936. 15. SPIEGEl., E. A.: Cortical Centers of the Labyrinth. J.

8. MORUZZI, G.: The Physiological Properties of the Brain Nerv. Ment. Dis., vol. 75, 1932, pp. 504-513.

DISC USSION

Parker: One of the most impressive aspects of tbis meeting data? For example, could we account for your data, perhaps,

has been the cataloging of the great wealth of neural con- by cardiovascular influences?

nections with the labyrinth. In light of this information, and Szekely: It could not be, but we did not study it.
Prescott: Did y_,u have an opportunity to look at the ew)ked

keeping in mind the facts that (1) your data show no associa-
potentials in the frontal cortex?

tion between evoked cortical responses and eye movements Szekely: No; we did not.

and (2) these evoked cortical responses are very widespread, Lowy: Have you used or are you planning to use cats with

might we consider that there are other possibilities, rather chronic implants?

than strict vestibular afferent pathways, to account for your Szekely: No.
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Experimental and Clinical Experiences and Comments on
Ultrasonic Treatment of "' 'lvtemere s Disease

ARNE SJOBERG

University of Uppsala

S UMMA R Y

To date, we have almost 300 patients with M_)nii:re's disease wire have undergone ultras_mic

treatment and have observed about 200 additional patients who were not so treated. These patients

comprise a select series of severely disabled persons in whom no form of medical therapy had been

effective. The majority had been referred to us from different parts of our c_mntry. The mean dura-

tion of the disease was 8 years, but a number of patients had been afflicted for up to 20 years.

The patients are carefully examined before, during, and after irradiation. The tests include

nystagmography after caloric stimulation with water at 30 ° and 44 ° C, ice water, and audiometry.

A clinical followup investigation of 228 consecutive patients revealed the fnllowing:

Freedom from or considerable improw:ment in vertigo was found in 89 percent; tinnitus had

dilninished or disappeared in 48 percent; [tearing was improved or unchanged in 64 percenl; and

caloric reaction was clearly reduced in 58 percent. Of the last 200 surgical patients, we have only one

with transitory facial paralysis, or a 0.5-percent incidence.

INTRODUCTION deafness, and (3) sudden severe dramatic attacks
of dizziness of the vestibular type.

Mfni_re's disease is closely linked to sea- True vestibular vertigo is characterized by

sickness, motion sickness, and space sickness- disturbance in equilibrium, with a subjective
in other words, vestibular sickness-with their sensation of rotatory motion, and, at the same
special causes and problems. The disease was time, a feeling that the surrounding room is
named in 1861 for the French otologist and moving. Objectively, this rotatory vertigo is
teacher of deaf mutes, Prosper M6niSre. Today observed in the form of an extremely brisk,

it is the most common of the vestibular-related often third-degree nystagmus which may beat
vertigo conditions. It is estimated that more in one particular direction, initially toward the
than 60 percent of all patients with vertigo are affected side, and then change its direction near
afflicted with M6ni_re's disease, and this prob- the end of the attack toward the unaffected

ably explains the great interest in this disease side. But the vertigo and nystagmus are often
all over the world, of the positional type, in which case the direction

Mfni6re's disease is to be regarded today as of the nystagmus varies.
a classical, well-characterized, and fairly common It is certainly no exaggeration to state that one
condition which mainly affects men and women of the greatest scourges of mankind is vertigo
between 20 and 60 years of age almost equally, in the acute phase of M6ni_re's disease. A

with some possible predominance in men. pertinent observation has been made that people
The diagnosis is easy to establish from the case learn to tolerate pain of different degrees, but
history. The symptoms are of both vestibular that there are very few who can tolerate the
and cochlear origin and are manifested as a triad: particular disorientation which accompanies

(1) unilateral tinnitus, (2) increasing unilateral vestibular vertigo, with the negative explosion
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in the form of nausea, vomiting, and dizziness, sometimes years, of fluctuating hearing, with
In the most severe forms of the disease, the varying remissions in the course of the disease,

patient may be so severely disabled that he will hearing impairment often gradually progressed
seek any possible means of being free from his toward an irreversible final stage, when the tone

suffering. To many, the dream of becoming audiogram registered a "flat loss." In 60 per-
free of their attacks seems almost unattainable, cent the audio_am curves were of the horizontal

since over the course of several years they have type, the majority being severe (ref. 7). Rising
probably tested the entire therapeutic arsenal curves were seen in 17 percent and falling curves
with little relief, in 12 percent. In 7 percent the curves were

As with motion sickness, there is a classical trough shaped, and 4 percent were unclassi-
picture of the disease. It should be remembered fiable. B6k6sy audiography showed a reduced
in this connection once again that in motion sick- limen difference, so-called recruitment, espe-

ness there is no macroscopical nystagmus nor cially in the higher frequencies. Whispering
any sensation of rotatory vertigo, and conversation distances were obviously greatly

At the Uppsala clinic we have treated ultra- decreased. Speech audiometry revealed a pro-
sonically almost 300 patients and have observed nounced loss of discrimination, and the spoken
in all about 500 M6nibre's patients. It should words became difficult to understand.

be noted that this is a select series of severely
disabled patients, in whom no form of medication TOPICAL DIAGNOSIS
had had an effect. Some of the patients were

from Uppsala, but the majority had been referred With regard to the topical diagnosis in ver-
to us from different parts of our country, tiginous diseases like M6nibre's, it is clear that

The results of our neuro-otological work, to be first and foremost a decision must be made, on
presented here, are the outcome of excellent the basis of the case history and clinical syrup-
teamwork. The members of the group are As- toms, as to whether the lesion is central or
sociate Professors Jan Stahle and Bi:irje Drettner, peripheral or in between the two.

and the physicist Sven Johnson who designed Vertigo of Central Genesis

and constructed our apparatus (refs. 1 to 5). Vertigo caused by central lesions develops

CHARACTERISTICS OF PATIENT gradually, often very slowly, and persists for a
GROUP duration of months or years. In these cases the

vertigo can be of a rotatory or tactile type, with
Nystagmographic analyses were made of the a tendency to lateropulsion. It is often experi-

caloric response in 300 of the total group (ref. enced as "positional vertigo"; i.e., it can be more
6). In the majority of patients the disease was severe when the head is in a particular position.
unilateral (258, or 86 percent), but in 42 (14 per- At the same time, nystagmus of the so-called
cent) both sides were affected. The elapsed positional type can often be observed. A varied

time between the onset of the disease in one ear picture of symptoms is obvious in centrally
and its development in the other varied between dependent vertigo and is characterized mainly
1 and 20 years. In 84 percent the caloric re- by vestibulo-ocular disturbances with vertigo

sponse was pathological; in 59 percent it was and nystagmus, but usually, in addition, by yes-
reduced, and in 11 percent it was increased, tibulospinal disorders, whereinthe proprioceptive
Directional preponderance was noted in 52 disturbances are manifested as changes in equi-
percent, librium and alterations in tonus. It is well

Most commonly (41 percent) the disease started known that these symptoms are seen in diseases
with both vertigo and impairment of hearing. In of the brainstem, the cerebellum, and the

37 percent the first symptom was an attack of cerebellopontine angle. To this category we
vertigo, and in 22 percent the hearing was ira- can also assign acoustic tumors which lie, so

paired first. The configuration of the audiogram to speak, on the borderline between the central
was analyzed in 124 patients. After weeks, or and peripheral portions of the vestibular nerve.
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Vertigo From Middle-Position Lesions _ _..._._._ /._:_r_,j_
NO nyltagmut

Cervical Syndrome, Barr_-Lieou Syndrome, Cervical

Migraine _Middle-position lesions show the disease pat- _.J_
terns such as in the cervical syndrome, the ,.,,°,,_°g._,,._mo,

Barr6-Lieou syndrome, or cervical migraine. _,,__
The principal symptoms are brachialgia, head-

ache, tinnitus, globus sensation and paresthesia _'_.._Jk._
in the face, slight impairment of hearing of the "° °_"°g"""

neurogenic type, and vertigo. The symptoms _ ,,°,,,-,

can present considerable difficulties in differ- _._ ' "',,,g_.,___._.._ential diagnosis. The headache can be uni- ,o°_
lateral or localized to the back of the neck, which

occupies a central position in the equilibrium _ _ .......
system in that the occipital muscles, via the F_ "'g"'"'°''"_"''°'m""

neck reflexes, are under the continuous influence _:_,oof impulses from the apparatus of equilibrium. _ ,.,.gm_,_'V'_

The afferent impulses from the occipital and neck _ ___ _4_muscles pass via the posterior roots from C1 to ,_,,,
C3. If, for any reason, the occipital muscles go I_ . /_._.__ _
into a state of traction, then they are unable to
function as effector organs for the neck reflexes, "'Q" o lo 20
and a disturbance in equilibrium will occur, re- s.¢

sulting in vertiginous symptoms. The occipital _ 30"c,} .,, ,,'c{muscles can become tender and painful. Elec-

tromyography will reveal that the muscles are
in a state of contraction. FI_ZURE1.--The Barrg-Lieousyndrome with recordable nys-

tagmus after turning and bending of the head.
As far as is possible, we examine otoneuro-

logically all patients with brachialgia. J. Sand-
str_im (ref. 8) analyzed a series of patients from perhaps he may be visiting a inuseum or art
the orthopedic clinic of our hospital and found exhibition wearing bifocal spectacles and will
that vertigo with recordable nystagmus on rota- have to bend and turn his head in time with his
tion of the head occurred in 18 to 20 percent, different up-and-down eye movements.

Figure 1 shows one of our patients with Barr6- It has been considered pathogenetically that,
Lieou syndrome and recordable nystagmus after on rotatory movements of the head, excitation
turning and bending of the head. of sympathetic vasomotor fibers may be induced,

Vertigo in the cervical syndrome can be of a so that a spasm is provoked in the vertebral
transitory rotatory type, but is usually tactile artery. This artery passes into the spinal canal
with a sensation of propulsion or lateropulsion, at C6, and the excitation can pass via the verte-
It is significant that the vertigo has a sudden bral sympathetic nerve, which is connected be-
onset and is transitory, taking the form of a sen- low with the stellate ganglion.
sation of general insecurity. The patient takes The cause would seem to lie in roentgenolog-

a step sideways or staggers in some direction ically visible spondylotic lesions in the cervical
for a moment as if he were intoxicated. Vertigo spinal column, with more or less pronounced

can occur on extreme hyperextension or on rapid arteriosclerotic changes in the vertebral artery.
and sometimes extreme rotatory or nodding It has also been shown that, on rotation of the
movements of the head. The patient may, for head to the one side, the contralateral vertebral

example, be backing his car into the garage or artery can be compressed, producing ischemia
doing some painting work above his head, or in the areas of the vestibular nuclei and in
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the brainstem and labyrinth. Other possible rected posteriolaterally can constrict the inter-
etiological factors are cervical trauma and vertebral foramina and may compress the spinal
manipulations of the chiropractic type. With roots and produce root symptoms in form of
the presence of lesions in the cervical spinal pains and vertigo via spinonuclear vestibular

column, rotation of the head can produce brain- communications.
stem symptoms with vertigo and syncope, or These tonic reflexes in the neck, occipital
what is called the "syncopal cervical vertebral region, and labyrinth regulate the movements of
symptoms." the head, the trunk, and the four extremities in,

It would thus seem that the cervical syndrome for example, all the dynamic positions observed
is the result of a unilateral vertebral occlusion in gymnastic exercises and different sports (ref.

that is not immediately compensated by ade- 9). The extremities on the "nose-knee" side,

quate collateral supply on the opposite side from to which the head is turned, are extended, while
a well-functioning circle of Willis. The vestibu- those on the other side are bent.

lar nuclei are very vulnerable, since they are Vertigo of the Peripheral Type
supplied by narrow end arteries. If' it is con-
sidered that the cervical syndrome may be due Vertiginous symptoms provoked from the
to intermittent ischemia in the supply areas of peripheral portion of the vestibular apparatus

are of a different type. They have a suddenthe vertebral and basilar arteries, an attempt
should be made to investigate the blood flow onset and are associated with nystagmus, nausea,
in the vertebral artery, vomiting, and typical reaction movements. They

With the help of surgeons and clinical physi- can be caused by different forms of otitis with
ologists, my coworkers J. Stahle and K. Eriksson labyrinthitis, or vestibular neuritis of a viral
have developed a method for measuring blood origin, and the condition may be referred to as
flow in the vertebral artery by means of imped- epidemic vertigo. Further causes of vertigo
ance plethysmography. One electrode is placed of the peripheral type are M6ni_re's disease,
on the posterior wall of the pharynx at the level paroxysmal positional nystagmus, trauma with
of the uvula, via the nose, as a suction cup with petrosal fractures, neoplasms, vascular disorders,
continuous suction; a second electrode is placed hematological diseases with labyrinthine hemor-
on the back of the neck on the same level as rhage, and also ototoxic lesions due to antibiotics
the internal electrode. The curves show arterial such as streptomycin and kanamycin.

pulsations and their amplitudes express the

changes in tissue impedance. The smaller TREATMENT OF ME, NIE, RE'S DISEASE
the amplitudes, the greater the tissue resistance

(impedance), indicating compression. Rotation Even if the long duration and natural tendency
to the right gives the lowest values in the left to remission of M6ni_re's disease must be taken

vertebral artery, into account, one of the following methods of

Ever since Sherrington, Magnus, and de Kleijn surgically treating severely disabled patients
made their classical studies, we have known the who have resisted all forms of conservative

importance to the reflexes of proprioceptive internal therapyshouldbeconsidered:
impulses induced from receptors in occipital (1) Radical surgery with destructive labyrinth-

muscles and tendons and in joints in the cervical ectomy;
spinal column. These problems have received (2) Drainage of the endolymphatic sac or the

increasing interest in modern neurophysiological subarachnoid shunt operation; or
investigations with experimental electrical stim- (3) Ultrasonic therapy, in which the vestibular
ulation of peripheral branches of the vestibular apparatus is selectively destroyed, and hearing
nerve in the cat. Excellent demonstrations have conserved.

shown the close relationship between proprio- The possibilities of curing vertigo by ultra-
ceptive cervicothoracic spinal cord impulses and sound in M6ni_re's disease are well documented,
the cerebellar vestibular nerve. Exostosis di- but investigators have published no details
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is a concave disk of barium titanate or lead for the radiation involved in ultrasonic therapy,

zirconate-titanate, which converts the electric it was necessary to first test our apparatus in

energy into ultrasonic waves. The radius of the animal experiments in order to determine its
curvature of the disk is selected to give a con- exact potentialities. We also had to gain experi-

centration of energy at the apex of the cone. ence ourselves in this special and sensitive opera-
The beam of the rays is focused in such a way tion technique and learn its elements of risk.
that the focal point lies just inside or at the flat To study the histological and functional effects of
tip of the treatment head (fig. 5). ultrasound, irradiation experiments were per-

The tip of the treatment head is continuously formed on pigeon labyrinths. Degeneration of

irrigated with sterile, boiled, and degassed dis- both the neuroepithelium and the secretory epi-
tilled or deionized water, circulated in a closed thelium was found in the cochlea, ampullae,

system by a special pump. The surface of the sacculus, and utriculus. The perilymphatic
tip has no direct contact with the fluid. The space and bony labyrinth were obliterated by
water is boiled for a period of 1 to 2 hours just callus (refs. 4, 10, and 11).

prior to time of irradiation. The water conducts With regard to the functional aspects, it was
the ultrasound from the crystal to the tip of the also demonstrated that ultrasound eliminated
transducer and also cools the whole treatment labyrinthine function by serious histological
unit. damage. By electronystagmographic control

The entire transducer, including the cable, can of the nystagmus of the pigeon's head during

be sterilized by boiling or autoclaving, rotation, it was possible to record the functional
Before we could undertake the responsibility loss (ref. 11).

Due to the use of our new Teflon tips, in most

cases it has been possible to shorten the irradia-
tion times considerably. The quantity of energy

' emitted from the various tips used with the treat-
_17"R_n,__uc_-_ ment head has been measured ca]orimetrically.

In general, power levels of up to 3 watts are used
regularly, and at times as much as 4 watts may.
be employed. This results in peak intensities
from 60 to 80 W/cm 2 for the 2.6-mm tips. The
mean dose lies at about 2000 to 3000 joules.

Sometimes we see definite paralytic nystagmus

Ul JI P,*TH oF after only 2 to 3 minutes' irradiation.
|'._IH _,LTRASOtUlC With regard to the irradiation technique, I
| I| o_A_, ,A,
L:| IRtC,_OJATION should like to mention that a good surface for

V /-¢t',qo application of the Teflon tip is created by boring

a rounded hollow at the junction between the

horizontal and the upper vertical semicircular

i,] focus canals (fig. 6) with a diamond drill and under the
microscope. To attain maximum effect, the

!1 bone of the labyrinthine capsule has to be thinned
m

so that the spongy character of the enchondral
bone can be retained (fig. 7). The labyrinthine

I_ 1 capsule should be 0.3 to 0.5 mm thick for optimal

i -!1 penetration of the bone by the ultrasound and_ so that this will not be absorbed or reflected too

much during its toward the ampullaepassage
1 and vestibule. Care has to be taken not to thin

P_IGURE5.--The focused ultrasonic beam. the bone to such an extent that the labyrinthine
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creased the intensity of the nystagmus. When MENJ_RE'S O,SEASE RIGHTEAR
the patient was then turned to the supine position c°_o._test andaudiogrombeforeultrasonicirradiation
with the face upward IV), the contralateral-

pseudoparalytic nystagmus persisted, but after _.c[[-0 , iL l'__! ' :!1-7"a few minutes a beat to the left was noted. The _

labyrinth was thus only habituated to the ultra- "'c_[_ ' / I i ! ] 1_ 1,
sound, but not paralytically or selectively 0 , 2 _m,° 7! _ II I !..I!._,g..#,..[:i J
completely destroyed. Nystagmus of the de- Nystagmus before ultralonic irradiation

structive type which occurs after a certain period
Col 10 ° I

of irradiation does not change its direction, on _ _0-c,°,,.... ,o,io..,°the cavity.

the other [land, when the patient's position is L.,,b.o,i.g°.,°g=u.
altered from face up to face down. Ny.togm.sd.r_n9.,,ro.o._¢ _rr*d_atio.

Our experiences with ultrasonic irradiation ..p........of irradiation

have provided valuable neuro-otological infor-

mation. Experimental therapy in rabbits and 2.,=_. _.Nv_4"N/m_r_ .,g_,b..... g o,,,og_oduring irr °diotion

treatment of human beings with the head in

different positions have shown that the initial ..... _ do_g_'"b....._rrod,o.o.g..... g=°"nystagmus caused by ultrasound is probably a
caloric reaction provoked by the endolymphatic ,_ _-

Left beating nyslagmut50°C saline so_ution in

flow caused by the thermal effect. Experimental ,_.... ,,0 let

temperature studies on ultrasonic irradiation of ,,..o_,o,°,.
human temporal bone preparations and in man FIGURE14.-Nystagmic effect during all phases of the
during labyrinthectomy have shown that the treatment.

temperature increase in the cochlea is negligible _S.*G._s ,_...G _..SO.,C ,.._,._,O.
and that the critical temperature in thi_ facial oF T.E .,G._ EA.
nerve is not reached until after more than 4 /.v..,

minutes of irradiation. Therefore, irradiation ..t ....... _,a.on ._ _-_'% N...... g_o.

is now given intermittently in periods of 3 to 4 _. _ ]_

minutes. ,.adi.,,o_ 3s w _._V_'Wv'_ \ n_st,gmu_
Right- beating

During the treatment, the function of the facial

uerve and the nystagmic effect are checked ill a Irradi ..... 35 W N_]t_ _/ Left-beating

mirror through Frenzel glasses. Naturally, we
v • v - flystagmus

sometinms have studied by nystaglnography all A u_Ah

phases of the therapeutic effect in detail (figs. f_/l_" _/_/ Left-beating

Pause nystagmus

14 and 15).

In principle, the aim is to first induce a homo-

lateral irritative nystagmus, and as a final effect _ mg,,-bea,.gto produce a definite contralateral uystagmus (:if ,..ga,,o° soo Nac, __ ._,agmus

the destructive type, as a sign that the vestibular "Xrxsx ,,g,,.bea,°g
apparatus has been selectively destroyed or ,.a_,a.oo 3s W _ ..... gmus

paralyzed by, or has been habituated to, the gq .

ultrasound. ...a.,.,,o. 3s w _./_ L.,, b_at,°gnyStagmus

The main problem is to assess the final point
(fig. 15) at which the irradiation should be dis- _/V_ A,A,_. _e,, b..... g

Pause 't_ V_ _j_ nystagmus
continued. Much experience is required for

this, and herein lies one of the greatest difficulties /'_ ^_

in the technique of this treatment. As a rule. ,.,g ..... 5oo _ac, _-/" _"_ ._.ag.,u_
we continue until a reversal to contralateral

nystagmus has been recorded two to four times FIGURE15.--Assessingthefinal point of the irradiation.
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cmlsecutively during the process of irradiation. Meniere's disease, left side

In all cases it is not possible, however, to inv.ke (Op. 27. 10. 1964)
such reversal during irradiation (figs. 14 and 15).

We then do a caloric test with injection of 29 6.1966
sterile physiological saline at 50 ° C directly into ..g/'l_l* .,t A

the surgical wound. In spite of the fact that, R /Vc_A_/_'_J'V_v_/_A_A
in this way, the labyrinth may perhaps for the 30°C
nmment seem to show no reaction to cahwiza- L --------_-----_
tion--i.e., it may seem habituated to the thermal

effect of the ultrasound-a distinct irritative 44°C R _t,_,. ,,.,,,.---"-'"'_vr_ra'_td_'d _
nystagmus of homolaleral direction can never- L __

theless often be seen and can fairly quickly /V_,__change to a contralateral direction during further R
irradiation (fig. 15). Ice-water

The patient often v,mits at the same time, and L /_
the excitability of the vestibular apparatus be-
comes increasingly reduced. In cases with an Calibration 10 ° _ 0t ..... _ .... 10Sec.
especially prolonged tendency, we then discon-

FrGORE 16. -- Results of a followup examination.
tinue the irradiation. We dare not give more

ultrasound in these cases because of the risk of er the consequence is then a rupture in a weak
damage both to the facial nerve and to the place in the membranous endolymphatic wali
cochlea. As a rule, we have then simultaneously is an open question. Of recen! great interest
raised the power output of the transducer" tip are the experiments of Dohlman and FermhMez
to 3.0 to 3.5 watts. The total irradiation time ml the frog and ape where it was shown that

varies from 2 to 4 minutes and 15 to 30 minutes, p.lassium chloride seemed to have the grealesl

A followup examination was made this year importance for the transport of ions in labyrin-
of the 228 patients who have been observed for thine stinmlations, and which may also have a
6 months, 6 years after their operation. All depolarizing effect on labyrinthine nerve

of them answered a questionnaire, and the branches.
majority also underwent complete audiological When later we studied our resuhs of irradiation
and otoneurological reexaminations. The vertigo in man, we found complete or, in most cases,
had disappeared in 56 percent mid had improved partial des/ruction of vestibular function. This

in an additional 33 percent; thus there was appears to correspond well with tire hypothesis
improvement in a tolal of 89 percent, The fin- that the end¢dymphatic secretion is reduced on

nitus had diminished or disappeared in 48 irradiation. Conditions are thus created for a
percent. Hearing was improved or unchanged reduction of labyrinthine hydrops.
in 64 percent, and the hearing results were, on Our own irradiation experiments on animals
the whole, independent of the length of the and those of others have shown histologically

.hservation period. An increased capacity for and histochemically that the secretory epithe-
work was noted in 54 percent. The caloric lium in the cochlea and ampullae is undoubtedly
reaction had decreased in 58 percent (example damaged. Hypothetically, it would seem to be
in fig. 16). A statistically significant relation- justifiable to assume, therefore, that conditions
ship was found between the duration of the are thereby created for reduction of the endo-
postoperative paralytic nystagmus and the labyrinthine pressure in a M6ni6re hydrops alter
reduction in the cahwic excitability noted at ultrasonic irradiation.

the followup examination. In addition to its thermal effect, ultrasound

With regard to the pathogenesis of the M6ni_re also has a mechanical action. Hughes and Chou
attacks, it is now probable that it is a temporary (ref. 16) have shown that this mechanical effect
rise in pressure that provokes the crisis. Wheth- can influence osmotic processes, with an increase



282 THE ROLE OF THE VESTIBULAR ORGANS IN SPACE EXPLORATION --,

in the capillary permeability in cell membranes question can be asked then whether part of the
and an effect on the microcirculation of the favorable effect of diuretics can also be due to a

blood. The pH can be changed. It is con- decrease of the potassium concentration in the
sidered that the cavitation can damage or burst endolymph. Can we perhaps dare, in our
cells and break open macromolecules in serum, M6nibre patients, for short, critical periods, to
whereby biochemical changes with altered pro- avoid administration of extra potassium when

tein concentrations can occur. Blood is hemo- treating them with diuretics?

lyzed, bacteria killed, etc. It is probably no exaggeration to claim that
Hughes and Chou have experimentally shown about 90 percent of our operated cases become

biochemical changes with an alteration in the free of their vertigo attacks, or considerably im-

electrolyte content in the labyrinthine fluids, proved, and the majority return to full working
Similarly, on ultrasonic irradiation the transport capacity. Our figures correspond well with those

of sodium and potassium ions is altered, and of Arslan in Padova. He operated on 1500
thereby the capacity of the neuroepithelial sys- patients from 1952 to 1964, and 90 percent of
tern to respond to different stimuli is eliminated them were freed of vertigo. Arslan estimated
or reduced, or at any rate changed, that up to now about 3000 patients have been

In other words, it would seem that all these operated on in the world.
biochemical changes after ultrasonic irradiation,
which among other things causes damage to the As I have mentioned, we do have patients with
secretory epithelium in the cochlea and ampullae, recurrent attacks of vertigo of short or long dura-
might theoretically explain not only the favorable tion after ultrasonic therapy. Sometimes the
effect of such irradiation in M6nibre's disease patient himself has noted, or in answer to particu-

but also the pbsitive results which have been lar questioning has stated, that he is now having

obtained without always producing full destruc- symptoms from the untreated ear. On some
occasions it has been necessary to reoperate be-tion of the sensory cells of the vestibular organ.
cause of recurrence. This is very easily done,In this connection it is also of interest to re-

member the beneficial effect of our diuretics in and no reaction is ever seen in the surgical wound.

M6nibre's disease. Apart from the fluid loss, No signs of labyrinthine neurosis have been seen.
there is also an increased excretion of potassium. A final but important facet of ultrasonic oto-

The intracellular fluid, the endolymph, has a high- surgery is its stimulating effect upon present-
potassium and low-sodium concentration. The day neuro-otological concepts.
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DISC USSION

Graybiel: What was the time course of tile postural dis- disease is the most frequent vestihular afltieti_m encountered

equilibrium effects; that is to say, what was it before tile in his practice. It is conceivable that there are very con-
ultrasound treatment and afterward? Were the patients siderahle regional differences, hecause I helieve that tile

ataxic afterward? consensus _t" American otologists is probably that M6ni_re's

Sjoberg: They had some difficulty in walking for 1 or 2 disease is by m_ means the most frequent affliction and that
mnnlhs, hut no lllore. They became accustomed very easily benign positional vertigo aml so forth occur much more

afterward, but they had a slight feeling of lateropuJsion and frequently. Do you have ally e_mments on this?

unsteadiness in darkness during this time. Sjoberg: With regard t_, the topical diagnosis in vertigi-
Grayifiel: But it did last 1 to 2 months? nous diseases of the MGniizre's type, it is very important to

Sjbberg: Yes. They could work after 2 or 3 months, decide whether the lesion is peripheral or ccntral. There-

Tolhurst: Have you explored enough so that you can say fore, 1 haw: just mentioncd the Barrp_-l_ieou syndrome, {,r

something about the time-intensity relationship of exposure cervical migraine, which can present considerahle diPficulties

to ultrasound? As you increase the wattage, do you have in differential diagnosis. Wc have m_t yet lreatcd such cases
to reduce the time, and do you know the parameters of each? with ultrasound.

Sjti, berg: As a rule we have raised the power output of
the transducer to 3.0 to 3.5 watts. Tile total irradiation time Money: 1 was interested t,, see that tile rate (,f retention of

varies between 2 to 3 minutes and 15 to 30 minutes. But hearing was 6,1,percent. (:all Dr. (;raybiel tell us what tile

tile treatn/ent time depends on the quality of the bone, which rate of retenti,,n of hearing was in the streptomycin series

can be different in every individual. With a hard bone it which hc studied'."

can be more diffaeult for the ultrasonic beam to go through tile Graybiel: Our study was hased on four patients _,f Profes-

bony capsule at the labyrinth, sor Sehuknecht's, and we conducted _,ur tests long after

Lowy: Dr. Sj_;berg is to be congratulated on having a they had heen treated with streptomycin sulfate. Three

presentation equally interesting from a medical as well as a normal and five diseased ears were inw)lved. Serial audio-
scientific standpoint, if we will be permitted to separate those grams revealed a substantial and permanent improvement

two aspects. Dr. Sjllberg has presented us with an over- in hearing in four ears which came about over periods

whehningly wAuminous numher of cases. He also made the measured in months or years. Hearing in one ear improved

statement that, according, to his own experience, M6ni6re's temporarily hut reverted to its pretreatment level.
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SUMMARY

Guinea pigs were individually exiJosed to intense sinusoidal soun(] stimulation .f various frequen-

cies and varying also ira intensity and duration. After a suilable period to allow for degeneration of

damaged hair cells, the animals were sacrificed and surface prcparati.ns of tire organs of Corti wen:

made according to tire method of Engstri;m. CochleogramsofcachorganofCorti were conslructed

to mail the position and condition of each cochlear hair cell. The cochleograms were coded for com-

puter reduction of data. Intercomparisons of hair-cell damage were madein lerms of variants oflhc

three paranleters ,,f the exposure stimultlS.

Narrow regions of severe to tolal hair-cell destruction were seen in the ears exposed to higher

frequency stimuli. In general, greater dalnage was seen in ouler than hi inner hair cells. This dif-

ference was grealcsl in cars exposed to low frequencies, in which extensive outer-hair-cell damage

was seen near the apex. Relations hetwecn damage and stimulation panerns are discussed in terms

of tile nonlinear response of the car to high-intensity stimulation.

INTRODUCTION ranged from less than adequate to fragmentary.
The greatest amount of functional data and the

There are two reasons for doing experiments sketchiest amount of anatomical information
in which damage patterns of cochlear hair cells

have come from human experiments, whereas
are mapped after exposing animals to intense the fuller anatomical evidence, combined with
sound. The first is the obvious one of trying minimal functional evidence, has been derived

to determine the parameters of sound stimuli from animal experiments. The functional evi-
which will produce a given amount and pattern dence from both human and animal subjects
of hair-cell changes. The second rests on the

hope of gaining inferential information on the has been limited largely to the pure-tone audio-
normal pattern of stimulation by sounds of known gram, a test which falls considerably short of

the subtlety needed to discriminate crucially
characteristics, and assumes a direct corre- in terms of frequency analytical function. On
spondence between damage patterns and stimu-

the other hand, the damage to hair cells in both
lation patterns. To complete the correlations human and animal cochleas has been studied
thus implied, it would be necessary to add to the almost exclusively by Guild's method of graphic
equation the exact pattern of hearing loss. reconstruction from serial sections (ref. 1), a
Evidence on all of these points in the past has method which is severely limited in that it makes

This research was supported by NASA grant NGL accurate orientation difficult, and leaves possibly
14-005-074. crucial segments of the organ of Corti unex-
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plored. The net result of many studies using unfilled, and generally unequal numbers in the
these methods has been to leave in doubt others. Animals were exposed individually in

whether intense stimulation by sinusoidal sound the small plane-wave chamber illustrated in

produces hair-cell damage which is truly sys- figure 1. This type of enclosure was selected
tematic or selective. This stands in marked con- because it provided the most uniform sound

trast to the apparently precise and systematic field available for the frequencies used. The
localization of tonal maxima along the length of maximum variation in exposure level, due to
the organ of Corti. changes in head position, was --+2dB at 2000 Hz.

Together with a growing list of students and (I will not go into the detail of the sound-gener-
associates, we have worked with a method ating and monitoring equipment now. The

developed in Professor Engstriim's laboratory, information is available to anyone who is in-
and it is called the surface-preparation teeh- terested. The outline of the apparatus is seen

nique, which makes possible the examination of
the organ of Corti in toto from its endolymphatic

surface. It is quite feasible to chart all the hair '] GENERATOR _ COUNTER ]
cells, each in its proper position in relation to the [ I -[ J VTVM
rest, and to note their condition (i.e., intact, dam-

aged, or replaced by a phalangeal scar). The ATTEN ]
method was exploited in the present study to I

/

I

explore systematically the relationship between + SPECTRUM 1ANALYZER AM PLIFIER

hair-cell damage and frequency analytical func- ] _ I
tion of the cochlea. AMPLIFIER

W,
METHOD TO DRIVER(S) FROM MICROPHONE

Forty-five female guinea pigs apwoximately

300 grams in body weight were used as experi-
mental subjects. They were received from the

supplier in groups of 10. In addition to the
assurances of the breeder that these animals had

been free of disease, had not been previously

exposed to harmful acoustic stimulation, or to
ototoxic drugs, two further precautions were
taken: (1) The animals were isolated from the
rest of the colony for at least a week, and (2) one PLANE

or two animals from each group were used as con- WAVECHAMBER

trois, being treated in all respects like the experi-
mental group except that they were not exposed
to sound stimulation.

Three variables of pure-tone exposure were

sampled: stimulus frequency, stimulus intensity,
and exposure duration. The frequencies in- GLASS FIBER

eluded 4000, 2000, 1000, 500, and 125 Hz. In- TERMINATION

tensities included 110, 120, 130, 140, and 150 dB.

Durations of exposures included 16, 8, 4, 2, and FIGURE1.-Sound-exposure apparatus. Top: Block diagram

1 hours; 30, 15, and 7.5 minutes. The original of sound-generating and measuring equipment. Bottom:

plan called for at least one animal at each com- Cross-sectionalviewof plane-wave chamber fitted with twin
drivers and exponential horn. Microphone openings are

bination of the variables; however, attrition dur-
not shown. They are located in the front and back walls

ing the postexposure period (from disease, acci- of the chamber at the level of the animal's head. (VTVM:

dent, and the like) left some of the design blocks Vacuum tubevoltmeter.)
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in fig. 1. Fig. 2 shows the harmonic energy 1501--
analysis for all the applied tones.)

After exposure, the animals were maintained 130_- I 4000 HZ
for 4 to 7 weeks to allow time for degeneration

of any hair cells damaged by the exposure stimuli. I I0
At the end of the survival period, they were

anesthetized with pentobarbital sodium and 90
decapitated, and rapid dissection of the ears
was carried out as previously described by I 2 3 4
Engstriim, Ades, and Andersson (ref. 2). The 15Or -

specimens were fixed and stained in 1.5 percent
Veronal-buffered osmic acid solution. Figure 3 130 2000 HZ

shows how the organ of Corti was freed by seg- _-_oE Ill

ments which were mounted in glycerin on a slide, I IO
covered, and were then ready for examination. ¢Xl

Under phase-contrast illumination, the epi- 90

thelium of the guinea pig's organ of Corti appears _. 2 3 4

as in figure 4A. It can be seen that the geo- _ 150

metrical pattern of sensory cells is highly regular. O_ /[-] 1

Extending nearly from the apex to the base, "_
130 I000 Hz

there are three rows of outer hair cells (OHC),

with an approximately equal number of cells I10 l]_

in each row. The inner hair cells (IHC) form a OO

single row. When a sensory cell has been dam- 0 90aged and allowed to degenerate, its position in
"scar " _lthe mosaic is preserved in the form of a " • I 2 3 4

In view of the high degree of spatial regularity tl_ 150
found among these sensory cells, it was a simple, _

if tedious, matter to literally map the position ...1 130_L1 500 HZ

and condition of each hair cell onto schematic a.

forms that we called cochleograms. These _ I lO
forms underwent continuous evolution in the

course of the study; figure 4B shows the latest 90 |
version. Each cell was represented by a space

in the cochleogram and the number entered in I 2 3 4

the space specified its condition. The layout 150

of tbe eochleogram and the numerical code were i i _

designed to permit direct punching of computer 130 12 5 H z
data cards.

A few cells were usually lost through prepara- I IO

tion artifact. In some cases of severe damage, [']
where the entire organ of Corti was obliterated, 90 Elit was necessary to estimate the numbers of
hair cells involved. While recourse to estimation I 2 3 4

was unfortunate, it was imperative to account HARMONIC NUMBER
for all the hair cells so that direct comparison

between specimens could be made. The degree Flcu_E 2.-A harmonic energy analysis of the applied tones
4000, 2000, IO00, ,500, and 125 Hz at 130 dB (solid bars)

of uniformity in numbers of hair cells occupying and 150 dB (open b.rs). The 150-dB level was not used at

a given segment of the organ of Corti allows 4000Hz and500 Hz.
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FIGURE3.--Schematicdiagram of the guinea pig's organoj I I I 14. I I I I 4. I I Ill 2.
Corti, showing the extent of segments removed from the bon.;

modiolus. Each segment corresponded approximatel) FIGURE 4.--A: Phase-contrast micrograph of guinea pig's

to one complete coil of the organ of Corti. Also shown are organ of Corti. B: Coehleogram of the segment shown

the positions of the stapes arid round window, above. 850 x

confidence in the accuracy of estimating missing RESULTS

cells. Each OHC occupies a linear extent of
Hair-Cell Damage: Comparison Among Groups

approximately 8.35 microns. Inner hair cells
For purposes of analysis, the organ of Corti

are larger; they occupy a distance of 10.44 was visualized as consisting of a number of seg-

microns. When the cochlear partition is pre- ments lying end to end. The segments each
pared using the surface-specimen technique, the contained 50 OHC of each row and 40 IHC. In

fragile parts of the organ of Corti are supported each segment, the percentage of damaged hair

by the bony spiral lamina. Thus, when the hair cells was computed separately for each hair-cell

cells have been swept away either by the sound row. A certain number of hair cells were un-

exposure or by clumsy dissection, the spiral observable in some segments due to preparation
artifact. In these cases, the percentage of

lamina remains intact. Therefore, it was usually damaged cells was calculated on the basis of
sufficient to scale the distance along the missing the number of cells that were observed. When

portion to make a fairly accurate estimate of the the number of unobservable cells in a particular
number of hair cells that were involved, row exceeded 50 percent of the total number
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in that segment, that row of cells was dropped effect was seen, but only in the apical two-
from the analysis of the segment, thirds of the organ of Corti. The tendency filr

Hair-cell surfaces are uniform in length and OHC damage to be proportionately greater than

all segments were made to contain an equal IHC damage near the apex appears also in the
number of hair cells, so all segments were groups of ears exposed to 130 dR. In figure 5,
nearly equal in length. Therefore, a particular it can be seen that, when damage is present

segment of one organ of Corti occupied approxi- near the apex, it is confined to OHC. This
mately the same position (with respect to the effect was present in all groups regardless of the
base) as the corresponding segment of any other exposure frequency.
organ of Corti. The relationship between stimulation frequency

Mean percent damage values were calculated and position of maximum damage is a matter of
for each hair-cell row in corresponding segments paramount interest. All place theories depend

of ears receiving identical exposures. A on a functional relationship between tonal fre-
mean damage curve was constructed for each quency and position on the cochlear partition at

group of ears by plotting mean damage values of
the segments with the segments arranged along

the abscissain the p°siti°ns they°ccupy°nthe i __ 4 t

organ of Corti. Figure 5 presents the mean -"_'"_"- --v tooso
damage curves for groups that were exposed to _ A so 130 liB
130-dR sound pressure level (SPL). The mean ooo m 4o

curves for groups exposed to 150-dR SPL are _- IHour J aO
lint nnlJutnlLttnlnua n7 0

shown in figure 6, along with the mean damage t o
_ IOC

curve for a group of normal ears. I !_)'_v'_'i'"lt/ " t

tlF, tBo
The curves presented in figures 5 and 6 should :' : I1 so

be interpreted with caution because the vari- _ 2000Hz_ 4o
ability within groups was large and sample size i Hour1 ao
differed widely, but several trends are noted: ,_ " j_l'''_t''''l''''q o

A comparison between the amount of damage _ b ""-'_",---'-""-"'J-I ,oc ; --

t Bo

produced by 130- and 150-dR sound exposures z° I D so '"': |

at 125, 1000, and 2000 Hz reveals that, as ex- _ moo sz_ 40 moo Hz
pected, exposure to 150 dB produced considerably '_ I Hour-] 20 4 Hours[
more hair-cell damage than did the comparable _ , nJ , I Ji J , I J t i J I nJ I , "70 g,, I I , ,, , I , , , _I __ t-a. ; 4

130dB exp°sure" A re°re interesting resuh [:-'_'"7"':'_"" tao/_:_._lv q IOOb_W"

is the almost complete loss of damage localiza- ".'.."..ii':'"" F so.. G
tion caused by the more intense exposure at SOOHz_4ot"._.: _OOHz
1000 and 2000 Hz (fig. 6B through E). The i Sour-i20 L ,t Hours3
increased sound intensity caused damage to _j,,_,,,,I,,,,I,,,,• o r-J,,,,I,,,,I,,,,I,,,,_

spread primarily toward the base. Hair-cell _-_-_ . q uoo .._
•"" -1so _,, ......'.:'"

loss in all rows was nearly 100 percent over the ": H _ so _..._'"" Ibasal 80 percent of the organ of Corti. t2_ Hz _0 n_e_H,
Hair-cell damage in ears exposed to 125 Hz t Hour_20_ 4 Hours_

at 150 dB appears to be restricted largely to I,_ttl_JJJl,, _1_ , ' _ ]-0 I tttl I_tll_l_lt It j/

outer hair cells. The damage is shown in only ao _5 _o _ ao _ _o sMILLIMETERS FROM BASAL END
one ear exposed for 4 hours (fig. 6G), so conclu-
sions here nmst remain tentative, but this ear FIGURE 5.--Mean damage curw:s for groups exposed to 130-

showed the most extensive damage to OHC dB SPL. The small arrow above each curve indicates the

of any ear in the sample, while IHC damage position of maximum stimulation for the exposure frequency.
Blackened areas indicate damage to all fimr hair cell

averaged only 11 percent. In ears exposed to rows; IHC; OHC 1; ...... OHC 2;
the same sound for 1 hour (fig. 6F), a similar .......... OItC3
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[2"-_'_'" A-] ioo One way of examining the relation between

K l s21 hair-cell stimulation and hair-cell damage is to

6o compare points of maximum stimulation and
NORMAL 40 maximum damage in relation to stimulus fre-

,h,,,,t_,_,l,,,_ quency. Figure 5 shows that the position of
2o _5 to s maximum damage bears some relation to ex-

lSO dB posure frequency. As frequency is increased,
,_ the position of maximum damage moves toward:E
" the base. The small arrow above each curve ino
z the figure indicates the position of maximumI-

z stimulation (calculated with Greenwood's for-laJ

mula) for the exposure frequency of that group.

Exposure to 2000 and 4000 Hz (fig. 5A through C)
produced damage that was most sharply localized.
The agreement between stimulation and damage
maxima at these frequencies was reasonably
close, but not impressive. Exposure at 1000 Hz

Ioo (fig. 5D and E) produced less localized damage

-%____eol than did exposure to higher frequencies, and

60 maximum damage was closer to the position
4o stimulated by 2000 Hz than to the position stimu-

iI2_o,!! 2o latedbyl000Hz. Exposures at 500 and le5 HzIttll II II lll l 17

20 15 =o s 2o =s Io s (fig. 5/;' through /) produced IHC damage that
MtLUMETFRSFROMBASALENO was slight and whose maxima consistently fell

at points basalward from the places supposedly
FIGURE 6.--Mean damage curves for groups exposed to 1,50-

dB SPL. The small arrow above each curve indicates the receiving maximum stimulation from the exposure
position of maximum stimulation for the exposure frequency, tones. Damage confined to OHC appeared near
Blackened areas indicate damage to all four hair cell the apex.

rows; IHC; , OHC 1; ..... OttC 2; It appears that correspondence between maxi-
.......... OHC,i. The mean curve for 12 normal (unerposed)

ears is shown at the top of thefigure, nlum stimulation and maximum damage positions
on the organ of Corti is best for higher frequen-
cies (where maxima are sharper). If a frequency

which it vibrates with maximumamplitude. Evi- "map" of damage maxima were made, the

dence of such a relationship has been provided separation between frequencies in general would

by Steinberg (ref. 3), Culler et al. (ref. 4), and be less than it is in the frequency map of stimu-
von B6k6sy (ref. 5). The frequency "maps" of lation maxima, with the lower frequencies, in
the cochlear partition developed by these in- particular, shifting toward the basal end. How-
vestigators differ somewhat in detail, but agree ever, since the damage maxima are not very
in showing an approximate inverse relation be- sharp in these mean curves, support for this
tween the logarithm of frequency and distance statement cannot be very strong.
from the base. Greenwood (ref. 6) constructed To determine whether 4-hour exposures cause

an empirical function, based on von B6k6sy's more hair-cell damage than 1-hour exposures
observations (ref. 5), which relates frequency to at 130 dB, the groups exposed to 2000, 1000,
the position of maximum vibration, and is prob- 500, and 125 Hz were combined and a Mann-

ably the best available expression of the relation- Whitney U-test (see Siegel, ref. 7) was applied
ship between tonal frequency and position of to compare effects of the two exposure dura-
maximum vibration on the cochlear partition. It tions. Each hair-cell row was compared

is, nevertheless, only an approximation and separately. The large sample size (n_=16,

subject to some errors of assumption, n2=24) justified referring the obtained U-
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value to the normal distribution. The 0.01 -J I [

I °I'....1significance level was chosen and a one-tailed _ _"_ I°°k'. :."_'_'".'1 '_
test was used. Damage to IHC in ears exposed _ "" Bo "
for 4 hours was not significantly greater than z 40

_I llllllllll'lllllll _I'OE 83R
damage sustained after 1-hour exposure; how- o 8SL

II1 0 /I [llllllllllll II IIII
ever, damage in all three rows of OHC con- _ 20 is io s 20 t5 Io ,5
tinued to increase after 1 hour. Differences in MMFROMBASALEND MMFROMBASALEND

the amount of outer-hair-cell damage between
1 and 4 hours were significant beyond P= 0.001.

The small number of ears in some groups _ IV ____ou J_1:_I /'_"['.°° .... _ .... - " 1

exposed at 150 dB do not permit any statistical g ":':"'"" " _.-"
Z

treatment, but the curves in figure 6 suggest __
that, for 125-Hz exposures, the picture is similar _ _4o_

to that seen at 130 dB. IHC damage appears o _ _ _ 2o seatn o H_JfJJJ_J_J_J_J
essentially complete after 1 hour, but OHC _ 20 u5 ao s zo us ao s
damage continues to grow between 1 and 4 MM FROM BASAL END MM FROM BASAL END

hours. At 1000 and 2000 Hz, no appreciable

additional damage in any hair-cell row was _j | [
sustained after an exposure of 1 hour. It ap- _ _ [-._

pears that hair cells which are susceptible to z° _ 60 .:
damage at these frequencies have already _z _4o_ i,'"
sustained damage after 1 hour when the intensity n-° .. • 132L _ _0 _ :: : 132is 150 dB. ,., I I I'1I I Illl I III I [ Ill I O It::l I III II[ I _ I I I I I IIIo. 20 15 I0 5 20 15 I0 5

Variability was noted in amount or pattern of MM FROMBASALEND MM FROMBASALEND

damage among animals with similar exposures, FUTURE7.-Individual damage cu.rves for ears exposed to
and even between the two ears of individual /000 Hz at 130 dB for 4 hours. The small arrow above

subjects. I should like to call attention to one each curve indicates the t)ositionof maximumstimulation
type of variation; namely, that found in the dis- for lO00Hz. Blackened¢treasindicate d, mage to all./our

tribution of damage along the organ of Corti. hair cell rows; _ IHC; _., OHC I; ......

The mean curves presented in figure 5 generally OHC2: .......... OH(:3.

show poorly localized hair-cell loss. Consider,
for example, figure 5E which represents the were three such peaks, located at 9, 10.5, and
mean curve for ears exposed to 1000 Hz at 130 12 mm from the base. These peaks represent
dB for 4 hours. IHC loss was most severe in areas of total damage on the organ of Corti.

the middle regions, and OHC loss was spread The existence of sharply defined areas of total
rather evenly in the apical half of the organ of damage was a common finding in the 56 ears
Corti. In contrast with their mean curve, the exposed to 130 dB. A photomicrograph of such
individual damage curves for these ears, shown an area appears in figure 8. In 29 of these ears,
in figure 7, display much more localized hair-cell a single totally damaged area was found, while
loss occurring in a series of sharp peaks. The in an additional 7 ears, there were 2 or more

occurrence of these peaks in different places in such areas spaced at intervals along the organ
the individual ears is expressed by rather broad of Corti. These areas varied in extent from 0.1

maxima in the mean curve, to 1.5 mm. They could readily be identified as
In five of the six ears, there was a single sharp soon as the cochlea was opened during dissection.

peak of damage involving both IHC and OHC. Even under low-power magnification, an inter-
In four of these (83R, 83L, 88R, and 132L), the ruption was observed in the organ of Corti where

peak was located 10 to 11 mm from the base. hair cells, pillar cells, and supporting elements
The fifth (132R) displayed a peak at 13 mm from had been swept away. In addition, degenera-

the base. In the remaining ear (88L), there tion of the radial nerve supply was plainly visible.
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FIGURE&--Phase-contrastmicrographof a restrictedregionof total hair-celldamage located about 9 mmfrom the base. This
was oneof severalsuch areasseen in an ear exposedto 2000Hz at 130 dBfor 4 hours. Displacementof cells in the region
to the right of the totally damagedarea is the resultof dissectionartifact. 350 x •

The positions on the organ of Corti of total base. Among 12 ears exposed at 500 Hz, only
destruction define, as closely as possible, points five showed an area of total damage; all of these
of maximum damage with which to compare maxi- areas were well below the point of maximum
mum stimulation points predicted by Green- stimulation for 500 Hz. None (if the ears ex-
wood's function. The comparisons are made in posed at 125 Hz showed areas of total damage.

figure 9 for ears that were exposed at 130 dB. Place theories assume that ears exposed to the
Sixteen ears were exposed at 4000 Hz; of these, same frequency will receive maximum stimula-
12 ears contained one or more totally damaged tion at the same point on the basilar membrane.

areas. Figure 9 shows that areas of total damage Greenwood's function should probably be re-
in these 12 ears are clustered about a point ap- garded as a rule of thumb at best, and so some

proximately 9 mm from the base and slightly deviation between predicted stimulation maxima
apical to the point of maximum stimulation for
4000 Hz. Three more such areas lie nearer the

/

base at intervals of about 1 mm; these three areas _A /_'/,were contributed by a single ear that also con- ,ooo

tained an area of total damage between 8.1 and _ ,,o_
9.6 mm from the base. Each of the 10 ears ex- _, _° ./z /"

posed at 2000 Hz contained one or more areas of
total damage. (This group, as well as the ones _ ,,"""

500 O"

exposed at 1000 and 500 Hz, includes the ears _
exposed both for 1 hour and for 4 hours.) Total o

x / 0 GREENWOOD,S

damage areas for the ears exposed at 2000 Hz /,, Fo.c,,o.
were clustered at approximately the same place ,2: o', i

as total damage in ears exposed at 4000 Hz and _o ,', ,'8,'_ ,'_".._,._.E,_'''_ '_ "'_,o."°".,s,_;"E_D_ ' '_ ; ' l o
predominantly below the maximum stimulation
position predicted by Greenwond's function for FmURE 9.--Histograms of totally damaged areas for groupsexposedat a 130-dBSPL. Earsexposedbothfor 1 andfor
2000 Hz. Nine of ten ears exposed at 1000 Hz 4 hours are included. Open circles indicate the position

showed areas of maximum damage that occupied of maximum stimulation for the exposurefrequency. See
positions between 8.75 and 12.75 mm from the text for informationon sample size of the variousgroups.
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and observed damage maxima would not be in- OHC on either side of the totally damaged region.
consistent with a statement that hair-cell damage In tile ears exposed to 1125Hz for 1 Imur (fig. 6E),

mirrors hair-cell stimulation; however, maximum IHC damage exceeded damage to OHC between
damage points for ears exposed Io the same fre- 4 mm from the base and the basal tip. In all
quency are spread over 3 to 5 ram, which, if other groups exposed to 150 dB, OHC damage
Greenwood's function is correct, corresponds to was either equal to or exceeded IHC damage
a frequency range of almost two octaves. It in all regions of the organ of Corti.
seems improbable that the variation in a fre- (3) The difference between the amount of

quency localization between ears is that large; of damage to IHC and OHC became progressively
moreover, the distribution of maximum damage larger toward the apex. This effect appeared in
with respect tn exposure frequency, as seen in groups of ears exposed at 130 dB (shown in fig.
figure 9, clearly departs from the distribution pre- 5). It is part of a more general relationship
dicted from Greenwond's function. As exposure between the radial distribution of damage and
frequency decreases, the damage maximum falls distance ah:mg the organ of Corti. Damage

increasingly basalward in relation to the stimula- nearer the base is more likely to involve hair
lion maximum, cells lying closer to the modiolus than is damage

Less than half the ears exposed at 500 Hz located farther along the organ of Corti.

and no ears exposed at 125 Hz showed any areas This relationship can be seen more clearly
of total damage. In these ears, damage was when, in addition, one considers differences

confined largely to OHC. In general, damage among the three individual rows of OHC. Hair-
was not so sharply localized as it was in the ears cell damage in ears exposed to 4000 Hz (fig.
exposed to higher frequencies, but rather tended ,5//) was confined to the middle region of the

to be distributed in multiple peaks. The ears organ of Corti. In this region, the must severely
exposed to 1000 Hz (fig. 7) show best the char- damaged OHC row was lhe innermost row,
acteristics of damage both from higher and lower OHC 1. On the other hand, ears exposed to
frequency exposure. Besides the localized lower frequencies showed damage near the apex
areas of total damage characteristic of high that was increasingly confined to OHC. In

frequencies, these ears display damage limited these groups, the outermost row, OHC 3, was
largely to OHC near the apex, which is charac- the one showing the most severe damage. For
teristic of low frequency exposures. The example, in ears exposed to 500 and 125 Hz

prominence of multiple damage peaks seen in (fig. 5F through I), damage was least severe
these ears exposed to a pure tone stimulus pro- in OHC 1, greater in OHC 2, and still greater in
rides further argument against a simple corre- OHC 3.

spondence between stimulation and damage Distance along the organ of Corti is not,
patterns, however, the only variable related to these

differences in the radial distribution of damage.
Hair-Cell Damage: Comparisons Among Hair-Cell The above comparisons were made amongR o',_$

groups of ears that were exposed to tones of
Three differences between damage to IHC different frequencies. Perhaps radial effects

and OHC have already been mentioned: are related to distance along the organ of Corti
(1) Damage to OHC continued to increase because both are a function of the same variable;

after exposure for 1 hour, whereas IHC damage that is, frequency of exposure. The damage

did not. curves in figure 6F and G suggest that this is
(2) OHC sustained more damage than IHC. the case. The ears shown here were exposed

This was true at all points along the organ of to 125 Hz at 150 dB. Differences among OHC
Corti in ears exposed to 130 dB; however, excep- rows are not seen, but these ears show the large

lions appear in two groups exposed to 150 dB. differences between OHC and IHC damage
Two ears exposed at 1000 Hz for 4 hours (seen that are characteristic of ears exposed to low
in fig. 6E) showed more damage to IHC than to frequencies. They failed to show appreciable
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IHC damage even in the middle region of the OHC row in guinea pig ears exposed to a 500-Hz
organ of Corti, where IHC damage had become tone. It was shown in the present study that
prominent in other ears exposed to higher OHC 1 was most severely damaged in ears ex-

frequencies. The low-frequency tone was capa- posed to 4000 Hz, but, contrary to Beagley's
ble of producing damage, largely confined to results, OHC 1 showed the least damage of any
OHC, in all regions of the organ of Corti. This OHC row after exposure to 500 Hz. Other in-
result suggests that exposure frequency rather vestigators using the surface-preparation tech-
than position along the organ of Corti is the nique (refs. 2 and 13) have denmnstrated dif-
relevant variable determining the radial dis- ferential radial damage, but they noted no
tribution of damage, systematic trends.

Other resuhs reported here are relevant to two
DISCUSSION of the more general problems that plague in-

In the introduction, it was suggested that vestigators of auditorydamage: (1) Individualears

previous studies failed to reveal selective vary greatly in their susceptibility to damage,
cochlear lesions because the method of graphical and (2) hair-cell damage and bearing losses do
reconstruction from serial sections precluded not correspond to exposure parameters in a

precise assessment of hair-cell damage, simple way.
particularly when damage was relatively light. The first problem is of considerable clinical
Use of the surface-preparation technique per- importance. Large individual differences re-
mitted a more complete assessment of hair- tard progress in establishing workable damage-
cell damage than was possible before. More risk criteria. Extensive research has been di-
selective and discontinuous hair-cell loss was rected toward predicting individual susceptibility

seen than has been reported previously, par- to noise damage using temporary threshold shift

ticularly in ears in which damage was relatively as a predictor, but only limited success has been
slight. Presumably this feature of hair-cell achieved (ref. 14). Development of more sue-
damage went unnoticed in ears prepared by the cessful predictors has been limited largely by
traditional method, the lack of knowledge concerning the relevant

In general, the gross pattern of hair-cell damage variables. In this regard, it is worthwhile to
seen in the present material affirms the eonclu- point ou! that, in the present study, ears exposed
sions based oh earlier observations (refs. 8 to to highly controlled acoustic stimulation never-

10). Lesions first appeared near the stimulation theless exhibited large differences in the amount
maximum for the exposure frequency. More of hair-cell damage. A considerable portion of
intense exposure caused lesions to spread from the variability occurred between the two ears of

that point toward the base. It should be noted the same animal. The magnitude of the in-
that Elliott and McGee (ref. 11) described a dividual differences seen in the present data

different pattern of spread in cats. They stated, indicates that a significant source of variation lies
"The spread of damaging effects is at least as between the entrance of the ear canal and the

great toward the apical end as toward the basal receptors. A search for factors producing this
end of the cochlea, and possibly greater." A variation could contribute to successful clinical

species difference cannot be completely ruled prediction of susceptibility to hearing loss.
out, but our results support the conclusion that The other major problem that concerns investi-
the spread of hair-cell damage is primarily gators of hearing loss arises as a result of the
toward the base. expectations of place theory; each frequency is

The greater susceptibility of OHC than IHC presumed to cause maximmn stimulation at a
to damage has been reported consistently, but specific site on the organ of Corti. Hair cells
the observation that the radial distribution of that receive maximum stimulation by a particular

damage depends upon exposure frequency has frequency should be the first ones to be damaged
not been mentioned before. Beagley (ref. 12) when the intensity is raised; however, the
has stated that OHC 1 was the most damaged greatest hearing loss usually occurs one-half
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to one octave above the exposure frequency its acceleration. Acceleration depends on lhe

(ref. 15). ratio of the displacement amplitude and the

Even more disturbing is the fact that a variety square of tire periled of vibration. By analyzing

of n,msinusoidal stimuli, e.g., impulses and time-displacement patterns in cochlear models,
wideband noise, produce their greatest losses Schuknecht and Tonndor[' demonstrated thal

in the region of 4000 Hz. Various hyl)otheses the period of vibration is least at the basal end

have been offered to account for this. In general, of the cochlear partition and increases exl_,O-

they postulate that, for various anatomical nenlially thereafter. Since high frequencies

reasons, the region of tile organ of Corti focally produce maxinmnl disl)lacement amplitudes

receptive to 4000 Hz is either more vulnerable nearer the base, it follows that high frequencies
to damage or is the site at which particularly produce greater acceleration, and therefore

destructive forces develop. The results of tile greater stress, ill the region of maximum ampli-

present study showed that tonal stimuli caused rude than do lower frequencies. High freqt, en-

damage that was generally related to the site eies should cause more hair-cell damage than low

of maximum stimulation for the exposure frequencies by tile mechanism of mechanical

frequency. Damage was not confined to tile stress.

region of the organ of Corti stimulated by 4000 Hz. The other notion is tile so-called physic,,

If the hypothesis were valid, an indication of chemical theory which attributes hair-cell

special susceptibility ill that region should damage t,_ exhaustion of cytochemical or enzy-

have appeared in ears exposed at low frequencies, matte materials as a result of prolonged exposure
Von B6k6sy(ref. 5, p. 504) found that the basilar to acoustic stimuli (ref. 17). This idea is sup-

membrane of tile guinea pig vibrates ill phase ported by evidence of uhrastructural changes
when stimulaled by a pure tone below tile following fairly intense acoustic stimulation

frequency of 200 Hz. Thus, at 125 Hz, stimula- (refs. 18 to 21). Tile earliest change was an

tion along the entire organ of Corti should be increase in the numher of osmiophilic inclusions

fairly uniform, and, if the region receiving within apices of OHC that were interpreted as

4000 Hz is especially susceptible to damage, products of intensified oxidative metabolism.

then damage should he most severe in that More prolonged stimulation produced additional

region. According to the present results, morphological aherations thought to be associated

there was, ill fact, no evidence of especially wilh a lack of oxygen in the inner ear. These

heavy damage in the 4000-Hz region in such changes were most prominent in OHC. K.ide

ears. Therefore, those hypotheses designed el al. (ref. 20) demmlstrated a reductiml in oxygen
to account specifically for the effects of non- tension in the perilymph during exposure to

sinusoidal stimulation do not appear relevant loud acoustic stimulation.

to a discussion of damage patterns caused by Thus,twn meehauisms of hair-cell damage have

pure tones, been postulated: (1) Mechanical stress, which is

Two general notions exist as In the mechanism thought to be more important at higher fre-
of hair-cell damage. The first of these attributes quencies; and (2) exhaustion of metabolic mate-

hair-cell damage to stresses within the cochlea rials, which is thought to depend more on ex-

sufficient to produce mechanical injury. Sehu- posure duration and to involve mainly OHC.

kneeht and Tonndorf (ref. 16) have made the fol- The present results suggest that both of these

lowing analysis of the distribution of mechanical mechanisms must be adduced to account for the

stress on the cochlear partition. Stress is de- hair-cell damage that was observed. Two find-

fined as mass times acceleration per unit area. ings are relevant: (1) IHC loss was essentially

Sehuknecht and Tonndorf assumed that the complete after I hour of exposure, but OHCloss

mass of the cochlear partition is approximately continued to increase between 1 and 4 [tours,

the same over its whole extent; therefore, the indicating that OHC are more sensitive than IHC

stress upon any segment of tile partition during to gradually accumulating effects of exposure;

its dislllacement is directly proportional to (2) OHC loss was prnporti,,nately greater than
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IHC loss at low stimulating frequencies (see factor was a more important mechanism of dam-

figs. 5 and 6), indicating that frequencies some- age at lower frequencies.
how differ in their effect. Both of these observa- In any case, formal analysis of hair-cell-damage

tious together suggest the following interpre- patterns depends on the ability to assign fre-
tation: At higher frequencies, mechanical stress quencies to specific locations on the organ of
was the most important mechanism of hair-cell Corti in the present material. Accordingly, the

damage. Injuries were seen both to OHC and interpretations offered here must remain qualita-
to IHC, although OHC were affected more. On tive and tentative. They are based, tilt the most
the other hand, lower frequencies at the same part, on indirect evidence. It is apparent that

SPL developed less mechanical stress, so this complex relations exist between the patterns of
factor was relatively less important as a cause of hair-cell damage and patterns of stimulation. In
hair-cell damage; hence, most IHC survived low- the fuller elaboration of these relationships,

frequency exPosure, while OHC were damaged particular attention must be paid to the ear's non-
in greater numbers. This fact and the fact that linear response to high-intensity stimulation and
OHC damage increased between 1 and 4 hours to differential susceptibility between ears, and
suggest that OHC are more sensitive to gradually perhaps between different regions of the cochlea,
accumulating effects of stimulation, and that this to various stimulation parameters.
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FIGURE D2.-Basal coil of the left cochlea from a woman aged 86 years, with no known excessive norse exposure• The cochlea

shows an overall degeneration of nerve fibers, most marked in the base. Moreover, there is a patch), degeneration of nerves

.nd the corresponding .reos qfthe organ ofCorti (arro_vs). The etiology of this p.tchy loss is unknown.
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SUMMARY

Tbis study is concerned with mall's sensitivity tolmdy rotation about his three major body axe=a.
The specifc purpose was to determine thresholds for the perception of rotati_m about the .r-, y-, and
z-axes and to eumpare these results for the group and for tbe individual observers. The thresholds
of 18 men with normal vestibular function were establislled t)_rtire x-, y-, and z-axes by use of a pre-
cision rotation device. The angular acceleration was ordered, using a random, forced-choice, double-
staircase procedure, and the order of the determination of the thi'ee threshohts for each observer was

established by a Latin-square method. Mean thresholds were found to be equal for the x- arid z-axes.
The mean threshoht about the y-axis (somersaulting axis) was found to be substantially greater than
those about the x- and z-axes, but these difti_rences were both just below statistical significance. There
was a great range in thresholds fnr all three conditions. The intereorrelations among the three thresh-
olds were not significantly different from zero. It was concluded that under optimum testing con-
ditions, the mean threshulds about the .r-, y- and z-axes are essentially the same but that the threshold
about one body axis does not predict the threshold about the other two axes for a given observer.

INTRODUCTION axes are possible. On the basis of anatomical

and physiological information concerning the
Almost all the studies of the sensitivity of the

semicircular canals, it is quite clear that thesemicircular canals to angular acceleration have
vertical and the horizontal ones are functionally

been made with the observer rotating only about
different in several ways (refs. 2 to 4). For

his vertical axis (yaw or z-axis) (ref. 1). Con-

sequently, there is a dearth of intbrmation re- example, Lowenstein and Sand (ref. 2), using

garding man's sensitivity to rotation about the single nerve fiber preparations in the ray, re-

other two major bodyaxes. Indeed, comparisons ported that the vertical canals can be directly
stimulated by rotation in any plane, whereas the

of the perception of angular acceleration applied
horizontal semicircular canals are stitnulated

about the somersaulting axis (pitch or y-axis)
almost exclusively by rotation about a vertical

and cartwheeling axis (roll or x-axis) are so
axis. They also pointed out that the vertical

extremely limited that no definitive statements

on the range of canal sensitivity about these semicircular canals are phylogenetieally older
than the horizontal semicircular canals and are

subdivided by a septum which is not found in the
The experimental work for this study was carried out at

Ames Research Center under Natiq,nal Aeronautics and horizontals. Consequently, upon neurological

Space Administration grant NGR 05-046-002 to San Jose and l_hysinlogical bases one might expect

State College. some differences in sensitivity in rotating about

299
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the various axes. At the same time, there is no tween the "cupulometric thresholds" in the

comparative anatomical evidence regarding the x- and z-axes. Jones et al. (ref. 13) have reported
differential functioning of the three pairs of cupulograms which indicate similar "cupulo-
ampular systems, and, furthermore, rotation metric thresholds" in pitch, roll, and yaw. On
about any of the three major body axes will the other hand, they found different time con-
stimulate more than one pair of canals, stants for the duration of the aftereffects of rota-

The limited experimental findings are some- tion about the three major body axes. They
what conflicting with regard to thresholds for reported that the duration of the aftereffects

the perception of angular acceleration about the following acceleration was greatest for yaw and
three major body axes. Some investigators have least for pitch, with roll in an intermediate posi-

reported that there is no difference in these tion. Similar results have been reported by
thresholds (refs. 5 and 6). Much evidence would Collins and Guedry (ref. 14), Ledoux (ref. 15),

suggest, however, that rotation about the z-axis and van der Vis (ref. 16). Aschan and Stahle
will produce lower thresholds than would rota- (ref. 17) in a study of pigeons also reported that
tions about the x- or the y-axis (refs. 4 and 7). there were significantly more nystagmus beats

Only one study has been found that presents and the duration of nystagmus was longer after
even limited information; direct comparisons stimulation of the horizontal canals than after

were made of the perception of angular accelera- stimulation of the vertical canals. Collins and
tion in the horizontal and vertical planes on the Guedry (ref. 14) reported similar results for cats

same observers. Meiry(ref. 8) studied the thresh- and humans. Fluur and Mendel (ref. 4) studied
olds for the perception of angular acceleration the habituation of the horizontal and vertical
for three normal men and reported thresholds semicircular canals and found that it was more
about the z-axis to vary between 0.1°/sec ' and difficult to produce habituation of the vertical

0.2°/sec 2, whereas rotation of the head about the canals than the horizontal canals as a conse-
x-axis produced thresholds of about 0.5°/sec z. quence of repeated stimulation.
Thresholds as high as 8.2°/sec 2 have been re- This brief survey of the literature makes it

ported about the y-axis (ref. 9), but the method clear that definitive data regarding the sensi-
involved a very complex task of operating a tivity of man to rotation about his three major

flight simulator, and no direct comparisons were body axes are lacking. Adequate findings re-
made for the same observers for rotations about garding the sensitivity in these three body planes

the z-axis. Data obtained by Decher (ref. 10), have implications for the theoretical formulation

using nystagmus as an indicator of sensitivity, of the behavior of the semicircular canal system.
lend support to these data on the perception of Furthermore, they have practical implications
rotation. Decher reported that ibr nystagmus, in connect'ion with aircraft and spacecraft flight.
the thresholds for the vertical canals were more In flying aircraft, rotations about the z-axis are
than twice those of the horizontal canals. On relatively small and infrequent, whereas rotations

the other hand, one investigator (ref. 11) has about the x-and y-axes are much more frequent

written: "According to our experimental results, and more significant for efficient flight (ref. 13).
the two pairs of vertical canals functioning to- Consequently, it was the purpose of the current

gether are much more effective than the hori- investigation to compare the sensitivity of normal
zontal canals in the perception of passive rotary men to angular accelerations applied around

motion of the body." their x-, y-, and z-axes.
Data on differences between the functioning

of the horizontal and of the vertical canals are METHOD

also available from cupulometric studies. Some

of these studies support the notion that there are Apparatus

no significant differences in the perception of The observers were rotated in the Ames man-
rotation about the x-, y-, and z-axes. For ex- carrying rotation device (MCRD). The MCRD

ample, Benson (ref. 12) found no difference be- is a one-degree-of-freedom simulator which has
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been described in detail elsewhere (refs. 18 and the beginuing of tile next. A single series of
19). Accelerations may be produced and meas- approximately 32 trials lasted about 30 minutes,
ured in 0.0]°/see z steps at the low velocities and at least 30 minutes elapsed between sessions.

used in this study. The accelerations are pro- A 3-minute rest period was given halfway through
gramed by an analog computer, making it possible each session. Preliminary practice sessions
to produce changes in acceleration with a rise preceded the regular observations uf the percep-
time of the order of 0.1 second. The simulator lion of rotation at eachofthe three body positions.
is essentially free of vibration that might be per- The observers were given knowledge of results

eeived by observers at the low velocities used in the preliminary practice trials, but during the
during the threshold measurements in this regular trials they had no knowledge of results.
study. Furthermore, the observer is unable All data were collected for each observer al a
to detect when he accelerates through zero veloc- given body position before data were collected
ity. Two special seats were used to place the on another. The collection of data for hody
observers in the proper position. These seats position, however, was systemalically ordered

made it possible to position the observer con> among observers by a Latin-square procedure
fortably in three positions in order to rotate him to reduce sequential effects.

about the x-, y-, or z-axis of his body while the All the observations were made in darkness
simulator rotated about an Earth-vertical axis. with both eyes closed. The observer's lask
In each case, his head was positioned at the was merely to indicate the direclion of rotation

center of rotation, and his legs were drawn up by pressing a switch. The angular accelerations
in a sitting position. For rotation about his were presented according to a forced-choice,
z-axis, he sat in a normal, erect, seated position, random, double-staircase method which is the
For rotation about his x-axis, a horizontal chair same as we have used in previous studies (refs.
was arranged so that he was essentially fiat 18 and 19). The results of this method have

on his back with his legs in a seated position, been found to correlate closely with a frequency
This produced the same angular acceleration as method (ref. 19). Thirty pairs of observations
would be found in a roll. To rotate the observer were made following the final level, and the mean
around his y-axis, he was rotated from the previ- of these accelerations was considered to bc the
ous position 90° so that his right ear was down. threshold for each condition for each observer
Thus, with the simulator rotating about an Earth- (refs. 19 and 20).
vertical axis, the observer was turned around his
pitching axis. RESULTS

Observers The data (table 1) show that, for the 18 observ-
The observers were 18 men who were in good ers, the mean thresholds about the x- and z-axes

health by their own affirmation, and a general are the same to the second decimal place. The

physical examination revealed no significant variability about the means is essentially the
abnormalities. They had normal hearing, and same for the x- and z-thresholds; the difference

their responses to a caloric test were judged to is not statistically significant (P > 0.20). The
be normal, mean threshold about the y-axis, however, is

Procedure substantially greater than the thresholds about
3"he observer sat with his helmet pressed the x- and z-axes, but the differences do not

firmly back in a U-shaped headrest to maintain quite meet conventional criteria for statistical
his head in a fixed position for rotation about the significance at P=0.05 (t= 1.96 and 2.08,

x- and z-axes; for the y-axis, the helmet was respectively; df= 17). This is in part due to the
secured in position. The angular accelerations very great differences among the observers in
were presented for 10 seconds for all trials. The y-thresholds (table 1). In this regard it is note-
direction of the acceleration varied at random worthy that y-thresholds of individual observers
from trial to trial, and a minimum of 30 seconds were the highest (2.24°/sec z) and the lowest

elapsed between the end of one acceleration and (0.06°/sec ') of the thresholds. The standard
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TABLE 1.-Thresholds' for the Perception of tice on threshold determination about any two
Rotation About the x-, y-, and z-Axes of the axes would influence the threshold of the third.

Body for 18 Normal Men Thresholds were available for six observers at
[Threslmlds are in deg/sec 2] each of the three body positions taken first, see-

ond, or third. If experience in threshold deter-

Body position- _ _ (_ mination were an important factor, the thresholdwould be expected to be lower if a particular

Axisof rotation position were taken second or third in order.
Tbreshold An analysis of these effects showed that the order

Observer order effects were very small and not statistically
x y z

significant for the x- and z-axes (P > 0.20 in
each case). Tins confirms the lack of practice

1................ xyz 0.19 0.06 0.27 effects for the z-axis previously reported by Clark
2 ................ yzx .43 1.04 .73 and Stewart (ref. 19). The thresholds about the
3 ................ xzy .36 .18 .49

4................ yxz .40 .82 .27 y-axis showed a consistent decrease from the
5................ zxy .17 .64 .87 first to the third position. In fact, when the
6................ zyx .20 .12 .17 thresholds for the x- and z-axes were both taken

7 ................ xyz .33 .61 .60 before the y-threshold, the mean y-threshold
8 ................ zxy .51 .22 .33 was very near the mean of the x- and z-thresholds.
9 ................ zyx .45 .58 .39

10............... yzx .32 1.03 .45 However, these differences were also not sta-
ll ............... yxz .55 2.24 .47 tistically significant (P>0.10) for the small
12............... xzy .45 .59 .34 number of observers.
13 ............... xyz 1.02 .38 .30

14 ............... yzx .37 .56 .61 DISCUSSION

15 ............... zxy .78 .68 .41

16.............. yxz .26 .42 .21 This experiment was concerned with the sensi-

17.............. xzy .26 .31 .17 tivity of normal men to angular accelerations
18.............. zyx .25 1.50 .32 applied about their three major body axes. It

should be noted that these results are not

Mean threshold (N = 18)..... 0.41 0.67 0.41 directly comparable with earlier studies in which
Median threshold ............. 37 .59 .38

Standard deviation............ 21 .52 .19 there was an attempt to identify the sensitivity
Range ........................... 0.17-1.02 0.06--2.24 0.17-0.87 of individual pairs of canals. While this is of

interest to the clinician (e.g., in the caloric test)
and from an analytical point of view, our concern

Thresholds compared ........ x-y x-z y-z

Pearson correlation.......... +0.11 --0.06 +0.26 was simply with thresholds of rotation about the
three major body axes. Our results are more

'Threshold=mean of accelerations for each condition directly comparable to observer's standards of
for each observer hased on 30 pairs of observati,ms, reference for judgments of his orientation and

motion in everyday life situations, e.g., in walking

deviation was significantly greater about the about and in flying in aircraft or spacecraft,
y-axis than about the x- orz-axis (P < 0.01 in each ahhough such activities may be quite complex.
case). Pearson correlations were also computed Consequently, it is obvious that each of the
between the x-, y-, and z-thresholds (table l). thresholds reported involves the stimulation of
None of these correlations was found to be sig- all three pairs of semicircular canals.

nificant (P > 0.20 at N= 18 for each correlation). The mean thresholds for these 18 observers
Illustrations of the marked deviation in thresholds turned out to be the same for the x- and z-axes,

among the three axes are to be found in several and the standard deviations were nearly equal.
observers; e.g., 10, 11, 13,18. No definitive data on variability have been found

The Latin-square design also made it possible in the literature, but the lack of difference be-
to examine the data to determine whether prac- tween the mean x- and z-thresholds would appear
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to be in agreement with some earlier reports curate prediction can be made from the

(e.g., ref. 5) and at variance with others (e.g., thresholds ct, stmnarily determined wiI[l _bserver

refs. 8and11). h should be noted, however, that seated in an erect position as to his sensitivity

the range of thresholds is considerable about about other body axes. Cmlsequently, measure-
both the x- and z-axes even in this relatively small ments about tim z-axis can reveal little regarding

group of observers (table 1) and that with even a a particular pilot's sensitivity to the very complex
smaller number of observers, mm might find the angular accelerations produced in operating an

mean threshold would fall at any point from about aircraft or spacecraft, and no doubt even less

O.17°/sec " to 1.0°/see ". With larger numbers of prediction is possible for the complex Coriolis

observers, one would, of course, expect the range accelerations produced in moving about a rotating
of thresholds to increase somewhat beyond the room or a rotating space platform (refs. 21 and

levels reported here. Indeed, some of our un- 22).

published data on about 50 normal men for the It should be emphasized that this experiment

z-axis show a range of thresholds very close to has been concerned with the percepliml ofrota-

that of the y-axis reported above, ti,m as a manifestation of a highly complex

It is of importance to note that ahhough the vestibular system rather than as a hypotlmtical

mean threshold about the y-axis is substantially threshold for the semicircular canals or more

greater than the thresholds about the x- and specifically, the cupula (ref. 23). F,,r any par-

z-axes, both of these differences are just below tieular threshold, whether the perceplion of

conventional levels of statistical significance rotation, the oculogyral illusion, or nystagmus

(P=0.05). A second consideration here is is used as the indicator, the sensitivity tested

that comparisons of the threshold levels for each does not reflect cupular activity in any simple

observer show that the y-thresholds are greater way. It has been well established from many
- observations that the vestibular system may be

in only 12 instances for the 18 observers than the
stimulated by extremely low angular accelera-

x- and/or z-thresholds. This, too, is below con- lions. For example, with the oculogyral illusi,m

ventional levels of significance. A third result as the indicator about half of the observers have

is that the individual variability about the y-axis been found lo have thresimlds below 0.10°/see '-'.

is substantially greater. Finally, the y-thresholds But when the visual target is removed, the thresh-

tend to be substan'tially smaller if the observer old of the system increases to about three times

has had the x-and z-thresholds determined first, that value (refs. 1 and 18). It has also been

despite the practice trials which, in general, shown repeatedly that the vestibular system
amounted to some 60 to 70 observations before interacts in complex ways with other sensory

threshold data were counted. What interpreta- systems (ref. 23). For example, visual targets

tion can be placed on these somewhat ambigu- affect vestibular sensitivity; general level of

ous results regarding the thresholds about the alertness influences vestibular effects; body

y-axis? It is suggested that the observations tilt influences the perception of the visual vet-
are more difficult for some observers to make tical; and angular acceleration affects visual

when they are placed on their side. Indeed, and auditory localization.

several observers reported this. After additional With these facts in mind, the findings of this

trials, however, this difficulty tended to dis- experiment become understandable in terms of

appear, and the x-, y-, and z-thresholds became a sensory system whose ,,peration is influenced
much more alike. Consequently, it can probably by complex functions and interactions. Thus,
be said that the stimulus thresholds about the high variability and the possibility of higher

the x-, y-, and z-axes are much the same under thresholds about the y-axis may be considered

optimum test conditions, to be related to the unique tactual and propriocep-

The very low correlations between the thresh- rive information in this body position which may

olds about the x-, y-, and z-axes are also note- lead to different spatial orientation in different

worthy. These correlatious show that no ac- observers. These effects may be considered
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to be comparable to the modification of the lation of these two pairs of canals while the
observer's perception of the visual vertical and horizontal canals are less affected. The z-

horizontal by changes in body position (ref. 24). thresholds, on the other hand, result primarily
The near-zero correlations between the thresh- from stimulation of the horizontal canals. Con-

olds f\w the x-, y-, and z-axes and the nDnsig- sequenlly, this implies that all the processes in

nificant decrease in the y-threshold with order the vestibular system must be involved in thresh-
of presentation may be understood in the same old determination rather than the relatively

way. simple characteristics of the transducer mech-
The notion of a complex vestibular system is

also supported by our results showing that l[le anism. This notion would appear to be in general
x- and z-axes appear to be more alike than the agreement with the point of view developed by
x- and y-axes. On the basis of the orientation of Groen (ref. 25) and others which emphasizes
the vertical canals in the head, rotation about the importance of the central nervous systent in

the x- and y-axes results primarily in the stimu- vestibular processes.

REFERENCES

1. (_h,ARl<. B.: Thresh,,Ids for the Perception of Angular 12. HENSON, A. J.: Spatial Disorientation in Flight. A Text-

Acceleration in Man. Aerospace Med., vol. 38, 1967, hook of Aviation Physiology. J. A. Gillies, ed., Perga

pp. 443-450. mort Press, 1965.

2. LOWENSTEIN, O.; AND SAND, A.: The Individual and 13. JONES, G. n.: BARRY. W." AND KOWALSKY. N.: Dynamics

Integrated Activity of the Semicircular Canals of the of the Semicircular Canals Compared in Yaw. Pitch,

Elasmobranch Labyrinth. J. Physiol., vol. 99, 1940, and Roll. Aerospace Med., w_l. 35, 1964, pp. 984--989.

pp. 89-101. 14. COLLINS, W. E.; AND GUEDRY. F. E., JR.: Duration of

3. '_IENDT, R. G.: Vestibular Functions. Handbook of Angular Acceleration and Ocular Nystagmus From

Experimental Psychology, S. S. Stevens, ed., Wiley, Cat and Man. I. Responses From the Lateral and the

1951. Vertical Canals to Two Separate Durations. Aeta

4. FLUUR, E.; AND MENDEl,, L.: Habituation, Efferencc and Oto-Laryngol., w_l. 64, 1967, pp. 373-387.

Vestibular Interplay. IV. Rotary Habituation of the 15. LEDOUX, A.: Les Canaux Semi-circulaires. Etude Elec-

Vertical Semicircular Canals. Acta Oto-Laryngol.. trophysiologique; Contribution a l'Effort d'Uuiformisa-

vol. 57, 1964, pp. 459-464. lion des }_preuves Vestibulaires, Essai d'Interpr6ta-

5. VAN []GMOND, A. A. J.; GROEN, J. J.; AND JONGKEES, ti,_ll de la S6miologie Vestihulaire. Acta Otorhinolar.,

L. B. W.: The Function of the Vestibular Organ. Belg., vol. 12, 1958, pp. 111-346.

Pratt. Oto-Rhino-Laryngol., vol. 14, suppl. 2, 1952. 16. VAN DER VIS, K.: Cupulmnetry of the Vertical Semicir-

6. DE VRIES. HI..; AND SCHIERBECK. I:_.: The Minimum cular Canals. Pract. -Oto-Rhino-Laryngol., w_]. 20,

Perceptible Angular Velocity Under Various Condi- 1958, pp. 250-260.

tions. Pract. Oto-Rhino-Laryngol., vol. 15, 1953, pp. 17. ASCHAN, G.; AND STAHLE, J.: Cupulometric Studies on

65-72. the Pigeon. A Comparison Between the Functions of

7. DOHI.MAN, G. F.: On the Case for Repeal of Ewald's the Horizontal and Vertical Ampullae. Acta Oto-

Second Law. Acta Oto-Laryngol., suppl. 159, 1960, Laryngul., vol. 46, 1956, pp. 91-98.

pp. 15-24. 18. CLARK, B." AND STEWART, J. D.: Comparison of Sen-

8. MEIRY. J. L.: The Vestibular System and Human Dy- sitivity for the Perception of Bodily Rotation and the

namic Space Orientation. NASA CR-628, Oct. 1966. Oculogyral Illusion. Percepti,m and Psychophysics,
9. SADOFF, M.; MATTESON, F. H.; AND HAVILL, C. D.: A w_l. 3, 1968, pp. 253-256.

Methud for Evaluating the Loads and Controllability 19. CI.ARK, B., AND STEWART, J. D.: Comparison of Three

Aspects of the Pitch-up Problem. NACA RM A55D06, Methods to Determine Thresholds for the Perception

1955. of Passive, Bodily Angular Acceleration. Am. J.

10. DECHER. H.: Neuees zur Labyrinthphysiologie: die Psychol.,vol. 81,1968, pp. 207-216.

Drebreizschwellen der vertikalen Bogengange. Arch. 20. COHNSWEET, T. N.: The Staircase-Method in Psycho-
Hals.-Nas.-u. Kehlkopfheilk., w_l. 181, 1963, pp. physics. Am. J. Psychol., wfl. 75, 1962, pp. 485-491.

395-407. 21. CLARK. }_." AND GRAYBIEE, A.: Human Performance

11. TRAVIS, R. C.: The Effect of Varying Position of the During Adaptation to Stress in the Pensacola Slow

Head on Voluntary Response to Vestibular Stimulation. Rotation Room. Aerospace Med., vol. 32, 1961, pp.
J. Exptl. Psychol., w_l. 23, 1938, pp. 295-303. 93-106.



ANGULAR ACCELERATION ABOUT BODY AXES 305
tt

22. NEWSOM, B. D.; AND BRADY,J. F.: A Comparison of Per- AND GRAYBIEL, A.: Visual Localization of the Hori-

formances Involving Head Rotations At,out y and z zontal as a Function of Body Tih up to -+-90° from Gravi-

Cranial Axes ill a Revolving Space Station Simulator. tational Vertical Naval School of Aviation Medicine

Aerospace Med., w_l. 37, 1966, pp. 1152-1157. Report NSAM-942, NASA Order No. R-47, Pensacola,

23. GIBSON, J..].: The Senses Considered as Perceptual Fla., Aug. 1965.

Systems. Houghton Mifflin Co., 1966. 25. GROEN, .I.J.: Central Regulation of the Vestibular System.

24. MILLER, E. F., ll; FRE¢;LY, A. R.; VAN DEN BRINK, G.; Acta Oln-Laryngol., vol. 59, 1965, pp. 211-218.

DISC USSION

Waite: How were the subjects restrained in this appa- Clark: Yes.

ratus? In the y-axis, where you obtained the highest Guedry: Did you then turn them on the other side and
threshold, was there the least amount of body-surface area did they have comparable difficulties?

touching the device as opposed to the other two axes, as it Clark: No. We have no data fi}r both sides. This might

would appear from your presentation? be worth doing. Tbe right-sidedness, 1 would say, is merely
Clark: We are a little sensitive about safety in rotating due to their body position itself rather than the particular

devices; therefore, the observers were carefully strapped in, side down.

in every case. I would say that there was more weight, let Lowenstein: Is your appliance capable {,f coping with

us say, on the back, if that is what you have in mind, when rotation in the plane of the anterior-w:rtieal and posterior-

they were lying and rotating around the x-axis. But on the verticalcanals?
other hand, they were strapped in very firmly, comfi_rtably, Clark: No. It rotates only about tile Earth-vertical axis.

but firmly. In tbe y-position there was a zipper arrangement Lowenstein: Could you orientate it?
that held their thighs in position and their feet were clamped Clark: No. We could not.

into position; they would have to be in order to maintain the Lowenstein: It would be extremely interesting to see

position. There was a lot of contact, really. I do not know what tbe thresholds would be in those pq,sitinns.

that I could say precisely how much more. Steer: Some measurements made by Dr. Meiry in our own

Money: Could some of tbe variability in the results using laboratory a few years ago were done for the ).'-axis with the

the y-axis be accounted for by a difference in threshold for head tihed to the side rather than the entire trunk tilted to
the two directions of rotation? This would fit in very nicely the side. In that ease be found, with a very small number of

with observations that have been made in dogs, cats, monkeys, samples, that there was no real significant difference in thresh-

and men, in which the vertical nystagmus with the fast old between the horizontal and lateral canals. 1 would agree

component down is much more easily elicited, that it is extra information from the body being tilted that is

Clark: Yes. I think that this is a possibility. I have dis- causing tbis additional delay.

cussed this with Dr. Guedry who bas similar notions. 1would Clark: Yes. F,,r fuur subjects in a rather limited number

say yes, possibly, but 1 have some reservations. On the of trials, we measured thresh_lds in different body positions,

basis of a large amount of data, I believe tbat predictions one on the back, at_d then with the subject seated erect and
from nystagmus measurements do not necessarily give us leaning forward with the nose down. We did not test it on

prediction for sensation measurements. I do not know that the side. The threshold with the nose up was 0.42°/sec2;

we have adequate data on nystagmus thresholds, especially with the nose down, it dropped to 0.23°/see _, This would
in normal human beings, but certainly there is a difference apparently be similar to the findings by Dr. Meiry. We then

between perception of rotation thresholds and oeulogyral turned them nw:r so that the head was in the same position,
illusion thresholds, fi_r example, and we found the same threshold again, which complicates

Money: Was the threshold the same in the two directions? the matter, 1 am afraid. This may very well be related to
Clark: I do not know, but 1 am going to find out. The how tbe subjects are restrained. Interestingly enough, when

reason we did not do so previously was that we tried many we repeated this a second time on these f{_ur subjects, the

right-left comparisons and failed every time. threshold came out to be 0.44°/see 2 compared to 0.42°/see z.

Guedry: You indicated that some people were disturbed Unfortunate]y, these data were not properly counterbalanced,

when the right side was down. Did you mean to imply that and so on. We just made a sort _f trial run, hut it is in-
others were not disturbed? teresting to specu]ate on what this might turn out to mean.
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Effect of Instability During Rotation on Physiologic and
Perceptual-Motor Function

BERNARD D. NEWSOM 1

General Damrttnics

SUMMARY

The requirement for an artificial-gravity space station has not been established because _)f the

limited duration .f space missions to date. The eventuality of such a system, h.wew,'r, is generally

accepted on the justification of comfort, training, facilitation of mechanical operations, and the m(,ve

natural environment it offers for prolonged missions. A rf)logravity environment has heen studied on

the basis of radius requirements and rotational vel()city limitations for crew habituation and perform-

ance. The added parameter that influences design and pr()pellant costs is the stability required for the

crew to operate satisfactorily. The effect of perturbation during rotation is the subject of this study.

INTRODUCTION sinusoidal motions of the magnitude anticipated
in space stations should not complicate the per-

This study was completed in three experiments, i})rtnance of crew tasks that do not require the
Experiment 1 investigated the effect of rotation translation of a subject in that environment.
and sinusoidal perturbation on a seated subject Perceptual-motor performance was not degraded;
performing a battery of perceptual-motor tests rapid head turns caused no more decrement in

representative of the tasks required by an as- performance during perturbation than in stable
tronaut crew. Experiment 2 imposed the added rotation; and the rate of OGI extinction was the
factor of a rapid head motion upon the perturbat- same, even though the extent was less, in the
ing environment at high rates of rotation. The perturbating environment.
criteria were performance of an eye-hand re- The consistency of results supports thehypoth-
sponse test and the time it took for the subject esis that perturbation during rotation creates a
to fixate on a point display following the head constant stimulus to the vestibular system and, as
turn. Experiment 3 was performed to assess such, keeps the receptor in a partial refractor
the perturbation effects on the time it took for state which, in turn, raises the threshold for
the habituation of a single perceptual element to sensitivity to cross-coupled acceleration.
rotation. The disorientation that results from a Certain basic requirements can be predicted
rapid head motion can be evaluated by the oculo- for those future vehicle systems requiring multi-
gyral illusion (OGI) that occurs in a darkened man crews to function optimally for long periods
room. An illuminated target appears to drift

in space. A reliable life-support system free
about, and this motion is extinguished as habitua-

from toxicological problems, for example, is a
tion occurs, well-recognized requirement. A requirement

Results of the three experiments indicate that not so well agreed upon is for artificial gravity to
maintain the musculoskeletal and cardiovascular

l Assisted by J. F. Brady under contract no. NAS 9-6986 systems of the crew close to normal equilibrium
at General Dynamics ConvairDivision. for Earth reentry. Much of the thinking in this
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field has been about the immediate problem of than angular velocity, radius, g-level, or rim

relatively short-duration manned space missions, velocity. In a rotating space vehicle, vehicle
and it appears from available information that precession, as well as head rotation, could stimu-
man can survive such exposure. However, late the crewman's labyrinth. Vehicle instability

there are advantages, in addition to physiological could be anticipated to lower the permitted
support, to be gained from creating an inertial angular velocity as it seems reasonable that the
field. Assembly of parts, repair of equipment, stimuli to the labyrinth due to vehicle instability
and preparation and ingestion of food are all would complement that due to the crewman's

facilitated by an inertial directing force. Per- active head movements.
sonal hygiene can be more closely controlled and Vehicle precession predicates caution in as-
sanitation is easier to maintain if dirt and fluids signing spin-rate ceilings at this time. Investiga-
collect on the floor. Artificial gravity also allows tion of the total dynamic environment in a simu-

the enjoyment of an occasional shower which is lated rotating vehicle in relation to habitability
usually a priority desire in confinement studies, and crew performance is necessary. Without
All of these considerations take on new impor- such groundwork, design engineers must work
tance when mission durations are extended to a in an arbitrary manner, which could be costly

year or more, provided that such missions are and mission limiting. Kurzhals et al. (ref. 3)
within engineering feasibility and physiological and Larson (ref. 4) have lent theoretical and
tolerance, empirical consideration to the engineering prob-

ENGINEERING GUIDES lem of instability in the manned rotating vehicle.
Tests of crew performance as a function of in-

To be prepared for possible development of stability, as well as of the previously considered
these future artificial-gravity systems, it is nec- parameters, should be coupled to such efforts.

essary to start research on the support tech- Disturbances, such as docking impacts and
nologies. The type of information design en- active or passive changes in crew or hardware
gineers require concerning man's functional mass, may cause many combinations of structural
tolerances in these environments presently does and force-field oscillations which could be detri-
not exist, mental to crew function. As stability of a rotat-

Although the response of the otic labyrinth ing space vehicle is related directly to its total
to both weightless and artificial gravity environ- mass, the relatively light state-of-the-art vehicles

ments certainly requires further elucidation, this would be particularly susceptible to instability
study has been directed primarily toward ques: from mass disturbances. In a discoid or toroidal
tions concerning man as a functional system in vehicle rotating about its principal Z-axis, a
these environments. Engineers choosing op- crewman alined with one of the transverse X-
ritual man-machine tradeoffs must know the work or Y-axes could be subject not only to the dis-

potential of man in rotating vehicles of various turbing effects resulting from his active head
dimensions and force field characteristics, movements relative to the spin plane, but also

These guidelines must be realistic-not only to a variety of oscillating forces beyond his active

for the large orbiting vehicles of the future but control.
also (and more acutely) for experimental systems Any impulsive torque applied about either one
that could be included in the Apollo Applica- of the two transverse axes of the rotating vehicle

tions Program and as backup concepts for would result in a wobble (defined as an oscillatory
vehicles now in the definition phase, curvilinear movement) about both X and Y trans-

Loret (ref. 1) and Dole (ref. 2) have listed many verse axes. The amplitudes of these oscilla-
engineering constraints imposed by the crew tions would be directly proportional to the
during rotation, but neither considered sta- angular impulse and inversely proportional to

bility of the vehicle as a design limitation. How- the moment of inertia around the transverse
ever, in providing a habitable rotating space axis normal to the axis of torque. A reduction
vehicle, stability could be no less important in vehicle size causes a dramatic increase in
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wobble. Several methods of active or passive The low-frequency oscillations involved in
dampening can be used to increase stability, perturbation have been thought to affect macular
but they entail weight and power penalties, sensors, as well as cupular seusors, while the

An inertial unbalance produced by an uncom- Coriolis accelerations appear to be detected
pensated mass movement along a transverse primarily by the cupulae. Those functions
axis within the plane of spin will couple with found in previous tests to be sensitive to Coriolis

the moment of inertia about the spin axis to accelerations might be expected to degrade
produce a disturbance about the transverse even further due to the simuhaneous perturba-
axis that is directly proportional to the initial tion of the rotating environment.
vehicle spin rate and the product of the mo-

ments of inertia of the transverse and spin MRSSS EXPERIMENTATION
axes. This generated spin coupled with the
initial vehicle spin will producevarying angular On the basis of the studies that have been

velocity patterns. A crewman alined with this completed by using the manned rew)lving space
axis will experience the illusion of complex and station simulator (MRSSS),'-' it has been con-
ever-varying tilting of the floor as his body cluded that man can adjust to and resist per-
perceives the resultant of the linear acceleration formance decrement in a stable rotogravity
oscillating along his longitudinal body axis and environment of 6 rpm (refs. 7 and 8); that the

the linear acceleration normal to this axis. functional adjustments required by iris passing
The linear acceleration normal to this axis would into and out of a rotating environment can be
trace the vectorial pattern defined by Larson eased by graduating such transitions in a step-
(ref. 4). Simultaneous dynamic mass unbalances wise manner; that prior to making the physiologic
along both transverse axes (the anticipated situ- adjustments required by such transitions, he

ation) would complex the vector pattern and the can adjust his behavior very rapidly to perform
resulting disturbances, optimally (ref. 9); and that proper location and

orientation of control and display hardware can

APPROACH maximize his performance (ref. 10), especially
during the adjustment to force-field changes

In a rotating environment, the crew is subject (ref. 11).
to Coriolis accelerations that may result in dis- A rotating spacecraft, exposed to either static
orientation, vertigo, and motion sickness (refs.

or dynamic unbalances, would respond gyro-
5 to 7). Even without voluntary movement on

scopically with a tendency to oscillatory preces-
the part of the crewman, similar effects could sion. Presumably, the spacecraft will have

possibly be caused by the vehicular perturbations stabilization systems to counteract such disturb-
resulting from internal or external mass unbal-

ances, but it is important to know to what extent
ances in an insufficiently stabilized vehicle, this control must be effective and what the off-
These perturbations-similar in magnitude and nominal operation tolerance of the crew is in
effect to the movements of a ship at sea- produce event of system failure. In a rotating environ-
cue conflicts in the orientation triad of vision,

ment, this oscillatory precession (wobbling)
inner ear, and deep proprioception.

may create disorientation similar to that resulting
from active movements by passively moving the

INFORMATION GOAL
crew. This wobbling can be effectively simu-

lated by oscillation of the MRSSS as it rotates.The problem of stability in a rotating space
vehicle has received little study in biologic To facilitate this simulation, the hydropneumatic
laboratories, probably because of the relatively ram system used to incline the MRSSS on the
sophisticated simulator required. It has not trunnions was modified, thus making it capable

been similarly neglected as an engineering con-

sideration and deserves comparable study by '-'The MRSSS is located at Conwdr. San Dieg,), Calif., and

workers in bioastronautics, incorporates the Air Force CEVAT centrifuge complex.
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of executing sustained programs of oscillation. Experiment 1
With the capability to simulate an oscillating, Baseline measurements were made on 12

rotating environment, it was then necessary to subjects under static conditions. Biofunctional

select performance tasks appropriate for deter- efficiency tests were administered repeatedly
mining functional limits within such an environ- until a consistent score was obtained. Then,
ment. Experience from previous testing in the the tests were repeated while the subject was
MRSSS has demonstrated that performance exposed to the following: (1) ±3 ° perturbation
adjustment during rotation occurs rapidly, at 0.1 Hz, (2) 6 rpm at a 20-foot radius, and (3)

simultaneous perturbation and rotation.
GENERAL PROGRAM PLAN

Experiment 2

The trunnioned cabin of the Convair MRSSS
The technique developed on the previous con-

(fig. 1) can be inclined so that the resultant force tract (NAS 9-5232) was used as a performance
field is perpendicular to the center of the floor. measurement to assess the importance of orienta-
It also provides a means to perturb the cabin and tion within an inertial force field perturbed at
to vary the angular velocity so inertial forces 0.1 Hz. Ten subjects were tested following
within the chamber simulate the vector patterns baseline measurements. Their performance
predicted for various sizes and configurations was measured after making Y-axis head turns
of spacecraft rotated to produce artificial gravity. at 0°, 45° , and 90° to the spin plane. Regres-
No information on how such perturbations affect sion slopes were determined at the following:
general performance is available; this study is (l) ±3 ° perturbation at 0.1 Hz, (2) 12.4 rpm, and
the preliminary effort to generate such data. (3) 12.4 rpm and +3 ° perturbation at 0.1 Hz.
The perturbations are expressed as deviations
of the inertial vector about the subject's Z-axis, Experiment 3

SO the results of the study can be applied to Vestibular habituation was compared for a

vehicles of any radius. Studies by other authors specific head movement while subjects were

(ref. 12) indicate that the problem is virtually exposed to rotation and perturbation independ-
radius independent because of the relative ently and in combination. Sixteen subjects
vestibular sensitivities to the motions concerned, were exposed to 8 rpm for 4 hours; every 15

The following three studies were completed minutes, a frontal (X-axis) head turn was made

to assess the effects of perturbation tin perform- to the right shoulder, and the duration of OGI
ance during rotation prior to habituation, was recorded. The extinction rate of the OGI

was compared at 0° perturbation and then with
±3 ° perturbation at 0.1 Hz. The first eight

subjects were tested with 0° perturbation first
and with +3 ° perturbation 2 weeks later. The

second eight subjects were tested in reverse
order. All subjects received aural caloric tests
befi)re and after rotation.

PERCEPTUAL-MOTOR RESPONSE TO

ROTATION, PERTURBATION, AND

. COMBINED ROTATION AND PER-
,_ ! TURBATION

i Experiment 1

A survey of possible tests and test batteries
was made to find a series of appropriate per-

FIGURE l.--Perpetutt/-motor-testconsoles, formance measuremeuts. Both the Air Force
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and NASA (ref. 13) developed "face-value" type arranged so the examiner can visually monitor

consoles for the specific purpose of evaluating both consoles and the subject (fig. 1). For this

man's control performance in the types of en- test, tile subject was sealed in tile center of the

vironments of interest to this study, simulator, the position at which the gravito-

Arrangements were made to borrow a unit of centrifugal resuhant was perpendicular to the

the perceptual-motor console model 766 :_ from floor. The subjert faced tangentially (in the

the Manned Spacecraft Center (MSC) in con- direction of spin), as he would if'optimally posi-

junction with the performance measurements timled for monitoring a control-display console

being made under contract No. NAS 9-5232 and (ref. 10) in a rotating space vehicle, and in a posi-

for use in a pilot perturbation study being con- lion in which he would be perturbated from side

ducted in tire MRSSS. Following the pilot study, to side by vehicular wobbling.

permission was obtained from MSC to perform Adequacy of identification (ref. 13) indicates

this study as part of the experimental effort, the results of the factor-analytic study. F.r a

The MRSSS is instrumented and equipped to test to be considered, it had to load4 at 0.30 m

permit continuous rotational studies of flmr sub- above on the primary factor or abilily. If the test

jecls for unlimited periods of lime and is de- was not considered pure (loading only on one

scribed in greater detail in previous reports factor), secondary factors had to l.ad at (i).3(t

(ref. 14). For this study, the room was spun at or above.

6rpm, an angular velocity which previous studies Previous studies indicated that acceleration

had determined to be realistic for a stable roto- pn,duced by the product of angular velocities

gravity spacecraft of projected dimensions (ref. 8). resuhing from head turning and vehicle rotation

At this spin rate, and with an effective radius of reduced performance in a rotating envir.nment

slightly more than 18 feet, a resuhant 1.04 g and that this reduction was partly due to visual

was imposed on tim study parlicipants and tire location of the task display (ref. 15). Perturba-

inclination of room vertical (about which per- tion of the subject during rotation can theo-

lurbation took place) was 14°. A perturbation reticallyelicit similar labyrinthine response front

profile of 0.1 Hzand±3 ° was selected to simulate resultanl velocity products. Perfm'mance could

a reasonable maximum to be encountered in therefore be degraded without movement on the

projected rotogravity vehicles (ref. 3). part of tire subje(:t (passive motion); however,

The testing consoles were designed %r NASA previous testing had also denmnstraled a rapi(t

by J. F. Parker, Jr., et al. (ref. 13) to integrate adjustment to the os(;illating force field (rotary

devices for a battery of tests lhat measure the pursuit tests) (ref. 9) and fast recovery following
primary dimensions of perceptual-motor perform- forced head turns (ref. 16), so it might be all-

ance. The tests used are based on well-estab- ticipated that adaptation would result from sinus-

lished techniques with well-documented inter- oidal perturbations during rotation. If such

pretations of results. Primary dimensions to be adjustment could be determined, the requirement

measured were chosen to specify abilities under- for spacecraft stabilization would be reduced.

lying tom plex percept ual-motor performance and

to relate significantly to tasks and duties to be Procedures
pert_rmed by spacecraft personnel. The MRSSS was used to test the subject for

The two consoles (subject and examiner con- performance while the following activities were

soles) are shown in figure 1. Additional test taking place: (1) static, (2) perturbaling, (3) ro-

items and accessories included are tire manual tating, and (4) rotating with perturbation. Per-

dexterity test, the stylus and mirror-tracing maze, turbation of -t- 3 ° was around the inclined resultant

the mirror-tracing visor, and the finger-dexterity at 0.1 Hz. The rotation rate was 6 rpm.

test. The subject and examiner consoles are The NASA perceptual-m(_tor test console was

aFabricaled under contract no. NAS 3-1329 by Biotech- _Loading designates the degree of specificity for measure-
noh,gy, Inc., Arlington, Va. ment of a particular ability.



312 THE ROLE OF THE VESTIBULAR ORGANS IN SPACE EXPLORATION

[A---_Eorder of testing]

Subject No.

1 2 3 4 5 6 7 8 9 l0 11 12 13 14 5

Static ....................................................................... A A A A A A A A A A A A A A
Perturbate .............................................................. B B C C D D B B C C D D B B 2
Rotate .................................................................... C D B D B C C D B D C B C D 3
P&R ........................................................................ D C D B C B D C D B B C D C )
Static ....................................................................... E E E E E E E E E E E E E E

used, and all 18 tests were performed. The Results
cortsole was located at tire simulator center with

The tests were performed on 12 subjects wita-
the subject facing the leading bulkhead. The

subject was seated ill front of the console with out difficulty. Subjects were not distressed by

the test conductor immediately behind him. the environment and appeared to enjoy thetestirg

Each subject practiced i:m tile c(msole for a rain- procedure. 3"he scores, shown in figures 2
imum of three sessions prior to testing on the and 3, are arranged into groups with common

test objectives.centrifuge. At the end of each sessi,m, a score
was obtained to determine tire state of learning. The test console was quite reliable during tie

No subject was tested that had not reached a tests; the only problems encountered were zs
learning plateau on each test. Fifteen subjects follows. One microampere meter failed to work

were scheduled for testing. The results froni the
first 12 tested successfully were used. The
testing order was as indicated in the table above. TEST

L__ ARM-HAND STEADINESS (AHS)

WRIST-FINGER SPEED (WFS)

70 60 50 410 30 20 10 10 20 TEST FINGER DEXTERITY (FD)i i l -- MANUAL DEXTERITY (MD)

ARM-HAND STEADINESS (AIiS) POSITION ESTIMATION (PE)

WRIST-FINGER SPEED (WFS) RESPONSE ORIENTATION (]IO)

FINGER DEXTERITY (FI)) CONTROL PRECISION (CP)

MANUAL I)EXTERITY (MD) SPEED OF ARM MOVEMENT (SAM)

POSITION ESTIhD\TION (PE) MULTILIMB COORDINATION (MI,C}

RESPONSE ORIENTATION (RO) POSITION REPRODUCTION (PII)

CONTROL PRECISION (CP) MOVEMENT ANALYSIS (_b_.)

SPEED OF ARM MOVEMENT {SAM) 0. I CPS. +3 a MOVEMENT PREDICTION {hiP)

MULTILIMB COORDINATION (MLC) RATE CONTROL (RC}

ROTATION = 6 RPM POSITION REPRODUCTION (PR) ACCELERATION CONTIIOL {AC)

PERTURBATION = 0.1 CPS, L3 ° _ MOVEMENT ANALYSIS (MA) -- PERCEPTUAL SPEEI) TIME (PST)

N = 12 _ MOVEMENT PREDICTION (MP} -- PERCEPTUAL SPEED ACCURACY (PSA

RATE CONTROL (RC)ACCELERATION CONTROL (AC) TIME SHARENG (TS)

7 PERCEPTUAL SPEEI) TIME (PST) VISUAL REACTION TIME (VI1T)
AUDIO REACTION TIME (ART)

I PERCEPTUAL SPEED ACCUILACY (PSA)
MIRROR TIIACING SPEED (MTS}

[-- TIME SHARING (TS)
MIRI1OR TRACING ACCUI1ACY (MTA)

VISUAL IIEACTION TIME (VRT)

_ P-VALUE > 0.05,AUDIO REACTION TIME (ART} G.0 5.0 4.0 3.0 2.0 1.0 0 1.0 2.0 TWO-TAILED

MIRRIOII TRACING SPEED (MTS) t-VALUE* ] COMPARISON

DECREMENT IMPROVEMENT

[ MII'II/OR TRACLNG ACCURACY (MTA} I I [ I I ] [ ] ] *STUDENT'S t-TI':ST,

.001 .005 .O2 0.1 0.5 0,5 0.1 0.02 TWO-TAILEDCOMPARISON
410 310 - 110 .002.0l .05 0.2 0.2 0.05_'o "o _'o 4 ' ,' .4

PER CENT DECREMENT PER CENT IMPROVEMENT P-VALUE*

FIGURE 2.--Percent change in perrotatory performance FIGURE3.-Significance of change in perrotatory performano:
with perturbation, with perturbation.
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for time-sharing and perceptual-speed tests and the tests as affected by the imposed variables

was replaced. The cam-switch programer was and the significance of the differences in scores.
subject to failure unless it was cleaned regularly.
Operation of some tests required considerable EFFECT OF PERTU_RATION ON PER-

practice before consistent scores were reached, FORMANCE FOLLOWING Y-AXIS HEAD
and even after achieving consistency, it was found TURNS DURING ROTATION

that some subjects demonstrated increased
capability in the postdynamic test period. Experiment 2

A previous study which was reported at the

Discussion last symposium (ref. 17) demonstrated a progres-
Because some learning was still evident in sive performance decrement as the angle be-

the more difficult tests at the end of the desig- tween the spin plane and the plane of the sub-
nated 4.5 hours of training, the better of the two ject's head turn was increased. Experiment 1

static test scores (predynamic and postdynamic) of this study did not indicate that the passive
was selected as the score of 100 percent for movement of a subject during rotation, due to
normalization of the dynamic data. With the perturbation of the vehicle, would cause a sig-
above precaution in mind, the results of an nificant problem. Those tests, however, re-
analysis of variance of the normalized data stricted head motion to a minimum flw the test

suggest the following: being performed. Motion out of the spin plane
was sinusoidal and, therefore, predictable in

(AHS) static (S) over all three dynamic modes (P < 0.01). time and magnitude. Tasks requiring head
(WFS) S over all three dynamic modes(P<0.05).

(FD) S over rotation (R) and rotation and imrturbation turns in different planes impose cross-coupled
(RP)(P <O.O5). stimuli on the semicircular canals that vary in

(MD) S over R (P< 0.05). magnitude and direction, depending on subject

(SAM) S over R and RP (P orientation, vehicle rotation rate, and motion due
(MA) S ,_w_r R (P < 0.01) and RP (1' < 0.05).

(PST) S over R(P <0.05). to the perturbation. The inertial field of such
(TS) S over RP(P<0.05). motion is complex and changing, and it is un-
(VRT) S over all (P <0.05). likely that prediction would be possible. Rapid

'(ART) S over P (P < 0.0l). habituation would most likely result only from
(MTS) S over PI(P < (}.01). nonspecific suppression of the vestibular signal.
(MTA) S over RP (R <0.01).

All other tests failed to demonstrate significant Method

decrements from static scores. The results in The same test arrangement was used for this

some cases show a significant change in score, study as in previous published studies (ref. 16).

but only in one test does decrement indicate the Recording techniques, however, were extended.
perturbation would be a hindrance to that type In addition to the eye-motion camera (EMC) and
of operation. As might be expected, the task of the vertical and horizontal electro-oculogram
maintaining a probe within a hole without touch- (EOG), a vectoroculogram (VOG) was made.

ing the sides is difficult in the rocking environ- This is an integration of the horizontal and verti-
ment. Such a task would still be possible if cal EOG and provides a light spot on the cathode-
there were a contact between a fixture common ray tube (CRT) that represents the point of visual

to that being probed and the carpal portion of fixation. The response analysis tester (RATER)
the hand. In the administration of these tests, test (as reported in ref. 16) was used, and the

there was little, if any, head motion, so most head-turn recording, EOG, EMC, frame number,
vestibular stimulation resulted from passive and VOG were "stacked" and recorded on a

motion of the subject by vehicle perturbation, video tape recorder. This allows simultaneous
Quite different results might be expected if a data presentation for analysis. Only Y-axis
head motion were incorporated into the testing, head turns were made. This limited the antici-

Figures 2 and 3 indicate the relation between pated severity of semicircular canal stimulation
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and reduced the testing per subject so it could at the subject, and performance tester were
be aco)mplished in 1 day. unchanged from the previous contract. Rotati(u

The primary goal of this study was to acquire of the subject was achieved by using tile MRSSS.
information of the effect of perturbation on the Orientation and restraint were achieved by using
process of adjustment to rotation. A secondary the 45° inclined chair and its associated head
purpose was to investigate the use of the VOG restraint. With lhe centrifuge rotating at 12.2

as a practical substitute for the EMC for record- rpm to produce 1 radial g at the restraint char
ing eye movement, position (centrally located within the MRSSS ,t

Subjects 20 feet from the centrifuge spin axis), the gravit,_-

The test sample consisted of 12 volunteers centrifugal resultant was perpendicular to the

from San Diego colleges. They were males of MRSSS floor when the simulator was tilted at a
22-4-2 years, 167-+23 pounds, and 69--+4 inches 45° angle. The 45° angle tilt combined with the

45° angle of the restraint chair tilting the subje(tin height. An additional six subjects of compara-

ble background and vital statistics began testing on his left side permitted (as in the previous
but did not finish the required regimen-three contract) orientations of the subject for Y-axis
because of instrumentation malfunctions and the head turns at 0°, 45°, and 90° interplanar angles

to the centrifuge spin plane by simply rotatingremaining three because they found the most

stressful orientations physiologically disturbing, the chair (fig. 4). The EMC-2F eye-motioa
Before being exposed to the environment of the camera (made by Westgate Laboratories) was

again used to record direction of gaze. Thedynamic test simulator, the subjects were re-
camera was fixed to the subject by the heac-quired to pass an airman's third-class medical
restraint and dental-bite bar as shown in figure 5.examination. None of the subjects had histories
The RATER was again used as the perceptua-of undue susceptibility to motion sickness;

no special instructions were given regarding motor performance device with the display
diet or rest preceding the day of experimental collimated to 1° of visual angle. The RATER
performance, tests correct rote responses to lights of four

different colors (red, yellow, green, and blue)

Apparatus that are presented in an infinitely random ordei.
The simulator, subject restraints, data pickups The subject depresses one of four consol_

..! 5 \, coo,PLANE

1__: ,_] _ RESULTANTFORCE _,
-_' _ I,("..o AT12.2RPM
........ t,__eLA,E........................................

ENDVIEWOFMRSSS SIDEVIEWMRSSS

FIGURE 4.-Subject orientations.
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andhesubjectwasrerientedbyrotat............Ring the restraint chair relative to the centrifuge y, ........
spin axis..;".. Y,¢.....

Each of the subjects was instructed to perform _-- " '

as well as possible during the 150-second (10- '°......
_45(UP_ i--------a

trial) sequence in each orientation. Thesub-the modes: ,i ii0i .G-'_ ..."\'" "'-_-¢\'!/N _- --.-_ .t Y'°__ ....

jects were tested in same six two t

each with the head-turn plane at 0 °, 45 °, and 90 ° // - ""=T_Y_g_"L"_a_3":'_"to the MRSSS spin plane; once with the simu- _.......

lator rotating at 12.2 rpm without perturbation; q i!_i_,i_._,_°_,'"._c_;_'_,!L._
and once with it rotating at 12.2 rpm and per- '...............

turbating about a tangential axis at + 3° at a rate I I I _ I I I I L I

of 0.1 Hz. Permutations of the six testing modes .... .G..a_,. ' ....

were selected on a basis of balance and ran- F.;URE 7.--Net RATER score versus test trial.
domly assigned to the 12 subjects. 3"he subject

numbers and their assigned orders of testing
_qu

sequences are shown as follows: ] _._

1 S 0°, 45°, and 90° P0 °,45 °, and 90° .,°_L _.'_':_:_......o

4 ,an 90o 0,4 ,and90° ili3 S 90°, 45°, and 0° P 90°, 45°, and 0° ,, _ _. o----_

4 p 90°, 45°, and 0° S 90°, 45°, and 0° il _',i

5 S 45°, 0°, and 90° P 45°, 0°, and 90° ,' ,..................... ,_,

7 S 90°, 0°, and 45° P 90°, 0°, and 45° _...... '_ -
8 P 90°, 0°, and 45° S 90°, 0°, and 45° _'_',':]'i':':i_',Ii%'_'_i_',:,:',,',_:'_':?',i',.'.:,;_:
9 S 45°, 90°, and 0° P 45°, 90°, and 0.... ,_,._.,.........._.,_........,._,_:._:_'""_....

10 P 45°, 90°, and 0° S 45°, 90°, and 0° , , ,
11 S 0°, 90°, and 45° P 0°, 90°, and 45° ,.........................

12 P 0°, 90°, and 45° S 0°, 90°, and 45° FiGURE8.--RATER score versus subject orientation.
S=12.2 rpm P=12.2 rpm and-+3 °

at 0.1 Hz

decrement in the mean scores as the interplana:

Results angle increases; and for all interplanar angles,

Of the 18 subjects who began testing, 12 there tends tO be a reduced performance whelk

performed at all six modes and were grouped perturbation is added to rotation. The excep-

within a single sample for data reduction and tions to the latter are the last four trials of the

interpretation. For these 12 subjects, two Y.q0 sequences where there is a mean-scor_:

categories of response were considered: (1) the decrement without perturbation when compared

net RATER score (total correct responses minus with the situation of combined dynamics.

total incorrect responses) for the 150 seconds of Figure 8 shows the mean net RATER score,

scoring during each modal sequence and for each for the full sequence as a function of interplanal"

of the 10 trials making up a sequence; and (2) orientation for each of the dynamic modes. Thi_

the parameters of reaction linking the starting figure makes the two observations mentionec

signal to the first correct RATER response-the above more apparent. A decrement of perform

latent period to beginning of head turn, the head ance is seen as the interplanar angle increases

turn, end of head turn to eye fixation, and from This decrement is increased with perturbatior

eye fixation to first correct RATER response, but becomes obscured during the most stressful

Figure 7 shows the mean net RATER score interplanar orientation by the cross coupling al

t\w all 12 subjects for each of the ten 15-second Y._m.

trials in each of the testing modes. The graph To test the statistical significance of the dataL

(fig. 7) indicates that for most trials there is a presented in figure 8, each subject's data were:
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normalized ,in tile basis of 100 percent perform- Data percentage presented in figure 9 was

ante value for his best sequence score. Overall reduced from the polygraph stripchart, the VOG

means for the total sample then gave perflwmance tapes, and the EMC films. In comparing the

percentages ranging from 96 percent for Yo (R VOG and EMC eye-motion loci for various trials,

only) to 80 percent for Y:,_ (RP). An analysis of it was found that they gave identical measure-

variance was performed on the normalized data meEts of eye movement and could be used inter-

using a P-value equal to or less than 0.05 as being changeably from that standpoint.

significant. Comparing sequences with one Figures 10 and 11 compare oculograms for

another, only Y.o (R) and Y:m (RP) demonstrated the same test trial plotted, respectively, from

a significant degradation in performance and EMC and VOG film. The numbers in both

only when compared to Yo (R). Not included on

this graph were the results of perturbation-only

sequences run by the last 6 of the 12 subjects.

Each ,,f these subjects ran a prerotation and post- _ t [_ (!!"!'ii"{i:i!ii')_:}i)_illii:_......rotation perturbation sequence-three subjects i_ .
with the restraint chair facing tangent to the :---- _ _{_}_}l'{_ _:;,{_l'az::,lq',];

plane of spin (the (rientati,m for Y0 and Y,0 _ ..... _ ...........................
sequences) and three with the chair facing _ ......
radially (the orientation for Y_-, sequences), i_ ...... I{"_'_}'i'::";:?"*"?_'%;Y"_':V"a :

Their scores for these sequences did not differ : ...... '......... .................m,rAIr_,\al tea m,_ •pEF_U1U,AH,_X
"_ 5" al ..I CIIS

significantly from their Y0 performance. Table l _ ..... '; " ';; ¢[;, 7 ,';','. ;;',_),:_;Y_:,'g_I2,T'Z_:¢L;',:"2.%_
lists the mean scores achieved by each group ......' .........._: '................................

of three subjects in their perturbation-only FU;URE9.-Sul0ect response versus test sequence.
sequences.

Figure 9 shows initial subject performance

dynamics as a function of the six model test OCULOGRAMFORSUUaECTaGM

sequences. Intervals are in real lime (seconds) PLOTTEDPROMEMCVtLMFOR
for means of the entire sample. Ahhough these TRIALNO. 1 OF Y90 (RP)

mean values show a progressive increase in time ,,_2

from starting signal to first correct RATER re-

sponse, an analysis of variance of the data did not &ll

=:122

show lhese chaiiges to be significant. TURNDlttECTION &10 22 (HEAD STABLE)-_ 21

TO TASK ' _ -/ 35
38 39

NUMBERS ARE EMC 6"t-O1.. ) Q) /
36,37 _ CL,,,.23

FRAMES FROM 32, 40, 41"-_O_24 _l -_19

TABLE l.-RATER Score Versus Perturbation STARTcAMERASIGNALsPEED= 8 33,43, 49 ///_Ck45 t_';1

Only FRAMES/SECOND 47 / _'25 28 29 -318

_o,_? ? ' '

Sequence y N VISUAL 20ANGLE la -"117
i i i

0 l°2°3 ° O---18

VISUAL O---_ 19

Prespin P4a........................................... 208 3 ANGLE -]16
Postspin P._.... 207 3 O GAZE POSITION WITH tiEAD STABLE

Prespin P0...... 212 3 (TURNCOMPLETED). • 19
Postspin P,,........................................... 207 3 • GAZE pOSITION BF, FORE TURN IS

COMPLETED. • 18

• GAZE POSITIONS CORRECTED RELATIVE -']15
Notes TO FIELD OF REGARD.

2: mean RATER score for 3 subjects for 150-second --] REFERENCEMARKONFIELDOFREGARD.
sequence

N= sample number
P,,-,= su )jeer facing radially -] 14
Po= subject facing tangentially FIGURF lO.-Eye-motio,, camera oculogram for subject J(;M.
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I I I I 1 ] u u I i I i I I ! I

12

.... 3S --

9 39.... 22--

349_ I\ %I 1 i N 1 I /', I I I 1 I t- -- 7 I , 36, 37 _-

,--*_,_. \

. ',' ' "!,_ll_"---._,l 22 - __ 43 I- _"/

_:-' '-1_-'_'_"_ !241 -- 49 _ _)/45 I N

t t ', '32'z,_¢_K_..'-'2-.. - t I I.46 4I _'49/¢_0 \'._.\ 21 - , , , ,t ..... , ],.
10°OF ' 43i7__L T 23; _-- _a _ 1 .I, , , l Ii u 47_ 0,31_1 /,i I ' l1|VISUAL .I - _.it26__ I .....

25|2S _20 - _

ANGLE - 27/ / - _o OF _ _ _.¢1_25, 28 --

_ 30, 31 _29 {_\19-1/2 _ _ /ISUAL . .- YX 29

n J _. - kNGLE - - / X\ --t t i *, I I I I I I ....
. __ l_ l_-- t t ' " ' ' _ ' ' '

10 ° OF O13-1/2 I I I I I I 1 i1 I I\ 1 I I 1
-- r, .... '------'- ' - - G-.--_ -"_-

VISUAL i_ 2° OF" 27 26

ANGLE 18 (_ VISUAL
I ANGLE

I I 1 I 1 1 1 1 I i I_,I t l.......
-- i / I 1 1 1 I I I I I 1 1 I I I I I

--- I _ - OCULOGRAM FOR SUBJECT JGM

.... I _ PLOTTED FROM VOG FILM FOR
I I

-- 1 14q')_ TRIAL NO. 1 OF Y90 (RP)

I I l I I I I I I | I I ; I PLOT ON RIGIIT REPRESENTS ENLARGEMENT OF CENTER SQUAIIE, i, ', i , I '1 (OUTLINED BY DASHED LINE) IN LEFT-ttAND PLOT.

_ _ _ J 16 NUMBERS ARE EMC FRAMES FROM START SIGNAL. EMC SPEED =

- I llttTkt 8 FRAMES/SECOND. VOG KINESCOPE SPEED = 24 FRAMES/SECOND

-- -_- 17(_., x /t_J'-15 AND ALLOWS'INTERPOLATION BETWEEN FULL EMC FRAME-i
1 I I I ] I I , I I 1"_1.6-1./2 I , J POSITIONS.

ALL PLOTTED CIRCLES REPRESENT GAZE POSITIONS RELATIVE

TO THE SKULL.

FI(;URE 11.-- Vector oculogram for subject JGM.

,)culograms refer to the EMC frame numbers scribed by 45 to 49, and therefore were nDt
from the cue-light start signal. The EMC was plotted. Comparing the two plots, it would seem
run at eight frames per second. The VOG tape that for tests involving head immobility, the VOC

originally records 60 fields (frames per second), provides an adequate substitute for the EMC.
and when kinescoped, provides a permanent Discussion

record of 24 frames per second. A comparison This study was the third experimental effor
of figures 10 and 11 indicates the major difference performed by this laboratory involving Y-axis
between the EMC and VOG data-the EMC fixes head turns and their effect on perceptual-motor
gaze position in the field of regard independent performance. The first study used the logica

of head position, whereas the VOG indicates inference tester (LOGIT) as the performance
only gaze position relative to the head. In figure tester, whereas the second study used th_
11, prior to frame 22, when the head becomes RATER as in this study. The first two studies
stable at the end of head turn, gaze positions 18 exposed the subjects to Z-axis (side-to-side',

to 21 could be repositioned relative to the chang- head-turn sequences, whereas this study exposed
ing field of regard by correcting relative to a them to Y-axis head-turn sequences with per-
reference mark in that field. Positions 10 to 13 turbation added to rotation. Apart from that,
could not be so corrected as the reference mark the formats were quite similar, and the Y-axis
was not yet in view on film. Subsequent to sequences with rotation and no perturbation are
point 49, all gaze positions lay in the area circum- capable of comparison.
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By comparison, the results of this present would reverse in direction every 5 seconds.
study are consistent with the results of the first When considering the more traumatic Y:m
two studies. The previous experiment (ref. 16) orientation, however, it appears that the minor
demonstrated a 6-percent degradation in LOGIT degradation due to perturbation no longer

performance for Y45 and a 12-percent degradation manifests itself within the context of the major
for Y.q0. The second study demonstrated a 10- degradation resulting from cross-coupling due

percent degradation in RATER perlbrmance for to active head turns. This appears to be espe-
Y45 and a 25-percent degradation for Y:,0. This cially true in the latter trials of the sequence when
present study demonstrated a 2-percent degrada- the cumulation of stress is causing the most
tion in RATER performance for Y4a and a 16- significant performance decay.
percent degradation for Y:m. The greater In conclusion, it has been demonstrated lhat
degradation witnessed in the first RATER study, perturbation imposed in this experiment does not

in part, must be due to the test regimen including have significant effect on perceptual-motor per-
Z-axis head-turn sequences, which have been formance, either with or without simultaneous
shown to be significantly more degrading than rotation. It has also been demonstrated that
Y-axis head turns of comparable interplanar the VOG is a satisfactory substitute for the EMC

angle. In the previous RATER study, the Z45 in recording two-dimensional eye movements
and Z:m sequences produced 25 percent and 37 relative to the skull. It is seen, also, that the
percent performance degradation, respectively, test results are consistent with previous studies
In that study, as in the present one, permutations performed of similar format.
of the various stress modalities were balanced,

but this only serves to balance the cumulative OCULOGYRAL ILLUSION EXTINCTION
stress effects among all sequences-not nulling IN STABLE AND PERTURBATING

out such effects. ENVIRONMENTS

Again, comparing these three studies, it is
seen that the head-turn times are quite similar Experiment 3

in magnitude as well as in proportion. Ahhough It has been noted in this and other laboratories

the eye-fixation times in the second study are (refs. 9, 18, and 19) that a suppression (adapta-
significantly hmger than those geen in the pres- tion or habituation) of ocular, perceptual, and
ent study, this would be anticipated in view of somatic responses to Coriolis vestibular stimuli
the substantially greater degradation in perform- occurs in a rapid and predictable manner when

ance and, in part, must be due to the exposure repeated and that the suppression observed is
to Z-axis head turns as part of the test regimen, closely specific for the stimulation being used.

In the present study, although perturbation The transfer of the suppression to other forms

did not produce a significant change in perform- of vestibular stimuli, including the unpracticed
ance, consideration of the mean performance quadrants of identical Coriolis vestibular stimuli,
values as a function of perturbation permits has not been significant. During combined

some suggestion of possible effect. Table 1 rotation and perturbation exposures of subjects
indicated that perturbation alone did not have and examiners in the Convair MRSSS, impres-

a degrading effect on performance; therefore, the sions of altered vestibular suppression rates
relative decrement in mean performance values have been consistently reported that indicate

for Y0 (RP) and Y4a (RP) compared to the the perturbating environment is more easily
comparable (R) sequences could result from tolerated. Experiment 3 provides statistical
labyrinthine cross-coupled accelerations due to comparison of rate and transference of vestibular

the passive sinusoidal tilting of the subject suppression of the OGI resulting from cross-
relative to the MRSSS spin plane. As it is a coupled angular acceleration as a function of the
sinusoidal tilting, it would be anticipated that presence or absence of perturbation. Perturba-

the effect might be marginal since the resultant tion presents a unique stimulus modality in that
stimulus to the cupula-endolymph system it provides passive rotation of the subject's
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TABLE 2. -Schedule Jor Experiment 3

Part A: R _ Part A: R+P

Caloric testing, dynamic exposure Part B: R +P '-' Part B: R

(1) Left ear ............................................. Ss 1 to 4 Ss 5 to 8

(2) Right ear ......................................................................................................................................................

(1) Right ear ............................................ Ss 9 to 12 Ss 13 to 16 a
(2) Left ear ......................................................................................................................................................

R = rotation (8 rpm).

P = pernlrbation (--+3°, 0.1 Hz).

a Ss 17 to 20 provided backup for data loss.

Estimated subject time: 0900-1000:1 hour, predynamic; 1000-1400:4 hours, dynamic; 1400-1500:1 h,mr, imstdynamic.

1 minute (at a consistent turning rate) to return vegetative response as a result of repealed head
slowly back to (;enter stop. Two minutes after tilts, and his testing was suspended to avoid
tile initial TURN signal, the room lights were possible nausea which would have required
turned on, the times recorded, and the stopwatch the abort of all four tesl subjects. Eleven of the

and polygraph connects transferred to subjects remaining subjects returned for the sec.nd part
3 and 4. The testing procedure followed for of lesting. Figure 13 shows tile resuhs for all

subjects 1 and2 was repeated for subjects 3 and subjects tested. From the slope of the regres-
4, followed by a repetition of tile complete testing sion curves, there is n,, apparent difference in
cycle for all four subjects every 15 minutes of the the rate of adaptation. There is a difference in
4 hours of dynamic exposure. Just prior 1o

"spindown," a response to the unexperienced
head-turn direction was made. At the end of

tile 4 hours of dynamic exposure, the subjects too

received cah)ric stimulations as during the _ . I

prespin portion of the test, afler which they were /_/7

released.

Half of tile samples (eight subjects) were ex- so
posed to rotation plus perturbation (-+3° at 0.l Hz) \/[_ l\ O _3".........

Halt" the subjects received caloric irrigations in _. l

their left ear first; tile other half, in tlmir right 60 _,_1o//1_
ear first. This initial order was maintained _ \lp\_.___
throughout both parts of lhe experiment (A and ._

B). Subject nunlbers were assigned ill groups _ \_ 1"1_"'_'+-_._.of fours on a random basis as shown in table 2. a 40

Twenty subjects were exposed to the first "\
part of the Iesl program. The first four were ,¢
exposed to 6 rpm, and it was found that the 2°I
magnitude of OGI produced on tile first head tturn was not great enough to satisfactorily demon-

strale progressive habituation during tile 4 hours
of exposure. The remaining 16 subjects were ex- o a'o do 9'o ,_o _5o _s.......

posed to 8 rpnl; at that velocity, a good OGI MINUTESATSRPM
response was observed. One subject had a FI(;URE13.-Oculogyral illusion extinction (all subjects).
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,_ head turns were made in a plane perpendicular10o

i/_/\ to the plane of rotation that passed through tle

T

center of rotation. The -4-3° perturbation of tl_e

o _+3-.o.1cPs .... cabin at 0.1 Hz also took place in this same plane,

30 \\ _ i_]:_ ..... and the stimuli resulting from the subjects'_-,..(_ head turn during perturbation was then de-

_ pendent on tile cabin motion at the time of [lead
\ ¢} turn; head turns resulted in a different cros_-

_o coupling for each experience and, therefore,

\t_ / \\, ?,,,,, couh:t have decreased the rate of habituatio,,.___\ Another important factor is that the perturbation

E- x ::!i,k _ kept a continuous stimulus applied to the semi-

\ circular canals; the cupulae either were being

40 _+ .# stimulated or recovering and, therefore, could\__ be expected to have a decreased sensitivity--
being in a partial refractory state. The raising
of tile threshold due to a continuous low-lew,,1

30 ¢ excitation would also explain the feeling e::-

pressed by subjects and examiners that rotation
seemed to be less disorienting with perturbatimt.

No explanation can be offered for the simulta-.... 9'o ,_'o d ..........
M,_u*_S*T3R,_ neous dip in both curves at 90 minutes of testini_,.

FIGURE 14.--Oculogyral illusion extinction (subjects corn- This represents six individual test runs, and the
pleting tests), small distribution of data points would indicate

a consistent response but no cause has been
found to which it could be attributed.

extent of habituation; however, this could be

due to the sample size difference. Figure 14 Table 3 lists the duration of OGI resulting flora

is for the 11 subjects who were tested in both caloric stimulation before and after 4 hours _f

parts A and B. The difference in habituation rotation at 8 rpm with and without perturbatior.
No difference appears to exist between the stabl o=achieved in the two groups has an even greater

significance (points are the mean -4-1 standard or perturbating conditions, but a very consistent

error) when the subjects who did not return for decrease is observed in the time of illusion when

the second 'test are deleted, but tile rate of ex- prerotation and postrotation values are compared.

tinction appears the same. Six control subjects, tested without rotation but
with a 4-hour interval between irrigations, did not

Discussion show this decrease in OGI response duration.

It was hypothesized that habituation during Subjects who did not have strong illusions result-

rotation with perturbation would take place ing from irrigation of both ears prior to testing
faster than in the stable situatitm. This was were not retested after rotation, and caloric data,

based on the supposition that the greater the inter- from subjects who did not respond from stimula.

action of a subject with the cross-coupled accel- tion in both ears after rotation were also discarded

erations, the faster tile various stimuli would be The consistent decrease in response of the

suppressed centrally. It is clear that the data remaining subjects could reflect a lack o["

show a reversed situation. The OGI was ex- recovery fromthefirstealoric stimulation. There

tinguished at about the same rate but to a sig- was a period of 5 hours or more between irriga-

nificantly lesser degree than without perturba- tions which should have allowed resensitization

tion. A possible explanation lies in tile dynanfics An attractive interpretation of the data would be,

involved. The subjects were arranged ahmg that they indicate a decrease in receptor sensi-
a radial line in the MRSSS cabin. The X-axis tivity as a result of transference. Such an inter-
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TABLE 3.--Caloric Illusion Duration (Seconds)

t.eft ear Right ear

Prer_,tatiml Postrotation A l>rerotation Postrotatiml A

8 rpm (steady)

115 61 -- 54 51 59 8

125 41 --84 136 29 -- 107

106 74 -- 32 121 58 -- 63

206 84 -- 122 115 83 -- 32

144 109 -- 33 139 64 -- 75

142 46 --96 100 52 48

82 99 17 85 99 14

69 45 -- 14 94 36 -- 58

8 rpm with _ 3° Imrlurbation at0.1Hz

114 97 -- 17 114 65 -- 49

140 103 -- 37 156 88 -- 68

110 147 37 106 110 4

200 42 -- 138 62 35 - 27

109 60 -- 49 181 108 -- 73

176 44 032 141 122 - 19

49 36 -- 13 52 34 -- 18

61 21 140 94 43 -- 5t

Control, 0 rpm (steady)(4-hr repeat)

182 191 9 170 173 3

59 50 - 9 83 112 29

189 198 9 124 116 - 8

41 54 13 58 60 2

174 195 21 156 165 9

166 186 20 119 114 25

pretation would give function to the efferent the lack of illusion transfer that was observed
nerves of the labyrinth, but other workers have when their subjects underwent habituation by
not been able to demonstrate such transference repeated right head turns in a stable environment
(refs. 16, 19, and 20). at 7.5 rpm. At the end of their test period, a

Table 4 presents the OGI durations; for single head turn to the unpracticed left produced
example, what lack of extinction occurred when an OGI response in 50 of 64 trials, whereas only
repeated X-axis head turns were made, 45 ° to ]2 of 64 trials (sum of turn and return) had any
the right shoulder, every ]5 minutes. The OG1 response at all on a turn to the right. Data from
time was recorded for right and left motions at the present study were analyzed in a similar

Ihe beginning and again at the end of the test manner; however, because very few subjects had
period. This procedure has been used to dem- a zero OGI response after 4 hours of rotation, the
onstrate the specificity of vestibular habituation duration of the illusion was considered the im-

to a given motion and the lack of transfer of portant criterion of habituation. The results
habituation to nonstimulated receptors, reported here on duration of OGI are not nearly

Using nystagmus as a criterion in addition to so conclusive as the cited study on nystagmus,
the subjective OGI response to head turns, although the distribution of responses is quite
Guedry et al. (refs. 18 and 19) have reported on similar.
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TABLE 4.- Transfer of Habituation Illusion Duration (Seconds)

Repeated head turns to the right conditioned)

8 rpm (stable) 8 rpm ( (at 0.1 Hz)

Prerotation Postrotation Prerotation Postrotation

C_-R R ci. CL-R R-CI. CL-R R-C,. CL-R R-C

-. ............................................. 12.2 8.0 3.5 3.3 12.4 6.7 4.4 5.5 {{

r .............................................. 2.7 2.8 3.1 2.7 5.4 3.9 2.9 3.4 {W
n ' ............................................ 10 13 14 13 13 14 14

Total ................................ 20.2 6.8 20.9 9.9

Reduction, percent ........................ 66 52

Single head turn to the left (nonconditioncd)

8 rpm (stable) 8 rpm (+3 ° at 0.l Hz)

Prerotation Postrotation Prerotation Postrotation

CI.-L L-CI. CI.-L L-CI, CI-L L-CL C1.-L L-C1.

............................................... 6.9 7.4 4.2 4.0 5.2 6.7 5.6 L7

r ............................................... 3.2 3.8 3.1 2.5 5.8 3.5 3.6 L9
,_' ............................................. 13 13 14 14 14 14 14 1

Total ................................. 14.3 8.2 11.9 10.3

Reduction, percent ....................... 41.3 13.5

Number of responses

Extent of OGI response 8 rpm (stable) 8 rpm (+3 ° at 0.1 Hz)
declines, _ percent Conditioned Nonconditioned Conditioned Nonconditioned

100-80 ....................................... 12 6 5 1
80-60 ......................................... 6 3 5 4
60-40 ......................................... 5 5 6 5
¢0-20 ......................................... 1 3 5 2
20-0 3......................................... 2 1l 7 16

' Durations exceeding 20- tYomy were deleted. :_Includes increases.
2Total of turn and return.

The transfer of habituation found in the stable to limit head motion. There is, however, a de-

rotation of the present study does not agree with cided lack of transfer to the unpracticed side, as

that of the other authors (refs. 18, 20, and 21) and well as a reduced magnitude achieved by habitu,-

can only be explained by assuming that the un- tion in the perturbated situation. This reductio,,

practiced head turn was not totally isolated from in spite of the apparent stimulation, fits the pr(,-
the environment and that some stimulation was posed hypothesis that perturbation raises the

somehow being perceived by the supposedly cross-coupled threshold of the semicircular

dormant receptors. These stimulations must canals. The continuous perturbation, which was

have been small as the subjects used a bite bar in the plane of the head turns, could make the
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system nonresponsive to small stimuli that pro- very short-below that of the time constant re-
vided conditioning to the nonpracticed side dur- quired for stimulation. In 1960, Carl Clark
ing stable rotation. (personal communications) estimated the thresh-

old on himself for cross-coupled illusions on a

RELEVANCE TO SPACECRAFT DESIGN centrifuge rotating at 10 rpm to be 3.6°/sec 2 due
to active head turns. Recently, Newsom (ref.

The study reported in this paper is the first 22) has made a more extensive study, passively
attempt, to the knowledge of the author, to era- tilting immersed subjects at various centrifuge
pirically assess the problem of instability for a speeds. For turns of low angular velocities (6°
spacecraft employing artificial gravity by een- to 10°/sec), the illusion threshold is very close to
trifugation. The conclusions are limited by the 3.6°/sec 2, but it varies with the position of the

sinusoidal nature of the perturbations which may head-turn angle from the plane of spin. How-
not fully represent the space situation. Sinus- ever, the same threshold is not reached if the

oidal disturbances are sure to exist, but imposed centrifuge speed is reduced and the angular
upon these will be random motions. The sinus- velocity of the head is increased because this

oidal pattern is easily anticipated by the subject- decreases the time of stimulus for a given angle
consciously or unconsciously. As such, habitua- of turn, and cross-coupled accelerations of a
tion to that motion is probably facilitated. The much higher magnitude are required to reach the
sinusoidal perturbations used in these studies threshold. In the same study, exposure of
with a range of vehicle angular velocity were as subjects to Coriolis accelerations of 6°/sec " to
severe as have been predicted by the vehicle 90°/sec 2 did not cause nausea or decrease per-
dynamicists, formance. In figure 15, an attempt is. made to

The three types of tests used represent a di- illustrate the dynamics involved. The MRSSS
vergent approach that compared the pure passive
motion of the subject to that of active head mo-

tions. In all cases, the anticipated decrease in _ ......... '.......... _ ........ .... ..... ,,

performance did not materialize. On hindsight, /:v__l[/__.-7-_:_-_ '_'_,':.I(]_"_'"_ '
it can be rationalized that this should have been _ k'Hl'l[( .... ' ......... "

, IN F I_ I ['IIINGC I F _thought of as a possible result of the constant . _,

semicircular canal stimulation due to cross- , ,  .,era ionpro uceby r--

of vehicle rotation and angular perturbation. /\_:_\] ("__ _,[_'.

The observed insensitivity, however, may be due _'_"'i....... i',_'"_:,i'_,'._':',_i'i,, '_
to more than a simple raising of the threshold of \ ....
this organ.

Cross-coupled acceleration thresholds for the _____

semicircular canal cannot be defined in the same ,,

manner as is done in pure angular acceleration. /<_"_/1\ v--_,,_:_,-,_,,_

The stimulus is continually varying in vector

direction even though the magnitude of the prod- _,-_,,.,.,....
uct of angular velocities is constant. During a _1 _ ':
head turn, a point in the labyrinth, as it crosses

_" c_:NTIUI'ETA i,\'E CT( _1_

the vehicle plane of spin, has a stimulus vectnr _ ._,c(, ............ ......... ,.................. ....... T oi" ,'IIIN'F A I' .....

reduced to zero because the cosine becomes ..............................' ............E_.,......................
°Jl llClFAI'ION RAI'E Ol VEIII('I E

zero in the formula a=wxto cos 0. As that o,._..............,:T............
point leaves the plane of spin, the vector quantity ,,, A ............................. ....... Tt) VERFI ...................o AMPI.IT[ DE OF VEIIICI.F: WOBIII,E

increases so there is a continually changing ac- :o .................. 'F,,I v[-:R ...... ( ......................

celeration imposed on each of the six canals.
FIGURE 15.--Elements of vestibular disturbance due to

The time that each stimulus is applied may be vehiclewobble.
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perturbation simulates the displacement of the simulator perturbation was +--3°; when tire
vertical due to vehicle wobble. It does not resultant is used to establish the normal to the

properly simulate the cross-coupling, a = ¢01× wz, floor, that normal is 87.5 ° at 6 rpm, 68.2 ° at 8 rpm,
where the subject is torqued about his Z-axis and 45° at 12.2 rpm to the spin plane. Tills
(to2) during rotation about a displaced X- or means the value by which the cross-product :ff
Y-axis (col). A second cross-coupling, c_=¢o_x¢o:_, angular accelerations is being multiplied varies
results from vehicle rotation and the movement from close to 1 to 0.7 instead of being close Lo

of the head to aline the body with the changing zero as in the space situation. In essence, this

angle 0. In the MRSSS, this reproduced but is means the cross-coupling effect of perturbati_,n
exaggerated by not having the subject's Z-axis used in this study far exceeded that to which
close to the plane of spin. the space crews would be exposed.

The vehicle perturbation of--3 ° used in this Observations in the study were limited to a

study is in excess of the mean effective angle maximum of 4 hours, and the subjects did n_t
through which the man will be realined in roto- move around the simulator. The results, there-
gravic space stations. The man displacement is fore, indicate nothing about how perturbati_n
due to the acceleration-vector addition to the affects habitability in the rotating environmert,

centrifugal vector which will be off the normal which should be the next factor to be investigate t.

to the floor, except when the vehicle is at the
peak of excursion. The magnitude of this dis- CONCLUDING REMARKS
placement of the vertical will be determined by
the cycle duration and radius of the vehicle, From the results of these few tests, it appears
but it will never be that of total vehicle wobble, that the sinusoidal perturbation anticipated in

This is germane because the simulator used in a rotogravity space vehicle will not unduly
the reported studies used the maximum angle complicate specific task performance in a
predicted for vehicle excursion (angle _ in the restrained subject.

diagram) of +-3 ° for angle 6. In addition, the It is important to extend these observatior, s
cross-coupling is a function of the angle from the to a test lasting at least 4 days to determine if
spin plane. In space, as mentioned before, it the perturbation is equally innocuous for longer
will vary a few degrees around zero and, there- periods, for then considerable instability could
fore, the cosine factor will be very small. The be allowed in the rotogravity vehicle.
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Certain Aspects of Onboard Centrifuges and Artificial Gravity
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SUMMARY

Artificialgravity is an exceedinglycomplex environmentwithinwhichman must work. Clearly,

habituation to the environment willbe required. There appears to be the potential of a physically
induced ataxia tendency, a tendency to legbeavinesswhilewalking,and numerousunnaturally induced
acceleration phenomena. Design criteria for artificialgravity are presented whichshow a vehicleof
55 feet in diameter may meet potential criteria. Some limited data indicate, however,that smaller
vehicles may be satisfactory. Onboard centrifuges, which have a relatively short radius, require
much larger centrifugal forces than are anticipated for basic artificialgravityand exceed some of the
tolerable limits for artificial gravity. Thus a restriction of movement on centrifuges is required.

INTRODUCTION g 32.2 ft/sec _ (Earth's gravitational accel-

The influence of weightlessness on man and eration)
h height above floor of c.g., feeton his performance during extended space mis-
1 man's moment of inertia, slug-ft'-'sions remains an enigma. The possible in-

fluences involve physiological habituation which m man's mass, slugs
M moment, ft-lbincludes effects on the cardiovascular, muscular,

and skeletal systems and involve the possible P pressure, lb/ft _

inability to perform tasks effectively during ex- r radius, feet
rpm revolutions per minutetended exposure to weightlessness. It is not
t time

the purpose of this paper to examine these effects
W weight, lbof weightlessness, but to examine certain aspects

of imposing artificial gravity by rotation either P density, slugs/ft 3

of the entire vehicle or a portion of it to alleviate 6 angle of tilt, radians
or eliminate these potential influences. These to angular velocity, radians/sec
aspects encompass the anomalies or side effects Subscripts:
of the environments imposed by rotating vehicles 0 initial value

such as that of figure 1, or by onboard centrifuges T threshold
such as shown in figure 2, as well as the effects U unbalance
of these environments on mission goals, r radial

t tangential
V vehicle

SYMBOLS R relative
F floor

a acceleration, ft/see 2 H head

Ct to Cs criteria ob object

d distance, feet A dot over a symbol indicates its first derivative
G gain of human balancing system with time.
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Factors of Rotating Environments

(1) Artificial gravity level

(2) Coriolis forces

(3) Artificial gravity gradients

(4) Hydrostatic pressure gradients

(5) Cross-coupled angular acceleration

Artificial Gravity Level

The fundamental purpose of artificial grav:ty
is twofold: to eliminate or reduce the physo-

_:: logical adaptation to the weightless state and to
allow the astronaut to function as nearly as pos si-
ble as he functions in Earth gravity. The level

of artificial gravity for steady exposure requir,_d
for the reduction or elimination of the phys:o-

FIGURE1.-MORL in spinningmode, logical habituation due to weightlessness is not
known and remains a prime area of research.

Periodic exposure to artificial gravity by use ot a
simulated onboard centrifuge (ref. 1) has indi-
cated that 2 to 4 g-hours have an influence on t!_e
habituation to bed rest. The g-hours are the

product of the g at the feet times the exposure
time on the centrifuge. Thus one has a starti_g

point for the therapeutic use of a centrifuge but
no data regarding continuous artificial gravily.
One can assume that with any value of artificial

gravity less than 1 g, some habituation will occL r.
As noted previously, research is required to
establish the degree of physiological chani,_e

with g-level.
From the standpoint of allowing an astronaut

to function more or less normally in artificial
gravity, several factors shown on table 1 are
related to the convenience with which astronat ts

perform within the spacecraft. No real data ex st
FIGURE2.-Short-radius centrifuge concept, to establish desirable g-levels of any of these f_c-

tors; the remarks in table 1 indicate certain _s-

THE ROTATING ENVIRONMENT pects of relevance for each problem. The ineRt
critical problem may be that of mobility. There

Those features of a rotating environment that has been a great deal of study of walking in simu-

cause artificial gravity to be different from real lated 1/6 g (lunar gravity) which demonstrates
gravity are listed below. The factors listed that walking at 1/6 g seems readily possible. It
are those that create the anomalies of concern should be noted that such simulations have limila-

relative to the use of artificial gravity and on- tions as to the freedom of the subjects, a factor

board centrifuges. We are all generally familiar that must be always considered. There is a
with these factors and are conversant with possibility that a functional ataxia may exit;t,

their qualitative effects. The quantitative as- which may derive from the sensory-system lim-
pects of these factors, necessary to be known itations, particularly the threshold limits oftho_e
for spacecraft design, will now be considered, systems involved with balance. An elementary
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TABLE ].--Artificial Gravity fi_r Convenience

hem g-level Remarks

Walking > 1/6 Simulator studies on a firm flat surface have indicated the adequacy of 1/6 g. Less than this may

< 1 be adequate, but insufficient data exist. Other means of mobility, as jumping, also may
be desirable. Studies on Langley rotating space-vehicle simulator should examine these
areas.

Placement of > 0 Assuming linearity of frictional forces with weighl, objects would have identical position
objects, stability at any g-level, except objects on flat surfaces will tend to move to the largest radius.

An object's stability when placed improperly would be identical at any g-level. Upsetling

stability would vary linearly, however, with g-level decreased. Wider bases on objec'ts

may be required.
Waste collection >0 Natural expulsion processes with any amount of g-level and proper systems design sbouhl

transport the material and bold it in place. Proper collector design would be required In
minimize such problems as splashing which would be effecled by radius and rotational rate.

Gas-liquid >0 Any amount of g will maintain separalion once it is accomplished. Slushing from perturba-

separation tions, however, will vary with g-level. During a separation process, the rate of separation

systems, will be a function of the g-level, and thus system size will be influenced by g-level. If

all systems are designed for zero g. as they most likely will be, lhen with proper orientation

any g-level will augment the system process. Asmdyoftheinlluenceufg-levelonsystems
seems desirable.

General convec- > 0 Forced convection and filtering are common in 1-g systems, as in aircraft, and will certainly

tion of the be used in spacecraft, especially as they will undoubtedly be designed fnr zero g. Thus,

settling of dust, any anlounl ofg will supplement the system if it is properly oriented.
etc.

Manual applica- >0 The ability to push parallel to the floor would vary linearly with g-level, assuming linearity

tion of forces of frictional %rces, and become nil at zero g. Lifting ability increases with reduced gravily.

and moments. The application of torques by using one's weigh! will decrease with g-level. Proper use

of the floor and utber accouterments should allow manned application of forces and moments

relatively unahered by g-level, provided sufficient g exists fnr man to conveniently arrange

himself to apply the fnrces.

mathematical model which examines the effects which applies where the angle of tilt 4) is between

of balancing,on one foot has been developed. Cb'rand that vahte _bv for which the person be-
Three equations are used to model the situation comes unbalanced and can recover only by
shown in figure 3; these are stepping, and

_b(t)= (b0cosh, _t c_(t)=qbuc°sh_/mI ht1

4- (bo sinh_/_ht (1) + 6----_sinh_/-m_t (3)

_m_h ,Imgh,'

which applies where the angle of tilt 4)is between which applies after he becomes unbalanced and

zero and that value q_v for which the sensory until he takes a step. The factor G in equation
system exceeds its threshold. (2) is the gain of the human balancing system in

shifting the point of application of the floor

G 1 ./(G-1)mgh reaction on the sole of the foot.
q_(t) = G--Zi- _br--G-_ _bvcos _/ I t Figure 4 shows some preliminary results calcu-

_'r _/(G-1)mgh lated for 1 g and 1/6g, using a threshold sensitiv-
+ sin _/ I t (2) ity of 0.01g. These results indicate that an indi-

_(G-1)mgh vidual who retain balance, closed,
can eyes on

one foot in Earth g, may not be able to do so at
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!

f / is that the individual becomes unbalanced bef_ reJ the sensory stimulus reaches the threshold value.
'_ Figure 5 shows angle of tilt required for sens_,ry

stimulus at various artificial-gravity levels aad

at assumed threshold values of A g of 0.005, 0.010,

I and 0.015. Also shown is the angle of tilt for
unbalance. These results show the potential
increase in balance difficulty that may be ¢:n-
countered in reduced gravity.

These results may not be significant, howev,'_r,

as one normally will not stand in artificial grav:ty
with his eyes closed. The stimulus to the eyes
is not considered g dependent and balance with
this stimulus as ordinarily used for balance )n

Earth by labyrinthine-defective persons may

h undoubtedly suffice. It is evident, however, that
the situation tends not to be normal as ti_e

artificial-gravity level decreases and sor,_e
adaptation and learning must occur.

Some limited studies of walking in artificial

gravity on the Langley rotating space station
simulator (fig. 6) have been made. In this simu-
lation, the freedom of the subject is just in tile

FIGURE 3.--Elements for mathematically modeling in ataxia

test. sagittal plane, and certain aspects of reduced
gravity may not be evident. Further discussi(,n
of these results is included in the next sectioa.

--Ig

...... I/6g /.,/ 6 THRESHOLD

// STIMULATION LEVELS

3.44 DEG SENSORY THRESHOLD AT I/6g ./' Z_g
/ ..015

,_, DEG //z/z/" 5

1.89 DEG POINT OF //

2: UNBALANCE ,/z 4
/

I ///

y ,_, DEG 3

t l I I l l

oC_ .i .2 .3 _' .5 .6 UNBALANCE

TIME, SEC 2- _ _ ANGLE

FIGURE 4.--Calculations of variations of tilt angle with time ____i

for an ataxia test in Earth attd lunar gravity.

1/6 g. These results are based strictly on the
I I I I I

physical aspects of the problem and do not q a g .6 S fO
consider any psychophysiological effects that ARTIFICIALGRAVITYLINE,g UNITS

may occur at reduced gravity levels. The funda- FIGURE5.--Effect of gravity levelon the angle of tilt requir,:d

mental problem from this elementary example Jot threshold stimulationfor an ataxia test.
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TABLE 2.-Subjective Results of Walking in Artificial Gravity

Artificial Comments
gravity
level, g Walking with rotation Walking against rotation

0.1 ..................... Slow initiation of walking Tend to soar or float witb no control

Light on feet Develop large tilt to initiate

No leg heaviness

Good walking when stepping rate is 3 ft/sec

0.2 ..................... Good walking condition Good walking condition

Start and stop well Light on feet

Legs have heavy sensation Less tilt required than for 0.1 g

0.3 ..................... Heavy legs Easier than at 0.2 g
Stable sensation

Tend to walk on heels

Not as comfortable as 0.2 g

0.5 .................... Laborious

Heavy swinging leg sensation

Firm heel down steps

]I2 _ _CC[LE_T[0NATFOOT rotating spacecraft. Such objects are affected
....... ACCELERATION OF BODY

LARTIFICIALGRAVITY in accordance with equations (4) and (5), an,t

,.c research to determine the degree of such condi-
tions must also be considered.

.... N_OMINALg Another potentially annoying related factor is
g,UNITS.6: ..... }6 that objects when dropped will not fall where one

.............................. _}_ would normally expect them to. Human tol-
4 ._-- erance or adaptation to this situation may requir,_

........................... }2 study. The distance that an object strikes th,.•2

foor from the expected spot is expressed as

210 40 61 810 t/O I;_0 E/O 160 2 2 r,_.- r,_
RAOIUS, FT d: r#, tan -1 " -- (7)

L rt¢ \ r,_ / j
FIGURE 7.--Acceleration of the foot compared to that of the

body and the nominal artificial gravity level. Walking where rF is the radius of the floor (or table top)
speed,3feet persecond, and r1¢ is the radius from which the object i:;

dropped.
It should be pointed out that within the confine_

that in Earth gravity. Clearly, this is greatly of an onboard centrifuge, most of the factor,.
dependent on the radius of the vehicle; the effect discussed in this section do not have applicatior

demonstrated decreases markedly with in- as general mobility is not possible. However,
creasing radius, as some work tasks, such as small repair ant

Further study of leg heaviness is required, not assembly jobs and waste management, may be
only that the foot is heavier than normal but also performed, certain aspects that relate to th¢
that it varies in weight during a step which may handling and dropping of equipment, parts, etc.

have a distracting effect. A mathematical are applicable to centrifuges.
model more elegant than that of equation (6)
should be developed, and leg heaviness could be Artificial-Gravity Gradients
a significant criterion for vehicle design. This is a subject that has received considerabh'.

In addition to the problems of locomotion just discussion but for which there appears to be nc
discussed, the astronauts will experience un- accepted effect or applicable criteria to establisl_

usual effects while moving objects within a acceptable gradients. The artificial gravit_
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varies, of course, directly with the radius for particularly in the cardiovascular system, may
any given vehicle. From a general standpoint, have more physiological significance than the
for vehicles of different radii but having the same gravity gradients just discussed. The circulation
artificial gravity at the floor, the gradient is of blood to the head and from the lower extrem-

inversely proportional to the floor radius, ex- ities is a significant element in man's well-being
pressed as follows: and is influenced by the hydrostatic pressures

present. In artificial gravity these pressures

da aVdesired (8) vary differently from those in the Earth's gravi-
dr rF tational fields. In Earth's gravity there is a

From the physical standpoint, objects would linear variation in hydrostatic pressure in a
weigh more on the floor than on a shelf and from standing man, whereas in artificial gravity the
the physiological standpoint, a person would be pressures vary with the squares of the radii and
heavier when squatting than when standing erect, are expressed as
The significance of these factors relative to

I P ._ 9

adequate astronaut performance seems rather p--_ (r2--r_)_o_ (9)
vague, particularly in that the maximum artificial-
gravity level probably would be much less than where p is the fluid density and r, radius at the
1 g. Figure 8 shows variations of the gravity head.
gradients per foot of height for consideration of 3"he variation of the head-to-heart and the head-
handling objects and per height of man when to-foot pressure increments with radius for vari-
considering psychological implications. These ous artificial-gravity levels are presented in figure
results show that with a radius as small as 20 9. These results show relatively large varia-

feet, the g-level at the head would be 70 percent tion of pressure with radius up to about 40 feet
of that at the feet. The significance of this of radius after which the pressure (at I g) tends
difference is not clear, and the simulations to asymptote that in Earth g. The head-to-foot

previously discussed and presented on table 2 pressure becomes 90 percent of that on Earth
were performed at a 20-foot radius without a at about 30 feet of radius, whereas the head-to-
clear influence of this factor, heart pressure becomes 90 percent of that on

Earth at about 60 feet of radius. It is not evident
Hydrostatic-Pressure Gradients that these variations would have any critical

The pressure distributions along the body,
i4o ........ I:£EA_R_TH'g".............

RATIO OFGRAVlTY AT HEAD TO THAT AT FEET __ tOg

I50 .70 I80 I85 I90 .933 _ _- ............

zcF;¢,E'IEL. ,_0 .-'--
_T FL DOR / _

.311' /,,

.1£- I I00 /"

I _ GRAVITY GRADIENTS HYDROSTATICPRESSURE
PER FOOT OfRADIUS 80 -- HEAD TO HEART

PRESSURE ....... HEAD TO FEET
.12- .2_ _ ...... GRAVITY GRADIENTS mrnHgt PER MAN HEIGHT (6 FT)

GRAVITY _ \ , 60
GRADIENT _ ' I

"l I

.08- \ \ !
\ \ 40 ............. .3g

\ \ _ .......... 1.0 EARTH "9" .

.I \ ' ' _ _- _lOg

, ,.'--.
.04 \ _- \ -- .Ig

.3", " , _ .3g

.2,_ _'" 0 Ig
.I - _ I IJ

_ 0 I_) 210 310 4_) 510 60 70
0 I

0 20 40 60 80 I00 RADIUS, FT

RADIUS, rF, FT FIGURE _.--Hydrostatic pressures in a standing man in

FIGURE 8. -- Gravity gradients in rotating spacecraft. Earth and artificial gravity.
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influence on the man or his systems. It is inter- the important therapeutic factor in preventing
esting to note, however, that at a given artificial- adaptation to weightlessness, lesser g at the fe(,t

gravity level, the shorter radii would have less probably may be adequate as the radius of rot;,-
influence in challen_ng the cardiovascular tion increases. The 4 g's noted in references 1

system than the larger ones. and 4 may be the largest g-values required for
With the onboard centrifuge, if used as a thera- therapeutic purposes as the centrifuge used was

peutic device to challenge the cardiovascular of minimum size.
system, as simulated in reference 1, gravity levels
up to about 4 g may be required. Because of the Cross-Coupled Angular Accelerations

confinements of space, onboard centrifuges This area is that which has received the most

will have radii of the order of 10 feet or less. concern relative to vehicles with artificial gravit).
For these conditions of high g's and short radii, The psychophysiological aspects ofcross-couple, l

concern for blackout and leg pain and petechia angular acceleration, often referred to as Coriolis
exists. The results of references 1 and 4, and acceleration, were a part of the previous thre._

with consideration of the data in reference 5, Symposiums on the Role of the Vestibular
indicate that blackout occurs when the head-to- Organs in Space Exploration, as it is a part o["
heart hydrostatic pressure gradient is about 134 the current symposium. The emphasis on thi:_

mm Hg, and the lower leg pain and petechia aspect of the problem of artificial gravity is well
of the feet occur about when the head-to-foot founded as it may be the most critical aspec:
hydrostatic pressure is 485 mm Hg. Figure 10 physiologically in that the endpoint can be seriou_
presents these conditions in terms of g-bound- motion sickness. The basic equations for calcu-

aries for a seated man in a short-radius system, lating the angular stimulus involved are included
The therapeutic boundary is based on four short in reference 6. These equations are independen:
exposures per day with 4g at the feet as outlined of radius, however, because of a possibh:
in reference 4. Longer exposures at smaller hydraulic, mechanical, or neural interactior
artificial g-levels may also be adequate. Be- between the otoliths and the semicircular canal,

cause of the characteristics of hydrostatic pres- fiefs. 7 and 8, for example); the entire stimulus,
sure variations shown on figure 9, and provided situation may be more complex than is expressec
the hydrostatic pressure in the blood system is in reference 6. Because of this complexit)

and the broad treatment of the subject by others
no discussion of this basic physiological problem

tao will be made in this paper. It appears only thai

r2o V//// subjective tolerance and maintenance of perform-
LACKOUTBOUNDARY ance in cross-coupled angular acceleration

Ioo probably range between 1 to 4 rad/sec 2 (refs. 6
"¢ and 9, for example).

AT A related phenomenon also exists for astro-80 FEET ,_/-LOWER LEG PAIN

RPM 8 _, ANDPETECHIABOUNDARY nauts in artificial gravity. When objects are
6o _,"-..__., rotated by the astronaut out of the plane ot

vehicle rotation, the astronaut must apply a

40 moment to the object to prevent it from rotating
in an unnatural and undoubtedly undesired

F""'"_///_z__INSUFFIGIENT direction. The magnitude of the angular accel-
20 _THERAPEUTIC

.... ///7-'- VALUE eration he must impose on the object to prevent
i J i t i q i the undesired motion is directly proportional to

O_ 2 4 6 8 IO f2 14

the angular velocity he has purposefully applied
RADIUS, FT

FIGURElO.--Critieal boundaries in short-radius rotating to the object and the vehicle rate of rotation.
systems related to hydrostatic pressure variations. The The degree of di_culty is a function of the
results areforaseatedman, moment man can apply and the moments of
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inertia of the object rotated. The maximum initial elliptical orbit. Therefore, the impact of

moment required may be expressed as the spin capability on the initial launch of the
laboratory inwAves a decrease in discretionary

M = IobcoVCOol, (10) payload capability of approximately 4000 pounds.
Fewer eiinsumables, experiments, etc., can thus

which certainly must not exceed and, desirably, be carried on the initial launch, and more severe
should be appreciably less than the moment he demands are placed on the subsequent logistics
could apply schedules.

M=IobCbob (11) In addition to the initial launch penalties, the

clearly then spin capability includes a major increase in re-
cor<_ thob (12) action control propellant consumption rate.

_Oob Increased drag and moments of inertia, deploy-

where this ratio is approximately equal to the ment, and spinup requirements all increase the
cyclic frequency of the motion applied to the orbital propellant requirements. For the MORL

object, assuming one starts and stops the object in the spinning mode, the orbit-keeping require-
in the desired motions. Differences in moments ments are increased by about 200 pounds of
of inertia about the axis of the initiated motion propellant per month, and the attitude control

and the axis of the cross-coupled acceleration expenditures are raised by almost 400 pounds

complicate this simple analysis, per month. These increases in overall propellant
consumption are approximately 80 percent over

THE INFLUENCE OF ARTIFICIAL the basic zero-gravity configuration.
GRAVITY ON MISSION GOALS Other than the impacts on system design,

there are also other factors which must be con-
In examination of the influence that artificial sidereal. One such factor was investigated in

gravity may have on the mission goals of space the MORL studies for which a typical prelimi-
vehicles, let us first examine two configurations: nary experiment program for the missiim was
one representative of a simple vehicle and the selected (ref. 11). The experiment program for-
other representative of a complex vehicle, mulated covered all the major scientific/technical

The first configuration that will be discussed disciplines. As illustrated in figure 11, 40 per-
is the MORL in its spinning mode (fig. 1). Here, cent of the total 157 experiments would demand
the basic laboratory is separated from the almost absolute zero gravity, 43 percent would
SIV-B launch stage by a system of cables, and require a significant increase in design tom-
with the SIV-B stage acting as a counterweight, plexity for artificial-gravity performance, 16
the entire configuration is rotated to achieve percent would be gravity independent, and only
the desired gravity field within the laboratory. 1 percent would actually require some level of
As an example, at a radius of 70 feet from the

common center of mass of the spinning con- F Experiments which require

figuration to the outer floor of the laboratory, a j___r0 gravity140%)
gravity level of 0.333 g can be achieved by rotating Experimentsonwhich / I

the deployed system at 4 rpm (ref. 10). artificial gravity /'_
imposessignificant / _ \The inclusion of this spin capability in the basic
design complexity/ _ \

zero-gravity MORL has considerable effect on (43%)--...._/ \ _
the laboratory design. The major impact is
the increase in weight of the structure, reaction

control, and flight electronic systems to accom- \ \\ /'-Experiments which
modate this additional operating mode. The _ \\ J are insensitiveto
total changes in dry launch weight of the labo- _ _ gravity 116%)
ratory/SlV-B combination amount to 3400 Experimentswhichrequire

pounds and require about 600 pounds of addi- gravity(i %)

tiona] propellant to circularize the orbit from an FIGURE]l.-Typical Earth-orbital experimettt program.
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gravity. Since the primary purpose of most An onboard centrifuge also imposes on th_

future space missions will be the performance mission capability of a spacecraft. The basiz
of a meanin_ul experiment program, perhaps added weight could range from about 300 pounds

the experiment program itself will be the domi- to 3000 pounds, depending on the intent of th
nating factor in the decision of"to g or not to g." device. The mere application of acceleration

A possible method of providing a continuous for therapeutic purposes would require the lesser
gravity force for the crew as well as satisfying weight, whereas developing a centrifuge with an
the experimental requirements is illustrated in experimental capability of measuring vestibular
the second rotating spacecraft concept. A pro- responses, sensitivities and thresholds, cardic-
posed, large, rotating, manned orbital space- vascular reactions, performance, reentry pro-

station configuration is shown in figure 12. ficiency, etc., as was proposed in reference 12,
There are other concepts, but generally each is would require the greater weight.
basically a 24-man station, rotating to provide Another significant factor is that the astronaut
artificial gravity at the operational floor levels, time directly associated with artificial gravity or
Zero-gravity-dependent experiments could be the onboard centrifuge results in a direct redu¢-
provided for in the counterrotating hub where tion in time available to perform experiments or
the gravity level goes to zero. operate the vehicle. Basically, artificial gravit7

For these larger rotating vehicles, there are requires no specific astronaut time except that,
similar, but more complex, problems than those for experiments requiring weightlessness, th,_
associated with the MORL spinning mode. system must be despun or the astronaut must
Besides a tremendous launch weight, the aero- transfer to the weightless portion of the vehicle.

dynamic and gravity gradient torques and the A centrifuge being used for therapeutic purpose:_
orbit-keeping requirements will involve very requires from 4 to 6 man-hours per day for ridin_,_
high propellant consumption rates, although a and monitoring the centrifuge, which time i:_
lesser number of spin/despin operations will be lost from other activity.
involved since docking would be accomplished

at the zero-gravity hub. Although these are
highly complicated vehicles requiring subsystems DESIGN CRITERIA FOR ARTIFICIAL
of increased complexity to support the mission, GRAVITY
there may be a requirement for such vehicles in
the future. It is, however, difficult to justify Based on the previous discussion of the rotatini,_
the initiation of any space mission using such an environment, eight preliminary criteria for th._
elaborate vehicle without first thoroughly estab- design of space vehicles with artificial gravity
lishing and understanding the true requirements have been developed. These criteria include

upper and lower limits of gravity levels, maxi-
for artificial gravity. mum tolerable rates of rotation, rotational radius,

percentage change in gravity gradient, and the
degree of Coriolis acceleration tolerable anti
cross-coupled angular acceleration. It must bc
first noted that the minimum amount of artificiat

gravity to maintain good physiological tone and
to prevent or allay the reconditioning that ma, r
occur in weightlessness is not known. These
criteria are designated as C1 through Cs. Figure
13 is a plot of radius of rotation versus rate 02

_,_ < _,: rotation for artificial gravity and indicates the
_ influence of the sundry criteria on potential

design values. These criteria incorporated iT

FIGURE 12.--Large rotating space station. Three-radial figure 13 form a design envelope illustratint_,
module configuration, limits that might be imposed on an artificial



;o

ONBOARD CENTRIFUGES AND ARTIFICIAL GRAVrFY 341

RAO_EC TAB1.E 3.- Expressions for Criteria fi)r the Selec-
12- _ t

_, / ,_',\,N/", I",, tion oJ" Vehicle Radius and Rate oJ RoHttion
RPM,,- ' _'k_'t_'V,_4.+__'_,____\._ ,, ,. ......... /br Artit}icial. Gravity

IOFI O _

91-.9-c _',_\'_,_._,.. ANO,/Sg_O_,NOARIES

8_- 8- 7_ C_ _k_v,v,_-'_\)_\' _ .... _---_.__..\ ....- ...... CORIOLISRATEBOUNoFDARtESRoTATIoNACCELERATIONCrileria Mathematical bases

- _ 8 CI
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FIGURE ]3.--Design envelopevehicles.fOrmanned rotating space 4.......... (_)'- <_CL

gravity vehicle design. The criteria presented 5.......... ('_ r,,] _<C_,
are not as completely supported by experimental _ r, /
evidence as desired. However, if conservative

selections are made, an arbitrary rotating vehicle 6.......... (,h,_,,.,+,,)_ C.\ r_.+ ;-,,_,' "
can be defined and an estimation of its practi-

cality can be made. The mathematical expres- 7.......... _, _< C7
sions used to establish curves on figure 13 are _o,,
listed on table 3. From the figure, the maximum
tolerable rate of rotation seems to be the most 8.......... o_,._<C_
critical and restrictive criterion. The next

most significant criterion is the amount of Coriolis order of 0.5 seemed to be readily tolerated pro-
force that is tolerable. These two criteria gen- vided the basic g-level is about 0.2 g or more.

erally will set both the rotational rate and radius In figure 13, the value of C_represents the toler-
of the vehicle, since the amount of Coriolis ac- able percentage increase or decrease of man's
celeration to be experienced varies with spin artificial weight as he moves at 4 ft/sec within
rate and radius. From experimental observa- the vehicle. The correct value of C_ must t)e

tion, the other criteria would allow vehicles of established by experiment, but in figure 13 a
smaller radii and higher rates of rotation than graphical representation of values of C_ from 15

those just discussed, percent to 50 percent are shown.
The maximum tolerable rate of rotation, as Cz represents the percentage weight change in

noted previously, has been the subject of ex- an object when moved. Cz was selected as 25

tensive research. Generally, a value of about percent when the object's velocity is 4 ft/sec.
4 rpm has been suggested as safe, although values The value of C:}is the distance from the local
of 10 rpm have been tolerated during many tests, vertical which an object falls to when dropped.

It is believed that a relatively conservative C3 was selected as 1 foot for objects dropped
value would be about 6 or 7 rpm. A value of 6 from 3 feet above the floor. This indicates that
rpm more than halves the radius required at 4 at a radius greater than 44 feet, such an object will
rpm. Additional research and flight experiments strike the floor not more than ] foot from where it
will be required to establish the actual value to was expected to fall.
be used. The value of C4 is the ratio of the weight of an

Relative to the Coriol_s force that may be tol- object on the shelf to its weight on the floor.
crated, the results previously discussed indicate The value of Ca was chosen as 0.5 for a height
that rather large values of this ratio (Cl) of the above the floor of 6 feet, indicating that an object
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so positioned will weigh not less than one-half 16 per second. Eight rpm is the upper limit _t
its artificial weight on the floor. Figure 13 shows which this condition is satisfied.
that this condition will be satisfied at radii of The maximum rate of steady rotation tolerable

rotation greater than 12 feet. to man was taken to be 6 rpm (Cs). However, in
C._ is the criterion for the gravity gradient limit figure 13, several values are shown for complete_-

which would be comfortable for man in the hess.

rotating environment. For the purpose of figure The crosshatched area in figure 13 is bound by

13, C5 was selected as 0.15, indicating that the an assumed value of Coriolis-force ratio of 0.25
centrifugal acceleration at the head will not be (C1=0.25), a maximum rate of rotation of 6 rpta
less than 85 percent of the value at the feet: (Cs=6), and an acceleration not exceeding 1 _"
This condition is satisfied at radii greater than when moving about the vehicle. This desiga
40 feet for a 6-foot individual. It should be noted envelope allows a minimum radius of about 55
that this value is not substantiated by data and feet.

that larger values may be readily tolerated. If the artificial-gravity level selected fails witl_-
C_; is the ratio of fluid pressure at the heart in the design envelope of figure 13, the enviror-

level to that at the foot level. It was selected to ment produced will satisfy the requirements _f

be at least 90 percent of the same ratio when walking, performance of everyday tasks (tabl_
in the Earth environment. It is further assumed 1) and, in addition, will simplify some of the
that the heart is 4.5 feet above the floor level, mechanical systems designs needed aboard th

The ratio equals 90 percent at a vehicle radius of space vehicle.
26 feet and becomes more like the Earth's envi- The crosshatched area as noted is based on a

ronment at radii greater than 26 feet. As before, value of Coriolis-force ratio (C_) of 0.25. In the
this value of 90 percent is not substantiated, walking experiment previously discussed herei_t,

For the cross-coupled angular acceleration values of Coriolis-force ratio of the order of 0.5

experienced when a man rotates an object, appeared tolerable. With this value, radii cf
the value of C7 was selected as 0.50. This indi- less than 30 feet would be possible. The fool-
cates that the cross-coupled acceleration will heaviness problem discussed previously is net

not exceed 50 percent of the angular accelera- considered on figure 13, although it will be
tion that the man can impose on the object. It experienced generally in the crosshatched are_.
was assumed that a man can impose a maximum Further experiments to establish a tolerable level

angular acceleration to angular velocity ratio of of foot heaviness seem necessary.
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DISC USSION

Dietlein: One of the final common pathways of basic not manifested in clinical studies and laboratory determina-

neurophysiological research in the vestibular area relates tions. This initial probe, which could be conducted sometime

intimately to applied investigative efforts which ultimately soon, might be extended later on by the use of rotating

influence greatly and sometimes dictate optimal spacecraft capsules to generate different subgravily levels and, indeed,

design. Such efforts are destined to assume an increasingly by conducting studies aloft when animal facilities are eslab-

important and even critical role in this country's future lished in manned orbiting laboratories.

long-term space flights, inasmuch as the present consensus, The onbnard centrifuge used as a countermeasure would

at the Manned Spacecrat) Center at least, holds that some solve the problem of heahh hazards due to weightlessness,

form of artificial g must be provided to space stations or and its contribution to habitability of tile spacecraft would

space-station-like vehicles. The reason for this position depend a great deal on its size and appointments. An on-

is simply to facilitate the simple day-to-day chores of work and board centrifuge would be extremely helpful in defining the
habitation, to obviate the need for painstaking relearning of benefts of different subgravity levels, nut only in preventing

even tile most pedestrian of activities and maneuvers, and loss of fitness but also in restoring fitness once it is lost.

to add immeasurably to crew effectiveness in increasing their It would have value in determining postural stability while

work capacity in space. Mr. Stone's presentation dealt with standing, as a fimction of the level of artificial gravity (in a
those advantages and problems of providing artificial gravity rntating spacecraft), but would have limited value in determin-

and/or centrifugal devices in space stations, ing stability under the same conditions while walking, due to
Graybiel: Dr. Jones left for Washington at noontime, and inability to simulate the force environment in a rotating

just before he left he asked me if I would open up the dis- spacecraft.
cussion on Ralph Stone's paper and point out some of the The worrisome problem of fitness for reentry after pro-

things that seem to me to be worth doing using an onboard hinged exposure aloft could be handled not only by using the
centrifuge. By way of introduction, let me say that when centrifuge as a therapeutic device but also by using it to
1 was talking with Ralph early on about his presentation, simulate the g-prnfile on reentry.

I was particularly desirous that he include the figure shown From the scientifc side, the opportunity to investigate
in his next to the last slide. This nomogram contains a great physiological and behavioral effects as a function of g-levels

deal of information, and I am going to ask permission to use ranging from weightlessness, at the one extreme, to super-

it as soon as it is published, gravity levels, at the other, would contribute enormmasly

There are a few things which 1 might call to your attention, to our knowledge. In nly opinion, one of the biggest oppnr-

and they are meant to supplement the material Ralph has tunities is to determine the role of the tonic otolithic activity

just presented. The important question from the bin- resulting front the stimulus due to gravitational force and the
medical point of view is, What are the operational problems role of the resting activity of the sensory receptors in both

which must be solved in planning for manned space flights the otolith organs and the semicircular canals.

measured in years? More specifically, what are the effects This raises the question as to the exact role of the resting

of exposure in a weightless spacecraft for this period? With discharge of the semicircular canals under natural terrestrial

regard to health hazards, the President's Science Advisory conditions. Is this role simply to preserve the functional
Committee has called attention to the need to look for subtle integrity of the canalicular system? With motions of the

alterations in addition to the manifestations with which we head they function as angular aceelerumeters, but with head

are already familiar as a consequence of short exposure in fixed in what way do they contribute to our well-being?

weightlessness. These subtle effects which might be The situation is very different in the case of the otolith

revealed at the cellular, subcellular, and molecular levels organs. Like the canals, they also act as accelerometers

could not be investigated extensively on man for obvious responding to linear accelerations. In addition, it is generally

reasons and would require the use of animal subjects. Cur- agreed that change in position of the head in the gravitational

rently, Dr. Jones is supporting preparatory studies with the field constitutes adequate and purposeful stimulus. I would

object of sending unattended rhesus monkeys into orbital like to add that we have demonstrated persistence of he-

flight for long periods of lime. The chief object of interest havioral responses when the head is fixed either in the gravi-

would be extensive biopsy and postmortem studies which tational or in a gravitoinertial field. Dr. Miller has had some

might reveal the effects of chronic exposure to weightlessness persons tilted fl_r several hours during which time he made
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repeated measurements of the amount of counterfoil of the otolith organs is gravity independent; it is metabolic. There-

eyes. There was onty a little falloff in the magnitude of this fore, I would not envisage any large-scale disappearance oF

effect, indicating little in the way of adaptation. The magni- the resting discharge under weightlessness. So the otolith
rude of the roll is a function of subgravity and supragravity weight is immaterial. In fact, experiments have been carried

load under otherwise static conditions. In an experiment out, I cannot quote the reference out of hand, where otolith

conducted with Dr. Clark, subjects demonstrated little change membranes have been centrifuged off without concomitanL

in the settings of tbe oculogravic illusion over periods of 2 to 3 tonus loss. You ask what is the significance of the restinlg

hours. In this experiment subjects were exposed to a change discharge in the semicircular canals. They are highly ira-

in the gravitoinertial vertical with respect to themselves while portant tonus pumps as well. You can eliminate a singl,:

observing a dim line oflight in the dark. When the change of semicircular canal and get lasting tonus asymmetries in a

the vector is in the frontal plane, the line appears to rotate, state of rest.

and its new position accords with the change in this vector. Graybiel: You still have not answered the questions [

In short, it appears that with head fixed in the gravitational raised regarding the changes in behavioral responses as _L

or in a gravitoinertial field, receptors are continually stimu- function of g-loading primarily on the otolith organs. Thei"

lated by a gravitational or gravitoinertial force. Only when nature and accuracy imply statotonic reflex activity which ha:;

these are lifted, as in weightlessness, will the true resting no counterpart in the case of the canals.

discharge of the otolith organs become manifest. 1 believe Lowenstein: Yes. In such a situation, of course, the.

a major scientific opportunity awaits investigators in an otolith organs are more efficient.

orbiting laboratory studying vestibular problems. Such Graybiel: Then there must be some increase or decreaseih

studies and many others as well will require the advantage firing as a function of g-loading.

of varying the g-loading such as might be accomplished Lowenstein: In the stationary individual.

with an onboard centrifuge. Graybieh That is really my point. We all agree the otolitt,
Newsom: I should like to make a comment on Dr. Gray- organs act as accelerometers. The point is, do they also,

biel's presentation. It appears as if the thing to do is to put have a tonic output related to g-loading?

up an artificial-gravity station and then have the centrifuge Lowenstein: Yes. That depends on the spatial positiot

spin in the opposite direction so the level can be decreased of the individual. Take the utriculus; when it lies at 90 ° t_,

from one instead of increased from zero up. I think this was the gravitational pull, I would not anticipate very grea

one of Dr. Graybiel's suggestions when I last visited Pen- changes. But if the individual in his resting position is it

sacola. This is a very interesting concept and one I have fact slanted, and when then weightlessness or additiona

given a great deal of attention to. It is interesting that the gravitation exerts its influence on the shearing element in th_

only way this can be done, however, is for the centrifuge to otolith organ, then you get your effect.

have a common axis as that of the spinning space station; Graybiel: Dr. Miller and I have varied g-loading withou

otherwise cross-coupled accelerations are produced and not varying the direction of g, and these effects are still there.

pure angular accelerations. But the concept itself is certainly Lowenstein: In a position with the utriculus at 90°?

a very good one, and one I know that is going to be pursued. Graybiel: We were able to manipulate independently th_

I am wondering if it is correct to base our criteria for angular magnitude and direction of the gravitoinertial force vectol

velocity and g on a physiological requirement at this time. on a human centrifuge by controlling the position of an other

We know practically nothing about that, but there are other wise free-swinging gondola on its trunnions. By this mean,

things we do know about. What Iatn thinking of is the ad- we demonstrated behavioral changes which could be varlet
vantages of an artificial-gravity system for the mechanical as functions of magnitude or direction of the force vector.

system, such as life support and general habitability. Cooling Lowenstein: I think, as Alice in Wonderland, I would likq:

of components in zero-g is a problem. With an artificial- to see this all on paper. One should then discuss it at lengtt_.

gravity station one then has convective cooling. Fine particle Waite: I have seen several reports, indeed numerous pro

control and water separation can be studied. We should be posals, in the last several years, primarily from the engineer

able to get some of these values from a theoretical basis, ing side of NASA, which have proposed changing the g-level

These might help us to decide what the level of artificial g and angular velocity of a rotating vehicle many times in

should be. 2- or 3-day-long mission. In my opinion this is putting us iF

Another very important factor for some life-support a position of changing the stimulus betbre any kind of adapta

systems is the behavior of fine particles. Some of these tive response has had time to fully complete itself. I woulc

types of things we might learn a little more about from like to ask Dr. Graybiel if he would care to suggest a minimun

some of the work that is planned in the Apollo Applications duration during which g and angular velocity should b¢

Program. So these physical factors might be used to de- maintained constant before changing them, assuming om

fine a g-level with a higher level of confidence than what is goal is to discover the full effect of rotation in space on one'.,

now being proposed for the physiological systems. Perhaps physiology for purposes of extrapolation to longer duratior

a group such as ours should also be thinking about these missions and not merely the mission at hand.

other problems associated with rotating systems and then Newsom: The work that I presented at the first syinposiun_

see how they might affect the vestibular organs, and that which Dr. Graybiel presented here at this meetin_

Lowenstein: Dr. Graybiel, we must not forget that the offer a nice solution to that. A stepwise increase in angula]
resting discharge both in the semicircular canals and in the velocity allows your engineers to study incremental increase.,



ONBOARD CENTRIFUGES AND ARTIFICIAL GRA/VITY 345
7"

in g, and permits adaptation. This appears to me the way Postural equilibrium is regained as a consequence of walking

to satisfy both tile engineer and physiologist, and there is abolition of vestibular symptoms on moving the

Waite: For how long do you maintain ag-level or an angular head. After all overt symptoms I/ave largely disappeared, a

velocity before you can be assured that you are nut con- further period of hours at least or even a day may be neces-

taminating that level's physiological responses with the new sary befl_re all homeostatic adjustments have been made.

level that you are imposing? How long does it take for Money: I would like to suggest that ahhough there is good

adaptation to take place or to reach asymptote, if l can speak reason to believe that astrunauts could adjust to r++tation

of a general physiological adaptative asymptote in this especially if the spacecraft were increased in its rotational

environment? speed stepwise as Dr. Graybiel has just stn_wn, succcssful

Graybiel: This is a difficult question to answer without adjustment is not a certainty. Before such a rotating space-

knowing more about the initial symptoms experienced as a craft is sent away for a period of 2 years or something like

result of moving the head or walking about at a particular that, it would be really important to have first a rotating space-

angular velocity. If the Coriolis illusion and nystagmus are craft orbiting the Earth in a position to come hack right away

present, the fi_rmer will usually be the first to go during the to be sure that lhesc people can adapt before sending lhem

process of adaptation. Mild symptoms of motion sickness away.

usually disappear soon unless head movements are restricted. Graybiel: That is in the cards. They thought of that.
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Walking in Simulated Lunar Gravity

WILLIAM LETKO AND AMOS A. SPADY, JR.

Langley Research Center, NASA

S UMMAR Y

Experience in aircraft and in ground-based simulators indicates that man will be attic to walk ill
lunar gravity with no apparent difficulty. The metabolic measurements repurted herein indicate
that the energy cost of locomotion in simulated lunar gravity is eonsiderahly less than in 1 g, as was
fuund in earlier studies. The simulation technique used was unimportant for level walking, but
generally had a large effect on the metabolic data obtained while ascending grades. Increases in
the loads carried generally had a relatively small and inconsistent effect on metabolic costs. Changing
the walking surface from a hard, smooth surface to one of sandy soil caused a large increase in the
metabolic rate at the higher locomotion rate.

INTRODUCTION in lunar gravity is being carried out, theref<we,

by Garrett AiResearch Corp. under contract

Man is destined to play an increasingly im- with the NASA Langley Research Center. The

portant and varied role in extraterrestrial inclined-plane simulation technique developed at

activities, and for this reason his capabilities and Langley and the gimbal-vertical simulator of
requirements will have to be established to assure AiResearch are being used to simulate lunar
mission success. The need for adequate knowl- gravity. In the study, man's locomotion char-
edge of man's capabilities was dramatically aeteristics and the metabolic cost of walking,

demonstrated by the Gemini flights. The severe running, and loping at velocities ranging from 2
energy demands of the attempted extravehicular to 12.8 km/hr are being determined. The effects

activities were unexpected and resuhed in a of walkway-surface composili,,n and grade, as

curtailment of the activities. Earth simulation well as effects of load carried, on the energy cost
of the Gemini mission provided a solution to the of locomotion have been determined for subjects

early problems and resulted in successful ex- wearing pressurized Gemini-4C suits.

travehidular activities in later flights. So, too, This paper reviews some of the results of the

Earth simulations must be depended upon to study.
evaluate the demands of man's other anticipated

space activities. SIMULATION TECHNIQUES
One of the activities being studied by simula-

tion is man's locomotive capability and the energy A number of simulation techniques, such as

expenditure of self-locomotion in reduced gravity, parabolic flight in aircraft, water immersion, the
Some studies of man's ability to walk in reduced inclined-plane and gimbal-vertical suspension

gravity from 0.10 to 1.0 g have been studied in simulators, have been used to simulate reduced-

aircraft (refs. 1 and 2) and in ground-based gravity conditions. Each type of simulation has

simulators (ref. 3), t)>r example, certain features and limitations which dictate

The imminence of the lunar mission has its use for some types of activities and preclude
focused attention on man's capabilities in lunar its use t)w others.

gravity. A eontprehensive study of locomotion The inclined-plane and gimbal-vertical suspen-

347
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sion simulators, used with a treadmill, have been YOKEASSEMBLY

found to be the most practicalforthe measure. _ HA'RPADs _,l _
merits of steady-state energy expenditure during /_&/ _c f-'N

walking, running, and loping in lunar gravity. _CABLEANDpuLLEYS ,_-r'-,.

The inclined-plane simulator (fig. 1) was de- I
veloped at Langley and is reported on in reference RU_
4. The subject is supported on his side by a ANDTURBINt
series of cables attached to an overhead trolley

-"C" BRACE
and monorail system. The monorail runs parallel

with an inclined walkway upon which the subject _¢_ _MOUNTING SHELL

can walk, run, and otherwise perform. The _]J

walkway is displaced from beneath the monorail
so that the subject's long-body axis is inclined
9.6 ° from the horizontal, thus resulting in 1/6 g on

tile subject's feet. This suspension system, of (-i) TREADMILL ('i')

course, restricts the subject's movements es-

sentially to a single plane. This restriction does FIGURE2.--The gimbal-vertical suspension simulator.

not appear to be serious, however. Subjects for large up-and-down motions. For walking anc
who have experienced 1/6 g walking both in air- running on the level, the vertical motions are
craft with six degrees of freedom and in the relatively small and tile simulation was nol
inclined-plane simulator with three degrees of seriously affected. An important feature of the
freedom have felt that the simulations are nearly vertical simulator is that its configuration makes
identical, it readily adaptable for tests with a depositable

soil surface./- TROLLEY
_"_----___-,___---]'_/_ /_ GANTRY

Both aircraft studies and ground-based simu-

9.5°-_ _" _ lations have indicated that man is capable of
locomotion at g-levels as low as 0.10 g with no

apparent difficulties. Aircraft, of course, pro-
12_v_,,J_lVi,J___'' _"_"_'^"__ vide the proper g-level for the total human orga-

nisIn, including the vestibular system, which
cannot be achieved in Earth simulators. How-

_-_ ever, its use is limited because the g-level can

be maintained only for a very short time. As has
been mentioned, experience in aircraft and that

in ground-based, inclined-plane, 1/6-g simulation
are subjectively very similar.

FIGURE1.--The inclined-plane reduced-gravity simulator. Some vertical fl0or-reaction forces generated

by one foot during walking in reduced g in an

The gimbal-vertical suspension simulator, as aircraft (ref. 2) and in a rotating-vehicle simulator
the name implies, supports the subject in an (fig. 3)are compared in figure 4. In the rotating-
upright position (fig. 2), in contrast to the in- vehicle simulator, a cable suspension system
clined-plane simulator. A stalled turbine similar to that of the inclined-plane simulator
starter is used to support five-sixths of the sub- was used. Figure 4 presents the ratio of the

ject's weight for lunar-g simulation. The floor reaction force to the subject's Earth weight
dynamic characteristics of this system were such plotted against foot contact time. The data are
that the simulation was degraded, especially presented for g-levels of about 0.17, 0.44, and 1.0.
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shown in figure 6 for two locomotive rates, 2 and i2 INCLINEDPLANESIMULATOR 400II
6 kin/hr. Data obtained with the inclined-plane ,/

and with the gimbal-vertical suspension simu- 10 _/f.----75

lators are shown. Ascending a slope causes ./_" /I240

increases in the energy expenditure as expected. _ /S//I_/

Ascending grades of 30 ° requires about twice METABOLIC6 "_Jthe energy of level locomotion, as indicated by RAZEk_/_i_

the inclined-plane results. The gimbal-vertical -].-_/"
simulator results generally indicate substantially 4/

higher energy expenditures than those obtained 2_
with the inclined plane. Steady-state metabolic [data were not obtained for the 30 ° slope in the , , , , I

vertical simulator, except at very low walking 0 2 4 6 8 II0 1E2 14LOCOMOT ON RATE, km,hr

rates of ] km/hr, because the subject's heart
FIGURE 7.--Effect of load c(Irried on metabolic rate.

rate exceeded 180 beats/fiqin before steady-state

conditions could be obtained. The reason for Some preliminary data were obtained for sub
the difference in energy expenditures obtained

jects walking on a sandy soil deposited on th¢.
with the two simulators is uncertain to date, treadmill used with the gimbal-vertical simula
but may be established with the examination of tor, as shown in figure 8. For comparison puradditional data.

poses, data obtained with a smooth, hard sur
SIMULATOR face are also presented on the figure. The dat_

14 -- INCLINEDPLANZ / show little effect of surface on energy expenditur¢

// GIMBALVERTICy at the low locomotive rates. Above 4 km/hr

]2 //__M however, the metabolic cost of walking on the10 J OTIONRATE sandy soil increases very rapidly, and at 8 km/h_

6km/hr the metabolic cost is about 1.5 times that fo_
8 _ 7- the smooth surface. This again points up the

METABOLIC . _ importance of simulating as closely as possibl_RATE,kcat/min 6 - the conditions that will be encountered in extra.

---_COMOTION RATE terrestrial missions.4 _ 2 km/hr

2 GIMBALVERTICALSIMULATOR

]2 /SANDYSOIL
I I I /

7.5 15 30 /
/

GRADE,deg l0 //
/

FIGURE 6.--Effect of grade on metabolic rate. HARD/ SURFACE

The inclined-plane simulator was used to METABOLICRATE, // J
obtain metabolic costs of subjects carrying loads kcal/min />/6 /
of 75, 240, and 400 Earth pounds while walking zJ_ /
in simulated lunar g. This is equivalent to lunar J

4
weights of 12.5, 40.0, and 66.6 pounds. The data
are presented in figure 7 and show only a small
and inconsistent effect of backpack weight for 2
almost the entire range of locomotive rate used.

] I ] I

A possible explanation for this is that the in- } 4 6 8 10
creased traction provided by the additional LOCOMOTIONRATE,km/hr

weights compensated for the cost of carrying FIGURE&-Effect of walkway surface characteristics on
these weights, metabolicrate.
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DISCUSSION

Tang: Based on your experiment, could you speculate walk. but the metabolic costs would be increased.

whether a man carrying six times his own weight on the Dictlein: How is the metabolic rate determined?

hmar surface will walk just as on the Earth? Letko: By indirect calorimetry.

Letko: As I pointed out, 600 pounds of Earth weight would Dietlein: Oxygen consumption plus CO., production?

be 100 pounds on the Moon. Letko: Yes.

Tang: I mean if he carries six times his body weight well Dietlein: You did not just measure oxygen?

distributed on his body and walks on the lunar surface, this Letko: No.

would be the equivalent of walking on the Earth because as Dietlein: Do you have any data on the metabolic cost of a

far as the weight on his feet is concerned, it would be the man righting himself if he fell down repeatedly, say, on the

same. Six times his body weight on the lunar surface would lunar surface?

be equivalent to his body weight on the Earth. Letko: No, 1 do not, but we would like to conduct some

Letko: I believe some experiments were made in a 1/6-g experiments in which a total mission is simulated and deter-

simulator in which enough weight was added to the subject to mine what the metabolic costs would be for the whole mission

bring him back to Earth weight and indicated that he could profile.
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Progress in Vestibular Modeling

PART I: RESPONSE OF SEMICIRCULAR CANALS TO CONSTANT
ROTATION IN A LINEAR ACCELERATION FIELD

ROBERT W. STEER, JR.

Merrimack College

SUMMARY

The intensification in vestibular research that has been stimulated by the manned space flight

program has brought to light several areas of conflict hetwcen experimental data and classical concepts

of vestibular function. This paper presents the objectives, assumptions, analytic evaluatinns, and

experimental data acquired during the investigations of two such topics which have been examined in
some detail at the MIT Man-Vehicle Laboratory.

The disparity between the experimentally evaluated time constants of objective and suhjective

responses to angular accelerations and the hydroinechanieal time constants of the semicircular canals
is further accentuated by a rigorous analysis of the semicircular canals as a damped hydromcchanical

angular accelerometer. The dynainic response characteristics of the semicircular canals to angular

acceleration are shown to be an order of magnitude faster than can be observed by nystagmus and

subjective responses to vestibular stimulation. In addition, it is shown that "roller pmnp" action of
the flexible canalicular duct can maintain an adequate pressure differential across the cupula to give

it a constant deflection. This is physiologically equivalent to a constant angular acceleration stimulus,

and offers a plausible explanation for the continuous nystaginus responses that are prow_ked by rota-

tion at a constant angular velocity about an axis which is not colinear with an applied acceleration
field.

THE "RIGID TUBE" DYNAMIC CHAR- cular canals requires the solution of the classical
ACTERISTICS OF THE SEMICIR- Navier-Stokes equations of fluid dynamics for

CULAR CANALS an incompressible fluid subject to the boundary
conditions of zero flow at the inner surface of

A rigorous analytical evaluation of the the membranous canals. These equations,

dynamic sensory capabilities of the semicir- in cylindrical coordinates, are

JOy,. Or,. v_,Ov,. _+v Ov,.] OpP LOt,+_+ 7 _ Ozj = f"-o,--

[O'-'v,. 1 Or,. v,. 1 0%,. 2 Or,;, a'-'v,._____,l]
+ _ LOr-' 4-- r'-' {- r "_ r'-'r Or Orb'-' Orb_ _

(la)

v,._-r _- _-v: = F_-- --P LOt 7 -_ ," rO6

l-O_+ 1o_ _ L 0:.%2 o_,.+o_ 1
+IX L Or"- r Or r'-' k r'-' Orb-' r:' Orb Oz2 J (lb)

[Ov_, Ov:,v_,Ov_ Ov_l c_ Op+ [O-'v..+lOv__a+lO'v:+O'-'v: ]
p IX LOr 2 r Or r _ _ 3_-z'-'] (]c)

Ov,.4- v,--4-1___ __3v'j'Or:
c9_ r r 3 rb 4- 3 z =0

(ld)
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,%

where to any angular acceleration can be found t,y
v,, =component of velocity of fluid in the use of the convolution integral and the respom.e

nth direction for any known input. A step input was used
F,_=component of force on fluid in the because of its relative simplicity.

nth direction The average velocity of fluid through a cro.,;s

O--P=pressure gradient in the nth direction section of the duct as a result of a step inp_tt
an of angular acceleration can be expressed as a
r, 4', z= cylindrical coordinates weighted sum of exponential functions who, e
p = density of the fluid coefficients are determined by the radius ,_f
These equations are solved utilizing the the duct, the viscosity of the fluid, and tie

physical model of Van Egmond, Groen, and zeros of the first-order Bessel function.

Jongkees (ref. 1) and the assumptions that r r

the eanalicular duct is a rigid torus of radii 9(t)=/dr'dl dt v(r, z, t)=Da 2 Di[1--e-_ _t]

0.015 cm and 0.3 cm filled with an incompressible J J i=_

fluid with a viscosity of 0.852 centipoise. (2)

Further, the cupula is considered to be a _(s) _-_ Di
"flapper" valve with viscous drag and elastic c_(s)=D_l _-, _-is+li=l

restraint, where

Examination of equations (1) shows that the 1

inertial acceleration forces and the pressure _-_=X_v (3)
gradient forces on a particle of fluid are additive.
Thus, it is possible to functionally separate the The dynamic characteristics of the visco, Ls
influence of the cupula and the canalicular drag of endolymph can therefore be represented

duct on the performance of the semicircular as a parallel, weighted sum of the first-ord,_r
canal. In figure 1 is presented a system block lag networks as shown in figure 2. It is ve_'y
diagram which provides the necessary func- significant to note that the first term accounLs
tional separation. The net "inertia-pressure for 96 percent of the flow (D_ =0.957) and that
feedback" force operates on the endolymph the time constant of the flow is only 1/220
in the membranous duct and results in an second. Further, all additional terms are _;o

average flow of endolymph. The inertia, drag, small in magnitude and have such short time
and elastic restrain characteristics of the cupula constants that their contributions to the transf,_r
introduce a differential pressure feedback function are negligible.
proportional to the average flow and flow rate The influence of cupula dynamics on the se:a-
of the endolymph, sory capabilities of the semicircular canals czn

To determine the hydrodynamic drag charac- be quantified by evaluation of the influence of _n
teristics of the canalicular duct, equations ampullary pressure differential on the positi(n

(1) can be solved for the average fluid flow of the cupula. Since apressuredifferenceacro._s
which results from any transient angular accelera- the ampulla results in a torque on the cupula, this
tion. Since these equations are linear differen- functional dependence can be evaluated by a

tial equations with respect to time, the response torque balance equation on the cupula.

[-[4. Rigid torus _ I Cupula Oc (cupula angle)

___P dynamics dynamics
Be

FIGURE 1.--Schematic diagram for dynamics of the semicircular canal.
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_3_ dA FRONT

FIGURE 2.-System block diagram for the average endolymph f"P----CUPULA
velocity Iv) in the canalicular duct from an input F(s). Y

From which obtains _,
RISTA 'O,

(Mp -- Mr) = J_.O¢.+ DcO_.+ KO (4) "/_
where \'VESTIBULAR NEURONS

M_,=torque on cupula due to a pressure dif- FIGURE3.--A physical model for the cupula.

ferential across the ampulla

Mr=inertial reaction torque due to an input Oc(s) 0.22
angular acceleration ex o_(s) / 4.5 X 10-_ \ (7)

.L:= inertia of the cupula and its surrounding s2 _ 1 -_ AB ) s-t- 0.07K

endolymph By comparing the denominator to the original
D,: =viscous drag coefficient of the cupula equation of Van Egmond, Croen, and Jongkees

K = stiffness of the cupula

Utilizing the physical model of figure 3, the _+; _+_- sc= a
coefficients Jc and D_ can be approximated to be

we find that

271" L J2 [7]7B2 2 (5) ( )
j =__pr27r2B31 =-rrBSp 0+220 l-_ 4.5X10-" 0+0.07K0=0.22_ (8)AB

Using
B 4

D_.= 5¢r/xqJ_ AB (6) O,:=R_=0.3_

Because of the lack of any of the elasticity _+220( 1+4"5x10.AB ';) _+0"07Ks_=0"Tza
(9)

properties of the cupula, its stiffness K can only
be expressed in general terms. Therefore the calculated values of _-/0 and A/0

A general schematic diagram, which illustrates are
the interdependence of the cupula and the ducts --= 220
in determining the cupula position which results 0
from an angular acceleration is shown in figure A
4. The overall transfer function, relating cupula _= 0.07K

position to applied angular acceleration, for the t'or
human semicircular canals is determined to be AB = 10 -_ cm
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< I 1F#(S) J F(s) D d _(s =0c(S)l 1 8 (s)

pR _ _i s + 1 s

Ls-

FIGURE 4.-Schematic model for cupula displacement 0 resulting from angular acceleration (c_) inputs.

The values of Tr/0 and A/0 measured from ob- than is observed from subjective and objective

jective and subjective responses are approxi- tests of the vestibular system.
mately 10 rad/sec and 1 rad'-'/sec _, respectively. It appears that the observed high-frequen_',y

Thus the calculated damping-to-inertia ratio for responses of the human semicircular canals

an "ideal" rigid torus-shaped acceleration sensor are limited more by low carrier frequency 3f
with the physical dimensions of the human semi- the vestibular neurons and that the expel'i-
circular canals is at least an order of magnitude mentally measured values of the coefficients

higher than the subjective responses indicate, are more a measure of the response of the
Further, although the stiffness coefficient of the vestibular neurons, the "computation tim_:"

cupula is not known, a value of 10 < K < 100 of the central nervous system, and neuromuscultr
dyne cm/rad is at least a realistic value for a delays than of the dynamic response charac-
gelatinous material such as we assume the cupula teristics of the semicircular canals.
to be.

THE "ROLLER-PUMP" CHAIL4CTERI,_-
In summary, the analyses of this section have

TICS OF A FLEXIBLE TOROIDAL DUCT
shown that the effects of the viscous drag of

the endolymph in the duct of the semicircular A flexible duct immersed in and containing

canals can be accurately represented by a an incompressible fluid will be distended by the

first-order system with a time constant of about influence of a linear acceleration if its densi:y
0.05 second. They further show that the drag is different from the fluid, and a density d f-ference between the interior and exterior fluids
of the cupula on the wall of the membranous will further accentuate this distention. _s

ampulla contributes some additional damping shown in figure 5, a flexible circular duct which
to the cupula-endolymph system. It has been is attached along its outer periphery to a rigid
shown that the fluid dynamic characteristics structure and is denser than the fluid surroundiiLg
of the human semicircular canals have an it will have a constricted cross-sectional area

order of magnitude higher frequency response where the acceleration field pushes it against
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ity of rotation in a linear acceleration field, a

flexlb_e _ constant cupula displacement can be maintained

_uct , , by this flexible roller pump action.By comparison of the cupula pressure differ-
_i_d ential that is generated by a constant angular
_ppo[_ acceleration applied to a human semicircular

canal, and the pressure differential across a re-
striction in a flexible toroidal duct with dimen-

sions similar to the human semicircular canals,
the relationship between "roller-pump" displace-
ment of the cupula and constant angular accelera-

tion of the cupula can be established.
This relationship between the rate of angular

rotation, the magnitude of the duct restriction,
and the equivalent constant angular acceleration

that would produce the same steady-state cupular
FIGURE5.--Illustration of the pumptng action of the dis- displacement in a 1-g acceleration field is

tended duct when the linear acceleration field is rotated
at a uniform angular velocity.

e_.u_,,= ,pG 1- 7 (10)its support, and it will be expanded where the

acceleration pushes it away from its support, for the human semicircular canals where
Further, as also illustrated in figure 5, if the a = 0.015 cm

linear acceleration vector a is slowly rotated R = 0.3 cm
at a constant angular velocity oJ, the constriction

will move along the outer periphery of the duct p= 1 gm/cm a
/z = 0.0085 poise

in phase with the rotation of the acceleration G=980 cm/sec _
vector. The effect of the moving constriction

is then to move or pump the fluid intheduct cq,,,_,,_0.Z(l---_')_orad/sec (11)in the direction of the rotation. This pumping

action works against the viscosity and inertia To establish the applicability of the roller-pump
of the fluid, and at high angular rotation rates principle to the semicircular canal, the relative
the fluid that is being pushed by the moving magnitudes of'tim bias component of a slow phase
constriction cannot be displaced fast enough nystagmus from rotation in a linear acceleration

and thereby builds up a pressure gradient which field and the steady-state nystagmus stimulated

expands the duct toward a uniform circular by constant angular acceleration can now be corn-
cross section. Thus, for high angular rotation pared to determine how large a distention of the
rates of the linear acceleration vector, the duct is necessary to produce a signifieant physio-
mass of the fluid acts as a hydromechanical logical response.

filter which reduces the duct constriction and From the data of Guedry (ref. 2), a 6°/see bias
along with it the pumping action of the flexible eomponent of vestibular nystagmus is noted for a
tube. 1 rad/sec rotation about a horizontal longitudinal

For a flexible tube with an elastic flow restraint axis. Several experiments have shown that such

such as the cupula of the semicircular canals, the a 6°/see slow-phase velocity would also result
fluid is initially pumped against and displaces the from a 0.6°/see _ or 0.01 rad/sec" constant angular
elastic restraint which then produces a pressure acceleration. Solution of equation (11) for the
differential across the tube. A static equilibrium value of A¢:/A when
state is then reached where the displaced elastic

restraint provides sufficient pressure feedback to co= 1 rad/sec
inhibit further flow. Thus, for a constant veloc- a,,,.u_,,=O.O1 tad/see e
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gives and the amplitude of the sinusoidal component

_s_=0.97 of vestibular nystagmus as a function of rotatioJ_rate, the MIT Instrumentation Laboratory pr(-

This is to say that a mere 3-percent constriction cision centrifuge with a rotating platform at
in duct area, or correspondingly, a 1.5-percent 32-foot radius was fitted with the Man-Vehicl_
contraction of the radius of the membranous Control Laboratory rotating chair simulator, ant

canalicular duct can produce sufficient roller- six experimental subjects were rotated at 5, 7._,

pump action to account for the observed bias 10,20,30, and40rpmina0.3-ghorizontalacceler-
component of nystagmus which results from con- ation field. Nystagmus was measured with eyes
stant rotation at 1 rad/sec in a 1-g acceleration open in the dark by use of a Biosystems, Inc,
field, pulsed-infrared eye-movement monitor. The

The question of whether or not a 3-percent con- experimental setup is shown in figure 6.
striction in duct area is a realistic value remains To minimize the influence of habituation an:l

a matter of conjecture. However, since it has physical discomfort, the total rotation times were
been shown by Money et ah (ref. 3) that there is a kept to a minimum. The subjects were brougl_t

density difference of the order of 0.1 percent up to the desired rotation rate relative to the
between endolymph and perilymph (in pigeons) boom while the boom was stopped. Nystagmus
and that the duct is more dense than either fluid, recordings were monitored until the acceleration

by at least 1 percent, and since the duct tissue transient subsided; then the centrifuge room
is only a few cell layers thick and thus quite lights were shut off to eliminate all possible light
flexible, it is at least plausible that the duct is leaks in the rotating chair. The eye-moveme_Lt
sufficiently elastic to permit a 3-percent constric- monitors were calibrated, and the subjects were
tion in area in the presence of the 1-g linear instructed to look straight ahead. The boom (,f
acceleration field, the centrifuge was then brought up to speed (5.5

It is important to note that this roller-pump ac- rpm) in about 5 seconds, held there for 2 minute:_,
tion does not require a continuous duct to produce then returned to zero. After the nystagmus from
the pressure difference which can force cupular deceleration subsided, the eye-movement moni-

displacement. A blocked duct will limit the tors were again calibrated to insure that no mov,_-
amount of fluid that can be displaced and thereby ment of the glasses had occurred during the ruJ_.

reduce the cupula displacement, but it does not Lights were then turned on, and the subject was
necessarily eliminate it. accelerated to a different rotation rate. Thr¢e

The rotation rates col and o_ at which the roller- data runs were taken at each sitting, and a rest ,)f

pump action diminishes are determined by the at least 20 minutes was allowed between sittings.
elasticity and strength of the fibrous attachments The rate and direction of rotation were randomly
of the duct and are not readily calculable. How- ordered for each subject.

ever, this cutoff frequency can be accounted for The slow-phase nystagmus velocities were
by adjoining to equation (10) a second-order lag calculated and plotted from the nystagmus r,_-
term to provide for a diminished response at cordings. The results showed a persistent _i-

higher rates of rotation. (a_ (_)
From this we obtain _ _ .... _ _. o

_v

o o _o_

EXPERIMENTAL RESULTS °o _ 5' 7._'io' ¢ 2o"- o ,o 2o' 3o' _o
RPk_ RPk4

To supplement the various experiments of
Guedry, Benson, Bodin, Correia, Money, and FIGURE 6.--Bias In) and sinusoid_z/ amplitude (b) of slcw-

others, and to investigate the variation of the bias phase nystagmusfrom rotation in 0.3-gfield.
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nusoidal component at the period of rotation for .................._"_
,-STEER

all subjects at all rotation rates. For most sub- 30 D-OUeD_Y

jects a clear bias component was observed for 5 °/SEC o-BE,S0_---MODEL PRED,CTION

and 7.5 rpm, and for some it still existed at 10 20
rpm. However, for 20, 30, and 40 rpm it was not

observable in any of the subjects tested. The ,o _/1/'_ ..... _'-_ 4
amplitude of the sinusoidal component increased / °, 1_-,
with increasing rates of rotation. The ampli o/, ,o , 2 _ _,...... _ _, _°o _o" 5 6 ? I0

tudes of the bias and the sinusoidal components RPM

of nystagmus are plotted as a function of rotation _'"_"_'"""'"_'.......'"_'.....,.........

°'STEER I
rate in figure 6 and their mean values and stand- o/se_° D-GuEDRY

ard deviation range for the six subjects tested are o-BENSO"

shown in figure 7. 20. _ _ _ _ I
° ,o. o

I0 20 30 40

RPM
FIGURE 8. --Summ_u'y qf _lwlil_tble daht oJ norn _t/ized bias _md

sinusoid_t/ _mlplitude of human I_estibu/ar nyst_tgmus jrom
o " .5 7.5 io " o I'o z'o 3o ,_o rotcttion in _t l-gfie/d.

RP,_ RPM

FIGURE7.--Average values g/'t, ias _mdsinusoid_tl amplitude bias component was not observable, and there
(_ lcr)_)r rotation in 0.3-gfield six subjects), was a general shape of measured response that

did conform to the predicted second-order system.
To compare these results with those of the Further, the experimental data showed that the

horizontal rotation experiments, it is necessary, upper-break frequencies, which we were unable
even though the assumption of linearity is to calculate because of insufficient data, were in
tenuous, to normalize the results of the author's the range from 5 to 10 rpm.
experiments with respect to a 1-g gravity field. In summary, these experiments, which provide

In figure 8 our normalized results are plotted a slightly different vestibular stimulation than

along with those of Benson (ref. 4) and of Guedry the "barbecue-spit" experiments of Guedry and
(ref. 2). The model predicted bias component of Benson or the "revolution-without-rotation"

is also plotted in figure 8 for assumed upper break experiments of Money, further verify the hypothe-
frequencies of _o_= co._,= 7.5 rpm. sis that rotation at a constant velocity in a linear

The average bias components as measured by acceleration field does provoke vestibular nys-

Guedry for 12 subjects at 10 rpm agree precisely tagmus. The results of the analysis show that a
with those found by the author. However, those duct area constriction of only 3 percent provides
found by Benson for eight subjects differ by about sufficient roller-pump action to generate the ob-
a factor of 2. served bias component of nystagmus. And the

It does appear that the predicted responses upper cutoff frequencies _o_ and _o.,were found
from the roller-pump model are borne out by the experimentally to be in the range between 7.5
data in that at low and high rotation rates, the and 10 rpm.
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DISC USSION

Dietlein: The computers in black boxes inw)lved in the bias component which he chose not to make any commen:s

spacecraft guidance and control are indeed complex and about because he did not have a theory for it. This wou d
rather thought-provoking products of man's technical inge- explain that.

nuity. [ submit, however, that an even more challenging In a very brief mention in one of Dr. Guedry's papers, he
task and an acid test of scientific creative mettle is the model- commented that Hixson has observed, during head-over-heels

ing of biological systems, particularly neurophysiologieal rotation of the human at a constant angular velocity, that

systems such as the muhifaceted vestibular complex, there is a bias component of"nystagmus also. Any of the _e
Valentinuzzi: The good mathematical analysis performed rotations where a canal is out of the plane of the applied linear

by Dr. Steer concerning the hydrodynamics of the semicircular acceleration should give rise to this roll-pumping action.

canal and, furthermore, the response of the semicircular Graybiel: In your experiments with plugged canals, Dr.

canals to the changes of gravity direction are very useful and Money, did you rotate your animals in the Earth-hnrizon a]

will help us. When I say help us, I am referring to experi- axis?

ments performed by Dr. Fernandez and myself, and we will Money: Dr. Correia and I have just finished an experiment

be helped in the interpretation of two lines of" work. In ex- wherein we spun cats about an Earth-horizontal axis befere

periments with Corinlis acceleration applied in a continuous and after plugging all six canals. The results were unli<e

way. we have found that there is a contradiction between the those obtained with counterrotation on three cats. and t _e

prediction based on the classical equation and the experi- nystagmus was eliminated by canal plugging. We have Io-

mental results; therefore, the correction introduced by Dr. tated about a dozen cats around the horizontal axis, and they

Steer. 1 think, will improve the agreement we expect, have all retained constant velocity nystagmus in spite of th,:ir
On the other hand, Dr. Ferntindez and I performed a series having all six canals plugged.

of experiments in cats last year in which we applied rotation The nystagmus is decreased from what it was before 3y

about the cephahicaudal axis. This axis being horizontal, something like one-third to one-half in the speed of the sh,w

we tried to repeat in the cat what Beuson, Bodin, and Guedry component and the frequency, but the nystagmus that is 1,:ft

have done in the human being. In this case we have obtained is perfectly clear and obvious. It has a cyclical variati)n

a clear nystagmic response. Furthermore, the other type of that is the same as in normal cats.

experiments we have carried out consisted of rotating the Graybiel: I would like to recall at this point an expe:i-

cat about an axis which is perpendicular to the sagittal plane; ment that Dr. Guedry performed using some of oar

that is, we have rotated the eat in the pitch plane in a con- subjects with bilateral loss of labyrinthine function. These

tinuous way. In both cases the velocity was uniform. In subjects have been studied carefully over a long peri_)d
the second case, when the cat was rotated in the pitch plane, of time. We assumed on the basis of functional tests ttlat

the nystagmic response was clear and modulated in a si- they had complete loss of canal function, with the excepti, m

nusoidal wave. From the point of view of the interpretation, of one ear in one subject. Irrigation with water at tempera-

we would say that the condition which Dr. Steer has con- tures as low as 4° C fl_r periods of a minute or more fail,.'d
sidered can give a reason for this kind of response. But we to evoke nystagmus with a single exception. Sorm
think that since there is the same modulation in both types manifested a slight amount of ocular counterrolling, and we

of experiments, we cannot exclude the action of the otoliths, thought this might be due to some residual otolith function.

which are surely shifting on tbe macuta in both kinds of When Dr. Guedry rotated some of tbese subjects about m
rotations. Earth-horizontal axis, nystagmus was evoked in soHe

Steer: I would attribute the sinusoida] component from instances. And I am not over the shock of this yet.

my own limited experience to the otolith, no matter which Lowenstein: I think this is a religious shock, sir.

axis you rotate about. But for the average value, I would at Graybiel: I think that one possible explanation is ttat

least conjecture that this type of roller-pump explanation is the nystagmus may have had its origin in the otolith apparatus,

plausible. I noticed from Kellogg's counterrolling data pre- and this cannot be ruled out.

sented at last year's meeting that he showed a sinusoidal com- Guedry: I should like to clarify several points. During

ponent which he attributed to the otolith function and the rotation at 60°/see about an Earth-horizontal axis, so ne
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of these L-D subjects had nystagmus, but only one of 11 nmthe CNS, etc. We are focusing our attention on asmall

had a clear unidirectional nystagmus, and this for only one part of tile problem. Maybe our conclusimas will be

directiun of rotation. In the other direction, nystagmus compatible with what y.u find from neural responses and

was present, but it was weak and of poor quality. Several of perception.

these L-D subjects had a fairly systematic direction-revers- Graybiel: Dr. Money, do you think it is reasonable to

ing nystagmus. Whether or not tiffs reversing nystagmus believe that, over a long period of years wilh all the fluid

came from residual otolitta function, of course we do not gone and a little bit of cupula left, the crista still might retain

know. The normal response during 60°/see rotation about its function?

an Earth-horizontal axis is clear, prolonged, unidirectional Money: I have had experience with cats that have had

nystagmus. When normal subjects are spun at a rate of their canals plugged for up to 4 years. As far as 1 can tell,

180°/see about an Earth-horizontal axis, after about 40 seconds the crista is still putting out its resting discharge after 4

of such rotation they exhibit direction-reversing nystagmus years. The evidence for this is partly histological. The

and report subjective events like the responses of L-D cristas still look nornlal after that length of time. Nothing

subjects at 60°/sec. seems to have shriveled up. The canal arm is plugged in

Anliker: 1 am fascinated by tile presentation from Dr. mac spot, but the crista apparently is histologically normal.

Steer. l should like to add a few comments in support of the The second bit of evidence fi_r thinking that these cristas

possibility that the semicircular canals could reslnmd to are still working is that, on some of these cats, after they

circular translation. We think that the rotating pressure have had all six canals plugged for a hmg time, 1 have done

field which you have alluded to briefly is producing pressure a labyrinthectomy on mm side. Then ylm get the resting

waves in tile semicircular canals. In reality, the canals do nystagmus of unilateral labyrinthectomy. Ill fact, I even

not constitute a rigid system and allow for the development did a secmad labyrinthectmny on one of these cats and got

of pressure waves in the membranous and in the bony canal. Bechterew's nystagmus when the second ear was done.

The rotating pressure field is so strong that we anticipate a So apparently these cristas in the plugged canals are still

sizable response of the eupula on the basis of our mathemati- putting out their resting discharges.

cal and experimental model studies. Also, the waves induced Graybiel: Was there endolymph fluid?

by the rotating pressure field are much stronger than the Money: Yes. The nmrnbranous canal except near

roller-pump effects which you have mentioned, which would the plug was apparently normal and tim canal was open.

be due to the density difference between the membranous Graybiel: In that case your finding is a perfectly reasonable

canal wall and tile endolymph and peritymph. We only have expectation.

a density difference of the order of 1 percent, and such a Money: Incidentally, tile cats which 1 described as having

small volume taken up by the membranous wall itself, that this horizontal-axis, constant-velocity nystagmus with all

I cannot see how you can get such a strong force that would six canals plugged, were entirely lacking in ally response

produce a roller-pump effect, as you have convincingly demon- to angular acceleration about a vertical axis. We did

strated with mercury and water, where you have a density quantitative tests at 10.0 and 20.0rpm, and we alsc_did smne

difference of 13 and not 1 percent, quick slops from 40.0 jusl to see if we could gel anything

Steer: I formulated it in a way which is extremely simple out of them. There was nolhing in response to vertical-
to look at. This variation iracross-sectional area, AI,/A, that axis acceleration.

I have indicated in the block diagram could well be caused We found the specific gravity of endolymph in pigeons to
by a pressure gradient acting on the fluids, as well as it could be 1.0033 and of the perilympta to be 1.0022. More recently

be by a tiny density difference in the duct. I tried to formu- we have measured the specific gravity of sections of meln-

late it in this general way. I looked at it and said, "Look, branous canal including lhe endolymph inside and this was

just a very small change in area makes a significant contribu- 1.03. So there is a 3-percent difference betwecn membranous

lion." It may well be that a fairly intensive circulating pres- canal sections and perilymph.

sure wave could be responsible. However, I would add to We have also measured the specific gravity of endolymph
your comment that it would have to be a flexible duct for the droplets including the cupula. We do not know the ratio of

special waves to take effect, cupula to endolympta, but it is of tim order of 25 percent. We

Anliker: Yes. Well, at least part of the duct has to be could not demonstrate any difference between the specific

flexible, not all of it, but part of it. gravity of the cupula plus endolymph globule and globules

Steer: At least a portion of it has to be. of pure endolymph. If there was a difference in the specific

Anliker: Yes; I fully agree with you. gravity of cupula and emlolymph that was greater than one

Graybiel: If you subject the horizontal semicircular part in 2500, we think we would have picked it up; we did

canals to a very high angular acceleration or deceleration not see anything at thai level.

when the head is upright and the canals nmst responsive, Anliker: May I add to my previous comnmnt and stress

and then you do not get a response but do in the Earth- the fact that we would also predict eupula deflection as a

horizontal axis, sume way or uther this does not add up. result of linear acceleration because of the nonsymmetry of

Anliker: We should emphasize that in our studies we have the semicircular canals and the stiffness distributiml, again

been looking at only the end organ, that is, the mechanical on tile basis of waves being generated.

behavior of the semicircular canals plus maybe the .toliths, Steer: Based on the discussion we had the other day, 1

and not the sensory mechanisms, nor the neural conductors, would disagree that the cupula is affected in this way because
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you drew me the picture of an asymmetric structure and you Steer: I think you }lave a much greater stiffness if you lo4,k

are saying, "If I sum the pieces of the moments about the at the cupular region, because it is much more firmly attach¢d

geometrical center, I have a much larger mass over here than to the inner edge of the ampullary wall than any other part ,ff

over here. I have a net torque." the canal.

Anliker: You are alluding to the hydrodynamic paradox. Anliker: I think maybe we should continue this afterwald

Of course if it would be perfectly rigid, you would not have a and not put the patience of the audience to a test.

flow due to the inertial torque. Billingham: Did you measure the phase angle between

Steer: If it were perfectly rigid, you would not, because the the rotating linear acceleration vector and nystagmus; and

only thing that is important is the sum of torques about the if so, was it related to the rpm?
center of mass. Steer: Only in some cases. Unfortunately, with the chaLr

Anliker: But you do not have perfect rigidity and there- rotating at one velocity and the arm rotating at another, it

fore you have flexibility, was not always possible to synchronize the phase becau.,e

Steer: If you have flexibility and a substantial mass in we did not have position pickup on the chair. At the lowq_r

balance, it would be possible, but I still doubt it, the reason rpm's we did, and the maximum nystagmus corresponded

being that you need off-axial symmetry, off-axial asymmetry, to the left side down, and the minimum of the nystagmL s

The fact that you have a gradient field and a flexible duct will swing corresponded to right side down, as Dr. Guedry h_.s

force some symmetry of the duct to begin with, if the duct is found. At the higher rpm we did not check the phase. I
flexible, thought of it too late to put a sensor on; the data had alrea{ y

Anliker: I am referring to the canal itself plus the cupula, been taken.

If you look at the cupular region, I think that you do not have
the same stiffness as elsewhere.
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PART II: A MODEL FOR VESTIBULAR ADAPTATION TO
HORIZONTAL ROTATION 1

LAURENCE R. YOUNG AND CHARLES M. OMAN

Massachusetts Institute of Technology

SUMMARY

Short-term adaptation effects are seen in subjective sensation of rotation anti vestibular nystagmus.
The mathematical model for semicircular canal function is improved by the addition of two adaptati.n

terms (approximately 1/2-minute time constant for sensation and 2-minute time constan! for nystagnms)

to the overdamped second-order description. Adaptation is represented as a shift of reference level

based on !he recent history of eupula displacement. This model accounts for the differences in time

constants among nystagmus and subjective cupulograms, secondary'nystagmus, amt decreased sen-

sitivity to prolonged acceleration.

INTRODUCTION angular velocity has been observed to overshoot,
whereas the model predicts an exponential decay

The lack of a suitable mathematical descriptor to the threshold level. Aschan and Bergstedt
for adaptation and habituation has been a per- (ref. 3) noted that the nature of this overshoot,
sistent difficulty with the simple, second-order
torsion-pendulum mathematical model for semi- ,_ ]

circular canal response (ref. 1). In particular, Acceleratio_Angulor, __--'_- | Response

closeexaminatio,ofdatafortwotypesofrata- Is+ + I
tion experiments indicates that both the nys-
tagmus and the subjective response are funda-

mentally different from that predicted purely on i' _

the basis of a second-order model, as shown in _ _ Model
figure 1. z, _ _

l. Experimentally, the sensation of rotation to _ _ _

sustained constant angular acceleration has been _ Trendof ExperimentalResultsIlL

shown to decay (ref. 2), whereas the model pre- Time
diets a constant steady-state sensation of angular Response to Acceleration Step
velocity and nystagmus.

2. The response to a sudden change (step) in

This paper is based on research supported by National c

Aeronautics and Space Administration grants NGR 22- _ /_,_ _/.-ICupuloReturnPhose)
009-156 and NSG-577/22-09-025. It contains excerpts c_

from "On the Biocybernetics of the Vestibular System" by

L. R. Young, presented at the Ford Institute Symposium

on Biocybernetics of the Central Nervous System, Washing ...... _ Time
ton, D. C., Feb. 1968, and also the S.M. thesis of Charles M. Response to Velocity Step
Oman, MIT, Department of Aeronautics and Astronautics,

Sept. 1968. FIGURE 1.-Second-order "torsion pendulum" model.
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N_s_oc)_s 120_ec 3 8 aec_/sec

or secondary nystagmus, depended on the length .......................
of the duration of the primary nystagmus. _,0

3. There is ample evidence that the dynamics .........

of the subjective velocity response are fundamen- _..............tally different from those of the nystagmus: A ....... _'_'(_ili
consistent difference appears in the time con ............... cooo,o,oooo,
staRts conventionally determined for the second-
order canal model, depending upon whether they o,S°_v,,oc.,,..............
are estimated from eye-movement recording or ........................

05see Deo_ / SUDleCtlVe AOO_TO_,on 15 deg/sec

from measurements of subjective sensation of .......................
rotation (cupulograms). In particular, Groen FIGURE 2.-Model for subjective sensation and slow-pha_e

(ref. 4) and others pointed out that the long-period nystagrnusvelocity for rotation about a verticalaxis.

time constant of the cupula return phase was The fundamental assumption in the model is

estimated at approximately 10 seconds for the that adaptation has associated with it a shorl-
horizontal plane by subjective cupulometry, but term homeostatic mechanism which results
was estimated at 16 to 20 seconds based on the in a shift in the zero sensation and nysta_-

nystagmus cupulogram. A fundamentalassump- mus-velocity-response reference levels. W_

tion behind the second-order model is that both hypothesize that the cupula-response signal
the subjective sensation of rotation and the undergoes more rapid adaptation in the sul_-

angular velocity of slow-phase nystagmus are jective path than in the nystagmus path. It
proportional to cupula displacement. Thus one should be emphasized, however, that despit,."
would expect that they would follow a similar the success of the model in accounting for th,_
time course of decay until passing through their differences between nystagmus and subjectiv,_
respective threshold levels, thus indicating the response, little should be inferred directly front
ratio of viscous damping to cupula spring the mathematical adaptation operator abouL

constant. Apparently, this is not the case. the underlying physical mechanism associated
As a result of these discrepancies, efforts have with this process. While the form of the model

been underway at MIT to improve the mathe- is based on what is known about the dynamic
matical model for the canals by including a characteristics of the canals, the models are

mathematical descriptor for the effects of short- of the nonrational parameter type. The mathe-
term adaptation. (Adaptation here refers to the matics is not intended to reflect any exac:

short-term change in response resulting from a physical mechanism in more than a general
continuing stimulus, whereas habituation is way. The approach is similar to that of a control
taken to mean a decreased sensitivity to a re- engineer examining the dynamic characteristic:;
peated stimulus pattern.) of the sensors of a feedback system. Th(_

models are, however, valuable in that the,"

A MODEL FOR ADAPTATION provide a unifying mathematical format, whictt

A model was developed which cascaded an can be used to suggest new experiments and

adaptation operator for nystagmus and for predict their results.
subjective response with second-order dynamics In defining the parameters of the adaptatior
representing the physical behavior of the cupula model, published experimental results or
itself, as shown in figure 2. This approach acceleration steps and impulses were examined
accounts for all the previously mentioned It is particularly instructive to study the datz
difficulties with the second-order formulation, of Hulk and Jongkees (ref. 5) and the experi

The model was developed to fit average response mental results obtained by Guedry and Laurel
data from a number, of sources, and allows a (ref. 2) measuring the sensation of angulal

reinterpretation of the results from classical velocity in response to steps in angular accelera
experiments on nystagmus and subjective tion. Whereas the nystagmus responses t<
response, steps of angular acceleration generally follo_
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the second-order model, rising exponentially model was sinmlated on a GPS 290T hybrid

to a constant level, the subjective responses in computer. The responses were calculated for

fact begin to decline after 20 to 30 seconds of various kinds of inputs both with and without a
constant acceleration stimulation. These ob- threshold.

servations, combined with the consistent dif- For the subjective patio, linear adaptation dy-

ferences between the frequency response phase namics of the form [s/(s+O.033)] representing

lags of subjective and nystagmus measurements, a 30-second time constant (r,) were included• To

lead to a preliminary model for subjective sensa- allow a fit to acceleration latency-time data, a

tion and nystagmus slow phase velocity, threshold nonlinearity and a llure time delay of

We assume that one of the significant aspects 0.3 second were also added. The dead zone of

of short-term adaptation is a bidirectional the nonlinearity is taken as 1.5°/sec. Note

phenomenon which in some way results in a shift- (fig. 2) that the threshold is interpreted in terms

ing of the zero velocity reference level by some of subjective angular velocity rather than me-

fraction of the time integral of the response itself, chanical displacement of the cupula.

In particular, if R is the human response to the The cupula return phase time constant of

angular acceleration, either as subjective velocity the second-order physical dynamics was chosen
or slow phase nystagmus velocity, and ((t) is to be 16 seconds. Figure 3 illustrates the

the cupula position at the time t, then response of the subjective path of this model to
a step change in angular velocily such as that

---- R(t) dt (1) used in the cupulogram test. The predictedR(t)=((t)
"r, J_ eupula reponse is also shown. Note that tile

predicted subjective angular velocity decays

where the second term on the right-hand side of more rapidly than the cupula return and over-

equation (1) accounts for tile shift in the re- shoots slightly.

sponse reference level by a fraction of the time Also shown in figure 3 is the nystagmus

integral of the respmlse itself, response which exhibits the relatively weak

The input-output transfer function of tile adap- 120-second time constant adaptation dynamics

tation operator itself appears as [s/(s+0.008)] in the nculnmotor loop of the

model. The nystagmus curve decays with prae-

R(s)_ s (2) tically the same time constant as does the cupula
s_(s) s+ 1 deflection. When the model nystagmus data

r_, taken for several different velocily step magni-
tudes are examined in terms of the duration of

in Laplace transform notation. The adaptation postrotation nystagmus or, equivalently, the time

dynamics represented by the expression in equa- until the model curve passes below threshold,

tion (2) exhibits a simple exponential decay with they indicate a long time constant of about 16

a time constant of _-,,in response to a step deflec- seconds• If the subjective angular velocity is
tion of the cupula.

As a model of the dynamics of the physical '°__ ,, ...... _Q.,,o;_;_o0,£......._ ......
end organ, we maintain the torsion pendulum o_ \_
form. Steer's rigorous fluid-dynamics analysis

(ref. 6) has given support to the adequacy of the f _i!o'_;_oo_ .....
overdamped second-order transfer function. :, o___

Our approach was to hypothesize two paths for oo_ , ........
the model output, one for the subjective response .........

and one for the nystagmus slow phase velocity. ° -----_,

Different adaptation time constants for each , , , ....... , , ,=

pathway were determined and placed in series ........

with a second-order cupula transfer function FIGURE3.--Velocity-step response of MIT semicircular canal
resulting in the model shown in figure 2. Tile linearized model to l°/sec step in horizontal plane.
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similarly treated, however, and the time duration Ac_e,e,ot_ooA°O°'°'_ ,0,5 _ r_-_of subjective response is estimated as though the: Stimulus (s+25)(s+.O625)(s+.O(_
entire system were second order, the apparent Nyst°omu'

Angulor Slow Phasl

time constant is approximately l0 seconds. Accelerotion 4 :'_-t Veloctty
Stimulus 2

These two values agree very closely with the 0e0.... /see2 _. ', = I t I I I t
observed objective and subjective time constants ,o zo 30 40 50 so To so 90 ,00 ,,o
derived from cupulometry. Thus, the effect of Time(Seconds)

the adaptation operator in the subjective loop
is to shorten the apparent (second-order) time

constant, and to explain the important discrep- Nondirnensionol ,;_. _Cupulo

ancy mentioned earlier. Posmon • , ,, ,, ,,

The linearized subjective response overshoots,
as shown in figure 3. A large-enough accelera-

tion impulse will cause the magnitude of the over- ve_o¢,yof .,5/'/<"N,

shoot to exceed threshold, and a "second effect" s,ow Phose y['-_ .__'_.._ j 25Sec[_loy
or subjective reversal of direction is predicted. _s.... do,y
This reversal has been noted on many occasions. Nyst°omusin 2°/sec 2

The adaptation model also predicts an overshoot cosedory

for nystagmus response to velocity steps, but FIGURE4.-Model response for Aschanand Bergstedt experi-

its magnitude is not nearly so great as that of the ment (ref. 3).
subjective overshoot.

"Nach-nach nystagmus" or"secondary nystag- higher order inputs. Guedry and Lauver's
mus" has been described by investigators (refs. results were available to check the model for

3 and 7). For example, Aschan and Bergstedt consideration of long-duration steps of angular
(ref. 3) noted that constant angular accelerations acceleration. As seen in figure 5, the shape cf
of 2°/sec 2 for 25 seconds gave rise to"a secondary the transient data agrees with the model for
phase of nystagmus in a contrary direction with both nystagmus response and for subjectiv
a delay of 20 to 30 seconds between the two sensation. Note that, whereas adaptation effects
phases," while larger accelerations of3°/sec ', for are not readily noticeable in the nystagmus
10 seconds and 4°/sec 2 for 6 seconds produced response to velocity steps, a definite decay is
no secondary nystagmus in the majority of predicted in the acceleration step tests lasting

subjects. Aschan and Bergstedt concluded that more than about 30 seconds. This phenomenol
since the peak cupula deflection should be the is not predicted by the torsion pendulum rood(1
same in all three cases on the basis of the model alone.

of Van Egmond et al., the strength of the second- , ......

ary nystagmus depends particularly on "the _l ..--_--_---_ _.s ........................

length of the duration of the primary nystagmus _ _/'_ _×_ ...................
induced." As shown in figure 4, the results of / _., -

the Aschan and Bergstedt experiments are _ i_ _,_c,., _predicted by the adaptation model. (Note that _ /

equal peak cupuladeflections are predicted only _,o /o/ _:@o _2__ _×
with the time constants of the original Van _

Egmond model.) Apparently, then, second effect _ o o_.............
a o/ o = slow Phose N_slogmus Veloc,*y Exper,_n_ol DOTO

can also be attributed to the effects of adaptation. < / ............ _o0j....
2 ,/o

Since it was shown that the adaptation model / ,o, _o' _o, o'o _'o _'o ,o' ,o

produced generally correct responses to velocity .... '.........
steps, the time constants determined by the FIGURE 5.-Comparison of adaptation model for vestibul_.r

fit with experimental data were verified by response with Gaedry and Lauver experiments (ref. 2)fi,r

matching the model response against data for an angular acceleration step (1.5°/sec2).
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Acceleration steps have often been used in °...... ,..... y'_-___ .....

experinlents to determine the latency time to _,O-o,ol_J__n_°'°v' ,_ 2oso-o_,2sensation of rotation for constant angular -2o __ .._,,°.o_,,.+o_,

acceleration. Latency times were calculated i_t/__

for tile model subjective response. The model _=

match with experimental data of Meiry (ref. 8) 1......................One STondardDevlat,on

and of Clark and Stewart (ref. 9) is very good, i .... _...except at low accelerations, as seen in figure 6. ,_o ----_

This may be attributable to the fact that for the -_o _
low accelerations, the response is very near the .... - , I

.m.o dte.onandth r  ponse,imesare270ii
unreliable indications .............

FREQUENCY (Romans per second)

IOO_ ii i I i I p' i{ ] ' I t I ' I tl I i I , ' I ' FIGURE 7.--Frequency response of adaptation model for sub-

60i / -- jectivesensation. KatzdatafromrefereocelO.

40
30 sponse data. Data from individual subjects
20 ,, Experimentaldata from - may deviate somewhat from the responses pre-

| _ Meiry, with one standard

i_| _ _ deviation _ dieted here. In this regard, however, it is
-_ U F \o x Data from Clark and Stewart: interesting to note that, working independently,

6F X a --Model prediction -- .Jones and Malcolm ("Quantitative Study of
Q, 4 r- \x

_ 3_. "x_ ,, - Vestibular Adaplation in Humans," this sym-posiuln) of McGill Universily [lave measured

o_ _1 "_ nystagmus response for long-duration angular

B IOF[-- --_'_z= _: accelerations and also observed that their resuhs
.6 F Qxa_ Z were at variance with tile second-order nmdel.

14[- _ An adaptation operator for the nystagnlus path-
way was hypothesized, and an analog conlputer
was used to match the model with the experi-

/ [ , I i I,l,I I , I * Iqlpl I I I I illl mental data. The resuhing model showed.2 4 .6 1.0 2 4 6 810 20 40 70
Angular Acceleration deg/secz remarkably good fits for individual experimental

data, as well as for average response. Si C-

FI(;URE &-Adaptation model forsubjectiveresponselatency nificantly, while the assumptions made in the
to constant attgular acceleration. Meiry data front refer-

enee 8; Clark and Stewart data from reference 9.
°ql I , , I I

The frequency response of the linearized model _} '°-

for subjective response is shown in figure 7. _}._o_
The frequency response is very similar to that

of the simple second-order model used to match f '_ "--k

subjective data over the midrange of frequencies, i -_" i iiiii!"!_i:oiii[ill .,," '- ......."'"where all the test results lie. The frequency _ i!' !i[ 0,' , _ ''-- '

for nystagmus velocity is shown in _. I,, .....

responsefigure 8. As is the case for the subjective _ x.. ............
-so I I I I

oo, o, , o _o ,oo

frequency response, the adaptation model ......................

predicts even greater phase lead and lower FIGURE 8.--Frequency response of compensatory eye move-

amplitude ratio for very low frequencies than mentsforlinearizedmodel:
does the second-order model, eye velocity lO.5sz

It should be noted that the time constants input velocity (s+-25)(s+O.O625)(s+O.O08)

and thresholds specified for the model are the Katz data from reference 10; Hixson and Niven data from

result of a fit of a particular set of average re- reference ll.
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\

derivation of the adaptation operator were quite have implied that adaptation might, in some way,
different in the McGill study, they lead to a be due to a change in the transmission gain cf
dynamic expression fur an adaptation operator the neurological pathways. The implication cf
identical in form with that of the MIT study, the adaptation operator developed here is some-

what different in that one would not conclude

CONCLUSIONS that the transmission gain was chan_ng, but
Dynamic vestibular adaptation effects are rather that the zero-response reference level

evidenced in both the oculomotor and subjective was being altered. This is not meant to imply
responses. These effects can be incorporated that transmission gain changes do not take plac,_,
into a control-theory model which accounts for but only that the overall behavior of the systera
the measured differences in nystagmus and seems to inwAve a dynamic process which pr(,-
subjective responses not predicted by the tor- duces a change in the reference level.
sion-pendulum model: (1) cupulogram slopes, The adaptation model can predict the gener_.l
(2) secondary nystagmus, and (3) decaying re- form of the average response of a normal, alert
sponse to sustained acceleration. Adaptation individual to angular accelerations in a horizont_d
effects will only be readily observable in long- plane, provided linear accelerations are n_t
duration responses to sustained angular accel- present. Possible effects of bias are not it,-

eration, cluded. The model fails to predict the detaile:l
The adaptation operator cannot, however, be time course of individual responses and does m,t

interpreted as a rational parameter model of a account for the effects of habituation to repeated
physiological process. Previous studies (ref. 4) stimulus patterns.
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PART III: A QUANTITATIVE STUDY OF VESTIBULAR
ADAPTATION IN HUMANS

RICHARD MALCOLM

Canadian Forces Institute of Aviation, Medicine

SUMMARY

A mathematical model for short-tern_ adaptation to vestihular stimuli is presented in which the
physiological response is driven by a signal proportional to the difference between the peripheral
end-organ response 0_and a central reference level R in such a way that dR/dt cc tO_-R). Frmn this
relation a transfer function is derived relating slow-phase angular veh_city of resulting Ilyslagmus to
the angular velocity of head rotation. The resulting model has been tested by comparing its responses
to controlled step and ramp angular velocity stimuli with those of human subjects. A close match
was obtained in all eases, which strongly supports the view that a significant adaptive effect is at play.
The main time constant of the adaptive term was 82 seconds (S.E. 6.5) and the mean cupular restora-
tion time c,mstant T_. was 21 secomts (S.E. 1.5). It is suggested that previous valucs quoted for T,.
represent underestimates of the true value owing to superpositinn of the adaptive term here descrihed.
The adaptive term accounts well fro"the phenomenon of secondary nystagmus, especially during either
strong stimuli or prolonged rotations. Some implications of the findings in relation to clinical and
aviation medicine are discussed.

INTRODUCTION THEORETICAL CONSIDERATIONS

Secondary nystagmus, or post-postrotatory The mechanical portion of the semicircular

nystagmus as it is sometimes called, has often canals can be described as a second-order linear

been described in the literature (ref. 1). It is system, comparable to a torsion pendulum with

typically seen after a step change in angular heavy viscous damping (ref. 2). Thus, during
velocity when, after cessation of the primary angular acceleration, the inertia of the endo-

nystagmic response, a secondary nystagmus lymphatic fluid contained in a semicircular canal

develops in the opposite direction from the generates relative fluid flow which is opposed by

primary one. The secondary response, although heavy viscous damping in the thin circular tube

of lower amplitude than the primary one, usually and a weak elastic restoring force due to cupular

extends over a relatively prolonged period, deflection. Assuming parabolic fluid flow, the

amounting in the experiments here described to response of this system, namely the angle of

2 to 3 minutes. It is considered that this pro- cupular deflection, can be related to the angular

longed action of the secondary response prob- velocity of stimulus in the plane of the canal

ably represents an important source of misleading by the following transfer function (ref. 3):
sensory information responsible for the genera-

tion of illusions of movement during flight. 0_, ks

This paper describes theoretical considera- 01--_(s) = (Tis+ 1) (T,:s+ 1) (1)
tions and experimental results which strongly

suggest that the secondary response is chiefly where

due to a quantitatively definable adaptive process 0,: = angle of deflection of cupula

which operates whenever a signal is generated t)tt = angular velocity of head

in the semicircular canals. Ti _ polar moment of inertia of endolymph

369
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J+viscous torque per unit relative
angular velocity of fluid flow B

T_._ B + moment of cupular restoration force
per unit angle of fluid displacement in
the canal K A

k=a J/K, where a is the proportionality
constant relating cupular angle to
angle of fluid displacement.

In this experiment Ti is the time constant of ecNe _
approach to steady endolymph flow on sudden
application of a steady angular acceleration and,

as indicated in the above reference, is too short B
to be significant during the patterns of movement

employed in these experiments. Equation (1)
may therefore be simplified for the present
purposes to

\
T,.s+ l X, eeye = b(ec-

R)
or •

O_.(s)- ksOt_ (2) C "%,,_,
T,:s + 1 -..._.. .......

tstr_tt, nml_tll_smfsm_

in which T_, is the time constant of exponential
cupular return due to the interaction of elastic

and viscous forces after sudden change in stimu- FmURE1.--Form of time dependence of response to step
lUS angular velocity. With this system a step change in head angular velocity. A: Cupular deflection

change in angular velocity input will lead to an o_ front resting position. B: The shifting reference level

initial response (cupular deflection) followed by R which tends to minimize 0c-R (dashed lines). C:
Slow-phase eye angular velocity (O_,_,).an exponential return to zero response with a

time constant T_-16 seconds estimated by
cupulometric nystagmography (refs. 4 and 5). the cupula, are compared to a shifting reference:
The form of this basic response is illustrated in level central to the mechanical components o :

figure 1A. If the oculomotor response were the canal. This reference level R changes such
proportional to the vestibular input as suggested that it always tends to minimize the difference
by results of Hallpike and Hood (ref. 6), this between 0c and R. Figure 1B illustrates thi_;
curve should also represent the time course of point. R continually drifts toward the in

the slow-phase eye angular velocity during stantaneous value of the canal signal Oe, attempt
nystagmus. However, figure 2 exemplifies the ing to minimize Oc-R. In particular, the rat_,
time course of the slow-phase eye velocity ae- of change of R is assumed to be proportional t_,
tually observed in a human subject during the the value of the difference Oe-R Hence

present experiments. The primary response
did not simply decay to zero as would be expected dR

dt b (E. -- R ) (3from equation (2); it reversed after 34 seconds to

yield a prolonged period of secondary nystagmus.
It is suggested in this paper that this form of where b is the constant of proportionality, h

secondary nystagmus is the result of a superim- Laplace notation
posed adaptive process. This hypothesis rests

bOe Oe (4Jon two assumptions. First, signals generated R(S)-s+b-T,s+ 1in the canals, proportional to the deflection of
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where T,= 1/b and is the adaptive time constant, angular acceleration lasting 120 seconds and
Substituting for 0,. from equation (2) having an amplitude of 4.5°/see 2. This stimulus

ksOn was chosen since, after approximately 60

R(s)=(Tcs+l)(T,s+l) (5) seconds, the cupula should have reached aconstant angle of deflection, and any changes in

The second assumption is that the slow phase the response alter this time should be attributable

angular velocity of resulting nystagmus is pro- to adaptation. The second stimulus was a step
portional to Oc--R. The dotted vertical lines change in angular velocity of 270°/see requiring
in figure 1B indicate E.--R, while figure 1C 10 seconds for completion. This stimulus was
shows Oc--R as a function of time. If t_eye large enough to produce a clear secondary re-

represents the slow-phase eye angular velocity sponse without generating maximum eye veloc-
relative to the skull during nystagmus, then ities so high as to be limited by eye dynamics.

In practice, the ramp velocity was achieved by

beye 02 (0C--mR) (6) first taking the subject slowly to the appropriate
angular velocity in one direction and leaving

The parameter m is included since there is no him in this steady state for 3 minutes to permit
a priori reason why 0(. and R are viewed with complete cupular restoration. For the ramp
the same gains. If m is not unity, the model velocity profiles, the table was driven to follow
behaves as though it had a directional pre- the required acceleration through zero velocity
ponderance, to an angular velocity in the opposite direction

Substituting from equations (2) and (5) for equal to that of the initial steady condition. This
0_. and R, the vestibularly driven eye angular procedure was adopted to minimize the maximum

velocity (Ùeye)becomes absolute angular velocity attained by the turn-
table. The step change in velocity was achieved

ksOz mks On _ by taking the subject from a constant velocity toOey,= p Tcs + l (Tcs + l ) (T_,s+ l )J (7) zerovelocity.
The subjects were rotated while sitting on a

where p is the constant of proportionality, servo-controlled rotating chair with their heads
This transfer function formally describes the fixed to the chair by a dental bite. Their arousal

relation between head angular velocity as input was maintained by having them compete for a
(stimulus) and 'resulting slow-phase eye angular monetary reward by working out factorial 10
velocity as output (response), and defines the mentally. The instantaneous eye position was
variables concerned in a manner permitting recorded by means of de electro-oculography

experimental verification of the hypothesis from (EOG) and static calibration was done at 10
which it is derived, degrees and 20 degrees left and right before and

It may be noted here that in practice none of after each experiment.

the subjects tested exhibited a significant Before experimental runs, all subjects were
directional preponderance (response uniformly dark adapted for at least 40 minutes in red light,

biased in one direction), and accordingly the previously shown to yield EOG gains indistin-
parameter m was held at unity throughout, guishable from complete darkness after this

time (Gonshor and Malcohn, in preparation).
EXPERIMENTAL METHODS

All calibrations were performed in red light and

After a number of preliminary experiments to all experiments in total darkness. The eyes-
determine suitable stimulus profiles, eight human closed condition was adopted on account of

subjects (three male, five female) ranging from difficulties with lacrimation, blinking, and ex-
age 18 to 39, and free from overt vestibular or traneous facial EMG activity introduced with
oculomotor pathology, were exposed to two sets of eyes open during these high-level stimuli.
stimuli. From the resulting nystagmographic records,

The first was a ramp velocity generated by an beat-by-beat sluw-phase angular velocity was
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FIGURE 2. -- The response of one subject to a sudden change in angular velocity. The slow-phase angular velocity of the nystagmus

is plotted beat by beat against the time after the onset of the stimulus. The eye movement after reversal of direction at 34

seconds is secondary nystagmus.

plotted (ordinate) against time elapsed after form to appear on the oscilloscope as a complete
commencing the rotational stimulus (abscissa) and continuous curve. The values of the
as in figures 2 and 3. Early results were labori- parameters in the equation could be manually
ously measured by hand. But the majority of adjusted, producing an immediate change in the
original records were analyzed by means of a output curve viewed on the oscilloscope.

tangent analyzer, similar in principal to that The graphs of the eye velocity versus time
described by Benson and Stuart (ref. 7), but (such as shown in figs. 2 and 3) were photo-
generating a direct writeout in graphical form on graphed, and projected by means of an ordinary
an X-Y plotter, as in figures 2 and 3. The 35-ram slide projector onto the face of the oscil-
accuracy of eye angular velocity measurement loseope. The computer was adjusted so that
was of the same order of magnitude as the size the output time base corresponded to the time
of the dots in these figures, divisions of the graph, and the predicted curve

To match the results obtained in this way was then matched by eye with the observed

with the mathematical model, the transfer rune- responses of the subjects. The superposition
tion defined in equation (7) was programed onto thus obtained was photographed for subsequent
an EAI TR-20 analog computer whose output reference through semisilvered mirrors, the

was displayed on an oscilloscope. The computer results appearing as in figures 4 and 5.
could be made to run at 500 times real time, The matching procedure leading to the values

causing the response to any chosen input wave- of T_ and T, in table 1 used the following criteria
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FIGURE 3.-- The response of one subject to a velocity ra_np. The slow-phase ar+gular velocity of the nystagm.s is plotted +zs ++

function of the time after onset of the stimulus.

for obtaining the best fit between the model and The curves in figures 1A and 6A represent the
the observations: change of cupular angle (0_:)with respect to time.

1. The parameters Tc and T,, were adjusted As previously mentioned in the theoretical con-
so that the model should fit with similar accuracy, siderations, a stepwise stimulus generates an
the data from both stimuli fl)r a given subject, initial response followed by an exponential decay.

2. Parameters Te and T+, obtained from the The response to a ramp stimulus rises with the

visual fit of a given set of data should be reason- same exponential time course as in figure 1A to
ably reproducible (see table 1). achieve an asymptotic level which is held steady

until cessation of the acceleration (fig. 6A). On

RESULTS assuming steady angular velocity of stimulus
(0H) the response decays to zero.

Figures 1 and 6 illustrate the forms of response
In the B-curves the hypothetical referenceto be expected from the model defined in equa-

tion (7) for a condition approximating T_,=4T_.. levels R are shown with their time course de-
In all curves (thick lines)the ordinate indicates fined by equations (3) and (4). The vertical

response; and the abscissa, time elapsed after dashed lines between 0_. and R give the value
commencing the rotational stimulus. The thin O,:--R which determines the instantaneous slope

line in figure 6A gives the imposed stimulus of the reference curve R.
angular velocity which was a ramp followed by In the C-curves the final oculomotor responses,

steady angular velocity, manifest as the slow-phase angular velocity of
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FIGURE 4.--The photographs show the superposition of the experimental data (dots), and the outpttt of the analog computer

(solid lines). The upper response is from a sudden change in angular velocity, while the lower one is from a veloc;ty ram _. h
The ordinates give slow-phase angular velocity of the nystagmus, while the abscissae give the time in seconds after the on'.et

of the stimuli.
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FIGURE 5.-- The entire curve,fi'om which the points and dotted cllrve were taken fbr figure 7. Ttle dots represent the experimental

points while the solid line represents the computed response.

resulting ocular nystagmus and defined by equa- mic beats from one experimental run are in-
tion (7), are plotted. The deviations of C-curves cluded. In practice, the step change of angular

from A-curves are easily seen. Not only is con- velocity occupied approximately 10 seconds,
siderable secondary nystagmus evident, but the which accounts for the initial rising response.
whole shape of the response is changed in a sys- The subsequent primary response decayed
tematie way. It is particularly important to ap- smoothly through zero into a prolonged secondary
preciate that if curve 1C is plotted on log-linear phase of reversed nystagmus. The values of

graph paper, only the portion above zero is nor- points on the zero ordinate were obtained from

mally visible and gives the impression of a decay clearly defined horizontal lines on the original
which is considerably more rapid than the basic eye-movement record, interspersed with well-
exponential decline in figure 1A. This matter will marked saccades, and could be easily measured.
be referred to again in the discussion. It is incidentally noteworthy that the curve

Figure 2 illustrates the plot of resulting slow passes smoothly, rather than discontinuously,
phase eye angular velocity (ordinate) against through this zero, the theoretical implications
time, obtained from one subject by the analytical of which will be discussed below.
process described above. Each spot gives the Figure 3 is a similar plot obtained from the
velocity during one nystagmic beat. All nystag- same subject as in figure 2, exposed to the
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TABLE ].--Experimental Values for the Canal stimulus depicted in figure 6A and described nu-
Cupular "Restoration Time Constant Tc and merically under "Experimental Methods." Thi_
the Adaptation Time Constant TaJor Each of was the only record in which "lumping" of dat_l

the Subjects Tested points tended to occur on the zero ordinate. The,,
similarities between the plots in figures 2 and 1C,

T,., sec T,. sec and 3 and 6C are striking and form the basi_;
Subject of the numerical analysis.

A B _ A B t
Figure 4 (top and bottom) illustrates example:_

R ................. 17.5 14 63 66 of the actual fits obtained on the oscilloscope
DC ................ 15.5 15.2 82 81 face as described under "Experimental Methods"

vs ................. 18 23 105 93.5 for the two plots shown in figures 2 and 3, respec-
O ................. 23 20.5 66 66 tively.

CN ................ 21 20.5 125 150

LS................. 26 29.5 78 64 The values of the time constant of cupula:
DP................. 30 32 58.5 53 restoration T_. and the adaptive time constant
AF ................. 15.3 14 81 83 T, calculated from the relevant potentiometer

settings on the analog model of equation (7) ar,.'
Mean_...... 21 82 given in table 1 for all subjects and all experi-
S.D. _........ 5.9 25.8

S.E.'-'........ 1.5 6.5 ments. The two columns under each parameter
heading give duplicate values obtained fronl

ECol. B values were obtained 10 days after those in col. A. curve fittings on a single set of data plots pel-
Mean. S.D., and S.E. values are calculated from the corn- formed with a 10-day interval between the fittin ,_

bined datain culs. A and B. procedures, a period su_ciently long to forget
prior knowledge of results. The duplicate sets

'_ of results for each time constant indicate reaso_-k._ able reproducibility.

._. The standard deviation and standard error
A _ values are calculated from the combined result_

from first and second fittings. Mean values for
cupular time constant and adaptive time constant
were T_=21 seconds (S.E. 1.5) and T,=82
seconds (S.E. 6.5), respectively.

DISC USSION

Results such as those exemplified in figures

B 2 and 3 demonstrate dramatically how wide the
divergence of physiological response to rotation;d

stimulation of the canals can be from that pr,_-
dieted by the simple torsion pendulum mod,31
usually considered a fair approximation of the

cupular-canal-endolymph system. The fact that

-,,,,_, O._,,,,t the recorded divergence of these objective resul; s• /" could in all subjects and all experiments l:e
t t adequately accounted for by the adaptive mod._l

C I t

t here proposed, strongly suggests that such _n

'_,,,_ ., ., ,,,,,,,,.*'" ..... adaptive function, or one closely resembling it,
is in fact constantly active in all circumstances.
It appears that a similar phenomenon m_y

FIGURE6.-Form of time dependence of response to ramp account for subjective effects as well (Young ar d
velocity of the herld (0n). A, B. and C _ts in figure I. Oman, personal communication).
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The findings raise the question, What func- phasized by the fact thai the sensory signal is
tional role could be served by the adaptive effect essentially one of angular velocity; and hence a

here described.'? In attempting to answer maintained signal, even though very small, would

this question, it is important to appreciate first in time indicate a large change in angular
that the long time constant attaching to the position.

adaptive phenomenon appropriately precludes In the present context, tile significance of this

it from interfering significantly with the active latter observalion is highlighted by lhe fact thal,

vestibular sensory message during the relatively in curves such as thal in figure 2, the areas under

short, sharp head movements of everyday life. the primary and secondary responses are of

On the other hand, long time constant adaptation similar magnitude. Since the basic plot is here

would be highly effective in tending to maintain, one of angular velocity, this implies that lhe total

over long periods, the steady state, or de, balance angle (integral ,,f angular velocity with respecl to
of the differential inputsimpingingonthecentral time) of primary response is roughly equaled

nerwms system (CNS) from the two sides of the by the opposite seo:mdary ,me. Since one's

head. The physiological implications of this sense of attitude in space is determined by the

become apparent when it is appreciated that impression of angular displacement at any given

the average neural discharge from each ampulla lime, the rather surprising conclusion may be

has a resting value which is increased by rotation drawn that the secondary response, if suflicieutly

in one direction and decreased by rotation in above "lhreshold," can exert an influence ,,f

the other direction (refs. 8 to 11). As pointed the same order of magnitude as lhe primary one.

out by Melvill Jones in 1965 (ref. 12), this evi- h is of interest to note the rather long value

dence, coupled with results of unilateral canal of 21 seconds obtained for the mean value of

plugging experiments (refs. 13and 14),indicates the cupular restoration time constant (7",:).
that the CNS acts differentially upon the signals This value is considerably greater than those

from pairs of canals. Let the resting discharge quoted under themetical considerations. The

rates from a pair of opposite canals be A and B, difference can readily be accounted for by lhc

respectively. It may then be postulated that fact that the earlier values were essentially
reflex response to canal stimulation will be in obtained from data points restricled h, the

proportion to the differential term A--B, which, primary response, largely on accoum of Ihe fact
for de balance, may or may not be zero in the that results were usually plotted on log-linear

stationary condition. But during skull rotation, graph paper. Since from the torsion pendulum
since each canal is a mirror image of its contra- model the response h, a step change in stimuh, s

lateral counterpart, the change in firing rates angular velocity should be an exponential decay,

will be from A to (A+AA) and B to (B-AB). it has been customary to approximate the plotted

The CNS would then "see" these two inputs response with a straight line, the shq)e of which

differentially and compare the new result with then gives the required time constant. Such a

the resting condition (i.e., (A+AA--B+AB) plot for one of the present subjects is given as

to (A--B)). In this notation the relevant change the straight line in figure 7. From the slope

amounts to AA+AB. But presumably such a of this line a value of 1].5 seconds emerges fro.

change would be indistinguishable to the CNS the cupular restoring time constanl. But

from a change in the value A-B due to natural adopting the best fit to the whole set of data, as

biological drift or some pathological cause, depicted in figure 5 (which represents the same
However, if the reference level R proposed above data as in fig. 7 but with primary response dis-

always shifted toward the difference A-B, an played downward in this case), a value of 31
effective de balance would be maintained in- seconds emerges for T_ for this individual, which

definitely. The process could be akin to auto- is more than double the value estimated in the
matte maintenance of the de balance in a dif- customary manner. The intermittent line in

ferential amplifier. The value of such a feature figure 7 represents the fitted line of figure 5

in tile canal vestibular system is further em- SUl)crimposed ,m the log-linear plot of data. h
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may be noted that the separation of the two lines ing frequency and only slowly return. This

in figure 7 corresponds to the small deviation of leads one to speculate as to the possible site of

points from tile upward sweep of the continuous this adaptive pr()cess. Possibly the shift in

line in figure 5. reference level represents a shift in ions which

This is perhaps an extreme example, but it occurs within the hair cells of the crista, so as to
suffices to indicate an inherent error in assessing compensate the generator potential, following

definitive parameters of the canal system using cupula deflection. Perhaps, as has been sug-

the method illustrated in figure 7. The present gested by Lowenstein (personal communication),

c(msiderations suggest that the tendency in the it may represent a depletiml of the synaptic

past has been to underestimate the canal time transmitter of the hair cells. Ahernatively the
constant as a result of the adaptive effect here adaptation may manifest as central feedback to

described modifying the end-organ response the periphery via the efferent pathways (ref. 15),

before generation of the functional physiological resuhing in a sensitivity or gain change of the
one. transducer. And, finally, a number of central

Some single-cell recordings from primary mechanisms might combine to bring about the

vestibular neurons of the rayfish have shown a effect. It should be emphasized that the

similar pattern ()t' behavior (ref. 11). Firing mathematical model is incapable ()t" discriminat

frequency, after changing in response to a change ing between such processes and cannot therefore

in angular velocity, tended to overshoot the rest- shed any light (m their source. It could be thai
some or all nf the above are acting sinmhaneously

5 As mentioned earlier, figure 2 shows that the

response lends t() (:ross the zero axis with little

t%. " " or no discontinuity. This poses the problem as
%%

"".:. -,.. ,o_L ,,:a,, ..... ,.,_5 .... to whether or not a threshold exists. Figure 8A

_2" "",. __ ' + shows diagrammatically what <me would expect t<.

" "" ./*/,
, . ."',,.,,_.. . find if a threshold to et, I)ula deflection existed

:_,. • " ;. ,'%,%,_--- .- - ; through its subthreshold region of deflection
" " .... "_ . - should get no nystagmus, and this causes a k- on.'_ -_'_-: discontinuous curve as shown in figure 8A.

:" " " I-'" ' "_"4,,_"- __ " _ However, if the problem was one of resolving the.

"_ ¢......... , .... _...... _t ",_ during nystagmus would lie between the two line
NT ON -5 sec_, . shown in figure 8B. The similarity betwemt

_: figure 2 and figure 8B leads to the conelusi(m

.... -_"" , that resoluti,)n of one angular acceleration from
: ...... : .,. _- ._ another is really the problem, and that ifa thresh-
' • " : :.... : old does exist, it is probably very small. It

;- - ' should be pointed out, however, that a form o_"
....... ' ":_ _" threshold would exist if there was stiction be-

; tween the eupula and the walls of the membra-

.o, _ .... ,o 2.......... nous aml)ulla. This would be seen only when the

F](;URE Z-The log of the slow-phase angular velocity qf subject was rotated from a resting position, an,t
nystagmus plotted as a function of time fi'om the results in would disappear ()nee he was moved. Shoul,t
figure .5. If adaptation did not occur, the points should this be the case, the threshold for perception of t

lie along a straight line, giving a mistaken value for Te change in angular acceleration for a subject wh.)

of 11..5 seconds from these results. The dotted line shows has been at constant angular acceleration shoul,t
the computer .lilt based on T( equal to .'41seconds. The
semilog scale exaggerates the error between the- points be greater than for a subject who has just prevl-
and thedottedline in figure5, ously been exposed to a change ifi acceleratim.
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which this paper attributes to adaptation. The
methods here described provide the basis for

_ tests by which adaptive capability might be as-

sessed before selection for flying duties. Second,

alteration of adaptive capability by the flight
environment may be important to achieving
proficiency as a pilot and is now amenable to

testing. Third, as inferred in a general context
above, the functional significance of the second-

ary response may in some circumstances be
THRESHOLD RESOLUTION approximately equal to the primary one. Pre-

A B sumably in violent rotational maneuvers, such

FIGURE 8.-A: The form of the response to a step change in as repeated rolls and aerodynamic spinning, the
head velocity expected (slow-phase angular velocity of adaptive term stands to introduce adverse effects
nystagmus versus time) if a threshold to cupula deviation which would not be accounted for by previously
existed. B: The form of the response to a step change in described physiological phenomena (ref. 17).
head angular velocity to be expected if only finite resolution

of cupular deflection existed. The response should tend Fourth, it is clearly important to incorporate the
to lie within the two lines, which represent the resolution adaptive function in any model aimed at permit-
limits, ting calculation of the overall vestibular response

to movement (ref. 18).
This point is of particular importance Io pilots, From the clinical standpoint, the results indi-
since the thresholds found for humans during cate a certain lability in the conventional cupulo-
controlled experiments on smoothly moving metric turning test. It seems from the present

platforms may be quite large compared to what work that the response to the test is composed
the pilot can sense in a constantly moving of two main components, that due to cupular
aircraft, restoration and that due to subsequent adapta-

There are additional implications in the applied tion. Possibly the effect of the adaptive mech-
context of aviation. First, the unnaturally large anism could mask a pathological cupular corn-

and/or prolonged rotational stimuli commonly portent, and vice versa. Second, it could be

experienced in flight maneuvers probably gen- that pathological involvement of the adaptive
erate, at least temporarily, residualunidirectional mechanism might itself prove to comprise a
effects in the vestibular system (ref. 16). Hence significant clinical entity.
an adaptive capability may represent an impor- Finally, it is of interest to speculate on the
tant functional asset which is normally active in extent to which the present results reflect

offsetting such an effect. Possibly failure to biological adaptive functions in other sensory

do so may be associated with generation of the channels. Possibly the adaptive principle and
biased impressions of attitude often referred to analytical methods here described could be
as "the leans." On the other hand, such employed to examine this question on a quanti-

"leans" may be due to the secondary effects tative basis.
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DISC USSION

Lowenstein: This is what one frequently sees when one that was presented here by Malcohn. In other words, a

deals with single-fiber units after step-function stimuli. They triangular waveform can be introduced which will increase
return like this and then dip under the reference level, and and then decrease the secondary nystagmus response. The

gradually return to it. This may be in conflict with the sensation of rotation follows a similar pattern, first increa ;-

mechanical model of the cupula endolymph system, but do ing and then decreasing, and the point in time when nysta;g-

not forget that, in the hair cell, the hair processes are en- mus crosses over the (extrapolated) secondary baselire

sheathed in the cupula. Up at the top of the cell your is a close approximation to the average point in time when

mechanical model may be valid, but down in the synaptie subjects signal a stop. In most cases nystagmus overshoo s

region there is a c]{emieal transmission process which may the (extrapolated) secondary baseline, and during the over-

already introduce the first distortion, shoot period, many suhjects signal rotation in the opposi'e

Guedry: It seems to me that part of these effects may be direction even though nystagmus continues in the secondary

extAained by events within the end organ, but it does not direction. So we have during this interval a dissociation ff

seem reasonable to explain on this basis certain rather definite directions of sensation and nystagmus.

discrepancies between the subjective and the nystagmus Malcolm: 1 find this very interesting, l)r.,(;uedry, and it

responses. 1 can add a little to some of the data that have certainly bears further looking into. h also serves to illus-

been reported today. We have done, over the past few years, trate a rather important point, namely, that the process v'e

experiments in which we have maintained a ramp velocity are examining here is most probably not a simple one sm:h

change for 16 seconds, hut this was a 40-rpm change in as the model just described, but rather a network of seri.:s

angular velocity, which is a strong stimulus. The average and parallel loops, each one similar to the one shown in the
time for the cessation of the primary subjective reaction model. Mathematically, one could not make this distinction,

occurred while primary nystagmus was in progress with a however, and so the very complicated real situation can i_e

slow velocity of roughly 30 deg/sec. Then after a minute nicely approximated by a very simple model, merely i)y

with secondary nystagmus still in progress, we introduced playing with the algebra. The value in doing this lies in

a triangular velocity waveform. The subjective response in the fact that it can imply the kind of processes going on, as

most suhjects seems to be based on the secondary level of well as providing a means of predicting the responses to a

nystagmus, which seems to fit fairly well with the model complicated stimtdus pattern.
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