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Foreword

These proceedings are the record of the second symposium of a series oll

gravitoinertial receptor mechanisms and related systems in aerospace flight and
add to information presented in the proceedings of the first symposium, NASA
SP-77, entitled "The Role of the Vestibular Organs in the Exploration of
Space." Symposiums to follow will at regular intervals update information
in this important field of research. The long-range plan is thus apparent: to
collect in one series of reports complete and current information dealing with
gravitoinertial receptor mechanisms and related systems in aerospace flight.

In this volume the reports follow the order of presentation in the meeting,
thereby preserving the proper continuity of the discussions. This order, which
was mainly for the benefit of the speakers, tends to mask somewhat the three
central themes underlying the plan for the conference, which were: (1) the
presentation of practical problems posed by weightlessness ,_nd subgr,_vity
states, including the need for artificial gravity as it might be revealed by expos-
ing animals to weightlessness over extended periods of time; (% up-to-date
review articles to be presented by outstanding authorities in their subspecialties ;
and (3) brief reports on current investigations with special emphasis on the
genesis of "vestibular" nystagmus when animal or human subjects are exposed
to certain patterns of linear accelerations and the possibly related phenomenon
of modulation of canalicular nystagmus by linear accelerative forces.

On the basis of experience, nearly as much time was allocated for discussion
as for the presentation of p_pers. In editing the discussions--as a whole, it was
even more apparent than in the mceting--that at times the dialog reached an
unusually high order of excellence. Many ideas were presented and discussed
which had not previously found their way into the scientific literature. More-
over, it became 'apparent that a number of participants, not listed as speakers,
came prepared to make brief yet formal presentations. Although the relev_lce
and importance of these presentations varidd, the overall contribution was
sufficiently great to suggest it should not be completely discouraged. In the
future, an attempt will be made to allocate additional time for a limited number
of such presentations.

The gre_t majority of those in attendance could be divided into two groups;
namely, those whose primary interest centered in the vestibular mechanisms,
and those for whom an understanding of these mechanisms was essential yet
only incidental to their main interests. The interaction between these groups
was far from that of teacher and pupil. The "users" not only were articulate in
describing man as an element in a closed-loop control system but also, implicitly
at least, challenged the vestibular specialists to demonstrate the role played by
these organs in real-life situations. This points up a great gap in our knowledge _
which Brodal emphasized in stating:

As far as the vestibular mechanisms are concerned, it is probably justified to say
that recent research has demonstrated structural peculiarities and differentiations in _he

III



FOREWORD

sense organs and their central connections which go far beyond what can at present be

properly correla:ted with observations of function.

But this is by no means the only gap. Much of the investigative work on the
vestibulal" organs has been carried out on animals where, in contrast to man, the
vestibular system is more highly developed than the pyramidal system. This
points up the need to conduct studies on man_ where experimentation is notably
difficult. This is illustrated by the fact that we still lack such a basic pre-

requisite as precise_ valid tests of function of the canals and otolith organs.
The success of this symposium was insured by the enlightened self-interest

of the Office of Advanced Research andTechnology of the National Aeronautics

and Space Administration_ implemented by the resourcefulness of the National
Academy of Sciences. The splendid efforts of the general chairman_ Jorge
Huertas_ combined with the politeness and generosity of our hosts at the Ames
Research Laboratory_ were beyond what we had a right to expect. As on the
occasion of the first symposium_ the spirit displayed by the speakers, chairmeu_
and audience was evidenced in a manner and degree rarely observed in meetings
of this nature.

ASHTON GRAYBIEL

U.S. Naval Aerospace Medica_ Institq_te
U.S. Nava_ Aviation Medica_ Ce_,ter
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Welcome
WALTON L. JONSS

In behalf of NASA Headquarters and specifi- in providing solutions to these problems. In
cally the Office of Advanced Research and Tech- spite of the excellent ground-based research
nology, I welcome you to "The Workshop oll which has been carried on, we will not be abso-
Orientation in the Exploration of Space." At lutely sure of the solutions until we have con-

this time, I would like to extend the regrets of ducted appropriate experiments in orbi_ under
Dr. Mac C. Adams, Associate Administrator weightless conditions for a considerable period
of the Office of Advanced Research and Teeh- of time. I would like to stress the importance

nology of NASA, for being unable to attend of flight experiments, an area which is dis-
and greet you in person. Dr. Adams was cussed in Session gI. We are tailoring our
eagerly looking forward to participating in research so that wherever weightlessness is a
these deliberations, as Tierealizes the necessity of factor in a particular problem area, the solution

solving the potential problems of man for future will be absolutely proven in flight under weight-
extended flights in space. He is also aware that, less conditions. Some of the concrete results

your area. of research, namely, orientation in we are seeking from this conference are ideas
space, is one of prime importance to the success for good flight projects required for the yes-
of any future long-term space missions. We tibular problem area.
are delighted that CHABA of the National The second problean which arises in this re-

Academy selected Ames as the location for this search area is the possibility that artificial
workshop conference. We are proud of our gravity will be required. We would like to
new life-science facilities here, and hope that know what provisions should be made if this
you take the opportunity to examine them possibility becomes a necessity.
during your stay. We understand that in order to solve the

As you all know, last. year NASA sponsored many problems in this area, a great deal of
a Vestibular Symposimn at the U.S. Naval basic and applied research must be conducted.
AerospaceMedicM Instit, ute at, Pensacola, under We are in favor of this and a.re 1)aeking this
Dr. Graybiel. As a result of that excellent research with encouragement "t.nd av_dlable
meeting, it see,ned advisable to hold a. sequel funds. _Ve would also appreciate eonsideration
and today's workshop conference materialized, of some of our additional needs. At certain

NASA is interested in vesti'bular problems in points in time, we must provide our ealgineers

two categories; namely, the prevention of yes- with data in order for them to plan and fab-

tibular disturbances in weightlessness, and the ricate spacecraft and equipment for flight..

possible need to generate an artificial gravity. Thus, the need for engineering data should be
considered in planning research. Ultimately,There are other scientific aspects in which we

are interested also. the practical significance of the results of re-
search in _:his field will be realized in the form

The potentially disturbing symptoms which of good useful engineering data.
can be experienced in long exposure to weight- At; this time, I would like to thank the

lessness require nmeh detailed study. I am sure CHABA Committee for the fine job they have
that the new disciplines and techniques avail- done in organizing this conference. I am sure
able to us will be a major factor in solving these their efforts will be more than rewarded by the
problems. However, the experts in this most results of the meeting.
intricate and difficult field are our chief hope I wish you every success in your deliberations.

].
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Russian Experience of Problems in Vestibular Physiology
Related to the Space Environment

JOHN BILLINGHAM
0

N67 15122

This brief review concerns the biomedical ments o1: a guinea, pig flown on the fourth ex-

findings, in animals and mtm, obtained during perimental Russian vehicle indicated that; there
Russian space flights and related aircraft and was an increase, after the flight, in spontaneous
laboratory experiments. It. concentrates on the activity of the hind-limb antigravity muscles.
problems of weightlessness and motion sickness Using vestibular stimulation similar t. that
and attempts :t comparison of Russian with used for the rats, the EMG records now showed
American experience, particularly with regard an increased intensity of response and a de-

to man. it ex'pnines briefly the need for further crease in the latent period of its appearance corn-
biomedical experiments in space in thisarea and pared with controls which were kept at the
concludes with a discussion of requirements for launch site and not subjected to weightlessness.
selection and training of astronauts. These experiments seem to indicate a. cleat" in-

Work with animals by Russian investigators crease in the sensitivity of t,he vestibular system
maybe divided into twogroups. The first grou}) after reduced g and a decrease in sensitivity
de'ds with experimental results from prolonged after increased g. It is interesting that in the
,alterations of acceleration applied to the body. case of the guinea pig, the augmented extensor
This includes exposure of animals to prolonged responses were maintained for a period of many

weightlessness in orbital flight and to prolonged days after exposure to weightlessness.
accelerations of more than I g on the centrifuge. Many other observations have been made by
The second part, refers to the short-term experi- Russian investigators on animals during the
ments c'trried out on board aircraft in parabolic orbital-flight series preceding their first, manned
flight, space flights. _ueh of this information is not

With regard to the first group, it was estab- relevant 1o vestibular physiology, but some of
lished by Gyurdzhian (1964) that rats bred the observations:tgree withthe results described
under conditions of prolonged acceleration on above in that, they tend to indicate an increased
the centrifuge exhibit a. significant reduction in sensitivity of the animal's orientation mecha-
the reaction of limb-extensor muscles, as meas- nisms; for example, in the case of "t dog, it was

ured by the electromyograph, to an oscillating observed tlmt the feet, when touching the floor
stimulus with the axis parallel to the long axis of the vehicle, immediately produced a pro-
of the body at a frequency of 0.6 cycle per see- found rigid extensor response in all four limbs,
ond and an :unplitude of -+'25°. The recordings with the feet, subsequently remaining firmly
indicated a. diminished intensity of the EMG applied to the floor. This reaction is what one
and a delay in its appearance. In some cases the might expect, since in essence the condition is
change in EM:G sio'nal after the onset of oscilla- that fleetingly experienced by the dog which is

tion (lid not, appear until two or three cycles dropped from a certain height so that it passes
had been completed. In contrast, the experi- through a period of transient weightlessness in

5



f

6 ROLE OF VESTIBULAR ORGANS IN SPACE EXPLORATION

a 1-g field at the same time as its paws hit the prioceptive, visual, and skin-receptor informa-
ground. In the space environment this dy- tion with regard to position sense in labyrin-
namic response could be viewed as having been thectomized animals.
frozen. In general, Russian experience with exposure

A number of Russian investigators have re- of man to short periods of weightlessness dur-
ported effects on different types of animals of ing parabolic flight has been very similar to
exposure to weightlessness in a parabolic flight that obtained by American investigators. They
trajectory in aircraft. Many of the results are divide their subjects into three categories ac-
similar to those obtained by American investi- cording to the following gross reactions to the
gators using this procedure. In general, dur- stimulus:

ing the period of weightlessness the animals ex- (1) A general lack of response to the
hibited a mixture of chaotic rotation about stimulus;
various axes and sustained gliding-type move- (2) Development of specific illusions gen-
ments. Rats and mice seemed to exhibit the erally similar to those described in Amer-
worst disturbance. Cats varied considerably, ican literature as the oculogravic illu-
while dogs appeared to be the most stable and sion;
adapted the most rapidly. It is possible that (3) A category where there was an immedi-
this sequence reflects an increase in the ability ate induction of motion sickness.
to control the vestibular system by a learning
process in higher centers. Birds appeared ini- This classification is very similar to that
tially to be trying to fly in an u.pward direction, adopted by Gerathewohl, although detailed sta-
but rapidly adapted and then appeared to be tistics, as in the case of many Russian reports,
flying in a forward direction. Few details of are few.
these experiments were available and the results Yu.g_nov (1964) has examined the charac-
for birds should be interpreted with caution teristies of the reaction of subjects to vestibular
since this experiment must be extremely difficult st_imulwtion during weightless flight in a paper

entitled "The Problem of Functional Charac-
to perform in a confined space.

Yuganov (1964) also examined the effects of teristies and Interaction of the Otolithie and
exposing chronically labyrintheetomized mice Cupular Portions of the Vestibular Apparatus
to the weightless condition. He found that in Under Altered Gravity." During parabolic
all eases they exhibited a much more stable pat- flights he found that postrotatory nystagmus,
tern of motor behavior than did normals, occurring as a result of rotation during the pe-
Tliere was little of the chaotic rotation seen riod of weightlessness, was significantly less
with normal animals, and the mice tended to than under 1 g, and that the counterrotation il-

lusion was also less. Yuganov eonelu.des thatglide from one position to another and to re-
spond much more normally to contact with a an analysis of his data "indicated weightless-
wall when it occurred. During this series of hess does not lead to functional elimination but
experiments, Yuganov also set up an animal to specific vegetative interaction depending on
centrifuge on board the aircraft and examined the g-forces." For example, a lessening of the
the normal and labyrinthectomized mice on the g-force retards the nystagmie reaction.

Turning to the Russian experience with their
centrifuge. He found that 0.3 g of radial ac-

cosmonauts during orbital flight, it is very clear
celeration on the centrifuge sufficed to bring the that, they have now experienced the develop-
motor activity of the animal down to a level ment of a form of motion sickness in three of

which was virtually the same as that of normal the cosmonauts: Titov in the Vostok II, and
controls on the ground in a 1-g field. However, Feoktistov and ¥egorov in the three-man
the labyrintheetomized animals were able. to Voskhodflight.
move about in a coordinated fashion at 0.1 g. The details of the Titov episode are now very
This result might have been expected in view of well known. The significant findings were as
the generally recognized improvement of pro- follows: Immediately after launch-vehicle ae-
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celeration ceased, surrounding objects appeared Space Flight Conditions," subjects were ex-
to float upward, and only after 1 or 2 minutes posed in a slowly rotating chamber (5.3 ° per
did they seem to return to their normal place, second) for 1 to 5 hours. The subjects experi-
This is a straightforward example of the oculo- enced 11o vestibular-vegetative disorders and
gravic illusion. A second significant feature the authors conclude:

was that Titov felt that he was in the head-down This gives us the basis for supi)osing that possibly

or inverted position. This illusion has been de- both the time characteristics of the stimulus and the
scribed by many cosmonau.ts and astronauts and absence of stimulation of the otolith by the Earth's

clearly there is wide variation from person to gravitational pull under condi,tion,sof long-term weight-
person. It is probably dependent at least in lessness could have played a part in the occurrence ofG. S. Titov's vestibular-vegetative disorder.

part on the otolith mechanism and will be dis-
cussed in more detail below. However, the This report might indicate that the Vostok vehi-

most significant finding during Titov's flight cle was in fact rotating but at a low angular

was the appearance during the fifth or sixth velocity and that the Russian conclusion at this
orbit of an unpleasant sensation resembling time was that they had indeed experienced ves-

tibular sickness in weightless flight as a result ofmotion sickness, with giddiness and nausea,
both of which were increased during sharp the alteredinputsfromtheotolith.
movements of the head. Appetite decreased, Following the Titov flight, the Russians went
and the sensation was considerably limited by to some length to obtain improved measures of

keeping the head still. It was reduced after physiological functions relating to the vestib-
a period of sleep and disappeared completely ular system during their orbital flights. They
after the beginning of the reentry g-forces, added a number of tests to the inflight biomedi-

cal test program and added physiological in-There was little question but that the syrup-

toms were very similar to those of vestibular strumentation such as the EOG and the EEG.
sickness, and the main question was whether Finger-nose tests, outstretched arms tests, writ-
the symptom complex had developed as a result ing tests, and the results of different types of
of Coriolis forces induced by head movements body and head movement were examined. In

the two subsequent flights by Bykovsky andin a spinning vehicle or by a conflict in the cen-
tral nervous system, developing as a result of the Tereshkova, there were no vestibular abnormal-
abnormal input from the otolith during the ities of comparable significance to those exhib-

weightless period. At the International Sym- ited by Titov. In some cases, the measurements
posium on Basic Environmental Problems of actually indicated a better performance, as in
Man in Space held in October 1962 in Paris, the the case of some of the writing tests, than under

reports of the discussions, following a paper by a l-g acceleration, although it is doubtful that
Yemelyanov et el. on "Problems Concerning this change is significantly related to the change
the Interplay of Physiological Sensing Meeha- in the force environment. At the same time,
nisms During Space Flight," indicated that the Russians stepped up their cosmonaut train-

those attending the conference also had this ing and instituted "a program of special yes-
question uppermost in their minds and were tibular training after the flight of G. S. Titov,
attempting to find out what the rate of rotation who experienced autonomic maladjustment."

of the Vostok spaceship was. In answer to Thepurpose of the training was to provide datafor future criteria for selection or elimination of
questions by Lovelaee and Rose, Gurjian indi- cosmonauts and to increase the resistance of the

cated categorically that the vehicle was stabi- central nervous system to conflicting inputs from
lized. Subsequent evidence from other quarters different sensory organs, particularly those of
indicates in fact there was probably a very slow the vestibular system. The specific aim was "to
rotation rate. In a paper by Lebedensky et al., reinforce the functional interaction of vestib-

entitled "Autonomic Nervous System Responses ular, visual, and kinesthetic analyzers to elimi-
From the Stimulation of the Vestibular Ana- nate postural-spatial illusions in altered g and

lyzer and Their Possible Role in Complicating increase inhibition of the vestibular function."
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It was also stated that this training would be the ship. After la/z to 2 hours of the flight, Yugarov

custom tailored for individual weaknesses, noted the first signs of vestibular-vegetative reactions

In the meantime, the American orbital flights expressed in a decrease of appetite and ill unpleasant
sensations in the pit.of the stomach, which are regarded

of the Mercury series were completed with a by him as the first symptoms of nausea. These phe-

complete absence of any symptoms of vestibular nomena were most pronounced on the fifth orbit of the
sickness in the astronauts, flight. Feoktistov noted similar symptoms, but they

On October 12, 1964, the U.S.S.R. launched were less pronounced. After sleep, the vestibular-vege-

the Voskhod spaceship with a crew of three, tative syndrome vanished almost completelyand the
space pilots actively continued to fulfill their flight pro-

For the first time a scientist and a physician gram. On the basis of these data, Yugarov considers

were carried on board a space vehicle during or- weightlessness one of the unfavorable factors of space
bital flight. The crew consisted of Komarov, flight requiring serious study by physicians. Analysis
commander and pilot; Feoktistov, scientist; and of fulfilling the flight assignment and of individual ele-

ments of labor activity showed that ¥ugarov's perform-
Yugarov, physician. In most respects, the ance was somewhat reduced during the orbital flight.

flight Cppeared to be normal and some of the To conduct active experimental work, Feoktistov was

achievements were as follows : to spare much greater nervous and physical efforts than

under ground conditions. During the whole flight Ko-
.4. more comprehensive and reliable life-support

marov's performance was at a high level.
system has been developed and tested in flight. I_

permitted the crewmembers to manage without any With regard to physiological measurements:
spaeesuits and to work in light sport suits. The ship's

While conducting special vestibulometrie investiga-
so,t-landing system guaranteeing safe return of the

tions, no changes in the sensitivity thresholds of the
crew to the Earth has been created and tested.

otolith apparatus to galvanic current were observed.

With a physician on board, an increased num- The results of demonstrative and graphic samples have

ber of medical tests were planned, including"in- shown a decrease in the accuracy of performing fine
coordinated movements under weightlessness which

vestigations of the functional condition of the apparently may be regarded partly as the consequence

analyzers in weightlessness." Electroencepha- of the change in the functional state of the vestibular

lograms, electro-oculogr_ms, and dynamograms analyzer. Postfiight investigations did not reveal any

and indexes characterizing the coordination of substantial changes in the function of the vestibular
analyzer.

movement were recorded during the flight. The
Postflight examination, insofar as it is re-report on the development of vestibular syrup-

ported, did not show any abnormalities with
toms is worth quoting in full: regard to the vestibular system. The conclu-

With the placing into orbit the feeling of easiness sion of the Russian authors is--
appeared and the nervous and psychic distress de-
creased, at the same time self-observations of the cos- the data obtained in the course of the flight have con-

monauts confirmed that the complex of the flight fac- firmed that the weightless condition can be accom-

tors specifically affects the state of the statokinettc panied by unfavorable reactions which worsen the

analyzer. This was expressed in illusory conceptions cosmonaut's general state of health and performance.

on the spatial position of the body and in sensory and At the same time, the fact has been confirmed once more

vegetative reactions appearing during sharp movements that these reactions exhibit themseh'es in a different
of the head (¥ugarov and Feoktistov). They noted the degree, depending on the individual features and train-

illusion of the body position turned over, both when [ng of man. Some specific features of the reaction of

their eyes were opened and when they were closed in the cardiovascular system and of the respiratory sys-

the whole period of weightlessness, up to the beginning tern were recorded which complement the known data

of the effect of acceleration during the reentry. Along- on the influence of the flight factors on an organism.

side illusions, especially in the middle of the flight, an Analysis of the totality of the data obtained in this

unpleasant sensation of slight short-time giddiness was flight has shown that the physiology of prolonged

observed when the head was turned sharply (Feok- weightlessness alongside the problem of life support at

tistov and ¥ugarov). In this connection, while per- present continue to be important problems which should

forming working operations, the space pilots tried to be closely investigated.

make motions more smoothly than under conventional Further details of physiological measurements
ground conditions. Of great importance was this oh- made before and during the flight are reportedservation of the astronauts to the effect that the char-

aeter and degree of illusions and giddiness were equally by ¥uganov et al., in Aerospace Medicine,
pronounced in free flight and during stabilization of July 1966.
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It, is fairly clear that the Russians have now sensory cues in different individuals. Perhaps

e.,;perienced three cases of a syndrome resemb- the most ilnportant question today is the nature
ling motion sickness during orbital flight in of the attempt that should be made further to
space vehicles. It is apparent that the program understand the complex central-nervons-system
of special vestibular training introduced after processing of infornlation relating to man's
Titov's flight has not succeeded in preventing position in space and the concomitant attempt
the occurrence of this syndrome. It is of great to develop some way of predicting whether or
interest to note that the symptoms appeared in not _ given individual will develop the space
the two crewmembers who were not experienced vestibular-sickness syndrome during weightless

as pilots and not in the crewmembers who were flight. Graybie! has argued for a comprehen-
experienced. Subsequent flights of American sive clinical-physiological examination, inelud-
astronauts in the Gemini series have indicated ing the answering of a questionnaire so that we

a complete absence of the syndrome in all cases, may be in full possession of all available infor-
There seems to be no question but that. the mat.ion on the vestibular systems of individual

development of sickness in response to the ab- astronauts. In view of the Russian results de-
normal combination of sensory inputs during scribed above and of the coming use of scimltists

weightlessness can occur in certain individuals, as astronauts in the American space program, it
It, is further very apparent, not only from the may be prudent to incorporate such an exami-
results of the orbital flights but also from work nation into the routine medical examination of
in various vestibular physiology laboratories, U.S. astronauts, not as a method of selection
that there is a wide individual variation in the but as a means of obtaining physiological base-

probability of the development of vestibular line data against, which inflight and postflight
sickness when induced by different ab,iormal measurements may subsequently be compared.
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DISCUSSION

MAYNE: We have developed a theory of otolith func- experienced on reentry. Was it. ml experience of w_'-

tions which seems to account for the disturbances locity or pressure?

experienced by astronauts in space. This theory will BILLINGHAM: First of all, the unpleasant sensations
be covered in one of our reports to NASA. I am not

experienced by those Russians who got syndromes re-
prepared to discuss it here. but will say that it is

related to the function normally performed by the sembling motion sickness disappeared when the reentry

vestibular system in separating acceleration from g load was imposed. Secondly, the subjective sensation

velocity when man is transferred without previous of acceleration acting on the body seemed in our own

adaptation to an environment other than 1 g. astronauts to be considerably greater than they would

GUEDRY: I didn't understand something you said have expected from such an acceleration, knowing

concerning the exaggerated acceleration th'e Russians what such an acceleration is.
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GUEDRY: When they say that this acceleration ex- ticularly resistant to vestibular symptoms. Is this

perience is exaggerated, do they feel that the weight aspect considered in the training or in the examination
is greater than they remembere(l experiencing for of thejetpilot or cosmonaut?

comparable g-loads in centrifuges or do they feel a BILLINGHAM: I am not really qualified to answer

greater velocity during this changing acceleration than that question.

they anticipated? BERRY: The astronauts we have at the present time

BERRY: It is a sensation that has been described by have been given vestibular examinations which are of

the men on all the long-duration flights. They antici- the standard type. We have done nothing magic to

pate the total g load they are going to get, and still they allow us to pick some who do not respond _to vestibular

feel they are at a higher g level initially ; however, their influences. I believe our vestibular physiologists or

total response to the peak g load is no different from ENT men will certainly agree with that. I don't know

that of their training periods, of anything particular we have done to select out, other

BENSON: At the 1964 COSPAR meeting it was said than the fact that all American astronauts are jet

that Tereshkova had nystagmus from the 38th to 45th pilots. Each one who, to date, has flown a space

orbit, and they produced an illustration which pur- mission has been'a jet test pilot. They are constantly

ported to show it. Have you any more information flying aircraft, of course. "I, too, would like to know

about this? why they are different, as there is indeed some differ-

BILLINGHAM: None. I have seen this observation enee. Training is n(_t the whole answer because, again,

recorded. They dismissed it as being of no significance, let me say, they do not undergo any particular training.
and I have no more evidence or information about it. We have seen no reason whatsoever to do any sor_ of

GUAt.TIEROTTh There is one point here which I think vestibular Ltraining of our men because we have never

is very important. There is a difference in the re- had that type of problem. The Russians, on the other

ports from Russian and American astronauts. It hand, have spent a good deal of time training their

seems that Russian astron.auts occasionally had vestib- cosmonauts and they still have a problem. I would

ular symptoms, while the American astronauts did not. be delighted to hear some answer.

I wonder if this is due to one of these two factors: GUALTIEROYrI: Except Titov. It might be just a

Either the American astronauts who are jet pilo,ts have casual thing,but the other two were not jet pilots.

been chosen on the basis of non,susceptibility to sea- BERRY: I do not know how much training the scien-

sickness, or it is a ques'tion of training. The Russians, tist and physician had. 3"he Russians have exposed

especially, observed vestibular symptoms in personnel their men to swings and other similar apparatus, but
who were not trained. Titov is an exception, of course, we have not done so. I know that, in Titov's instance,

The other two were a scientist and a physician who he did not have the same number of flying hours in

didn't have the qualifications of a jet pilot. Do you jet aircraft that our crews have had. I think that

think the reason American astronauts have not suffered is interesting. In a talk last year (1965) in Athens

from vestibular symptoms is due to the fact they have with our Russian counterparts, Astronauts Conrad and

been chosen particularly on the basis of immuni:ty from Cooper and I learned the cosmonauts were mildly

motion sickness? For instance, they didn't appear to impressed with the fact that the vestibular aspect had

experience the Coriolis illusion during turning of the gotten completely out of hand as far as their particular

spacecraft. We know that is a common symptom. Is training was concerned. They felt Titov was the cause

that because they had been selected as particularly of this. Ever since he experienced "motion sickness"

stable against this, or is it a question of training? it seemed that undue emphasis was being placed in

This is impo_'tant in a way, hecause in the future we their training procedures. They thought this was all

must think of a space flight nmde by nonpilot personnel, to naught. We did not question them about this ; they

up _to a point. I _think it is very important that we volunteered the information. They said their entire
medical orientations had been focused on the ear ever

have a way of determining whether persons who have
since 'the Ti, tov experience. Of c_urse, it was not

not been trained for it can sustain space flight without

excess vestibular symptoms, helped, I imagine, by the first Voskhod flight either.
BILLINGHAM: The experience of Titov is the one

BILLINGHAM: I think the point about the Coriolis
argument, Dr. Gualtierotti, _nhich is opposite to that

forces is probably not too relevant here. The rates which states persons who are not trained as jet pilots

of rot,_:ion were sufficiently low so that it would have are particularly susceptible. ]_t appears as if jet-pilot

been improbable that auybody would have developed a training may well serve as a much better prior ex-

Coriolis illusion. There does seem to be a point that perience criterion for selection rthan no jet-pilot train-

a man who is not a trained jet pilot may be more sus- ing. I think this is about as much a,s one can say at

ceptible to development of this type of sickness than a the moment.

man who is trained. LOWENSTEIN: May I come back to the head-down

GUALT]EROTT]: My main point is whether the jet illusion? The normal position and the head-down

pilot is specially chosen among those who are par- position are, so far as the utriculus is concerned, posi-
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tions of sensory ambiguity ; that is, the signal coming are pressing down on the utricle, but when the subject

in from the periphery is very ,similar and in the head- is exposed to weightles.sncss, this w.ould not occur. A

down position extremely labile. Are there any obser- similar pattern of impulses from vibr_,tions might pos-
vations of an oscillation of this illusion in time, as is sibly arise when the patient is upside down, and again

quite usual with sensory illusions arising froln sensory the otoliths are not pressing down on the utricle.

ambiguity? There is a 10-second illu.sion one way and BILLINGHAM: We don't have a complete time history

a 10-second illusion another way; for example, the of the complete force envis'osmmnt of all American

optical staircase phenomena. I wonder whether this _stronauts and all Russian cosmosmuts, but both groups

might be a central nervous phenomenon, have carried out extensive tests of one sort and an-

BILI.INGHAM: I have not seen any report of this, but other of head movements during weightless situations.

it is an interesting question. I would have to say probably that there was not a

l.h I would like to return to the qtms'tion of motion great deal of difference except in the three Russian

sickness. Did the Russian report point out clearly cases where there was a deliberate attempt on the

whether the two scientists were al.so subjected to part of the astronauts to limit the r_ltes of movement

motion sickness in other kinds of motion; on the of the head.

ground, for instance? Are these correlated w,ith their KELLOGG: How many of the cosmonauts experienced

feeling of motion sickness in a weightless environnmnt? the inversion illusion? Do I understand correctly that

In other words, "motion sickness" may require a little most of them did?

more qualification. What kind of motion sickness? BILLINGHAM: This is not clear. It was experieneed,

Is it due to weightlessness or due to ordinary motion? as I say, by a number in different intensities in each of

In addition, there are many kinds of motion. Some the flig]_ts. They describe it very specifically for

people are sensitive to high-frequency motion and Titov and for the Voskhod crew, but in the other

others to low-frequency motion. We also mentioned eases it is difficult to find out. The reports are in

training. Does the training of jet pilots make them many cases incomplete.

immune to a weightless environment or is it just a COHEN: I wonder whether the differences in dis-
coincidence that some of them are? If we believe it orientation reported by Americans and by Russians

is training, then we .should know how to train them. might be somewhat exaggerated by difference in no-

Should they also be trained in weightlessness? As ] ,nenclature usage. It is a rather simple and an obvious

remember, when Carpenter stepped out of his Mercury point, I think, but slmuld be emphasized. We say

capsule bobbing in the sea, he felt a sort of nausea that the Americans did not experience any motion sick-

after he got out. Maybe that was related to a brief ness, but nonetheless we concede or freely describe

period of weightlessness or was merely the re.sult of the inversion illusion which they did experience. By

the bobbing on the sea. many criteria, the inversion illusion is "disorientation."
If hy "motion sickness" we mean actual vomiting as aBII.i.INGHAM: These are some very interesting ques-

tions. If it is true that jet pilots and test pilots are physical endpoint, then we are talking about smnething
the ones least susceptible, I think it is probably the different from "disorientation." Maybe you have in-

result of two factors : One is automatic selection, be- formation as to whether this is also what the Russians

cause flyers who do develop motion sickness during test meant when they said their cosmonauts experienced

flying nre automatic_llly eliminated; the second is the "motion sickness." _Vas there actual vomiting? If
training factor. I think it is most unlikely that Feok- we use "disorientt(tion" as a general term, it may well

tistov and Yegorov were subject to ordinary types of be that our astronauts showed disorientation and so

motion sickness. Contrary to Titov, they probably did their cosmonauts. And the difference might not

had been selected for their re.sistance to motion sick- be so large as it first appears.

ness. I don't know. BILI.INGHAM: I don't think there is ,_my question that

STROO[:): There is one other possible factor that there is a difference, because of all the other syrup-

might come into the difference between the American toms that went along with whatever you want to call

and Russian sensitivity to travel sickness. I am refer- it, illusion or disorienta.tion. The question of whether
the inversion illusion should be classified as disorien-

ring to what they were actually doing on the space

flight. Were the Russians moving around more or was tation is interesting. You could argue for or against

there snore vibration on the ship? Did the Russians this.

have more motors and mechanisms on the ship which GRAYBIEL: We have carried out motion-sickness-
would cause more vibrations tlmn the Americans were susceptibility tests on Navy flight personnel ranging

exposed to? Another point occurred to me. ,The in- from flight trainees all the way up to test pilots. Sus-

version illusion may be due to the utricle, as Dr. ceptibility was greatest in trainees and least in test

Lowenstein mentioned, but a possible mechanism could pilots.

be that in the normal upright position, the otoliths BERRY: That is an interesting point.
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SUMMARY

Observations were made on normal subjects and (leaf persons with bilateral labyrin-
thine defects (L-D subjects) under .three different conditions in parabolic flight: (1) free
floating, (2) restrained in a Fiberglas mold, and (3) "standing" on _he overhead du.ring a
modified parabola generating about --0.05-g unit. There were interindividual differences in
the reactions among the normal but not among the L-D subjects. Some of the normal
but none of the L-D subjects experienced a reversal of their personal orien:tation with
regard to up-down under all three conditions. This "reversal" was considered to have
its genesis in the vestibular organs, probably the otolith apparatus. Our findings are in
accord with Russian reports describing feelings of inversion among cosmonauts in orbital
flight. Attention is called to the necessity of distinguishing bet_veen infornmtion furnished
by touch pressure, kinesthesis, and stereognosis under ordinary conditions and agravic
touch pressure, agravic kinesthesis, and agravic stereagnosis.

INTRODUCTION it seemed worthwhile to make some comp,nrative

observations on the perception of the upright
The twofold purpose of this report is to in the normal and L-D subjects.

describe three brief experiments carried out in

parabolic flight and to discuss the findings in the SUBIECTS AND AIRCRAFT

light of their possible implications for space
flight. The stimulus to initiate these investi- Four L-I) and seven normal subjects par-
gations was provided by Lt. B. C. Neider, Jr., tieipated. All were in excellent general healthand perforce had gone through the medical and
USN, who experienced a curious illusion while indoctrinational tests qualifying them for
free floating during parabolic maneuvers. His zero-g flights.
observations were made, incidentally, during The significant clinical findings in the L-D
a concurrent experiment in which normal sub- subjects are summarized in table 1. The nor-
jects and persons with bilateral labyrinthine real subjects ranged in age from 19 to 38 years.
defects (L-D subjects) were being tested. None had any symptoms referable to the organs
Although there was only a limited opportunity of the inner ear. All had normal hearing and
to expand the scope of the primary undertaking, normal semicircular canal function as deter-
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Table 1.--Clinical Findings in 4 Deaf Subjects With Bilateral Labyrinthine Defects "_

C-R index 2
Auricular defects Hearing _ Nystagmus response,

caloric test

Subject Age Maximum tilt 3

Etiology Age R L R L 50° 75°

onset

JO .......... 34 Meningitis .... 7}fi Nil ...... Nil ..... Nil ...... Nil ........ 126 176
HA ......... 29 Meningitis .... 13 Nil ...... Nil ...... Nil ...... Nil........ 47 53
PE .......... 33 Meningitis .... 12 Nil ...... Nil ...... Nil__ Nil ....... 21 30
MY ......... 25 Meningitis .... 8 Nil ...... Nil ...... Nil__ Positive L_ 63 82

i Response to 160-dB white noise.
2 One-half the sum of maximum roll right and left (minimum of are).
3 Angular displacement of body from vertical in frontal plane.

Irrigation, 40 seconds; water temperature, 7.9° C.

mined by routine tests. Ocular counterrolling, C 131

a test of otolith function, was carried out in _ __

four of the seven and the findings were normal.
Although all of the subjects had experienced

_he parabolic maneuver, only 'three were highly ,2.oooF,' .. .

sophisticated and, for convenience, the other ,6sEco,_s

eight are referred to as "unsophisticated." _A_
Both the KC-135 (Boeing 707) and C-131B

(Convair) planes were used. The flight profile _ C 135
for the KC-135, described elsewhere in detail _s

(ref. 1), consisted essentially of a ballistic tra- _ _,
jeetory with a weightless period of about 25 .to _ _o

30 seconds preceded and followed by a pullup, _ 2_
quickly generating about 2.0 g. In the C-131B _ 28 ZEROG _,
_he weightless period was 12 to 16 seconds, and -_ _,
tJhe g load during pullups was about 2.5 g _ 26

(fig. 1). It is essential to emphasize that the ._:_
entire parabolic maneuver is measured in see- 2_ _go_E,_ _._-oo,

onds and that 20 maneuvers might be flown on , _,_Es
a single sortie. Moreover, aecelerometerread- I i I I I I I I I I I I I I I I I I I
ings at the center of gravity of the aircraft sEco,oso 5 ,o ,s 2o253o 35¢B)4°455055_o65_o T_8o859o
Varied by at least 0.02 g even under good
weather conditions. Fore and aft of the center Figure 1.--Flight profiles of zero-g maneuvers.

of gravity the g load was slightly less and
greater, respectively, but the amount was "in- EXPERIMENTS

significant." When secured to the aircraft the I. Free Floating
subject experienced not only t,he variations in g
load but also very small changes in angular The initial observations were made by Lieu-

velocity. While free floating in the padded tenant Neider, an aviator serving as one of the
a.fterportion of the aircraft, the subject was normal subjects in the primary experiment but
weightless except for the inertial forces gen- with no previous experience in zero-g flights.
erated by bodily movements (ref. 2). In an off-duty period, while free floating in the
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aftm_ortion of the aircraft, lie experienced "a did not recall that they expressed the belief that

su.dden reversal of up and down." The illusion the plane had inverted, and added, "Maybe they
lasted only :_ mat, ter of seconds and had two did not, get, tha, t far in their thinking."
related aspects: _ :bodily feeling of sudden ,re- Kas'yan, Kolosov, Lebedev, and Yurov (ref.
versal of the upright and a belief that the plane 4) have reviewed the experiences of Russian
was flying upside down. He determined that cosmonauts in parabolic flight, and have written
at ]east two additional factors seemed to be es- its follows:

sential for the perception of the illusion. The In the ease of visual eontrol of the position of the

more important of the two was a head-lower- aircraft under conditions of weightlessness, no in-

'than-foot position witli reference 'to the cabin; stances of spatial disorientation were observed in the

indeed, the more closely he assumed Vile inverted cosmonauts. When eyes were (closed, illllsory sensa-tions of the position of the aircraft and body in space
position, t_lle more readily he experienced the were observed. None of them was able to determine

illusion. The second condition was the neees- the actual nature of evolutions effeeted by the aircraft.
sit,y of facing the forward end of the cabin, the No further details were given.eharactemstms of along axis of which had the " " ' Neider's eniphasis on the head-down orienta-
tunnel." He stated that, these were the only oc- tion with reference to the cabin as a contributing
cessions during which he had experienced dis- factor is at. least in line with Simons' (ref. 5)

orientation in flight, concept, of "foot,-down orientation"; that is _o

Three normal subjects, of whom two were say, in weightlessness, one tends to regard where
sophisticated, were instructed to assume the the feet are as "down." Although one might
position Neider had found most advantageous be inclined to ascri'be the illusion to negative g,

for experiencing the illusion. Upon entering this was 'dmost ruled out by the fact, that the
weightlessness, the inert, through their own el- subjects were free floating. The possibility
fort, s, assumed a head-down position wit,h re- that a 'thrust by hand or foot, against, the fuse-
spect, to the aircraft, and faced tlle long axis of

l_ge generated an adequate stimulus was un-
the cabin. This was usu,Mly accomplished likely in view of the elapsed time of at lea,st 2
within a period of 2-6 seconds. Although all

seconds required to get into posit,ion. Many
reported that "down" was where t'.heir feet were, more observations under carefully controlled
only _he naive subject thought that the plane conditions will [_ required to determine both
was upside-down. The four I_-D slrbjeets, who susceptibility 1o and the precise role of the sev-
experienced It very brief period of free-floating eral fqc.tors contributing to the illusion.
in the "Neider position," in eolmection with the

negative-g experiment, did not, experience an II. Negative g
illusion.

Co¢_mene.--Simons and Gardner (ref. 3) In this experiment the subject's task was to
published verbatim accounts of subjects' per- "stand" on the overhead of the aircraft while

eeptions while free floating in darkness with a exposed to small negat.ive-g loadings in modi-
single light source. One subject stated, "As fled pare_bolic maneuvers (fig. 2). It. was not
soon as my feet were placed on the ceiling I re- par_ of the primary experiment, and we are

£ained my orientation with the ceiling as down" greatly obliged to Capt. E. J. Hatzenbuehler,
(ref. 3, p. 1"2). Another subject, reported, "Now USAF, t,hrough whose efforts this was made
I have the sensation of moving forward, I ani possible.

against [niomentarily touched] the floor, now I All of the L-D and five of the normal subjects

feel upside down [free floating]" (ref. 3, p. , partieipsted; three of the latter were sophisti-
55). Several variantsof these pereeptions were cated. In the C-131B aircraft, the overhead

reported also. Captain Sinions (personal eoni- walkway was aft of the center of gravity. The

munication) has stated that., although it was a parabolic trajectory was altered in order to ten-
fairly common experience for subjects suddenly crate sm'dl negat.ive-g ]oadings lasting It matter
to feel reoriented with regard to up-down, he of seconds. It. is important to l)oint, out, that
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posure of the L--D subjects; the normal sut_ieets

"_ were exposed to at least two parabolic maneu-
vers under similar negative loadings.

Results.--Each of the L-D subjects expressed
himself differently, but all felt upside-down
with reference to the cabin. JO: "Feet up-
side down very definitely [with reference to the
cabin]. No feeling of being upright. The pres-
sure on my feet was too little to cause any
postural feeling." HA felt he was upside-
down: "Everything completely normal; i.e., I

felt I was doing exactly what I qzas doing.
Negative g only was not enough to give sensation
of normal weight." PE: "Both times it was
difficult to say whether I was upside down or

Figure 2.--Subject stauding on overhead of C-.131B the plane was. If not for the standard (visual)
aircraft in, modified parabolic maneuver.

cues (seats, passages, etc.), I couldn't tell. If
my eyes were closed I would feel upright."

during .these brief periods, the gravitoiner_ial MY: "For the first few seconds (about 5
upright was directed toward the floor approxi- seconds) I felt that I was not upside down ex-

mately 180 ° from Vhe visual upright, cept for seeing that I was--after about 5
T,he subjects were shown the procedure, and seconds, I began to feel blood coming to my

in some instances a familiarization trial was head, and then I began to feel that I was up-

required. The procedure consisted of lying side-down."

supineand, as t.he transition through the weight- Two of three sophisticated normal subjects
less period occurred, rising to a standing posi- regarded themselves simply as being upside-
tion in a matter of '2-3 seconds. The period down in a right-side-up aircraft. In other

during which the subject's feet were on the over- words, their experience was similar to that of
head was less than the total availxble time, but the L-D subjects. The remaining three sub-
probably included the occurrence of the peak jeers, one of whom was sophisticated, reported
load in each instance. Table 2 summarizes the that they regarded themselves as right-side-up

accelerometer readings obtained during the ex- in an aircraft flying in an inverted position.

Table 2.--Level and Duration of Negative g to Which 4 L-D Subjects Were Exposed in Modified
Parabolic Flight

Total period Peak period

Subject Trial
Duration, g-level Duration, g-level

see see

JO ............................. 1 6. 5 --0. 075 0. 5 --0. 10

2 6.5 --. 048 • 25 --. 072

3 8. 0 --. 049 • 5 --. 09

HA ............................. 1 6. 5 --. 04 . 05 --. 058

2 8. 5 --. 048 2. 8 --. 058

PE ............................. 1 9. 1 --. 049 . 5 --. 09

2 7. 5 --. 048 . 25 --. 07

MY ............................ 1 7. 0 --. 048 . 1 --. 06

2 7. 5 --. 049 1. 5 --. 06
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C_n_ent.--The analogy to "contact" flight suggest at ]east that they may have played a
m_y be pertinent. The tyro usually regards the role.
aircraft rather than the Earth as the fixed

frame of reference, but quickly learns to correct III. Restrained in the Weightless Phase of Parabolic

the error. He comes to regard conflicting visual Flight

and gravitational cues as normal inputs under Advantage was taken of an ongoing experi-
the circmnstances, although requiring special ment to collect information on the subject's
interpretation. The L-D and unsophisticated perception of the upright with reference to the
subjects behaved differently: The former de- cabin during the weightless phase of parabolic
scribed the circumstances correctly but accepted maneuvers. Two naive normal and three of the

the apparent miracle of "standing" on the over- I_-D subjects (HA excepted) participated.
head; the normal subjects (and one sophisti- In the primary experiment the subjects' task
cated subject) correctly interpreted the gravi- was to set a dim line of light in the dark to

toinertialup-down and regarded theaireraftas what they regarded as "horizontal" in the

inverted. The very short time involved and the weightless phase of the parabola. The signal
need to maintain their balance prevented these to make the setting was relayed from the pilot.
subjects from giving much thought to the mat- The target device has been described elsewhere
ter, and the influence of the otolith apparatus (ref. 6). It did not constitute an adequate
might explain the differences in their experience, visual cue to the visual upright; hence, in this

Simons (ref. 5) conducted tests in the iden- experiment the subjects were in "darkness."
tical C-131B aircraft that was used for the They were encased in a Fiberglas mold and
present experiments. For his experiments the rigidly secured to a tilt device which in turn
subjects walked on the overhead, in the weight- was secured to the aircraft about 15 feet aft of

less phase of the parabolic maneuver, by means the center of gravity in the KC-135. Each
of "magnetic shoes." He wrote, "An apparently subject, was exposed to 5 parabolas while in 4
universal orientation phenomenon was noted by different positions with reference to the cabin :
the four subjects participating in this experi- upright, and at 30 °, 60°, and 90° tilt, making
ment. All subjects reported an immediate 20 trims in all.

spatial orientation of "down" being where their Results.--After completion of all trials, each

feet were .... " One subject reported that the subject; was asked whether he experienced any
foot-down orientation was strong with his eyes change in body position during the weigh:tless

closed and his feet fixed to the walkway. The phase of the parabola. The two normal subjects
._uthor, a pilot, had the weird visual experience stated that. th%, perceived 't change in body posi-
of looking forward and seeing the pilots sitting lion from "head-up" to "head-down" on en-

upside-down! Two subjects walked "spider tering weightlessness and a return to the head-

fashion "(between the floor and ceiling using up position on the pullout. This occurred ili
arms and legs), and one reported that "the every parabolic maneuver regardless of body

walkway became the floor"; the other subject position in the tilt. device. The L-D subjects
reported a sense of oscillation between the floor did not, experience a head-down feeling on any
and the walkway as being "down." occasion.

It would seem reasonable to conclude that if
Incidental Observations

Simons' subjects in weightlessness regarded the

overhead walkway as "down," our two subjects Ample eonfirlnation of these results was pro-

who regarded it as "up" were exceptional rather vided by Dr. Earl Miller in response to our

than the three who did _ot. Although these inquiry. He participated in many flights in
observations are too limited to draw definite which ocular counterro]ling was measured din'-

conclusions with regard to the contribution of ing parabolic maneuvers (ref. 7). The subjects

the vestibular (otolith) organs to perception of were rigidly secured to a tilt device just aft of

the upright under these circumstances, they do the center of gravity of the C-131B aircraft.
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Photographs were obtained by a flash unit while ning of acceleration when the craft was _eing
the subject fixated a dim point of light. The braked. Of considerable significance, too,_ is
positions of the subject with reference to the the cosnaonauts' observation that the nature and

cabin were upright and at 25 ° or 50 ° tilt. He intensity of the illusion _tnd vertigo were the
clearly recalled that subjects not infrequently same in free flight as when the craft was sta-
volunteered the information that they felt up- bilized. Gazenko adds :

side down during the maneuver. It was especially interesting to note that, when the

Comme_t.--The findings of this experiment cosmonauts gained a foothold on the chair by straining

strongly suggest that our normal subjects were their muscles, the illusions diminished or even com-

responding to sensory information not available pletely disappeared. This fact underscores the signifi-

to the L-D subjects which must have had its canoe of cutaneous and muscle perception in restoring
a correct analysis of the position of the body in space.

origin in the vestibular appanttus inasmuch as

these two groups were _like with respect to the hi weightlessness, with body (head) fixed and
physiologic deafferentation of nonotolithic without visual cues, knowledge of the upright
gravireceptors. There are two reasons for rul- of the cabin must come froni contact with ob-
ing out the semicircular canals as the source, jects whose relation to the cabin has been re-

membered. These cues, however, must not beFirst, the changes in angular velocity were very
small, and, second, the perception reported by confused with normal contact cues, although
the subject was that of up-down and not some of the same sensory receptors may be in-
rotation, volved. In weightlessness these cues should be

Among 10 L-D subjects (ref. 8), JO had the termed "agravic contact cues" to emphasize

highest, and PE the lowest eounterrolling qualitative and quantitative differences in _he
values, with MY's values falling close to the information they furnish. They include agravie
mean. These differences in counterrollingindex touch pressure, agravic kinesthesis, and their
had no significance in terms of this particular derivative agravic stereognosis. Bodily move-
behavioral experience in weightlessness. It. ments contribute additional information and,
raises the question _t what counterrolling in the ease of the vestibular organs, the stimulus
value, or subgravity level, the inversion illusion to the semicircular canals on moving the head
may be experienced, is normal, although the response may be slightly

different from normal; the stimulus to the
GENERAL DISCUSSION otolith apparatus resulting from body and head

movements would, of course, be greatly different
Although the American astronauts, in de- in the absenee of gravity.

scribing their experiences in Mercury and If it is assumed that conditions existed for .

Gemini space flights, did not report a feeling Feoktistov and Yegorov in which these non-
of being upside-down, comments by Soviet au- visual _tgravic cues were inadequa'te for proper
thors on the experience of their cosmonauts dur- orientation to the spaceera._t, important ques-
ing orbital flights are in accord with our experi- tions must be raised. Why sliould a person feel

mental findings in parabolic flight. Gazenko upside-down r_ther than simply alack of aw_re-
(ref. 9) writes as follows : "In some of the cos- ness of the upright? And, if the contact cues
naonauts (G. Titov, A. Nikolayev, P. Popovich) did not, vary, what precipitated the illusion on
illusory feelings as to the wrong position of the one occasion and not another? IIow are indi-
body in space occurred at once, while in other vidual differences explained ?
cases, the illusion developed gradually (K. The feeling of being upside-down with eyes
Feoktistov, B. Yegorov)." Vasil'yev and open, ascribed to Feoktistov and Yegorov, is

Volynkin (ref. 10) add the interesting note even more difficult to explain if there were
that Feoktistov's and Yegorov's illusion of be- strong visual cues to the u_pright of 'the spaee-
ing upside-downoceun'ed throughout the period craft. That it lasted for some time was sug-

of weightlessness whether their eyes were open gested by Gazenko (ref. 9), as noted above.
or closed. It disappeared only with the begin- Although there are few reports of .this inversion
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illus_n in weightlessness in the presence of fluenees which determine the feeling of up or
visual cues, they indicate a tendency to its occur- down based on gravi,tational cues. This "vul-
renee. This is extraordinai T in view of the nerability" exposed by weigh,tlessness seems to
great influence of vision in the interaction be- consist of "up-downness" having the character
tween visual and-gravitwtional cues, not only of a qualitative phenomenon. Under the "in-
under normal terrestrial conditions (ref. 11) fluences" investigated in parabolic flight, it

but also under conditions of moderately in- would appear that this vulnerability is greater
creased g loadings (ref. 12). It suggests that in normal persons than in persons who have
persons hi weightlessness are vulnera'ble to in- lost the function of.the vestibular organs.
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DISCUSSION

JONES: I would like to make one remark here con- covered that he was having difficulty doing the work

cerning this. Aviators are trained primarily to be- due to his free-floating condition. So he ballasted him-

come more vision dominant and thereby to disregard self so that he would rise toward the surface at about

all other cues. This training, or lack of it, may be a the equivalent of 0.1 g and stood head-down on the

factor here. I think this may be w,hy many people do bottom of the ship. He said he immediately had the

not get this upside-down illusion. Perhaps those who illusion that the undersurface of the ship was the sur-
do have not been so trained. Most of our aviators do face and that he was standing upright rather than

not realize how much they rely on their peripheral head-down ; he went on and performed the work with

cues. In some work in the armed services years ago, no problem at all. This might be an area for corollary

we closed off the sides of the cockpit, and the aviators investigations of the type you are doing in water tanks.

were most unconffortable. This clearly indicated the IA: I believe the semicircular canaIs in an engineer's

heavy dependence on peripheral cues. A lack of these terms are velocimeters, angular velocimeters, because

peripheral cues (the inside of _he test aircraft in this they function as an overdamped system. But sen-

paper appeared to be a dull gray) may have contribu- sation about the vertical is generated by sensors act-

ted to this upside-down illusion, ing as an aecelerometer. In other words, you really

THOMPSON: One of our engineers, a former pilot feel the gravitational pull when the gravitational pull

who was a sldndiving fanatic, did some summer work is applied. This type of system is not overdamped.

on the underside of a ship. As he was working he dis- For that reason, if you are subjected to a 2-g gravito-
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inertial "up-push" when the airplane goes into a parab- GUALTIEROTTI: Sometime ago I published results of

ola, the pullup is 2 g. If there is a 2-g inertia step a study of detection of the vertical under water. .In

function and the plane comes down to zero g, there is the physiological laboratory in Milan we immersed a

an overshoot, and you wrongly sense a negative g. man while he was completely blindfolded into a tank
That means the sensor gives you an inverse negative g, and had him indicate the vertical on a dial. We found

and certainly the subject will feel that he is inverted, out that, after training, there was no difference between

VON 61ERKE: I would like to raise a question as to the accuracy of the indication of the vertical by this
whether this phenomenon should be called an "illu- man under water and in air. This appears to indicate

sion." I think it is not the same situation as that we that when all the psychological effects such as unusual
have with most other observations called illusions, environment and a situation which is not familiar are

Illusion is a perception which fails to give the correct taken away, the sense of the vertical is a function only

impression of an objective situation or environment, of the vestibule. When a person is immersed and

In the aircraft environment under discussion, assure- floating in water without touching anything, any in-

ing that we have a true zero-g environment, what is formation from skin or muscle or any other part of the

objectively correct is undefined ; i.e., whether the sub- body except the vestibular system is discontinued. As

ject should feel upside-down or right-side-up. Should far as the lack of delay of the otolith is concerned, the

he give preference in his decision to the familiar en- gravitoreceptor responds very promptly to accelera-

vironment of the aircraft and assume it to be in its tion. There are two kinds of otolith receptors: one

"normal" flying position or should he give preference that shows relatively fast accommodation and one that

to the optical clue where he sees his feet? The optical does not show any accommodation at all. These are

cues justify an ambiguous interpretation and a.mbigu- really statoreceptors; they are very prompt and very
ous, reversible perceptions. The answer might depend sensitive to any change of position of the head.

on training, background, instructions, etc. The de- LANSBERG: I think the word "illusion" is absolutely

cision as to whether the upright position or the in- correct since the word "sensation" is not correct, or I

verted position (or neither of them) is "correct" is misunderstand what sensation exactly is. I think the

arbitrarily defined by the experimenter. In addition, man indeed feels he is upside-down, whereas the only
the basic phenomenon is pr(_bably not restricted to the correct sensation would be to have no sensation at all

1800 "inversion" phenomenon described. If the su_b- about whatever end is up. It is not relative to the

ject were to walk on a surface inclined, for example, at airplane only ; the sensation is indeed a sensation of

45 ° to the "normal" floor of the aircraft, his interpreta- gravity upside-down, and as this sensation is false.

tion of his position would probably fluctuate accord- I think the word "illusion" is correct.

ing to the angle between the two planes; i.e., not a BERRY: I think we ought to make very clear what

complete 180 ° "inversion." In summary, I don't think the two astronauts described on the last space flight

one should introduce the term "illusion" for this (Gemini VII). I think we are getting the idea these

phenomenon, people felt they were upside-down. I want to make

GRAYBIEL: What would you like to call it? it very clear they did not feel they were turned upside-

VON GIERKE: A phenomenon, down. We asked this question repeatedly in every

GRAYBIEL: Inversion phenomenon? way we could possibly ask to try to clear this up. That

VON GIERI(E: Yes. Or perhaps one should call it was the first impression I had on asking the question.

ambiguous perception or reversible perception. I can- The only way they could describe the physiologic sen-

not see that the situation is similar to any of the other sation they had was that it was the same as if they

effects we call illusions because our perceptions are were hanging on a parallel bar, or something of that

not in agreement with the objective, physical world, sort. The feeling that they got in their head was that

GRAYBII:L: Then we should reopen the whole ques- same type of feeling. This was the sensation that
tion of illusions. A lot of things we call illusions are

they had. They said that they knew perfectly well
not strictly illusions.

that they were not upside-down. There was never
YON GIERKE: I don't think this is necessary. I think

most other perceptions we call illusions are really any doubt in their mind whether they were upside-
illusions, down or not. They knew that. But they did have

GRAYBIEL: Let me give you an illustration. Suppose this feeling as if their head was ballooning in effect.

you are subjected to a change in the gravitoinertial Frank [Borman] was more vociferous about this than

vertical with reference to yourself. Is this _ basis for Jim [Lovell]. He said he actually felt his head was

experiencing an illusion? ballooning somewhat. He went back to a time when

VON GIERKE: One must try to have a good definition he had seen an experiment which was being run in

of what one calls an illusion. If the phenomenon you the laboratory. There was a person on a table upside-

described in the aircraft experiment were to be called down in an inverse tilt for a period of time. Frank in-

an illusion, it would, in my opinion, require a broaden- vestigated this to the point that he tried to determine

ing of the definition used in classifying other observed whether he felt an increased pulse. We questioned

phenomena as illusions, this a great deal. Neither of the men felt an increased
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puls_rate. They felt no pounding in their head ; that damped ordinary accelerometer. A zero-g situation ¢x)
remained normal, a man adapted to an Earth situation can only signify

They even looked in the mirror to see if their faces 1-g acceleration directed toward the feet or all ine_ial

were red and if any increase could be determined, force directed toward the head as in all upside-down

There was none. They could not see their faces were position on the surface of the Earth.

necessarily ally more red. It didn't change. It didn't GRAYBIEL: The experiment in which the subjects

vary. It didn'.t come and go, in other words, during were ill the Fiberglas mold and felt upside-down on

that first few hours. It is indeterminate exactly when transition into weightlessness might be more readily

it went away, but it is somewhere during that first explained by your theory than in the eircum-

day in flight up until the time they went to sleep. It stance where Lieutenant Neider was free floating in

wasn't important enough to them. They apparently weightlessness.

adapted to it very readily. It wasn't important enough GUALTIEROTTI: I think I can answer that question

to them to mark exactly when it went away or' any- because I have been measuring single-otolith output

thing. Jinx McDivitt and Ed White also described during parabolic flights, with changes of acceleration
this. When we requestioned them, they said they felt from 1 g to 2 g, from 2 g to I g, from 2 g to zero g.

for awhile there was an increase in fullness in the What happens is very complicated. It is not only a

head. Because of this description, we talked to them question of overshooting or undershooting. What hap-

again. They also described this same sort of a thing, pens in the frog is this. First of all there is a very

They didn't describe it in as marked terms probably definite difference when you go from 2 g to 1 g, or when

as Frank and Jim did. I don't know if that helps or you go from 2 g to anything approaching zero g. In

hinders, and I still have no explanation for it, but that the latter case, let's consider a unit that responds to

is the description, horizontal acceleration only. Consequently, there will

GRAYBIE[.: This is precisely the type of information be no direct effect on the unit excitation in zero g.

I hoped we would get from you. We needed to have a Our results show an increased _'ate of spontaneous

correct report regarding the Gemini VII astronauts, firing during the zero-g period. That means there is

I do think that sometimes we can manage to have, some sort of release phenomenon ill the unit. We have

simultaneously, two different sorts of feelings, the an explanation for' that, but I won't go into it here.

visual impression that "yes, everything is right-side-up" Then, if at this point you apply the proper excitation
and the inner sensibility that "I really am inverted." ill the horizontal direction, first there is a very large

As Dr. Lowenstein said, in weightlessness a person is response, much larger than the one obtained during

rather ambivalent with regard to up-down, and under level flight imnmdiately before, then can be seen a

the proper conditions the feeling of being up or down peculiar suppressory phenomenon, by which the unit is

would fluctuate. One would expect visual cues to not stimulated any more. However, at the end of a

"take over." The fact some "feel" upside-down with certain period of time, the unit starts responding again.

reference to the visual upright suggests that it has So, you see, it is very difficult to describe this in terms

a strong basis in our sensory experience involving of pure mechanical factors. There is more active in-

other than gravireceptor mechanisms, hibitory action or some kind of suppression mechanism

MAYNE: Whatever sensation an astronaut may ex- which takes over as soon as the firing rate increases

perience in space is the result of a complex interpre- too much. This suppression is not due to the rate of

tation of sensory data in perception and depends on tiring being absolutely too high, because in laboratory

which data have priority. Furthermore, it is easily experiments, with a sudden tilt or sudden excitation,

possible to have a discrepancy betwen sensory Inodali- a rate of firing which is much higher than this can

ties without distinct illusion and only a feeling of dis- be obtained. But it has something to do with the
comfort. Or again, it may be a condition of "sometimes influence of the other units which respond to the verti-

you see it and sometimes you don't," with a gradual eal acceleration.

shift of emphasis from one sensory modality to another, THACH: A year and a half ago on our zero-g flights

•tll the time knowing perfectly well on the intellectual with squirrel monkeys, we observed what might be

level what the objective true situation may be. At the called a critical incident bearing on the generality of

same time, the disturbance created by such a sensory the inversion illusion. As part of the experiment, the

discrepancy depends on the threat it involves. It can monkeys rode through several parabolas in a small

be expected that a trained pilot would not be highly clear Plexiglas cage, 9 inches X 2 inches, in which they

disturbed by a vague feeling that he may be upside- pressed a bar for a food reward. The normal, naive

down when he knows on the intellectual level what his monkeys' initial response to the onset of zero-g was to

precise situation may be. He has probably had similar turn upside-down, and then assume various postures

experiences previously, and orientations with little regard to the walls and floor

We find a good deal of evidence to the effect that the of the aircraft, despite being able to see out of the

otolith organs combine two transducers in one: an cage. They all seemed, therefore, to at least momen-

overdamped integrating aecelerometer and an under- tarily lose their orientation to "down" even though
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visual reference continued unchanged, which probably one as a result of natural selection for an ar_._real

means the monkeys were using vestibular reference existence.

to orientate themselves. This is obviously similar if BERRY: I seriously wonder what value zero-g flights

not equivalent to the inversion illusion as experienced are for determining physiological inputs when this is

by humans. There are two qualifying factors. The such a complicated environment for such a short period

first is the occurrence of small negative-g loadings of of time. I think we are in grave danger in trying to

short duration as the transference from +1 g to zero g determine conclusions from periods of 20 and 30 sec-

was made. Transition was seldom perfectly smooth, onds of zero g and relate them in any manner what-

The second is the squirrel nmnkeys' probably higher soever to the real zero-g environment. That is my

tendency to use the vestibular reference over the visual opinion.
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INTRODUCTION reference 1 that zero gravity would have little
effect on visual perception; this hypothesis ap-Man is provided with a number of sensory

organs : namely, the eyes, the vestibular laby- parently has been borne out by the recent orbital
rinth, and tile proprioceptive sensors which are flights. Also, orbital flights have provided lit-
interdependent in establishing man's equilib- tle indication that reduced gravity adversely
rium and orientation in the normal 1-g environ- affects the control of eye movements. However,
ment. These organs establish the postural the apparent increasein acuityin orbital flights
vertical, and control and coordinate the position is considered, as pointed out in reference 2, to

and motion of the various parts of the body. be caused by an increase in physiological nys-
Ordinarily little attention is paid to this innate tagmus due to a reduction of frictional and
capability, and it is only when the cues from damping forces of the eye in zero g.
one or more of these organs are lost because of Because of the lack of atmosphere it is ex-

disease or as a result of a changed environment pected that there will be an increase in contrast
that man is caused to consider the mechanisms on the moon which should affect depth percep-

of equilibrimn, tion. This, however, would not :very likely
The lunar environment, provides only one- have any effect on the visual contribution to ori-

sixth of the gravity that man is normally sub- entation. Vision is, of course, susceptible to
jetted to ; as a result there will be a direct redue- contradictory cues from the other sense organs

tion in the stimulation to some of the organs (refs. 3 and 4) ; however, for a person using self-

of equilibrium. This paper will concern itself locomotion on the moon, contradictory cues are
not expected to be present. Therefore, it canwith the effects of this reduced stimulus on the
be concluded that the eyes will be of primary

general senses of equilibrium and therefore on importance for orientation in lunar operations.

man's ability to orient himself and move about Eventually, manned lunar-surface vehicles will

the lunar surface, be employed and the possibility of vehicle-in-
duced visual illusions will have to be considered.

GENERAL CONSIDERATIONS As far as the vestibular system is concerned,

It is first necessary to identify those organs it is anticipated that the semicircular canal

whose function is subject to changes in gravity function will not be affected by reduction in

and to determine the degree to which the organ gravity, since the canals are considered to be

will be affected. In 1952 it was postulated in essentially angular acceleration sensors. The
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canals can only be affected by linear accelera- VERTICAL
tion if differences exist in the specific gravity-o_f REFE REFERENCE
the cupula and the endolymph fluid.

The otolith organ which is the linear accelera-
tion or gravity sensor and the proprioceptive
mechanisms will, of course, be directly affected

by reduced gravity. It can be expected that
with reduced stimulation of these organs and

in the absence of vision, man may have difficulty
in judging the _:ertical. As reported in refer-
ences 5, 6, and 7, this has been demonstrated,
for the situation of reduced proprioceptive cues,

in tilt tests which showed that padding of the
tilt chair or tilting the subjects in water de-
creased their accuracy in indicating the vertical.
In these situations the stimulus to the otolith

was normal. )(Ok
Very little data exist on the effects of reduced

otolith stimulation on equilibrium, ,although
m,_ny experiments to determine otolith thresh-
old have been made. These threshold values

are reported to be in a range from about 0.00034
g to 0.010 g, which is much less than the one-

sixth lunar gravity. However, these threshold FIGURE1.--Definitio_l of body a_gles. Al_ angles arc
values must be maintained for a certain length positive as show_.

of time before being perceived, and the mini-

mum values of acceleration for maintaining un-
degraded postural equilibrium have not been
established. Also not known is the level at NOMENCLATURE

which the proprioceptive cues become useless in The following, together with figure 1, define
orientation although, as mentioned, tilt tests in the symbols used herein :
water indicate judgment is impaired, with the
degree of impairment reduced by training. St, back angle, angular deflection of the refer-

In summary, it appears that the otolith and ence line joining the hip and shoulder
proprioceptive sensors will be directly affected joints relative to the vertical, degrees

by a reduction in gravity, while vision and the &, hip angle, angular deflection of upper leg

semicircular canals will be relatively unaffected. (thigh) relative to the back reference line,

Complete loss of two of the general sensors degrees
probably makes it impossible for man to mMn- _k knee angle, angular deflection of the lower
tain his equilibrium, especially if vision is in- leg re]ative to the upper leg, degrees
volved. However, there still remains some

_ ankle angle, angular deflection of the foot
question as to the effects on equilibrium of re-

relative to the down leg (calf), degrees
ducing the stimulus to two of the sense organs

to only one-sixth of the normal as would be the o),, rate of change of hip angle, degrees per

ease in lunar conditions. Some insight into second

this problem may be gained from the following _. rate of change of knee angle, degrees per

discussion of the self-locomotion experiments of second

reference 8, performed on the lunar-gravity g gravitational unit, relative to acceleration

simulator at Langley Research Center. produced by Earth's gravitational field
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Positions and rates of nmvmnent for the var- Figure 4, reconstructed from the film 1_ecords,

ious body members relative to eqch other and to presents qualitatively the difference in posture
the ground were obtained from measurements and position of the body members for the sub-
of the projected images of the motion-picture jeets walking, loping, and sprinting in the
fihn. The accuracy of the an_flar measure- Earth and simulated lunar gravity conditions.
meats is considered to be about-+-2 °. The figure is in the form of line diagrams

(stickmen) presented at about 1/6-second inter-
RESULTS AND DISCUSSION vals giving time histories of body-member posi-

tions for at least one step as denoted by the solid
A film supplement illustrating some of the

horizontal bars at the ground level. The corn-
results of this investigation is available on loan
from Langley Research Center (L-894). parison made _or sprinting is for the maximum

Some of the subjective results of the present sprinting speed which turned out to be 19.8 ft/
illvestigat, ion indicated that the subjects tested sec for Earth gravity and 13.1 ft/sec for sinm-
had, initially, some difficulty in sensing the ver- lated lunar gravity. The lower value of maxi-
tical to the walkway and stood rocking to and mum sprinting speed in lunar gravity is attribu-

fro, perhaps trying to increase the vestibul.u" ted to the loss of traction in 1/6 g. From the
response. The subjects also ended up standing figure it is readily seen that there are relatively
on tiptoe in an apparent at.tempt to increase large differences in locomotion characteristics
the stimulus to the tactile and pressure sensors for the two gravity conditions. This is also
and thereby improving their balance. It is apparent in figures 5 through 7 in which data
expected that this will also be the case on the corresponding to that of figure 4 are presented
hmar surface. Several subjects indicated a in quantitative form. The symbols in these

sensation of being inclined after leaving the figures indicate the begilming and end of a step.
device, indicating adaptation to the constant From figures 5 through 7 it can be seen that
lateral tilt. required when using the simulator, there are large differences in amplitudes aa_d

rates of motion of the various body members
Adaptation to continued tilt was expected on
the basis of the experimellts of reference 9 for the different gravity conditions, as well as

large differences in the body lean or back angle.
conducted with animals. In those experiments, There is also a large variation of b,aek angle
measurelnents of neural impulses indicated a
vigorous initial response to tilt whicll dimin- with rate of locomotion. This is more easily
ished in about 20 or 30 seconds with the steady- seen in figure 8 which is a plot of back angle
state response to tilt relatively weak. In the versus locomotive rate. Figure 8 shows that
present experiments it was found that with little the back angles increased at a much higher rate

practice, the subjects were able not only to main- EARTH GRAVITY LUNAR GRAVITY

ta.in their static equilibriunl but could walk, /)_ //'J'_i

run, and perform other self-locomotive tasks, (o)WALK

which indicates that man will find it relatively i... .:.
easy to adapt to the lunar conditions. 4.0FT/SEC 4.,FT/SEC

Some data were obtained for three subjects ?Y ': '--- '-- , ....,, '-,,,Ib)LO__T_/'-
comparing the difference in posture and limb v/,<,-_- , i::,y,....motion during locomotion for Earth and lunar _g __ V/ _@ "''_------I0.0 FT/SEC 10.5FT/SEC

gravity conditions, and the results are presented _/_, /_ .I_: __
in figures 4 through 12. The discussion herein . ,.,, , ' ¢cisPmm ....

will be limited to those aspects which it is felt i?" "
are important for equilibrium and which indi- ,9.8FT/SEC ,3.,Fr/SEC
cate the exteut of control and coordination of Figure 4.--Stickman, represcntatio_ of a typical walk,

the motion of various parts of the body. (For a lopc, and sprint in Earth and lunar gravity. Length,
of bar at ground line de,votes distance of oue step.

discussion of the data relative to locomotion Dasheg line denotes position of the left arm and leg.

characteristics, see ref. 8.) The time interval between each. figure is 0.16 second.
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for si._ulated lunar gravity than _or Earth 80[_____ __........
gravity and attained values as high as 60°. sb 4°K___
These angles are three or" four times greater -40_vl-
than the maximum obtained in the 1-g environ- 160f v
ment. Figure 9 shows how the body lean or 12o_ /-. 1_--,9.8
back angle affects the component of gravity _h180_ t&' ,/6g---,2.2

along and perpendicular to the subject's body. 4o_\J "v_The components are simply si,{e and cosine _4°[_w7 \
functions of the body-lean angle as indicated 16oc Ig I/6_

+ /_._ RIGHT HEELDOWN , 0

8k 1%801z /]\"" RIGHT TOE OFF ,_
•EFTHEELDOWN• 0

80 .OR,t;>, .EFTTOEOFF•
8b 40 401 V ".................. oOr0

s°_4o_,,._ ,^ _, ,-40 5'

V 0 .5 1.0 (.5 2.016(

12( Ig 4.0 T, SEC

8h 8( I/Gg -- - 4. I
4( ----, _-'- Figure 7.--'l'imc Mstory of the relative motion of rar-

e "x._,_.,_'_/J_. ions body nmm, bers while r tnnin9 at _tMIX[IlllIIll

-4£ ,velocity in Eaxth, ctnd lunar gravity.

160F Ig I/6c.RIGHT HEEL DOWN _ 0

8k 120[- RIGHT TOE OFF ,, o
80[- LEFT HEEL DOWN • 0 SUBJECT I 2 5

40b _ LEFT TOE OFF • _ 801- EARTH- • • •
OIT._K..._.Z2/". _ _-_-_ LUNAR-- 0 [] A

so "-" 60 = ¢-
I /

-4 0 .5 1.0 1.5 2.0 /3"
T, SEC 8b MAX. DEG /z

40- /
A / 0 0

Figure 5.--Time history of the relative motion of var- /

ions body mcmbcrs .while ,wallcing in Earth and lumbar /

gravity. 20 _It8£ I I I I
8b 4C ...................... 0 _" 8 12 16 20

C V, FT/SEC

-4£ V
Ig--I L0 Figure 8.--:lfaximum, body Icen_ or bacl,: angle versus160[

120[ I/6g---10.8 locomotion rate at 1 g and % g.

40 ' _l_J4----_ '_ "_ IooCOMPONENT_ALONG BODY COMPONENTNORMALTO BODY
-4 Ig I/Gg COS Sb
160 RIGHT HEEL DOWN _ 0 8o

8k __F RGHT TOE OFF ,, ,_
IZUF /'k ]_ LEFT HEEL DOWN t 0 60

80 E / _._ /',., / "_ LEFT TOE OFF *' k PERCENTOF

Oi _ "_" _ _ 40

_ SIN 8b

/ 20 ...._./-l/6 g COS'1_-------- [/[THRESHOLD__

-4 0 .5 I.%, SECI.5 2.0 [THRESHOLD'--'' _V__._._:C.__------C'76g_ , S,N, Sb20 40 610 0 20 40 60
BODY LEAN OR BACK ANGLE

Figure (;.--7'imc histor!l of lhc rclati,t:c motion of var-

ious hod.!/ ,mcm.bcrs ,while loping ,i_t, Earth, and lu_ta,r Figure 9.--Gruvity componcnts ,_:(,'r,_u._ body lc(tl_ or

gravity, back angle for 1 g and 1//6g.
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in the figure. The data in the figure illustrate flexion (fig. 11 (right graph) ), and gave the
that even though the component along the body subject an appearance of walking stiff legged
in simulated lunar gravity is decreased by 50 for the lunar simulation. It appears likely that
percent when leaning from 0 ° to 60°, it is still the normal knee action is not required for lunar
considerably greater than the threshold value activities, with the weight on the legs rein-
indicated by the solid horizontal line. The tively low.

component normal to the body increases with As shown in figure 1`2, there was also a dif-
body lean, but the maximum obtained for simu- ference in rates of limb motion between Earth
lated lunar gravity at 60° is much less than that walking and simulated lunar walking. The
obtained at the maximum body-lean angle of maximum angular rates for hip-and-knee mo-
'20° used in Earth gravity. Figure 10 shows tions for lunar walking were abou.t one-half

the variation with velocity of body-lean angles that for Earth walking.
for one of the subjects carrying various loads The results of these experiments generally

in simulated lunar gravity. The data show indicate that the subjects are able to adapt their
that as the total weight, that is the weight of limb motions to the decreased gravity condi-

the subject plus weight of his load, approaches tions and are able to maintain equilibrium even
that of the man with no load in Earth gravity,

the rate of increase of lean generally decreases 8O

and is more nearly like that for man with no ,85 LBSUBJECI+ LOAD- ,/6g
backpack in Earth gravity. This would appear LB Q(EARTH WEIGHT)

to indicate that the large body lean used by the 60 /_s5

subject in simulated lunar gravity is related )5p285/
more to the mechanics of locomotion rather than sb. MAX, / /" E485

an attempt to modify the stimulus to the yes- PEG 40 za--_-- _z_/ //-_ 6s5.4. /
tibular organs. Since the subject carried the _- ---__ Z__-_

weights in a frame mounted on his back, an 2o _O / 185 LBSUBd_ECT-Ig
initial upper body lean or back angle was re-

quired to keep the resultant center of gravity _ i , ,
over his hip joint. This initial lean accounts o 4 s m 16 2o
for the large upper-body-lean angles used, even v. FT/SEC

at low locomotion velocities, by the weight- Figure lO.--Maximum body lean or bacl,: angle versu._

carrying subject. It should be pointed out that locomotion rate with subject carrying various loads.
despite these large body-lean angles, the sub-
ject had no trouble in maintaining his balance
while walking or running on the simulator. An SUBJECTI z 3EARTH- • • •

analysis of the restraints of the simulator is LUNAR.... o []
given in the appendix of reference 8 ancl indi- •

cates that only about 5 ° of the maximum lean soo • I/

angle is a result of the restrMnts considered. / _.

The data of figures 11 and 1`2summarize other 6oo ./ •

differences in the relative ]notions of the vari- _.,MAX.400 ./4_.OO _kMAX.

ous body members. First of all, as illustrated DEG/SEC _/' DEG/SECA /'in figure 11 (left graph), the hip flexion angles zoo
are larger for the lunar condition than for Earth _ :_I I I I I I

gravity, indicating that the legs were carried o s 16 24 o s ,_ 24
farther forward in the lunar gait than in Earth v, FT/SEC
gaits. This is attributed to the fact that with Figure 11.--:llaxim_nn ltpl)ev at_d lower log rates, as
the large body inclinations noted, the legs had indicated by Whmax and ¢Ok ' versus locomotion
tO be carried farther forward to maintain bal- rate in 1 g and % g. upper leg rate (left graph).

ance. This, in turn, resulted in decreased knee zower leg rate (right graph).



_' PROBLE3fS OF 3fAN'S ADAPTATION TO THE LUNAR ENVIRON)lENT 31

._" SUBJECT , 2 3 commodatesto the unusual environment. Some
EARTH- • • •

• LUNAR.... O U A experilnents perforuled with tile subjects wear-

El/ 160 /IJf ing a suit pressurized to 3.7 psi indicated that120

4_FLEXION //. wearing a pressurized suit would not affect the
,' o . ,20 "Z/ results enough to alter tile general conclusions

80 ,,y
_.MA×, _ MA× (_'_0 reached herein pertaining .toman's equilibrium.

DEG40 DEG'BO Of course, it is assumed that the suit would
El not severely restrict the subject's vision.

/
o- _cy 40 Fib

_NSION CONCLUDING REMARKS
-40 • I Am _ _ I 1 I

8 16 24 0 8 16 24
V, FT/SEC On the basis of the observations and tests

Figure 12.--:llaximum, _q)pcr and lower leg displace- exan]ining man's ability to perform imder the
meats, as indicated by 8hm_, and 8k.... versus lo- reduced gravky conditions on the lunar surface,

it appears reasonable to assmne that, with somecomotion rate in lg and J/ag. Upper leg displace-
mcnt (lcft graph,), lowcr lcg displaccment (right training, man will be able to maintain his
_/,'aW_). equilibrium and orientation while moving on

while running at about 13 ft/sec. Indeed, as the hmar surface. It is suggested, however,
the short fihn supplement shows, man can also that experiments in reduced-gravity simulators
jmnp and perform acrobatics using the simu- as well as in _-g parabolic flights be continued
later, indicating the ease with which man ac- to obtain additional pertinent information.
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DISCUSSION

GUALTI£P.OTTI:There is an obvious observation to WHITCOMB: Have you investigated the possible vir-
make here. This is not at all a simulation of the lunar tue of using spikes or elea_ts under lunar sprint

situation. The vestibular apparatus in your experi- conditions?
meat is at ex,aetly 1 g, so you can't really compare your SPADY: No, we haven't ; primarily because we are
results with wha,t would happen, as far as balance is using a wooden walkway. Some though't has been given

to 'this, bu't as yet n,o tests have been conducted. It
concerned, on tile lunar surface. Of course, we have

may well increase performance.
some useful information about muscular strength ap- YOUNG: In a paper at the IAF in Warsaw in 1964,
plied to a different body weight, but we don'.t have .any Marffaria and Cavagna of Italy concluded, as I remem-
information about the behavior of the vestibule in this ber, that the resultan.t reduced friction forces on the
particular case. And the vestibule is the on.e that lun.ar surface would lead to an entirely differen't sort
determines equilibrium, posture, and balance, of gait than either running, loping, or walking, some-
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thing of the order of a skip. Do you have any comment also lower. For that reason your speed is lc:gcer. If

on their work? you use loping, you don't depend on frequency.

SPADY: This would be comparable, I think, to the SPADY: That is right.

second classification you made, the lunar lope, where VON GIERKE: I wonder if a quantitative aspect of

a subject is using strides up to 30 feet in length ; that your data is not the change in body angle. Did you

is, from right-heel-down to right-heel-down again. We analyze the forces on the body for your simulator

have measured strides up to 30 feet and consequently situation in detail so you know that the suspension

h.ave found very great reduction in ,the _tepping rate does not introduce an artifact here? I think you have

in the subject in these conditions. In fact, .the subject different lengths of suspension. Is that not influencing

can run or Call move about ahnost as fast using a lope the body angle you observe?

as he can using a maximum-effort sprint. SPADY: That is true. Such an analysis has been
TILLER: I understand there is some evidence to show made and is referred to in reference 8 in the paper.

that the energy that is used in less than 1 g is more A complete analysis of the system '-'s given along with

than you find within the 1-g enviromnent. Did you the effect of the cables and various restrain:ts on the

make any measurements on this at all? subject. For the conditions of carrying the maximum

SPADY: Not really, other than personal observations, weight at a maximum velocity, the effect on body lean

And here again they would be biased. But it is a lot is something less than 5 °.

easier to move about at a grea.ter velocity under the VON GIERKE: Did you do it for different suspension

lunar gravity condition than the similar case in Earth lengths?

gravity, especially if yot_ are using a lope. A walk SPADY: We have done it for two: a 40-foot suspen-
under simulated lunar gravity is fairly monotonous sion length which was the original simulator, and the

and boring, whereas a lope is fairly exhilarating, and currenq; simulator which has a 150-foot suspension

you can keep it up for a fairly long period of time. cable.
TILLER: Did you do anything that would resemble VON GIERKE: Did you get a difference in body

maintenance ? angles ?

SPADY: No. SPADY: No. The body angles used are essentially

Lh A few years ago, I did an experiment with the the same for both of them.

Army Quartermaster Research Lab in Natick, Mass., OGDEN: In Earth walking at level or slightly up or

abou_t the mechanism of walking. The idea we had in down hills, by far the greatest correlation with _he

mind was the walking mechanism involving the swing- total energy consmned is the aggrega,te up-and-down

ing of the leg in a natural pendulous frequency pulling movement of the center of gravity. Do you have good

by gravity. The natural period is a little better than records of changes in total up movements, aggregate up

I cycle per second. If you use that natural frequency movements, of the center of gravity for a 100-foot walk

and swing along, it is very easy for walking. At that on the apparatus as compared with Earth g.

time we also though,t that if one tuned up the leg with SPADY: I have the information primarily because

a pair of springs to increase the natural frequency these were recorded using an overhead camera by look-

of the leg, one might be able to walk faster, and indeed ing in on the side of the subject. We have not com-

we tried this on a treadmill. I was the test subject pletely analyzed all the data we have; accuracy for

and carried the analyzer on my b'lck to walk at 5 mph determining ,this is no_ really too good, but we d_) get

on the treadmill. We found that with the spring to some indication of the amount of movement. For the

tune the leg up to a higher frequency, you can walk walking condition, there is very little rise of the hip;

faster and with slightly less consumption of energy for the lope. it is a fair amount. For the run, again

as shown by measuring the carbon dioxide production, it shows to be very little rise in the hip joint.

According to your fihn demonstration of loping, you OGDEN: When you say it is low, you mean it is lower

really depend on jumping; the action involved shows in the low g than in regular-gravity walking?

low frequency and long stride. But for running in SPADY: I haven't compared the two gravity eondi-

your study, apparently the mo,tion depends on the t_se tions.

of a short stride and the frequency of the swing of STONE: Metabolic rates have been measured, not by

the leg. So if yon run a_ higher speed, you must use us at Langley but by a contractor who is investigating

high frequency. For that reason on the lun:ar surface similar amounts of work. They have shown the rate

you have just abou.t one-half the frequency, and you to be less performing the same speed of locomotion at

cannot run very /_ast. This may explain the resuVc of simulated lunar gravity than at Earth gravity. We

your experiment. Am I right'? have not performed other kinds of work, however.

SPADY: I am not sure I am really following you. I We agree, of course, there is 1 Earth g operating here

am sorry. Go ahead, on the subject and on the otolith system. However,

kl: In other words, for running, with your foot in the variations of the component of that gravity in the

contact with the surface to limit your stride, then the plane of the body as he leans are appreciably less than

speed is proportional to .the natural frequency of your they are as he leans in 1 Earth g; so there is some

leg. Since you have lower gravitational pull on the relation, although we would have to agree this is not

lunar surface the natural frequency of your leg is a total simulation of lunar gravity.
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Anatomical Features of the Auricular Sensory Organs 1
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SUMMARY

This paper contains a general survey of the structure of the vestibular sensory
system--of the utricle, saccule, and semicircular ducts and cres.ts. The major interest

has been devoted to "gross" anatomical features, but a general description of the epithelial

structure and also of nerve endings and blood vessels is included.

INTRODUCTION on the species. The afferent fibers are periph-

The mammalian inner ear has two major sub- eral processes (dendrites) of cells which corn-

divisions; the auditory end organ or cochlea pose the spiral ganglion. The efferent fibers are
axons of cells located in several centers in theand the nonauditory vestibular end organs

which arc important receptors for orientation brain stem (refs. 14).
and balance. The vestibular portion of the inner ear is con-

The cochlea in mammals is a helical structure netted to the cochlea by a narrow canal, the

(figs. 1-3) in which sensory cells and their sup- ductus reuniens. This paper mainly concerns

porting elements together form the organ of the vestibular end organs; however, certain key

Corti, also called the acoustic papilla. The features of cochlear anatomy should be men-

sensory cells arc of two basic types--the inner tioned because they have an important bearing

and the outer hair cells--each group showing on the developing study of vestibular anatomy.

further internal differences with respect to de- Recent studies (refs. 5 and 6) have demon-

tails of structure and innervation. The organ strafed a high degree of geometric precision in

of Corti is innerwtted by a large number of the structure of the mammalian organ of Corti

centripetal or afferent nerve fibers, varying from (fig. 4:). This organizational regularity makes

25 000 to 50 000 in different species, and a much it easy to describe and register in detail the

smaller number of centrifugal or efferent nerve location and extent of cellular damage or deple-

tibet's which vary from 500 to 600, depending tion in the organ of Corti of animals exposed to
noxious agents such as noise or ototoxie antibi-

This study has been supported by the Office of Naval

Research (Contract No. N 62558-4264) and by the oties (ref. 7). Whether an equally regular
Swedish Medical Research C0uneil. order exists in the vestibular sensory epithelia is
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shearing movements at the level of a.ttachmen.t In the following paragraphs a.more detailed
_;he hairs. These movements stimulate the description is given of the form, size, and strue-

sensory cells, modifying nerve impulse forma- ture of the different parts of the vestibular a.p-
tion in the vestibular nerve. This nerve con- paratus. This is intended to form a basis for
sists of an upper portion which transmits ira- further diseussiou of tihe ultrastrueture and
pulses from the macula utriculi, the upperverti- functions of special regions of the vestibular
cal and the horizontal canals, and also from the sensory epithelia.
macula sacculi, and a lower portion which trans- For our studies we have had available large
mits impulses from the major part of the mac- numbers of specimens from guinea pig, squir-
ula sacculi and from the posterior vertical rel monkey, man, and rabbit. There is consid-
canal, erable similarity in the structure of vestibular

epithelia among these species; however, certain
variations may be pointed out. The maeula
utriculi in man and squirrel monkey is larger
than that of the guinea pig, and in man the
eristae of the semicircular canals seem to be

lower than in the other species. If we disregard
these minor differences, there is a general re-
semblance among all the mammals studied, and
the following description applies generally in
all other respects.

The utriele is an irregular thin-walled tube
with an oval cross section. In many guinea
pigs the thin wall is heavily pigmented, but

D.R. there is always a pigment-free zone in the upper
anterior part, the reeessus utrieuli, which con-
tains the macula. Close to this region the up-
per vertical and horizontal ampullae can be
observed. At the lower, posterior end of the

Figure 12.--Schcmatic figure sbowi_tg the 1orm ol thc utriele, the sinus posterior, we find the ampulla
sacculc and the relation bctwccn, tbc sacculc (S) and Of the posterior, vertical canal. The ampullar
the _triclc (U). The blac]_: arrow i_dicatcs thc ends of the horizontal and upper vertical canals
utriculosaecular duct; D.E. is the cmlolympbatic are situated in close relation to each other (figs.duct. aml I).R. is dttctus reunions conttcetittg tire

cochlear duct with.lbc sacculc. M.U.=macula _ttri- 5, 6, 11, 14:,and 15). The nonampullar ends of
cull. M.S.=macula saccuti, the upper vertical and the posterior vertical

canals, on the other hand, coalesce to form a
common canal, the crus commune, which ter-
minates in the superior sinus of the utriele. The
nonampullar end of the horizontal canal ter-
minates separately in a slightly widened part of
the utricle. The utriele thus has five openings
for the semicircular canals. A sixth and very
small opening is that of the utriculosaccular
duct, a structure which has been discussed by
Bast and Anson (ref. 10). This duct is ex-

tremely narrow in most of the animals studied.
It begins as a .very small slit in the utricular

Figure 13.--Schematic figurc showing crista amp_dlaris

covercd by scnsory cpitbclium (black) and cupula wall and tapers off ahnost to nothing in many

(gray). N reprcscnts the _crve fibcrs, animals. Very few of the many guinea pigs
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DISCUSSION

COHEN: Dr. Engstriim, I was interested particularly ENGSTROM: At preparation we find them very often

in any evidence you may have as to how close the free, but it is very difficult to state if that is an artifact.

lining of the endolymphatic fluid is to the bony con- A few small statoliths may be moving around, but the

tainer in which it fits under normal living conditions, whole system is a rather stiff system. You can lift

Would there be any chance really for any shifting of off the whole thing practically in one piece. But at

the fluid because there may be some space in any the margin of the crystal layer on the maculae, there

portion, not only between the membrane and the bony are regions where statoconia are scattered more or

canal of the semicircular canal, but in the otolith less around. If you rotate the animals, it is known

region, or even in the endolymphatic duct? Does the that you can centrifuge off the statoconia. I believe

membrane always fit tightly right up against the bone the major parts of the statoconia membrane stand in

or is,there.some space? place. Occasional statoconia, perhaps, move out, but
ENGSTR('_M: The semicircular duct is adherent a_: the I don't believe they could play any major role. But

outside very close to the bony wall. The macula of the whole system can be centrifuged off, .as has been

the utricle has its sensory epithelium in direct contact known for a long time.
with the bone below. The utricle is situated almost GUALT[EROTTh You mention briefly the importance

free, adhering only proximally to the bony wall. of the blood-vessel structure. I would like to hear
COHEN: The saccule? more about that. The second point is this: You men-

ENGSTR('_M: The macula of the utricle sits at one end tion the change in shape and dimension of the utricles.

of the utricle close to the upper vertical and horizontal Would that happen normally and would that corre-

ampullae. The macula utriculi is rather stiff, spond to an angular shift of the position of the macula

anchored by its base to the bone and standing out like too?

a tongue. There is a possibility of movement in the ENGSTROM: I hope a thesis will come out in 1966

soft endolabyrinth. All these structures have great about the blood vessels of the labyrinth, containing
possibilities of movement, and it is easy to change the

very much of the information in this field. I think
form of the utricle as we can see.

that this is a very important problem and one of .the
GILLINGHAM: We have a problem which has come to

light recently that might possibly be explained by things that should be studied much more than we have

free-floating otoliths or free-floating fragments of oto- done up to now. It is possible to make different kinds

lithic membrane. Have you ever found, or do you of stains, injections, et cetera. I know Dr. Hawkins

often find, free-floating otoliths in the endolymph is working along the same lines too, and is using a

system? method for staining the blood vessel. It is also pos-
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sible to open the labyrinth too and to look into it, into nents, so there is a gradation perhaps inside the ceils.

theCcirculation going on. Just below the macular epi- Could it not be instead that some cells are much more

t:helium, scattered blood vessels are found all the way sensitive, others less sensitive, as there is a dualism

along the endolabyrinth and along tile bony wall out- among the cells in this region? Instead of a very

side, but nothing to compare with the density found damped system, couldn't you have a system which is

under the sensory epithelium. The blood vessels often just as much damped from a physical point of view

form loops going out to the sensory epithelium where but more sensitive from a neural point of view? Is

they form a very rich plexus, that not possible in your system?

In the cochlea there is a certain distance between MAYNE: Yes; it would be possible to account for the

the blood vessels and the sensory epithelium. In the same response in terms of ceils of different sensitivity

vestibular apparatus the blood vessels are very rich and rate of adaptation. But the theory of two trans-

close to the basal part of the sensory epithelium, ducers combined into one seems attractive to us. The

There is a glomerulus-like structure on the way to the morpholo_cal basis for this theory appears to exist;

vestibular apparatus formed by the major arteries the hydromechanical principle is quite parallel to that

going in. Around those loops we find special pericytes, of the semicircular canal; the mechanism simplifies

I can't answer if there will be a movement of transla- the design by utilizing identical cells affected differ-

tion of crystals at the surface. I only know that the ently by the movements of the otolith mass. It is,

fluid in the semicircular canals can be graded in its however, only a hypothesis which calls for expert-

movement without any kind of acceleration, just by mental check.

moving the fluid (perilymph) outside the labyrinth. ENGSTR(3M: The neural components form different

If you move that, the fluid will sink in the semicircu- sets of systems in there. It is quite possible to imagine

lar canals and get a resultant deviation of the cupula that there can be very pronounced gradation between

just as in the case of an acceleration stimulus, these different types of cells. Nature has solved some

GUALTIEROTTI: What about the utricle? of these problems by arranging cells in a special kind

ENGSTROM: I can't answer tha,t ques.tion. I do.n't of pattern that has been studied by Werslill, Flock, and

know that. That depends, I believe, on the speed with Dijkgraaf. The cells can arrange themselves. Their

which you modify the distention of the utricle, neural components can be modified in that way. We

MEHLER: Do you have any observations on the guinea could get a different form of transducer in the way

pig relative to this status hypnoticus-like phenomena they act.

that appear in the guinea pig when it is laid in a supine GUAt.TIEROTTh I think I have some suggestion about

position? More specifically, have you observed any what you said. Certainly there are two different kinds

differences in labyrinthectomized versus normal, un- of cell function. The neural supply is different. The

operated guinea pigs? flask-shaped cells are either provided with one, or a

ENGSTROM: No, I h'lve not. little more than one, private fiber, or two or three of

MAYNE: Dr. EngstrSm, I have been very much inter- these cells are combined in one private nervous fiber ;

ested in your comments on the mobility of the otoliths, whereas, the cylinder-shaped cell seems to be disposed

We have suggested in one of our reports a mode of in a sort of netlike system in series. If they are

stimulation of these organs which requires such disposed differently with respect to the vertical, this

mobility. According to our suggestion, the otolith of course will damp physiologically the information, as

m_tss would have two modes of movement, a shear with the responses in opposite direction will tend to cancel

respect to the epithelium and a movelnent of the whole themselves out. Another point is that we have definite

organ, including the membranous sac supporting it, evidence that there are at least two kinds of cells as

into the perilymph cavity. The first movement would far as sensitivity is concerned. There are highly serial-

be underdamped and therefore would be a measure of tire cells which respond to 0.01 g or even less. There
are less-sensitive ones with a much larger range.

acceleration. The second would require a flow of the
These two kinds of sensors might have a completely

endolymph to or from the ductus endolymphaticus different effect on the central integration.

through a small canal and would be, therefore, over- ENGSTR(_M: Certain problems arise as to the popula-

damped. Both movements would react on the same tion of sensory cells ill more primitive animals because

hair cells, and the signal would contain data about both then the same type of population doesn't exist any
acceleration and velocity. The model "_ccounts for more. There is a division even there.

the type of response of single fibers reported by MONEY: In your diagram of the crista, I thought

Lowenstein et al. Does this mechanism appear plaus- there were hairs represented as being in length even

ible to you? greater than the height of the crista. I would like

ENGSTROM: The possibility of _wo differen_ sys_:ems your assurance that there are no hairs that long. I

of movement is what you are asking for in reality. I wonder, also, if you could give me an estimate of what

have difficulty in understanding how there could be two fraction of the endolymph ring is completed outside

different kinds of nmvements that way. There is a the utricle and what fraction is completed inside the

division inside the macula in the sensory-cell compo- utricle.
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ENGSTROM: If _he length of hairs at the crista has As to the volume inside the utricle and in the semi-

been depicted that way, then i.t is wrong, but I don't circular canals, I have not calculated that, but _hat

believe it has. From my point of view there are very should be rather easy to do. It depends on where ydu

long hairs at the crista. They run farther out than start to weigh or calculate your mass because the

the diameter, the thickness of the epithelium, around utricle is a cylindrical structure and it forms the sinus

40 microns, perhaps, or even more. There are, maybe, superior, posterior sinus, and a common duct. If you

very long hairs in these regions. I don't believe they ask me what part you want to know the volume of, I

go all the way out to the outer ends, as you suggested, will tell you the volume of it later on.
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Dimensional Study of the Vestibular End Organ Apparatus
MAKOTO IGARASHI
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Mieromeasurements were performed lo determine the dimensions of the inner-ear
appara,tus in the human, the squirrel monkey, and the eat by using a series of horizon,tal
sections. The membranous semicircular canal structure in the human is almost twice as
large as qchat of the squirrel monkey and of ,the ca:t, although the s,izes of the skulls are
quite different. On the other hand, the size of the canal eristq is not significantly different
among these three species. In other words, the truman has a considera'bly smaller erista.

The surface .area of ,the hmnan saeeula,r maeula i,s ahnosl three times as large as that
of the squirrel monkey and of the cat. Both the diameter of the cochlear base and the
length of the basal membrane are less than twice as large in the, human as in the other
two species.

INTRODUCTION neutralization with 5 percent sodium sulfate,

The vestibular end organs which are located dehydration with ethanol, celloidin embedding,
deep in the temporal bone are stimulated physi- sectioning, and staining in hematoxylin-eosin.
ologicMly by gravitational and inertial forces. For the purpose of comparing the tissue changes

after the different procedures, some of the squir-The macula-otolithie membrane system is con-
sidered to respond to linear gravitoinertial rel monkey bones were fixed by 10 percent
forces, and the crista-cupula system to angular formalin perfusion and decalcified with 20 per-
accelerative forces. To better understand the cent DECAL or 10 percent EDTA.
relation of structure to function, certain critical The micromcasurements were performed to
measurements have been made mainly of the determine the following:
gross structure of the sensory organs of the (1) Circle diameter of the horizontal semi-circular canal
inner ear in man, monkey, and eat. These are

(2) Height of the horizontal semicircularpresented in summary form together with some
canal ampulla (membranous labyrinth)descriptive remarks and comparative data.

(3) Height of the cupula of the horizontal
PROCEDURE semicircular canal

(4) Thickness and height of the horizontalTen human temporal 'bones, 10 squirrel mon-
key temporal bones, and 5 eat. temporal bones, semicircular canal erista
all from adults with no known otologieal dis- (5) Long axis and short axis of the cross see-
order nor any prior experimental procedure, tion of the posterior semicircular canal
were used for this study. The horizontal serial (bony canal)
sections were prepared following the standard (6) Long axis and short axis of the cross see-'.
procedure: Heidenhain-Susa perfusion fixation, tion of the posterior semicircular canal
5 percent trichloroacetic acid decalcification, (membranous canal)
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:_........ /) i (,, cross section of the membranous canal ili_the
....... ': _ human was slightly less than twice as large as

__t__ _ _ that in the squirrel monkey and in the cat.
A comparison of the measurements of themembranous canal structure with the skull sizes

among the three species is shown in table 1.

The width of both posterior semicircular

tIeight canal ampulla (membranous labyrinth) (A)
of mem- tteight Thickness Height
branous ofcupula, ofcrista, oferista, and of the crista (B) was measured by using
ampulla, nun (B) mm (C) (D)
mm (A) the serial sections. However, in more than 70

Huma............ 2.07 1.1l 0.42 0.25 percent of all the cases, the entire crista does
Squirrel monkey .... 1.28 .71 .23 .23
Cat .................. 1.22 .67 .22 .22

Figure 5.--Dimensional comparison of crista-cupula

system of the horizontal semicircular system.

negligible, though a great difference could be ob-

served in cupulae and otolithic membrane .._:
among these groups (ref. 7).

The measurements of cross sections of the

posterior semicircular canal were made by using ;i:i:i

the horizontal series. The records were made ::!)!!:by the smallest measurements from each series, :i
which was actually the very cross section of the
posterior semicircular canal eras (fig. 6).

The cross section of the bony canal eras is

oval in the human, while it is almost circular

in the squirrel monkey and in the cat. The

long axis of the cross section was almost parallel

to the long axis plane of the canal itself. The : "

human canal crus is over twice as large as that
Height

of the squirrel monkey or of the cat. ofmem- Height Thickness Height
branous of cupula, of crista, of crista,

The membranous canal eras has an almost ampulla, mm (B) mln (C) (D)
mm (A)

circular cross section both in the squirrel mon-

key and in the cat, but it is again oval in the roman.............. 1.41 1.07 0.44 0.24quirrel monkey ..... 51 .50 .28 .2I

human. The long axis of this oval of the mere- _at................ a2 .31 .23 .2;

branous canal eras is perpendicular to the long Figure 6.--Dimensional comparison of cross sections of
axis plane of the canal itself. The size of the the posterior semicircular canals.

Table 1.--Dimensional Comparison o/ the Semicircular Canals Among 3 Species, in mm

Skull size Circle Cross section Height of Height of
diameter of canal ampulla cupula

Human ...................... 180 x 135 6.4 0.44 x 0.24 2. 07 1. 11

Squirrel monkey .............. 47 x 35 3. 6 0. 28 x 0. 20 1.28 .71
Cat ......................... 70 x 40 4. 1 0. 23 x 0. 27 1. 22 .67
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notfappear within the one section ; therefore, On the o'ther !rand, the width of the posterior
i_ these cases, the measurement was based on canal crista (B) was not so wide when corn:

estimations (fig. 7). pared with those of the other two species. In

The width of the membranous ampulla in other words, the size of the sensory crista is
the human is slightly less than twice that of not significantly different among these three

the other two species. Therefore., the mem- species, although the human has twice as large
branous canal structure in the human is almost a membranous canal architecture.

twice as large as in the squirrel monkey and According to Warner (ref. 8), the angle be-
in the cat. tween superior canal and posterior canal was

90 ° in the human and 95° in the squirrel

monkey, and the angle between the superior
.... .:,:. canal and the horizontal canal was 90 ° in human

:':".'. and 85 ° in the squirrel monkey. In about 80

percent of the cases, the planes of the hori-
zontal semicircular canals were within a ±10 °

•..... range of the Frankfurt horizontal plane.
Thickness of eac:h zonal structure of the

.......2:" otolith end organ was measured microscop-

.:.::: ically, using the cross-horizontal section of the
,:: saecular macula in the squirrel monkey. The

..-:: specimen was intravitally fixed with 10 percent

"'" formalin and decalcified with 10 percent EDTA.

All the rest of the preparation procedures were

exactly the same as in the others (fig. 8). The

otolithic membrane structure was best preserved

by this procedure (ref. 7). The crystal-shaped

otoeonia, not frequently seen in the slides of

the squirrel monkey ear after routine procedure,

was observed under the higher magnification,
and the size of the otoconia was about 7-8

.::_i! i microns in this species (fig. 9). The thickness

• of each zone is slightly different among the

:': different locations of the macula" periphery and
• .'o .'o._.

"i_i_::".":. center (ref. 8). The values of the present
measurement are similar to those obtained by...--..-..-!..

:-.-. "'._ Warner in the rabbit (fig. 10).

:_i'::: The surface areas of saccular maculae in thehuman, the squirrel monkey, and the cat were
calculated from the maeular areal reeonstruc-

Height of Heightof ti0ns based on the measurements of the hori-
membranous eupula,

ampulla, mm (B) zontal serial sections. Some representative sac-
mm (A)

cular surface area reconstructions are shown in

Human ....................... 1.84 1.28 figure 11, and the average is shown in table 2.Squirrel monkey ................... 1.08 .82
Cat............................. 1.15 .90 The area of the human is almost three times

as large as that of the squirrel monkey and ofFigure 7.--Dimensional comparison of the posteriorsemi-
circular canalampullaeandcristae, the cat; however, the ratio of the hair cell
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:" _ population is not the same among these three

.. _ _ _ species.

......... Both the diameter of the cochlear base and

the length of the basal membrane are slightly
so_,.::_ less than twice as large in the human 'is in t,he

................. ' .......... other two species (table 3), and this ratio is

_ _ almost t,he same as the one of t.hemembrano_Scanalstructures........... , W::[_ ...... Table 2.--Comparison of Average Surface Area
........... of Macula Sacculi, in mm _

Figure ll.--Schematic comparison of the surface, area of Human ................... 2. 08

the macula sacculi. This does not demonstrate the Squirrel monkey ............ 73

shape of the macular surface. Cat ....................... 74

Table 3.--Dimensional Comparison oJ Some oJ the Inner Ear Structures: Cochlea, Semicircular
Canals, and Saccular Macula

I
Circle

Skull size, Diam- Length, diam- Cross sec- Surface
(mm, long eter of basal Turns in eter of tion of mem- Cupula area,

Species axis X cochlea mem- cochlea horizon- branous (height X macula
short basal brane, tal canal, mm width, ram) sacculi,
axis) turn, mm canal, in m 2

mm i mm

Human ............ 180 x 135 6.2 32 21/_-23/_ 6.4 0.44x 0.24 1.11 x 1.84 2.0_

_quirrelmonkey ...... 47x 35 3.7 22 2a/_-3 3.6 0.28x 0.20 0.71 x 1.08 .73

_at .................. 70x40 3.8 22 21/6-23/_ 4.1 0.23 x 0.27 0.67 x 1.15 .74

I
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DISCUSSION

BENSON: Can either Dr. Igarashi or Dr. EngstrSm structure, the so-called eminentia cruciata, which is a

state from their anatomical studies whether they small bulge located on the crista itself, and that is

would predict the differences in the dynamic responses located only in two vertical canals, superior and pos-

of the horizontal and vertical canals purely from terior. Especially in these two cristae we have the

measurements of the radius of the duct, and duct canal opening to the ampulla toward the one side of the

diameter ? ampulla.

]GARASHh I think the dimensional difference is quite MONEY: Could you tell me by wtmt technique you

minimal. However, the structure of the crista is quite preserve and stain the cupula which showed so beau-

different. As you know, in lower animals we have a tifully in one of your slides?
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IGARASHI: For the eupula, Heidenhain-Susa fixation exact measurement of the mean area the sam_,:you
and 3X DEC_AL was used for this particu,]ar specimen, have from reconstruction. I think it would be much

but I still cannot succeed in 100 percent of the cases, easier to make a measurement of the macula that wa:_'.

On this particular specimen, I had previously operated It's also very important to give as exact measurements

on the utricle, and the specimen was simply immersed as possible. You said, for instance, that the crystals

in a cool fixative, between 10 ° to 15 ° C for 6 days. on the maculae had a size of 5 to 7 microns. I must

For otolithic membrane, I have used cold 10 percent tell you that in no specimen you have ever studied will

formalin, 2 weeks for the tixation, and after that, you find that range of sizes, because there is a much

embedded it in celloidin. After embedding in ceLloidin, larger variation of crystals. We find the smallest

I used 10 percent EDTA to decalcify it. crystals below 1 micron, and then they increase in

ENGSTROM: A comment upon a few things about the length, in all those specimens in cats, in squirrel mort-

technique. Have you ever made a measurement on keys, and man, up to a length of 30 microns. And the

the whole macula, which is very easy to take out as a 30-micron crystals are found especially at the rampa.

whole? Then you can project it down and measure The easiest way is to look at the crystals directly in

from that projection and compare it with the surface nondeealcified specimens and get different sizes without

you got by reconstruction. That would give a rather sectioning.
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SUMMARY

The vestibular sensory cells in birds and mammals contain two types of sensory cells,

whereas in frogs and fishes only one type is distinguished. All sensory cells in the labyrinth

are morpho.logically polarized with regard to the centriole of the cell. One o_ the sensory

hairs is identical in structure with a kinocilium protruding from the eentriole. It is always

found at the periphery of the sensory hair bundle.

Available functional and morphological data from the aeousticolateralis system indi-

cate that maximum stimulation of the hair cell occurs when the sensory hairs are displaced
toward the eentriole and kinocilium of the cell. A kinocilium is found also on cochlear hair

cells during development, but disappears from the cochlear hair cells of mammals during

late stages of differentiation. The asymmetry of the sensory cell is considered to reflect an

asymmetrical organization of the hair-bearing end of the sensory cells at the molecular

level, forming a direction-sensitive transducer mechanism. It is suggested that the main

orientation of the sensory cells, within a certain area of the sensory epithelium, reflects

the directional sensitivity of that area, which allows a charting of each part of the inner

car with regard to its function.

Each sensory cell in the inner ear is innervated by efferent and afferent nerve end,ings,
forming typical synaptic structures of a sensory neuronal type, with the sensory cell.

Areas of synaptic contact are found between the hair cell of type I and its innervating

nerve chalice. Where the distance between the membranes of the synaptic junction is

less than 100 7L an electrotonic transmission mechanism in the nerve chalice may be indi-

cated. On the other hand, scattered synaptic bars with synaptic vesdcles are also found on
the nerve chalice membrane, which suggests chemical transmission.

INTRODUCTION coded messages from the labyrinth to the central

nervous system about the location and nature

The vertebrate labyrinth contains sensory of the stimulus. The central nervous system

areas responding to forces caused by angular registers the ]oca]ization of the receptor area
acceleration, linear acceleration, and vibration. responding to the stimulus, the intensity of the

The vestibular and cochlear nerves convey stimulus, and the direction in which various

'Suppor[cd by U.S. 1)ublic Health Service Grant vectors of the stimu]us forces act upon each
No. NI; 3!)56-03 and the Swedish Medical Research
C(mncil. Grant No. Y 427 and B 66-142. sensory area responding to the stimulus.
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This complicated pattern of information is nated nerve fibers forming bud-slt*_l)ed-'-uerve
achieved only through 'the existence of highly endings at. the base of the hair cells (fig_ 3). In
specialized receptor sites within the labyrinth mamnlals and birds there are two different types

and of a close correlation between the spatial of hair cells (ref. 1). In type I, the hair cells )
organization of the labyrinth and that of the are amphora shaped; i.e., each hair is shaped
corresponding areas of the Central nervous like a bottle with a narrow cylindrical neck, a
system, rounded base, and a widened upper part, the

The aim of the present paper is to discuss hair-bearing end, from which a tuft of sensory
some problems in connection with the trans- hairs protrudes. In type II, the hair cells are
ducer function of the cells in the labyrinth,
with special reference to the directional sensi- (_'<-_-:_-_-_:_<_

tivity of the labyrinthine receptors and the

sensory neuronal transmission.

MORPHOLOGY

Vestibular Sensory Cells

Figure 2.--Schematic drawin'g of maeular cpithelium.

The vestibular se_lsory areas in vertebrate

labyrinths are composed of mechanoreceptor l]/ _ll t Icells, the so-called hair cells, maintained by a _

framework of supporting cells_ and innervated

by nerve endings from the bipolar vestibular

ganglion cells (figs. 1 and 2). ;_ ., _._
_ ".!

The hair cells in fish and frog labyrinths are . .,,-__i_:_tsinlple cylindrical cells innervated by myeli- ilt_ _i111 _

; .,. . :_ :" _<' 0_:.-':E<:tS:"

i::'., ::..';: , ::,,_ _: .: "f'.+.';_:::"; ...!;/!77:_!;'_'._:<:':.' •

I :' ::i.;.:i7::/_::i !i:_;'!::: - .-;5;::;:?:;"":':_:- ....

.:.;-• _:./::

• :._ . _;: '." " • t- .-. • , _t;:j!:..:'_:.:(;,'
_i;":. ::!!:: ! i: _ _ • .t . ' ,_..:_., ..._:,: -.,,'

.:.,......... I"I(Qi"

........

_._jy/ Bird _uinea ]

__ Figure 3.--Schematic drawing illustrating the differ-
• .{ .

. "1_ i _ _ enees in structure between the vestibular sensory

epithelia in fish and _rogs, and in birds and mare-

Figure 1.--Schematic drawing of the crista ampullaris reals. (From Wersdll, Flock, and Lundquist, 1965.

(from ref. 1). Courtesy of Cold Spring Harbor Symposia.)
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Two groups of cells were observed: In o_e, theDISPLACEMENT OF SENSORY HAIRS
cilia pointed toward the head, and in the other,

RESTINGSTATE TOWARDS AWAYFROM toward the tail of the fish. Dijkgraaf (ref. 18),KINOCILIUM KINOCILIUM
= _ GSrner (ref. 19), and Sand (ref. 20) found that

 om n rwII fibers responding to head-tail displacement ofthe eupula, and other fibers responding to tail-

__@L ___ t_,__ __L::,_,1,_--- head displacement. According to Flock and

:i: : .:!: :: Wersiill (ref. 15) and Dijkgraaf (ref. 16), eachgroup of fibers could be derived from hair cells

)_ oriented with their cilia toward the tail and the
head, respectively, as was practically demon-

DISCHARGERATEVESTIBULARNERVE str_ted by Ggrner (ref. 17).
I I I I I I I I I lllllllllllHIIIIflllllilllllllllI I I I The orientation of the cells has been related

RESTING ACTIVITY STIMULATION INHIBITION
(DEPOLARIZATION)HYPERPOLARIZATION also to the electrical potential phenomena re-

corded in the neighborhood of the epithelia dur-
Figure 27.--Electrical discharge rate ol the hair cells ing mechanical stimulation. The frequency of

as a function of displacement of the sensory hairs.
the microphonic potential, recorded between an
electrode in the endolymph close to the crista

The sensory hair rootlets end immediately ampullaris and another outside the ampulla,
below the cuticle in the vestibular receptors, follows the frequency of a given stimulus (refs.
In the hair cells of type I, where the cytoplasm 21 and 92), whereas the frequency of the micro-
below the hair-bearing end is compressed into a phonic potential of the lateral line canal organ
thin neck, there is, however, a large bundle of is twice that of the stimulus (refs. 23-25). This
filaments or microtubules, which start in the difference in response can be explained by the
region of the ending of the rootlets and continue fact that all hair cells on the same eristae were

down to the lower parts of the sensory cell. In oriented in the same way, whereas the lateral
the sensory cells of the crista in the labyrinth of line organs contain cells oriented in opposite di-
the ammocoete larva, Lowenstein and Osborne rections. A displacement of the cupula in one
(ref. 13) observed a striated structure extend- way in the erista will cause a change in potential
ing from the end of the sensory hair rootlets to over the cuticular surface of the sensory cells,
the nerve endings. As was pointed out by these with a potential drop in the intra endolymphatic
authors, structures like the fibrils in type I cells, electrode in relation to the ground, whereas a
and the striated structure in the ammocoete movement of the cupula in the other direction
labyrinth cells, might function in relaying the will cause a rise in the potential at the same elec-
excitation, caused by the mechanical deforma- trode. An alternating stimulus will produce an
tion of the hair bundles and the cuticular plate, alternating-current flow between the two elee-
to the synapses and nerve endings of the cell. trodes, with the same frequency as the stimulus.

The correlation between the morphological Flock and Wersiill (ref. 15) advanced a theory,
polarization of the sensory cells and the direc- further analyzed by Flock (ref. 25), according
tional sensitivity of the sensory cells in the yes- to which the variation is dependent upon a diree-
tibular end organs has been further studied, in tional sensitivity of the individual sensory cell.
the lateral line organ of the fish, Lota vulgaris The potential recorded is the sum of potential
by Flock and Wersgll (ref. 15), and in the toad, changes over the cuticle of all sensory cells in
Xenopus laevis by Dijkgraaf (ref. 16) and by the area. In the lateral line canal organ, where
GSrner (ref. 17). These studies clearly demon- the cells face alternately toward the head and
strated that the sensory cells in the lateral line toward the tail of the fish, a one-way displace-
canal organs of fish and Xenopus are oriented ment would cause hyperpolarization of one
with their kinocilia pointing along the canal, group of cells, and depolarization of another
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grou D'of cells. If depolarization were equal Sectioning of the efferent nerve bundles to the

to. hyperpolarization, no potential wouldbe re- cochlea has also demonstrated that the large
cdrded. However, such a potential is recorded nerve endings, filled with synaptic vesicles, are
with twice the frequency of the stimulus. This efferent in character, whereas the small nerve

implies that the simultaneously recorded po- endings are afferent (refs. 29-31). Although a
tentials from the two groups are not equally comple:te sectioning of tim vestibular efferents,
large. Flock (ref. 25) showed that a transient with degeneration of the efferent endings, has
displacement in any direction always causes a not yet, been done, morphological data strongly
decrease in the recorded potential. Thus, the indicate that the vesicle-filled endings in the

depolarization must be larger than the hyper- vestibular sensory epithelia are efferent.
polarization; and hence the theory indicates The quest, ion of whether electronic or chemi-
nonlinearity of the receptor function, at any cal transmission is responsible for the trans-
rate, in the lateral line canal organ, mission between sensory cells and nerve endings

The fact that an orientation of the hair has not been clarified so far. The structural

bundles, with regard to the centriole, occurs analyses of the nerve ending on the cochlear hair
even in the cochlea indicates a directional sensi- cells and all efferent endings suggest a chemical

tivity also in the cochlear hair cells (refs. 5 and transmission between these endings and the hair

96). Although as a directional sensitivity it cells; however, this is not so evident in the ease
might seem to be of less importance in the organ of the nerve chalice. The major part, of the
of Corti than in the other receptor systems of plasma membrane of the nerve chalice is sepa-
the acoustic lateralis system, it is possible that rated from the plasma membrane of the sensot_"

it might increase the sensitivity of the sensory cell by a sp'_ce more than 200 A in width, but
cells at threshold. The Brownian movement in some areas there is close contact between

and other irregular molecular movements may these two membranes, and the distance is less
possibly disturb the function of the organ of than 100 f_. Although there is no actual fusion
Corti during stimulation at threshold. These between the two membranes, such as occurs in
movements, however, would strike the hairs at the electrotonic junctions between teleost spinal

random, and cause irregular movements in them neurons, as demonstrated by Bennett et al. (ref.
which would be far less effective than those due 32), these areas of close apposition of the mem-
to a directed stimulus caused by the regular branes could be signs of electrical transmission

shearing movemel_ts of the tectorial membrane between the nerve chalice and sensory cell type
in relation to the surface of the epithelium, I. This w.ts recently discussed by EngstrSm
which results in stimulation of a large group of and colleagues (ref. 33) and by Eecles (ref. 34).
hair cells in the direction of maximal sensitivity. At the Cold Spring Harbor symposium, 1965,

Wersiill (ref. 1) demonstrated that two types Dr. Bennett, and Dr. Lowenstein inquired about.

of nerve endings can be observed within the this possibility. At that time we did not have

Vestibular sensory epithelia. EngstrSm sug- suffleient data to answer their questions about

gested (ref. 27) that all sensory cells in the the occurrence of areas with spaces less than

inner ear are of two types : one, with efferent 100 _ in this synapse, but several serial sections

fibers going from the central nervous system to through the nerve chalice have clearly demon-

the sensory cells, and the other, with afferent strated the occurrence of such areas. However,

fibers coming from the sensory cells. This sug- synaptic bars are often found also on the nerve

gestion was supported by the fact that nerve chalice with connected synaptic vesicles; and

endings of presynaptic type and postsynaptic it is possible that both chemical transmitters

type were found to be present in all sensory and electrotonic spread are important for the

areas and that efferent nerve fibers had been sensory neuronal transmission between type I

traced as far as the organ of Corti by Rasmus- sensory cell in the vestibular sensory epithelia

sen (ref. 28). and the innervating nerve chalice.
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CONCLUSION into electrochemical energy in the cell (re d. 35).

Although EngstrSm et ,_l. (ref. 36) consider
The way in which mechanical energy of hair that the centriole is the important structure fSr

displacement is transformed into nerve impulses this transformation, we would rather seek for
is not known. The directional sensitivity of this active transducer in the area of the hair
the mechanoreceptor cells is, however, closely roots and the centriole. In view of how little
related to the asymmetric structure of the sen-
sory cells, which is indicated by the location is known about the functioning of this trans-
and structure of the cen triole and by the asym- ducing mechanism, we will refrain from draw-

merry in length of the sensory hairs. We had ing further conclusions, from our findings, on

already earlier concluded that this gross asym- the appearance of such a mechanism. Perhaps
merry of the cell reflected an asymmetry of the the solution of the problems concerning the

molecular organization of the area of the hair- movement of vibratile cilia will afford also a

bearing end which is responsible for the trans- background for the further understanding of

formation of the energy derived from the hairs the mechanoreceptor transducing function.
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DISCUSSION

SMITH: I would like to ask you a question about the cording to him, one fiber forms numerous vesicle-filled
nerve fibers, those which I believe you called the granu- enlargements and is in synaptic contact with many

lated nerve fibers and which you thought possibly could afferent dendrites. We made very similar observa-

be efferents. Are these bulbous structures truly end- tions in our material.

ings or could they be "en passant" synapses; that is, Now, another question regarding the polnrization of

just enlargements on nerve fibers? If the latter, they the cochlear hair cells. As you have very nicely shown

could contact a large number of hair cells rather than in your pictures, the kinocilium of the internal hair
perhaps just terminating on one hair cell. cell sits always at the distal pole of the hair-cell sur-

WERS,_,LI-: Although en passant synapses occur, serial face away from the modiolus: How does this conform

sections demonstrate tlmt nmst of the thin efferent with the findings of van B_kOsy, according to which the

nerve fibers branch and form true nerve endings, internal hair cells present the greatest sensitivity to

SMffH: I have brought the question up because, as shearing motions in a direction longitudinal to the

you well know, the efferent fibers in the cochlea do have cochlea?

this sort of pattern ; that is, .they do make extensive WERS,_LL: The eentriole is found on ,the ot_ter side of

axodendritic contacts, the hair bundle of all hair cells in the organ of Corti.

WT::RS,_LL: That is true in the 'bundles, but there you A vibrating electrode put on the tectorial membrane

also have the same type of enlarged ending at the end over the inner hair cells gave maximum output of

of the peripheral branches to the outer hair cells, microphonics when vibrated in the tangential direction,

SPOENDI.IN: I would like to make a short comment according to B6k_sy. We can, however, not be sure of

on that. Recently Iurato has published a report about the direction of displacement of the sensory hairs in

the distribution of the vesiculated, presumably el- that experiment. An up-and-down movement which

ferent, nerve elements in the vestibular epithelia. Ac- could be caused by the vibrating electrode would
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always give a radial displacement of the electrode. WERSXLL: But.have you seen t:his area as a]vh, ole?

Further experiments in order to solve this problem SMITH: Oh,'yes.

are underway in our laboratory. IGARASHI: I am afraid that I might have missed o_e

GUALTIEROTTh From your study of the efferent junc- important point from your presentation, Dr. Wer_ll.

tion on these cells, do you have the impression that Is ¢he tip of the kinocilium embedded in the cupula

we are dealing with a diffused system controlling the or just attached to the cupula?

cells of the entire organ, or are there specific pathways WERS,_LL: The kinocilium is often very long. The

to certain parts of the organ? Can you tell us some- stereoeilia form a very close bundle with some sort of

thing about that? substance connecting the hairs, whereas the kinoeilium

WERS,_LL: Well, right now we are going through is located in the periphery of the bundle. There are

whole cristae; it is a lot of work. true canals in the eupula. The kinocilium is always

Our material does not yet clarify whether a true in the canal; it is always longer than the shortest

"fusion exists or not. Although the distance between hairs in the bundle. Some of the shorter hairs will,

the membranes might be less than 70 ,_, there always how.ever, not be found in the canals of the cupula but

seem to be four layers. The areas of close approxi- resting on the bottom of the cupula or even in the

mation of the membranes are, however, small in the subcupular area.

guinea pig and further studies have to be performed IGARASHI: If the motion of the cupula is not so

to make thi_ clear, simple, just moving forward and backward, and if the

ENGSTROM: We are studying the same things in so cupula is twisted or in push-pull action, then actually

many labs nowadays that someone must find it soon. what happens?

In our laboratory we are using a nerve stain which WERSALL: That is a very good question. Some of

has a rather specific affinity to the efferent fibers and you are, I am sure, familiar with studies of the micro-

are trying to follow these n(_t only by electron micros- phonic output of the _emicircular canals done by
copy but by light microscopy first of all. As the stain DeVries and others where they demonstrated that nor-

is specific also for electron microscopy, we can make mally the microphonic potential of the crista follows

rather thick sections and follo_ the fibers. They are very nicely the frequency of the mechanical stimulus,

branching a lot; even the afferent fibers are spreading provided you stinm.late only one canal and provided

much more than I believed before. There are only you stimulate this canal strictly in one direction. By
around 200 fibers, according to Gacek, going to the direct stimulation of the crista, the twisting effect

whole vestibular system and they have to reach many is easily studied• We use a Goodman vibrator with

thousands of cells ; whereas there are around 12 000 a .small plastic tubule which is fitted over the cupula.

afferent fibers, so the efferent fibers have to spread We open the ampulla, put some zinc oxide on the

immensely inside. I think it would be very difficult surface of the cupula to show the shape of the cupula,

to get the pure pattern of innervation, and push the tubule, which is a little horseshoe shaped,

FERNANDEZ: I would like to make a small commen- over the cupula. The vibrator will then move the

tary on the morphology of the electrical synapse found cupula and the hairs, and the microphonic output can

in the cell of type I. Do you think that a cleft of be recorded from the crista. If the tube is put over

70 _ is large for an electrical synapse? It is my the cupula without pushing or tw, isting, the potential

understanding that morphologically an electrical recorded from the ampulla will follow the stimulus.

synapse is characterized by an occlusion of the cleft Exactly as soon as the cupula is compressed or twisted,

so Chat only three membranes can be differentiated, a double microphonic is recorded with a frequency

At any rate, it is very interesting to find this type of twice that of the stimulus. This must depend on

synapse in the vestibular system. Electrical synapses the fact that some of the hair cells will be depolarized

have been demonstrated by Dr. I-IinoJosa between and others hyperpolarized at the same time during a

vestibular fibers and neurons loca'ted in the tangential twisting movement. Normally all cells in the crista

nucleus of the chick. Furthermore, the Mauthner's will depolarize or hyperpolarize at the same time. I

cell of the goldfish also has electrical synapse with think that this proves very nicely the fact that you
have a system here of transducers which depolarize

the eighth nerve. In these two cases there is occlusion
in one direction, hyperpolarize in the other direction,

of the cleft. I think that a synapse with a cleft of
but the depolarization is always larger than the hyper-

70/_ cannot be considered as electrical.
•polarization. I,t is very easy to get this twisting, and

SMITH: I would like to add that I have been looking you can also find that if you get stimulation of the
for fusions in the same place for the past year and horizontal canal and the anterior vertical canal at the

haven't been able to find any evidence for a fused same time, you will get the same picture because then

membrane. There has always been a gap in the mate- you will get some cells hyperpolarizing and some cells

rial that I have examined, depolarizing at the same time.
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SUMMARY

The vertebrate labyrinth is introduced as an organ involved in the control of posture

and movement and is seen in this role to be superhnposed upon the kinesthetic and myo-

tactic organs associatod with skin, joints, and muscles. The most important features

of the comparative anatomy of the labyrinth are briefly reviewed. The cupula-endolymph

system of the semicircular canals and the otolith organs are described as accelerometers

sensitive to angular and linear acceleration. The signals generated by them in response

to such stimuli are described with special reference to coding, and d4fferential equations

covering the transfer of information are introduced. The analysis of vestibular responses

to supraoptimal stimulation in space-flight simulators is briefly mentioned.
The ultrastructure of the sensory hair cell is then discussed in the light of our knowl-

edge of its mode of functioning. The double innervation of the hair cell and the composi-

tion and topographic orientation of the sensory hai_r processes of the sensory cells in the
cristae and maculae are described in this context. Finally, unsolved questions of meehano-

electric transduction are discussed.

INTRODUCTION remain earthbound, this is of doubtful and

rather sophistic significance. The situation has
Posture and movement of the vertebrates are now changed. A number of people have ae-

controlled by diverse but hierarchically inter- tuMly experienced the zero-gravity condition
locking mechanisms. When Sherrington began for protracted periods. Some of the posturM
to operate with the concept of proprioception, control mechanisms are, for once, truly confined
he understood by this any sensory mechanism to stimuli generated within the body proper
that related to adjustment of the spatial rela- in consequence of muscular activity and the in-
tionships between parts of the body in posture ternal stresses it causes. Optical and integu-
and movement. In this sense the term may still
be considered a meaningful one. However, its mental thigmotactic orientations presumably

range of application is then so wide that its dis- play the principal part in spatial orientation in
criminatory usefulness is minimal. Moreover, a weightless environment. Eyes and skin have
when it became customary to make propriocep- been called proprioceptors in the widest sense
tion antithetic to exteroception, the meaningful- of the term and they make up two membm's
ness of the concept became seriously impaired of a trio, of which the third member is the laby-

by the fact that the majority, if not all, so-called rinth. Like those of the eye and of the integu-

proprioceptive sensory mechanisms are exposed mental and visceral touch and pressure recep-

to gravity. So long as terrestrial life forms tors, the control circuits governed by vestibular

234-842 0 - 67 - 6 73
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receptors are superimposed upon those asso- otolith organs; viz, the utriculus and t_e sac-

ciated with kinesthetic and myotactic organs in culus. In the lampreys the labyrinth _ains
the joints and in the so-called antigravity a unique formation absent in Myxine a_well "as
musculature of limbs, neck, and trunk, in all gnathostome vertebrates. This i_ a very

The vestibular receptors in the cristae of the conspicuous part of the labyrinth consisting of
semicircular canals and in the macu]ae of the two large chambers in the middle of the vestib-
otolith organs are, physically speaking, aceeler- ular sac. Like the rest of the labyrinth, they
ometers monitoring angular and linear accelera- contain endo]ymph, but here the endolymph is
tions of the head in space during niovements, continuously agitated by giant cilia. Their
both passive and active. The gross anatomical rhythmically synchronized beat makes the fluid
features of the vestibular sense organs are de- rotate in a dorsoventral plane. The chambers
scribed in the preceding paper by Hans Eng- ,_rein open communication with the lumen of the
strhm, but it may be useful to consider a few anterior and posterior ampullae, respectively.
facts of comparative anatomy. From _i evolu- Mygind (ref. 1), who described the eiliated
tionary viewpoint the vestibular organ is a fair- chambers in detail for the first time, believed
ly conservative structure, always situated inthe that a possible gyroscopic action of these fluid
head, and associated with the eighth cranial vortices may serve as a substitute for the miss-
nerve. It is found in all known vertebrates, ing horizontal semicircular canal. This hy-
When, where, and how it emerged in the ances- pothesis is now under experimental scrutiny in
tors of the vertebrates are not known. It is the author's laboratory, but there are as yet no

anatomically least complex in the jawless cycle- significant results to report.
sterne fishes Myxine, Pet_omyzon, and Lampe- To return to the situation found in gnatho-
tra. In Myxine there are only two ampullae sterne vertebrates, the information contained
joined by a single semicircular tube, and at- in the present paper is derived from a study of
tached to a vestibular sac equipped with an ore- the labyrinth of elasmobranch fishes such as
lith-bearing single macuta. In Petro_yzon and sharks and rays. These belong to a group of fish
in Lampet_'a (the fresh-water lamprey), there characterized by the absence of bone in their
are still two ampullae, but the single connect- skeleton which, including the skull, consists to
ing tube shows si_is of subdivision into anterior a large extent of hyaline cartilage. This single
and posterior canals anatonIically homologous anatomical feature is one of the important rea-
with the canals of the same name found in the sons for the fact that we know more about the

gnathostome or jawed vertebrates. Here the function of the various labyrinth sense endings
vestibular sac is subdivided into a number of of this class than of any other vertebrates, in-
recesses with a corresponding subdivision of the eluding man.
stato]ith-bearing macula. This foreshadows the The elasmobranch labyrinth contains the fol-
emergence of the three otolith organs--utricu- lowing sense endings : In each of the ampullae of
lus, sacculus, and lagena--found in the true the three semicircular canals, a crestlike promi-
fishes, amphibians, reptiles, and birds, in all of hence or crista extends across the floor of its
which a third semicircular canal, the external or cavity. This carries the sensory epithelium
horizontal canal, is added to the anterior and consisting of supporting cells and sensory hair
posterior vertical canals. The ampulla of the cells. The hair processes are ensheathed in a
horizontal canal lies near that of the anterior jellylike transparent cupula of approximately
one. the same refractive index as the surrounding

In the birds and mammals, the auditory endotymph. The transparency of the eupula

cochlea forms a posterior outgrowth of the yes- was responsible for the rather belated demon-
tibular sac. The lagena, the posterior of the str_tion of its existence and shape by Steinhau-
three otolith organs, persists in birds where it sen (ref. 2) and by Dohlman (ref. 3). The
is found at the tip of the curved cochlea. It cupula re_ches the roof of the ampalla and
is absent in the mammals which have only two makes close-enough contact with it to prevent, "
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norm,_lly, any significant leakage of endolymph coverd by a. weighted otolith membrane. A
across its top, when it is made to deviate from tonguelike projection of the main macula ex-
it's resting position by endolymph movement, tends posteriorly upward toward the roof of
The cupula and the endolymph on either side the utricular recess. This is the lacinia utriculi.
of it thus form a rigidly coupled system. Its covering membrane is not entrusted with

Cupula-endolymph movements are brough.t lime and it; is innervated by a separate branch

about by inertia whenever the vestibular organ of the utrieular nerve.
is subjected .to angular acceleration at the onset In the ray the sacculus is ,the largest of the
and end of rotatory head movement in space, three recesses. Its maeula is elongated and,
The semicircular canal acts thus as aa angular unlike that of the utriculus, lies approximately
accelerometer. That it does not normally re- vertical in the normal spatial position of the
spond to linear acceleration of the head, due head, tilting, if anything, slightly inward.

either to linear progression of the head or to 5{acula and overlying otolith mass are
gravitational pull or linear oscillwt.ions within undivided over their whole length. On the
the frequency range of acoustic stimuli, is en- inner wall of the sacculus recess, where
tirely due to Che spatial arrangement and di- it comnmnicates with the almost fully eir-

mensional properties of the semicircular canals, cular posterior canal, lies a sensory epi-
It has been found tha:t each semicircular canal thelium known as maeula neglecta. This is a

is maximally sensitive to angular accelerations small sen.sory end organ innervated by ,_ sepa-
in its own plane, the horizontal canal having rate branch of the saccular nerve. Its covering
the most restricted range of sensitivi,ty of the structure is unweigh.ted. Finally, communi-
three, c_ting with the posterior end of the saccular

The three recesses of the membr,_nous yes- recess is the recess of the ]agena. Its sensory
tibular sac contain the maculae of the u'triculus, maeula lies approxima:tely vertical in the nor-

the sacculus, and the ]agena. The sensory real spatial head position and is covered by a
epithelium of each maeula again consists of lime-entrusted otolith membrane. The lagenar
supporting cells and sensory hair cells, whose nerve joins the saccular nerve to form, together
hair processes are ensheathed in.a so-called oto- with the nerve of _he posterior veI.'tical canal,
lith membrane. This covering structure is of a the posterior or inferior branch of the eighth

consistency similar to the cupulae of the nerve, the anterior branch beingmade up of the
semicircular canals, but it is weighted by a stiff nerves innervating the anterior vertical and
paste of so-c,_lled otoconia. The nature of the horizontal ampullae a.nd the two portions of
otoeonia varies in different elasmobranch spe- the utriculus macula. As already mentioned,
eies. In some, such as Raja cla,vctta, the ,thorn- there is an endolymphatic duct extending dor-
back ray, on which most of .the author's sally from the center of the vestibular sac along-
experiments were carried out, the otolith con- side the common limb of.the two vertical canals.

sists of .spherites of calcium carbonate whid_ This duet, which in most vertebrates ends
r,_nge widely in diameter and form a whi*ish blindly in ,_ so-called saccus endolymphatieus,
mass resembling toothpaste. The specific gray- in the elasmobranch fishes opens onto the out-

ity of the otolith mass is roughly twice that of side world through a pore at the top of the skull.

the endolymph and vestibul.ar tissues in general. Two factors have made it possible in the past
In other elasmobranch fishes, the otoliCh con- to gain access to all individual nerve branches

sists of a mass of minute sand grains taken up innervating the various sense endings of the ray

from the outside world through an open endo- labyrinth and to obt,_in in many eases single-

lymplmtic duct. unit records of the elect.rieal activity of the

In the normal position of t.he head in space, sensory cells. One of these is the already-men-

the main portion of the macula of _cheutriculus tioned nature of the skull. Its cartilaginous

lies approximately horizontal, or tilted down walls can be sliced away in thin layers and the

slightly backward and inward. This part is hyaline transparency of the cartilage allows this
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to be done under normal control. The second is (1) At rest, the nerve fiber innervating_ hair
the remarkable duration for which the isolated cell in the crista of the horizontal c_nal

labyrinth remains functional and responsive _ carries an afferent low-frequency resting

adequate stimula¢ion by rotation and tilting discharge (about 6-10 impulses per
after remo,al from the animal. In fact, a use- second). This discharge frequency is re-
ful preparation of ,the labyrinth consists of the markably steady, varying by no,t more
isolated braincase radically trimmed to the size than 4 percent (ref. 4).
of a large matchbox, after removal of eyes and (2) Angular acceleration of the preparation
brain with exposure of the nerve branch to be by clockwise (ipsilateral) rotation pro-
recorded from by means of a silverplated for- duces an increase in the impulse fre-

ceps electrode. This preparation can be quency which is, over a considerable
mounted on a turntable, torsion swing, or tilting range of accelerations, a linear function
device and connected by sui_tably arranged leads of the acceleration. Under these condi-
to a high-gain biological amplifier and through tions the ampulla is known to become

it to a magnetic Cape recorder, oscilloscope with deflected toward the utriculus and away
camera, and impulse counter or ratemeter, from the canal end of the ampulla (utric-

In this way, information on the quantitative ulopetal cupula deflection).
stimulus response relationships of all vestibular (3) As soon as the turntable has reached a

end organs has been obtained (refs. 4-8). a constant angular speed, the discharge
A resum.6 of the relevant electrophysio]ogicnl frequency drops, returning to the resting

findings will make it possible to relate the vari- level during continued constant-speed
ous functional features with the ultrastructure, rotation. We know that under these

mode of innervation, and ,topographic disposi- conditions the cupula returns to its rest-
tion of the hair cells in the various sensory ing position under the influence of a
epithelia, restoring force derived from its own

We may start with the horizontal semicircu- elasticity and perhaps from elastic forces
lar canal. It h_s previously been demonstrated generated by the hair bundle.
that a single horizontal semicircular canal re- (4) The turntable is now abruptly stopped.

sponds to angular acceleration in the horizontal This results in an immediate reduction
plane in two opposite directions. It was shown and probably a complete inhibition of
in the pike (Eso_v lucius) that unilateral inter- the resting discharge. The slope of the

ruption of the nerve supply to a single horizontal reduction in impulse frequency is a
canal affects the tonus distribution to the hori- linear function of the deceleration over

zontal eye muscles, but does not abolish the corn- a wide range of decelerations. We know
pensatory eye movements in response to either that under these conditions the cupula

clockwise or counterclockwise angular accelera- swings to the opposite side; viz, away
tion in the horizontal plane. That is to say, it from the utriculus and toward the canal
was established th'at a semicircular canal is a bi- end of the ampulla (utriculofugal am-

directional aece]erometer (ref. 9). This means pulla deflection). The resting discharge

that the cupula movements, directly observed is then gradually reestablished, while the

by Steinhausen and Dohlman to t_ke place in cupula once more returns to its resting

two opposite directions from a resting position, position.

must effectively transduce mechanical deforma- (5) Counterclockwise (contralaterM) rota-

tion into direction-specific nervous information, tion of the turntable produces the op-

How this information is coded was shown in the posite cupula movements and corre-

experiments on the ray labyrinth, sponding changes in impulse frequency.

For a single-unit preparation of the right Acceleration is followed by impulse in-

horizontal canal mounted on a turntable, the hibition, with a reestablishment, of the

following observations may be made: resting activity during constant-speed
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turntable rotation. Sudden arrest of the phase lags and phase advances between the plot
turntable now evokes an outburst of dis- of impulse frequency and swing movement.

-" charge activity, the increase in impulse From these phase shifts the following average
frequency being a linear function of the values were calculated : natural circle frequency
deceleration. This activity then gradu- of the cupula-endo]ymph system=

ally returns to the resting level.

experiments in which preparations were _o0=1.3 see-'; O=36 see-';
In

rotated in the planes of the two vertical canals,

it was shown that, in accordance with early re- A II
-=1.64 see-2; thus: _=22 sec.flex data, these canals show a diametrically op- 0

posite response picture; viz, excitation on
utriculofugal and inhibition on utriculopetal Experiments on the turntable of the kind
cupula deflection, described above yielded decay curves of impulse

The cupula endolymph system behaves like frequency after sudden stopping of rotation at
various angular speeds. The logarithm of in-a highly damped torsion pendulum and it was

shown that its behavior can, in the absence of crease or decrease in the discharge frequency

external forces, be represented by the equation plotted against time normally yielded a straight
line, the slope of which represents the quo-
tient II/A (fig. 2). In this case tl*e slope was

OX-t-IIX-t-AX=0 (1) 40 secondsas compared with the value of 22
or seconds resulting indirectly from the torsion

-_+_ -_+_= 0 (2) swing experiments.Finally, a theoretical value calculated for the
quotient II/O on the basis of the viscosity and

where 0._ is the inertia, II)_ the frictional re- density of the endolymph and the cross section
sistance, and AX the restoring force of the sys- of the canal was 35 sec-L This agrees well with
tem, O is the moment of inertia of the cupula- the value 36 see -1 obtained on the torsion swing.
endolymph system, II the moment of friction at A careful consideration of systematic errors

unit angular velocity, and A the cupula restor- in the experimental measurements suggested
ing couple at trait angle (ref. 7). Groen the following approximate average values:
Lowenstein, and Vendrik established the funda-

mental linearity of the system by recording the 30
impulse frequencies from single and multiunit _-
preparations of the horizontal semicircular 2o I-

canal during sinusoidal movement of the prep- l*_"

aration on a torsion swing at various circle 10 _'_'_t'_ +%

frequencies (fig. 1). These experiments yielded

%
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_2 : " , , 0 50 100sec

5 10 15 20 25sec

Figure 2.--The logarithm of the ,increase or decrease

Figure 1.--The frequency of nerve impulses as a rune- of the impulse discharge from the horizontal semi-

tion, of time during a sinusoidal movement of the circular canal of the ray (Raja clavata) plotted

horizontal semicircular canal in the isolated laby- against the time aftcr a sudden change in angular

rinth of the ray (Raja clavata). (From ref. 7.) velocity. (Fromref. 7.)
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II/0----35 sec -1, A/0----1.0 sec -2. Consequently, appears therefore to be more robust th_n had

the following equation emerged for the behavior hitherto been assumed.
of thecupula-endolpmphsystem: It can be seen from the plot of impulse

frequencies in the elasmobranch preparation

X+35z_7+X=0 (3) (fig. 1) that at any moment during an angular
acceleration or deceleration, the impulse fre-

Based oll the sensations of human subjects quency is a function of the angular velocityattained. Translated into terms of human sub-

tested on turnchair and torsion swing, Va.n jective experience, this supports the observa-
Egmond, Groen, and Jongkees (ref. 10) had
arrived at a differential equation in which II/A tion that during acceleration, the sensation of
was pu_ at 10 seconds with a possible margin "regular velocity at any given moment likewise
of error of 30 percent and A/0 a_t 1.0 sec --_ corresponds to the speed of rotation attained

(ref. 10). at _hat moment (ref. 10).
The range of stimulus intensities over which

Despite the relative inaccuracy of such results, the impulse response of a semicircular canal is
there is sufficient reason to accept them as a linear function of acceleration or deceleration

demonstrating the correctness of the interpre- is shown in the bottom part of figure 3 (solid

tation of the cupula-endolymph system in terms line) based on the combined maximum or min-
or an overcritically damped elastic pendulum.

Niven and Hixson (ref. 11)carried thematter imum impulse frequencies from three sensory
forward to a study of the relationships between units recorded immediately after abrupt stop-

eye-muscle response and high-level sinusoidal page of the turnt,rble rotating at a range of
angular rotations. Introducing the concept of constant velocities. The stimulus here may be

described as a "mechanical impulse" applied to
the "system transfer function," they went the cupula-endolymph system at rest during
beyond the limits of naturally occurring "phys-

iological" accelerations and concerned them- contant speed rotation. It will be seen that thecurve obtained resembles the characteristic
selves with the consequences of such high-level curve of a radio valve with the zero working
vestibular stimulation applied simultaneously
to more than one canal pair under conditions point in the middle of the straight part. It
that m,_y be expected to arise in and outside should be noted that "physiological" accelera-

the confines of a space vehicle in orbit. Peak tions are well confined to the linear part of the
angular accelerations were as high as 40°/see _. curve. Ledoux (ref. 12) found a similar but

steeper curve in experiments on the frog
In experiments on the horizontal torsion swing, (bottom part of fig. 3, broken line).
the nystagmie eye response to sinusoidal acceler- Sensory units are found in semicircular canals

ation showed characteristic phase shifts which whose working point appears to be "biased" up
could be plotted agains't frequency of the swing, or down on this curve. Some are spontaneously

Despite the high-level accelerations used, the silent and respond only to utriculopetal excita-
various subjects yielded consistent results, tory cupul_ deflection. Others have a relatively

Only exceptionally did responses to left and high-frequency resting discharge, with very
right swings differ, and those differences were little response to cupula deflection in either di-

consistent and characteristic for the subject in rection. In fact, it has been possible, by means

question, of polarizing currents routed through the

More remarkably, the results based on high- sensory nerve, to shift the working point of

level accelerations yielded coefficients in good linearly responding units up or down the char-

agreement with those obtained by Van Eg- acteristic and in this way to transform a linear

mond, Groen, and Jongkees, based on low-level bidirectional unit into a unidirectional or into

stimulation. The average II/h found was 12 a relatively unresponsive one. The first type

sec as agains_ 10 sec, and A/0=1.2 see -2 as can be observed to become recruited into the re-

against 1.0 sec -_ (ref. 10). The cupula system sponse picture on rapid change of rotational
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• .-- physical properties and anatomieM arrange-

: _ ment, they are fundamentally capable of re-." _ spending to both angular and linear accelera-
,'" -'" lions as well as to rotation at constant speed. In

// / /

," . fact their greater inertia may make them hardly
capable of competing with the eupula organ ofInV.

........... .......... the semicircular canals in the monitoring of
-90 -60 -3'0//_, +30 +/_ -=90 angular acceleration. They have, therefore,

-20 ,_4/" f_/.,., been described as tonic or static in function i;l".-_./" comparison with the dynamic function of the

-_s _ /.,,-.. ........ semicircular canals. Whether this is in fact
/,/ appropriate is questionable in view of the fact

- _0 ,_,, that otolith organs have been shown to be highly
sensitive vibration detectors covering a consid-

-s_ erable range of frequencies (refs. 6 and 13).
The principle underlying the desigm of

OM I r [ I l J I I I I I I I , I I I I I I I _ J I I I I

+2o +40 +6o_ an otolith organ is as old as cellular orga-
j_p..e_.-60 -40 -2_/, 7'' V. nisms. In the P_otista and in tissue cells of

.-.s 2oo_ A __./. ,,, [o 2.4 plants, the direction of gravity is moni-

J3 is0-- / _ ,/,' I ,.°'" I/ tored by means of dense cell inclusions such

i ....
- -, 1-,,, . )1.0 as food vacuoles or starch grains (refs.

_00:- '" " _ F _.2 14 and 15). Their mechanical action on the
[- surrounding cytoplasm brings about direc-

0 _'_ f tiOnal changes in the develOpment Of the cell'

so 0.6 be it through compensatory movement or

,, ,, _ ..... 0 differential growth. Statocysts are ubiqui-
-2ooo-100 0 +_00+200_/.... tous in the animal kingdom. The principle of

: " design invariably centers around a body denser

Figure K--Characteristic curves ol the semicircular than the surrounding tissues, enclosed in a fluid-
canal receptor system. Above: Tangential com- filled sac, tlm wall of which incorporates mech-
ponent of shearing force acting o*_ the sensory epithe- anoreceptors. In the ease of the A_'thropoda,
lium. of th, e crista. Central : Changes in, de potential the receptors may be chitinous hair sensilla in
in, m, illivolts inside the hair-cell layer of the crista cont'mt with a "st_tolith." In the vertebrate
of the h,orizo_ltat canal in the guinea pig. Utrieulo-

petal capula deflection producesnegative and utric- labyrinth the receptors may be hair cells incor-
ulofugal deflection positive change from zero rest- pora:ted in the sensory epithelium of a lnaeula.
ing revel. Below : The relation o? impulse 1rcquency It has been shown conclusively that the adequate
to mechanical impulse on a sudden arrest of con- stimulus for the hair cell in a macula is the

stant-speed rotation at various angular"velocities, tangential shearing force applied to it on dis-
Continuous line: Horizontal canal of ray. (From

re/'. 7.) Broken line: Horizontal canal of frog. placement of the oto]ith in one or other direc-
(From ret. 12.) (Fromret. 16.) tion. This displacement follows any deviation

of the head from its normal spatial position.
The shearing obeys the relationship f=g sin a,

velocity ; the second may be thought to furnish where g is the gravitational force and a the tilt-
the fairly constant background of "tonic dis- ing angle from the normal (refs. 16 'and 17).
charge" emanating from the semicircular canals, It has been mentioned that otolith organs
the existence of which has been postulated from potentially respond to vibrational stimuli
the results of unilateral elimination of single (ref. 6). The following steady-state equa-
canal (refs. 8 and 9). tion for harmonic oscillation thus applies'

Let us now turn to the otolith organs. They,
too, are accderometers but, by reason of their (l+l/p)m2+ric+kx=rng(1--1/p) (4)
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The factors l+l/'p and 1-1/0 account for the utriculus to side-down tilting (refs. 5 a_ld 6).
additional inertia of the endolymph displaced In recordings from the vestibular nuclei made
during, the displacement of the otolith and by Schoen (ref. 18) oll fish and by Adrian (ref.
to the buoyancy of the otolith, respectively. 19) oll cats, static neuron responses to tilts
Gravity only is considered as the external force, around the longitudinal axis were registered
The internal resistances of the otolith system both on side-up and side-down tilting. How-
are the frictional resistance (r) and the elastic ever, in these cases the peripheral origin of the
resistance due to the restoring force (]¢) in- responses could not be ascertained. There, is
herent in the otolith-macula system (ref. 17). no reason for the utriculus macula to be devoid

Single-unit recordings from the maculae of of Sensory units responding to down tilting, and
all three otolith organs of the isolated labyrinth ultrastructural findings in the labyrinth of the
of the ray have demonstrated that, whether a ray and the lamprey (refs. 20 and 51) and in
given otolith organ responds exclusively to LotaqJulgari._ (ref. 22) encourage this postulate.
gravitational stimuli ,_nd to linear translation, Figure 4 shows a single-unit response from
on the one ]Land, or to vibrational stimuli, on the utrieulus to a continuous, very slow con-
the other, seems to depend on the anatomical stant-speed 360° tilt about the longitudinal
disposition of the organ within the skull and axis. It shows a maximum near the side-up
the consequent preferential exposure to one or position. Arrest of the tilting movement at _ny
the other of these stimulus modalities. In the point of a full circle would usually be followed
ray, the lacinia utriculi, tlLe anterior two-thirds by an adapting change in the discharge fre-

of the sacculus macula, and the macula neglecta quency toward the level of discharge-frequency
were shown to be highly sensitive to vibrations, characteristic of the normal spatial position.

yielding frequency-synchronized vestibular mi- However, this adaptation, which may be me-
crophonics over a wide frequency band and chanical to a large extent, is limited and settles
phase-bunched spike discharges up to 120 cps.
The gravitation receptors are thus confined to

mmmmmn_the otolith-covered part of the macula utriculi,
to the posterior end of the sacculus macula, and

to the lagena. Utriculus and sacculus responses _":._:'"'!:_[JlIWI ''J''''''"''''''_'j'''''''_''''''''''_'''j
are roughly synergistic, whereas the lagena re- s,d_.do-,,

spends antagonisticallyto both. The utricuhs I1.:-:::21JliJjtiilljll/l'"':"2'''"''''''''''''_-_ _-...._'";'"'"'"'__
responses monitor tilts about all horizontal body

lJlllllllJIl]lll HIIhllH I
axes: longitudinal, transverse, or diagonal, l lnunlnlllilihlllliiil :_':_::.........
Discharge frequencies from single units ,_re : ....................

minimal in the normal position with maxima II IJ IIIIIIIIIIIll °' :
near the 90° head-up or -down and side-up posi-
tion in space. The impulse frequency changes
linearly during the-tilt ,usa function of the sine
of the tilting angle. Maintained deviations
from the normal are characterized by specific
impulse activity. There exists within the pop-
ulation of units, however, a spectrum of maxima
corresponding to various inclinations on either
side of the normal so that. sensory units func-
tion in relays over the whole range of tilting.
In the ray, however, very few, if any, prepara-
tions were found to respond to lateral downtilt.
This was the more astounding, as all previous
theoretical considerations have been based on Figure 4.--Single-unit response 1rein the utrieulus el

a ray (Raja clavata) to a 360 ° lateral tilt of co_-
the assumption of a high sensitivity of the stant low velocity. (From re[. 5.)



ULTRASTRUCTURE OF VESTIBULAR END ORGANS 81

down*to a frequency linearly related to the angle
of rhaintained tilt. Units of the lagena show a
relatively high activity in the normal position
which declines during tilts from the normal in
all directions. There is evidence from some

lagena preparations of a second maximum of _

activity in the upside-down position of the o o
g

head. Some units in the various maculae, al-
though reacting sensitively to .tilting, are not g

all capable of signaling maintained displace-
ments of tile head from the normal. Their

discharge activity returns to that characteristic 8 /
for the normal position, whenever and wherever
a tilting movement is stopped. They have been
described as out-of-position receptors and may

perhaps be thought to occupy marginal posi- _ 0
tions on the macula with respect to the otolith
mass. o 0

In any argument involving consideration of
the significance of positioning of receptors

• : .....
within the sensory epithelia, the question arises : v: : .

whether the receptor cells themselves have .. !:. :
directional sensitivity. This is where the ultra-

structure of _he sensory hair cell becomes signif- ' : :: : i. :. :
ieant. The hair cell is a secondary sensory cell.
It is a cell of epithelial origin and iu the cristae
and maculae it forms, together with supporting Figure 5._Diagrammatic view of the combined, ultra-structural features of two sensory hair cells and one

and glandular cells, part of a true two- to three- supporting cell from the crista of the horizontal canal
layered epithelium resting on a typical base- of the ray (Raja clavata). BM, basal membrane;
ment membrane. The fundamental cytological CR, ciliary rod; CU, cuticular plate; GA, Golgi ap-

features of the vestibular hair cell h,_ve already paratus; K, kiuocilium; MR, membrana reticularis;

been dealt with in preceding papers by Wers_]l MY, microvillus; N, nucleus; NE, nerve endings;
hiS, myelin sheath; SE, sensory cell; STL and STS,

and Spoendlin. So far as the fish labyrinth is stereocilia; SU, supporting cell; V, vesicle. Note

concerned, it may be sufficient to point out that the basal prominence on, the left side of the kinocilial

it contains type II cells only (ref. 20). They root. (From rcf. 20.)
are roughly cylindrical cells with a diffuse in-

nervation near the base; the flask-shaped type I br_nch of the eighth nerve. They can be
cells of the mammalian labyrinth with their dispersed or can form peripheral ganglionic
envelopes of nerve calices are absent. The type assemblies corresponding to the spiral ganglion
II cell appears therefore to be the more general- of the cochlea. The nerve endings contain
ized of the two (fig. 5). In the lamprey (ref. transparent vesicles and are well supplied with
21) the hair cells vary from cylindrical to com- mitochondria. They often penetrate deep into
pletely spherical, the hair-cell body, but are always separated

A description of the ultrastructure of the from its cytoplasm by the double membranes of
various cytoplasmic inclusions is not relevant the dendrite and the cell body. Synapses are
here, the important features of interest being found between hair cell and dendrite, the ar-
the composition and arrangement of the hair rangement of which clearly shows that synaptic
processes and the innervation. The hair cells conduction takes place in the direction from
are innervated by the dendritic branches of hair cell to dendrite. In the lamprey (fig. 6),
first-order sensory neurons, the cell bodies of typical synaptic bars with their characteristic
which can be found in the course of a given halo of electron-transparent vesicles are found
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The hair cell with its synaptic apparatus has
"K

._ - thus clearly neuronal properties and bridges
..... the gap between eiliated epithelial cell and

sensory neuron, structurally as well as
.AI: functionally.

cR -'/" A second type of dendrite is associated with
the hair cell. It often contains more eleetron-

(_-- dense vesicles. The ultrastructural appearance
of its synapses with the hair-cell body clearly

so.... ----I. points to conduction from dendrite to hair cell,
belonging to an efferent and probably inhibi-
tory control system.

We are now beginning to understand the role

.tEe played by efferent loops to peripheral sense
organs, especially in the retina, and also in the

N_l...... - ......SUC cochlea of the ear. The sharpening of contrast
by a contour of inhibition around a field of ex-
citation is an important method of peripheral
stimulus processing. One of the possible
functions of efferent control might be the set-

ting of the working point of a given sensory
unit on a certain part of its characteristic as a

N-
means either of controlling its linearity or of
biasing it down or up toward unilateral or tonic
functioning, respectively (fig. 3). Be this as
it may, the ubiquity of efferent endings points

..... ........ to an important participation of central control

i_c ............._,_ __'F,'__''' '" " : :_ :::: ):':::i(:._::-..... :::"::_m in ThethereceptiVesensoryunitmechaniSm'mayconsist of one hair cell
NE!__ :..__ 1 .." • and associated sensory neuron, but there is

evidence for convergent innervation of as-
semblies of hair cells by candelabra-like den-
dritic trees belonging to a single thick stem

Figure 6.--Diagrammatic view of a sensory hair cell fiber and neuron. This type of innervation is
and two supporting cells from a canal crista of the beautifully shown in the crista of a semicircu-
labyrintl_ of the larva of the lamprey (Lampetra lar canal of the lamprey. The sensory field

fluviatilis). AF, axial fiber; BM, basement mere- served by a single efferent element can be very
brane; CR, ciliary rod; CP, cuticular plate; G, Golgi

apparatus; K, kinocilium;L, lysosome;MVB,multi- wide indeed and may extend over a considerable
vesicular body; N, nuoleus; NEa, large nerve end- area of a crista or macula. We shall come back
ings; NE:, small nerve endings; S, stereocilia; SB, to this type of linkup when we consider the

synaptie bar; SC, Schwann cell; SEC, sensory cell; topographic arrangement of hair cells within
SO, striated organclle ; SUC, supporting cell. (From

ref. _1. ) the various vestibular end organs. Whether the
reverse arrangement of one hair cell synapsing
with the dendrites of a number of sensory

within the hair-cell body lying close to the area
of contact between the cell and dendrite. Syn- neurons also obtains is an open questiqn that

aptic membrane configurations were found in would call for very thorough histological
the sensory cells in the ray and confirmed in the reconstructions.
lamprey by means of better fixation and special We now turn to the hair processes. They are
staining, compound structures consisting of two kinds of
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elongated hairlike outgrowths from the top of them the kinocilium, all point in the sanle direc-
the:sensory cell ; viz, a varying number of veldt tion transversely up and down the crista toward
elongated microcilli, the so-called stereocilia, the utriculus and away froni the canal end of

and a single nomnobile flagellmn paradoxically the ampulla. In (,lie vertical canal the orien-
known as kinocilimn. The stereocilia are ar- tation of the hair bundles is the reverse; i.e.,

ranged in interspaced straight rows and in- the kinocilia face the canal end and point away
serted in an electron-dense cuticular plate from the utricular end of the ampulla.
through which they send their long roots far 1¥e know that cupula displacement toward
down into a cytoplasm of the hair cell. the utriculus increases the frequency of impulse

Figure 6 also shows a striated organelle which discharge from the crista of the horizontal
is clearly associated with the cuticular plate and semicircular canal and that utriculofugal dis-
which takes its course past the nucleus to end placement is inhibitory (refs. 4 and 12). See-
in the vicinity of a synaptic locus. The kino- ing the topographic arrangement of the hair

cilium shows the typical "nine plus two" ilia- bundles in this context, we realize that a shear-
mental structure of a mobile cilium or flagellum ing force which leads _o a displacement of the
(hence the nanie "kinocilium") and also a char- whole hair bundle toward its kinocilial aspect
acteristic root. There is a single lateral ex- is excitatory and displacenient in the opposite
crescence from the kinocilial root projecting in direction inhibitory. In the excitatory dis-
a direction perpendicular to a line connecting placement, the kinocilium moves perpendie-
the two central filaments. Such basal strue- ularly to the plane through its two central
tures are known to exist in the mobile cilia of filaments in the direction of the basal excres-

the gill of mollusks, and it has been shown that cence (see above). This corresponds to the

they point in the direction of the working stroke direction of the working stroke in the case of
of the cilimn (ref. 23). a mobile cilium (ref. 23). It has thus been

The. kinoeilimn stands in a recess in the as- suggested that the kinocilimn may play an im-

sembly of stereoeilia, and its root lies outside portant role in the process of mechanoelectric
the eBticular plate in which the latter are in- transduction (ref. 20).
serted. It. will therefore be independent of any Before we deal further with the problems of
passive movement of the stereoeilial bundle, al- stimulus transduction, let us have a look at the

though, of course, coupled to it by being pattern of hair-cell deyelopment in the otolith
sheathed in the same cupula. Ultrastrueturally maculae. This has been mapped in all otolith

we lnmw very little of the cupula. It is very orgaais of the ray (ref. 20) and in the utrieulus
delicate and shrinks under fixation. However, of Lota eulgaris (ref. 22). In the utrieulus of
under phase contrast, it can be seen to consist of the ray (fig. 7), the sensory cells are not uni-

a ground mass of jelly in which longi,tudinal formly oriented as those of the canal cristae.
channels are spaced out. These house the indi- In fact, cells whose kinocilia point in opposite
vidual hair process which can apparently slide directions are found side by side in a given area
along them lubricated, so to speak, by a coating of the maeula. The hypothesis of a uniformly
which has been shown to be acid mueopolysae- directed receptivity of the utriculus maeula, as
charide, formulated by Von Holst (ref. 24), is therefore

In specifically oriented ultramicroscopic see- untenable. A movement of the overlying otolith

tions through a erista or macula, the orientation must excite some and inhibit other members of

of the cilia on to the sensory cell Ban be mapped, the hair-cell population, leaving those unaffected
and it emerged, in the case of a labyrinth of whose kinocilial axis lies at right angles to the

the ray (ref. 20), that the hair bundles in the direction of the shearing force. A composite

cristae of the semicircular canals exhibit a uni- and eoniplex signal will thus reach the vestib-

form orientation with respect to the topography ular nucleus. In view of the various response

of the ampulla. In the horizontal canal the types found in the eleetrophysiological study of

notches in the stereocilial assembly, and within the utriculus of the ray, it, may well be that a
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..............._., .......... ,_°,_ minority in contrast to the situation in'Lota,
or their stem fibers may be less accessible. "

, _"_"_.... The arrangement of hair cells in the sacculu's
..... of the ray is less complex. Here the macula is

subdivided longitudinally into two fields with
hair cells pointing uniformly upward or down-
ward, respectively (fig. 7). As the greater part
of this macula yields vibration responses, the

.................................situation here is of little importance for our dr-

Figure 7.--Diagrammatic representation ol the polarity gument. The lagena, however, is involved in
oS sensory hair bundles found in the eristae and gravitational responses exclusively, and here
maculac o? the lelt labyrinth of the ray (Raid cla- again we find oppositely orientated hair cells
vata). The kinocilium is symbolized by a dot, the side by side (fig. 7). Two maxima of activity
stereoc_lial bundle by a circle. NOTE.--The rows of

were found in lagena units, one in the normalhair cells in the utriculus may in reality be assumed

to run perpendicular to thc outer margin of the position and the other with the head upside-
macula. (From reL ZO.) down. In both positions the macu]a lies almost.

vertical and either the upward- or the down-

still more minute analysis of the directional ward-pointing hair cells are subject to a maxi-
arrangement of the hair cells would show pre- mum of tangential shearing force.
ponder,_nce of one or the other orientation in So much then m,ny be said about the impor-
specific regions of the macula. At least two tance of the topdgraphic distribution of direc-
functionally different types of sense endings tion_lly specific hair cells in crist_ and macula.
were fomld. The one responds with an increase We now turn our attention to the question of

in the discharge frequency to side-up and stimulus transduction.
nose-up, and the other to side-up add nose-down Following the assumption, now generally

accepted, that. shearing of the hair processes oftilting of the head. Nerve fibers conducting
these two different responses were found side the sensory cell is the adequate mechanical

by side in t]Ie same nerve twig. The units tateral

responding with excitation both to side-up and
nose-down tilt must have been hair cells whose _

kinocilial axis pointed forward-inward; those __ _

responding to side-up and nose-up must have

pointed diagonally backward-inward, respec- S_.._-_//

tively, anterior _/_*'_ < _ T _ x_/// / posterior

li_ir-cell axes within the utriculus macula of the

ray (fig. 7) should not be similar to that found

in Lota (fig. 8) as described by Flock (ref. 22). _L
In this case both these receptor types are repre-
sented in the macula. In Lota they are confined
to the margin of the macula, whereas they are \
more widely distributed in the ray. The curious \
fact remains that Lowenstein and Roberts (ref. _ \

5) failed to find preparations responding by midline

excitation to lateral downward tilt. This means Figure 8.--Diagrammatic illustration of the pattern

that they were unable to record from cells whose o? morphological polarization of the sensory cells in
kinocilial axis pointed either outward-forward the maeula utrieuli of Lota vulgaris. The arrow-

heads indicate the direction toward which the kino-

or outward-backward. Such cells certainly exist cilium points in the various regions ol the macula.

(ref. 20), but may either be numerically in the (From ref. 22.)
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stimu_lus, the first problem we have to investi- The immediate cover of the hair processes
gat6 is the locus of depolarization on the mere- consists, according to Doh]man (refs. 28 and
[franc system of the sensory cell. The existence 29), of potassium salts of acid nmcopolysac-
of typical synapses between the hair cell and charides which react to mechanical deformation
the dendritic terminals of a sensory neuron by "static" electric change. The possibility
makes it virtually certain that chemical trans- of a capacity-governed electric change across
mission takes place from hair cell to dendrite, the membrane of the hair processes was en-
and the fact that there is typically a level of visaged by Dohlman et al. (refs. _98and 29)
basic activity in the afferent nerve points to a and discussed theoretically by Christiansen
"leaky" synaptic system poised delicately on the (ref. 30), and was held responsible for the
verge of full-scale firing. The exceptional generation of microphonic analog poteutials
regularity of the "resting discharge" makes it which have been found in all parts of the ear
unlikely that this is just "noise." It has very and also in the lateral line (refs. 31 and 32)
likely the important function of contributing and may possibly form an essential part of
to vestibular tonus and making the sensory the transducer mechanism. Dohhnan (ref. 28)
input, virtually thresholdless. What then is points out that the total surface of the hair
responsible for the modulation upward or down- processes coated with mucopolysaccharide is 200
ward of the quantity of neurohumor secreted times that of the rest. of the hair cell. This, of
across the synaptic gap from cell to dendrite? course, includes the surface of stereocilia.
Agenerator process will have to be found which The endolymph in a canal ampulla is
couples the shearing of the hair bundle to the strongly postive to the perilymph, m_dTrineker
synaptic process. (ref. 33) has been able in the guinea pig to

The cell membrane of the hair cell is continu- record ordered changes in endolymph potential
ous over ,_1l hair processes (stereocilia and during cupula displacement (fig. 3). Trincker
kinocilium), and the only part of the hair-cell found potential changes on utriculopetal and
membrane mechanically disturbed by cupula or utriculofugal eupula displacement which run
otolith action is the membrane of the hair exactly parallel to the trend in impulse activity
processes. Might this then be considered to be in the ampullary nerve, as recorded by Lowen-
mechanically excitable membrane and likened stein and Sand (ref. 4) and by Ledoux (ref. 12)
to the membrane of a terminal axoplasmic ilia- in elasmobranehes and in the frog, respectively.
ment of a tactile organ or a stretch receptor._ Trincker also found especially high positivity
In this case it ought to harbor the battery con- in the intracupular spaces which harbor the hair
netted with the ionic sodium-potassium transfer processes of the sensory cells.
mechanism. That this is rather unlikely, if not It has been taken almost for granted that any
impossible, has been pointed out by Trineker transducer role of the sensory hair processes
(ref. 16). The results of the chemical analyses should be associated with the kinocilium, and
of the endolymph of the vestibular organs of a it has been suggested that, in this, the kino-
number of vertebrates in which it was estab- cilium acts as a mobile organelle in reverse.
lished that it has as high a potassium and as low That is to say, it responds to mechanical de-

a sodium content as the interior of a cell or a formation by electric change transferred to the
nerve fiber (refs. 25-27) exclude this possibility, hair cell by its internal fibrillae and root strut-
Thus it may be concluded that there exists no
possibility of a potassium battery across any tures, instead of being thrown into mechanical
part of the hair-cell membrane bathed in"endo- deformation by an imposed depolarization of its
lymph; i.e., at the hair-bearing apex of the center of excitability, as is presumably the case
sensory cell. The .trunk and base of the hair in mobile cilia and flagella (ref. 20). However,
cell, however, are bathed in perilymph or inter- the ultrastrueture of the cochlear hair cell
cellular fluids which have roughly the chemical presents a serious difficulty. It has no fully de-
composition of cerebrospinal fluid or blood, veloped kinoeilium. This is represented by its
respectively, basal body only, which is found in the niche
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between the rows of stereocilia. This basal body following from hair process to synapse, would
apparently governs the symmetry and orienta- this be the essential link in mechanoeleStric
tion of the hair bundle, but no hair process transduction? Could, therefore, the stereocili_
emerges from it. There are also some recent have a role in the transduetion process more
findings in the vestibular hair cells of the important than being a source of elastic restor-

lamprey (ref. 21) which draw attention to a ing force? Their exclusive presence in the
possible involvement of the stereocilia in the cochlear hair cells points in this direction.
transducer process. It has been mentioned that However_ it has recently been shown that the
the sterocilia alone are associated With the cu- primary sensory hair cells in the cristae of the

ticular plate at the apex of the hair cell. This statocyst of the octopus have hair processes
plate has now been shown to show a periodic practically identical with the vertebrate kino-
striation and that this periodicity is continued cilia, each hair cell having a large assembly of
into a striated organelle, branches of which these and no stereocilia (ref. 34). Here, then,

penetrate through the whole length of the hair the problem of mechanoelectric transduction is
cell to end near the synaptic loci. Here we have wide open, and we shall have to leave it so for

at least a morphological intracellular pathway the time being.
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DISCUSSION

GUALTIEROTTh Dr. Lowenstein, can the beautiful re- to 40 per second. There is, of course, the pol)ulation of

sults on the isolated labyrinth, in your opinion, be ap- cells which fire at different frequency ranges. It

plied as "l mechanisnl of information transfer to the would be ideal if we could telemeter the function of

intact animal? The reason I am asking is that our these various sense endings. One should never say it

experiment on the frog and other experiments per- cannot be done. I'm fairly sure I shan't do it.

formed on the cat by Bizzi and Pompeiano, for in- CRAMPTON: I have previously communicated with

stance, seenl t'o show that the variability of the rate of several people here about a particular t.opic, and I

firing at any given steady state is relatively large, think the question is of sufficient interest to raise it

An information mechanism based only on a flat change more publicly at this time. It concerns the classes of

of frequency can't possibly be applied in this case. I responses one obtains from single units during angular
anl speaking about the otolith organ and not the semi- acceleration. If one records from single cells in the

circular canals. It seems the variability of the rate vestibular nuclei of the cat, one finds several well-

of firing is so large that some imprecision must finally defined kinds of responses. The most frequent, type

appear in the central analyzer, if this relies only on a I by Gernandt's classification, is the classical type in

flat rate of firing, which there is an increase in the discharge rate with

LOWfENSTEIN: _irst of all, speaking abou_t the re- movement of the cupula toward the utricle. Gernandt

liability 'of the single-unit experiments in surviving described a type II in which there is an increase in dis-

labyrinths, we were encouraged to go on to surviving charge rate with acceleration in either direction. I

labyrinths only after we had found the same response have not seen such a unit, but others have. Gernandt

picture in spinal dogfish which Survived the recording also reported a .type III in which the resting discharge

from their semicircular canals. Furthermore, when is inhibited with acceleration in either direction. I

you have a linear response like the one I showed you have found and thoroughly tested one type III.

on the torsion swing, and when you find that 'the re- A fourth type is now being reported frequently and

sponse picture remains the same for an hour or two is best described as a "backward"'cell, if you will. It

after ,the death of the fish, you begin to get confidence responds with an increase in the discharge rate with

in the repeatability of these experiments. The firing movement of the eupula away from the utricle (assunl-

rate isn't all that high. There is a 6-per-second to 10- ing that the activity is originating in the lateral canal).

per-second resting discharge in s.ome units ; it may rise On days which I characterize as bad days, perhaps as
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many as one-third of the units will perform in this small hook-shaped part of the m'acula has been said

nonclassical manner, to react in a different way from the rest. The _rve

Now, as tradition has apparently worn away, there fibers from the hook-shaped part lead in a differet_.t

are more reports of this class : Duensing and Schaefer, way from the fibers of the main portion. I wonder if

Eckel, and Shimazu and Precht. Even I am getting recording has been made from the small nerve belong-

bolder. The source of these ceils is in question, ing to ,the upper part of the vestibul.ar nem-e or from

There are several possibilities, and the most likely the nerve that goes in the interior vestibular nerve.

one, and the one which many of you favor, is that ac- LOWF-NSTF:IN: In :the ray, on which we worked, the

tivity for such a unit is originating from one of the sacculus macula is straight ; it hasn't got a bend. You

vertical canals. It is, indeed, the likely interpretation, mustn't forget the ray has the luxury of having a
The units are obtained after section of the contra- lagena; this stands vertical. The ,saeculus maeula is

lateral VIIIth nerve and after removal.of the cerebel- straight, undivided, til,ting slightly in,ward, and having

lure. But these units are so commonly found that a certain pleated-up rim on this side, the otolith resting

other interpretations might well be examined. The in.this.

question that I wish to ask those of you who deal with There is one interesting thing which has puzzled me

the electron microscope is: Wha.t is the frequency of quite a lot which we would have to explain sooner or

aberrant or turned-around hair cells or kinocilia within later. If you look at _:he lagena macula in a ray, you

the cupula? can sometimes find that the otolith from the saeculus

[.OWENSTEIN: First of all, when you record from a has run over and is continuous with .the lagena otolith.

nucleus, you might get anything. You h'ave excluded That means that the soft pa'stelike otolith here can-

the opposite labyrinth.s by elimina¢ion, but what you no_ be as uniform in its function as one might assume.

did not exclude, and you quite rightly say this is a ENGSTROM: You said .that the sensory cells in _he

possibility, are quite numerous units to be derived cochlea have no kin,ocilia. There is a modified kinocil-
from the vertical ampulla, ium present on every cell. As far as we know the

Alex Sand and I reported long ago that of the modified kinoeilium could be working just as the kino-
three semicircular canals, the horizontal is the only cilium because in some of the primitive .animals which

one .tha:t is hidebound so far as plane of rotation is have the aciliate kinetosomes around their mouths, they

concerned. It has a very narrow range of rotational react to them as triggers. The moment you touch

planes, beyond which it will not respond, whereas a them, they bite.

vertical canal will in fact respond to accelerations going I.OWENSTEIN: Now, what is the modified kinoeilium

on in any plane, including the horizontal plane. 'Some like?

years ago we were.at pains to build this response of ENGSTR(DM: l,t is the basal body of a kinocilium.

the vertical canal to rot,_tion in .the horizontal plane LOWF:NSTEIN: But it doesn't project into the cupula ;

into a reflex schema or flow diagram in which we had therefore, its mechanical function is a bit difficult to

to make certain assumptions. You know that any.thing see.

can be proved by such a flow diagram, and we proved ENGSTR(_M: The cuticle is extremely thin a,t .the basal

a very valuable function for this response of vertical body so that's a very mobile structure, just as mobile

ca_als to rotation in a horizontal plane, as the kinocilium itself.

If we look at eye nystagmus as such, assuming a cer- LOWENSTEIN: S_) in this case the kinecilium root lies

tain wiring diagram from the vertical .ampullae to eye in the particular plane?

muscles, we find that when all four vertical ampullae ENGSTR(_M: No; not quite.

respond to a rotation in a horizontal plane, they will LOWENSTEIN: Very close to it?

make the antagonistic diagonal and vertical eye muscles EN.GSTR(DM: Very close to it ; yes.

contract simui_taneously. What better pivot could you GI.IEDRY: In connection with the different firing in

have for the horizontal nystagmus than .such a syner- the saccule, was that true for all orientations to the

gistic contraction of all other eye muscles? I_ was saccule rela,tive ¢.o gravity? In other words, did you

Lorente de N6 who, by kymographic experiments in the try this in different posi,tions? What I am suggest-

rabbit, showed that the vertical eye muscles and the ing is the possi.bility that ¢he saccule was actually

diagonal eye muscles react in 'this way when the prep- tilted slightly relative to gravity and .therefore the

aration is rotated on the :turntable. While the hori- mechanical characteristics of one portion of the saccule

zontal eye muscles carry out their nystagmic swing, would be different from another portion.

all ,the other eye muscles contract simultaneously, and LOWENST_EIN: Insofar as we could, we pu,t the saccu-

the response from the vertical canal would now be a lus in a perfectly horizontal position. But that is not
necessity rather than a nuisance.

very easy in 'an organ which n.aturally has a tilt. And

ENGSTROM: In your lecture you mentioned the mac- it may well be, as we assume, that anteriorly the

ula of the saccule. I have been asked on many oc- saccular otoli¢h is free to vibrate, whereas it is wedged

casions, even today, something that I ask you to settle in at the posterior end. _Vhy there should be no

for good. The macula of the saccule has a different gravitational response here, however, has puzzled us

function according to what you told us now. The quite a lot.
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GuE_RY: Another question concerns the snowdrift SUPERIOR

tha_ several people have described in the utricle and _ __
also the saccule. I have heard this from Dr. Engstr(im

some time back and from Dr. Spoendlin. I _onder if

the orientation of the kinocilia bears a particular

relationship to this snowdrift?

LOWENSTEIN: By "snowdrift," you mean the Flock POSTERIOR

pattern ? i ANTERIOR

GUEDRY: That's right.

LOWENSTEIN: Yes; definitely yes. In the elasmo-
branch we assume that. In the utriculus we found

it easiest to record from the sector which looks diago-

nally forward outward, and we assumed that the cells

which we found electron microscopically might, in fact, INFERIOR

lie radially just as Flock states. We have no evidence

that they should be directly transversely outward, so Figure D1.--Reconstruction ol the saecular toccata

we have the same snowdrift. Therefore, in view of based on phase-contrast microscopy. Arrows indi-

the diagonal orientation of the longitudinal axis of cate directio_ of poZarization.

the overall utriculus maeula, we have in fact all neces-

sary directions of hair cells represented in the macula. LATERAL x'x.. _/_ _i,_|_,_SPOENDLIN: In this connection I would like to show

you the polarlzation pattern of the kinocilla of the __OR

vestibular sensory ceils in the saccular and utricular

macula in guinea pigs. Those reconstructions of the

macular surface were based on phase-contrast micro-

.scope studies (figs. D1 and D2). The arrows indicate

the direction of polarization. The saccular macula

appears to be divided into two parts with divergent POSTERIOR_ _ ""\.
polarization. The reversal of the kinociliar polariza- _ MEDIAL \

tion follows a definite line through the entire length

of the macula (fig. D1), which seems to be coincident

with the snowdrift of the otoliths. Figure D2.--Reconstruotion of the utricular macula.

Similar conditions are found in the utricular macula Arrows indicate direction of polarization.

where the polarization spreads fanlike from medial to

lateral up to a curved reversal line beyond which the LOWENSI:EIN: This is what we find in the lamprey

polarization is reversed (fig. D2). Here, however, the now.

polarization is convergent along the reversal line in SPOENDLIN: Do you have any idea of the kind of

contrast to the divergent pattern in the saccular transmitter which acts on the synapses between sensory

macula, cell and nerve ending?
LOWENSTEIN: All (luring my flight from Britain here LOWENSTEIN: This is, of course, an unfair question.

I have been looking forward to this figure, but is there If I say it is acetylcholine, you will laugh, and if I say

a possibility of a slight overlap here along this line? I don't know if it is, you might also laugh. But I think

$POENDLIN: There is certainly a slight overlap along the afferent system may be cholinergic.
this line. Let's assmne for a moment that the kinocilium has

LOWENSTEIN: So, in a section in a certain direction nothing to do directly with the mechanoelectric trans-

you may in fact have face-to-face and back? duction process : would it be feasible to make it respon-

SPOENDLIN: In large electron-microscopic sections, sible for the orienta,tion and for the functional health

through the surface of the nmcula the kinociliar polari- of the hair cell, especially in the early stages of the

zation of each hair cell or associate hair bundles can establishment of the innervation, et cetera; would it
be a center of organization?

be evaluated. In every section we find a clear pre-
SPOENDLIN: Yes; this is exactly the opinion I ex-

dominance of polarization in one direction, but there
pressed at last year's symposium in Pensacola.

is always a certain number of cells w,ith a divergent LOWENSTEIN: You would say yes? This is a possi-

polarization. Such divergent-polarized units have been bility, so we have one more pawn on our chessboard.
found in the maculae as well as in the crtstae. WERS,_LL: There is some indication that the fibers

LOWENSTEIN: Bu_ would you say ,that your diver- forming the bundle in the stereocilium have actually

gences were in the marginal areas of the crista? come from the area of the centriole. We know that

SPOENDHN: They were perhaps more pronounced in the centriole can form contractile and very specifically

the marginal areas, active protein fibers, and it seems possible from what

234-842 O - 67 - 7
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we are getting out now that actually fibers grow out There is no reason why an otolith organ should not
from the centriole into microvilli and form the stereo- respond to angular acceleration. _

cilia. COHEN: I agree.

COHEN: I have two questions, Dr. Lowenstein, both LOWENSTEIN: And it is in fact capable of responding

bearing on the specialization of function that has been to angular acceleration, to rotating with constant

alleged since the 1800's between the cupulae and the speeds and, of course, to all typos of linear accelera-

otoliths. Have you recorded the response from any tions including the to and fro of vibration.

one receptor to both linear and angular acceleration COHEN: Have you recorded from the cupular recep-

without moving your recording setup in any way? tors while stimulating with linear acceleration?

LOWENSTI=IN: I have recorded responses to linear LOWENSTEIN: You know how difficult it is to subject

acceleration from the otolith organs, and they go the something to linear acceleration. I have tried it in the

expected way. ampullae and have convinced myself that the old tale

COHEN: But I mean have you combined stimula- which I was told when I was an apprentice, that the

tions? For example, without moving from the otolith, semicircular canals do not respond to linear accelera-
did you see if there was any response to angular accel-
eration? tion, still holds. I think this is a topological necessity.

LOWENSTEIN: In Che impa¢ience of my exporimenta- However, you know that they do respond to vibration,

tion I have subjected otolith organs to angular accel- i.e., linear acceleration, when they are exposed, say

erations. I showed you the picture of ,the roCa,tion at when the padding which fills out the space between the

constant speed. This was meticulously planned, but bony canal and the semicircular canal is removed by

very often one tilts ,and in the initial s_tages one accel- fenestration operations. Then immediately sound pro-

era'tes angularly and, of course, you get a response, duces vertigo but not in the intact canal.
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SUMMARY

S_mples of endolymph and perilymph of between 0.00"2 and 0.008 milliliter were
obtained from single ears of living pigeons. Measurements of specific gravity were nmde
in density gradient column, and it was shown that at the pigeon's body temperature
(approximately 40 ° C), the specific gravity (referred to water at 4 ° C) of endolymph is
1.0033 and that of perilymph is 1.0022. P_:eliminary measurements indicate that at 40 ° C,
the viscosity of endolymph is 1.15 centipoise and the viscosity of perilymph is 0.78 centi-
poise. The unusual high potassium concentration and low sodimn concentration of endo-
lymph reported for the cat and the guinea pig were confirmed for the pigeon.

INTRODUCTION 17-21).The specific gravity of endolymph and

A semicircular canal senses angular accel- perilymph taken from freshly killed sharks
(ref. 15) was reported as 1.0204 and 1.0200, re-

erations by means of inertial endolymph move-
ments inside the membranous canal (refs. 1-5). spectively. The respective viscosities of these
Specific gravity and viscosity are therefore fluids taken from pigeons have been reported

as 9.9 and 1.7 times the viscosity of water (ref.fundamental properties of endolymph (refs. 9
and 6-8). 16) at 18° to 20° C.

The occurrence of positional nystagmus, In the present study, measurements of spe-
and nystagmus in response to changing linear cific gravity and viscosity were made on the
accelerations (refs. 9-14) suggests the possi- labyrinthine fluids of the pigeon, Colu_r_ba
bility that in some instances a semicircular canal livia, a species in which it was found that rela-

responds to linear accelerations or gravity. It tively large samples of endolymph can be taken
is therefore of interest to know whether the from the living animal.

specific gravity of endolymph differs from that METHODS
of perilymph. The number of original reports
of the physical characteristics of endolymph SurgicalProcedure

and perilymph (refs. 15 and 16) is apparently After the feathers were clipped from the skin
even smaller than the number of original reports behind the external auditory meatus, the bird
of the chemical characteristics (refs. 15 and was anesthetized (with ether for specific grav-
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with glass spheres of known specific gravity and reached. The columns were replaced when they
also with droplets of saline solution of measured became too crowded.
density.

Measurement of Viscosity Table 1.--Specific Gravity of Labyrinthine
Fluids of Pigeon at 23.0 ° C (referred to water

Viscosities were measured with the rolling- at 5 ° C)
sphere viscometer of Flowers (ref. 22). Ap-
proximately 0.012 milliliter of pooled fluid from [In top 6 lines of table, 2 values on same line represent
several animals was placed in a separate piece of endolymph and per]lymph from same bird; in lowerpart of table, 2 values on same line represent endo-
capillary in which 0.01 milliliter occupied a lymph and per]lymph from different birds]
length of 1.5 centimeters. The pipet sections

were kept in enclosures of high ambient hmnid- Endolymph Per]lymph Endolymph Per]lymph
ity to reduce evaporation of water. A chrome-

steel-bearing ball of density 7.83 g/cc and ½2 1. 0084 1. 0078 1. 0088 1. 0073
inch (0.79 millimeter) in diameter was put into 1. 0087 1. 0087 1. 0085 1. 0071
the pipet which was then fixed at an angle of 1. 0084 1. 0082 1. 0084 1. 0068
10 ° to the horizontal in a constant temperature 1. 0093 1. 0086 1. 0088

enclosure. After allowing the time (approxi- 1. 0084 1. 0077 1. 01021. 0093 1. 0071 1. 0085
mately 15 minutes) required for a glass ther- -- -- 1. 0085
morneter to attain the constant temperature of 1. 0086 1. 0074 1. 0085

40 ° C in the enclosure, the time required for 1. 0079 1. 0071
the ball to roll through the fluid between marks 1. 0085 1. 0077 MEAN:

on the pipet 1.5 centimeters apart was deter- 1. 0085 1. 0078 1. 0087 1. 00761. 0087 1. 0071
mined. A magnet was used to raise the ball for

repeated tests. A given pipet was always used

in exactly the same position and orientation and The values obtained are shown in table 1. At

with the same ball, and calibration tests were 23.0 ° C the mean value of the specific gravity of
done with distilled water and with ethyl alcohol, endolymph was 1.0087 and of per]lymph wasThe collection of fluid and the measurements

were completed within a 10-hour period. 1.0076 (referred to water at 4 ° C). The differ-
ence was significant at the 0.001 level. As-

The concentrations of sodium and potassium suming that the temperature of the pigeon's ear
in the pooled endolymph and per]lymph sam- is 40.0 ° C and assuming that the densities of
ples were determined with a flame photometer, these fluids vary with temperature in the same

RESULTS way as that of pure water, the specific gravities
in the ear of the living bird are 1.0033 for

Surgical Procedure endolymph amd 1.0022 for per]lymph. Essen-

Approximately three of every four per]lymph tially the same values were obtained by as-
samples and two of every three endolymph suming that the densities of endolymph and
samples were discarded because of eontamina- per]lymph vary with temperature in the same

tion with blood. The uncontaminated samples way as sea water.
obtained were usually between 0.002 and 0.003

milliliter from one ear for both endolymph Measurement of Viscosity

and per]lymph. Viscosity was calculated from the formula

Measurement of Specific Gravity _=/_ (_--#) T

The drople_ fell for approximately 5 hours where _ is the dynamic viscosity in cent]poise,
in the colunm, but remained indefinitely at their _ is the density of the sphere in g/cc, p is the
equilibrium positions (where density of colurml density of the liquid in g/cc, T is the time
equals density of droplet) once these were in seconds for the sphere to roll across the
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standard course, and K is the instrument con- DISCUSSION

._stant determined by calibration of the instru-
ment with liquids of known density and viscos- With knowledge of the specific gravity and

ity (refs. 22 and 23). Calibration and testing viscosity of endolymph, the moment of inertia
was at 40 ° C. [ and the frictional torque per unit angular

Using the endolymph viscometer with water velocity n of the endo]ymph ring can be cal-
(p=0.995, _=7.83, 7=0.6560, T=2.38), it was culated without any quantitative assumptions
found that K=0.0403; with ethyl alcohol concerning the crista's response to endolymph

(p = 0.772, _ = 0.834, T = 3.21), it was found that movement. As an approximation, I = 2prr2r_'R3
K= 0.0369. The mean instrument constant was (ref. 7), where p is the density of the endolymph,
therefore 0.0386. The values of K for the _' is the radius of the endolymph tube, and R is

perilymph viseometer were 0.0377 (T=2.55 the radius of the circle of the canal.
seconds using water) and 0.0399 (T=2.96 The anterior canal of the pigeon is 15 rail-

seconds using alcohol) yielding a mean instru- limeters long, and although its shape resembles
ment constant of 0.0388. a question mark more than a circle, dividing its

Values of T for endolymph and perilymph at len_h by 21I gives R= 0.25 centimeter;
40 ° C are recorded in table 2. For endolymph p=1.0033 gm-ec _, and r=0.022 centimeter, so

(p= 1.0033), T=4.36 seconds and therefore that I= 1.5 x 10-_ g-cm -_. In the horizontal canal
of the pigeon, R = 0.16 centimeter, r = 0.016 cen-

=1.15 eentipoises. For perilymph (p= timeter, and I=2.1×10 -5 g-cm 2.
1.0022), T-= 2.95 seconds and therefore 7 = 0.78 The frictional torque at unit angular velocity

centipoise. These values of viscosity are re- of the endolymph ring, II, is 8vII2R 3 in cases
garded only as preliminary estimates be- wherethe canal length is ha]f the circumference
cause of the limited accuracy of the time meas- of the circle (ref. 7). In the anterior canal of

urements, because of the variation in the pigeon, ahnost all the circle is completed
instrument "constants," and bdeause only one outside the utricle. The canal length is there-

pooled sample of endo]ymph and one pooled fore roughly equal to the whole circumference

sample of perilymph were measured, of the circle, so that for this canal II= 16_II-"R 3,
and since 7=0.0115 poise and R=0.25 centime-

Table 2.--Times in Seconds for Sphere To Roll ter, 1I=0.028 g-cm_-sec -_. The length of the
Down Standard Course Through Labyrinthine horizontal canal of the pigeon is also roughly
Fluids of Pigeon at 40 ° C equal to the circumference of its circle, and since

R = 0.16 centimeter, II = 0.0075 g-cm2-sec -a.
[Only 1 pooled sample of endolymph and 1 pooled

sample of perilymph were obtained; values represent The ratio i, which is --8nfor the pigeon (ref.repeated tests of the same 2 samples] Pr2

7), is 190 see -_ for the anterior canal and 360

Endolymph viscometer Perilymph viscometer, sea -_ for the horizontal canal, estimates which
K= 0.0386 K= 0.0388 are much larger than those calculated previously

for other species (refs. 2 and 7). These
4.6 3.0 estimates are ]urger, partly because of species
4.4 2.9 differences (smaller r in the pigeon and smaller
4.4 3.0 fraction of the endolymph tube in the utricle)4.3 3.0

4.2 3.0 and partly because of the use of a measured
4.4 2.9 value for the viscosity of endolymph instead of
4.5 3.1 using the viscosity of water.
4.4 2.9 At 40° C, the measured viscosity of endo-4.2 2.9

4.2 2.8 lymph (1.15 centipoise) is 1.8 times that of
water (0.656 centipoise), and the measured vis-

MEAN: 4. 36 2. 95 cosity of perilymph (0.78 centipoise) is 1.2 times
that of water. Rossi (ref. 16) reports that at
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18° to 20° C, the relative viscosities of these filled with endolymph were put into the'den-

fluids are 2.9 and 1.7, respectively. Aside from sity gradient column, they moved past the leve!
the difference in temperature, which is undoubt- of the density of perilymph at impressive

edly important, the discrepancies might also be speed and fell quickly to the bottom of the
the result of different methods of obtaining the column. A much denser column will be re-

fluids. Rossi decapitated the pigeon before col- quired to measure the specific gravity of the
lecting the fluids, which would introduce post- membranous duct filled with endolymph.

Flame photometry of the pooled endolymph
mortem changes, and by carefully removing and perilymph used for viscosity determina-
perilymph with strips of blotting paper before tions confirmed in the pigeon the unusual high
collecting endo]ymph, he might have lost con- potassium concentration and low sodium con-
siderable amounts of water from the endolymph, centration of endolymph (and high sodium, low

The finding that endolymph is denser than potassium composition of perilymph) reported
perilymph by one-tenth of 1 percent supports in the cat and guinea pig (refs. 17 and 20).
the suggestion that the semicircular canals can Chemical analysis of endolymph and perilymph
respond to linear accelerations and gravity (ref. of the pigeon will be the subject of a separate
24). When lengths of the membranous canals study.
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DISCUSSION

MAYNE: There is a longstanding need for reliable in specific gravity and density, how could it reasonably

values of the specific gravity and viscosity of the affect and stimulate the sensory receptors? If you

endolymph. Dr. Money's paper is a welcome contri- have a ring of fluid that is heavier than the surround-

bution in this regard. I would be inclined to believe, ing fluid and if you have a g pull, this ring is moved

withou_ too muctl familiarity with the literature in against the Earth or from the centrifuge. If this is
this regard, that: the physical characteristics of the your picture of the soft labyrinth, which receptor is

endolymph are similar for various species because affected? Is it the cupula or is i,t the utricle?

of the close correlation shown by Jones et al. between MONEY: I would say that your second question an-

canal dimensions /tnd Weight of species. An immedi- swers your first, and that in fact there is no gross

ate application of these values is in the calculation of positional nystagmus because normally this difference

one of the constants of the semicircular-canal differen- in specific gravity doesn't cause nystagmus. Under

tial equation. This is particularly significant because certain other abnormal circumstances it is possible for
this constant is difficult to obtain experimentally. The this difference to become important and cause nys 'tag-

constant can be computed by a formula derived by mus. The abnormal is contint_ing n,ystagmus with

Schmaltz when the intern.al radius of the canal, the constant angular velocity rotation about a horizontal

specific gravity, and the viscosity of the endolymph are axis, for example. This is one explanation, according

known. Schmaltz used a value of 0.01 g/c_m-sec for to Benson's theory, which the difference in specific

viscosity and 1.0 g/cm 3for specific gravity, and obtained gravity bears out.

a value of 200 for the constant of the canals of man. BERGSTED]': Shouldn't you find it in many other tests
We have shown in one of our reports that there were too where this difference in specific gravity is still
two compensating errors in the use of the formula more pronounced? It should reasonably stand in re-

outside of the mistaken value of viscosity as compared lation to the pull. If you pull higher g, you should

to that given in :Dr. Money's paper. The mass of the have a better chance of getting a difference or change

fluid should be increased by 2 to account for the para- in positional nystagmus. But you did not find this.

bolic distribution of velocity, and the radius squared MONEY: This is very true. I will grant you that

should be reduced by 2 to correspond to measurements with a straight linear acceleration, there is no posi-

given in recent references. If we correct the computa- tional nystagmus in most people. The difference in

tions for the new value of viscosity, the constant be- specific gravity is nevertheless there in pigeons and,
comes 320 and the equation for the canal as I said, significant to the 0.001 level. It seems to

+320 O +320=f(t) be perfectly consistent in pigeons.
BERGSTEDT: I think the figures are very interesting

assmning a time constant of 10. concerning the difference between endolymph and peri-

MONEY: These numbers are larger only partly be- lymph in the results we got. But I don't believe it

cause of the larger value for viscosity which we used. explains positional nystagmus or other mysterious

They are .also larger because of the snmller radius of vestibular findings.

the canal duct in the pigeon, and, as you know, the STEER: Have you extrapolated these values, these

larger fraction of the endolymph ring outside the numbers plugged into the physical dimensions of the
utricle, human system, to evaluate the time constants of that

BERGSTED]': I believe there is a small difference in and compare it to the time constants evalu,_ted by the

concentration, density, and viscosity. How could ,this various experiments?

difference influence our different tests, for example, MONEY: No; I haven't done this in the human, only

the positional tests or centrifuge tests? You men- in the pigeon. The specific gravities might be qu_te

tioned your study as a clue for the explanation of different in a hmnan, but it could be done with no

positional nystagmns. As you know, we find a very trouble at all if you wan_: to assume that the specific

weak positional nystagmus in about 10 or 20 percent gravities are the same ; the dimensions are known. It

of normals. If this difference in physical qualities wouldn't be difficult.

existed normally, you should have positional nystagmus STEER: In the evaluation of the viscous-drag term,

as a normal finding. Even if you have 'this difference all the classical derivations which arrive at a formula
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like the one you have, as far as I have been able to otolithic signals have to be considered in any discussion

tell, do not consider the fact that this fluid is almost of the mechanism by which nystagmus of this type is

entirely in a viscous boundary layer and in reality only brought about. However, it would give a sustained

a very small portion of it may be flowing. Mr. May, he nystagmus during rotation and it might give a position-

said essentially the same thing in that it is funda- changing nystagmus, but not a sustained positional

mentally a parabolic-distribution flow. I was wonder- nystagmus.

ing if this was considered in your derivation or if it Regarding positional nystagmus, did you extend your
was in the derivation that arrived at that formula? observations of density to those of the cupula itself?

MONEY: No; this wasn't considered. We just ac- MONEY: We planned this, but we haven't been able

cepted from van Egmond, Green, and Jongkees the to find the cupula yet. The density gradient column

formula with the change for our particular dimensions, technique is capable of measuring the specific gravity of
We checked mathematics and found that, according to something that small. It is simply a matter of getting

what he considered, he was correct, it out uncontaminated and getting it into the column.

GUEDRY: In connection with Dr. Bergsted¢'s corn- We are a'ttempting this but haven't succeeded yet.

ments--according to Dr. Benson's notion, which Dr. BENSON: Then we come to the problem of positional

Money has referred to--if we have a flow of endolymph alcohol nystagmus in which I know you are interested.
attributable to the difference in specific gravity be- Have you looked at this yet and are you prepared to

tween perilymph and endolymph, a continuous cupula say anything about the effects of alcohol on the density

deflection should not be main.tained by an increased of perilymph and endolymph?

g field unless there was reorientation relative to the MONEY: This hasn't been completed. According to

g field, the theory we are working on, a_er alcohol intake the
LOWENSTEIN: Was 10 the value of _r/A found by the density of endolymph should increase. But, in fact,

Pensacola investigators? we found that after alcohol, the density of endolymph
MONEY: I believe it was 12. decreased by quite a lot. We are not very pleased with

LOWENSTEIN: We found a value of 35. that result, but we are going ahead to establish it one

MONEY: My numbers are open to criticism because I way or the other, and it looks as if it is lighter.

measured viscosity outside of its normal position for BENSON: At least you got a change.

one thing. The results of other workers are open to CAPPEL: We checked the ratio of damping to moment

criticism because they were really dependent upon an of inertia on the basis of data provided by Prof.

assumption regarding the quantitative response of the Melvill Jones, and we found the value to be of the order

crista's transducers to endolymph movements, of 200, just as you predicted here. This is on the basis

LOWENSTEIN: The figure which was derived by of a 0.14-ram internal radius of the canal and of the

Green was worked out in a vacuum, so to speak ; there- density and viscosity of the fluid equal to that of water,

fore, I wouldn't put too much trust in his value. He which isn't too far off. It still requires an explanation

tried to carry out a dimensional analysis, making as- as to why the actual experimental results do not bear

sumptions about the viscosity, but you have all the aces. out this number.
MONEY: I recall tha_ he used the vi_cosi_y of water In reply to Mr. Steer, I believe that the Hagen-

at body temperature for humans. I believe it was Poiseuille equation for motion of the viscous fluid

around 20 ° for a fish. This, of course, accounts for a through a tube is correct whatever the dimensions are

good deal of the difference. My _scosi¢y figures were because in this equation it is assumed that the fluid is

1.8 times the viscosity of water, stationary next to the wall and shaped parabolically
BENSON: I would like to thank Dr. Money for at across the cross section. The difference between tubes

least supporting this difference in density between of varying diameters is only the steepness, if you will,

endolymph and perilymph which was put forth as a of the parabola. I do not think there is a qualitative

possible explanation for the sustained per-rotational difference in the flow. It is a quantitative difference

nystagmus which Dr. Guedry and I have both seen only.

during horizontal rotation. But this is not the total MAYNE: We checked the formula in the computa-

story by any means because although there may be a tion of the constant of viscosity over moment of inertia

difference in density, there must also be relative move- of the canals of the pike and obtained a value of 35,

merits of endolymph in the duct within the canal itself, corresponding exactly to that determined ,experi-

This assumption and the whole problem of the role of mentally by Lowenstein et al.
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cell__ The spontaneously silent receptors which sensory units, triode:

are'considered to be less sensitive would cor- __)___/ __

'respond to the sensory cells with few functional

synapses, with lowsensitivity
If electrical transmission from the sensory (sponlaneouslysilent)Af,_"_k

cell to _he nerve endings really does exist at
the sites of external compound membrane junc-
tions, it might be just those connections which z --t

contribute essentially to the spontaneous activ- __|

ity or high sensitivity of the sensory units.
Electrical transmission means that there is a withhighsensitivity
current flow whenever and wherever there is a (spontaneouslyactive)

potential difference between the junctional ele-

ments, in the present case between sensory cell
and nerve endings. Very little is known about

the neurohumoral transmission from sensory Figure 9.--Ti_e sensory units (left) are compared with

cells to nerve endings. If we assume similar electronic tube triodes (right). Upper line: sensory

mechanisms, as in interneural synapses, trans- ceil with few synoptic connections with the nerve

mission will occur only if there are potential chalice corresponds to a triode with a very small
number of grid holes. IF there is a potential differ-

changes in the presynaptic cell. However, ence between sensory cell and nerve ending (cathode

where extensive electrical connections are pres- and anode), there is very little current flowing from

ent, a steady current will flow between the the sensory cell to the nerve ending (cathode to

sensory cell and the nerve ending as long as anode). Such a sensory unit would be considered
there is a difference between the receptor poten- of low scnsitivity. Lower line: sensory cells with

a great number of synoptic and electric contacts with

tim in the sensory cell and the resting potential the nerve ending would correspond to a triode with
in the nerve ending. In this way there will be a great number of grid t_oles. In this case the cur-
constantly renewed generator potential within rent flow from sensory cell to nerve ending (cathode

the peripheral nerve fiber branches, giving rise to anode) would be much easier and greater if there

to action potentials at the initial segment. The is a potential difference between sensory cell and
nerve cnding (cathode and anode). Such a sensory

synoptic neurohumoral junction between sen- unit would be considered to be of ]_igh sensitivity.
sory cell and nerve endings, on the other hand,

will come into action only when there is a change
in the receptor potential in the sensory cells the nerve ending the anode, and the junctional
undergoing active stimulation, membrane the grid, whereas the syn_pses and

Such considerations are, however, still hypo- especially the electrical contact areas would
thetical until more information on electrical correspond to the grid holes. That the behgvior

transmission in the vestibular sensory receptors of the sensory units can be changed by polariz-
is available. :But such a dual (electrical and ing dc currents has been demonstrated by
neurohumoral) transmission system between Lowenstein. We wonder, however, if the size

sensory cells and nerve endings could help to _nd number of synapses or electrical contacts
explain many functional features of the vestibu- could also influence the behavior of the sensory

lar sensory epithelia, units. The more or larger holes in the grid
of a triode at a given grid voltage, the easier

A very primitive scheme might illustrate this is the current flow from cathode to anode. For

point. As already suggested by Lowenstein the sensory cell, it would mean that a great
(ref. 10), we might compare the sensory-cell number of synapses or electrical contacts would

nerve ending unit with a triode (fig. 9). The allow an easy current flow from the sensory cell
anode current depends basically on the grid to the nerve endings and therefore induce a

voltage and on the number and size of the grid spontaneous activity or facilitate the transmis-

holes. The sensory cells would be the cathode, sion from the sensory cell to the nerve endings,
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tweeri efferent endings and afferent nerve fibers positions (ref. 9). Although some of the mon-

are quite common in cats, they are extremely keys manifested marked ataxia for hours fol-
Fare in monkeys where the great majority of lowing exposure, the ultrastructure of the mac-
the efferent endings are found in connection ulae was not altered in any of the animals. The
with the type II hair cells. As compared to the poststimulatory ataxia thus cannot be attributed
internal hair cells of the organ of Corti, the to end organ changes. It might have its ori-
efferent terminal branches enter in synaptic con- gin in disturbances of the central nervous sys-
tacts with several different sensory cells or nerve tern. The fact that exposure to 10 g did not
fibers as was obseiwed by hrato and Taidel]i affect the u]trastructural appearance of the ves-

(ref. 15) ir_ the rat. tibular sensory epithelia is actually not too sur-

Whereas the efferent nerve endings have di- prising when we consider the enormous increase
rect connection with type II hair cells, they of acoustic energy needed to produce the
never enter in direct contact with the type I hair first visible changes in the cochlear receptor.

cells. Here they show only synaptic connections Whereas in our present experiment we were
with the nerve chalice or afferent dendrites (fig. dealing with a tenfold increase in the normal

10). From this structural point of view it stimulation energy, we need about a 1-million-
would seem that they have a direct influence fold increase to produce a stimulation damage

on the type II hair cell in the sensor of presyn- in the cochlear receptor.
aptic inhibition, whereas in the case of type I However, in a report by Vinnikov and Titova
hMr cell they exert their action only on the nerve (ref. 17) they describe ultrastructurM changes
chalice or dendrites in the sense of a postsyn- in the vestibular sensory epithelia after repeated
aptie inhibition. In this way undoubtedly the exposure to high g. This of course would be of
efferent fibers influence considerably the forma- utmost significance in future space flights.

tion of the generator potential in the afferent At the ultrastructurM level it is always an ex-
dendrites. All electricM activities of the den- tremely difficult task to decide what changes

drites induced at the synaptic or electric june- are significant and specifically due to the experi-
tions with the sensory cells will be added to and mental conditions used. Very little is known in
integrated with the inhibitory efferent impulses, general about the ultrastructurM pathology of

resulting in the final generator potential which the vestibular sensory epithelia. In the present
triggers off an action potential at the initial sea- study we tried, therefore, to analyze possible
ments of the neurons if the threshold is reached, pathological aspects of the vestibular sensory

A finM modification of the neuronal message epithelia under normal and experimental condi-
in the vestibular nerve might come from the tions.

adrenergic innervation of the vestibular sensory In the vestibular sensory epithelia of appar-
epithelia which we were able to demonstrate ently normM animMs, a certain number of struc-
histochemieMly, using the method of FMk and tural variations can be found which could be
Hillarp, and which appeared to be independent taken at first sight as pathological changes.
of the blood vessels (ref. 16). First of all, the cytoplasm of the sensory cells

shows a great variation in density. In the cat it

PATHOLOGICAL ASPECTS OF is usually denser than that of the supporting
THE VESTIBULAR EPITHELIA cells and always contains a large number of ri-

With the intention of finding out whether the bosomes, a well-developed endoplasmie reticu-

ultrastructurM organization of the gravity lure, and infranuclear rough ergastoplasma
receptors becomes altered under exposure to membranes (figs. 11 and 12). In certain cells,
high levels of gravitoinertial force comparable however, it appears extremely dense, frequently
to what could be experienced by astronauts dar- associated with an extensive vacuolization (fig.

ins launch and reentry, we exposed 11 squirrel 13). Between vacuoles and mitochondria the
monkeys to 5A g or 10.9 g on the centrifuge in cytoplasm is packed with ribosomes and larger
Pensacola for up to 10 minutes in different head granules which probably are condensations of
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proaches the sensory epithelia from the perilym-

phatie spaces, affects primarily the type I hair

cells. Type II hail- cells and especially the
supporting cells are more resistant. This con-
firms similar observations of Wers_l] and

Hawkins (ref. 19), who found that only a few

type II hair cells survived after chronic intoxi-

cation and that the type I hair cells had com-

pletely disappeared from the crista epithelium.

The supporting cells were not affected at all.

A massive acute intoxication, however, ap-

pears to affect also the type II hair cells and to

a certain extent the supporting cells.

The structures primarily damaged appear

to be the nuclei, the ribosomes, and the rough

endoplasmic reticulum, all structures involved

in the protein metabolism of the cell. Other

changes, such as a vacuolization of t.he cyto-

plasm and mitochondrial damage, are most

likely to be secondary and nonspecific.

Figure 20.--Detail of a type I hair cell (H) from the
same erista as represented in figures 18 and 19. The

nucleus (N) shows a very uneven ehromatin distri-

bution. Some of this ehromatin seems to be ex-

truded from the nucleus into the cytoplasm of the

celt (X). The cytoplasm is greatly vacuolized, and

the mitochondria show a spotty clearing of their

substance. The nerve chalice (0) presents no major

changes.

indeed be found in the macular sensory
epithelium.

Much more dramatic are findings in the ves-
tibular epithelia of the animals where the

streptomycin could directly penetrate the laby-
rinth through small defects in the round
window membrane (fig. 55). In such massive
intoxication, most of the sensory cells are com-
pletely degenerated, and little protection is
given to type II hair cells. The nuclei of the Figure 21.--View o_ a macula of a cat which had re-
supporting cells then are affected also, but to • ccived one-half gram ol streptomycin into the bulla

2]t hours prwiously. At first sight the sensory epi-

lesser degree. However, the nerve endings and thclium leas a normal appearance. There is, how-

fibers still look fairly good in spite of the fa_t ever, a clear clodding of the ehromatin oJ the nuclei

that their associated sensory cells are in a state of hair cells type I (H_), whereas the nucleus of the

of disintegration, type II hair cells (H2) has normal chromatin distri-
bution. In addition, the cytoplasm of the type I

The present study provides us with the fol- hair cells appears unusually light as compared with
lowing information: streptomycin, which ap- the surroundi,g supporting cells.
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DISCUSSION

LOWENSTEIN: I was fascinated by your hypothesqs sory cells by Dr. Hawkins and me and Dr. Duvall and

abet_t the function of the ephaptie structures which myself did not give the saine resul, ts as those presented

you find in the type I hair eells,and if I understood here by Dr. Spoendlin. According to his findings,
you right, you think that the leakiness of the mem- streptomycin inhibits the synthesis of the stable factor

brane which is responsible for the spontaneous basic of the cell membrane. This results in merging of the

activity may be due to these "eptmptic" synapses, sensory hairs, disappearing of the hairs and bulging of

Hitherto, of course, one blamed chemical synapses for the cell surface into the endolymph. The cell finally

this leakiness. We are told that parcels of acetyleho- is pushed into the endolymph and disappears. Kana-

line, or whatever transducer, go ou,t into the nerve mycin, on the other hand, will, in guinea pig, cause an

dendrite. When I saw your pictures, however--this early degenera/cion of ribosomes and nucleus iu the hair

is not a criticism--it struck me that if these things cells of the organ of Corti. A similar difference be-

are ephalTtic, could they not play the role of recurrent tween locally injected and parenterally administered

collaterals? That is to say, conduct from the calyx antibiotics has also recently been found in studies by

into the cells in accordance ,to the exei,tation running Dr. Arstila and myself on the effect of neomycin on the

down the calyx membrane. You see, this is an alterna- olfactory epithelium. These will be publishe4 soon.

rive explanation which would also have its parallels in SPOENDL[N: Relying on what is known today, it
other systems, might be impoptan.t to know whether we deal with true

SPOSNDUN: This question should actually be an- fusions of the presynaptic and postsynaptic mem-

swered by eleetrophysiologists. The ul¢rastrueture so branes. The only known morphological evidence so
far does not tell us in which direction electrical trans- far for electrical transmission has been true fusion of

mission does occur. In lower animals some of the the junctional membranes in the sense of external corn-

electrical synapses have been found to be unpolarized, pound membranes. Different fixation or staining tech-

conducting both ways, and others polarized allowing niques bring out the unit membranes differently. When
only one-way transmi.ssion. At the presen,t time such we see the outer leaflets of the unit membranes merge

electrophysiologieal information is no¢ available for to one single layer, the so-called fusion line, we con-

the vestibular sensory epithelium, sider such places as e._ternal compound membranes.

WERS)i, LL: Even after seeing Dr. Spoendlin's beauti- The overall thickness of one unit membrane in osmium-

ful pictures of the junction areas in the nerve chalice, it fixed, uranyl acetate-stained material appears to be

seems clear that we have _ study these areas with between 50 and 70 A. At areas with external corn-

various staining solutions and era'bedding media to pound membranes, the overall thickness of the fused

make it clear whether or not there exists a true junc- membranes of sensory celt and nerve chalice is between

tion of the opposing layers of the cell membranes. 100 and 120 __, which indicates that even when the

The studies on the effect of streptomycin injected outer leaflets of the unit membranes and the fusion

intramuscularly or subcutaneously on vestibular sen- line are not clearly visi_ble, we would deal with a real
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fusion of the two membranes. However, we cannot SMITH: It may be something that will only be _tY:ought
4

exclude for sure that such membrane fusions are some out by certain kinds of fixatives.

_ort of artifact. SPOENDLIN: That's correct. As you know, Roberts0n

As far as the streptomycin effect is concerned, it studied his external compound membrane mainly with

was our aim to study the acute intoxication of this a special stain and a special potassium manganate fixa-

drug. Recent microbiological studies show that many tive. He was also able, however, to demonstrate it less

toxic effects might be secondary to the primary point clearly with osmium fixation. He found a character-

of attack which appears to be at certain steps in the istic pattern in those junctional membranes, possibly

protein synthesis of the cell. With acute massive in- related to electrical transmission.

toxieation we hope to find the most likely primary HAWKINS: I have always been beset by a lingering

effects of streptomycin on the cell. Since the animals doubt about the streptomycin experiments in which one

(guinea pigs and cats) do not tolerate large doses of instills the solution into the bulla, and that is whether

streptomycin parenterally, we resorted to the applica- we are really observing the same ototoxic effect that

tion in the bulla. It might very well be that this local one gets when one administers it parenterally. It has

application provides different results from general in- long been known that hypertonic salt solutions instilled

toxication by subcutaneous or intramuscular applica- into the bulla will reduce the microphonic activity of

tion of the drug. the inner ear simply by their hypertonic effect, and it
SMITH: I would like'to add a word to what Dr. Wer- has also long been known that drugs of the strepto-

s$ill has said about the membrane fusion of the synapse mycin group have great difficulty in crossing certain

because of what I had said in a prior discussion. Per- biological membranes, which is presumably why they

haps there are membrane fusions there. They may are not absorbed from the gut. I wonder whether this

well be. But if they are present, I think one will find is simply a hypertonic effect or whether it is true
that there is some difference between these and mere- streptomycin effect. Can Dr. Spoendlin reassure me

brane fusions elsewhere, because one can regularly on this point?

demonstrate membrane fusions between supporting SPOE'NDLIN: This, of course, is an important point.

cells in the sensory areas. But, even in the same sec- We based our experiments mainly on earlier similar
studies of different authors on the light-microscopiction, there is no evidence for fusion at the synapse.
level.

SPO[-'NDLIN: I certainly agree that similar membrane
HAWKINS: The question is whether we get the same

fusions are found among almost all epithelial cells.
effect with the hypertonic salt solution. I wonder if

Such places are known as zonulae occludentes. So far
you had a control for that?

we have not been able to find significant distinctive SPOENDLIN: The only control consisted of the injec-

features between those zonulae occludentes and the ex- tion of 50 percent sucrose or 25 percent mannitol in
ternal compound membranes of hair cells and nerve the bulla which showed no effect on the ultrastructure

chalices in the vestibular sensory epithelia, of the vestibular sensory epithelia.
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SUMMARY - -

A review is given of some of the many features in the anatomical organization of

the vestibular nuclear complex of the cat, including some new, hitherto unpublished,

observations on synaptic arrangements within the nucleus of Deiters.

Histological and topographical analyses of the vestibular nuclei show that in addition

to the four classical vestibular nuclei (superior, lateral, medial, descending or inferior),

the complex includes a number of minor cel,1 groups. Within each of the four main nuclei

there are regional differences in cytoa:rchitecture. These morphological differences suggest

that there are functional differences between parts of nuclei and between cell groups.

This suggestion is strongly supported by analyses of the efferent and afferent fiber con-

nections of the vestibular nuclei. These connections have been studied experimentally by

means of the modified Gudden method for mapping of the origin of fibers, with the Nauta

method for the determ,ination of sites and modes of endings of fibers.

The various contingents of afferents all have their restricted distribution within the

vestibular nuclei. Thus in the lateral nucleus of Deiters, primary vestibular fibers end

in the rostroventral part only. In a correspond,ing manner the sites of origin of the

various contingents of efferent fibers are more or less circumscribed. For example, fibers

to the spinal cord come only from the lateral and medial nuclei. The nucleus of Deiters,

its projection to the spinal cord, and the pathways from the cerebellar vermis to the

nucleus show a somatotopical pattern. The primary vestibulocerebellar fibers have a

wider distribution within the cerebellum than known previously. 'I_ey end as mossy

fibers, which appear to differ in some respects from the classical type of mossy fibers.
In the lateral vestibular nucleus of Deite_rs, afferents from various sources differ

with regard to their relation to the nerve cells. In Nauta sections it is found that some

fibers, for example, the primary vestibular afferents, end on small cells, while others, for

example, those from the cerebellar cortex, contact chiefly large cells. Most afferents end

on somata and dendrites. In Golgi sections it is seen that fibers on the surface of a cell

may climb for a considerable distance along a dendrite, lSlectron micrographs show that

synaptical contacts are established between such fibers and the dendrite. Synapses are

also formed with the spines of the dendrites. Degenerating boutons can be seen in electron

micrographs following experimental lesions of afferent fiber systems. In this way it has

been established that the afferents from the anterior vermis establish synaptic contacts

with somata and smooth parts of dendrites, as well as with very thin dendrites and with

spines. It appears from Golgi sections that cells which may be considered as internuncials

are present only in the medial and descending nucleus.

The anatomical organization of the vestibular nuclei, just as of the receptor organs,

turns out to be extremely complex. Much still remains to be investigated. Even if there

is complete agreement on several points between anatomical data and results of physiologi-

cal experiments, the anatomical data available at present indicate functional differentia-

tions between cell groups and parts of nuclei which go beyond what has so far been clarified

in physiological studies. The importance of considering the anatomical differentiations

in future functional studies cannot be too strongly emphasized.
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N.=_s_[_c._ _Ros,r,, PRIMARY VESTIBULAR FIBERS .
3 £_. 11

,I <'._)_ "'. i, The course of the primary vestibular fibers
it _ , >. ;, within the brain has been described in great
_ _z_,f_ detail by Cajal and other workers on the basis

_r_ffi_!:)!:(_':_ _ .._.__< of Golgi preparations, and some authors have
P-¢_:::_!_" traced the fibers in Marchi preparations. How-.? - _

_:_._ I. ever, when we undertook an experimental anal-
_._ ysis with silver-impregnation methods, further

__ '_ ,,. details could be established in the distribution"__.... ::...._,.;',°'.'..-_× _" _- of primary vestibular fibers within the ves-
___._i:;_, O:_;_: ', tibular nuclei (ref. 13) as well as in the cerebel-
_---r__--'"_ _!_:_:.::i.::;_::_.::_.i:_. lum (ref. 14) It turned out that the primary", -_ _ L_.:):(_?::.'_:_ "_- 'i

vestibular fibers do not supply the entire ter-

___,,_._. _ _'" _.._- ritory of the vestibular nuclei. Within each

¢ of the four main nuclei there are parts which
'_' _' \J 'l' _2 receive such fibers and others in which no termi-(} c "

'-_:_ t_ i; nations could be found. This is seen
from

i figure 4, where the sites of termination are
___)_., indicated by dots. The superior nucleus is

-_- : supplied with primary vestibular fibers chiefly
s

_\_, _ .... in its central region, the medial and descending
_)}. _@_ chiefly in their lateral and medial areas, respec-

D W':_:: 22'; ;":.

2_1'_!]_i_i:i:_)_ "' tively. The lateral nucleus of Deiters receives
__:i//__'_!'i.::2_ vestibular afferents in its rostroventral area,L'_-_'%- _/ .... "_:_"' ....... ......

"_ ....._'::-_ '_'.... while the dorsocaudal region is free. The re-
Figure 3.--A series o_ equally spaced camera lucida stricted distribution is shown in the photo-

drawings of transverse sections through the brain micrograph of figure 5. (Leidler, ref. 15, in
stem of the cat, to show the topography and (below

to the right of eaek drawing) th.e chief cytoarchitec- his Marchi studies in the rabbit appears to have
tural ?eatures of the vestibular nuclei. The rings in noted this in the nucleus of Deiters.) It is,

the descending nucleus represent the longitudinally furthermore, of interest that the primary yes-
running fiber bundles within this. Note di_erenees

in cytoarchitccture within each of the four principal tibular fibers establish contact, at least largely,
nuclei and scvcral minor cell groups. (From rcf. 12.) with the small cells of the nucleus of Deiters,

Table 1.--List of Abbreviations Used in Figures 3, _, 6, 8, 9, and 10

B.c., Brachium conjunctivum N.d., Nucleus dentatus N.p.s., Nucleus parasolitarius Tr. s., Tractus solitarius
C.r., Corpus restiforme N.f., Nucleus fastigit N. tr. s., Nucleus tractus soli- T..sp.n.V, Tractus spinalis

D, Descending (spinal) yes- N.f.c., Nucleus funiculi cune- tarii n.V.
Ubular nucleus ati N. tr. sp. V, Nucleus tractus Uv., Uvula

f, Cell group f in descending N.f.g., Nucleus funiculi gra- spinalis nervi V V, VI, VII, XII, Cranial
vestibular nucleus cilis N. VI, VII, VIII, Cranial motor nerve nuclei

Flocc., Flocculus N.J., Nucleus interpositus nerves VI, VII, and VIII X, Dorsal motor (parasym-
g, Group rich in neuroglia cerebelli 01. i., Oliva inferior pathetic) vagus nucleus

cells, caudal to the caudal N.i.a., Nucleus interpositus O1. s., 01iva superior x, SmaU-celled group x, lat-
end of the medial vestibu- anterior p, Small-celled part of lateral eral to the descending ves-
lar nucleus N.i.n. VIII, Nucleus interstl- cerebellar nucleus tibular nucleus

i.c., Nucleus intercalatus tialis nervi vestibuli Pfl. d. and Pfl. v., Dorsal and y, Small-celled group y, lat-
(Staderini) N.l., Nucleus lateralis (denta- ventral paraflocculus, re- eral to the lateral vestibu-

L, Lateral vestibular nucleus tus) cerebellt spectively lar nucleus (Deiters)

(Deiters) N.m., Nucleus medialis (fas- p.h., Nucleus praepositus hy- z, Cell group z, dorsal to the
1., Srnall-celled lateral group tigii) cerebelli poglossi caudal part of the descend-

of lateral nucleus N. rues. V, Nucleus mesence- S, Superior vestibular nucle- ing vestibular nucleus

M, Medial (triangular or dor- phalicus n.V us (Bechterew)
sal) vestibular nucleus Nod., Nodulus Sv., Ceil group probably rep-

N. cu. e., Nucleus euneatus N. pr. V, Nucleus sensibiUs resenting the nucleus su-
externus principalis n.V. pravestibularis
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I come from the cristae (see above), it would
follow that at least many of the vestibular
impulses reaching the cerebellum are derive4
from the cristae.

Left Right The recent findings on the fine morphology
of the receptor organs (see, for example, refs.
27-32) indicate the existence of a fargoing
functional differentiation within each of them,

and the question may be raised whether the
structural differentiations in the receptors are
reflected centrally. For example, do the thick
fibers, innervating the bottle-shaped receptor
cells of type I, which are found chiefly in the
central parts of the sensory epithelia, differ in
their central distribution or mode of ending

Pfl.v. from the medium-sized fibers which supply the
cylindrical cells of type II, most numerous in

Flocc. _ IX:(Uv.) the peripheral parts of the epithelia ? Further-
J more, does the polarization of the receptors
}St(Nod.) within the sensory epithelia (ref. 39) have a

_@_ ___P central counterpart as concerns the distribution

of the fibers from various regions of the
epithelia ?

Figure 6.--Diagram o[ the cerebellar sur/ace o? the cat In view of the specific reactions that can be
(imagined unfolded) above,and of the intracerebel- elicited from the labyrinth, it seems indeed very

lar nuclei (adapted from Flood and Jc_nsen, re?. 19) likely that the specificity found in the periph-
below, showing the sites of termination (dotted) o/ eral apparatus must be maintained in some way
primary vestibular fibers. (Abbreviations as in leg-

end to fig. &) (From re?. 1_.) or other in the central connections. At present,
however, practically nothing is known concern-
ing this problem. Experimental studies as

discussed in some detail by Brodal, Pompeiano, those performed in our laboratory give only
and Walberg (re?. 1, p. 90 ft.), the studies of little information. The original caliber of a
Lorente de N6 (refs. 23-95) indicate that there degenerating fiber can only be judged approxi-
is at least some measure of a differential distri- mately. However, it appears that all the ves-
bution. For example, it appears that the su- tibu]ar nuclei are supplied by thick as well as
perior nucleus is supplied only by fibers from medium-sized primary vestibular fibers. A fair
the cristae, while fibers to _l_e lateral nucleus number of the fibers to the cerebellum appear to
of Deiters (its ventral region) are derived from be thick, but the small-celled part of the lateral
the utricu]ar macula. Experimental studies, nucleus (p in fig. 6) is supplied chiefly by rela-
admittedly technically difficult, are needed to tively thin fibers.
determine the precise central distribution of A number of details on the fine anatomy of
afferents from the various parts of the receptor the primary vestibular fibers remain to be
organ, clarified. This is also true of the central con-

In this connection the branching of the pri- nections of the vestibular nuclei, even though
mary vestibular fibers is of relevance. Thus, recent research has made clear certain major
most of the primary vestibular fibers to the features. Some of these will be considered in
cerebellum pass through or above the superior the following, but a number of interesting de-
nucleus (see re?. 14), and many of them give tails will have to be left out. It will be ap-
off collaterals to it (re?. 26). If these fibers propriate to start with the efferent fibers.
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EFFERENT CONNECTIONS OF THE

VESTIBULAR NUCLEI __]]]32_ 2
• The vestibular nuclei may act directly on
various other parts of the brain by way of their
efferent fibers. Rather schematically, the re-
ceiving parts may be listed as follows: spinal rostra1

5 ...... I
cord, cerebellum, nuclei of the ocular nerves and dorsat .....

other nuclei in the upper brain stem, reticular _ _[_s!

formation. However, there is a considerable tOerat ediat ventral I
degree of specificity as to the parts of the

nuclear complex which give off efferent fibers
to the various destinations, another token of the ve_*ra=-_'_J_4
existing differentiation within the vestibular /_ caudal

mechanisms. _ BConnections From the Vestibular Nuclei to the Spinal 5
Cord

_ fibres to cervical cordRecent anatomical studies have cleared up 6 [===].... thoracic ,,
some hitherto controversial questions and

A _ .... [umbosacral -
brought forward some new data. There are
two main routes from the vestibular nuclei to

Figure 7.--Diagram to show the somatotopie arrange-

the cord: one from the nucleus of Deiters, mcnt ol the origin within the latera_ vestibular
forming the well-known vestibulospinal tract; nucleus of fibers passing to different levels of the

the other from the medial vestibular nucleus cord. To the left (A), the pattern is shown as seen

passing in the descending medial longitudinal in transverse sections; to the right (B), as it appears
when projected on a sagittal reconstruction of the

fascicu]us. Nyberg-Hansen (ref. 33) suggests lateral vestibular nucleus. (From re)E 38.)
that the latter should be called the medial ves-

tibulospinal ,tract, and the former the lateral.

The lateral vestibulospinal tract has been first place, small as well as large cells give rise
to vestibulospinal fibers. Secondly, there is aknown since the works of the early neuroanat-

omists to be ipsilateral and to descend in the clear somatotopical pattern within the nucleus,

ventrola,teral funiculus throughout the cord. as seen from figure 7. The rostroven;ral part
(For references, see refs. 1, 3, and 4.) Its site sends its fibers to _he cervical cord and is thus a

"neck and forelimb region"; the dorsocaudMof origin is restricted to the nucleus of Deiters2
part gives off fibers _o the lumbosaerM cord and

Only lesions which involve this nucleus give rise represents a "hindlimb region." In between

to degeneration inthevestibulospinaltract (ref. there is a "trunk region." This localization
34), and only this nucleus shows cells with retro- has been confirmed physiologically (ref. 39).
grade changes following transection of the tract The fact that small as well as large (giant) cells
(ref. 38). Two ,_dditional features of interest give rise to fibers in _he tract agrees with the
were disclosed in our study (ref. 38). In the observations that the fibers are of different cali-

bers, and with the varying conduction velocities
It is necessary to emphasize that in this presenta- recorded (refs. 40 and 4=1).

tion the lateral vestibular nucleus of Deiters is taken
(see ref. 12) to comprise that part of the nuclear com- According to recent physiological findings,

plex in which the giant cells of Deiters form a char- the vestibulospinal tract and the nucleus of

acCeristic element. This is in agreement with the Deiters exert an excitatory effect on extensor

delimitation used, among others, by Cajal (ref. 35) motoneurons (refs. 42 and 43) and are essentialand Kappers, Huber, and Crosby (ref. 36). Several

authors, most recently Voogd (ref. 37), use other de- for the maintenance of pastural tonus. The
limitations. In some physioh)gical papers the term suggestive evidence that the nucleus of Deiters"nucleus of Deiters" is used to denote almost the

entire vestibular c_)mplex, appears to receive fibers from the utricular
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macula (as referred to above)is of interest in __o.BS, L_o

this connection. The nucleus influences alpha ,/ s

, __ _, N_f_us well as gamma motoneurons (refs. 44 and 45)
and it is tempting to speculate upon whether I__= J_ _i_ r_,_' ':' "_)-_!_J" -_J

the two types of cells in the nucleus may _;-_,2j/ a_,_/_'_/be related each to one of the two types of
motoneurons. _ _ _ _-_ ....

It has been concluded from physiological .....

studies (ref. 43) that the vestibulospinal fibers
influence the alpha motoneurons monosynapti- _z_-_
tally. A study of the sites of termination of
the vestibulospinal fibers with silver-impregna-
tion methods (ref. 34) shows that these fibers i
end in Rexed's laminae VIII and neighboring

part of VII (fig. 8), while terminations are not
found in lamina IX (except for a few in the _,
thoracic cord) which harbors the perikarya of _'," _- _\_....
the alpha as well as the gamma motoneurons /,/_"_ l_'_,..!il
(refs. 46 and 47). The majority of the fibers
end on dendrites. Since dendrites of mot_neu- .,,

rons may extend rather far dorsally (refs. 48 " _

and 49) into laminae VIII and VII (ref. 49),

the anatomical and physiological findings are .....

not necessarily in contradiction. //_j_, _i_"_

The medial ve,stibulospinal tract.--From a _ ,.°
critical review of the literature (ref. 38), it ap- __ _)_7_....
pears that the vestibular fibers descending in the __ '__, Ii _ t!l
medial longitudinal fasciculus arise only from
the medial vestibular nucleus. This has re- _

cently been demonstrated experimentally by Figure 8.--Diagrammativ representation ol the course

Nyberg-Hansen (ref. 50) in a study of the de- and site ol termination (dots) oJ vestibulospinat
generation as seen in silver-impregnated sec- fibers in the cat as determined cxpcrimentaUy.

lions following isot_ted lesions of the various Above, a diagram of the lesion, confined to the lateral

vestibular nuclei. No descending fibers were vestibular nucleus. Roman numcrals it_ the spinal
cord refer to Rexed's zones. Note absence of ter-

found from ,the descending nucleus, in agree- minatio_ in laeaina IX, harboring the motoneurons.
ment with Carpenter, Alling, and Bard (ref. (Abbreviations as in legend to fig. 3.) (From ref.

51). The fibers descend bilaterally, chiefly un- st.)
crossed, in the area of the medial longitudinal

fusciculus (fig. 9), but can be traced only to and the lateral vestibular nucleus are consid-

midthoracic levels. They end largely in the ered. From the studies of Lorente de N6 (see

same regions _ the fibers of the lateral vestibu- ref. 1, p. 20 ft.) it appears ,that the medial
lospinal tract, and like these appear to contact nucleus is supplied chiefly by fibers from the

somata as well as dendrites, cristae, and units responding to horizontal rota-
In spite of largely corresponding zones of tion of the head have been found in the medial

termination within the gray matter of the cord, vestibular nucleus (ref. 52). The suggestion
the medial and lateral vestibulospinal tracts may be vegtured flint the medial vestibulospinal
differ considerably in their ana/mmical organiza- tract is primarily concerned in t.he movements

tion. This difference is further emphasized of the h_td occurring simuttaaeously with con-

when the primary vestibular fibers to the medial jugate deviation of the eyes (ref. 50), the more
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co._s,L_,, pute. By taking advantage of the modified

Gudden method (ref. 5), fibers to the cerebellum

were shown t,o originate ]11the descending and
the medial vestibular nuclei (ref. 6), chiefly

ipsilaterally, as well as in the group x (fig. 10).
Cells in these nuclei present retrograde cellu-

,..... _.... lnr changes (fig. 1) following cerebellar lesionsvovroiooth
Corresponding observations were made by Car-
penter, Bard, and Alling (ref. 54). However,
the changes do not cover the entire nuclei. The
majority of the fibers come from the ventro-

_' la.terarl p_rts of the descending nucleus (fig. 10).

. o . However our study does not entirely exclude

the possibility that eerebellar fibers may arise
in other parts of the nuclear complex ,as well,
since negative findings with the method of retro-

c grade chromatolysis a.re not decisive.
The mode of termination of the secondary

_ vestibular fibers is not quite settled, but it ap-t%

Figure 9.--Diagrammatic reprcse_tation of the findings

in a case with a lesion restricted to the medial l_
vestibular nucleus, showing the course a_d sites of

termination of descending fibers in the medial longi-

tudinal faseieulus in, the eat. Roman numerals in

the spinal cord refer to Rexcd's zones. (Abbrevia- L

tions as in legend to fig. 3). (From ref. 50.)

so since the medial nucleus gives off ascending
fibers as well, and there are tibet-s from the

nucleus which dichotomize into an ascending
and a descending branch (ref. 35).

Connections From the Vestibular Nuclei to the

Cerebellum

Secondary vestibulocerebellar fibers have been
demonstrated in normal material as well as ex-

perimentally (for references, see refs. 6 and 53).
In Marchi studies they have been traced to the Figure 10.--A summarizing diagram of the secondary

vestibulocercbellar projection in, the cat. The fibers

flocculus, nodulus, part of the uvula,, ,_nd the come from the regions dotted in the diagram of a
fastigial nucleus. It remains to be seen whether horizontal soction through, th.c vestibular nuclei;

silver-implantation studies will reveal a more namely, the vcntrolatcral part of the dcsccnding

extensive distribu'tion, corresponding to that of nucleus (including groups f, not indicated), the

the prilnary vestibulocerebellar fibers (fig. 6). caudal part of the medial vestibnlar nucleus, and
group x. The course of the fibers and their sites of

The exact site of origin of the secondary yes- termi_Tation are indicated according to Dow (rcf.
tibuloeerebe]lar fibers has been a matter of dis- 17). (From ref. 6.)
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pears likely from indirect evidence that they (see, for example, refs. 59-6"2). Physiological
end as mossy fibers (ref. 55). observations indicate that there may be a topi-

cal representation of the various vestibular nu_
Efferent Connections From the Vestibular Nuclei to clei (ref. 63) or of particular receptors in the

Higher Levels of the Brain cerebral cortex (ref. 64). However, we are only

Because of the interest of clinicians in the at the beginning of a clarification of the intri-

various types of nystagmus, this component of cate anatomical connections which form the
the vestibular fi'ber-conneetions has been the basis of these phenomena (see refs. 20, 58, and

subject of a number of anatomical studies. The 65-67 for some recent data).
relevant literature is, however, rather confus-

ing, in part because the lesions in experimental Efferent Connections to the Reticular Formation
studies have often not been restricted to partic- Although it has been shown in Go]gi studies
ular subdivisions of the nuclear complex and (refs. 68 and 69) .and in experimental studies
because of inconsistencies in the nomenclature. (refs. 59, 65, and 67) that some fibers from the

There is, however, agreement that at least most vestibular nuclei pass to the reticular forma-
of _hese ascending fibers course in the medial tion, or that ascending and descending vestibu-
longitudinal fascieulus (MLF). On the basis lar fibers give off collaterals to the reticular for-
of experimental studies by means of the modi- mation, a detailed mapping of these connections
fled Gudden method (ref. 5), we concluded remains to be done. (For some further data
(ref. 56) that all four classical nuclei (,_s well from the literature, see ref. 1.)
as group _ and the interstitial nucleus of the

Centrifugal Fibers in the Vestibular Nervevestibular nerve) contribute fibers to the as-

cending MLF. This agrees with the results of These have been advocated by some early
experimental and Golgi studies of other au- authors and have recently been investigated by
thors. Rasmussen and Gacek (ref. 70) ,_nd Gacek (ref.

As to the proportion of crossed and un- 71). They have been traced to all subdivisions
crossed ascending fibers, there is no unanimity of the labyrinth, and the suggestion of Gacek

in the literature (for a review, see ref. 56). (ref. 71)that _hey are derivedfromthenucleus
Most authors agree that the fibers terminate in of Deiters has recently been confirmed (in the
the nuclei of the nerves to the extrinsic ocular guinea pig) by Rossi and Cortesina (ref. 72),
muscles, the interstitial nucleus of Cajal, the nu- who in addition advocate the origin of some

cleus of the posterior commissure, and the nu- such fibers from a particular small cell group.
cleus of Darkschewitsch (for an account of The occurrence of cholinesterase in relation to

these nuclei, see ref. 57). O_her sites of fermi: the vestibular receptor ceils (ref. 73) and the
nations, such as the colliculi, the medial genicu- presence of "synap_ic" vesicles in the small
late body, the red nucleus, and the thalamus, knob-shaped terminals on vestibular sensory
have been described as well (see refs. 1 and 56 cells (refs. 27 and 30) fit in with the existence
for some references). Recently Carpenter and of efferent vestibular fibers.
Strominger (ref. 58) traced the thalamic fibers
to parts of the ventral posterior inferior and AFFERENT CONNECTIONS OF

ventral posterior medial nuclei, and to the para- THE VESTIBULAR NUCLEI

fascicular, eentromedian, and reticular nuclei. Generally speaking, the vestibular nuclei re-

In view of Vhe clear correlation between stim- ceive afferents from the same regions to which
ul,_tion of the various semicircular ducts and they give off fibers. Studies of the afferent con-
movements of the eyes in particular directions, nections bring further evidence of the existing
it may be surmised that there are anatomically complexity in the organization of the nuclei:
precise relations between a particular receptor The various contingents of afferents do not end

(superior cristae, etc.) and specific groups of diffusely and indiscriminately all over the nu-
motoneurons to the extrinsic muscles of the eyes clear complex, but have their particular sites of
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terminat'ion. This is seen from the diagram _ i ,ostro,
of figure 11 where the sites of terminations of _ _-_

_lle main contingents of afferents are indicated _z _2
by different symbols. Some contingents are _
scanty and have a veiny restricted tennination.
This is the case particularly with the descend-
ing afferents in the medial longitudinal fascie- 3 3

ulus. They are derived from the interstitial nu- _dor'°_

cleus of Cajal in the mesencephalon (ref. 57) la_eral_mediat lateral _ medlal

_nd supply only part of the medial vestibuhu'

nucleus (fig. 11). The cerebellar afferents to _e_troP<_4 4
the vestibular nuclei, on the other hand, are _ F"-..
particularly abundant. L)The principle of a different distribution of
afferents is most marked in the lateral nucleus, 5 5

which will be selected here for a closer eonsid- _ (_)
eration. This is justified also, because this is _-_ 6 _a0do_
the nucleus whose function is at present best A B
known. As mentioned previously, the primary

r[Trr] fibers to cervical card _ termination of primary

.... rhoracic
rostrol vestibular fibers

Forelimb / dorsal _ .... lumbosacral "

r_g_nn__ _ ]2igure 12.--Diagram showing (B) the sites of ter-

mination of primary vcstibular fibers (dots) in the

venlrol dorsal medial lateral lateral vestibular wuclcus as seen in a series of
,,li,,.,,,,i",ll_llll t

transverse sections corresponding approximately to

, Hindlimb those seen to the left (A), showing the somatotopie
/ region

pattern in the nucleus. Note restriction of vestibular

N.lateralis (Deiters) N.superior(Bechterew) a_erc_ts to the forelimb region. (From rcf. 13.)

vestibular fibers end in certain parts of the YeS-
dorsal

dorsal _ tibular nuclei only, in the nucleus of Deiters in

%_ its rostroventral part (figs. 4 and 5). If their

medial/ .... :':_,;.'!.'[ lateral medial site of termination is entered in the map of the
 ]iiiiiiiiiiiiM: , somatotopieal projection of the nucleus of

t Deiters onto the cord (ref. 38), it is seen that

N. medialis N.inferior (desc.; spinolis) their distribution coincides approximately with
Fibersfrom: the forelimb and neck region of tlm nucleus

Lobyrinih _ Cerebellorvermis_ (fig. 19). The fibers to the nucleus of Deiters
N.interstit._ N.fast.rostrol_ coming from the spinal cord (ref. 74), on the

Spinal cord _ .... caudal rJTJn]

other hand, are distributed to the dorsoeaudal

Figure ll.--Simplified and diagrammatic reprcsenta- part, the hindlimb region only (fig. 11), which
tion of the distribution within the four main yes- is devoid of vestibular afferents. This is the
tibular nuclei of afferent fibers from different sources.

case in the cat (ref. 74) as well as in the
Only the main contingents of affcrents are included

(see lce?] below). Varying densities 9f terminations monkey (ref. 75) and in man (ref. 76).
are not shown. The _ucleus of Deiters is represented The cerebellar afferent input to the vestibular
in the sagittal plane, the three other nuclei as seen nuclei comes in part from the flocculonodular

in transverse seetio_z. Note diffcrential distribution lobe_ but chiefly from the anterior and posterior
of the various eontiugents within caeh of the nu.elci.

(A similar diagram, including also themain cffercnt vermis. The flocculus and the no dulus both
connections, is found in ref. 1, p. 93.) send fibers to the nucleus of Deiters as shown
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in Marchi studies by Dow (refs. 17 and 77). end in the hindlimb region of the nucleus of
The cerebellar vermis disposes of two routes Deiters; fibers from the forelimb region in the

by which it may influence the vestibular nuclei, anterior vennis end in the corresponding pa_
There is a direct pathway and an indirect one, of Deiters' nucleus. Whether the projection
which involves a synapse in the fastigial nu- from the posterior vermis as well is somatopi-

cleus. Both fiber systems show ahigh degree of rally organized bus so far not been decided
differentiation. Our findings on these two sys- anatomically.

tems, as far as the lateral vestibular nucleus of The other cerebe]lovestibular pathway, pass-
Deiters is concerned, are summarized in figure ing via the fastigial nucleus, is more complex.
13, which is diagrammatic and does not include The diagram in figure 13 (to the right) shows
all details, that part of it which is related to the nucleus

The direct cerebellovestibular pathway to of Deiters. (Fibers from the fastigial nucleus
Deiters' nucleus (fig. 13, to the left) arises end in all vestibular nuclei, see fig. 11.) The

mainly in the vermis proper of the anterior lobe diagram shows that there is an orderly arrange-
(lobuli II-V of Larsell), to a lesser extent in ment in the projection from the anterior and

the posterior vermis, and its fibers end in the posterior vermis onto the rostral and caudal
dorsal half of the ipsilateral nucleus (ref. 78). parts, respectively, of the fastigial nucleus.

In their experimental study, Walberg and Jan- This was inferred from findings made in Marchi

sen (ref. 78)brought forward evidence thatthe studies (refs. 79 and 80), and even if later
projection is somatotopiea]ly organized : Fibers studies with silver-impregnation methods (refs.
from the hindlimb region of the anterior lobe 81 and 82) have shown that the localization is

not so sharp as originally supposed, the main

,, principle appears to be valid. The projections

/_.l'_: :_ __': '_ _'__ from the two parts of the fastigial nucleus onto

..... "'. _ the vestibular nuclei, however, show marked

_vl'_":'_?.._"_'" differences. Those from the rostral part, re-

'_}_: i'_:_.:_/_ _)_ ceiving their cerebellar input from the anterior

•z_2_ / 'x vermis, end in the dorsal half of the ipsilateral

nucleus of Deiters; i.e., in the same region where
the direct fibers end. The fibers from the caudal

_ Hookbundlefibre._ part of the fastigial nucleus, being influenced

Fasfig.nucl. from the caudal vermis, behave in a different

way. They cross in the hook bundle and enter
coudol )- Ipsiloterol

fog;2_, the contrMateral nucleus of Deiters. Further-
,ostrol rostro more, their termin,_tion is restricted to the

Lateral
_ro, /ao,_o, _o_,o' _,t,ol ao,_olvestnueL ventral half of the nucleus; i.e., that part which

• _o,_,_ is not supplied by the other contingents of fibers• hindllmb

from the cerebellum. However, as seen from

Figure 13.--Diagram illustrating major features in thc figure 13, both fastigiovestibular projections
projections from the cerebcllar cortex onto the onto the nucleus of Deiters show a somatotopic
nucleus of Deiters (to the left) and (to the right)

in the projections from the cercbcllar cortex onto t]lc organization. It is to be noted that the border
fastigiag nucleus and front this to the latcrat vestibu- between the regions which differ with regard to

ular nuclei. Note that the direct ccrebcllovcstibular their cerebellar afferents crosses the border be-
fibers and the projection from tl_e rostral part of the

tween fore- and hindlimb regions.
f$stigial nucleus end in the dorsal half of the ipsi-

latei'al lateral vest_bular ,itucleus, ,while the fibers Physiological studies have been made_ par-
from the caudal part of the fastigial nucleus via t]tc ticularly by Pompeiano and ]]is collaborators

]took bundle supply th,e ventral half of thc contra- (see refs. 1 and 83), which can be correlated
lateral lateral vestibular nucleus. Within each of

these proiections there is a somatotopic localization, with these features of the anatomical organiza-
Compare text. (From ref. 1.) tion of the cerebellovestibular connections.



FUNCTIONAL ORGANIZATION OF X_ESTIBULAR NUCLEI 131

Thus, physiologically a clear-cut somatotopical nerves). On the who]e, tile latter connections
arr'mgement in the cerebellovestibular projec- appear to be scanty, and little is known of their
tlons from the anterior lobe onto the nucleus of precise sites of termination. (For a review of

Deiters has been demonstrated (ref. 84:). As the literature, see ref. 1.)
referred to in a preceding section, the somato-
topical pattern in the vestibulospinal projection INTRINSIC ORGANIZATION OF THE VES-
has been demonstrated anatomically (refs. 34: TIBULAR NUCLEI AND SYNAPTICARRANGEMENTS
and 38) as well as physiologically (ref. 39).
Taken together, these findings explain why the Cytoarchitectonie studies and experimental
postural responses to stimulation or ablation of studies of fiber connections leave us with a pie-
parts of the anterior-lobe vennis of the eere- ture of the vestibular nuclei as being composed
bellum are somatotopically organized. (For of a number of minor units which differ with

further discussions of this subject, see refs. 83 regard to their afferent and efferent connections.
and 85.) The data concerning the posterior In fact, even within the individual nuclei there
vermis are yet not quite complete, but there is are subregions which have dissimilar connec-
strong suggestive evidence that conditions are tions. It must be assumed that these anatom-
similar (see ref. 83). ical features h,_ve functional implications, and

The mechanisms of the eerebellar actions on physiological evidence is accumulating which

the nucleus of Deiters are rather complex, as shows that this is indeed so.

reviewed recently by Pompeiano (ref. 83). An objection against these anatomical obser-
The chief action of the anterior lobe vermis rations may be raised, however, that they do

appears to be a tonic inhibitory influence on not give a picture which is valid as a basis for
neurons in the ipsilateral nucleus of Deiters, functional interpretations, "unong other things,
tending to reduce the extensor tonus. The because the methods employed do not give in-
caudal part of the fastigial nucleus exerts an formation about dendrites. If dendrites of
excitatory influence on the extensor moto- cells in a region which does not receive, for

neurons of the contralateral side (ref. 86). example, primary Vestibular fibers, extend far
However, there are further specifications. For into the territory of a neighboring region, which
example, the rostrolateral and rostromedial does receive such fibers, the anatomical demon-
parts of the fastigial nucleus differ functionally stration of a restricted termination of an
(ref. 87). This indicates that there are details afferent system would have little functional

in the anatomical organization of the pathways meaning. Recurrent collaterals and internun-
involved which are so fat" not known, cial cells may likewise contribute to complicate

Functional differences may also bear some interpretations. Only the Golgi method is at
relation to synaptie relationships, for example, present available for a study of these problems.
to the fact that the direct eerebellovestibular The classical studies of C_jal and Lorente de N6

fibet_ end chiefly on large neurons (ref. 78), have clarified many points in the finer anatomy

while the fastigiovestibular fibers end, ,_t least of the vestibular nuclei, but it is not always
chiefly, on sm,_ll cells in the nucleus of Deiters possible to correlate their data with the obser-

(ref. 9). rations m_de in experimental studies in the

In addition to the major contingents of after- eat. Dr. Hauglie-Hanssen in our laboratory,
therefore, has recently undertaken a Golgi study

ents discussed above, there are also others, of the vestibular complex (ref. 88) in an
Some axons of cells in the reticular formation, attempt to answer some of the problems referred
chiefly at least in itspontomedullary part, enter to above. It appears from his studies that

the vestibular nuclei, as do collaterals of reticu- there are in all places dendrites which extend
lospinal and other tracts. A certain number of from one vestibular nucleus to the neighboring
afferents from other sources have likewise been ones. There are, however, considerable re-

described (inferior olive, upper cervical dor- gional variations. Dendrites may also be
sal roots, mandibular, and glossopharyngeal traced into other adjacent nuclei and fiber bun-
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dles. However, the vast number of dendrites Dorsal

is contained within the particular nuclear re- _ _-" _-../

gion (see ref. 2, fig. 14). The same appears _ _ _M _D ),_" i'- \\

from Mannen's (ref. 89) studies of the den-

dritic patterns, although this author does not _:_(_

consider the particular subdivisions specially. " '
Even if some dendrites do extend into a

neighboring nucleus, their number appears to
be relatively modest. It appears very doubtful,
therefore, that their presence is of great func-
tional importance or will seriously contradict , .... i .....
the conclusions made on the basis of experimen- Ioo u
tal anatomical studies. 4

The possible presence of internuncial cells in Figure 14.--Drawing of a"small nerve cell, presumably

the vestibular nuclei is another relevant point, internuncial, in the descendi,tg vestibular nucleus
(inset shows position). The axon (arrow) gives off

Studies of the retrograde cellu]ar changes in a number of collateral branches which r_mify close
the lateral vestibular nucleus following sections to the perikaryon. Golg_ rapid preparation from a
of the lateral vestibu]ospinal tract suggest that kitten,. (Courtesy of Dr. E. Hauglie-Hanssen.)

this nucleus probably does not contain inter-
nunci_l cells (ref. 38). Like Caju] (ref. 35), studies of architectonics and fiber and cell de-

Hauglie-Hanssen (ref. 88) found only in the generations, the observations m_tde in Golgi
descending and medial nuclei small cells which studies do not overthrow the conclusions based

h_ve a number of branches close to the soma, on such findings, but supplement them. On
and which may possibly be internuncials (fig. m_ny points, moreover, the Golgi findings agree
14). As to recurrent collaterals, the axons of completely with observations made in experi-
the lateral vestibu]ospinal tract appear to give mental studies. For example, the primary ves-
off such collaterals to the descending and medial tibular fibers are clearly seen to be distributed

vestibular nuclei (refs. 35 and 91), but a. de- to the rostroventral part only of the lateral yes-
tailed mapping has apparently so far not been tibular nucleus (refs. 25, 68, and 88). Further-
done. more, _ single fiber may give off a number of

Since the Golgi method brings out only ran- collaterals to one cell (fig. 15), as one would
dam samples of the cells present, it does not assume from the dense accumulation of orgy-
permit quantitative estimates. However, when

contrasted with the clearer indications given by

'The pr°blem °f the extensi°n °2 denldrites is °f _ "__

special interest in the nucIeus of Deiters. As referred

to above, primary vestibular fibers are restricted to its
forelimb region. However, it is well known that stimu-
lation of vestibular receptors (natural or artificial)
usually (see ref. 90, for an exceptio,n) gives rise to
changes in pastural tonus in the hindlimbs as well as

the forelimbs. Since the medial vestibulospinal tract
from the medial vestibular nucleus does not descend

below midthoraeic levels, this effect most likely is

mediated via the lateral vestibulospinal tract from the _, I |
nucleus of I)eiters. Since only a modest number of

dendrites of cells in the hindlimb region extend into lOOp
the forelimb region, and no evidence has been found

that axons of cells in the forelimb region extend into Figure 15.--Drawing from a Golgi rapid preparat._on,
the hindlimb region, the vestibular impulses may,
therefore, be assumed to influence the latter region via showing how several branches of an axon establish
a circuitous route, most likely the cerebellum. On an contact with a nerve ce_l in the dorsal hall of the
anatomical basis, an influence via the reticular farina- lateral vestibular nuclcus of the kitten. (Courtesy
tion appears less probable, of Dr. E. Hauglie-Hanssen.)
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and glial architecture of the vestibular nuclear terns in the morphological and functional
complex. The interesting metabolic relations org,anization of the vest,ibular nuclei, we should,
between the nerve cells and the oligoglia, ir_ the however, always keep in mind th,_t these c_l

nucleus of Deiters, reported by Hyd_n and his groups have connections with numerous other
collaborators (see, for example, ref. 96) as well parts of the neI_vOUSsystem and_ therefore, col-
as other recent data bear witness to the laborate with them. This is not least im-

functional importance of the glia. An exten- portant when one tries to analyze vestibular
sion of such studies, as well as histochemicM disturbances in clinical cases. It is common
studies which take into consideration the experience that an increased insight into basic

morphological differentiation of the vestibular problems in the beginning often tends to make
nuclear complex, might cor_tribute W a better clinical analyses more difficult. However, it is
understanding. Not least is there mason to to be hoped that the perplexing multitude of

expect that electron-microscopical studies of new data on the vestibular nuclei and receptors
synapses in normal and experimental material will not discourage those concerned in problems
will be of interest and serve for fruitful correla- related to vestibular function in man, when he

tions with micro-electrode recordings, is ill or when exposed to unusual circumstances

In our striving to reveal the minutest pat- such as space flights.
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DISCUSSION

GUAI.TIEROTTh Considering the relatively recent lobe all have an inhibitory action in certain instances.

view about the tonic inhibitory influence of the cere- However, within the cerebellovestibular projections

bellum on the vestibular nuclei, I'd like to know if there there is a localization. I think there is sufficient ana-

is any histological or anatomical evidence to show tomical evidence to explain that by stimulation of the

whether this inhibitory influence is aplalied discretely anterior lobe of the cerebellum, you can have inhibition
on different groups of neurons, or if we are dealing

with a general system by changing the sensitivity of acting, for example, on the foreleg only, not on the

the cell population as a whole? hindleg, if that is what you were thinking of.

BRODAL: I would like to emphasize that I am not a GUALTIEROTTh Do we have a point-to-point relation-

neurophysiologist. On these matters I speak as an ship between the cerebellar cortex and the nucleus

amateur. As far as I know, the inhibitory action is as far as the major pathways are concerned, or do we

general; that is, the different parts of the anterior have a diffuse system?
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BRODAL: A point-to-point relation is a very strict one. DAVEY: Dr. Brodal, in your presentation I had the

I don't think we have this anatomically, but I would impression that the vestibular nuclei seemed to 'be func-

like to mention that in physiological studies, it is tioning all in a unilateral lash'ion. Are there any con>

possible to outline a localization much more precisely neetions across the midline to the opposite vestibular
than it is anatomically, because in anatomical studies nuclei, either in the brain stem or through some other

we always have to trace a number of fibers which circuitous pathway?

inevitably will spread a little, while the physiologist BRODAL: _re have not studied this particular prob-

can pick up the maximum of any spread action, lem ourselves, /n_t I think there is good evidence from
MEHI.ER: Somewhat in answer to Dr. Gualtierotti's the li'tera,ture that there are fibers from the vesti'bular

question to Dr. Brodal are the experimental observa- nuclei ,to the con.tralateral nuclei. However, in studies

tions in the frog reported by Don Goodman at the that we did, we have not found primary vesti,bular

University of Florida at Gainesville. In cases of fibers crossing the midline. There are certainly quite

labyrinthect0mized frogs, Goodman demons£rated that a number of anatomical possibilities for an impulse in

"stimulation of the cerebellum completely reverses the one vestibular nucleus to get across to the other side ;

frog's existing eighth-nerve-damage postu're, suggesting for example, vi,a _he reticular formati<)n. It would
in this case that even the primordial cerebellum in the be very interesting to know these .pathways. I¢ is ex-

frog is quite effective in overcoming existing postural tremely likely that the interconnections between the

changes elicited by the destruction of the eighth nerve, vestibular nuclei may be very specific.

Whether the action is "inhibitory" or "facilitatory" is DOLOWIIZ: Dr. Brodal, you have mentioned tract

unknown. In respect to rema'rks that Dr. Lowenstein eonnections from the vestibule to the various extra-

made yesterday, about putting all our eggs in one ocular nuclei. It seems ineomprehensi.ble ,to me that

basket or "findings in one species," figure D1 is shown one can focus an eye without vision. Further, if we
in confirmation of much of Dr. Brodal's work. The examine pa, tients with induced nystagmus in the dark,

figure shows corroborative evidence of some of the by turning on a pinpoint light which is not consciously

detailed models of neural organization of the ves- perceived, we can decrease the slow component speed

tibular complex that Dr. Brodal and eoworkers have of the nystagmus. Have any connections been found

presented to the anatomists and physiologists, with .the visual tracts?
The figure presents studies of cerebell,ofugai fiber BRODAL: From the vesticular nuclei?

degeneration pa_terns, in eases ,of cerebellar lesions in DOLOWITZ: Yes.

the monkey and the rat, which essentially confirm the BRODAL: Not as far as I know.

topical and soma totopical distri'butions reported in HIEBERT: Recently Dr. Fernandez and I have found

great detail by Dr. Brodal in respect to cerebellovesti,b- some evidence for functional distri.bution within Deit-

ular connections distributing throughout the vestibu- ers' nucleus. We were testing for responses to tilt, but

lar nuclear complex in the cat. In regard ,to other noticed that there was a distinct difference in the rest-

findings, criticized by some neurophysiologists, is the ing discharge patterns between dorsally_and ventrally

somatotopic arrangement reported by Brodal et al., of located units within the nucleus. This is the only evi-

the foreleg-hindieg regions in the lateral vestibular dence _hat we could find for a functional distribution.

nucleus. Examination of ma,terial from previous However, one of the things I think that came to us

studies of spinal pathways in a number of species, in quite clearly was that when we repeated the ,tilt test,

the phylogenetic scale of mammals from the opossum holding on ¢o a single trait, the frequency responses did

to man, reveals _ha,t the "hindleg" region in the lateral not repeat exactly, and this seemed to us quite impor-

vesti,bular nucleus in the monkey and chimpanzee tan¢. The frequency changes were almost capricious--

equates quite well, analogously if not actually h,ovaol- sometimes it .seemed that there was a one-to-one rela-

ogously, with the findings in the cat of Pompeiano and tionship and again there wasn't--which poin£ed ou:t
Brodal. Current studies in the monkey (at this la'b- that one cannot perhaps make a firm conclusion that

oratory) of primary vestibular fiber distriJbutivn dem- you have a certain type of nuclear cell reacting to a

onstrate that the region of the l:ateral vestibular nu- certain type of end-organ stimulation. I think that

cleus, from which the vestibulospinal projections to one has ,to be careful in drawing conclusions about the

the lower thoracic and lumbosacral levels originate, function of the end organs from nuclear responses,

apparently does not receive primary vestibular con- since you may be dealing with a cell that is being _

nections. These data appear bo confirm and e_ctend modulated by other ceils within the nuclei.

Walberg, Bowsher, and Brodal's observations in the SMITH: There has been a recent report from Japan,

cat. Thus, recent task efforts have been alined toward Dr. Brodal, by Vchizono who 'thinks he can differenti-

the e_amina.tion of possi.ble neuroanatomical species ate between inhibitory and activating nerve endings in

differences in the organization of the vesti,bular nu- the central nervous system. He believes the itctivating

clear complex such as Dr. Lowenstein warned us about nerve endings contain round vesicles, whereas the in-

yesterday. To make our experimental series more hihitory endings contain more oval vesicles. I noticed

truly phylogenetic, comparable studies have been ini- iu some of your micrographs 'that some of the endings

tiated in frogs, on ,the dendrites seem to have some oval vesicles in



v
o.

FUNCTIONAL ORGANIZATION OF VESTIBULAR NUCLEI 1_

"C,d

|

Figure Dl.--Charti_g of anterograde eercbellofugal fiber degeneration (coarse dots) and terminal pattcr_s

(finer stipple) subseq_tent to cerebella_" lesions (solid black) in mot_key c_nd rat. Except for the ips_latcral

projections to the parvoecllular reticular formation (pc) in the rat (not observed in the monkey or cat),

the patterns o)' distribution to the vestibular complex and medullary retiet_la_" formation appear cssentiaUy
hon$ologous to those reparted in the eat by Brodal ct at. Essential abbrevirz.tio_z,s: BCde, descendi_g

bravhium; Ge, hue. gigantoeeltularis; Lr, hue. lateralis retieularis; nPas, n_w. parasotitari_ls (Brodal) ;

pc, nuc. parvocellula/ris. Vestibular nuclei: V1, lateralis; Vm, medialis; Vde, deseendi/ng; X, n_w. of Brodal;
sV, pars subtrigc_ninalis of Lr.

them, and I wondered whether you have made any ob- think, "A-ha, this is something special." However, a

servati_ons on different kinds of nerve endings along ch>ser study led Wal_berg _to ,the conclusion that these
the dendrites and whet.her you were able to find the oval vesicles are a result of fixation of the tissue with

differences described .by Vehizono within them? aldehydes. May I add as my personal belief that I

BRODAL: Personally I have not studied them, but d,o not think that, even if there were and are differ-

Walberg in our department has observed these ,oval ences in 'the shape of synaptie vesicles, they w.ould be
vesicles. Of course, when you come across them you correla_:ed with different.transmi'tters.
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SUMMARY

The problem discussed is tim co@ing system of the otolith organ in the inner ear.

The spontaneous firing and the evoked responses of single otolith units show such a marked

irregularity that the mechanism of information transmission cannot be based on instan-

taneous frequency modulation. Averaging of a single-unit discharge requires a long period

of time to obtain enough accuracy, whereas the reflex mechanisms ¢ of balance act on a split-

second basis. Evoked responses from single units bear a logarithmic relation to the

stimulus both during transients and during steady states. Therefore, a theory of infornm-

tion based on "edges" is not completely satisfactory inasmuch as a graded response is not

required.

A new theo1_y of information transmission is therefore presented, based on instan-

taneous averaging of the activity of a number of single otolith units, through a time gate

similar to that proposed for the auditory pathways.

INTRODUCTION ond; (2) sensitive, since it is known *'hat a devi-
ation of only 2o to 4° from the vertical can be

The basic problem discussed in this paper is: detected (ref. 1) ; (3) precise, with con.tinuous
by which coding system is information con- monitoring, generating self-correcting move-
veyed from the peripheral gr_vitoceptors to the ments.
central analyzers in the frog, and presumably in
other animals? In f_ct, given the character- To study the information mechanism, the
istics of the activity of single otolith units in the activi,ty of more t_han 400 u_triculosaccu]ar units
intact animal, such transfer of information is has been directly recorded for long periods of
no't easily understood, time with chronically implanted microelec-

One of the cardinal functions of the gravito- trodes. Three parameters have been studied :
ceptor organs is to maintahl posture, induced (1) spontaneous firing in the absence of any
mainly by a shift in the body's een_er of gravity, stimulus, in some instances even excluding the
To accomplish this, information coming from stimulus of gravity; (2) response to continu-
the sensory cells must be : (1) prompt, becau_ ously increasing or decreasing acceleration ; (3)
to correct a tendency to fall in any dipeetion, response to constant acceleration (gravity
action must be taken within a fraction of ,_see- component).
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•

METHOD The possibility arises here .tha.t there might be
more than a single mlit in the recording. Ir-

The activity of single otolith units has been regularity might be ,_ result of the summation"
recorded with chronic microe]ectrodes inserted

of the two rhythms from units firing at rela-
in the VIIIth nerve. Stimulation was applied
in laboratory experiments by means of a tilting tively constant but differing rates. To elimi-

table. Parabolic flight maneuvers were used in na,te such a possibility, the total interval data
generating weightlessness and bo_h positive and of the part of the experiment being analyzed are
negative subgravity states with reference to the CuRAe,ZE0_ROG:ACTtV,T¥0_AS,NGLE0TOUT.O,_T
animal preparation. Details of this .technique OUR,NG_EvEL_uG.TATAPPR,g

have been described elsewhere (refs. 2_/:). o I
Suffice it here to mention that ,the inflight prep- _ o "
aration was immersed in water. The accelera- _ _

..... °" .3

tions applied were measured directly by _ '.'- ._.___:-.--[:_appropriate accelerometers. Data. were ana- _ '\_" ,

2.2- " -- _ l_'___

lyzed by means of a CAT 400 and ancillary _ I ' I I l: " "

equipment to obtain histograms of intervals, to I I I I

measure consecutive in*ervals and acceleration s_¢ 50]ISeC

as &function oIf time, _nd to measure the inter- _,,E,_e¢

vals as a function of Vhe stimulus _pp]ied. Figure 1.--Otolith unit responding to vertical accelera-
tfo_ only. Computer analysis of intervals and aceel-

RESULTS eration as a function of tithe t_uri_g a period of _eve_

Spontaneous Firing flight. Consecutive intervals are qnleasured a8 the

All units showed spontaneous firing, the main distance fro_ the "0" base line and each black dot
(ordinate o_ right). Note that a m.inimum interval

characteristic of which was a marked irregular- exists througk the record, indicated by thc distance

ity. This resulted from two components: a between the base linc and the nearest dot. AoccIera-

basic slow rhythm which is qui_e variable and tion is indicated by the vonti_ut_us line. "0" eorre-

occasional bursts elf shorter intervals in groups spends to weightless_wss during parabol_ flight. At

of from two tosixspikes. These characteristics the extreme left the planc is emerging from a

are shown in figures 2, 3, and 4 which are from parabola. Note th.e appeara_we of longc_"intervalsas soon as the acceleration goes below 1.1 g from

ground-based experiments, and in figure 1, ob- 22 g; i.e., below the threshold for tMs particular

rained during a prolonged period of ]eve] flight unit. A period of spontaneous activity follows.

at I g. It will be noticed that in the latter, ghe

overall rate of firing is lower, due to immersion
140 --

in water, but the characteristics of the otoli_h
• I" -- oactivity remain generally the same. g .. _- .. .¢oI00 -- 0

The two rhythms, the slow basic one and the _ ,.

bursts, give a bimodal distribution of the inter- = so ..... -. - ._z_
v&l values as shown in figures 3 and 4 The [_ 60 l :" _'. I ' _l''''''l'''_'. • = * ......... .... I -.0" I" ' I

_ *o *.ofirst peak corresponds to the bursts, the second _ ao [ ". ,':'"" )
_ .* °

one to the slow rhythm. During the first 2 eo- -.z_o

hours after the implantation of the electrode, o-

the first peak decreases progressively, and ' '5 sec/OlV

reaches a steady state, with minor fluctuations TIME

This seems to indicate that the bursts are related Figure 2.--COln_p_ter analysis of the activity of an
to the initial handling of the prepar/t.tion, but otolith unit duri_g a spontaueous discharge at con-

they do nat result solely from this cause, since stant acceleration, and during su.bthreshold rapid
ehan,ges of acceleration. Intervals are measured as

they are maintained throughout the experiment, in figure 1. "0" g is set at an arbitrary value. Note

even after 48 hours (fig. 4). the pause in spo_taneous firing during fast back tilt.



REEATIONSIIIP BETWEEN UNIT ACTIVITY AND INFORMATION TRANSFER 145/

35min AFTER IMPLANTATION Ihr Iomin AFTER IMPLANTATION 50 -- ,." ,,

 ,oor ....
._150r_4.. _-Tsi-L} i i i i i i I .":o'-
,oo,--..... z ol-I?:i21LILllll " "

L oo o ..
" ............ 25 --

o 0L !_:'7 , .... _-z . .".-
2 hrs AFTER IMPLANTATION 22 hrs I 6 rain AFTER IMPLANTATION 0 o •

-;°F I '0 40 _ _ .%o.O
30 _ _ ....... ' ..... 0 -- _"_" "
20 ,.'................ , _ 20I-I2i_'."II 1

. _ toI-I"I:" I 3
Z I0 :'_'t_,:- ;. ' 0 oL ':.:',:,.:.,_,, .:L t:J .L I JI FllIL1111 , ' ' ' ' 'o o - I o s io is zo 2sI I i i _ I I I I I I I I I I I I I

0 I 2 3 4 0 I 2 3 4 INTERVALS, msec
INTERVALS, sec

Figure 5.--Histogram of a prolonged firing of the same
Figure 3.--Histograms of intervals during spontaneous unit: only the lower end of the histogram, is shown

firing of the same unit over a 58-hour period, l_esults to indicate the existence of a minimum interval of
of the first 25 hours. Note bimodal distribution; first 5.5 msec. This proves that the activity of only orne
peak arrowed, unit is recorded.

48hrs Ismin AFTER IMPLANTATION

stimulus process. It is also resumed after a
40 rl t

_ so l-i;, certain time without _pplying below-threshold
__aoI-I

10 ........................................ ] acceleration. The described phenomenon shows
_* _l ,,::,,,:,: tha_ in certain conditions, spontaneous firing

ooL; _._,:_ .................... t ....I t becomes altered, thus indicating a change of po-
I I,_,,,L , , i i i I i , ph0 I 2 3 4 0 .I .2 .3 .4 .5 .6 sition of the head. The importance of this e-

TIME,sec nomenon will be discussed later.

Figure 4.--The same as figure 8 after 58 hours. On Response to Continuously Increasing and Decreasing
the r_ght, same histogram with an expanded time Acceleration
base for better demonstration of the bimodat distri-

bution. First peak arrowed. /_k proportionally equal variability in the rate

of firing with change in stimulus is shown dur-

checked by meaz_s of a histogram with a short ing excitation. With an increasing stimulus

timebase (95 msee) .to demonstrate the existence (tilting with the _ppropriate direction and
of a minimum interval value (fig. 5). The ex- ,_ngle, or increasing the linear acceleration dur-

istence of a minimum interval of some millisec- ing level flights), the rate of firing increases.

onds will exclude the presence of a second unit, But _ large variability in the resulting interval

since over a large number of counts even two values still persists (fig. 6). As shown, each
units firing with different rhytluns are bound value of _ccelera, tion corresponds to a large
to show a r_nge of interwls ending in complete
synchrony. A range of minimum intervals of range of intervMs. This is shown better in
from 3 to 7 msec has been found in the various figure 7, in which intervals are plotted as ,_ rune-

units regardless of their level of excitation, tion of acceleration. What really h_ppens here
is a progressive disappearance of the longes_As far as information is concerned_ the spon-

taneous activity might be considered insignifi- intervals; the envelope of the two-dimensional

cant; i.e., related to the general life mechanisms figure closely approximates a logarithmic curve.
of the receptor cells but not to their specific This effect has been observed in the respon_
function. That _his is not the case seems to be of all the receptors studied. They differ

indicated by the prolonged suppressor effect ob- greatly in the sensi.tivity range, from the ones

served when a sudden decrease in stimulation reaching saturation at 02 g to the ones in which

occurs (fig. 2). As a result, spontaneous firing the entire change in interval value takes place

is stopped; it can be restored by increasing the for _ change in acceleration of 0.005 g (fig. 8).
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abruptly, independently of the absolute value of

.6 - - 250 the stimulus; this is followed by a complete sup-

.5 - _ _ __ pression of firing for some seconds; then norma_
i .4 - ,: / spontaneous activity is restored (fig. 9)._o .....................

,,, !_:.,,.J,.2- " _- 80--

u_ i_ '.:_J,_ ,':_,, _z

o- - o 60 --
O

5sec E ' ........ ' .... ' .... " '_ _"'TIME, sec J" 40 --

Figure 6.--Computer analysis, same as figure 2. Ac- reiii , i , [,,i,
ee_er_tion is indicated by the continuous line. An _-

arbitrary "0" has been established at the origin of z 20 --

thc ordinate (on left) below the threshol(_ for the " • _'. ,.t_$.**
otolitk unit.

Increasing the acceleration above threshold causes 0 --

a progressive elimination of the longest intervals. I I
When the acceleration is decreased (extreme r_ght 0 .5 1.0 1.5
o)" figure) longer intervals start appearing again. ACCELERATION, g /100
Note the nearly complete lack of ace•retardation.

Figure 8.--Computer analysis, same as in figure 7, but

for a highly sensitive otolith unit. The entire range

of this unit corresponds to less than 5/1000 of I g.

120 140 --

L---__ 0

120 -- ,_ m

oo. l /I00 -- _ . , o_
• E ........... ._

8o j 8o , •-.,25
E , >_ 60- "" "

E I II :- -'.'.... \ tJ • I. . ..$' _ -°% y • •

z_ 40 • •
-- 0 --

I ..'.'"o ._.-............... ,• • #" 5sec/DIV

20 TIME

i q I _ _ _ _ _ Figure 9.--Computer analysis of the activity of an
.05 .10 .15 .20

otolith unit, performed as in figure 2. During con-
GRAVITY,g

stant stimulation this unit shows accon_modatio_.

Figure 7.--Computer analysis of interval changes as a Note the pause corresponding to the onset of the

function of the acceleration applied. Intervals decrease of acceleration (underlined and marked
,,p,,)

measured as in figure 6 ( ordiuate ). Aeeet_ratio_ on

the abscissa. The progressive disappearance of the

longest intervals approximates a logarithmic ratio' Response ¢o Constan_ Acceleration
with the increasing acceleratory stimulus.

Two kinds o_ gravitoceptors have been found :

However, the general pattern o_ the response one with relatively rapid accommodation (fig.
is the same. 9), and one showing almost no accommodation

Decrease of the stimulus always produces a (fig. 10). For the latter group it is possible_

peculiar effect.. The r_te of firing slows by the use of histogram% to compare the time-
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interval distribution, at different levels of DISCUSSION

steady-state excitation, with the distribution for The irregularity of both spontaneous firing
_pontaneous activity (fig. 11). The results in- and the response of the vestibular unit in animal
dicate that while the peaks do not shift _ig- preparations has been observed by several au-
nifieantly, two major changes nevertheless thors starting with Ross (ref. 5), who recorded
occur : the tails shorten and there is a large con- the activity of the single isolated vestibular fiber

centration of data in a narrower range. These in the severed frog head, and later by Adrian
two changes are significant. These responses (ref. 6) in his classic work on the decerebrate

seem to bear a logarithmic relation to the stim- cat. Records from papers by Gernandt (refs.

ulus and might provide thebasic code of sensory 7 and 8) and by Rupert et al. (ref. 9) show the
information, same variability in the discharge as described

above. All these authors have used decerebrate

animals, which might explain the large varia-
bility observed.

] - 500 However, Bizzi et al. (ref. 10) recorded from
the vestibular nuclei 'of an intact cat, free to

i.250 - _, move, and reported more or less irregular dis-

_,_ 0 - _,-.:--,-.:;'-" %_. _- charges from the various vestibular nuclei. In
_. _.....:. _ 25o _ this case the objection may be raised that the

.aso- ,'" _"_ _- irregularity is characteristic of the activity of_:'._.._1 -_ ,:J:_..,_'_,t_.... - higher order neurons but not of the receptors

_ _2_.0.al(_ -- =. _"'i"- "J proper. The results reported here, using chron---0
ically implanted electrodes and prolonged re-I I

_sec cording (up to 48 hours) in the uncurarized
TIt_E, sec and unanesthetized animal, are not subject to

this objection and confirm that the results ob-
Figure lO.--Computer analysis, as in figure 2. This

unit d(_es not show any accommodation at constant tained with isolated preparations and decere-
stimulation. Note that the acceleration has to be brate animals correspond to the true physiologi-
applied to this unit in a direction halfwa/y between cal firing characteristics. This being the case,
the x and y axes. the following remarks may be made.

(1) Both during spontaneous activity and

during excitation, the rate of firing varies over

_o- _g

_6o-_ - __ such a large range that the mechanism of in-

so-v_y_r__r___ _ _ _ _ formation transmission cannot be based on in-
_40-__ _ stantaneous frequency modulation. In fact,_ _ while intervals greater than a critical value are
_2o-__ _ __ associated only with a low level of excitation,
3 '- - --

oo- _ _ in the case of shorter intervals there is no way
' _=.4 to determine to which specific value of excita-

tion a given interval belongs.

INTERVAL,see ' Eg=.5 (9) A mechanism based on time averaging2

of the output from a single unit could not work.

Figure ll.--Histograms ol intervals during the ac- Indeed, to provide enough precision the ana-
tivity ol the same unit during spo_ttancous firing

(Eg=0), moderate acceleratory stimulation (Eg= lyzers should average a large ]]umber of in-
0.4) and, suprama_:imal stimulation (Eg=0.5). On tervals. This process would require some
the abscissa: interval value in seconds. On the or- seconds and would not allow a fast balance

dinate: number o] intervals. Total count Jor each mechanism, the need for which has been pre-histogram is given in parentheses. The three ac-

celeration changes are shown, viously pointed out.
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(3) The results seem to agree, up to a point, Naturally the probability of transfer in this sys-

with the theory of "edges" which was recently tern will be a function of the density of the

discussed by Whitfield (ref. 11). The differ- spikes in each channel as shown in this figur$

ence in activity is particularly sharp between-- for two units only.

(a) units that are stimulated at an increas-
ing or constant level; and

EXCITATION
(b) units subijeeted to a decrease in stim-

ulation. _d

The main rate of firing increases in (a), while I° OTOLITHUNIT _) _ 2° OTOLITHUNIT
in (b) firing is temporarily arrested. In this -+ _-Z

way contrast during any given movement of _ _j_.CL_ "J'_'_-_
the head is sharpened. Fast movements sup-

press spontaneous firing of quiescent units. \_,_ __._/Thus, contrast is especially pronounced. _ /" tThere are some elements which do not com- 5/
pletely fit into the theory of "edges." Taking

into account the reciprocal of the envelope of __.1o______

the two-dimensional figure, plotting interval
changes against acceleration (fig. 7), a fre-
queney curve results, indicating that the re-
spouse bears a logarithmic relation to the stimu-

lus both for transients and for the steady state. Figure 12.--Schematic of a possible mechanism for
There is, therefore, a graded response which is central analysis of the information incoming from thc
not required for the "edge" theory. In that otolith unit. Two conditions are shown, one during

ease only two steplike kinds of activity are nec- spontaneous activity with long intervals and high
essary, easily distinguishable one from the other, variability ( lower sketch), and one during excitation.

The long intervals have disappeared and although

In fact a graded response is a confusing factor there is still some variability, all intervals are shortcr
as the edges' limit will not be as sharp as than the maximum time for the gate to open.
required, t..... : mamimum time at the gate that allows the

It may then be tentatively suggested that the spikes coming along the otolith nerve fiber and con-
verging on the analyzer (integrative cell) to trigger

in,formation coming from the otolith organ is the analyzer to activity. This happens when the

analyzed centrally on a statistical basis but, to spikes coming from the two pathways reach the in-

prevent delay, not using time as the abscissa, tcgrativc cell w$thin t ..... t_or a full discussion, see

By what physical mechanism, however, such an temt.

analysis is made, remains to be discussed. The

following hypothesis is proposed. Desmedt (ref. 12) has postulated a "gate con-

Let us imagine (fig. 12) a time gate, at the trol system" for the auditory system, and Wall

level immediately above the peripheral organs, and Melzack (ref. 13) for the general sensory
on which a number of otolith units converge, apparatus. Indeed, this mechanism would also

Let us suppose that such a gate opens, allowing explain the progressive decrease of the r_,te of

the information to go through, only when two firing in the higher levels, which has been de-

or more spikes reach it within a given time. scribed for all sensory networks.
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DISCUSSION

[.OWENSTEIN: We have to record information from sensory interference which we could have were those

the intact animal to get any idea how the sensory sys- from galvanic polarization experiments which showed
tem works. If Nature had wanted to use single units that behavior of the units can be influenced.

for information transfer, it would have done so. It has The interpretation of how the central nervous sys-

chosento work with populations, tern makes sense of the varied inflow from the pe-

I think it would be interpretively unproductive if riphery, I think is credible, and I would accept the

one were _o ask whether, in any single instance, the hypothesis. On the basis of parallel considerations

fibers recorded from were single- or two-fiber or three- from various sensory fields with the hypothesis of the

fiber systems. I am fully prepared to assume that all "edge," I accept that the "edge" is not the whole ex-

the fibers which we have been hearing about this morn- planation. I think a gating mechanism such as was

ing were in fact single units. The interesting situation shown will very likely be the final answer. How one

arises that these results have borne out a number of is to record simultaneously from a number of units is,

facts which could be predicted in a way from the of course, a different question.

single-unit recordings reported on in my preceding Were these tilts very rapid ones?

paper. GUALTIEROTTh No. As you can see, the time marker

Regarding the multiplicity of types of units, you will is about half a second ; so the tilt would be completed

remember that we have in the elasmobraneh utrieulus, in 10 seconds or more. Rapid tilts would give a dif-

units which accommodate completely to a resting state ferent response ; however, I did not go into that.
in a very short time. We call those the out-of-position

LOWENSTEIN: You remember the experiments ill
units, and they are usually extremely sensitive units.

which rapid tilts in fact give paradoxical results?
There are units with wide peaks, and units with very

narrow peaks. There is a range fraetiona_tion around GUAI.TIEROTTh I made a study of the response of the

the whole circle of tilt, and so on. So, we have a single unit to the same amount of stimulation, but

population of units which differ qualitatively and varying the speed of stimulation. What happened was
quantitatively in their response characteristics, that going from just threshold to saturation, we got a

The great value of experiments on the intact animal response such as I have shown. If we perform a given
tilt slowly enough, say 6 degrees in 1 second, we get

is that for once we see what the central nervous sys-
tem does with its peripheral units. When we recorded a logarithmic curve describing the stimulation

from peripheral units, we had isolated them rigidly response ratio. By increasing the speed of tilting, for

from the central nervous system. There was no inter- example, 6 ° in 0.7 or 0.1 second, there is an increasingly

ference from the center at all. The only suspicion of pronounced peak.
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Spinal Reflexes During Increased Gravity
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SUMMARY

1. A method is described for prepaa-ing an experimental animal (cat or monkey) to

obtain monosynaptic responses in a chronic preparation.

2. The spinal reflexes are facilitated during acceleration.

3. It is postulated that a vestibular mechanism may influence this phenomenon.

INTRODUCTION Therefore, it has been selected as the basis of
our studies.

The effects of increased gravity upon the It has been demonstrated in the decerebrate

body, first noted by military pilots and then by cat that the monosynaptic reflexes are altered

astronauts during takeoff and reentry maneu- by angular acceleration (ref. 1). However, the
vers, have been studied from various points effect of linear acceleration on the monosyn-
of view : psychological, behavioral, cardio- aptic reflexes has not been studied and, further,
vascular, respiratory, visual, and so on. While no studies have been performed on the awake
the effects of increased gravity on the spinal and intact animal.

reflexes lmve no_t as yet been described, the Chronic preparations offer some advantage
present knowledge of spinal reflexes suggests over acute preparations. One can perform the
that they Call yield mucb information on the same experiment on the same animal under the
effects of increased gravity on the central same conditions many times, and errops in the

nervous system, interpretation of results due to different levels
The obvious difficulties which would be en- of anesthesia, experimental shock, or hormonal

countered in the study of spinal reflexes in man imbalances are avoided (refs. 2 and 3).
has led us to select appropriate laboratory
animals for initial studies. We have chosen the MATERIALS AND METHODS
cat and the monkey because the parameters of
the spinal reflexes in the cat are well defined We have studied seven cats and two monkeys

in the literature, and the sitting position of the (Macaca _7_ulattc_). Stimulating electrodes

monkey resembles the standing position of man. were implanted in both species, elaborating on

Among the spinal reflexes the monosynaptic a technique first used by Baldissera (personal

reflex is the simplest mechanism between input communication) on cats. This technique is

and output of the central nervous system, similar for both cats and monkeys.
151
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MUSCLERESPONSES

B Ig Ig 2g,.... \ /

ACCELERATION
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STIMULI

I__1

I minute
Figure 3.--(A) Reflex responses recorcleg from the hamstring muscles. ('B) Accelerometer read_ngs. (O)

Stimuli.

The peak amplitude distribution, cumulative ..... : _ _-..
• -'_o

distribution, and ,_veraging of the mono- i-.--.r... | i
synaptic responses were used in treating the . :. .... "_""-data, both for the determination of the base- i i _.2.; T i_.:-

linecentrifugation.andfor the study of the reflexes during __....i . T ""1 I r

The peak amplitudes of the reflex discharge I i I

appear to follow a normal distribution (fig. 4), ! _ Lprovided that the animal remains in a steady ] :_
state; i.e., not disturbed nor asleep. If any dis-
turbance occurs, particularly when the .animal Figure 4.--Histogram of peals amptitudcs during steady

is directly involved, such as manipulation of state. Abscissa amplitude in volts. Ordinate, num-
ber of events.

the animal, a marked decrease of _he amplitudes

of the reflex responses occurs, and the distribu-

tion curve ceases to be normal because of an ...... /_ ............ _. .................. i '
increase in the proportion of these small ; '. _ i
amplitudes. _ '-. _ -,"-_ --+ .....

When the animal is subject to 1 acceleration g, r-i:\ t_ I ......... |
, ,/,,, ............ 4_.......................

the distribution is no longer normal, but is : t- I"_-skewed to the right because of an increase in _ J , ,

the proportion of high amplitudes. .
We have observed that if the average value

of a number of discharges is computed during

a steady state, the peak-to-peak values for two -' ' _

different samples taken from 10 to 45 minutes Figure &--Steady-state 100-sample averages, t.akc_ 30

apart differ by less than 5 percent (fig. 5). minutes apart.
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Again the average values of samples of the same the amplitude distribution of the reflex re-
lmmber of responses are altered when the ani- sponses taken during steady state is normal).

*real is subjected to acceleration, and the peak- When the animal is subjected to i accelerational

to-peak values become significantly larger g the cumulative distribution is no longer linear

(fig. 6). when plotted on probability paper (fig. 7).
The reason for this appears to be the larger pro-

CAT3 portion of high amplitudes. Both in figure 6
CHANCESINGRAVITY,g and in figure 7, it appears that after repeated

*B I B I B 2 B 1/2 I 1/2 1112 I 1/2 I B

,5o A i centrifugation, the facilitatory response is de-14o creased progressively.

130 / _1

120

.o DISCUSSION
Io0

PERCE,T90 The modifications observed in the spinal re-8o
70 flexes can be due to any of the following factors.
60 A. Changes in the blood supply to the central
50

4o nervous system.
30 B. Stretching of the muscles being tested.
2°0 ,; a'o 3'0 do 5'0 60 ?'o C. Changes in the state of consciousness.*BASELINE TIME, min

D. Modifications of the psychological bias of
Figure 6.--Plot of the 50-sample average values of the animal.

monosynaptic response during increased gravity. E. Vestibular influences.
Ordinate represents the values as a percent of value

of the first sa/mple (100 percent) taken during steady A. Changes in the Blood Supply
state.

Our animals were accelerated along the PAd
or transverse prone g-axis to eliminate acceler-

The baseline values in figure 6 are each an
t_tiona] forces parallel to the axis of the large

average of the amplitudes of 50 steady-state vessels. Furthermore, the instaataneous ha-
reflex responses. For further and more corn- crease in the amplitude of the responses with
plete analysis of data; statistical analyses based the onset of the accelerational g suggests that
on the cumulative distribution were performed, the spina,1 circul,_tion is not a prima_ry factor in
The cumulative distribution of this sample of the change of these reflexes.
50 values appears to fall along the same straight

B. Stretching of Muscles Involved
line when plotted on normal probability paper.

This is represented by line B in figure 7 (the During experimentation, the animals were

statistical meaning of such a straight line is that fully supported by u nylon net which prevented
displacement of the trunk, and the legs were

_o i_ not receiving the weight of the animal. In

s _2 addition, the limbs were firmly fixed to the sup-

3 porting frame; this a,rra.ngement eliminated2-6
a displacement of the joints and the stretching or

_4 shortening of the muscle raider investigation.z

2 Therefore, the changes observed were not

muscular in origin.
I 2 5 I0 20 40 60 80 95 98 99

CUMULATIVEFREQUENCY C. Changes in the State of Consciousness

Figure 7.--Cumulative distributio_ of data in figure 6. Adequate description of the control of con-

The straight line B represents the first three base- sciousness is a difficult task. However, previous
lines (B) shown in figure 6. Lines 1, 2, and 3 reprc.

sent the distribution of data taken during the first, studies in our own laboratories (ref. 5), by Bal-
second, and third accelerations, dissera etal. (ref. 6), and by Giaquinto et al.
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(ref. 7) have shown that the spinal reflexes are E. Vestibular Influences

changed only during the slow-wave and para- A vestibular effect facilitating the spinal re-
doxicM phases of sleep, and that the change is flexes during angular acceleration has been de-*

expressed as an inhibition of the reflexes. This scribed by Gernandt etal. (ref. 1) on the
is not the case in the present experiments, since decerebrate cat. Preliminary experiments per-
the animal was constantly alert, formed in our laboratory with cats show that

caloric tests produce a marked and prolonged
D. Modifications in the Psychological Bias

facilitation of the monosynaptic reflexes which

This also is hard to quantify, but the follow- outlasts the nystagmus phase and continues for

ing observations suggest a rather constant psy- as long as 1 hour. The above factors indicate

chological bias : The results are repeatable in the that the vestibular apparatus can produce facil-
same animal on different occasions and on dif- itation of the monosynaptic reflexes. The ves-

tibular apparatus is the primary sensor offerent days; there is no increase in the spon-

taneous contractions of the muscles or signs of gravity. The evidence presented here points
toward a possible vestibular mechanism pro-

discomfort observed during theexperiment; the ducing facilitation during increased gravity.
animal continues to accept food and water. We propose to continue our studies, including
Moreover, manipulation of the animal produced sectioning of both vestibular nerves, in order to
a marked inhibition of the reflexes. Before the determine whether or not the vestibular system
animal accepts the package as his temporary is involved in these changes. The mechanism
habitat, he struggles and this immediately in- responsible for shorter and less intense facil-

hibits the reflexes. These observations indicate itatory responses of the monosynaptic reflexes
that the facilitation observed in our experiments after each consecutive acceleration also remains

is not due to psychological factors, to be found.
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DISCUSSION

RALSTON:Did I hear you say that conscious states asleep, tim changes produced are those of inhibition of
do not produce changes in the spinal reflexes except the reflex. If the animal is awake and struggles, it
in the way of diminution during sleep? shows an immediate facilitation or reflex. In our case

HUERTAS:Changes in the state of consciousness may we manipulated and placed the animal in such a state
be classified as follows: awake and asleep. If the that it was neither asleep nor excited.
animal is awake, there are changes of one type; if RALSTON:There are very marked effects of rela-
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tively minor changes in conscious states in man on other sen,sory afferents acting on alpha motoneurons
reflex excitability. We have been doing a lot of this or were gamma motoneurons also activated?

_n our laboratory and it is really extraordinary, the HUERTAS: The electrical stimulation in our series
changes in the EMG which occur, let's say, in the knee certainly did not involve gamma motoneurons. Ill the

jerk, as a result of relatively minor changes in con- way that this experiment was performed, their action
seious states, can be disregarded.

HUERTAS: What do you call minor? BRACCHh In reference to Dr. Ralston's question con-

RALSTON: Such things as slight voluntary efforts, cerning reflexes in man, I believe that you tested the

doing mental arithmetic, etc., will produce changes in knee jerk probably with a mechanical stimulus. I

the EMG response from the quadriceps, have done some experiments on spinal reflexes in nmn,

HUERTAS: Minor marginal efforts in the cat are hard using electrical stimulation, sVimulating the sciatic
to detect. We monitored the EMG constantly, and nerve at the popli,teal fossa, and I have found that

ally radical change in its pattern resulted in the ex- during the steady state (where the psychological and

clusion of the data obtained during such period, conscious state of the subject examined was normal),
there was very little variability in amplitude ,of the

RALSTON: I am not denying that. This may very reflex responses recorded from the ga_trocnemius.

well be prinmrily a vestibular thing, but I would say _Vhat is more, I did not observe apprecia_ble differ-

that changes in the conscious state of a relatively ences in amplitudes in greatly modified psychological
minor sort in man certainly produce large changes.

states, such as stressing hypnotic suggestions. The
HUERTAS: I am not debating that. I only said that modulation of amplitude of :the spinal reflexes el'iei,ted

we had a steady state, which I think is very acceptable, wi,th mechanical stimulation, such as the knee jerk,

We couldn't do certain manipulations such as a cat seems to be due to the status of the neuromuscular

doing arithmetic, spindles. In man, spinal reflexes varied during

FERNANDEZ: I noticed that in your animals the changes of consciousness; e.g., in sleep where the

head is free and I wonder whether the neck reflexes amplitude of 'the reflex is decreased during slow-wave

nmy have some influence upon the results. It is known sleep and falls to zero during paradoxical sleep. In

that neck reflexes are effective upon posture. A second the cat, it is qui.te different. With electrical stimula-

point is whether the proprioeeptors also have some tion of a sensory root, there is a big spontaneous modu-

influence in your results, la,tion ,of amplitudes during the waking state; during

HUERTAS: Those are two very important questions slow-wave sleep, there is a tendency to stabilization

and two very important criticisms. I am very well with inhibition compared to average of the waking
aware of the first. The head was loose because I state, while during paradoxical sleep the reflexes are

wanted to find out first whether there existed a change completely inhibited.

in the reflexes. Fixing the head would have limited About Dr. Fernandez' point, the neck muscles can

our task, ruling out the neck reflexes as a possible con- play a part, and if after cutting the vestibular nerve,

tributory factor. We plan to fix the head of the animal we will have 'the same findings ; of course, this will be

in the future and see what kind of result we are going a fact _o be taken into account, but there are experi-

to obtain, merits reported on decerebrate cats studying the influ-

In answer to your second question regarding the ence ,of neck muscles on spinal activity induced wi,th
effect of gravity acting upon muscles, that is why we strychnine ,that seem to indicate _ha.t the neck recep-

restricted our experiment to 1 g. The gravity per- tors alone do not play a big role in the modulation (_f

eeived by .the stretching of the muscles when they are the spinal activity.

fixed and under 1-g conditions cannot stretch the WENDT: Some years ago I did experiments on re-
muscle, straint of animals. Under restrained eondi_tio.ns, while

BENSON: In experiments in man we have shown that they don't go to sleep, they frequently go into an un-

angular accelerations produce a much greater change alert state in which the eyes sometimes don't track

in the tendon retie.< than in the electrically elicited H t,ogether and in which the lids tend ,to droop. Did

reflex. This we interpreted as a manifestation of in- your animals at any time show this picture?

creased activity in the gamma motoneuron system HUERTAS: Our experience with restrained animals

rather than a change in alpha motoneuron excitability, has been quite extensive with monkeys in chairs.

Now, in your experiments you were primarily stim- They 'tend to go to sleep, and there is no doubt of their

ulating alpha motoneurons? sleep. If they are quiet, and their eyes are closed, the

HUERTAS: Yes. electroencephalographic changes show that the animal

BENSON: But alpha motoneuron excitability can, is asleep. Experiments on the 'cats were performed

through the reflex arc, be influenced by a change in during working hours which coincided with waking

gamma motoneuron activity. Would you be prepared hours of the cats. We observed them constantly, and

to say whether the changes in reflex activity seen in they were always alert. We didn't observe the aninml

your experiments were due solely to vestibular and that you are describing.
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WENDT: I did another experiment some years ago on be demonstra,ted if you twist in the other direction. I.t
tonic neck reflexes in normal men and _he effect of is merely a faeilitatory thing.
twisting the neck on the knee jerk. This does allow HUERTAS:The conditions of our experiment don't,
you to facilitate the knee jerk on the side toward which resemble experimentation in humans in this respect ;
the neck is twiste(t, but inhibitory phenomena cannot therefore the question is very difficult to answer.
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SUMMARY

The purpose of this experiment was to study the influence of otolith and nonotolith

infornmtion in the perception of the visual horizontal during rotation. Five nomnal men

and five men with defective labyrintllind function acted as observers. All measurements

were made in a room which could be rotated. Initial, static measurements were nmde

while the inert stood erect in the stationary room. Sinfilar measurements were nmde dur-

ing rotation while the observer stood on a platform set to the resultant horizontal with

head and body alined with the resultant force. Data were also obtained with three other

combinations of head and body position. Th4s procedure was designed to produce two
situations for the nornlal men in which otolith and nonotolith information were synergistic

and three o_hers in which they were antagonistic. The results showed that the perception

of the visual horizontal during rotation in this situation is quite different from that found

when the observer is rigidly supported in a chair during rotaton. Settings to the visual

horizontal during rotation were not systematically related to differences in head "rod body

position, nor were there significant differences between the norlnat and labyrinthine-defec-

tive men. The results show that nonotolith information predominates in this experimental
situation. ]_'urthermore, the data suggest that the spatial orientation of a pilot strapped

in a cockpit may be somewhat different from his spatial orientation when he is standing on

a rotating space platform.

INTRODUCTION 1), the oculogravic illusion (refs. 2 and 3), and

The purpose of this study was to investigate the perception of motion on a pa.rallel swing
the role of otolith and nonotolith gravireceptors (ref. 4). At the same time it. is also well known
in the perception of the visual horizontal in that L-D men can compensate for the loss of
darkness when observers stood Oll .a rotating vesbibular function in certain situaeions. For
platform. It was hoped that the results would example, Clark and Grayb'iel (ref. 5) have

shown tlmt in :t series of 30 successive settingsshed some light on the contribution of the non-
otolith gravireceptors ill the perception of the to the l)ost_ttral vertical, both normal and L-D
visual horizontal in normal and labyrinthine men made systelnatic ilnprovelnent. The nor-
defective (L-D) men. I_ is well known that mal men showed smaller average errors, but the

normal and L-D lnen show significant differ- differences were small, partieuhlrly after 15 tri-
enees in such phenomena as eounterrolling (ref. als, and were not statistically si_mfificant. Spe-

159
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¢ifically, the present study compares the per- on the outboard side of _he room. As a result,
formanee of normal and L-D men with various when he stood erect he encountered no difficulty

head and body positions to determine their in- in standing, and the resultant force acted di_-
fluence on the perception of the visual horizon- rectly from head to foot, Thus, during rota-
tal. lion, he stood comfortably erect on the platform

PROCEDURE with his body weight stightly greater than
normal.Subjects

The observer's task was to set a collimated,

Five normal and five deaf L-D observers red, luminous line to the perceived horizontal.
were studied. The normal men were medical He viewed the luminous line in a self-contained

students who showed normal responses to ca- apparatus mounted in a goggle which he held

lorie stimulation (ref. 6) and to an ataxia test snugly in position before his eyes. The appa-
(ref. 7). The L-D observers had acquired their ratus consisted essentially of a luminous line
bilateral deafness in childhood as a sequela of which was viewed by the right eye only while
meningitis and showed abnormal responses to the left eye was in complete darkness. The
the caloric and ataxia tests. All of the men had luminous line could be rotated either clockwise

had experience in making observations in rotat- or counterclockwise by means of a knurled knob
ing devices and with the goggle device used to which was easily reached by either t-he observer
measure the perception of the visual horizontal. or the experimenter. The digital readout was

Apparatus ill degrees deviation from the horizontal axis

The experiment was conducted on the Corio- of the device itself. The goggle was easily heldin place by the observer and a flexible rubber

lis Acceleration Platforni, a slow-rotation room fitting prevented light leaks under the operat-
in which it is possible to rotate observers for ing conditions used. Three levels were used to
prolonged periods. The room is a circular, monitor the alinement of the goggle apparatus,windowless room 20 feet in diameter and 10

the observer's head and his body. The first
feet high without central supporting members. level was located on the goggle itself, the second
It has a direct motor drive and the capability

on a band over his head, and the third on his
of controlled angular accelerations at rates up back.
to 15° per second either in a clockwise or coun- Method
terclockwise direction, although in this experi-
ment it rotated only counterclockwise. Angu- All measurements were made with observer

lar velocities up to 35 rpm may be maintained standing with his head and body in one of five
with an accuracy of plus or minus 1 percent. It different positions with respect to gravity.
is capable of carrying a payload of about 9000 After the room had been maintained at a con-
pounds, and up to 10 persons may participate slant velocity for 1 minute, the position of his
in an onboard experiment. It is well instru- head and body and the goggle were set by means
mented and has provision for a wide variety of of the levels. Each trial was begun by an ex-

laboratoi:¢ equipment and living facilities, perimenter who offset the line from the hori-
The operations required in this experiment zontal,-and observer's task was merely to set it
were well within the limits of the device, to the gravitational horizontal. Three experi-

All of the observations were made with the reenters were required for every trial. One oh-
observer's head 7.5 feet from the center of rota- served the level on the observer's back to monitor

tion of the room and at a velocity of approxi- his body position; a second experimenter moni-
mately 11.9 rpm counterclockwise. This pro- tored the level on the head and on the goggle
duced a change in the direction of resultant and offset the luminous line before each setting;
force of 20 ° at the observer's head. He stood and the third made and recorded the readings.

facing the direction of rotation (and for a see- No setting was recorded unless both monitors

ond series opposite the direction of rotation) were satisfied that the proper head and body

on a pl.atform tilted upward 20 ° from the floor positions were maintained within a half degree.
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An attempt was niade to make the readings subjective-horizontal for this particular experi-
promptly in all trims because three of the posi- mental sitm_tion, although the deviation of the
_ions were somewhat uncomfortable to maintain point-of-subjective-horizontal from the gravi-

for prolonged periods. Nevertheless, the ob- rational horizontal in each case was very small

server was permitted to take as much time as (table 1). Therefore, all of the deviations in

he felt he needed to make an accurate setting, conditions (2) to (5) are deviations from ob-

The light was turned off while the line was server's subjective horizontal using the goggle

offset. The observer made five successive set- device rather than from gravity or resultant
tings to the horizontal for each of five conditions force.

facing forward and then five additional settings An initial analysis of the data was made to
facing backward, with an interval of several
hours between the two series. The five condi- determine whether the mean deviations of the

tions of head and body position were : settings while the observer faced forward were

(1) Static settings made with observer stand- significantly different from those when he faced
backward. Comparisons of these observationsing on the floor with head and body erect

and with the rooni stationary, for all five conditions and for both groups of

(2) Observer made settings to the visual observers revealed no signfificant difference

horizontal with both head and body (p>0.05 or greater for all comparisons) be-

alined with resultant force (RF) while tween these two sets of observations. Conse-

he stood on the platform set at 20 ° and quently, the analysis of the data (tables 1 and
with the room rotating to produce a 2) is made completely on the basis of the mean

change of direction of RF from gravity of the observ,_tions while observer faced for-
of _0 °. ward and backward.

(3) The same as (2), except that the head The combined data for the normal and L-I)

and body were alined with the force of men and the five conditions (table 1) were sub-

gravity, jeered to a two-way analysis of variance (ref. 8)

(4) The same as (2), but the body was alined for repeated measures on the same elements, and
with RF while the head was alined with the results are summarized in table 2. The

gravity, analysis revealed no significant variation be-

(5) The same as (2), except that the body tween the normal and the L--D observers, but

was alined with .gravity while the head the F was significant for the five conditions.
was alined with RF. The interaction between the two conditions was

These five conditions are shown as follows: not significant, indicating that the profiles for

the two groups have the same shape.

1 2 3 4 5 Perception of the Visual Horizontal Under Static

I I_ _ 2 _ Conditions

By the combined data for the first and second

I , series of observations (condition 1), the normal
men showed a mean deviation of 0.7 ° counter-

clockwise from the gravitational horizontal

RESULTS while the L-D's had a mean deviation of only

For the purpose of analysis, all of the data 0.2 ° clockwise. Neither of these differed si_fif-

during rotation were computed as deviations ieantly from zero (p>0.10 in each case). Thus,

from the mean of each observer's settings to both the normals and L-D's can be said to set

gravitational horizontal under static conditions the line to the gravitational horizontal with this

(condition (1)). The mean of these static ob- goggle device under static conditions with a

servations was considered to be his point-of- very small, insignificant error.
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X

Table 1.--Estimate of the Gravitational (Condition (1)) or Gra_itoin_rtial ((2)-(5)) Horizontal, ll/[ade
by Setting a Luminous Line in the Dark

k

[Deviation from gravity or resultant force in degrees]
I

(1) (2) (3) (4) (5)

Normal men (N= 5).......... Mean .............. 0.7 4. 4 6.3 4.4 4. C
S.D ................ 2.1 1.3 2.2 2.2 1.6

L-D men (N= 5)............. Mean .............. +. 2 6.6 6.8 8.5 3.8
S.D ................ 1.6 3.2 2.8 2.8 2.9

Table 2.--Analysis oJ Variance Summary Table

Source of variation Sum of df Mean F
squares square

Between subjects ....................... J_ ............... 90.9 9 ....................
A. Normal--L-D ....................................... 8.6 1 8.6 _ 10
Subjects within groups................................... 62.4 8 7. 8 ..........
Within groups .......................................... 561.5 40 ......................
B. Body position ........................................ 317.8 4 79.5 b 11.9
k-B ................................................... 28.1 4 7.0 a 1.0
Subjects within groups ................................... 215.6 32 6.7 ..........

p>0.25.
bp<0.01.

Perception of the Visual Horizontal During Rotation of head and body position during rotation re-

During rotation the mearL settings to the vealed that for the normal men (table 1)there
perceived visual horizontal deviated systemat- were no significant differences among condi-
ically from the resultant horizontal for condi- tions (2) to (5) (p>0.05 for all comparisons).

All of these settings deviated significantly fromtions 2 to 5. In each case (table 1) this mean
setting, which varied from 4.0 ° to 8.5 °, was be- the static settings, but head and body position

tween the resultant horizontal and gravitational did not appear to be determining factors within
horizontal but much closer to the former. This the limits of this experiment. It should be

means that the outboard segment of the line was noted in particular that the setting of the
set below the resultant horizontal. Specifically, luminous line with head and body alined with
both the normal and the L-D observers set the resultant force (condition 2) was no different

luminous line clockwise from the resultant from the setting when the head and body were
alined with the force of gravity in conditionhorizontal when they faced forward _nd
(3).

counterclockwise when they faced backward. Similar results were found for the L-D men

All of these deviations were statistical]y signifi- with two exceptions. There were no significant
cant from zero (for the normals p<0.001 and differences between condition (2) and eondi-
for the L-D's p<0.01for each comparison) . It, tions (3) to (5) , nor between condition (3) and
should also be noted that the L-D men showed a (4:) (p>0.10 in every case). There were, how-
slightly greater variance (table 1). ever, significant differences between condition

An additional analysis of the significance of (5) and conditions (_) and (_) (p<0.01 in each
the difference axnong the v_rious combinations case.) It should also be noted that the low
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mean performance of the L-D men was pre- It should be emphasized that the differences
dominantly a result of the settings of one ob- between this experiment and experiments in
server who set the line in the opposite sense which normal and L-D men show differences
from the others throughout his trials while he in the perception of the visual horizontal are
faced forward. It should also be noted that lie related to the following importances in
had considerable difficulty maintaining the ap- methodolog-y :
propriate body and head positions, except when (1) In this experiment the observer actively
he stood with head and body alined with tilted his body from the waist and his
resultant force (condition 2). head from the shoulders rather than

DISCUSSION being passively tilted.
(2) In the present experiment the observer

The results of the static observ,_tions are well was not supported in any way instead of
known (refs. 2, 3, and 9). Both normal and being firmly supported in position.
L-D men made very small errors which did not (3) The observer_'s feet were firmly planted
differ significantly from the gravitational on the floor which was set at the resultant
horizontal. It is of interest to note that the horizontal rather than sitting on a seat
L-D's actually showed a smaller constant error which was set at the gravitational
•_nd a smaller variance than the normals. The horizontal.

static data ,_lso show that observations with the (4) In the current experiment, the observer
goggle device produce results which are similar viewed ,_ collimated, luminous line of
to those found with other devices used to deter- light, but he was required to hold it in
mine the accuracy of the perception of the his hands rather than h,_ving the device
visual horizontal, supported independently.

The results during rotation are clear cut in (5) Observer perceived his body as being
showing no sig_iificant differences between tilted away from the horizontal floor of
normals and L-D men in setting ,_ luminous the room by his own effort, whereas in
line to the horizontal under the conditions of the typical experiment on the oculogr,_vic
this experiment. The data suggest that contact illusion, he perceived the chair, floor, and
information from the feet and kinesthetic in- his body to be tilted outboard.
foIanation from the ]egs and body were adequate (6) In this study there was no pressure
for the L-D observers to make the settings against the outboard side of his body as
accurately; i.e., they were able to use the com- in the case of the supported, passive, ,_p-
plex information available in this dynamic situ- parent tilt.
ation where they were required to stand erect The results of this experiment may be under-
(refs. 10 _nd 11). In the case of the normal stood ,ns a function of the complex, dynamic
observers, otolith information from the two interaction of the many inputs from tactual re-
he_d positions was integrated to produce _ set- ceptors of the feet, kinesthetic receptors stimu-
ting close to the resultant force. The particular lated by the maintenance of bodily posture, and
role played by each sensory process is not made perhaps from other proprioceptors. In condi-
clear by these data. It is suggested, however, tion (3) for norma]s, otolith information and
that kinesthetic cues are probably of special the nonotolith information from the head and

importance. This notion is supported by a trunk were thesame _sin thetypical experiment
study of the E-phenomenon under conditions of in which the oculogravic illusion is observed.
supported and unsupported tilt (ref. 12). By On the other hand, for both groups kinesthetic
interpolation from the data, it was indic,_ted information in maintaining bodily posture was

that the E-phenomenon was about 3.5° for 20° present as were tactile cues from the feet.
tilts with the observer supported and that this Transient information was available from the
increased to about 5.6° when lie was required to semicircular canals at the time the observer
maintain his own body position, tilted his head or body. Whereas in the situa-
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tion in which the oculogravic illusion is oh- the head and the body were alined with re-
served, there is apparent tilt of the observer, the sultant force, the point-of-subjective-horizontal
seat, and the floor_ in the present experiment the was also rotated with the outboard segment
information is merely that observer has tilted downward. It is suggested that this may be

his body. The frame of reference for the L-D explained by the fact that in this ambiguous
men in this experiment was, therefor% quite situation, the outboard shoulder had a somewhat
different with a resulting difference ]n the per- greater weight which was disparate with re-
ception of the visual horizontal. It is particu- spect to the other information regarding the

larly worth noting that in condition (2) where horizontal.
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DISCUSSION

YOUNG: With Dr. Graybiel we participated in a re- on a short-term basis. I don't ,think I answered your

lated set of experiments, and I would like to pose question, but thane is the bevt Icando.
a methodological ques_tion which has puzzled us. In [.OWENSTEIN: I don't know how this works in man,

an attempt to produce a series of experiments testing but I think these acquired compensatory mechanisms

the role of the otolith organs in perception of the verti- can be disturbed by certain types of interferences or

cal, for example, we used normal and L-D subjects, stimulations, such as noise, et cetera, momentarily.

Do you see any way of determining whether the abil- It would be quite useful to see whether the labyrinth-

ity of .the L-D subject to make astonishingly correct defective people who have learned to use other sensory

judgments is through kinesthetic and tactual cues, cues could effectively be interrupted in doing so for

which the normals possess, or whether it is a compen- short periods of time during rather cataclysmic inci-

satory mechanism which is built up through their years dents of other stimulation.

of having to get along without a functioning labyrinth? THACH: I was wondering about the lack of a statisti-

CLARK: It seems to me somehow that these two things cally significant difference between the L-D and nor-

go together. I don't know how you can really separate real subjects. Your data suggest a difference, since

thenL Surely .there are compensatory mechanisms, but the means were in the direction of larger numbers for

they do involve other sensory processes. I think the L-l) than for normal subjects. As you know, lack of

point of this paper is really that although the otolith a difference does not prove no difference; rather, it

mechanism is very important in cer.tain situations, may mean that the difference is small reh_tive to the

when it is taken away, other mechanisms do indeed variability, or the statistics may no,t be entirely ap-

take over. Some of the repeated trials that we have propriate. One possibility here is your stringent 0.01

done would certainly suggest that this is learned even confidence level. If you relaxed the requirement to a
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normally quite acceptable 0.05 level, perhaps your that when the subject is blindfolded and is drawn very
conclusions would be reversed. A second possibili.ty slowly under wa,ter, and tlas no conception of the ver:ti-

is the result .of your small N of 5 subjects, small; cal, he is disoriented, hut as soon as the head is nloved,

_hat is, for analysis of variance techniques which cus- then the vertical is present.

tomarily are .applied to much larger N's. From the GUALTIEROTTI: No; 'that is not what we found. It's

direction your data were moving, it seems highly likely a question of habituation. If you put a subject through

that a Larger N would have show_ significance, the routine for a number of times on succeeding (lays,

CLARK: This, it would seem to me, is possible. How- after awhile he can find his vertical quite well. That

ever, I think ,the difference is, in any event, quite is what we found in a number of subjects. It takes a_
snmll, least a couple of weeks to habituate the subject in this

GUALTIEROTTh I'd like to mention again, responding new environment.

to the gentlenmn from MIT, the same experiment I EPSTEIN: A number of statistical questions have been

mentioned yesterday. With a man blindfolded, floating raised, and since statistics is my specialty, I would

under water, and without any movemen_t of his joints, like to say a few words. It was evident from one of

excluding any other input except the o,toli,th, we find the questions that the term "analysis of variance" is

that there is no difference as far as the detection of causing some confusion. Analysis of variance is a
the vertical between the same individual in this eondi- standard sta'tistical technique for detecting differ-

tion and in normal conditions. This means that the enees among means. This is done by comparing the

otolith organ (namely the gravitoceptors) is perfectly variance from group mean to group mean, suitably
capable of working out the vertical without any further normalized, with the variance among observations with-

supply of infornmtion. That doesn't mean, of course, in groups. As a matter of fact, the widely used Stu-

that when the vestibular organ is not there anymore, dent's t-test, which involves comparing two groups,

like in these people without labyrinthine input, some can be readily formulated as an analysis-of-variance

other systems cannot take over and substitute, as problem. What analysis of variance does is extend

happens for any kind of sensory input. Have these the capability of making comparisons to the case where

means been compared statistically? I mean, did you there are more than two groups. I also wondered

do any test ,to find out how significant, if they are about _he question of sample size, which has already

significant, they are? been raised by one of the other gentlemen. There are
CLARK: I'm sorry, I didn't get the first part of your two other technical questions that T would like to ask :

question. What do you consider to be a significant difference?

GUALTIEROTTI: You say that these means are not There is a difference between statistical significance

significant? and practical significance.

CLARK: Right. CLARK: Certainly.

GUALTIEROTTh Are they proved not significant by a EPSTEIN: What would you call practically significant?

statistical test, or what? In other words, what would be the least significant

CLARK: Yes; an F-test, analysis of variance, difference that you would like to detect? Secondly,

GUALTIEROrFh ¥,ou don't compare the means? was more than one observation taken on a given

CLARK: I (hough't that is what I was doing? individual?

MAYNE: Dr. Clark, I wonder whether you made any CLARK: Five.

attempt to control the time given your subjects in the EPSTEIN: There were five observations on each in-

detection of the vertical. A sensor could make up the dividual ?

poor quality _)f its infor_mation by averaging over a CLARK: Each subject was represented by five observa-

longer period, tions for each condition. The level of significance

CLARK: Yes ; I might point out that these measure- that I used was the 0.01 level. When I said that there

ments were all m,ade quite promptly. The reason for was a significant difference, it w.as at least at thi,s

that was, as you may well imagine, when people are level and usually greater. The others where they were

over and around, they don't like it particularly well; not significant, interestingly enough, were far above

so our 'tendency was to make them respond as promptly this ; so, I think that just on the face of the statistical

as possible. That is why we had three experimenters, data, that they are not significant.

I would s,sy that the j_dgments in every case were Now, to the matter of practical significance. I think

made quite quickly. It was a matter of a few seconds, tha_t this is a very important point, and I tried to get

2 or 3, I would say. No ; they could hardly set the at this just in passing in connection with the subject's

line ,that quickly but within 5 or 6 seconds, i)erhaps, response. Subjects can set the line to within a degree.
MAYNE: I would like to confirm next that there is a I would say a degree or two would be a range of some

a significant difference between L-D and norm,al sub- importance.

jeers when they are seated. EPSTEIN: There were some differences that appeared

CLARK: That is right, to be larger.
FERNANDEZ: Dr. Gualtierotti has mentioned twice CLARK: That is eorree_t. But ,of course, as you, I am

the same experiment. I'd like to ask him if it's true sure, would realize, the variance, particularly for the
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labyrinthine-defective men, was rather substantial. YOUNG" In response to Dr. Gualtierotti's comment.

The standard deviations that were also shown there The submerged experiments show the sufficiency of the

showed this. In this case, in one particular case, one otolith to orientation but do not indicate anything

of the men had some difficulty in standing erect in about the necessity of the otolith. In fact, it may bring

one condition which increased the variance quite a bit. up the same methodological question in which you may

GRAYBIE[.- I can answer Mr. Mayne, I think, by an hypothesize that the submerged experiment in which

experiment Dr. Clark carried out some time ago. He the man must use otolithic cues is again a situation

had these same subjects on the centrifuge. Here they of his compensating for the lack of the tactile and

were seated passively, and the gravi.toinertial vertical kinesthetic cues. In our normal, everyday lives, we

was changed with respect to them. Under these con- have the parallel cues coming in, and the question, I

ditions, a normal .subject will tend to aline the target think, that Dr. Graybiel presented is, "In this everyday

with the vertical Or horizontal, and he will do it with situation, how, do we process the parallel information?"

a fair degree of accuracy at an angle ¢ in the range Going back to ..Dr. Wendt's experiment of some years

of 20 ° to 30 °. Using the same procedure, the L-D ago, how does one combine the visual, the tactual, the

subjects are more erratic and may only indicate a very otolithic, and other cues in a dynamic situation?

small change. However, we exposed them for an DAVEY: I just want to make an observation from

hour, and at the end of an hour they estimated the the Submarine Service, and that is that men escaping

gravitoinertial vertical with almost the stone accuracy at a depth from a submarine who have no visual or

as the normal subjects, other cues, can't tell whether they are swimming up-

A crucial experiment was carried out in San Diego ward or downward, and some of them do think they

using the same procedures with two differences, both are going upward when they are actually going down-

normal and L-D ,subjects w,ore individually fitted ward. It's my understanding that the new system of

Fiberglas molds, thus insuring good contact with the buoyant ascent was devised to help in forcing orion-

immediate outer environment. They were exposed to ration upward simply by providing a buoyant jacket.

changes with respect to the gravitoinertial vertical GUALTIEROTTh That is quite all right. As Dr. Low-

once under "dry" conditions and again when submerged enstein ,showed yesterday very well, the otolith organ

in water to the neck. Under dry conditions the normal has a certain difficulty differentiating between the

subjects again alined the target with the gravito- up-and-down directions along the vertical• I would

inertial horizontal, but the L-D subjects made an like to know if these people are swimming sideways.

estimate somewhere between the gravitoinertial and The fact is that even if you take skindivers and put

the gravitational horizontal. When exposed sub- them under water and rotate them, they tend either

merged, the normal .subjects set the line to the gravito- to swim up or down, but they don't tend to swim side-
inertial horizontal as before, whereas in the case of

ways. That means that you have the idea of the

the L-D subjects they set it very close to the gravita- vertical even if you do not find the up-or-down direc-

tional horizontal. In other words, with loss of "con- tion easily.
tact" cues and in the absence of otoliths, the oeulo-

MAYNE: When we test a subject under a new situa-
gravic illusion was not perceived.

tion, his respon_ses correspond to his adaptation to
We have been accepting as a challenge for a long

normal body activity. We cannot assume that the
time the attempt to demonstrate the usefulness, if you
will, of 'the otolithic organs in man, and this is not response is a direct measure of the quality of the

an easy thing to demonstrate. The more we have sensory data. This can be established only with con-
trolled adaptation. It could be that L-D and normal

u_ormed our way into this, the more it appears that
subjects have adapted in very different ways to nornml

there are only a few things, as Dr. Clark mentioned

in the beginning, where it is easy to demonstrate dif- body activity, and the differences or similarities of
their response are a measure of this adaptation as

ferences between normal and L-D subjects. This type _:ell as of the relative quality of otolith and kinesthetic
of investigation should be considerably expanded.

sensory data.
We have used as a measure of normal function of

Wb:ISSMAN: I was wondering why Dr. Clark chose tothe otolith organs a counterrolling index value based

on 100 normal, healthy subjects with normal hearing first test the means of the backward and forward
and normal response to irrigation of the ear. Persons facing rather than using a three-way analysis of

with values within this range, we have said, have variance.

normal otolith function. We have found, however, that CLARK: Would you have suggested a four-way

some persons with values within the "normal" range analysis?

respond as if they had partial loss of otolith function. WEISSMAN: No; a three way.
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Does Linear Acceleration Modify Cupular Deflection? 1
Groscr H. CRAMVTON
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SUMMARY

Data from two experiments are described. In part I, htmmn nystagmus was recorded

with the head at the center of rotation and at a radius under a 1.06-g resultant.. The mag-

nitude of nystagmus, especially during constant velocity following angula.r acceleration,

can be manipulated according to the orientation of the head with respect to the centripetal
acceleration vector.

In part II, single cells responsive to angular acceleration were recorded from anesthe-
tized cat brain stem with the head at the center of rotation and at a radius under a 1.03-g

resultant. Consistent differences in discharge rates were not found according to various
orientations of the head with respect to the centripetal acceleration vector.

It is concluded that these nystagmie changes are not due to direct acceleration effects

upon the eupula, but are better explained in temns of a centrally converging otolithie
influence.

INTRODUCTION have failed to show centripetal effects at low g
with the head alined with the radius in the

The torque applied to the endolymph within frog and toad (ref. 3) or _l_e turtle tested at
the semicircular canal during angular accelera-

tion is quite independent of the distance of the 1.0_ g (ref. 4). For conditions in which a man
canal from the axis of rotation. If this torque faces either radially or tangeutally when seated
is the only force of importance for responses at a radius during rotation, no subjective re-

sponse changes could be attributed either to
to angular acceleration, then these responses resultants of up to 1.06 g (ref. 5) or 3.07 g
should not vary in any of their characteristics when facing the center (ref. 6). But some not
when elicited at some radius, as opposed to
stimulation at the axis of rotation. A substan- altogether consistent data show a small reduc-

tion in the rotation-sensation durations when
tial argument lias been made that if the eupula

is of greate F density than the endolymph, the facing the center if the total series of magni-
tudes is extended to 4.81 g (ref. 7). It has been

acceleration will act directly on the eupula itself
(refs. 1 and 2). If so, various orientations of pointed out that judgments of duration of the
the head, and thus of the eupula, will lead to subjective reaction are difficult at high g be-cause the stress of the situation and the corn-
unique responses when exposed to concomitant

centripetal and angular acceleration, pelling character of the tilting sensation disrupt
an orderly attention to rotatory effects.

The evidence is not in complete accord on The effects of centripetal acceleration on

this point. Behavioral observation techniques human nystagnms are much clearer. Benson

This work was carried out at the U.S. Army Medical and _¥hiteside (ref. 6) found that nystagmus
Research Laboratory, Fort Knox, Ky. is reduced at, values of 3.07 g when the subject
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f
faces the axis of rotation. In 1962, Benson re- the discharge of single units within the cat _-esti-
ported (ref. 8) an important variation of this bular nerve was studied during angular accel-
experiment wherein the subject faced not di- eration when the preparation was placed at ,_
rectly toward the center but to the right or the radius from the rotatory ,_xis.
left of the radius by 40°. With a positive Gernandt found that a Type I unit which
acceleration _ aald terminal velocities produch_g direction (determined solely by caloric irriga-
3.07 g, nystagmus from the head-left position tion) now performed like a Type II unit with
was increased and of infinite duration. Under previously fired with an increase in only one
the same condition, but with the head in the an increase in response to angular acceleration
head-right position, the horizontal component of either direction even at low linear accelera-
of nystagmus was reduced in magnitude, and tion values of less than 1.02 g. The implication
actually reversed direction of beating when the is that centripetal acceleration served to drive
terminal g was reached and continued through-, the cupula in but one direction, overriding the
out thehigh-gperiod. Crampton also reported normally directional response of the endo-
(ref. 9) a series of observations of a very similar lymph. The threshold data were consistent
nature, except that the effects were demon- with this hypothesis in that the threshold in one
strated at accelerations as low as 1.06 g. In direction (the normal acceleration direction for
this latter case, the subject faced not right or an increased discharge) was lower than thresh-
left 40°, but 90° in either direction so that he olds for accelerations of the opposite sense.
faced along the tangent. These data, to be re- These facts have been interpreted as clear evi-
ported in more detail below, showed the on- dence for direct acceleration effects on the
haneement and diminution of the nystagmic cupula, but these data are not so decisive as one
response in the same fashion as did Benson's would wish for a keystone in this inductive
data, although the low g was apparently insuf- structure. For example, single units were not
fieient to cause a reversal in the phasing of the studied both at the center and at the periphery.
beats. Lansberg, Guedry, and Graybiel (ref. Vestibular units are quite idiosyncratic in their
10) later demonstrated that a nystagmus re- discharge pattern and a single cell must be
versal for subjects riding in the tangential fac- compared at the two locations. In addition,
ings could be produced at a moderate value of identification of a cell type by caloric means
1.66 g. may be quite tenuous. Finally, the head

If the eupula in the ampulla of the lateral position of the animal, the angular aceelera-
canal is hinged anteriorly, extends dorsally and tions, their durations and the terminal veloci-
is approximately parallel to the mesial plane, ties were not clearly specified2
the nystagmus data just cited are in accord with The purpose of this paper is to present two
the hypothesis that centripetal acceleration is experiments. In part I, the human nystagmic
acting directly on the cupula. But more spe- data reported in 196o, are offered for publica-
cific evidence is required 'to confirm the hypoth- tion in these proceedings for the first time.
esis, because the otoliths are stimulated at These data are of interest because they show
very low values of linear acceleration, and oto- that linear acceler,,.tion produces systematic
lithic stimulation is known to have clear in- changes in nystagmus at even the very low
fluences on nystagmic function (e.g., refs. 11 values of 1.06 g. In part II, an experiment is
and 12). The frequently cited direct evidence described in ,which single-unit activity from
is anexperimentbyGernandt (ref. 13)inwhich cells within the cat vestibular nuclei were

studied both at. the center of rotation and at a
-_A convention o.f analytical meehanies is observed in radius.

this terminology. The run, table, as viewed from above,
undergoes a positive angular acceleration during a
period of decreasing counterclockwise (CCW) velocity _In subsequent personal communications with Dr.
or increasing clockwise (CW) veloeity. Similarly, the Gernandt, it was determined that the same cells have

turntable undergoes a negative angular acceleration been studied at the center and at the periphery in a
during a period of decreasing CW velocity or inereas- later unpublished study and with 'the same result, and
ing CCW velocity, that the orientation of the head was along the radius.
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PART I. HUMAN NYSTAGMUS directly over the axis of rotation and called the

center position. The other was at a radius ofApparatus and Recording Method
1 meter_ facing the tangent such that the sub-

The electrically driven turntable was 2.4 me- ject would be riding "into the wind" during a
ters in diameter and controlled with suitable counterclockwise rotation with his left shoulder

feedback circuit.s T to maintain the required ac- directed to the rotatory axis. This latter posi-
cderation programs (ref. 14:). The chair for tion was termed"position CCW."

the subject w,_s firmly attached to rails that In section II of the experiment, the 2 most

transversed one full diameter of the*.able. The experienced subjects, those who gave the most,
rails permitted positioning the subject's head systematic and seorable nystagmic responses,
over the axis of rotation, or at any radius up to were given 4 trials at each of 3 head positions
1 meter. Additional adjustments provided for and for initially positive and initially negative
setting the heading of the subject to any direc- acceleration directions, making 24 trials for each
tion with respect to the radius. A bite'board subject. Two head positions were center and

assured that the subject's head was fixed, and CCW as for sectim_ I, and the third position
the ]ateral canal alined with the p]ane of was at a 1-meter radius, facing the tangent such
rotation, that the subject would be riding "into the wind"

The electrode assemblies were constructed of during a clockwise rotation with his right
small plastic cups and filled with electrode jelly shou]der directed to the rotatory axis : position
which was in contact with silver-silver chloride CW.

junctions. Electrodes were taped to the skin at The order of presentation of trials within sec-
the outer canthi to record the horizontal corn- tion I and section II was counterbalanced so

ponent of ocular nystagmus and above and be- that no particul'u' condition was favored in the
low the ]eft eye to record the _ertical component, order for all subjects, thus obviating the pos-
The ground electrode was taped to the fore- sibility of biasing the data with complications
]mad. Potentials were led from the turnta,ble from habituation. An experimental session cou-
through sliprings and amplified with a 1.4-see- sisted of four trials a day in section I and six

ond RC time constant, and displayed on an trials a day in section II. At least 1 day inter-
offner type T transistorized electroencephalo- vened between sessions. A preliminary trial

graph, was given prior to each session, during which
Subjects and Procedure the recording system was adjusted and the sub-

ject refamiliarized with the situation.
Four adult male subjects participated_ none All acceleration tri'tls were conducted in corn-

of whom had any history of labyrinthine dis- plete darkness, and the subject was instructed

order. Two were very experienced with rota- to keep his eyes open and directed str,_ight
tory devices, ahead. The subjects performed intense silent

Test trials consisted of accelerations of '_.5°/ mental aritllmetic during the trials. At a signal

see _ nlaguitl)de with 22-seeond duration_ and a.ll from the experimenter, just prior to the ac-
began from a base speed of I rpm. A trial con- celeration, .the subject would start the arithme-
sisted of, first, an acceleration, either positive or tic and continue with the problem until signaled

negative, followed by a 2-minute period of con- to stop. The stop signal was given during the

stant velocity at 17.5 rpm and then an accelera- period of constant velocity and after the nys-

tion of equal magnitude and duration, but of tagmus had entirely subsided. The subject then

opposite direction, back to the 1-rpmbase speed, rested and no data were collected during the

In sectioll I of the experiment, all four sub- return to base speed. One of two arithmetic

jects received eight trials, including tavo test; problems was employed on each trial One

trials at each of two head positions and for problem was to divide 80 and each successive

both initially positi_eand initially negative ac- quotient by 5, more precisely 80(5)-". The

celeration directions. One head position was other was: a_+l+2q-3+ . . . +n, assigning a
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different number for x on each occasion. Men- center show a very faint upward beating of the
tal arithmetic tasks have been shown to be a eyes in association with the fast-phase left beat-
necessary adjunct to vestibular experiments if ing of the horizontal component. This beating',
maximum nystagnms with minimum variability is evident, ill spite of the larger and less regular
is to be elicited (refs. 15 and 16). disturbances caused by eye blinks and lesser lid

movements and is probably due to slight mis-
Calibration alinement of the vertical electrodes. The vet-

Calibration of the eye movements was under- tical recording taken at the radius CCW posi-
taken, with the room lights on.just prior.to each tion does not show an up fast-phase, but does
trial. The subject, would shift his gaze smartly, show a vertical fast-phase down component
on command, from a point directly ahead to which is best seen some 10 seconds after the end
measured marks at 20 ° right, left, above, and of the acceleration. This shift in the direction

below the center position, of a small vertical component indicates that the

plane of nystagmus had shifted, but this shift.,
Results if seen, was always small, and never larger than

An example of nystagmus as recorded in this depicted here. In fact, the plane proved quite
experiment is shown in figure 1. This exmnple, erratic at this low-g level and the shift shown

recorded during and following negative angular here is not the same as found 'by Lansberg et al.
acceleration at the center and in the CCW posi- (ref. 10). In their position D with a negative
tion, shows the principal features. The activity aecelera.tion, the plane shifted to one with an
on the vertical channel is of interest. At the upward-beating fast-phase instead of a down-
end of acceleration, the recordings made at the ward one.

CENTER
HI]"-' '

V _- A___/__

L R U D

_.- --_ -/L _

I SEC
RADIUS- CCW " '

H

V_---_ _=._._, ,.j_.

L R U D

Figure 1.--Nystagmus simutta_tcously recorded .with, h.orizontal (11) a_td vertical (V) electrode placements
with, a center and c_radius CCW heading. Th,e 22-seeo_d dura,tions of the ]_.5°/seo2 ncgf_tivc aceeleration_
are indicated by the heelvy vertical lines iu, each recording. Calibratio_s tit the end of tl_e recordings
were obtained by instruetiJ_g the subject to M_,ifthis gaze to fixation points set at 20° up and dow_,
and right and left from the straight ahead position.
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The horizontal component records for section tion. But, because the differerme was small, it

I were scored by measurement over 9-second ill- was considered appropriate to repea.t the experi-
.tervals of the magnitude of the slow-phase merit and to addthe C_V position to the observa-

sweeps of the eyes. Measurement was continued tions. Section II was then carried out on two
over the entire duration of the primary nys- of tile four subjects and the nystagmus meas-

tagmus. Secondary nystagmus and recordings ured as already deseri.bed for section I. Figure
on the vertical channel were not scored. Meas- 3, left panel, shows that the positive and nega-

urements, first taken in millimeters, were con- Live accelerations produced responses which

verted .to degrees per second by reference to the were essentially similar, with some small bias
magnitude of the 20 ° calibration signals ob- toward an imbalance in the direction of a great-
rained after each recording trial. Finally, the er response for the positive acceleration. In _he
data from all subjects were averaged and are center panel, positions CW and CCW have been

plotted in figure 2. compared for positive acceleration alone, and
_ks the left panel in figure 2 shows, no dif- in the right panel, for negative acceleration

ferences were found between the radius posi- alone. The positive acceleration enhanced the

tion and the center position when data from response at the CW position and depressed the

both positive and negative accelerations were response at the CCW position. The opposite
averaged. It is of special interest to note, how- occurred for negative acceleration: This dir-
er•r, that whereas there was no difference in ference was in the same direction that was found
response magnitudes between positive and neg- in section I. Again, the difference arose near
ative accelerations at the center (center panel), the end of the acceleration and continued
t:here was a distinct difference between the di- throughout the period of the cupular return, a

reetions of acceleration a.t the radius (right period during which the centripetal acceleration

panel). The response to the negative accelera- was at a maximum.
tion was decidedly greater during the follow-
ing period of constant velocity, when the ten- PART II. $INGLE-CF_LL RECORDINGSFROM CAT BRAIN STEM
tripetal acceleration was at a maximum.

The difference between acceleration directions Head Positions

shown in the right panel of figure 2 could not Figure g shows the body positions and figure
be attributed to a directional imbalance, since 5 indicates the right lateral semicircular canal,

an im'balanee was not evident at the center posi- and the cupula in each case, assuming that. the
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o •
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Figure 2.--Average slow-phase nystagmic output during and following the 22-second 4.5°/se_ _ acceleration.

The directions of the accelerations are indicated by the ros and _EG designations. The subject rode at the

center or at 1-meter radius in position CCW as sho_vn. Note that negative acceleration produccd more

nystagmus than positive acceleration i_ the COW posi, tion.
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Figure 3.--Average slow-phase nystagmic output during a_d following the _2-second 4.5°/see: accelerations.
The directions of the accelerations are indicated by POSZTZVEand NEGATIVEdesignations. Note that negative
acceleration produced more nystagmus than positive acceleration from the CCW position (right panel),
but positive acceleration produced more nystagmus than negative aeeelerattoq_ for the CW position (center
panel).

f
0

"-___ Figure 5.--Schematic representation of the right-laterat
semioirc_elar canal at each of the positions. A posi-
tive angular acceleration is indicated which estab-

Figure 4.--Body a_td head positions employed in radius lishc8 a relative endolymph motio'n in a co_tnterclock-
wise direction as shown by the curved arrow in theexperiments. The CW and CCW headings indicated
ee_ter figure. This endolymph displacement moveshere are the same employed for man in part I, except

for the shorter radius, the cupula in the direction i_dieated i_v each figure
by the heavy black arrow. Also shown in each figure
with the open arrow is the directio_ which the

cupula is hinged anteriorly, extellds dorsally eupula should be displaced if linear _eceleration acts
directly on this structure. Note that with the as-

and is approximately p_ral]e] to the mesial sumptic_ the cupula is hinged anter£orly as depicted
plane. The white arrows show the direction of here, cupular displacemcnt should be increased far

cupular displacement, if it is assunled that ten- the CW position, but diminished at the CCW positio_t
with positive acceleration. Cupular displacement at

tripetal acceleration is effective on this struc- positions TI and TO might well be ambiguo_ts, but a
ture. The black arrows indicate the direction smaller displacement would be predicted for thesc

of cupular displacement when the eupu]a is dis- orientationsas comparedto the center.
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cell could be held. A series was also completed scribed here. In figure 7, recording events
on one other anim,_l but using the tail-in (TI) shown in lines A, B, and C led to a termination
and tail-out (TO) positions, of the experiment at that point. In line A, the

umt evidently shifted away from the electrode
Recording during the acceleration (izldicated by the heavy

Electrodes were electro-polished-steel insert, band below the recording), lVhen the cat re-
pins prepared according to the method of Green turned to a stop, the brain reverted to its origi-
(ref. 17), but insulated with successive coats of nal position and the ceil was recorded from
baked Formvar. Electrode tips were less than again. The return of a unit in this fashion
6 microns in diameter, and tested with saline was a most rare occurrence. In line B, the more
immersion under a microscope to observe if a usual deterioration of cell isolation is shown.

small bubble was produced at; the tip when a In line C, .mtivity at the death of a cell was re-
current was passed _.hrough the electrode. The corded showing the characteristic rapid firing.
single-ended signal from the electrode was led In line D, the normal discharge of the cell is
through a cathode follower mounted on the shown during and following an acceleration
stereotax'ic instrument, through instrument which turns off the resting discharge. Here it

sliprings and thence to amplifying and record- is seen that only the rate, and not the amplitude
ing equipment outside the turntable room. The as seen in A, is affected. The cell returned to its
signals were filtered through a frequency band normal firing rate after the acceleration.
between 300 and 3000 eps, and photographed
from an oscilloscope at a 50-ram/see fihn speed. Histology

We found it difficult to obtain technically ode- Following the recording, :_small current was
quote records over long periods of time when the passed through the electrode by attaching the
_nimal was placed under centripetal accelera- anode of a de source to the electrode. The cur-
tion. If the animal is kept over the axis of rent in microamperes and its time of applica-

rotation, successful recording sessions of over tion in seconds were adjusted so that the product
1 hour are possible in more than half the at- of the two amounted to approximately 150;
Lempts (ref. 18). Fewer than 1 success in 10 more correctly, 0.00015 coulomb. The animal
attempts was achieved with the procedure de- was then perfused with saline solution followed

A _ i _, !

D

! i

1SEC

Figure 7.--Exr_mples of recording incidents. (A) The brain shifts and moves cell from electrode. (B) Cell
isolcdAo._ is lost by small brain (_r electrode movements. (C) The cell dies. (D) Usual inh.ibi.tion of a

resting discharge of the cell an(l i.ts retum_ to normal firing rate.
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by 10% formalin, to which 0.5% pot_sium fer- any) with a negative acceleration. Duensing
rocyanide ,_nd 0.5% potassium ferricyanide had and Schaefer (ref. 23) and Shimazu and Precht
been added. The brain was removed and p.laced (ref. 24) found them ill the vestibular nuclei

-_' in this perfusing solution for not less than 3 days and called them Type II, which confuses the
before subsequent processing. This procedure, issue because the new Type II does not agree
adapted after the method of Green (ref. 17), with the former Type II designation of
produces, by virtue of the prussian blue rent- Gernandt's.

tion, a small blue spot at the electrode tip site We believe that the non-Ewaldian reacting
which just can be detected by the unaided eye unit is reflecting activity originating in one of
while preparing frozen sections. A series of the vertical canals of the labyrinth on the same
40-micron sections in the region of the dyed spot side as that in which the electrode is positioned.
was then stained alternately with crystal violet Lowenstein and Sand (ref. 25) have shown
and neutral red. Identification of electrode lo- that a vertical canal will produce what appears
cations was made by reference to Brodal and to be non-Ewaldian activity with horizontal
Pompeiano (ref. 19), and Brodal, Pompeiano, rotation of the head, and Ross (ref. 26) observed
and Walberg (ref. 20). that even a small misalinement of the vertical

Cell ResponseCategories canal from a true orthogonal orientation with

Just as described previously (ref. 18), we find the horizontal plane led to adequate stimulation.
two major cell types when recording in this Only Ewaldian units, those referred to as
fashion. The most frequently found type fol- Type I by Gernandt, have been studied in this
lows the classical description for the function of experiment.
the lateral canal as described by Ewald (ref. Results

21), in which it was deducted that utrieulopetal Twelve units have been studied under these

movement of the cupula should produce a maxi- adverse conditions, including one in _ "tail-out
mum response, and that utriculofugal move- and tail-in" series. All electrode sites were
ment of the cupula should produce but little histologically verified.
response. This first category was termed

Table 1 indicates the direction a response
"Type I" by Gernandt (ref. 22), but we prefer

should have taken if centripetal accelerationto term it an "Ewaldian" unit and denote that

it increases its firing rate with positive _celera- acted directly on the cupula, as shown in figure
tion and decreases its resting rate (if any) with 5. In not one single case was a response altered
_tnegative acceleration, when the electrode is on in its direction of change as predicted by figure
the right side and recording activity originates 5 and table 1. If this were the ease, the CCW
in the right eat'. The opposite obtains for an response to all positive accelerations shown in
electrode on the left side; that is, an increase in the accompanying figures should have been in
firing rate with a negative acceleration and a the "turnoff" direction or, at the very least,

decrease in the resting rate (if any) with ,_ reduced in magmitude when compared to the
positive acceleration, center condition. Likewise, for responses to

We prefer to call cells from a second broad negative acceleration in figures 8 and 9, the CW
category "non-Ewaldian" units : units which response should have "turned on" if the hypoth-
increase their discharge rate with a negative esis held or, at the very least, have been _ lesser
acceleration and decrease their resting discharge inhibition or turnoff than for the center con-
(if any) with a positive acceleration when the dition. The one successful "tail-in and tail-out"

electrode is on the right side and recording ac- animal also did not show differences between the

tivity originating from the right ear. The op- center, CW, and CCW positions.
posite obtains for an electrode on the left side; Careful examination of all records was made

that is, an increase in firing rate with a positive to determine if subtle response changes might
acceleration and a decrease in resting rate (if have been introduced by line,_r acceleration.
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For example_ .although the linear acceleration were very much the same as the trial-to-trial

might not be sufficient to reverse entirely the reliability_ and consistent differences were not
direction of movement of the eupula_ it might seen. Thus, figure 8 shows a cell response in

be adequate to modify the deflection to a lesser accord with Gernand_; the CW discharge is
extent. But the differences between conditions greater. Figm_ 9 shows just the opposite.

Table 1.--Predicted Responses/or Cupula and Type I Discharge From the Right Lateral Ampulla
According to the Positions Shown in Figure 5

Acceleration and position Deflection Discharge

Positive:

Center ................... Utriculopetal .......................... Increase from resting rate

CW ...................... Utriculopetal_center ................... Increase from resting rate,center

CCW ..................... Utriculofugal .......................... Decrease from resting rate

TI ....................... Utrieulopetald center ................... Increase from resting ratedcenter

TO ....................... Utriculopetald center .................. Increase from resting ratedcenter

Negative:
Center .................... Utriculofugal ......................... Decrease from resting rate

CW ...................... Utrictflopetal .......................... Increase from resting rate
CCW .................... Utriculofug_l_center ................... Decrease from resting r_te_center

TI ...................... Utriculofugald center .................. Decrease from resting rated center

TO ...................... Utriculofugald center ................. Decrease from resting rated center
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Figure 8.--Angular accelerations commenced at zero rpm and terminated at _O-rpmCCW for negative accelera-
tions and 20-rpm CW for positive accelerations. This recording from a cell within the right-medial
vestibular nucleus shows that the type I character of this Ewaldian unit remained unchanged at all
positions. The fact that the CW position produced greater responses than the" center and that C6_V
produced even less when the eat was at 20 rpm is the direction of the hypothesis outlineg in figure 5. All
CW and CCW data from this and succeeding' graphs are _inglc trials, not averages.
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Figure 9.--This recording frem a _rnit within the right-descending vcstib+llar nzzcleus shows that the type I

character of this Ewaldian ,unit remained unchanged at all positions. Note that the relative dif/ercnces

between the positions when at constant velocity are the reverse from tl+ose fo++nd in fig+ireS, and not even

in the tl_rectio_ spcci, fied by the hypothesis in figtlre 5.

Similarly, in figure 10, the top graph does not other data are not in accord. In particular, if
agree with the hypothesis that centripetal ac- a man in a horizontal position is subjected to
celeration is a factor, but the bottom one does. angular acceleration about his long axis, _ oll
One must be careful not to base conclusions on a roasting spit, a horizontal nysta_oznus is very

too few cases. By and large, the most frequent much prolonged if a constant angular velocity
finding is that shown in figure 11 for two addi- is maintained following the angular accelera-
tional animals. No clear-cut difference between tion (refs. 27 and 28). If a stop follows the
conditions is evident. _mgular acceleration, the nystagmic poststimu-

]ation duration is very short. Here, the otoliths
DISCUSSION

are probably playing a regulatory role in

Part I showed that human nystagmus nystagmic control; certainly, the prolonged
recorded at resultant values as low as 1.06 g duration cannot be due to direct gravity effects
indicated c]e_qreffects attributable to centripetal on the cupula.
acceleration. Such a low value is of the order Part II contained an experimental design

of magnitude of 1.02 g in which Gernandt (ref. specifically modified from Gernandt's to include
13) reported centripetal effects in single-cell those positions found to be critical for nystag-
recordings, and the 1.03 g used here in part II mus experiments (CW and CCW). Other

describing our own single-cell recordings. Note features of the procedure, including assessment
the difference between these low values and the of tim same cell at the axial position as well as

high ones at which dramatic nystagmie effects at a radius and employing a resultant even

are found : 1.66 g (ref. 10) and 3.07 g (ref. 8). higher than that of the earlier experiment, were

Although these nystagmus experiments have expected to confirm Gernandt's findings in a

results compatible with the hypothesis that most explicit, manner. Although the part II

linear acceleration acts directly on the cupula, experiment is not an exact replication of
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Figure lO.--The cell 1or the z_pper record was within the right-medial vestibular n_l.eleas. The response does

not follow the hypothesis that centripetal acceleration is a factor. But the lower record, from a cell

within the righ, t superior vestibular n_cle_ls, is in the d.irectio_, predicted, by the hypothesis.

Gernandt's procedure, it is not evident why the eat was facing along the radius (our tail-out
comparable results were not obtained. This is or perhaps tail-in position).

especially true for the one "tail-in and tail-out" The recording sites are clearly different. In
animal which more nearly duplicates the earlier part II all cells were within the medulla itself.
technique. Gernandt directed his electrodes to the vestibu-

There are certain differences between the lar portion of the eighth nerve, just at its exit
Gernandt experiment and part II of our work. from the internal auditory meatus. He was

He employed ,_ shorter radius, 40 centimeters able to isolate "units" sufficiently well to record
compared to out' 53.5 centimeters. The termi- from them under these rather adverse eondi-
nal velocity in the earlier experiment is not tions. The nature of these units found in that

known precisely, but he refers to 15-20 rpm _ts segment of neural tissue remains in doubt, al-
"extreme speeds." All terminal velocities in though it, has been confirmed that unit activiV

part II were at 20 rpm. Angular acceleration can be recorded in this manner from eat, dog,
and aeceleration durations cannot be determined and rabbit (ref. 29). Our own somewhat

from his text, and we may only assume that clumsy early attempts to record from the same

accelerations were comparable in the two ex- location were singularly unsuccessful, and our

periments. It has since been confirmed that subsequent recordings have all been from the
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Figure 11.--The ec_l for the u.pper record was at the upper margin of the right superior vestibular nucleus, and

fo_" the lower record, was in the right medial vestibular nucleus. These records represent the most typical

]_ndiTlg in that there a¢'o no distinct differences among recordiqtgs when tlie head is at the vario_s

positions.

vestibular nuclei and related central structures, is "No." Only Gernandt"s experiment supports

This difference in recording sites may be a sig- an affirmative respons% but this frequently cited
nificant factor. Further_ the Gernandt experi- unhandy set o_ findings has here failed veri-

ment was performed on decerebrate cat% with fication_ or at the very ]east_ depends upon a
the lateral portion of the cerebellum aspirated narrow and restrictive set of conditions. The

to permit direct observ'ttion of t,he recording theoretical analyses of Ter Braak (ref. 1) and
site. Part II experiments were performed Timm (ref. 2) are yet to be incontrovertibly
under deep barbiturate anesthesia and with confirmed. NystagnIie effects seen with changes
minimal brain exposure, in magnitude and direction_ and even of direc-

When one collates the data which bear on tion alon% of the linear acceleration resultant

the questioll, "Does linear acceleration modify are perhaps better explained in terms of a cen-

eupular deflection ?" it appears that the answer tral]y converging oto]ithie influence.

REFERENCES

1. TER :BRAAK, J. W. G. : Kann der Bogengangsal)parat Vestibuhtr Responses to ,kngular Acceleration

durch geradlinige Be.sehleunigung gereizt wer- With Comparative Data From Cat and Man. .1.

den? Pfliig. Arch. ges. Physiol., vol. 238, 1938, Comp. Physiol. Psychol., vol. 55, 1962, pp. 315-

pp. 327-332. 321.

2. TIMM, C. : Physikalische Vorg:,inge bei der Laby- 5. GRAYBIEL, A. ; NIVEN, .]. ; AND I_IAcCORQUODALE, K. :
rinthreizung. Z.f. Laryngol., Rhinol., Otol. The Effect of Linear Acceleration on the Ocu-

(Stuttgart), vol. 32, 1953, p. 237. logyral Illusion. Nay. Sch. Aviat. Med. Rpt.

3. h[AXWELL, S. S. : Labyrinth and Equilibrium. Lip- NSAM-443, Pensacola, Fla., 1956.

1)incot't, 1923. 6. ]:{ENSON, A. J. ; AND WIIITESIDE, T. C. D. : The Effect

4. CRAMPTON, G. U.; ANt) SCIIWAM, W. J-. : Turtle of Linear Acceleration on the Response to



¢

182 ROLE OF VESTIBULAR ORGANS IN SPACE EXPLORATION _

Angular Acceleration in Man. J. Physiol. (Lon- Organs in the Exploration of Space, NASA SP-

don), vol. 156, 1961, pp. 6P-7P. 77, 1965, pp. 85-96.

7. GRAY, R. F. ; AND CROSBIE, R. J. : Variation in Dura- 19. BRODAL, A. ; AND PO_[PEIAN0, O. : The Vestibular

tion of Oculogyral Illusions as a Function of Nuclei in the Ca¢. J. Anat., vol. 91, 1957, p. 438. *e
the Radius of Turn. Nay. Air Develop. Ctr. Rpt. 20. BRODAL, A. ; I)OMPEIANO, O. ; AND WALBERG, F. : The

NADC-MA-5806, Johnsville, Pa., 1958. Vestibular Nuclei and Their Anatomy and Func-

8. BENSO._', A..1. : Effect of Linear Acceleration on tional Correlations. Charles C Thomas, 1962.

Labyrinthine Nystagnms in Man. Communica- 21. EWALD, J. R. : Physiologische Untersuchungen fiber

tion 1016, Proc. XXII International Congr. Phys- das Endorgan des Nerves oetavus. Bergmann

iol. Sci., Leiden, 1962. (Wiesbaden), 1892.

9. CRA_eTON, G. H. : Centripetal Acceleration and 22. GERNANDT, B. ; Response of Mammalian Vestib-

Vestibular Nystagmus in Man. Paper read be- ular Neurons to Horizontal Rotation and Caloric-

fore the Psychonomic Society, St. Louis, 1962. Stimulation. 3. Neurophysiol., vol. 12, 1949, pp.

10. LANSBERO, _I. P. ; GUEDRY, F. E. ; AND GRAYBIEL, A. : 173-184.

Effect of Changing Resultant Linear Accelera- 23. DUENSINO, F. ; AND SCHAFER, K. P. : Die AktivitSt

tion Relative to the Subject on Nystagmus Gen- einzelner Neurone im Bereich der Vestibularis-

crated by Angular Acceleration. Aerospace kerne bei Horizontalbeschleu.nigungen unter

Med., vol. 36, 1965, pp. 456_t60. besonderer Berficksichtigung des vestibulfiren

11. OWADA, K.; SHIZU, S.; AND KIMURA, K.: The In- Nystagmus. Arch. f. Psychiat. u.Z. Neurol., vol.

fluence of the Utricle on Nystagmus. Acta Oto- 198, 1957, pp. 225-252.

laryngol., Stockh., vol. 52, 1960, pp. 215-220. 24. StIIMAZU, H. ; AND PRECIIT, _V. : Tonic and Kinetic

12. OWADA, K. ; AND OKUB0, K. : The Otolithic Reaction Responses of Cat's Vestibular Neurons to Hori-

on Nystagmu.s by Caloric Stimula.tions. Acta zontal Angular Acceleration. .1. Neurophysiol.,
Otolaryngol., Stockh., suppl. 179, 1963. vol. 28, 1965, p. 99].

13. GERNANDT, B. : The Effect of the Centrifugal Force 25. LOWENSTEIN, O. ; AND SAND, A. : The Individual

Upon the Nerve Discharge From the Horizontal and Integrated Activity of the Semicircular

Canal. Acta Physiologica Scand., vol. 21, 1950, Canals of the Elasmobranch Labyrinth. J.

pp. 61-72. Physiol. (London), vol. 99, 1940, pp. 89-101.

14. GUEDRY, F. E. ; AND KALTER, H. : Description of 26. Ross, D. A. : Electrical Studies on the Frog's Laby-

Human Rotation Device. Army Med. Res. Lab. rinth. J. Physiol. (London), vol. 86, 1936, pp.

Rpt. 242, Fort Knox, Ky., 1956. 117-146.

15. COLLINS, W. E. : Effects of Mental Set Upon Ves- 27. BENSON, A. J. ; AND BODIN, M. A. : Interaction of

tibular Nystagmus. J. Exp. Psychol., vol. 63, Linear and Angular Accelerations on Vestibular

1962, pp. 191-197. Receptors. Flyg. Pers. Res. Com. Rpt. 1243,

16. COLLINS, W. E. ; CRAMPTON, G. H.; AND POSNER, Ministry of Defence (Air), London, 1,965.

J. B. : Effects of Mental Activity on Vestibular 28. GUEDRY, F. E. : Orientation of the Rotation-Axis

Nystagmus and the ElectroencephalogranL Na- Relative to Gravity: Its Influence on Nystag-

ture, vol. 190, 1961, pp. 194-195. mus and the Sensation of Rotation. Acta 0to-

17. GREEN, J. D. : A Simple Microelectrode for Record- laryngol., Stockh., vol. 60, 1965, pp. 30--48.

ing From the Central Nervous System. Nature, 29. BOENNINGIIAUS, H. G.; HENATSCH, H.-D.; AND

VO1. 182, 1958, p. 962. VIL_AR, K.-F. : Aktionsstromuntersuchungen am

18. CRAI_{PTON,GEORGE H. : Response of Single Cells in Nervus vestibularis des Warmblfiters. Arch.

Cat Brain Stenl to Angular Acceleration in the Ohr-usw. Heilk. Z.-Hals-usw. Heilk., vol. 160,

Horizontal Plane. The Role of the Vestibular 1952, p. 576.

DISCUSSION

Lowr-NSTF-IN: When you had your acceleration termi- the cupula, Nature, let's put it metaphorically, tried

nating in constant-speed rotation on the turntable, the to design a cupula which is roughly of the same specific

long tail of your discharged frequencies was during gravity of the endolymph. Nature didn't manage, but

this constant-speed rotation of the turntable, where Nature got away with it because man wasn't nmde

you would have expected the return to the normal for angular or linear accelerations larger ,than running

resting discharge level; isn't that so? to begin with. And it _ill take a few million year_

CRAMPTON: Yes. before man will become adapted to space flight.

LOWENSTEIN: And what you snowed was that in HIEBERT: I'd better restate my earlier remarks and

some cases, it didn't quite return to the nornml re,s.ting say that if you are recording from the vestibular nuclei,

discharge, but it remained above, and in other cases you have to be very careful in making any judgments

became depressed below, that the nuclear discharges exhibit a point-to-point

Concerning the question of the specific gravity of relationship with what is happening at the end organ.
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I think that the "caprice" that you see in these cells SCHUKNECHT: I don't know how to assess the force,

in repetitive trials of identical stimuli of the end but from the anatomicalstandpoint I think this makes

organ is due to modulation, so that you cannot draw sense.

a conclusion from them as to what might be happening LOWENSTEIN: I wonder whether it is true in man as

at the cupula, it is in other vertebrates that the semicircular canals

¢RAMPTON: If linear effects on the cupula are promi- are extremely well anchored within the bony canal by

nent, we should have ,seen them. connective-tissue strands.

MONEY: In my study of the 'bony canals ill cats, SCHUKNECHT: In all m_mmals there are very fine

according to .the shape of the bony ampulla, the eupula fibrillar strands which extend not only from the canals

is hinged at the front and points almost directly back to the bony walls but from the ampullary wall itself.

but slightly laterally. I was able to get much the But these are very flimsy, and in many areas very

same impression from a study of histological sections. .scarce. I doubt that they would have very much of

Dr. Igarashi made a similar study and found about a retaining or fixing effect on the membranous

the same thing, only he found the eupula to be pointed labyrinth.

.slightly medially instead of slightly laterally. In any SMITH: Just a comment in reference to Dr. Schu-

event, it is fairly close to pointing straight back and knecht's statemen_t. The anterior portion of the macula

it is hinged an.teriorly in the cat. of the utricle, the anterior curved portion, is attached

CRAMPTON: How about in man? to the bony wall, whereas the posterior larger end is

MONEY: I have never studied it in man, but prob- relatively free. Therefore, at least half of tile macula
ably Dr. Igarashi could tell you this. You did find of the utricle is well anchored and this is the part

some units that did respond differently in the periphery attached to the superior and horizontal ampullae. The

compared to their response in the center. Why did ampullae of 'the semicircular canal are fitted rather

you decide that for these units, there was no evidence closely in, to the bone so that it would be easier, I

of an effect of linear acceleration on cupular deflection? imagine, for the cupulae to be moved relative to the
ampullae than for the entire structure to move. A1-

CRAMPTON: Some of the units showed a small effect.
though there might be some movement if the force

It would take several years of work with this tech-
were great enough to divert the straight posterior

nique to obtain a meaningful statistical answer. I
portion of the macula of the utricle.

think that the significant point is that the profound

change found by Dr. Gernandt was not seen. No effect CRAMER: It would be very easy to dismiss the in-

w.as found consistently for all units. And indeed, that consistencies you found as artifacts. You were cen-

is why I presented the data in this individual fashion, trifuging not only the ear but the brain and the elee-

rather than offering averages, trode. Possibly, if you would examine your records
with the nose-in, nose-out positions, you might find

MONEY: Yes, because accord'ing to some hypotheti- some differences in which you are applying tangential
cal models, it would be very handy to have some units

acceleration against the plane of the cupula. It might
which did respond in thi,s way and others that didn't.

help resoh,e thi,s.

SCHUI(NE'CHT: If you are having some difficulty ban- CRAMPTON: Would you please clarify that?

dling this idea of the cupula having a high specific CRAMER: You are using centrifugal force alone here,
gravi.ty, permitting it to respond to gravitational force,

I might suggest that the anatomy of the vestibular hypothetically, to modify your cupular response. Try
the tangential force that is applied when you accelerate

labyrinth is such that you might adopt a little different
your animal and compare results. It might help to

concept about this. The static labyrinth consists of
resolve these inconsistencies which everybody finds.the two structures, utricle and saccule, as you know.

CRAMPTON: At these low angular .accelerations, theThe saccule is located against the vestibular bony wall

and can't m,ove, bu¢ l)a_t of the utrieular macula juts tangential component is very small.

out into the center of the vestibule. If the labyrinth CRAMER: Use some bigger ones.

is subjected to gravitational or centrifugal force, it is CRAMPTON: Linear components are linear eompo-

reasonable to expect the utrieular macula to move in nents, and I am perfectly satisfied with the centripetal

the vestibule. The three canals enter the utricle and components.

the ampull,ae are in very close anatomical position. CRAMER: You would be applying it in a different di-
rection for a shorter time. The effect of tangentialThe crista probably can nmve a bit in the line of
acceleration would appear as a difference in the growth

gravitational force. And if the ampullary wall moves, of the response. It might help to tell you whether

I think it is reasonable to expect the cupula, which you have a genuine change here or just an artifact.
lies under it, to move a bit. In other words, the

MAYNE: It seems that a number of hypotheses are
gravitational or centrifugal movement of the utricle

possible regarding the phenomena reported by Colonel

woul4 be transmi.tted to the crista. Crampton. In the first place, it could restilt, as indi-

¢RAMPTON: At very low acceleration levels of 60 cated by Dr. Lowenstein, simply from a slight error of

milli-g? Natu're in matching the density of the cupula to that
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of the endolymph. Or again, it may be related to the utriele, on the membranous ampulla, or on the mere-

fact that eye movements are sonletimes controlled as branous canal could cause some sort of movement and

a function of velocity and other times as a function stimulate the semieireula.r canal. I wouldn't want to

of acceleration or rate of change of acceleration. It suggest that this is a normal physiological 'thing, but

could ,be, also, that nystagmus, or whatever signal is under unusual conditions, such as turntable experl-

related to it, is determined by perception rather than ments, it could be a significant thing.

directly by the semicircular canals and that the test CRAMPION: You are referring then to a displacement

situation is subject to different perceptual interpreta- of the membranes because of differing densities of the

tions. All these are, of course, guesses, two fluids, but all within an unchanging volume. I

MONEY: In the pigeon, at least the specific gravity think this "slosh" theory is a very appropriate thing

of the endolymph is greater than that of the perilymph, to consider and will come up again with the discussion
That makes it possible that gravity acting on the of Dr. Benson's paper.



Influence of Linear and Angular Accelerations
on Nystagmus

U.S. Naval Aerospace Medical Institute

SUMMARY

Nystagmus and subjective responses were compared in experimental situations invoh'-
ing rotation at 10 and 30 rpm about an Earth-horizontal axis. At 10 rpm, responses were
continuous throughout the period of rotation. At 30 rpm, :responses showed _t cyclic varia-
tion about a zero baseline after about 35 seconds. At this point, sensation of rotation was
equivalent ¢co that reported by labyrinthine-defective subjects in an earlier experiment.
At both 10 ,and 30 rpm, cyclic variations in the slow component of nystagmus had a sys-
tematic phase :relation to the cyclic variation in the direction of gravity. An experiment
by Niven, Hixson, and Correia in which nystagmus was produced by horizontal linear
acceleration revealed a consistency in results between the present experiment and several
previous experimen'ts. It is proposed tlmt the prolongc_l nystagmus at 10 rpm and the
cyclic varia:tions in nystagnms (noted at all rota'tion rates) are an indication of separa_te
mechanisms. Other experimental findings are diseusse(l in relation to the proposed
hypothesis.

Linear acceleration can alter nystagmus ini-

iated by angular acceleration (refs. 1-7). Be-

c_mse aerospace flights involve mmsual combina-

tions of angular and linear accelerations (in-

inquiry can have practical implications for

space ventures.

By way of introduction, a review will be

made of sevcral previous experiments ,which are

related to the new data presented below. Rota-
tion about an Earth-horizontal axis as shown in

figure 1 produces a continuous reorientation ROTATION ABOUT ROTATION ABOUT
relative to gravity, whereas rot-_tion about an VERTICAL AXIS HORIZONTAL AXIS
Earth-vertical axis does not involve reorienta-

Figure 1.--Horizontal sc_nieircular canals were in plane
tion relative to gravity. Figure 2 shows that o? rotation in botk situations, but only horizontal
nystagmus produced under these two conditions axis involves continuous rcorientation o? body rela-

is quite different, the horizontal axis yielding a tire to gravity. (From rcf. 1.)
234-842 O - 67 - 13 185
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Figure 2.--Nystagmus response# produced by rotation (10 rpm) abo_t vertica_ and horizo_ta_ ames. (From
ref . 1.)

prolongation of the nystagmus response during Recently Benson and Bodin (refs. 5-7) have
rotation long after the response to angular ac- reported several experiments of similar nature.
celeration would be expected to end. Figure 3 Several of their results are particularly perti-
illustrates that whereas the response during ro- nent to the present experiments. They found
tation is maintained for a long time, the re- that the slow phase of the prolonged unidiree-
spouse after rotation is greatly attenuated when tional nystagmus during clockwise rotation
the subject is in horizontal position. The sub- about a horizontal axis is proportional to the
jective effects are similar : horizontal axis rota- angular velocity attained .rod also that the uni-
tion greatly prolongs sensation of turning dur- directional nystagmus showed a cyclic variation
ing rotation, whereas after rotation about a in slow component velocity, the maxima and
horizontal axis, the sensation of turning is al- minima being reached at approximately 270°
most completely suppressed (ref. 1). (left ear down) and 90° (right ear down) posi-

Subjects without vestibular function, or with tions, respectively (ref. 5). As will become ap-
at best greatly reduced vestibular function, parent, our results confirm this finding.
(L-D subjects), do not exhibit continuous nys- The present experiment by Correia and
tagmus or experience rotation about the hori- Guedry compares responses of subjects during
zontal axis (ref. 1). Four of eleven L-D sub- rotation at both 10 rpm and 30 rpm around an
jects showed a weak, reversing nystagnms, but Earth-horizontal axis. The purpose ofthe ex-
only 1 of11 showed continuous nystagmus, and periment was to determine whether or not ,the
this was vel_"weak. Apparently the prolonga- system responsible for the prolongation of nys-
tion of unidirectional nystagmus and of the sen- tagmus and the sensation of rotation at 10 rpm
sation of turning is in some way dependent (60°/see) would continue to follow at cyclic
upon vestibular function, rates up to 30 rpm (i.e., 180°/see or 0.5 cps).
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Figure &--Prolonged unidirectional nystagmus duri_ig rotation (10 rpm) abo_et hor_zonta_ axts a_td short

response after deeeleratio_L Dots mark nosc-_lp positions. (From ref. 1.)

BRIEF PROCEDURE 30 rpm) were varied, each subject receiving all

four combinations; order of presentation was
Eight subjects completed the experiment in counterbalanced among subjects. Altogether,

which they were rotated with the cephalocaudal 20 subjects were run to obtain 8 completions.
axis alined with the axis of rotation which was Of the 12 'who could not complete, all were at-

horizontal. This configuration placed the hori- tempting to form _t mental image of the body
zontal canals in the plane o{ rotation. Diree- motion relative to the Earth. Of the eight who
tion of rotation and angular velocity (10 and completed, four were doing mental arithmetic
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and the other four were attempting to signal Examhmt:ion of the 30-rpm response through-

nose-up, nose-down orientation. 1 out its course reveals that after 30 to 40 seeonds,
The capsule of the rotation device (see ref. the nystagmus is 11o longer unidirectional but

9 for description) was dark throughout each commences reversing with each rotation cycle.
trial. Eye-movement calibration lights were Figure 5 is a plot of the average slow eompo-

used just before and after each trial. Corneo- Lent of nystagmic eye velocity for each second
retinal potential was used for recording vertical through the 10- and 30-rpm stimuli. From this
and horizontal components of eye movements, plot it is apparent that at 10 rpm, nystagmus re-

mains unidirectional in most subjects. The
RESULTS subjective experience of rotation was also con-

Figure _: shows horizontal nystagmus during tinuous and was apparently about correct. The
rotation about a horizontal axis at 10 and 30 few points across the zero velocity line in figure

rpm from the same subject. Examination of 5 were contributed by single subjects who had

the 10-rpm response throughout its course re- opposing spontaneous nystagmus. Figure 5
veals that nystagmus remains unidirectional, also shows that, at 30 rpm, nystagmus com-

menced reversing, for most subjects between 30

This has been a consistent tinding ill several experi- and 50 secouds. There was close correspond-
melts (ref. 2; Correia and Guedry) involving hori-
zontal axis. rotation and in another experiment in- ence betweell comlnencement of the nystagnlus

volving the vestibular Coriolis canal reaetion (ref, reversals and the change in subjective experi-
S). Mental tasks requiring calculations or preeise
estimates seem to reduce sickness. It appears to be ence. When the subjective reports change dur-

feasible to manipulate the "mental factor" in motion- iug the 30-rpm st'imuhls, they are very similarsickness s_udies.
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2"2121__L._22KU2!D2:2L'.XLZK:,_:_u__t..:+ "2-x_2

--- ...... r- = , , !-_: "m-- "r_

_..¢(_:2L:2T.:F2:! T" " J-:T:TZ':[ffl ;;?+!SEK_-i-:-;';'I\E':i _. ___*"UJ El_'' +A_.'-'-_-_,.V._E' *_ AJ-I_ ' ++"IO RPM r ._ ' + + ' +
)_(i; n+:: :, : : _:: N:;n: :_:::_u._+ +_+;....

30 RPM222:222.2__72 , ...... +:,_+ +.2i2"*_--

=:: .... _+F+ :" ' + :_" - H- -F_A_I-!-FF':+H"Ff:[_: -+4"k_±kFFH-H+FFF_ ._H+FF_&FFF_,

30 RPM

+:+-_..............._-......LI::_:__.........ifi2_.... i_i_ :'d_:_+_-'H_+.H?:J__E_:+*'+-+ :-- :+;+-F:+_-;+; : _'+i+Y;-,.++T+t+ i,, , ,.;-r P+T+'_FT+F+I+P+I+;+;+_+Tr_L+t+X':Ei_ '+.:++L
io RF,_

+:2

+:-'-: 7r;+_:[7++:i+T++-_-q-+::::'-i_" .+ +rr+Hfl+_:_..,l::

30 ml_4+..+:::+_+:++++_.... +_+

Figure 4.--Co++,tin.uous u++idb'ectio_+at nystagmus ot 10 rpm, o_+d rcversi+lg nystag.++_lls +fter

abo+et 35 seconds of rotatiotb at 30 rpn_ (horizontal axis).
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Figure 5.--Average nystagmus slow compo_e_t vetocity 1or ectcl_,second 1or 120 seconds of rotation at 10 rpm
and at 30 rpm.

to those of L-D subjects during a 10-rpm stim- tion without rotation. Figure 8 shows a 15-

ulus. Figure 6 shows the experiences of L-D second sample of nystagmus obtained from
subjects at 10 rpm from a previous experiment this subject, after 105 seconds of continuous ro-

(ref. 1). These subjects do not experience true tation. In this figure the arrows indicate nose-
rotation in that the nose is always pointing in up positions so that the reversing nystagmus
the same direction and tJm percei_:ed cephalo- during the C_'V rotation is beating with fast,

caudal body axis may acquire ahnost any ori- component right, when the left ear _sdown, and
euta:tion relative to gravity. At 30 rpm normal with fast, component left_ when the right eat' is

subjects show this same range of responses, down. BU had a spontaneous nystagmus left.
Figure 7 shows responses from normal sub- Thus far, all of our "normal" subjects who have

jeers at, 10 rpm, also from a previous study (ref. shown a reversing nystagmus and loss of the
1). Notice that most of the normal subjects sensation of continuous rotation at, 10 rpm in
experience "nose-up/nose-down" r o t ,%t i o n less than 100 seconds of rotation have had either
throughout the rotation period. BU is one of a spontaneous or a positional nystagmus.
the exceptions ; lie experienced rotation and had A cyclic variation in the slow component of
continuous nystagmus during CCW rotation, nystagmus has been ,npparent in most subjects

During C%V rotation, however, he experienced tested with the axis of rotation horizontal at all
CW rotation for about, 30 seconds during which rates of rotation used. Benson and Bodin (ref.

he had continuous nystagmus; but after 30 see- 5) reported that nystagmus slow component

onds his experience of true rotation stopped velocity during CW rotation was maximtm_ at
and his nystagnlus started reversing; after this, about 270 ° position (left ear down) and mini-

he experienced only a nose-up cylindrical ]no- mum at the 90° position (right ear down). Our



190 ROLE OF VESTIBULAR ORGANS IN SPACE EXPLORATION .

LABYRINTHINE-DEFECTIVE SUBJECTS NORMAL SUBJECTS
HORIZONTAL AXIS HORIZONTAL AXIS

CLOCKWISE COUNTERCLOCKWISE CLOCKWISE COUNTERCLOCKWISE

PER ROTATION POST ROTATION POST ROTATION

PER ROTATION POST ROTATION PER ROTATION I POST ROTATION PER ROTATION

I i I PSUBJECT NYSTAGMUSSENSATON NYSTAGMU!SERSATON NOTES NYSTAGM_ SENSATIONNYSTAGMUSiBERSATION SUBJECT IYSTAOMUSSENSATIONNIYSTAGMUSSENSATIO_ NOTES NYSTAGMUS SENSATIONNYSTAGMLISSENSATION

:ONTINUO(_ k]ONTINUOUS

DO REVERSING_, NONE NONE _ BEVERSINE{_, NONE NONE CR :ONTONR)RS,$<:::::_tr, SHORT NONE CONllNUCAJS>c_c:::2:_:_,

SHORT NONE

REVERSING y 'TIN_¢_S

POORONAL POORCUIL ]ONTINOOU.¢

GR REVERSING N()NE NONE NONE NONE PA ;ONTINUOUS_' SHORT NONE COfiTINIEOS ._ SHORT NONE

I I
SR SP then CONTINBOU-<

GU i_ NONE _ _ _ NONE BU IEVERSING LONG NONE _ CONTINUOUS SHORT NONEVW

I

* I CONTINUOUS BRIEF ONTIRU0_

HA _ ,_ NONE NONE -- I_ NONE NONE SU ONTINOOUSi_ SHORT PECULIAR NAUSEA CONTINUOUS|_ SHORT NONESENSATION 1

_" _'J i CORTN_SNTIN_
;ONlINUOUSOUNTINUOU'C W¢'t/ [CO SH(_RT NONE

JO IEVERSING NONE NONE REVERSING NONE NONE Sch wCw :_c::::::_ SHORT NONE DIM I_°C:::_=(_

ST sP ,;__'*SF NONE SP SP 'i_'_" ICONTINUOU'¢ NAUSEA 'CONT_IUOUS;ONTIRUO0_• SP NONE ZO ;ONTINUOJSi_ SHORT NONE S_,.P W_W _ SHORT NONE

CONTINUOUS IONTINOOUS

PE _EVERSING .... NONE NONE IEVERSlNGi NONE NONE (31 ;ONTINbX_JS ; AVERAGE NONE NAUSEA CONTINUOUS SHORT NONE

_ "ONTINUOUsCONTINUOUS
_ _ I_EN OSec

ZA sP .. sP NONE SP SP SP NONE BO wCw l_t_ SHORT NONE ROT--,UN

* _ I FIRST BRIEF X]NT_ BRIEF_:_,_ COUNTER
MY NONE _ NONE NONE NONE NONE NONE AM :ONTNUOI2_i _r_o_¢_ SHORT COUNTERRoTATION CONTINLIOUS,_ SHORT ROTATION

WEAN BRIEF

LA RIGHT _ _ :ONTINUOUE LONG BRIEF :ONTIN_ _ AVERAGE COUNTERCOUNTER_YSTAGMusBEATING NONE NONE NONE NONE NONE PO:ONTIRUO_w_W (45sec) ROTATION DIM (35sec) ROTATION

pj RIGHT WCWthen BRIEF W_W BRIEFBEATING ; NONE NONE LEFT : NONE NONE STOMACH _EVERSING AVERAGE COUNTER

WYSTAGMUS BEATING HU REVERSINGofter AVERAGE COUNTERRoTATIONAWARENES_ 60°ffersec (TSsec) ROTATION35 sec.
CORTINUOUS BRIEF

MI lc_ 54 sec. AVERAGE COUNTER STOMACH SHORT BRIEF
ST_NG PECULIAR_WABEpNES_ ;ONTINUOUSther_ ' (SOsee.JROTATION W_W ,_E_:_ SECONDAR_SERSATW]NFigure 6.--Summary] of nystagmus and subjective data, REVERSING

from L-D subjects when axis of rotation was hori-

zontal. (From re?..l.)
Figure 7.--Sum*nary ol _zystagm_s and subjeetfve data

_rom _orm_ subjects whca_ a_is of rotation was

results confirm these points for the approximate horizo_tal. (From ref. 1.)

maxima and minima in the cyclic variations
and, as a matter of fact, indicate that whether sensation of rotation about a horizontal axis and

rotation is clockwise or counterclockwise, the attempted to keypress on the basis of pressure
maximum is reached at about the o_70° (between cues.

o_00° and o_70°) position; but note that when COMPARISON OF RESULTS
rotation is clockwise, _70 ° is the left-ear-down WITH OTHER EXPERIMENTS
position and when rotation is counterclockwise,

In regard to the cyclic variation in the slow_70 ° is the right-ear-down position. At, 30 rpm,
when the cyclic variations reach the zero base- component of nystagmus during rot,_tion about

a horizontal axis, there is an interesting corre-line, they become manifest by reversing nys-
tagmus, with the original nystagmus direc- spondence between the points of response max-

t ion occurring at, about, _70 ° position and ima and minima in this experiment and the
nystagmus in reverse direction at about the orientation of subjects relative to linear accel-

90° position. This is apparent, in fi_re 9, eration vectors in several other experiments in
which also shows the breakdown in subjective which nystagznus was either elicited or modu-
signals at the point the nystagmus commenced ]ated by linear acceleration.

reversing. Actually some subjects stopped key- Figure 10 illustrates the several experimental
pressing altogether when nysta_nus started situations under consideration. The uppermost
reversing. When questioned about the keypress panel represents the present experiment and

patterns, all subjects reported that the task was shows that when the gravity vector, represented
easy at first, but that after a while they lost the as an upward-directed vector, is to the subject's
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HOR. AXIS - BU
m!uiiiiiiiiiiiiiiiiz!!!!!ih_;iiiiiiiiiiii _ _ v_ _ i! iilHiiiiiii_iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii-.i_

CCW __'_;_,;_._7, ,, ; _t_;_;i;:;;,%_:;4 ::::

cw

I05 sec. 120sec.

Figure 8.--Responses o/ sabject with spontaneous nystagmus. Direction of spontaneous nystagmus was left-
beating; .i.e., same direction as normal reaction, to CCW rotation. Arrows on ree(_rd mark nose-up position.
(From ref. 1.)

linear acceleration vector) failed to yield hori-

,,.._.... zontal or vertical nystagmus. For the lateral
"o_ oscillation, phase relations as well as maximum

__,_z_z=J_, ,__=,__.. .......... slow-component velocity of nystagmus were

" :' :_ : ": : about constant for a frequency range between

....... :: _:,t::_ :: :_ ..... 0.2 cps and 0.8 cps. An interesting result of this

/ ff-_ff_/?_ experiment was that during lateral oscillation,
- - -_.-'_,:-;5_%::,:._....... _ _ _ _ ,........ subjects experienced little or no lateral tilt.,
...... :_ ._._:_,:_,_z_,____J __ ......... although the resultant linear acceleration was

_i.... angularly displaced from the body axis by as
....... much as 30 °. Rather, linear velocity was expe-

a___ff_ff_\ .... rienced. This confirms results of earlier experi-
,.:::___.... _ ..... ..... .p- }- / -: ments on parallel swings (ref. 11) In the

s z:[:::; ;,i;i!i _.... :.-_ : fore-and-aft oscillation, more tilting was ex-

Figure 9.IShOwing reversing _tystagmusi_r lower panel perieneed. This experiment by Niven and
at same point as change in keyprcss signals of _wsc- colleagues provides a key for examining a num-
_p aml nose-down positions, ber of other experimental findings. The

left, nystagmus left is augmented; and when it .............................................................
is to the subject's right, nystagmus left ]s , _ _:_::..._
diminished. After a period of rotation a-t 30 , r _'_S{L.).... r r r'NYS(L-INY_ L _OR_M NYS

rl)ll]' li]]ea r accel er _tiol_- (g) _° the left pr°duces "5"-_ "'o'-_
nystagmus left; "g right" produces nystagmus _ [--°-:_0_,7 -_--] "_,_,_m

NYS L , NYS R

right.

Niven, Hixson, and Correia (ref. 10). This _ _,_a,_'. NYS(L)
experiment was performed on a track which . NYS(L+) NYS R

permitted horizontal linear oscillation. A

variety of subject orientations were used, and G "d

it was found that lateral oscillation pr.oduced

nystagmus right when the subject accelerated _ _"_"_
right and nystagmus left when the subject ac- '?"" _,.. .................... _--_ ' _"_
celerated left. Figure 11 shows horizontal
nystagmus produced by lateral linear oscilla- Figure lO.--Comparison of several experiments whicl_
tion. Forward and backward oscillation (as indicate that lateral linear accelerations produce

_ystagmus ,in, the dircctio_ of the linear acceleration

well as a variety of head orientations in which ,which can augment or diminish _ystagmus produced

the skull's sagittal plane was alined with the by angular acceleration.
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WCH ....... TRACK ACCELERATION=O.58gsin2-Ft .,_r_ :o_;2_ In figure 10, columns 2 and 3 show the con-
_,_:"'_'_:' ,/ -'_=_4 *-_:_:_=_'_ _ . :_ sistencies between these various experiments;
.... viz, laterally directed linear acceleration tends

F*O.2,N

:, T _!: _ to produce nystagmus in the direction of theH :A ._.7 - .: T :: . 4 _ Z ,: , ...._!_1.: linear acceleration, and this can augment or
................ _.. _=_';-:_._;' ..... diminish nystagmus produced by angular

accelerations.F=0,4-. I" .... I ............. i ,¢i;._. ," ....
::: ::...: _2.F_t_![:_:!]H_::"

*. _\.(:____ SOME PROBLEMS TO BE RESOLVED

:' /___i_ :b ' .:;'-'_i:"_:_. Although there were consistencies between

these experiments, there are also puzzling com-F.o.8,,._ binations of findings. For example:.: ,t ,, : ,

*" J-¢'_"_'_"_-_-_/'-__"_" 1. Forward and backward linear oscillation

does not produce nystagmus (ref. 10), either
Figure ll.--Nystagmus produced by latera_ horizontal vertical or horizontal, yet head-over-heels rota-

linear acceleration. (Fromref. 10.) tio]_ about a horizontal axis (Hixson, personal
communication) produces prolonged vertical

correspondence betweencyclicoscillationduring nystagmus (beyond the duration of the "ex-
rotation about a horizontal axis and the hori- pected" cupula return).
zontal linear oscillation experiment is ,_pparent 2. Unidirectional nystagmus produced by
in figure 10. rotation about a horizontal axis when the rate

Panel 3 of figure 10 represents a centrifuge of rotation is 30 rpm stops a.fter 30 to 50 see-

experiment by Lansberg et al. (ref. 4). Again onds and the sensation of rotation changes at
when the resultant linear acceleration vector this point. Both the sense of rotation and con-
was to the subject's left (D in fig. 10), nystag- ception of axis of rotation are lost and any of a
mus left was augmented, and when the resultant variety of orientations is perceived (ahnost as

linear acceleration vector was to the subject's one might expect in ,_ weightless state). Yet
right (D_ in fig. 10), nystagmus left was dimin- long after this point in time, the cyclic varia-
ished and then reversed to right-beating nystag- tions in nystagmus about a zero baseline (in
mus. Figure 12 shows the direction and other words, reversing nystagmus)"continues.
magnitude of nystagmus in the D and D_ It. is as though one mechanism can follow this
positions, stimulus frequency, whereas another mechanism

Panel 4in figure 10 illustrates an experiment cannot. These two points suggest that one
by Niven et al. (ref. 10) in which subjects were meehanisn_ may account for the cyclic variation
simultaneously rotated and oscillated radially in nystagmus and another for the long-con-
on a track. After constant rotation is attained, tinued nystagmus and sense of rotation at lower
if the cyclic rate of rotation equals the cyclic rotation rates. Fui"cher evidence which may be

rate of track oscillation, a resolution of the vari- adduced for this possibility is that with hori-
ation in (1) linear acceleration relative to the zontal linear oscillation, the slow component

track, (2) centripetal acceleration, and (3) velocity of nystagmus is about the same for

Coriolis acceleration produces a linear accelera- stimulus frequencies between 0.2 and 0.8 eps,

tion vector which changes its direction relative whereas with angular accelera:tions within this

to the subject in ,t manner which is equivalent frequency range there is at le_t _t fourfold
to counterrotation of a subject about a fixed
vertical axis away from center on a vertical- chano'e in slow component velocity. Further-
axis centrifuge. In this ca.se also when the more, for 0.2-cps oscillation of angular accelera-
linear acceleration was left, nystagmus was tion there is a phase lag of 80 ° to 90° between

left, and when linear acceleration was right, stimulus and response, whereas for linear aceel-
nystagmus was right. Figure 13 shows nystag- eration of 0.g cps, the phase lag is about 30°
mus produced in this situation. (ref. 10).
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Figure 12.--Left-beating nystagmus produced by comparable angular acceleratio_ls in subject positions D and
D_. (From ref. ]1.)

It is possible that several modes of canal re- suggested by Benson and Bodin (ref. 5). A
sponse in addition to other systems are involved density difference between endolymph and peri-
in the nystagmus recorded during various corn- lymph could cause a traveling wave around the
binations of angular and linear acceleration, membranous ring which would maintain a flow
Prolonged unidirection,_l nystagmus during of endolymph during rotation about a hori-

"horizontal axis rotation" at 10 rpm cannot be zontal axis. Recent experiments by Money
explained by a density difference between eu- (persona] communication) can be interpreted
pula. and endolymph in the lateral canals. If as supporting this general idea of an alternative
this were true then, due to the alternating direc- operating mode for the camds. However, some

tion of the g-vector, nystagmus should corn- system other than the canals is probably also
mence reversing after 30--40 seconds with the invoh, ed in the modulation of nystagmus and
lO-rpm stinmlus. This does not occur in nlost sensation. This is strongly supported by the
subjects, but other operating modes of the canals fact that nystagmus and the sensation produced
as well as other systems may be involved. An- by cessation of rotation with the axis horizontal

other operating mode of the c'mals, in "tddition are greatly suppressed, as compared to the ver-
to known responses to angular 'tcceleration, was tieal-axis configuration, irrespective of stopping
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ACCELERATION STIMULUS: CONSTANT MAGNITUDE VECTOR ( I_l )
ROTATING THROUGH THE HORIZONTAL XY HEAD PLANE (0.2 cPs RATE)

.J.L-L __1.! i l-r

_'_"_--I"'_'P_"_y_--Y-T"]'_''_ : ;" ; ....... :'7 ; ........... : • • • , ' _ _ _ _ _A _._ _-_-_ ..... *_ - - _ , _ ........... _ ........... ' '-_ " _-'_ -:":-_-"i ¸-

L Z i ii Jl__ii : _ - i ..... :......... :_: L.

. _ . : 2. :_...... J....... _!.! ! .!..: .'.AA_I- ! • L:-:. ........ i..:-- q _"r.,,I _:2:-_

I , ! I _ • ,_ , A -0.5g

-'-T_':_ "-i-: L .;T-:* : -1 - _ " " ' " : " i !-''!I:-!T_,'.'.: " . " : : : i-!_-",-!i21-F-!T-:!_]::IL!I:_:I-:-[-::I • :.

_'_J .......... " '::-:::::_i::: .:

Figure 13.--Nystagm_s prod_ccd by horizontal linear oscillation rclat_vc to track at a _req_ency of _h_o dttring

rotation of thc track at a consta_t ang_tlar vcIoci.ty, W,ot. Circ_lar frcq_cncy of _o equaled W,ot.

position (left-ear-up, right-ear-up, nose-up, or _re suppressed. There may be slight differences
nose-down) (refs. _ and 6). In other words, in the amount of suppression in these various

irrespective of how the ]inear acceleration vee- stopping positions (refs. 9, 6, and 7) and, if so,
tor is oriented relative to the canals, postrota- then a minor part, of the modulation of nystag-

tional responses to horizontal-axis stimulation mus by linear acceleration may be attributable
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to a cupula-endo]ymph density difference, oto]iths are stimulated by lateral horizontal
but other interpretations would be equally linear oscillation (without angular accelera-
plausible, tion), sensation of linear velocity and nystag-

3. Another curious result is the absence of the mus are produced primarily by dynamic otolith
sensation of tilt during lateral oscillation (refs. stimulation; the change in angular displace-
10 and 11), even though the angle between the ment of the body relative to the resultant linear
resultant force and the body axis changed by as vector (i.e., "tilt") is underestimated due to the
much as 30 °. This was for frequencies between absence of coordinated canal information ex-
0.2 and 0.8 cps. However, for the first 30 to 50 cept at low frequencies (i.e., low rates of re-
seconds of rotation about a horizontal axis, orientation of the resultant linear vector). At

change in orientation relative to gravity seemed very low frequencies the otoliths with the aid of
fairly accurately perceived at a frequency of 0.5 pressure cues maintain a veridieal perception of
cps (30 rpm). In other words, during the "tilt," without coordinated canal input. When
period of classical eupula response to angular the resultant linear vector is changed in one
acceleration, veridical perception of orientation plane while the semicircular canals are stimu-
relative to gravity was maintained, lated in another plane, the change in angular

One of many possible interpretations of these displacement of the body is underestimated
results is that the otolith system can provide except at very low frequencies, which would ac-
information on angular position relative to count for the lag effect ; i.e., long indication time
gravity at fairly high rates of change of (el. ref. 12), reported by Clark and Graybiel
orientation, but this sensory input is correctly (refs. 13-15) for the oculogravic illusion.
perceived only when otolith and canal infomna- Finally, it is proposed that the otoliths yield

tion are coordinated. At 30 rpm, after the canal sensory information which is necessary to the
response to angular acceleration has subsided, perception of the orientation of the axis of
the alternative mode of canal operation is not rotation relative to gravity while the canals

capable of following the rapid alternation of determine the sense and magnitude of the per-

the stimulus; in this situation the otolith sys- ceived angular velocity relative to the otolith-
tern yields a reversing nystagmus and is not determined axis. If the canals respond accord-

capable, alone, of maintaining an accurate per- ing to el_sieal concepts, i.e., if they are stimu-

eeption of the reorientation relative to gravity, lated solely by angular acceleration, then they
At lower rotation rates (horizontal axis) the alone cannot possibly determine the perceptualsemicircular canals maintain unidirectional

response by the alternative mode of operation, axis of rotation relative to gravity. If the
canals are in some way relatively insensitiveand together with the otoliths maintain an ac-

curate perception of the continuous reorienta- responders to linear acceleration, then it still
tion relative to gravity. The cyclic variation in seems unlikely that they could adequately sigual
nystagmus during horizontal-axis rotation is at- simultaneously both the orientation of the rota-

tributable to other systems, probably the tion axis relative to gravity and the magnitude
otoliths and tonic neck reflexes. When the and sense of rotation about that axis.
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DISCUSSION

JOHNSON: In order to open this discussion, I would the rotation about a horizontal axis. In some cases

like to point out that we at Toronto have been trying the nystagmus is not a constant one, in one di'rection,

to determine some basic experimental evidence to show in man. Instead, the nystagmus reverses, as was dem-

just where the linear accelerations might cause this onstrated by this subject. The figure shows a left-

nystagmus, whether it is directly on the otoliths only beating nystagmus which changes to right beating,

or on the canals or indirectly from the otoliths affecting left, left, left, changes to right, right, left, left, left,

the canals. Dr. Money will just briefly show some of right, right, left. So we do get this reversing as well
our results, in some humans on our revolution-without-rotation

MONEY: We have found this question, of nystagmus device, as we call it.

continuing for a long time at constant angular velocity Another piece of information we have on this is with

when the axis of rotation is horizontal, to be fascinat- cats in which we have never found the reversing

ing for a couple of years now. We wanted to find out nys_agmus. The stimulus in cats always gives a nys-

whether we could get this without the initial angular ta_mus in one direction for one direction of rotation
acceleration. We have a device in our laboratory at
the Defence Research Medical Laboratories which ro-

tates the subject on the periphery of the turntable on _ _ :1 11 1a smaller ,turntable. The smaller turntable turns in L_._," __ _'_--J-, "---" ,

tim opposite directioll from the big one at the same rate, _ _ I I II] I I I I I I I iII Ililil

so that the subject always points in the same direction. __[__]_l_ ] _ , i i i i i.............

Ifhestartsoutpointingnorth, hekeepspointingnorth, _iill / /

but he goes around a circle. The effect is a rotating -__:_1 lt_l t_-i:_!_ titlinear vector as applied to the subject. In figure D1 is -- : -£:L_i:]:_D:[__V_: ....

shown the sort of response that we have seen in a :_i__ ii_ :_ : I i!l!!;=t: _ = -_ -- :i !_!_-human subject with this stimulus. It is a rotating

linear acceleration which doesn't cause any movement (T)t J F _ J _ r J _ , h _,

in a ring of fluid within a sealed glass tube, and pre .... ....._:::::::: ...................

sumably no stimulus of the semicircular canals in the _........................................................................................:_::::::::::::: ...... : iii_

classical way. But nevertheless, Dr. Graybiel, Dr.

Johnson, and I found a nystagmus in some human sub- _.................::;;;;;;;;;;; _"' ............. ':::::..........
_!:!!!_,,!!!!! .......:::::::::::::::::::::::........................ :;:::::: .,,_,,,,,,..............................................

jects on this device. In fact we got some nystagmus

in 6 out of the 10 we have so far tried. You will also Figure D1.--Two kinds of responses to a linear ac-

note in figure D1 that there is modulation of the speed cclcration of changing direction. (1) Revcrsi_g

of the slow component, which has been reported with _ystagm_s. (2) Nystagm_¢s iu one dircctio_.
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of the main turntable, and the opposite nystagmus for

tile opposite direction of rotation .of the main turn- _i-!_=_:J.:- ::: -'_: ::i.:i:: k': i:!:lY_,_!!_:'_i:( :

table. In cats it is a large obvious nystagmus of this _o_+kl_Pi_::::_I !:: -_:-- :°
variety rather than the snmller one, probably because LLr__:,,_r_, i" _-:,_
we put needle electrodes in,to the cat. We have

their lleads fixed with steel plates embedded in the __-r_ _,; __:-

skulls with four screws, which are put in at least 3 _-1_ITi_t___ i'_i_ ::--,:i::ii _1! i.....
months before testing, plus the wire-through-the-teeth
technique of Fernandez and Henriksson. Their heads .........

aren't flopping about; they are firmly fixed. But they ,

have nystagnms without ally angular acceleration, and _ ...... _,_ r_ .........

it goes on for as long as the table rotates. _Ve tried _-_ i_

it for up to 15 minutes, and it just keeps right on : :_

going. We also have some white cats with otolithie ,llllClOal_WiSerOtatloniot_

defects ; and although Hallpil_e's laboratory has shown " :

that these white cats have utricular otoliths, some of

ours have no response whatever to our standard otolith ':-'_' _ _
test. So these cats are at least grossly defective from __P_

the otolith point of view and, ill fact, we suspect they

might be entirely lacking otoliths. These cats have Figure D2.--Horizontal .nystagmus of eat 256 o_, the

this nystagmus (fig. D2). It is huge in some of them, coun, tcrrotating tablc. Nystagmus to the rigl_t with
and can't be missed. We took some cats and iflugged counterclockwise rotation of the .mat.n, turntable; to

their horizontal canals. I shouldn't say some. We the left with, clockwise rotatio_ of the ma.br turn-

have only done this on two so far, but on both of table (20 rpm, consta_t angular velocity, complete

these cats we find none of this nystagnms. The white darkness). The c(tt is qvhitc and leas defective

cats with defective otoliths have tile nystagmus and, otolith, functio'n.

so far, cats without canals haven't. This is an experi-

ment which is just beginning. It doesn't have the a man at such a frequency that the linear acceleration

virtue of being finished, but it has the virtue of being .sensors give a response which is phase reversed froln

current, that at low frequency. Consequently, that might ex-

YOUNG: The only MIT experiment.s rela,tive to nys- lflain the actual reversal of nystagquus that you lind.
tagmus resulting from pure linear stinmlus were _m GUEDRY: I liked the otolith explanation at first, but
a linear track only in the left-right, not in the fore-aft then these data with the two cats described by Dr.
plane. We (lo find responses similar to the one Dr.

Money bother me.

Guedry showed over most of the frequency range. YOUNG: We are not saying that this is necessarily

Am I correct that ),oil found the reversal effect otolith. We are just saying it is linear response.

somewhere between 10 and 30 rlml? BERGSTEDT: It seems reasonable to me that the oto-
GUEDRY: We have not explored between 10 and 30

liths nmy be responsible for the curious new findings.
rpm. ._Ve jumped from 10 to 30 rpnL Now we have Could the reverse nystagmus obtained on cessation of
to go back and find out where it starts coming in. horizontal rotation be the usual so-called central corn-

We did find one subject at 30 rt)m who had continuous l)ensation nystagmus, a 1)renounced nystagmus in one
nystagmus, and a few subjects, since this reported direction?

experiment was completed, who have had reversing GUEDRY: Do you mean when we stop around the

nystagnms at 10 rpm. Different subjects respond horizontal axis?

differently. Both imsitional and spontaneous nystag- BERGSTEDT: Yes.

mus can change the response to rotation. If there is GUEDRY: We have a very brief response.

either spontaneous or positional nystagmus, there nmy BERGSTEDT:Yes ; i)ut this brief response corresponds
be reversing nystagmus. If the rotation stimulus to the intensity of nystagmus during stinmlation "is
el)poses spontaneous nystagmus, then we find a revers- shown. The brief resl:)onse could be compared with
ing nystagnms. Positional nystagmus can be seen to what you gain after a constant angular acceleration,
modify nystagmus produced by horizontal axis rota-

for example, or a long-lasting optokinetic nystagmus.

tion as subjects rotate through the critical position. Nystagmus disappears during stimulation, and then
YOUNG: The related data, which I will go into in a

there is nystagmus in the other direction.
little det'tii tomorrow, I think bear on this. VVe in- It lasts about the same time in your tests. I mean
vestigated the phase of subjective perception of linear

it could reasonably be the so-called central compensa-
velocity versus sinusoidal frequency, trying to get

linear sensor frequency responses, and Dr. Meiry tion. Have you tested 1)ersons with unilateral lab-

found that tile response at 3 radians per second, which yrinthectomies in this device? I don't think it will

is about 30 rpm, is approximately 150 ° behiud that at give you anything new, but it shouhl be only just more

the low frequency. Thus at 30 rpm you are spinning interesting.
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6UEDRY: That is something we would like to do. We but I am concerned about the data that Dr. Money has

have had just one person who had reduced function obtained in eats with plugged canals. I think we need

in one ear, but caloric tests did show that this person to have more evidence before we can choose a final

did have some function. I just don't have any interpretation of this.

information. BERGSTEDT: I made a study of linear acceleration on

BERGSTEDT:When a man is placed in a pivoting cabin the centrifuge on patients with positional nystagmus

in a centrifuge and exposed to an angular acceleration and also normal subjects, who were later intoxicated
which i.s above threshold for b(_th sensation and nystag- with alcohol so they got positional alcohol nystag-mus.

mus, for example 10°/see/sec, and he closes his eyes In this study I was nminly interested in the state of

when you start the centrifuge, he doesn't have even the increased g ; so I observed the nystagmus movements

slightest sensation, except perhaps for the first few during acceleration, usually 20 to 40 seconds, but I

seconds, about going around the hub of the centrifuge, didn't include these in my report. But I often ob-

But after the initial turns, he has only the feeling of served nystagmus while going up to the de.sired g-level

linear acceleration and going forward and upward, where the nys_;agmus stopped. I did not go on :to

If the speed is decreased, he has a feeling of going analyze if it was ,the resul.t of angul'_r acceleration or

downward and not the sligh'test feeling of rota:tion Coriolis force acting on the eupula organs.

around the centrifuge, except perhaps during the la.st The results I got in 1961 in studying these groups of

turn. This is strongly in favor of an interaction be- different kinds seem not to contradict the results dis-

tween ,the otoliths and eupula. In that situa:tion the cussed here. I might say looking upon Dr. Guedry's

otolith organs damp the cupula or damp the sensation, results speaks in favor of them. I think, too, it is a

It is also possible that _he otoliths are those organs question of otolith stimulation, presum_/bly. Dr.

Which perceive rotation. From old results obtained by Money's results that 6 out of 10 subjects got nystag-

cupulometry, you know that the sensation eupulogran_ mus in his eounterrotation device and my results cor-
and the nystagmus cupulogram a.re not parallel. This respond. If you keep a normal young individual in a

has been a matter .of discussion for many years, and it lateral position for a long period with his eyes closed,

is usually said that the sensa_tion and nystagmus signals and if you then turn him to the other side, he will very

go different ways. This could be the reason for the often show nystagmus in this new position. This is

lack of parallelism. One explanation could be that, in so usual that it must be looked upon as close to a
regular cupulometry, sensation has its genesis in the normal finding. It is especially pronounced in young

otolith organs and nystagmus in the cupula organs, people. I believe that if you increase to as much as

GUEDRY: I originally was in favor of an otolith ex- 2 g in shorter time than 10 to 20 seconds, for example,

planation for the continuous sensation of rotation and you will increase the percentage of these normal per-

the continued nystagmus during rotation about a sons who show nystagmus after so-ealle<l otolith
horizontal axis and would still like to get back to it; stimulation or linear acceleration.
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Modification of Per- and Post-Rotational Responses by the
Concomitant Linear Acceleration

RoyalAir ForceInstitute of Aviation Medicine
Farnborough,England

SUMMARY

The nystagmus and sensation of turning engendered by an angular acceleration are
modified by the direction and magnitude of the concomitant linear acceleration.

With a linear acceleration of 1 g, the rate of decay of postrotational responses was
increased when otolithic and other gravireceptor signals were not in accord with signals
from canal receptors. Responses to angular stimuli in yaw suffered a greater decrement
than those in pitch or roll.

From experiments in which the subject's orientation to gravity was changed immedi-
ately following an impulsive deceleration, it was concluded that these effects were brought
_bout by inhibition, within the central nervous system, of canal afferents by competing
gravireceptor signals.

However, for higher linear accelerations and rotating linear acceleration vectors, it is
not possible to exclude peripheral mechanisms.

INTRODUCTION tainty on the basis of experimental observations
made in the presence of the acceleration of

In aerospace flight, man is exposed to angular gravity.
and ]inear accelerations of a temporal and spa- It was to be expected that during weightless-
tial pattern which can fall outside the normal

hess, afferent signals generated by the sensory

functional range of the vestibular receptors, receptors of the otolithic lnaculae would, on
As a result, the sensations and reflex figures movement of the head, differ appreciably from
engendered by the vestibular signals may be those which are elicited when the same head
either inadequate or inappropriate. Many of movements are made in the presence of gravity.
the illusorysensations which constitute spatial I{owever, an alteration of semicircular-canal
disorientation in conventional flight have been responses cannot be predicted with the same
described and are to be explained on the basis certainty. While accepting the primary func-
of our present knowledge of the behavior of tional differentiation of semicircular-canal and
vestibular receptors (refs. 1-3), in which the
validity of the functional differentiation of otolith organs, there is a body of experimental
semicircular canal and otolith organ has not evidence which suggests that the activity usually

attributed to semicircular-canal receptors isbeen doubted. But with the advent of space
flight, speculation about the effect of weightless- modified by the direction and magafitude of the
ness on vestibular responses has raised questions linear acceleration (refs. 4-13). Conversely,
about the behavior of these specialized receptors, other workers, particularly those who used sub-
questions which could not be answered with cer- jeetive responses as indieants of semicircular-

199
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canal activity, have failed to demonstrate any ANGULARVELOCITY I
OFSLOWPHASE

effect when the linear acceleration vector was O/see"

changed (refs. 14-17). 60r

EFFECT OF LINEAR ACCELERATIONS 40F _I_..

Experimental investigations in this problem ,,:T, "

area began, at the RAF Institute of Aviation 0t__i "%:''°

Medicine, with an examination of per- and post- _ _ _-;::-_.
o '*_ "-_" <--CENTER DECELERATION

rotational responses in the human centrifuge. [ O-_o x%. "_<--CENTERACCELERATIONIt was found (ref. 8) that the nystagmus pro- ".

duced by an angular acceleration to constant if6_ _° _ <--ENDDECELERATION

velocity decayed more rapidly when the subject _'"
was at the end of the centrifuge arm and ex-
posed to a resultant acceleration of 3.1 g, than o
when he was close to the axis of rotation, and \ <--ENDACCELERATION
cupula restoration occurred at 1 g (figs. 1 and °

2). In this experiment the subject faced the _ I I I
center of rotation so that at constant speed, the o fO 2o 3o_¢.
resultant linear acceleration lay in a postero- TIME

anterior direction. However, when he faced Figure 2.--Logarithmic plot of decay of horizontal
•,,_ nystagmus from mean values displayed in figure 1.

'° Analysis of variance of slopes of individual regres-

,o sion equations revealed that nystagmus decayed more

_ ,o rapidly (p=O.O01) at S.1 g (end of acceleration) than

20 D............ in the other th,ree conditions where the slopes did not
differ significantly from each other.

_, _o CENTER o io 2o 3osEc

......... <' _ _'¢_°,, ,, ,, 40° to the right or left of the radius, not only

r37 E ,67 ENO

......... . .......... was the time constant of decay of nystagmus
............ __o • reduced but a sustained nystagmus was observed

,o - • .. which beat to the right or left according to the

!::I _fiz., subject's orientation to the resultant accelera-tions (ref. 4) (figs. 3 and 4). From this ob-
' .... servation, confirmed and extended by Lansberg,

Figure 1.--Comparisonof horizontal nystagmus in sub- Guedry, and Graybiel (ref. 13), it was tenta-
jects at end of centrifuge arm and when close to axis tively concluded that a linear acceleration could
of rotation, modify the dynamics of the canal-cupula-

Each point is the mean angular velocity of the slmv

phase of nystagmus, recorded in six subjects, each of endolymph system and also produce a sustained
whom had two runs at both center and end positions, cupula deflection by the direct action of the

The angular stimulus was a constant acceleration of linear acceleration on the end organ. Though
lO°/sec _ 1rom 25° to 105°�see. Deceleration, ol it was ]lot possible to exclude a neural mecha-
similar time course, 1ollowed aCter 60 see at 105°/ nism in which the activity engendered by
see. Rotation was always clockwise. At the end of

the centrifuge arm, subjects sat facing the center, ampullary signals was modified as a result of
with head vertical. Attitude did not change during the change in oto]ithic and other somesthetic
rotation. The resultant linear acceleration was signals, it was considered that the alteration

1.02 g, 11 ° from vertical, at 25°�see, and 3.1 g, 71" of canal dynamics was a simpler hypothesis
from vertical, at 105°�see. which received support from electrophysiologi-

The mean durations of the sensation o] turning are cal studies of the behavior of ampullary after-indicated by horizontal blocks on the abscissa. Sen-

satio_ times did _ot differ significantlyfrom one am- ents in the cat (ref. 18) arLdthe frog (ref. 19)
other betweenconditions. OIl alteration of the linear acceleration.
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Figure 3.--Modrificatio_ of horizontal nystagmus by the

direction of a Iblear acceleration o)_ 3.1 g. Each Figure 4.--A. Logarithmic plot of decay of nystagmus
point is the mea.a slow-phase velocity obtai,ed in eight obtaD_cd from ,mean values displayed in figure 3.
r,,s fro,_ four subjects. Revcrsal of ,,ystagmus in head right position at 3.1 g,

The subject sat at the c,d of the centrifuge arm, indicated by i,tcrrupted line. B. When .nystagmlts
with head vertical, and faecal ]tO° to the right or left recorded at 3.1 g was adjusted by +]_°/sco and __o/
of the radias, see, in head right and left q)ositio_s, respectively, the

Angular motion was the same as in fig,rc 1. The decay followed a similar time coarse which, was _ot a
differences betwee_ the duration of the sensation of simple expo,c,tial functiom
tarni_g, indicated o_ abscissa, i_ the four experi-
mental conditions were not significant.

Note sustained _ystagmus at 3.1 g. sisted for '_s long as roitation continued (fig. 5).
This was in contrast to the exponential decay

EFFECT OF i G ON PER- AND and disa,ppe'_rance of nystagmus, a_ter SOlYle 40
POST-ROTATIONAL RESPONSES seconds, produced by an equivalent angular ira-

Rotation About a Horizontal Axis pulse, when Lhe axis of rotation was ve_cical.
Although a rapid acceleration (300°/see _-) to

}i'o]llowingthe demonstration'that a sustained, constant velocity w,qs employed rouitinely in
high, and it, m'_y be argued unphysiologieal, these experiments, the sustained l)er-rotationa]
linear acceleration could alter nys_agmus en- nystagmus was similar when the stretcher was

gendered by an 'regular acceleration, it was de- accelerated at a near-threshold rate (1 °/see'-') to
sirable to find out; if _ linear acceleration of I the same speed (ref. 5).

g, which should not evoke abnormal meeha- A continuing per-rota_.iona] nystagmus was

nisms, was capable of modifying canal re- not unexpected in this experimental situation,

sponses. Both Guedry (ref. 11) and Benson but if the cupulae of t:he horizontal (lateral
and Bodin (ref. 5) approached this problem by canals) were deflected directly by the linear ae-
comparing the response elicited by angular celera_tion, or by shifts in t,he distribution of
stimulus in yaw (z body axis) when the axis of endolylnph and perilymph as postulated by de

rotation was vertical, and when horizontal. Kleijn and Magnus (ref. 20), the direction of

The angular stimulus to the canals was identical nystagmus should have alternated during each

in each situation, but in the former t_he orienta- revolutio_t of the stretcher. Whereas a regular

tion of the vestibular apparatus to gravity was modulation of nystagmus slow-phase velocity

constant, while in the latter the direction of the ocem'red during each revolution (figs. 6 and 7),

linear aeeelera.tion vector in the transverse plane it was only at the slowest speed of rotation (10°/

of the head changed continually, see) that _ change in the direction of nystagmus

Whe_ subjects were rotated aboug a horizontal occurred, and this only in a minority of indi-

cephaloeaudal body axis, and so exposed to the viduals examined. From a polar plot, of nys-

rot'tting 1-g vector, horizontal nystagmus per- tagmus slow-phase velocity (fig. 8), it was ap-

234-842 0 - 67 - 14
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_,. L, z/,_Z - canal receptors were stimulated was favored.

Benson and Bodin (ref. 5) suggested that redis-

_¢_ t/V 1' tribution of the end olymph within the mem-....'-'V_v# _/#'W_'_ /d1,!,I,I,¢IIi¢_ 7_+_---_ %t ...... r branous canal might occur (refs. 25 and 26)
--_--_.-_ _ _ _ _ during rotation about a horizontal axis in such

_ - a manner as to produce a differential fluid pres-
I sure across the eupula for as long as rotation

/- ,/'t" continued. Guedry (refs. 11 and 12) on the

L /lv 'k '"'- t/ other h,_nd, favored an otolithic meclianism

._/5:Z/=___=_ ,..... ._ ._ .-_ and considered that the sust,nined nystagmus
_ ___, ,0 ...... was a manifestation of the activity of otolithie

AI_L "I-_ -_ _-'¢" .........._ _,.....I''_i and other somesthetie receptors, which conveyed/_i_ /'_ information about continued rotation in yaw

// _. and in consequence evoked a compensatory nys-
.--i_//_,.t/"\. , tagznus in tha.t plane. Some support for this

" hypothesis ,,,as afforded by fl_e pa4ctern of mod-I _ I los I I 1 • io

4 _' \- - _ ulation .of nystagmus velocity which was sim-
r,l'__"i_\ '_\ M"x \_'._'"" _" ilar, in its polar distribution, to the discharge of

% 4J/_.'_ otolithie receptors described by Lowenstein and
Roberts (refs. 27 and 28).

Figure 5.--Horizonta_ nystagmus recorded during, and ?O[INGUI.I_,_ VEIAX:tTy'/we

alter, rotation of a sub]cot about a horizontal, cephalo- 6o
caudal (z) axis at 60°/scc. From above down,ward,

the traces arc : eye position, angular velocity of rotqt-

ing strcteher, subject's event marker, and stretcher

position. Vertical lines are at 1-see intervals. Rota-

tion began at t----O see and e_lded at t_132 sec.

parent that it was only during the period in
which tl_e subject moved from the prone toward
the supine position that the speed of rotation ToRIGHT

made an appreciable contribution to nystagmus

velocity. As the typical per-rotational response
was not observed in l_byrim:hine-defective sub- _........o,.........

jeets (ref. 11), it ,,,as concluded that normal !/...,d
canal and otolith function was necessary. But

was the nystagmus engendered by stimulation _;%,,
of ampu]lary or otolithie receptors ? It was ap-
parent that it was not brought about by a mech-
anism which subsumed a difference in density
between eupula and endolymph (refs. 21 and ;o ,'o ;o _'o ,_ ,_o' ,'o '160_¢>

22), or shifts in fluid distribution in the manner

proposed by de Kleijn and Magnus (ref. 20). Figure 6.--Lincar plot o¢ angular velocity o¢ slow phase

However, because nystagmus has not been ob- o¢ nystagmus during, and after, rotation about a
served in experimental animals as the result of horizo_tal, cephalocaudal (z) axis at 60°�see. Note

modulation of nystagmus velocity during eacl_ revolu-

direct stinmlation of otolith organs (refs. 23 tion of the stretcher, indicated by vertical marks on

and 24), a mechanism in which semicircular- zero abscissa.
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Fignre 7.--Effect of spe_d of rotation, and positio_, o._ Figure 8.--l'lot in polar coordinates of slow-phase re-
slow-phase velocity of sustained nystaFmus duri_tg

rotation about a ho_-izot_tal axis. Each point is the locity of nystagmals against stretcher position, for the

"mean nystagmus velocity, recorded during 20 ° rota- eight subjects depicted .in figure 7.

tion of the stretcher at 10 °, 20% ]tO°, or 60°�see. Mean

values from 10 revolutions i_ each of c_ght subjects. ANGULARVELOCITYOF
SLOW PHASE o/SEe

At 0 ° and 360 ° , the subjects were supi_c; at 180 ° , so

On examination of_ the dec_y of nystagmus _o _',,,,ik
following rotation about a horizon:t,_l axis, I '_\ _VEI_T.

Guedry and Correi,_ (ref. 10) demonstrated ,_ I \i_"_
signific,_nt reduction in nystagmus output in ,0 \\_L (_-"') ":"\ (-'--'"_)
comparison with the postrotational response -'_ "'\\_ .>,\
when the ,_xis of rot_tion was vertical, which \\. ""-_"_,

Benso_ and Bodin (ref. 6) showed was due to _o-_0" _0"_',.\ _,0-
a reduction in the time constan_ of decay ......i_,,,
(fig 9) Provided the _xis of rot_tion was (_ -_5) (_ -,s)
horizontal, the position in which the subject

was stopped was without effect on the time con- , , , i ,
slant of dec_y (_/A),._lthough sm_ll differences ,o _0 .0 _0
in nystagmus output were observed which could lIMEhFTEttSTOPPING(S[C)

be accounted for by an alteration in nystagmus Figure 9.--Co.mparison of decay of nystagmus follow -_

slow-phase velocity with position during the "i_g rota.tion in yaw (z axis), when tho axis of rota-
tion was vcrtica_ and _vhe_ ho.rizo_tal. Mean values

per-rotational period. Furthermore, it was
clear that the factor responsible for the modu- from 14 subjects, each of whom experienced a_ im-pulsive dccelcratio_ from 60° at t_-O see. A_gu-

bttion of per-rotational nystugmus w_ not lar velocity of slo.w phase is plotted on a logaritlbmic

m_mifest during the postrot,_tional period and scale. Time constants of decay (_r/A) wcrc con-

presumably did not influence cupular restora- sistcntly shorter (p=O.O01) whc_ the axis o_ rota-

tion. As with the mechanism underlying the tion was horizontal titan when vertical. There was

per-rotational nystagmus, the large decrement _o significant effect attributable to the positio_ in"_chich,the stretcher was stopped: O°_su.pinc, 180 °--

in the time constant of decay of postrot_ttion_l prone, 90 ° and 270°=ri.ght - and lcft-side-do.w_h

nystagmus, which occurred when the _ccelera- respectively.
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ion vector lay in the transverse plane of the ANGULARVELOCITYOF

head, could be regarded as a manifestation of sL0w PHASE°[SEC ,__L_(__ .Y _.,f'_either an alteration of the dynamics of the so

canal-cupula-endolymph system or the inter-
action of otolith and other somesthetic afferents "_. ,,

with the signals from canal receptors. ',,
20 k'_,.%,,-,

Reorientation to Gravity Following Rotation _.

In the experiments in which subjects were --- "_ _',

rotated about a horizontal axis, the angular lo .... _!\stimulus to the cupulae of tile lateral canals -- _'.". RIGHTSIDEDOWN.( _ =7.5)

was combined with a continual change in the SIDEDOWE.(_ -7.s)
direction of ,the linear acceleration vector. In

ii _,_IGHT SIDE D0WNTOVERTICAL" -5"9)

a further series of experiments, these compo- ,I !! k__LEFT SIDEDOWN $O_VERTICAL.nents were separated. Subjects were rotated ,! (_-s-8)
about a vertical axis so that there was no change II
in the direction of gravity during rotation or Uon deceleration, but I or "2 seconds after the

"8 I'O

turntxble was stopped, and the cupulae had 9._1 !ij2.2
commenced to return to their equilibrium posi- _ T,,i_ ,IO 20

tion, the subject was reorientated to the gravi- TIMEAFTERSTOPPING(SEe)
rational vertical. Irrespective of whether the
subject was moved from the vertical to the Figure 11.--Effect o[ oricntatio_ to gravity on decay of

nystagm_ls following rotation in pitch (y axis) about

prone, supine, left-side-down, or right-side- a vertical axis, at 60°/sec. Mean results [rareeight

down position, the time constant of decay of subjects. Other details as in fig_lre10.
postrotational nystagmus was approximately

half of that observed when the subject remained _/± values obtained in this experiment were

in the vertical position (ref. 7) (fig. 10). The comparable to those in which the axis of rota-
tion was horizontal and cupula restoration oc-
curred with the subject in identical orientations

.............................. tl g it ti 1 tic 1 Tt lydip'LO'PH'""/5[C SL_'_'"'"¢ to le rav a ona ver a. le on s ar-

C_'_F\ _-¥-_/_ ity between the ,two experiments was that ill
tile second, where the subject was reorientated

._ "-,,, _ _' following deceleration, the time constant of
_.,,,_ decay in the prone position was slightly less

(p=0.05) than in the supine position. The

_\_°'_I _-"_ °°7_,,_ time constants in the right- and left-side-down
_, I Io " positions were similar and were intermediate to

\........ } ..... _ those obtained in the prone and supine positions,\ PRO_Er CI - _O

",.... ,.o ,0 ,o from which they did not differ significantly.
................. _,o_ ................. (.0) In contrast, when _he subject lay on his side

Figure 10.--E[fect o[ orientation to gravity on decay of during the initial rotation, so that on stopping
nystagmus follon*gngrotation in yaw (zaxis)about a he received an angular impulse in pitch, on
vertical axis, at 60°/see. The shaded bloclc on the being moved through 90 ° to ghe vertical the re-

abseiss(t indicates the period in which the subject cluction in _he time constant of decay of vertical
'was moved [rom the vertical to a horizontal position, postrotational nystagmus was proportionately
Figures on abscissa indicate the mea_ durations of
the aftcrscnsation in seconds. _r/A_--nzca_ time con- much smaller than that produced by an equiv-
stant of decay in seconds. Values obtained from alent change in the g vector on the postrota-
eight subjects, tional response in yaw (fig. 11). The mean _r/A
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7

value was 7.5 seconds when the subject remained s,_tion, and hence may, by ,_ central neuronal
in the right-or left-side-down position and 5.9 mechanism, suppress those signals which are
seconds '_vhen moved to the vertical. These ob- erroneous.

jective measures of modification of postrota- This, however, does not explain why,t:he ,_fter-
't,ional responses by the direction of gravity were responses in yaw suffer a greater suppression

par,_lleled by reports of the duration of the than those in pitch or roll. One reason for this
after-sensation of turning. F.ollowing initial difference may be that in normal life, angular
rotation in yaw, the after-sensation was reduced movements in pitch and roll stimulate both
from a mean value of 26.5 seconds when t:he head ampu]lary and otolithic receptors.. Thus an
was vertical to 8.7 seconds when reorientated angular impulse in either of these axes wit.hour
through 90°. In pi'tch, a mean change of 12.1 an appropriate alteration of the linear accelera-

seconds 'to 9.5 seconds was observed; while in tion vector m_y evoke a smaller response than
roll, where the subject lay in the prone or supine when there is concordance of the signals from
p.osi_ion during the initial rotation, reorienta- canals and grttvireceptors. Indeed, it may be
tion to the vertical position reduced the ,_fter- that the shorter time constants of decay of post-
sensation from 15.6 seconds _o 12.3 seconds, rotational responses in pitch and roll observed

The greater effect of reorientation on the post- by Jones, Barry, and Kowalsky (ref. o_9), as in
rotational responses in yaw over those observed the experiments here reported, are a manifesta-
in pitch and roll was considered to support a tion of gravireceptor inhibition rather thau dif-
peripheral mechanism, for it was in accord with ferences in t,he dynamic behavior of the vertical
the hy.pothesis, elaborated as the resul_ of the and horizontal canals. If it is accept edt:lmt the

horizontal axis rotation experiments, that the postrotational responses in pitch and roll are
time constant of decay was greatest when the suppressed wben the axis of rotation is vertical,
linear acceleration vector was normal to the then theintroductionofcompetingotolithicand
plane of the stimulated canal, and ]east when it somesthetic signals is likely to have a smaller

was coplanar with the canal. Thus it was pro- effect, than on the postrotational response in yaw
posed that the larger reduction in the time con- to which oto]ithic signals do not normally con-
stan.t of decay following an impulse in y,_w, tribute. In addi'tion, it might be argued that
compared with one in pitch, occurred because otolithic and somesthetic cues are .more intense

the increment in the coplanar g vector of the on moving to the horizontal position than the
horizontal canals was greater than that in the converse case, in which the subject is returned

vertical canals when the subject's orientation _o to the norm,_l, head veI'tica], sitting posi'tion,
gravit,y was changed in the postrotationa] ill the postrota*ional period. Thus the m,_gni-
period, rude of _.he depression of the postro_ational re-

However, otolithic mechanisms cannot :be ex- spouses in yaw may reflect, in part, E_e un-
eluded. Following rotation in yaw, the sub- familiarity and relative discomfort of the four

ject experiences an after-sensation of _uming positions employed.
about Vhe body a.xis, the spatial relationship of

this sensa:tion to the body being maintained Jr- Effect on Postrotational Response of Orientation of
Horizontal Canals to Gravity

respective of the subject's orientation to _he

gravitational vertical in the postrotational The experinaents already described were con-

period. Thus when the head remains in the fined to the study of the effect of a change of 90°

position occupied during the initial rota-tion, in the direction of gravity on postrotational

otolithic and somesthetic information does responses about the three orthogona] body axes,

not conflict with the illusory sensation engen- and were not concerned essentially with the
dered by 'the ampullary signals; hut when the orientation of the stimulated canals to the linear

body is placed, say, in the supine position after acceleration vector. Accordingly, further ex-

rotation with head vertical, the cues from gr,_vi- periments were performed in which the effect of

receptors are not in accord with the illusory sen- the orientation of the lateral canals to gravity
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in the postrotational period was examined in ITZ_ sec.

greater detail. In the first series of experi- 15_ •
ments, the subject was tilted 30 ° forward in _--../

order to ,bring the plane of _.he lateral canals 12_/ x \\
normal to the gravitational acceleration. Im-

mediately following rot_tion about a vertical \
axis, he was titled backward through 30°, 60 °, II _ \\

90 °, or 1"20°. The average results from 10 sub- \\
jects, who each experienced rotation at 60°/see I(]- \
in .the clockwise and anticlockwise directions \

\

and 5 orientations to the gravitational vertical, 9 x x

are shown in figure 12. This demonstrates the e\\\ x __

progressive increase in the rate of decay of post- 8 \\xx / I_ _ -- - -
rot,_tional nystagmus as the subject's position .'- •
in the postrotational period deviated from that 7

occupied during rotation. The relationship was BACKWARD
sigmoidal, with the maximum change in _/A FORWARD,I r J I I I

value occurring between _he 30° and the 60° 300 :0 300 60° 90o 1200 150o

back positions (fig. 13). ATTITUDEINPIT.CHDURINGPOSTROTATIONALPERIOD
Now if the time constant of decay were, in Figure 13.--Change o_ time constant of decay (Tr/A)

part, determined by the magnitude of the co- with position during postrotatio_ml period. Mean
planar g vector, then it was to be expected that valises _rO_n two groups o? subjects (0 and X ), 10

sabject_ in each group.

. , , e, . ,, the minimum time constant of decay would have

been f°und in the 60° back p°siti°n' and that

when the subjects were tilted 90° back, the time
constant would have been similar to that ob-

...... -_.,, _........ _ _ ......... served in the 30 ° back position. As .the ,_/±
values in the 60° and 90 ° back positions did not

, ,, _ _ ,'_ _' ,' ....... differ significantly from one another, .there wasILM{*F_ERS_OP_NG(S(C)

no evidence of such an inflection. Accordingly,
the observations were extended to the 120 ° and

150 ° back positions in a further experiment,

similar in design to the first except that post-'_c A;(_tA_V_mOIY

_ rotational responses were examined following

' ' ...." ' 150 ° ,back the inthe fipst and second experiments differed, the

=/_ values .obtained without repositioning in
....... . _ ..... _..... _..... the postrotational period and when tilted to the

60 ° and 90° back positions did not differ signifi-' ,_ _o' ,_ _o'' ,'o ; ' ," ; ; ," ;
......... (_:_ cantly between the two experimental groups.

Figure 12.--Effect of orientation to gravity on decay of This enabled the data from the two experiments
nystagmus :following rotation at 60°/sec about a to be combined in order to calculate the curve

vertical axis. During rotation,, subject sat with head ill figure 13 which indicates the general relation-
tilted 30 ° _orward. Onc second a#cr stopping he ship between position and time constant of
.was tilted backward throttgh n)<30 ° to assume_the

position indicated. The w49pcr and lower group of decay. The curve was not of the predicted
graphs arc the mean values frown two experiments sinusoidal form, for there was only a small in-
each performed on 10 sub]acts, crease in time constant between the 60° back and
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150 ° b,_ck positions. The relationship thus and 30° back positions than when they were not
demonstrated _tpparently supported neither repositioned immediately after stopping (fig.
hypothesis, for both would have predicted a 14). The mean rate of decay was apparently
sinusoidal relation between position and time somewhat greater in the 30° forward position,
constant of decay, in which the _/± value in the but on analysis of variance of the individual _/±

150 ° back position would be similar to that ob- values, there was no significant difference be-
tained in the 30 ° forward position. When tilted tween the reduction of time constant which oc-
150 ° back, gravity was aggin normal to the era'red in the 30° forward and the 30 ° back
plane of the stimulated canals, while the plane positions. The decrement in 7r/A values on re-
of the illusory sensation of turning was hori- orientation to gravity was however highly sig-
zontal and not in conflict with otolithic and nificant @=0.001).
somesthetic cues. Thus it must be concluded that the alteration

Although of interest, these results do not ma- of the decay of postrotational nystagmus ac-
terially assist in the understanding of the cording to the direction of the linear accelera-

mechanisms by which linear acceleration modi- tion vector is governed principally by activity of
ties semicircular-canal responses. However, a otolithic and other sensory receptors which
small modification of technique yields an ex- signal the direction, and change in direction, of

perimental situation in which the two hypo- the linear acceleration, rather than by a direct
thetical mechanisms would predict differing mechanical disturbance of the dynamics of the
responses in the postrot'ttional period. If 'L canal-cupula-endo]ymph system.
subject is rotated in a horizontal plane with the The inhibition of the ampullary affereflt

head vertical and on stopping moved i1_pitch to signals cannot be described by a simple sub-
the 30° forward or 30 ° back positions, in the tractive or proportional function, for with
former the horizontal canals are brought into a

plane normal to the gravitational acceleration, %,¢ ANGULARVELOCITY (_,
while in the latter position they lie at 30° to the 60y OFSLOWPHASE

vertica]. If themagnitudeof the linear at-,z:_' %__

celeration ill the plane of the canals, is of im-
portance, then the time constant of decay should

be increased in the 30° forward position and ca__ "\.\\ • l'g'
decreased in the 30° back position. Conversely, _i_e_

in either of these two positions, otolithic and
somesthetic receptors will carry information I

NO MOVEMENT _-=15"3s¢c.

that the si_:als of the ampullary receptors of • . .... ....,
the horizontal canals are inappropriate and 6 "-i MOVEDTO E =\ ",_---30° B I14 sec.

should, as Guedry proposed, be suppressed. 4 '\
This experiment was carried out on 15 sub- ""4--30°F -_-= 100see.

jects. Immediately after rotation at 60°/sec in
a clockwise or anticlockwise direction with the

head vertical, the subject was moved to the 30°
forward or 30 ° b_ck position. The order of i F_ , I ,

presentation of the stimuli was determined by 0 l0 20 30see.TIME AFTER STOPPING

a L_tin-square desig_l which was also balanced

for order effects. Subjects were asked to per- Figure 14.--Effect of orientation to gravity on dccay
of nystagmus following rotation at 60°�see about a

form mental arithmetic during the postrota- vertical axis. Du.ring rotation., subject sat with

tional period in an attempt to maintain a con- head vertical. On stopping, hc was moved in pitch,

stant level of arousal, at time indicated by bar on abscissa, 30 ° for_vard or
30 ° backward. Mean values from 12 subjects who

In all but one of the 12 subjects, nystagmus cael_cxpericnced rotation in clock_oisca_d anticlock-
decayed more rapidly in both the 30° forward _ise directions.
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either of these inhibitory mechanisms a sudden While it is acknowledged that inhibition may
fall in nystagmus velocity should have occurred be mediated through the efferent innervation
coincident with the appearance of a competing of the vestibular receptors, wl{ieh, in common
otolithic signal on reorientation of the subject, with other sensory systems, can regulate the
Furthermore, proportional inhibition, should afferent sigmal (refs. 33 and 34), it is considered

have yielded nystagmus which decayed with that such a peripheral mechanism must be of
the same time constant, irrespective of the in- minor importance in the regulation of canal

tensity of the inhibitory signal. Accordingly, it responses by linear accelerations. For other-
is necessary to propose that the inhibition in- wise it is difficult to explMn why the various
creases in intensity as an exponential function manifestations of the postrotational vestibular
of time, and that the exponent itself is a func- response, e.g., somatic muscle activity, sensa-
tion of the intensity of the signal from oto]ithic tion of turning, and nystagmus, do not have the

and other gravireceptors. A symbolic diagram same time constant of decay. Indeed, the disso-
of the conceptual inhibitory mechanism is clarion of the sensation of turning and nystag-
shown in figure 15. mic response by an alteration of the direction of

Green (refs. 30-32) has drawn attention to gravity was apparent in the experiments here
the differences which exist between the decay of reported as it was in other studies of vestibular
the sensation of turning and of nysta_nus fol- function (refs. 9, 35, and 36).

lowing impulsive stimulation, and has proposed
CONCLUSIONS

variable adaptive coupling between the pe-

ripheral signal and the responses engendered by Within t!he ]imitations of the procedures era-

this signal. On the basis of the model here ployed, the experimental e_ddence supports
proposed, the stren_h of the coupling depends with certain qualifications the "Grundprinzip"
upon the exponent of the recurrent inhibitory of functional differentiation elaborated by de

sigq_M which acts on the vestibular projections Kleijn and Magnus (ref. 20). It would appear
within the centrM nervous system, that an acceleration of 1 g does not, in the nor-

real individual, cause a significant deflection of

the cupula or modify directly the dynamics of

_ > SENSATION the canal-cupula-endolymph system. However,when one looks at the behavioral responses nor-

AMPULLARYA. ....A(l_e-sk't) mally regarded as manifestations of afferent
RECEPTORSI- signals from semicircular canals, in particular\

_'\ ___ >NYSTAGMUS sensations of turning and nystagnms, it is ap-- parent that these are not independent of the
\

..... A(l__-Sk,t) concomitant signals from other receptors.
Thus the response elicited by a particular roo-

my tion stimulus depends upon t'he nature of the

effective stimulus to both groups of vestibular

\ receptors as well as signals from other som-

OTOLITH, /S> esthetic receptors. If information from gravi-TOUCH,PRESSURE_. receptors is not in accord with that from canal
&JOINTPOSIt) receptors, then the response engendered by the
RECEPTORS " < CORTICOFUGALinappropriate ampullary signals is inhibited.SIGNALS

Conversely, if otolithic and somesthetic recep-
Figure 15.--Conceptual scheme of possiblc inhibitory tOl'Ssignal rotation of the body, even when this

mechanisms in vestibular pathways. A and S arc is not supported by signals from the semicircu-
the intensity of signals from ampu.llary receptors and

gravireceptors, respectively; k, al_d k_. arc arbitrary ]ar canals, as presumably occurs during rotation
constants, about _t horizontal axis at constant velocity,
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then an appropriate compensatory nystagmus era'ate assessment of the m'tgnitude and time
is generated. Wheeher the interplay of canal course of the vestibular reaction to a complex-
and otolithic signals generated by motion in motion stimulus.
pitch and roll occurs in the same manner as mo- In everyday life, the stimulation of gr,_vire-
tion in yaw awaits further investigat'ion, ceptors by angular motion in yaw is small, there-
There may well be differences, for angular mo- fore it is perhaps to be expected that the ab-
tion in pitch and roll is normally associated sence of gravity will have little effect on the

with a change in the direction of gravity, while resp.onse to an angular stimulus in this axis.
motion 'in yaw does not nonmdly stimulate This speculation is supported by the qualitative
gravireceptors. At present, there is a 1.ack of observation of nystagmus produced by rotation
fundamental data, not only on the dynamics of in yaw during zero-gravity ma.neuvers in a con-
the response to angular stimuli particularly in ventional aircraft (ref. 16). tIowever, motion
pitch and roll but also on the maturer in which in pitch ,_nd roll may evoke a different response
these responses are modified by the concomitant during weightlessness from that evoked in the
linear accelera.tion vector, presence of gravity, for the normal synergism

The demonstration of a significant modifica- of canal and otolithic signals will be disturbed.
tion of canal responses by linear accelerations Apart from the absence of normal gr,_vire-
should introduce caution to the prediction of ceptor information during angular motion in

responses in man when exposed to the complex pitch and roll, in the zero-gravity environment
motion of aerospace flight (ref. _9). _¥hile it an atypical sensory inflow from otolith organs

is not denied that consideration of the separate may be engendered by angular a.nd translational
responses to the resolved linear and angular movements of the head. The linea.r aecelera-
components of a particular motion stimulus tions produced by normal head movements are
may at times be of value, such a method of anal- usually small so that, in the presence of gr,_vity,
ysis ignores the integration of cues from canal, there is little change in the magnitude or di-
otolithie and somesthetic receptors, which to- rection of the resultant. But in the absence of

gether determine the final response, gravity these accelerations may prove to be an
The use of experimental observations made adequate and at the same time bizarre stimulus

in the presence of the gravita.tional acceleration to the otolith organs. Thus otolithie afferents
to predict vestibular responses during weight- may engender inappropriate vestibular re-

lessness is not without eonsider,_ble limitations, sponses which could interfere with the opera-

yet such extrapolations can be justified, especi- tional efficiency of man in the space environ-
allyif they expose problems which are amenable ment. From reports of abnormal vestibula.r

to investigation either on the ground or during sensations by Titov, Fekstitov, and Yegerov,
space flight, and of nystagmus in Tereshkova during the

The corollary of the various manifestations 38th-45th orbits, it may be argued that the yes-

of the modification of canal responses by gravi- t.ibular reactions peculiar to weightlessness can
receptor signals is that, during weightlessness, be of significance in individuals who are not

the response to a particular angular stimulus well habituated to complex-motion stimuli.

could well be different from that evoked by the Measurement of the response to controlled

same angular stimulus in the presence of gray- _mgular and linear accelerations during orbital

ity. Unfortuna.tely the lack of a detailed flight would provide a better understanding of

analysis of the contribution of linear and angu- the underlying vestibular mechanisms a.nd, in

lar accelerations to the vestibular response, and particular, the role of otolithic afferents in the

in particular the relative importance ,of the syn- regul,_tion of nystagmus and sensations of turn-
ergism of gravireceptor and eanal signals for ing which ha.ve been regarded as the prerogative

motion in yaw, pitch, and roll, prevents an ac- of stimulation of semicircular-canal receptors.
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DISCUSSION

LOWENST,EIN: I myself would not be quite so d if- BENSON: I agree. I would take any engineer's or

fident as Dr. Beuson about his last flow diagram. It mathematician's calculations and accept them. How-

has to nle the great appeal that it pays attention to the ever, I wouldn't have thought it was very large and not

Cinderella, the central nervous system. Historically really likely to influence the results that were here

speaking, of course, .we have seen a change in attitude, presented.

At first, one thought everything was sensation, and then VALENTINUZZI: I would like to go back to the cam-

peripheral mechanisms seemed to account for every- ment made by Dr. Lowenstein and to the question;

thing. We became accustomed to leaving the central aren't the vertical canals stimulated also when the

nervous system out of our consideration. This flow head i_ turned? And this is very important,,I believe,

diagram is recomnlended because it does in fact pay because if we go back to the changes of this quotient

attention to the central nervous system under con- 7r/A, and .we think of the physical meaning o_ pi and

flic¢ing impact from peripheral signals, delta and also of the moment of inertia of the endo-

When you have rotated your subject in the yaw lym.ph, we expect that, according to the physical or

plane, and then you stop the rotation and you change biophysical characteristics of the canal, those constants

his ,position, you have to take into occount ,that yo.u wouldn't change; therefore, that relationship wouldn't

no,w also have introduced a stimulation of the vertical change. But why does it change in this case? I think

canals, that we are calculating this relationship for the com-

BENSON: Yes; I appreciate that. This stimulus is plex information which is involved in the nystagmus,

very transient because there is acceleration followed thinking of the equation as only applied to one canal.

shortly by deceleration, which should just flip the If we consider that the fundamental equation is applied

cupula one way and back again, to each of the semicircular canals on both sides, then

LOWENSTEIN: What sort of acceleration did you use we have to think that those constants remain constant.

in this flip? That relationship should renmin the same according

BENSON: The movement took 2 seconds at the most. to the biophy.sical characteristics of the canal. That

I ,agree tha:t this could possibly influence the results apparent change, I would say, is due to the composition

but, on the other hand, I would have though.t that the of the inputs each canal is sending to the central

stimulus to vertical canals associated with the move- nervous system. Beside that, another thing, which Dr.

ment would be relatively small and of short duration. Gualtiero_i has mentioned, is the participation of the

GUALTIEROITh I wonder if there isn't an additional Coriolis force. If we consider not only the tangential

force here which is very minute and has not been dis- but also the Coriolis force, taking into account its mag-

cussed up to now. When you endure these kinds of nitude and direction, i,t means that this change, I would

movements, besides other aeeeleratory forces, a Coriolis say, is an apparent change because we are applying

accessory acceleration exists, resulting from the cam- this equation to which these coefficients belong to some-

position _)f Earth rota:tion and individual rotation. I thing which now in this experiment is a complex result

don',t know right now what kind of value this Coriolis of not only one canal, but of the whole vestibular

force would have, ,but _t I or 2 g rotatory acceleration, system.

it might be just above threshold for the semicircular BENSON: Yes. I must really apologize for using the

canals. There are two components of this kind of expression _r/A. If I just called it time c_)n,stant, this

Corioli.s acceleration, one is vertical and the other is wouldn't have worried you? However, if you want to

horizontal. It is the principle on which the gyroscopic _ake these values and substitute them in the equations

compass is based. It might be so minute net to have of motion of the canals, this is clearly not justified.

any importance, but it should be mentioned and some As an excuse, may I say that I have used it in the

calculations be made. same way as Van Egmond, Groen, and Jongkees. They
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have applied 7r/A to the slope of both the sensation GUEDRY: We have used relatively slow stops, abou_t

cupulogram and the slope of nystagmus cupulogram, 15°/sec 2 as compared with a very high magnitude stop,

which differ by a factor of 2 ! about 100°/sec 2. We haven't actually estimated time

VALENTINUZZh Yes; I agree wi,th this. I should say constants for these two stops, but in both cases the

that it is better to keep the expression "time constant." nystagmus is greatly suppressed. Sensation is stopped

Maybe an analytical investigation of the integration of almost as soon as .the person stops. In connection

all .the inputs, considering the six semicircular canals, with another point which was brought up, I believe

would explain that variation, thinking again that the some of your durations of ro[ation were relatively low

physical constants of the canals do not change, in your experiments ; were they not?

With the pormission of Dr. Fernandez, I would like BENSON: In the study of postrotational responses;

to say that he and I have started to work in this yes. We only ran for about 40 seconds.

direction, trying to develop an analytical program in GUEDRY: Some people had the idea _ha,t perhaps our

order _o get as much information as we can. We are short afterresponses were due to the very prolonged

taking into account the behavior of each canal with rota1:ion periods which preceded _he stop. We find a

respect to differen_t accelerations, different velocities, short nys_tagmus upon stopping rotation about a hori-

different inclinations, and, therefore, different Coriolis zontal axis, irrespective of the duration of rotation.

forces, et cetera. Although we haven't actually carried out formal experi-

BENSON: Yes; I think this is very valuable. We ments, we have tested a number of s_bjects to check

have spent too long looking at isol:a.ted responses of this point, and I thought your data showed the same

horizontal canals or vertical canals. We have forgotten thing.

_o look at them .all together, rm even asking for an BENSON: Yes. I think the parallelism between the

examination not only of the canals all .togegther, bat decay of nystagmus following horizontal-axis rotation

also th_ effect of stimulation of gravireceptors at the and the decay when you spin the man vertically anal
same time. then reposition him into equivalen_ position, really

BERGSTEDT: Were these subjects rotating constantly? says that all these other effects which have been talked

BENSON: Barbecue-spit-wise. abo_t are not o_ any great importance, although we

BERGSTEDT: And then you stopped? cannot completely disregard them.
BENSON: Yes. LANSBERG: I am sure there have been brought

BERGSTEDT: To find out if there was any action from up so many points tha_t we could all go on discussing

the cupula organ, did you try different values of re- this for a very long time, but as the Earth is rotating,

tarda:tion of this stopping movement? If you go't the day is changing to night eventually. That brings

different nystagmus duration after different degrees me to 'the point that Dr. Gua_tierotti has brought up.

of retardation, this could speak in favor of a cupula He seems to object to ¢his rotating speed of the Earth.

mechanism. But it seems, from Dr. Guedry's talk and I think I can soothe his mind a little bit, I hope so,

from your presentation, too, that you haven't paid so as the exae_ value of it is 1/240th degree per second.

much attention to it. Presunmbly it doesn't matter. Sensitive as our vestibular organ is, it's not that

BENSON: If one was expecting g to act on the cupula sensitive that it might influence it, I'm sure. Although,

and .to alter its process of decay, then we should have I think it's wonderful that you ,bring up this point,

seen it in this experiment, I would have thought. We I don't really think that it can in any way influence .the

are flipping it over with a sudden deceleration and then effect that Dr. Benson has brought up.

we are following the time course of decay of the post- MAYNE: One cannot help wondering whether the in-

rotational nystagmus, teraction between the otoliths and the semicircular

BERGSTEDT: Yes. But you never tried to give dif- canals is an artifact or whether it serves any flmetion

ferent values to this sudden deceleration, and, if so, what function. As :a possi:ble lead to this

BENSON: No. We have only one lever on our ma- problem, have you attempted to determine the subjec-

chine which either stops or starts it, anal we can't _ive velocity sensation for the two cases?

control angular.acceleration rates. Perhaps Dr. Guedry BENSON: You mean did we follow the decay of post-

has information on this because his machine will aceel- rotational sensation by doing subjective cupulograms?

crate and decelerate at controlled rates. MAYNE: Yes ; for the two conditions.

BERGSTEDT: I think, too, as Dr. Lowenstein does, that BENSON: No ; we haven't looked at this. Certainly
this speaks in favor of a central compensation in the

in these repositioning experiments the variability and
nyst_agmu.s and sensation you get. It is very similar

the difficulty subjects have in reporting durations of
after different rotation directions, and so on. The

change you get when you change position afterward sensations is quite high, but as soon as they are

is just the result of different impulses coming from repositioned the sensations are annihilated or very

positional proprioceptor organs, seriously attenuated. Subjects may have ,a feeling of

BENSON: Yes; this I would certainly agree with turning, but often this is of turning without getting

entirely, anywhere. They feel they are rolling over on one side,
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but the), do not report any sensation of continued in accord with gravireceptor information, .then it is

motion, quite reasonable that the inappropriate canal sig,ml

Your previous 1)oint'about the functional significance should be supl}ressed and that the other reflex effects

of these findings is, I think, quite relevant. Clearly, which are normolly associated with this signal should
if yol_ have an inappropriate sensation and this is not likewise be inhibited.
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MassachusettsInstitute o[ Technology

INTRODUCTION c..................

This lmper reviews brieflY s°me °f the re- . s __!..l"'"_ I_''°_ co::::!!!loN__..., I_c%_E°P.......

search that has been underway atMITinthe -..-----.-.....", '" "
last few years, at the Man-Vehicle Control Lab- ,E_i}_N. 'iZ: l lll
oratory, in the Aeronautics and Astronautics

Department. It covers work on mathematical y L__,_descriptions of the input-output relations char-
acterizing the vestibular mechanisms and some _.....................................
work on eye stabilization, including the influ- Figure 1.--General block diagra_ of the .ma_-_ehiele
ence of vestibular inputs, neck proprioceptive eo_trol problem. Ellipses represcmt major areas
inputs, and fixed-head visual tracking. Fi- un.dcriwvestigatio_atMIT.
nally, results 'tre presented relating the vestibu-
lar research to description of man as a mere- consider not only the usual joystick hand con-
ber of a closed-loop control system controlling trol, but also postural control as a possible out-
the orientation and position of a vehicle, put mechanism. Another study deals with the

From the point of view of the control engi- adaptive mechanisnis for manual control. Nat-
neer, the nature of a pilot in a vehicle orienta- urally, the purpose of this type of study is to
tion task may be depicted as in figure 1. This achieve a sufficient ma.thematical description of
block diagram functionally divides the investi- the hmnan as an input-output device or set of
gation into study of the sensors, study of the devices, including all the nonlinearities and the
central system for control and compensation, statistical nature of the random components, to
and study of the motor mechanisms by which permit the control-systems engineer to make
the human :transfers information back to the rationa.l, quantita.tive estimates of the reactions
vehicle. The ellipses on this diagram represent of a man in a piloting-type task.
those areas that we have chosen to concentrate

on. These areas are visual input, tactile inputs, SEMICIRCULAR CANALS

and vestibular inputs, when these are either in The well-known torsion-pendulum model of
agreement or in conflict.. At the output end, we the horizontal canal has been remarkably suc-

cessful in describing most of the subjective and
' 2Phis research was supported in part by NASA under objective responses, and our experiments OllGrant NsG-577.
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t

thresholds for low angular accelerations provide An important early experiment was to estub-
further quantitative checks on this model. In lish the phase relation between the subjective

his doctoral thesis, Meiry pursued the hypothe- sensation of linear velocity and the objective
sis that the dynamics of the vertical canals were linear velocity for sinusoidal linear oscillation.
different from those of the horizontal canals and The subject was seated in the cart, which was
that these differences in dynamics in some way covered to eliminate visual cues, and accelerated
could explain the subjective feeling in an air- to the right and left sinusoidally with controlled

craft that the instantaneous axis of rotation is frequency and amplitude. With a hand control
different from that of the objective instantane- stick he would indicate when he felt he was mov-

ous axis of rotation (ref. 1). The primary ing to the right, when he felt he was moving to
tool in this study was the measurement of the left, and when he was not moving. No
latency of sensation to constant angular accel- meaningful results were expected in terms of
eration around a vertical axis as a function of the subjective amplitude of velocity, but we
acceleration level. Fitting the data with the did find that the phase the subject felt that he

exponential relation resulting from the torsion- was reversing direction could be determined
pendulum equation yields the long-time con- accurately.

stunt. The long-time constant for the sensation Figure 9 is a plot of subjective phase lag
of rotation about the sagittal (roll) axis was versus frequency of stimulation. The phase
approximately 7 seconds, compared to the 10-12 lag is the phase difference between the time that
seconds found for t.he horizontal canals. The the cart actually reversed its velocity and the

vertical canal threshold was found to be approx- time the man indicated the change of velocity.
imately 0.5 deg/sec 2 compared to approximately At very low frequencies the subject leads the
0.15 deg/sec -_for the horizontal plane, stimulus velocity, in agreement with the find-

ing of Walsh (ref. 2). Over a fairly wide

LINEAR MOTION SENSORS range of frequencies he has approximately the

Control-system descriptions of the gravirecep- correct phase relationship (zero lag), and as
frequency increases, he develops more and more

tors have been almost nonexistent. Experiments phase lag, approaching 90 ° at high frequencies.
have been difficult to perform when they require
stimulating the linear acceleration sensors with- These phase data can easily be fitted by a linear

minimum phase model which does not includeout simultaneous stimulation of the semicircular
any pure delay. The resulting transfer rune-

canals, and consequently quantitative linear tion shown in figure 2 corresponds to a second-
sensor data that would be useful in a dynamic order differential equation identical to the form

orientation model were quite limited. This is of the torsion-pendulum model of the semicircu-
the area in which Meiry placed his primary re- lar cunals. The major difference lies in the
search effort. To develop a pure linear accelera- value of the short-time constant, which is 0.66
tion as the stimulus, we constructed a 32-foot second compared to approximately 0.1 second
horizontal track on which a vehicle is driven

under fine position control with uncertainties in '°__

acceleration of the order of a thousandth of a _ _,
6C OtoJrth$ Moael, {lOS+l)_66S+P}

g. The muximum acceleration is limited to 0.3 _ <
2c I_ I E*per,men_al Dote _1_11O.e

g, and the frequency response is flat to above 1 _ %. _................
cps, providing a useful tool for studying re- ___ .!

sponse to low-level acceleration. Notice that _-_'_ _<_
the studies correlating human input-output data ,-,...._

dy -_°_ ,,I ........ I ................. Iusing such "t device define the namic re- _.... ' ..... _..............

sponse of the linear-translation sensors, und cun _(_)

only inferentially be applied to the otolith Figure 2.--S_bjevtivc perception o? motion reversal;
characteristics, phase versus frequency.
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for the canals. Curiously, the long-time con- _ ................. i l
Jp

slant of 10 seconds is approximately the same : I i
as that of the horizontal semicircular canal. ':,.,,.h__:_:_:_o0o,o,

Note that the model is in the form of an over- _'°°' , ......".._
damped second-order system and, as such, is in-
herently a "linear velocity indicator" in the ........... _...........

L I
same sense that the semicircular canal is an ......... i

"angular velocity indicator," ov.er the physio- - o,o,.,.: - _i
logical frequency range, ii:i_!::,:...... i, _.........

An independent check on the form of this '":_ __?:_
linear motion model is provided by the thresh- ',,,":;0;_..... °............ ,_,,o,o,'_,o

old versus time experiment. Given a constant . . t
linear acceleration, how long will it take a man
to indicate that he knows in which direction he Figure 4.--Control models Ior nonvisual motion sensa-

is moving? That can be predicted from this t_o,.
model and checked experimentally. Using the
theory that the shear components of specific Naval Aerospace Medical Institute. The re-
force (gravity minus linear acceleration) stim- sults will be presented in the near future.
ulate the otolith, we can derive a theoretical Figure 4 represents thecurrentcontrol models
curve of latency time versus acceleration level for nonvisual motion sensation, consisting of
given in figure 3a. The experimental points simple linear models, plus elementary nonline-
fall exactly on this curve. (There was a degree arities. The semicircular canals are treated as
of freedom in the amplitude of the model since three parallel blocks, corresponding to the three
the threshold was undetermined, allowing this head-fixed axes, each of which is assigned its
curve to be moved up and down at will, but not individual moment of inertia, damping-friction
moved left-right.) For the subject supine, an constant, and cupular-spring constant, and each
effective absolute threshold of about 0.01 g is of which is assigued an effective dead zone or
found. The model now predicts exactly the la- threshold. Finally, the outputs are added to
tency time versus acceleration level for a subject form a subjective angular velocity, wl_ich is
in the upright position. Figure 3b shows the damped out through an adaptation or habitua-
excellent agreement with experiments, and in- tion loop. The linear acceleration sensors, both

otolithic and nonotolithic also have a second-
dicates an absolute threshold of 0.006 g for up-
right normals, order system description and a dead zone. No-

Most of the experiments in this paper have tice that the output of this system is twofold:
been repeated on ]abyrinthine-defeetive subjects subjective linear velocity in an Larth-fixed
in a joint project with Dr. Graybiel and the U.S. frame, and orientation to the apparent verti-

cal. The choice of output obviously depends
upon mental set and canal response, and can ac-

Prediction, FYe_lct,on, Eq. 44 and [q.45

-- Model _ -- Model._.6 _ Experimental Data with _ I Experimental Data with

, _ ....................................... EYE STABILIZATION
;-4

}\ I A topic closely related to vestibular dynamics

_,_... is the mechanism of eye stabilization. Figure 5"_'__ : I----_ is a block diagram representation of the control
o L , _ , _ _ i _ _ " systems which must be at work in controlling.01 ,03 .05 07 .09 .01 .05 05 07 .09

............(_ (_, ............(, (_) the angle of eye gaze. For the head fixed in
space, the main driving block is the visual one,

Figure 3.--(A) Latency times for perception o? hori- which responds to the difference between thezontal linear acceleration, supine. (B) Latency

times for perceptionof ho_rizontallinear accelerations, target angle and the eye angle. This will be
upright, discussed in more detail below.
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sidered is neck proprioception as a drive signal

.....,o,o,.o. to the eye system. There have been almost no
quantitative data in this area for humans. To
separate the influence of any neck propri-AngleofEyeGoze

-- oception from vestibular input, we clamp the
head to a frame which remains fixed and rotate

......_,0_ the body underneath it, measuring the resulting
eye movements. All experiments of rotating
head and body, head only, and body only were

performed in the dark and repeated with a fix-
Figure 5.--Block die, gram of the eye movement co_trol

ation light fixed in the laboratory and onesystcm.

rotating with the subject.
Figure 8 indicates the small eye movements

Inputs arise from rotation of the head in attributable to rotation of the neck. The

space and rotation of the head with respect to cumulative eye position very definitely shows
the trunk. (Our recent work also considers the the relation to stimulation of the neck.
eye response to linear acceleration of the body

and head.) The semicircular canals respond

to the net rotation of the head in inertial space, ----_"^ '-_--_- -----_"-...............
the sum of the rotation of the head with _/- _ :- "_ -_or

respect to the body and the rotation of the .

body and vehicle with respect to space. The _-1 1.... Y--_
neck proprioceptors obviously respond to head I.................... _ ......... :................ _.

rotation, movement of the head with respect __,, ,V__i__'l_
to the neck. We performed input-output ex- I" ___ _ _,_-V/ .....

periments to investigate each of these blocks in i : : /__:I _____-_?_ _
a quantitative manner. In an extension of some

work that Hixson and Niven started some years I/ _ --- ---- --[_" \

ago, vestibular nystagmus was used as an indi- / Z
cation of semicircular-canal phase relationships
(ref. 3). Figure 6 shows some recordings taken Figure 6.--Vestibular nystagmus a_ul "e.mulati.ve" eye
by Dr. Meiry indicating the classical vestibular- positio,, f=0.5 eps. Note the correspo_denee of

nystagmus response to sinusoidal rotation of slow-phase vestibular nystagmus and "cumulative"

the head and body in a horizontal plane. By eye positgo_.
removing the saccades and fitting together all

we call cumulative eye position results, making °

the determination of the phase relationships _7; ....................
between eye movement and stimulus quite clear.

Eye movements were measured with a simple

noncontacting commercial monitor based on the ,oo_

principle of differential reflection from the iris- '_°t _sclera boundary. _ ,.,.,..._80_ -- Analyh:o,app_=,_aho.
The results of this vestibular investigation _ .............................. "--....

are shown in the frequency response of eye I _0.................... """

velocity compared with input velocity of _o[

figure 7. The data agree with the torsion ............ m ;!, . ...... ;I, ....... I ........ ,_ ' _,®

pendulum models in phase and extend the range "(_)

of data found by Hixson and Niven to a higher _Mgure 7.--Bode plot o? vestibular compensatory eye

frequency range. The next block to be con- movements (slow pkase).
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R_qht

/_ Left

"Cumulotive*' Eye Posil_on

_Time Righl ........ _]

/ J...... I ......... I ........ I ........ I ........ t
ooi el 1 io _oo _ooo

-(m/
Figure 8.--6'o,m,pe_zsa,to_'y eye movements by neck re-

ceptors, f= 0.6 cps. Figure lO.--Bodo plot of co_pc_salory eye movements
( vest_b_tlar a_cl _eclc proprioocptfo_ ).

Whether it is a feed forward in the sense of u
ous model, stimulation of the vestibular system

Van Holst type or whether it is a propri- only, and to get the model which matches data
oeeptive feedback has not been determined, for combin'ttion of head mid neck movement.

Notice that these eye movements are relatively The result is perfect agreement as shown in
small, which is one of the reasons that they are

figure 10_the frequency response for combined
not readily observed. The frequency response vestibul'tr and neck stimulation.
of eye velocity with respect to input velocity

for neck is shown in figure 9. The analytic VISUAL EYE-TRACKING MOVEMENTS
approximation is

Figure 11 is a model of eye-tracking move-
Eye velocity _ 0.325 (1 +0.43 S) ments developed in 1962 and since refined, which

Input velocity-- (1+1.74 _) smnmarizes some of the information on the

The form of this transfer function is a lag-lead visual eye movement channel (ref. 4). The in-
network indicating the possibility of position- put is the target angle, the output is the eye
plus-rate proprioceptive feedback in the neck. angle, and the difference between these is tlle
A critical experiment is to combine this model error which stimulates two paths. One is the
for stimulation of the neck only with the previ- saccadic movements path, used only for correc-

t,ion of the position of the eye. The other path

is the pursuit movements path, used only for

o_ correction of the velocity of the eye. The
"s,_mpler" indicates that corrections in both eye

.-,o "N position and eye velocity are not made on ai
: [ ....................... % continuouS basis when we are watching a ran-
- i ExperimlntoI Dola w_lh O_ Standard Deviation

-zo_ 1_. rZ"r"

Figure 9.1Bode plot of ea_pe_satory eye movements

by _eck proprioception. Figure ll.--Bloek d.iagra/m o_ eye traokin.g n_oveme_zts.
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dom signal, but in fact are made on a discrete

sampling basis in which samples are taken ap- _5

proximately every 0.2 second. [ /Figures 19 through 14 show the model pre- .-

dictions and experimentally observed eye move- _ .,_,,, ,
ments in tracking horizontal target motions.

To check the model further, we wished to use o . o

the control engineer's technique of opening the
feedback loop. Since the feedback of eye move-

ment to error on the retina is fixed at unity, ,5 _ ,5

another parallel path was added (ref. 5). This [ /
was accomplished by measuring the eye move- _z

ment through t,he monitor, feeding it back "- _
through an amplifier whose polarity and gain
we could vary at will, and driving the target as o o0 .4 .8 I

a function not only of the input signal but as _ i

a function of the eye signal. (See fig. 15.) By TIME(SEC) TIME(SEC)
CA) (B)making the parallel feedback nnity, the eye po-

sition has no effect on the observed error, Figure14.--Parabolarcsponse: (a)model; (b)experi-
mental.

I I_l,i ,I ii '" , _1,!1]

: 4__[ l ........ : : ........

Figure 12.--Pulse response: (a) model; (b) cxperi-

mental. (_)

t_igure 15.--Eye movw_ent control system ,block dia-

_ __ ' _: :-- : i grams: (a) normal visual feedback; (b) method of
-_ _'- [__/l_III::: :. i i. varying visual feedbavk.

"_ o-6 o i i i!
i i ,. i permitting investigation of the open-loop char-

_ _ acteristics. The model predicts a staircase,

•::ii _i'i .... consisting only of saccadic movements of the
'_ ! _i eye in response to a step change in target input.

........... ::_"'." By experimenting with other values of effec-

if _ 5 tive visual feedback, further checks on the model

predictions were obtained. Some of the step

"_ / responses under altered visual feedback are;o
__ V shown in figure 16.- " Figure 17 illustrates the predicted instabili-!

o _ .e _ ties of the system when the effective visual feed-

_,-_ _s_c.) T,._ (s_c) back is positive (upper traces) or negative and

Figure 13.--Theoretical and experimental ramp greater than two (lower trace). Any external
response, noise will start this system oscillating. This



::::::::::::::::::::::::::::::::::::::::::::::
_ :_ _,_i ii _ _..............................................

s _i!iliii_ ::::;::::: !_i#:.ii_ ::::;;:::".........................

(e) (f) (g)

FIGURE 16.--Experimental step responses under _ariablc feedback. (a) K:I.0. (b) K:0.3. (c) K:0.0.
(d) K=--I.0. (e) K:1.75. (f) K:2.0. (g) K:2.3.

model for the visual tracking system response MANUAL CONTROL OE V_HICLE$

to random-appearing inputs complements the The practical application of our research is

vestibul,_r and proprioceptive input models of to determine the way men control vehicles, and_
the oculomotor system described above, in particu]ar_ how they use motion cues_ when
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Reference
motion cues .are helpful, and when they are _"°_ K_ ._ K--_Or,entahon Mohon �Output

harmful. What we have learned about both ._,_ _ _--_._,_.o,_-o ..........
the otolith and the semicircular canals would

indicate that they are very good velocity meters
over a considerable frequency range. Conse- FiKure 18.--Control of inverted pe_d_lu.,m witl_ visual
quently, whenever velocity information is im- ormotio_ feedback.

portant to a control task, the motion cues should

be helpful, lator but with the hood off so that lie can
Figure 18 shows schematically one o£ the ex- see the laboratory background.

perimen'ts that we used to try to check this
(ref. 6). The moving-base pitchro]l simulator Figure 19 is a plot of rms error from orien-
was programed as an inverted pendulum. A tation to the vertical as a function of divergence
small control stick was used by the subject to frequency (system difficulty) for the three test
return the simulator to its level orientation, conditions. Notice that for a very easy sys-

There is only one parameter which determines tern, where not much velocity compensation is
the difficulty of balancing such a system, and necessary, the visual system and the combined

that is the length of the pendulum. It is very system are better than the motion system alone.
That is, we use the preciseness of the visual sys-easy to balance a 12-foot broomstick, but very
tern to do very fine alinements. However, fordifficult to balance a pencil The parameter
very difficult systems in wliich the simulator

represents the divergence frequency of the sys- moves violently and the subject must rapidly
tem and the difficulty of controlling it. Experi- determine the direction of rolling motion in

ments were conducted on _bilit,y to maintain order to damp it, then the effect o£ motion is
balance for various divergence frequencies very clear in improving the response. Both the
under three conditions : motion test alone and the combined motion and

(1) When the subject is presented with visual visual systems are clearly superior to the visual

cues only, sitting outside the simulator system alone for this difficult range.

and watching it. When we analyze what the pilot is doing in a

('2) Motion cues only, sitting inside the variety of flying tasks, we see that in fact he is

moving simulator with the hood over it. able to use considerable velocity information in

(3) Combination of motion and visual cues, the higher frequency ranges of motion, and tlfis
information is evidently in large part attrib-

in which the subject sits inside the simu- utable to the vestibular system (ref. 7).

..... Visual

-_ o -- Vestibular

i . i -_ i _ -----Combined I

o ',sEe ; 4D-- I --(ol (hi ""
LU /

i..... --

_. __.--_

..... I I I
(_ 0,5 1.0 1.5 2.0 2.5 w (rad/sec)

Divergence Frequency
Figure 17.--Positive feedback and higl_ negative feed-

bael_instabilities, no input. (a) K=--0.3. (b) K= Figure 19.--R_ns error for control of inverted pcnc_u-

--1.0. (c) K=2.2. lure.
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DISCUSSION

KELLOGG: I understand that you have been doing would indicate a head movement of a nmgnitude

some work in caloric nystagmus effects ; is that correct? somewha.t less than the actual .amplitude, .then a slow

If so, could you comment on it? return to the original position. This behavior of the

YOUNG: Well, yes and no. Yes; we have been con- canal must be compensated in the biological system by

sidering the quantitative aspect of caloric stimula.tion further processing or the development of compensatory

and whether the convection-current theory is a suf- reactions ,through adaptation.

fieient description of.the response. Mr. Steer is doing [Curves showing response of semicircular canals

this as part of his doctoral dissertation. No ; we don't were drawn on the board to indicate that an integration

have any results that I think are worth commenting on of the semicircular canal signal does not provide an

at this point, accurate measurement of body displacement.]

STEER: I have one comment. In checking most of the YOUNG: We have tried to reach the same objective

convection current theories, we have found that the with what I think is a better experiment to do ; that is,

.threshold levels of ca.loric stimulation correspond putting the subject in a closed-loop control on :the

exactly to an equiva.lent angular acceleration of the linear track and having him try to maintain hhnself

threshold levels to angular accelerations that have been stationary in the presence of disturbance inputs ; in

measured by Dr. Meiry and o'thers. Thi,s is the pri- other words, making it a psychophysical experiment

mary result we have achieved. I am presen.tly using rather than just a subjective estimation of displace-

the work of Cawthorne and Cobb who, in 1954, meas- ment.

ured the time history of the temperature gradient MAYNE: My reason for asking this question is that
across the semieircula.r canals with a step of caloric we find that if we move a subject by a small amount,

input. I_m presently doing a transfer-function analy- he generally seems to sense first ,the movement in the

sis from which we can predict other responses. Is proper direction, then a return to his original position.

anybody aware of any more recent temperature _neas- After a while he adapts to the situation and can esti-

urements of the temperature gradient across the semi- mate properly the amount of his displacement. This

circular canals than the work of Oawthorne and Cobb suggested ,to us the possibility that the compensatory

in 19547 reaction necessary to correct the error of an over-

MAYNE: I would like to congratulate the speaker on damped oscillatory system in measuring veleci.ty is

a very clear presentation of the application of engineer- corrected .by adaptation in the case of the semicircular

ing to ,the operation of the vestibular system and the canals but not in the case of otoliths. This is an in-

con.trol of body movements. We believe, too, that _:he teresting phenomenon well worth further investiga-

discipline of constructing models of biological systems tions. We feel also ,that the biological system is at its

as described by Dr. Young is a good one. There are, very worst in the case of tracking a random function as

however, pitfalls of which the MIT group is surely in the objective test you describe. All the wonderful

aware in oversimplifying the system, capacity of the system for nonlinear prediction is to no

If we were to use a transducer defined by the trans- avail.

fer function of a semicircular canal as related to .the GUALTIEROTTh I'd like to make a general comment

classical differential equation, we would find tha_ the on this kind of experimenta,tion. I am sure that in

system could not measure the amount of actual move- these experiments we really do not study vestibutar

ment of the head by an integration of the signal. ,It physiology. We study essentially the time reaction of
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the central nervous system which is a value many an acceleration or a rate of change of acceleration.

times greater than whatever happens peripherally. So The displacement of an object during the oculogyral

it is very difficult, I think in fact it is impossible, to illusion calls for a lagging rather than a leading eye

build any kind of model of the vesti.bular system from movement.

experiments in which a long nervous system chain is We have assumed that the differences between the

involved. For example, if we take 'the simplest possible two responses is one between anticipated versus non-

reflex that goes through the cortex, in man, like the anticipated nlovements and we find good functional

blinking reflex, we know that we have a total r_flex reason why this should be so. The problem in model
time of about from 100 to 150 milliseconds. The varia- building is, then, to distinguish between these t_,o

bility of this time is many times the absolute value cases and provide different responses for each. This

of the receptor's time-response in the periphery. In only goes to emphasize the fascinating challenge of

your experiment, how can you establish wh_t happens model building.

timewise at receptor level? I don't think you can, YOUNG: I don't think time would permit my respond-

because measuring directly the output from the recep- ing to _11 the points, Mr. Mayne. Concerning the lead

tors, the del,ay is nearly insignificant in respect of function with visual fixation of a sinusoidal input,

your figures. The otoliths respond to acceleration with which is predictable, S_ark, Young, and Vossius in 1961,

a delay which is no more than 3, 4, or 5 milliseconds, and Trincker a number of years before, showed that

practically equi_.alent Vo the refractory time of the we are capable of putting in anticipation and lead in

system. In your case you have to add at least 200 or visual tracking. As far as the overall leading of the
300 milliseconds for the central reaction time; and the eye during rotation, Melvill Jones explained this very

variability of this would 'be of the order of 20 to 40 msec nicely in terms of what i,ts utility would be for looking

which is a multipl, e of the peripheral response time. ahead of where the body position is.

So I will say that this very significant experiment MAYNE: The control function governing body move-

involves the central nervous system reaction time and ments, however, is the sensed body position by whatever

not much of the vestibular physiology, means it is obtained, by vision or by internal spatial

YOUNG: I would fully agree with the basic point perception. A lead of sensed body position was sug-

you are making, Dr. Gualtierotti. The title of our gested by us in the control of body movements. The

paper refers to human dynamic space orientation and problem is now to correlate this shift with eye move-

not to vestibular physiology. We are dealing with merits, and the difficulty is that eyes s_}metimes lead

input-output relations in which we are talking about and sometimes lag ,the head movements.

human behavior responses to the kinds of stimuli which VON GIERi(E: I just wonder how much confidence do

might occur in a space orientation problem. It is the you have in your otolith response function? Is there

task of you and the other gentlemen here to try to not the possibility that it is somehow 'altered by the

ded{_ee from the basic vestibular physiology and wh_t- proprioceptive cues? Did anyone try to simulate the

ever can be learned about the central processing those shearing forces on the sea.t alone which are applied to

component descriptions, models, which fit our overall the subject under this linear motion but keep the

input-output experiments. I would not try to pass body stationary? For example, apply the same sinusoi-
these off as experiments which necessarily show what dal tangential forces to the buttocks which act on the

is happening in the sensor. It is interesting certainly body during the linear motion, but keep the man

to correlate _hese experiments and models with the stationary. _Vhat kind of phase lag would you get

classic cupulometry and _he other experiments which then?

have been done and find relatively good agreement, but YOUNG: Our confidence that the input-output rela-

that is about 'as far as we want to push this. tionship indeed descri'bes the otolith was greatly

MAYNE: The next point I would like to make about lowered in July 1965, when Dr. Graybiel's labyrinthine-

the problem of ,accurate simulation is tha_ the semi- defective subjects got into the linear acceleration cart.

circular can,als and the otoliths do not appear to We found some of the subjects responded with wha_

respond in the same manner to'all situations for similar appeared to be almost normal responses to the sinusoi-

inputs. In the case of steady-state oscillations, as dal drive functions. The preceding paper by Guedry

reposed by Niven and Hixson, we h.ave shown in our presents a similar sort of paradox; something which

reports that the slow-phase nystagmus is of the right we attributed to otolothic function seems to appear in

magnitude and directi,on to provide successive fixation labyrinthine defectives. We haven't tried the idea you
points of the _ene being surveyed. At the same time, mentioned last. I would h,ave to think fairly carefully
there is a leading eye movement in the direction of the about how to do it.
velocity by an amount proportional to velocity. There

GUEDRY: I have oscillated the same L-D subjects on
appears to be, also, a shift of the sensed body position

ahead of velocity. All of this calls for a velocity signal, a parallel swing and found tha,t they were unable to

In the case of a suddenly impressed movement, how. estimate displacement of the parallel swing. They were

ever, as found in data kindly supplied to us by Colonel not trying to estinmte turning points. They apparently

Crami)ton, eye movements seem to ,be in response to could do that very well, but they underestimated dis-
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placement considerably in an oscitlat:ory motion, YOUNG: The model we have would certainly indi-

whereas our normal subjects (who, incidentally, were cate that for constant acceleration, coustaut input ac-

blindfolded and ca1"ried into the .building, so .they didn't celeration--

know ,the possible rauge of motion of the device) were GUEDRY: Constant linear acceleration.

about right. The period of oscilla_tion was about 3.6 YOUNG: Constant li n e a r acceleration, the model
seconds which is about 1.7 radians/sec. _t any rate, would predict that the man would feel constant linear

in connection with your last commen,t that they gave acceleration and not velocity.

equivalent responses, is this based upon turning points? GUEDRY: He would only feel tilt in this case.

YOUNG: The responses were not equivalent, but they YOUNG: lie would either feel a constant tilt or he

were not so different as you might have expected, would feel a_ increasing velocity in a steady state, de-
You certainly see the significant differences between pending upon his mental set, the conflict: with camH

labyrinthine defectives and normals. The results I sensation, and his instructions.

referred to were based on both latencies to constant ac- GUEDRY: On a een_trifuge, if you apply, for example,

celeration and detection of phase reversal for sinus- a constant centripetal acceleration, you don't experi-

oidal stimulation or turning point, ence a COltstant linear velocity.

GUEDRY: _Ve have the impression from our work YOUNG: You exl)erience tilt.

that if we had been able to apply prolonged constant GUEDRY: Right. So I don',t understand why you
linear acceleration, a person would not experience re- think that with a constant linear acceleration on _

locity, linear velocity. I think Wal.sh reached the same track, you should experience constant linear velocity.
conciusion. Do you agree with this? I wasn't clear on. YOUNG: I think we had best discuss this afterward

this. privately.
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Determination of Physical Constants of the Semicircular
Canals From Measurement of Single Neural Unit
Activity Under Constant Angular Acceleration

N67 15139
The Franklin Institute Research Laboratories

SUMMARY

This presentation is a progress report on our attempts to correlate eerlmin responses
of the labyrinth to inertial s,timulation with the mechanical properties of the semicircular
canals.

INTRODUCTION Figure 1 shows the behavior of a damped
mass-spring system. In figure 1 (a) the system

The commonly accepted model of the sense or- is at rest, and in figure 1 (b) its support is sub-
gan *'esponsive to angular accelerations is a cir-

cular tube of small bore, filled with liquid, which jected to a constant acceleration which causesthe mass to be displaced toward the point of

is divided by a spring-loaded fluidtight flapper t_ttachment of the spring and damper. It ap-
valve, the cupula. During angular accelera-
tion, the inertia of the fluid causes it to lag be-

hind the angular displacement of the canal, thus _ xFx_ _ Xo_

deflecting the cupula through the resulting hy-
drostatic pressure. This motion is impeded x__
by both the viscous friction between the fluid
and the wall of the tube, and by the elastic Accel.

resistance of the cupula. Upon cessation of (a_ (b_ (c_

the stimulus, the cupula returns to its neutral __ __1 Steadystate
position, with the viscous friction now oppos- _ _ / --1\ _

ing the movement.
Deflection of the cupula causes nerve stimula-

tion which informs the organism of the change

in its inertial environment. _ _-
For purposes of preliminary analysis, the | _ ] Time

cupula-canal system has been considered as a _ Acceleration
damped spring-mass system with a single degree (d_
of freedom. However, its representation by

Figure 1.--Simplified mechanical modc_ ot semioir-

nonhomogeneous second-order differential equa- cular canal in resting state (a), during linear acccl-

tion has not always been correct, cration (b), and during ret,lrn phase (c).
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proaches a final position located a distance x0 which gives the internal radius as 0.14 milli-
from its original position. Therefore, dynami- meter. The ratio of damping constant to polar
eally, the motion of the mass may be considered moment of inertia of the liquid in a circular
as ,_ return to an equilibrium position, follow- tube is given by:

ing an initial displacement x0. Thus, while in D/7 4tLg (3)
figure 1 (d) the response of the cupula to a con- -- pr2
stunt acceleration, as derived from nystagmus where

and nerve impulse firing experiments, is repre- t_is She viscosity
sented by curve 1, the motion of the cupula cor- p is the density

responds to the difference between the maximum g is the gravitational constant
or steady-state response and the actual response, r is the internal radius.
as shown by curve 2.

The decreasing response to continued stimula- If the endolymph is assumed to have the vis-
tion can thus be simply explained by the me- cosity and density of water, the value of D/r in

chanical properties of the system, without in- equation (3) is found to be about 200. This
yoking adaptation, value is several magnitudes higher than the

Upon cessation of the acceleration stimulus, values derived from the data on which the pres-
the mass returns to the original equilibrium ent analysis isbased.

position shown in figure 1@) and curve 3. These responses were obtained by Crampton
Theoretically, for a linear system, curves 2 and from single nerve units in the anesthetized cat
3 should be identical; the slight differences actu- brain stem (ref. 2). The long period of stimula-
ally found might be used to determine the de- tion, 45 seconds, made it possible to analyze these

gree of nonlinearity, data on the basis of the model described pre-
The motion of the mass with respect to the viously, since the responses clearly approached

support is represented by the homogeneous dif- the steady-state values required for quantita-
tive analysis. Of the 29 sets of data, only 8

ferential equation : have so far been analyzed.

___D 2.__K x=0 (1) Typical response curves, with nerve impulses
r r counted in 5-second intervals, are shown in

where D/r and K/T are the damping-to-inertia figures 2 and 3. The curves were generated by

and spring-constant-to-inertia ratios, respec- an analog computer to pass through the data
tively. Note that the acceleration does not oc- points. It is evident that the response is under-
cur explicitly; it is introduced in the solution

by the initial conditions :

as ! i
x°=K/r :_. i

or8

_,_j (2) : ...._-!--_-i_!:......;+
where s is a scale factor that relates the dy-

namic behavior of the system to the observed ..il. i_' ' _._L.1_2.:2
output variable, such as the velocity of slow- . i_ il

phase nystagmus or the number of nerve im- ' . : , , ' _

pulses per second. It may also be compared to . _ 1_i !
the gain, as will be brought out later; w_ is i_Y !-!' :. ; i _-
the undamped natural frequency of the system. ±........_....... i

The damping-to-inertia ratio of the human
Figure 2.--A_alog computer simulation results: Nerve

semicircular canals may be estimated from the firing .rate during and alter angular acceleration o?

data given by Melvill Jones and Spells (ref. 1), 4 deg/sec/sec. (Cat, Feb. 11, 1965.)
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2L_i.. _, i" On the basis of the simplifying assumptionV-! "i-Y

:I t t that the transfer functions of the mechanical
and computer systems are proportional, it is
shown that the scale factor s relating the dis-

! placement of the cupula to the firing rate is
proportional to the gain K of the analog eom-

[r puter model.

....i , i !i go el tio
-!_ i,--i I i :! If

.....- _-_I ,. ,.i :i i ! f_ocfz ('assumed)

.............. !__.__..... i.__ t..: !- _iT:.T" and

- .............' ......_-' .... -: ..... i " ' , Y o_E (given)
........ -[ .... __...i,. _[ ........ i......... 7! i ! i i i .'.s_Kco#

Figure 3.--Analog computer simulation results: Nerve The results are summarized on the following
firing rate during and after angular acceleration of figures. Figure 4 shows the damping-to-iner-
]f deg/sec/sec. (Cat, Oat. 28, 196_. ) tia and spring-constant-to-inertia ratios. Most

of the responses are underdamped during stim-
damped during both the stimulation and the ulation and overdamped during return, and the
return phases, damping is almost invariably higher during the

Equations (4) to (6) show the relationship return phase. No clear difference between the

between the equations of the equivalent mechan- types of cell termed "Ewaldian" and "non-
ical system (eq. (4)), the assumed proportion- Ewaldian" by Crampton is apparent.
ality between the mechanical model and the Figure 5 shows a relatively narrow range of
cupula system (eq. (5)), and the analog tom- undamped natural frequencies with a mean of

puter representation of the mechanical system about one-eighth of a radian per second, or
(eq. (6)). 'tbout 0.02 cps. A more exact analysis might

reduce this range.
Mechanical Systen_ The maximum response of the cells varies

over a wide range, from about 12 to almost 60
, , x(O)[s-kD/r]-k2(O) pulses per second above the resting dischargexks ) -- _7---

radians S _-(D/r)sq-K/r rate. This is equivalent to a large spread in

_x(0)f_(2(0) negligible) (4) the sensitivity (or scale factor, o1" gain.) It
is most interesting to note, from figure 6, that

Physiological System a linear relationship exists between the sensi-

tivity and the damping-to-inerti,_ ratio, with
Y(s) =sX(s) (5) only 3 of the 16 data points not falling near the

impulses/see straight lines. The figure also shows the in-
•".Y(s)=sX(O)fl crease in damping during the return phase,

which may be related to nonlinearities. Thus,
where s= scale factor or sensitivity impulses/ the properties of the system are consistent with
sec per radian deflection. servo design practice in which an increase in

Computer Model gain would be balanced by an increase in damp-
.ing to prevent instability.

Eo, t(s)=E,.(s)Kco_ 2 s+_ Confidence in the system constants derived
sZ+2_o,s+co_ z from these data is increased by the fact that a

considerable proportion of the nerve units
=E,n(s)Kw_Zfi, (6)

showed remarkable symmetry of response un-

where K=gain. der stimulation in opposite directions. An ex-
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Figure 4.--Summary of damping-to-_nert_a and spring-oonsta,_t-ta-incrtia ratios derived 1roan analog computer
simulatio_ of experimentally obtained nerve firing rates d_ring and following stimulation by _ deg/sec/sec
angular acceleratia_.

amp]e is shown in figure 7, in which the firing Most of the records obtained by Crampton
frequency is plotted with the resting disch,_rge show an additional high-frequency oscillation
as a base line, which also represents the axis of superimposed on the response discussed above.
symmetry. It appears from the data that the Second-by-second pulse counts result in response
units exhibiting symmetry of response also have curves of which the one shown in figure 8 is
lower sensitivity and a higher resting discharge, representative. It has a frequency of about
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............................ responses of human subject exposed to sinus-
oidal oscillations on the Human Disorienta-
tion Device.

_R_se ASengineers_ we must leave the interpretation
of these results up to the biologists. We intend

I Return _Oanalyze the remainder of the data obtained
•_ n by Crampton along the lines discussed above.

We will also _tttempt to derive similar relation-
ships from records of nystagmic responses

_ .caused by angular accelerations of sufficient
| duration to make possible determination of the

[ ] steady-state response value that has been shown1 _ to be necessary for derivation of the system
[ constants.
v We are also exploring the possibility that the

.05 .i0 .15 .20

Undampednaturalfrequencya,n

sec11416 __

Figure 5.--Distribution o.1'_ndamped natural ]requen- _ 12
cies in eight cmperiments, as derived from ant_log _ lo

Line of symmetry

computer sin_ulation. _ 8 --Resting discharge

f,
- \4

i i 2

,4 .,/ _ i

, l l l _ I 1_ _ l__ I +210_ I.._J/"* )'( "_ O0 1'0 2'0 30 4'O--45 +10 +30
/ /.,. -" o

X/_ // _ Acceleration4°/sec2 _ Time. sec
X

.3 ," "/'*
/ / Figure 7.--Showi.ng symmetry in response du, ring. ac-

,ft el ccleratio_ and return phases, typfcal of units havingi

.x" x o / low sensitivity.
i2 i

.Z o/

"_ i/I

so.. o o Rise
.I " x Return ii2"

i
s

o , , , , : ii:,i " ;
0 2 4 6 8 l;

GainK Z5

Figure 6.--Relationship between sensiti/vity and damp- '

ing in response, derived from analog computer simu-

lation of nerve firing rate.
, i

0.20 cps, or an order of m_gnitude higher than : i+-
the frequency of the responses previously dis- ';Ti_-ii
cussed, and appears to ,be undamped. The or- Figure 8.--An(_log computer simulation rcsults show-

der of magnitude is closer to that derived by ing _lndampcd high-frcqucncy rcsponse superimposed

Hixson and Niven (ref. 3) from nystagmic o_ more typical damped low-frequency rcsponse.
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cupula may be directly affected by inertial Finally, we should not take for granted that

stimuli ('both linear and angular accelerations), the second-order system characterized by our

in addition to being deflected by hydrostatic analysis of Crampton's data is necessarily

pressure alone, mechanical.
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DISCUSSION

WERS)i, LI-: I just want to point out that you draw very high. Some examples of the reliability are shown

some conclusions about the behavior of the end organ in NASA SP-77.

itself which might not at all be valid as you are The microelectrodes were stainless steel and less than

recording from second order neurons. 6 microns in diameter at the tip. We directed the elec-

YON GIERI(E: My question is related to your figure trodes into the region of the vestibular nuclei and

which gives the raltio of D/r (damping constant to studied but one unit per cat, before marking the spot

polar moment) as a function of the gain. In the graph with the prussian blue reaction for later histological

you showed different lines for the rise-and-return verification. No data were used that were not accom-

phase, and your interpretation was that the system has panied by an adequate nuclear identification. Most

different damping for the two phases. Could one not units of this sample were in the superior vestibular

hypothesize just as well that the mechanical damping nucleus and many were in the medial. It was very

of the system is constant, but that the system has a unusual to find any responding units in the lateral

different sensitivity in the two directions? nucleus and only once in a w,hile w(mld one be located

CAPPEI.: That is right, in the descending nucleus.

VON GIERI(E: Wouldn't this give a different interpre- A number of surgical measures were undertaken at

tation of you'r data if one assumes the mechano- various times, including section of the contralateral
electrical transducer sensitivity to be different for the VIIIth nerve and ablation of the cerebellum.

two phases? I think this would also be more in line 8ENSON: I would like to underline Dr. Wers_qll's

with the interpretation of other electrophysiological remark that here you are recording from somewhere
findings, in the vestibular projection. I just wondered about the

CAPPEI: Yes. I overlooked that. You may be right, general validity of arguing about the pattern of re-

8ELSI.EY: What was 'the experiment these da_a came sponse in terms of the equation of motion of the end

from? organ itself. Can you not equally argue that we are

(:RAMPTON: These data were collected from heavily seeing a manifestation or adaptation within the central

anesthetized cats in a stereotaxic frame mounted over nervous system and that if you had looked at, say,

the axis of rotation. The angular accelerations were sensation, you would have seen a very much more rapid

all of 4°/sec 2 and of 45 seconds' duration. The velocity decay of neural events underlying the phenomenon?
This is really adaptation that you are looking at. Is

programs were symmetrical about zero velocity, start-

ing at a velocity either positive (OW) or negative it not rather dangerous to say that this is change of
damping? If you say there is more adaptation in the

(CCW), passing through zero and terminating in the
deeeleratory phase than in the phase immediately fol-

other direction so that the linear acceleration compo- lowing acceleration, this is in accord with some experi-

nent would be the same at the beginning and at the ments that I think Dr. Guedry and you did, in which,

end of each acceleration. The spikes were counted by with constant angular acceleration inputs, the sensa-
hand, usually for every fifth second. The reliability tion of turning decayed--adapted more rapidly than the

of the units, with but one exception, turned out to be nystagmus.
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CRAMPTON: We always offer the disclaimer that we is characteristic in experiments of this variety to find

do know our data are removed somewhat from direct a decline in subjective velocity for these longer dura-

events at the ear, but then we often continue to guess tions, a decline usually more prominent than found

at what is talcing place at the end organ. I may com- with this particular sample. Dr. Guedry and Dr.

ment that it has been acceptable for years to measure Collins have performed the definitive experiments on

nystagmus or sensation duration, usually with a stop- this phenomenon.

watch and often with clinical cases, and then to make In the last panel on the left are results for estima-

inferences about the sense organ. But now, when data tions of the intensity of the sensation of rotation after

are offered from the vestibular nuclei, all sorts of the method of S. S. Stevens. We asked the men to

objections are raised because the data are not from select their own scale values and to verbally indicate

the cupula. I accept the objections, and the reason their speed by their subjective scale. When this tech-

these recordings are not from first-order neurons is nique is used, one finds an even more prominent decline

because my technique has not been good enough to in the response. One must conclude that the inferred

record from them. I have attempted to record from cupular mechanics depend upon which variety of re-

the nerve itself in the manner after Gernandt, but mote response is chosen for study.

without success, and therefo're moved into the vestibu- Units from the vestibular nuclei give responses which

lar nuclei where everybody can be successful. With may support each of these several inferences about the

special deference to our Swedish guests, I wish to pre- cupula. In the lower three panels on the right are

sent a smorgasbord of data in the following figure, units which show little decline, a moderate decline,

In the upper left-hand panel is a curve derived from and a substantial decline. In the upper right panel is
the critically damped torsion pendulum model with an an average, a statistic I really cannot defend for these

RC value of 10 for a response to constant angular data, but which shows that a decline is probably _epre-

acceleration of 45 seconds' duration. In the next panel sentative of the aggregate. I would like to point out

down are the nystagmic responses of man and cat again that I do not really think I am studying the

recorded in total darkness during angular acceleration cupula directly, but I do feel that it is important to

of 4°/see: nmgnitude and 45 seconds' duration. The look at responses throughout the system and to try to

men were doing lnental arithmetic, and the cats were build a total picture. Maybe next year I will have

treated with d-amphetamine. You may note that if some data from the cupula to show.

maximum arousal is maintained, no decline in the GUEDRY: I must agree with Dr. Crampton on a num-

response is found even for these long durations. Those ber of points. In regard to the velocity estimation

of you who want a nonovershooting cupula may use panel, I have found that if we use high,ly practiced
these data. But those who use subjective data from subjects (and this velocity estimation is a difficult

nmn will infer that the cupula overshoots, or that there task), then we get a picture which is nmch closer to

is adaptation in the system. In the third panel on the the nmgnitude estimation than is shown in the panel.

left are velocity judg]nents of men who _ignaled each I have tested subjects with several hours c)f practice

time they believed they completed an arc of 90 ° . It and gotten essentially the picture of velocity estimation

shown there for the same magnitude stimulus, inciden-

tally, and for just about the same duration. In regard

__ d to the second panel which shows the m'm and cat, we

have found essentially the same picture of nystagqnus

o , with the same magnitude stimuli and with lesser nmg-
o 4S o 4S

_o_ _4o/sKz ,_ p nitude stimuli applied even for longer times, as long
J _ ] /_--__-_- as we kept the person mentally active. If the person

0_ '_ is not kept mentally active, almost anything can beo _s

o ;s found, but usually there is a rise and decline in

$01_ VE//_ t°/S[Cl__ _'!_ nystagmus. Dr. Collins and I have just done an ex-_'] ,_/ I. \ _ periment with the cat, and found that cats without"_ o _ " amphetamine show a surprisingly similar picture to
o as sso 45

J sonK_ the average hunmn response for exactly the same4°/SEez nmgnitude stimulus. It even peaks at about the same

o _, MAYNE: The evidence brought out by Mr. Cappel to
SECONDS SECONDS

the effect that there is more than one type of response

Figure D1.--Response to constant angular accclera- of the semicircular canals to similar stimulation is

tion, man and cat. very important. We have observed similar dif-
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ferences i,1 eye-,novement responses. The nystagmus CAPPEL: The damping-to-inertia ratio, as determined

response to steady-state oscillation as reported by from the slow underdamped oscillation, is a_bout _hree

Niven and Hixson, for instance, is proportional to the orders of magnitude lower than what one would eom-

velocity of the head, while the response to sudden pute from the characteristics of the canal, the physical

movement as judged from data kindly forwarded by dimensions of the canal and the fluid assumed to be

Dr. Crampton appears to be related to acceleration or approximately like water. This is a tremendous
rate of change of acceleration. We have attempted discrepancy.
to differentiate between these two types of responses MAYNE: A transducer of these characteristics, by

in terms of anticipated and nonanticipated movements, whatever means they may be achieved, is an acceler-

We have assumed that steady-state oscillations and ometer, not a velocity transducer. The concept of two

willed movements belong in the class of anticipated transducers incorporated in the semicircular canal

move,nents, sense organ would fit our concept of dual responses of

There appear to be good funetiona_l reasons why the these organs. We have suggested a similar idea for

organism should not respond in the same nmnner to the otolith organs and proposed a mechanism to pro-
the two classes of movements. In the case of a willed duee this dual response at the periphery. If the teleo-

movement calculated to bring the body from one po- logical argument mentioned previously is valid, the

sition to another, conventiom'_l servo theory calls for dual response must occur at the periphery. On.ly then

a lead of sensed versus actual position by an amount caa fast warning be given to the organism of an un-

proportional to velocity. At the same time, slow- expeeted body movement. The processing of a velocity

phase nystagmus should provide accurate fixating signal to give acceleration would result in further

periods. Both requirements call for velocity infor_na- delay beyond that of producing the velocity signal.

tion. In the case of a suddenly impressed movement, All of this lends weight to the often-suggested possi-

such as our ancestors, the apes, may have experienced bility that the semicircular canals are adapted to
with the breaking of the limb of a tree, the dominant measure both acceleration and velocity.

requirement is for an immediate warning of danger CAPPEL: I wasn't making any predictions concerning

so that appropriate action ,nay be taken. A velocity the function of the organ. I was saying only that the
signal builds up too slowly, requiring as it does an response that is shown by Dr. Crampton's cats cannot

integration of acceleration. Acceleration would be a be correlated with the physical characteristics of the

better signal for the purpose ; rate of change of aceeler- end organ.
ation would be even better. MAYNE: Yes ; I understoo(1 this. I was only trying

I am looking foward to an opportunity to study Mr. to interpret your very significan_ findings in te_'ms of

Cappel's paper to see if these views can be reconciled our own investigations and the likely functions of the

with his fndings, vestibular systems.
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SUMMARY

The objective of this study was to clarify the mechanism o£ caloric nystagmus ill

man by conducting the test during weightlessness. Eight subjects were selected on the

basis of a strong nystagmus response to irrigation with ice water• Nystagmus was deter-

mined by oscillograph tracings and d4rect obsem-ation, and, in addition, subjective responds

of the subject were obtained. The experimental evidence indicated that, under the condi-

tions of this experiment, zero gravity completely suppressed caloric nystagmus. This

supported Bfrfiny's original hypothesis that caloric nystagqnus was dependent on difference

in specific weigh't of ehe endolymph in the horizontal canal.

INTRODUCTION (2) Kobrak (ref. 3) in 1918 theorized that

In 1906, B_rfiny (ref. 1) described caloric the caloric response is caused by vascular re-
nystagmus and also advanced _ hypothesis to actions in which the vessels in the periphery of
explain the response. He wrote: the labyrinth are constricted by a cold stimulus

and the central vessels react with dila.tion.

Hea,t is conducCed via the temporal 'bone to the This_ according to Kobrak, sets up a flow ofsemicircular canals, affecting first the horizontal canal.
The resul,t is a change in SlmCificgravity, of the endo- endolymph and a consequent deviation of the

lymph in the canal's m.o_t lateral part relative to its cupula.

innermost part. If the canal is not horizontal, this (3) Borries in 1920 and in 1925 (refs. 4: and
sots up a curren.t in .the endolymph whieh affects the

cupula and leads ,to nystagmus. 5) pointed out the importance of both the laby-
rinth as a whole and of the ot.olith specifically.B'argny"s hypothesis has been widely but not
He stressed experiments in which subjectsuniversally accepted. The following is a sum-

mary of the leading theories which have been whose semicircular canals were damaged or ex-
advanced to explain the reaction: tirpated still showed dear caloric reactions.

(1) Bartels (ref. 2) in 1911 suggested that (4) Brunner (ref. 6) in 1921 put forth the
the caloric reaction is due to a direct effect on notion that the caloric reaction is not the result

the nerves_ heat having a stimulating and cold of de_qation of the cupula but is of central

a depressing effect, origin.
237
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(5) Van Caneghem (ref. 7) in 194:6 sug- CALOR,CNYSTAGMOSAJRCRAFT_A,EUVERS

gested that a hot caloric stimulus might cause _ .............................. ,

all increase of the iutralabyrinthine pressure ,2t ,_"0_I,0
and a cold stimulus nIight cause a decrease. He o___ og°g,o 38

: 34 2g 2g 2g

felt tliat th(_ ill_crease of tl-ie intralabyril_tlline _ ___yg 2g 2g
pressure has its effect at the utricle. _ _°

dolymph cannot cause a change in specific / _ \. ......... T'_?.__
weight; hence, endolymph flow for this reason
would be an impossibility. On the other hand, o _; _0 _, _ ,_ ,_o ,_o ,'o _ _o _;o _ _o
conduction of heat would occur, and heat and .........

cold would lead to expansion and contraction, Figure 1.--Calorie nystagmus aireralt maneuvers.
respectively. Hence, conducting the caloric CALORICNYSTAGMUSINSTRUMENTATION

procedure in weightlessness would test many

of the above-meu'tioned theories. _? _ >_

w,7 co

METHODOLOGY _ -, _
co,_ gob-

Subjects _ m m_

Eight subjects, ranging in age from 20 to 41 ______7

years, were used in the study. All eight were
on flight status, implying they had met the I I,l_

USAF nIedical standards. One subject, G, i /_ _

manifested a 40-db hearing loss in the high- L
frequency range. None had experienced any ___
spontaneous la:byrinthine disturbances. All _ -_ "__

subjects had had extensive experience in mill- _ -_
tary aircraft. SHIELO _

The Force Environment c_c 57-_} _0_O_ETER l
A report by Weiss (ref. 8) describes in detail

the force environment of the zero-gravity air- Figure 2.--Calorie nystagmus instrumentation.

plane in parabolic flight. The flight profile for and horizontal eye movements were recorded

each subject consisted of three consecutive zero- separately. T,wo Kaiser EEG miniature solid-
gravity maneuvers flown in the modified KC- state preamplifiers provided voltage am'plifica-
135 (Boeing 707) (fig. 1). In each maneuver tion. The units were temperature compensated
the aircraft was placed in a shallow dive fol- and had differential input circuitry such that,
lowed first by a pullup generating 2.0 g-units when the eye ceased moving, the tracing re-
and then a pushover into a ballistic trajectory turned to the baseline; the response time was

with approximately 25 to 30 seconds of weight- 1.2 seconds. The outputs of these amplifiers
lessness or near-weightlessness. Recovery in- were passed directly to a CEC 5-124 oseillo-
volved a second pullup generating o_.0g-milts graph recorder equipped with CEC type 7-325

followed by a brief period of level flight. The galv,_nometers. Sensitivity of the galvanom-
second and third maneuvers followed seriatim, eters was 2.92 mV/inch deflection. Movement

the intervals ranging from one to several of the eye in an upward direction produced an

minutes, upward deflection on one graph, and movements

Instrumentation of the eye to the right produced an upward

Standard eorneoretinal extraoeular electrodes deflection on the second graph. A third g_lva-
were applied as shown in figaH'e 2. Vertical nometer was used to record aircraft normal
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acceleration (g-level) as sensed by ,_ Statham less phase, exceeded the ground-based nystag-
2-g strain-gage accelerometer, mus delay time by 0.1 to 16.5 seconds. On pull-

out., at approximately 1.5 g (4-8 seconds after
Procedure the end of weightlessness), horizontal nystag-

The subjects were selected partly on the basis mus appeared in every instance. During the
of a good nystagmic response to irrigation of zero-g phase of the third parabola, nystagmus
the ear with ice 'water. Two or more baseline disappeared in file few instances it was present

caloric tests were performed on each subject in the pullup. The nystagmus always beat, in

before flight tests were carried out. Since ice the anticipated direction.
w_tter was used for irrigation, the first ground- Subject H was an exceptionally good pro-
based test served to familiarize the subject with ducer of nystagnms, and some details of the
the experimental procedure. The subject, in- findings in his case are summarized in figure 3.
clined backward 60 °, was instructed to fixate During the first maneuver, there was little eye

on a convenient spot on the ceiling and note all movement aside from blinking. During the
of his subjective sensations. Thirty cubic ten- second maneuver, nystagmus first appeared
timeters of ice water were injected with a during pullout about 5 seconds after the end
syringe directly into the external canal in ap- of the weightless phase and at which time the
proximately 3 seconds. One subject, H, had a g loading was approximately 1.5 g-unit. Nys-
remarkably short_ lag time, 9 seconds, before tagmus continued during level flight after the
the appearance of nystagmus, while in the second maneuver (fig. 3, 3)and during pullup

others lag time varied between 16 and 21 see- in the third maneuver (fig. 3, 4), but disap-
onds. Inflight, the subject was inclined 60° peared in the weightless phase. On pullout, :t
backward from the visual vertical with respect few beats appeared, but thereafter none ap-
to the aircraft which approximated the gr,_vi- peared on the record.
toinertial vertical when this force was acting. There was a tendency for the subjects to be
The first maneuver served as a control. In the aw:tre of the nystagmie beats during increased

second maneuver, ice water was injected during g loadings, and the impression was gained that
the transition period from 2.1 to 4.5 seconds spontaneous eye movements, aside from blink-
prior to the onset of weightlessness at which ing, were reduced in weightlessness.

times the g loading was about 0.5 g-unit or
greater; this minimized or prevented the tend- DISCUSSION

ency toward "airloek" due to the minimum Although the observations just reported must
energy configuration of fluid in zero g. Visual be regurded as an experimental probe, yet they
observation and sometimes recordings were

were clear cut. With eyes open and fixating
continued throughout the third parabola. Im-
mediately thereafter the subject was interro- :t target, subjects did not lnanifest nystagmus
gated. Recordings obtained from subjects C during control parabolas; hence, any complicat-
and D were not wholly satisfactory, and chief ing positional nystagmus and nystagmus due
reliance was placed on visual observation of to increased g loadings were avoided. Carry-
eye movements, ing out the irrigation prior to the onset of

weightlessness, for the most part, not only had

RESULTS the effect of extending the zero-g phase but also

The important findings are summarized in of insuring good contact at the water and skin
table 1. A nystagmic response was not mani- interface. The adequacy of the stimulus was

rested during the control parabolic muneuver, demonstrated by the long-lasting nystagmus
In the second manenver, nystagmus was not once the weightless phase had ended. The

observed during the weightless phase, although supranormal g loadings acted as an activator

the total response period available, i.e., from which not only served to extend the time during

the onset of irrigation to the end of the weight- which nystagmus might be observed but also
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MANEUVER NO, I I MANEUVER NO. Z

NO STIMULATION (CONTROL} -- TRANSITION OG TO 2G

]Icl Iel (z_ _o1_ c_ HO_IZ ETE

- _,'IEMENT _VEMEN _EWENT-- __ _ 40

VER'_EYE VE_T ErE

I/OVEUENT _o

VERT EYE '_RT EYE

,o_ ,o_

L'A/c_OaMAL ACCEL --__/C _AL _EL. 0 '_ 0 _

TIME--SECOND5 TIME AFTER WATERINJECT_ON_SECONDS

LEVEL FLIGHT (IG) AFTER ENTRY (2G) INTO /1

MANEUVER NO, Z "_ MANEUVER NO. 5 "-P

.....
_ 5o

.......
_o_z EYE _z MOVEMENT

- MOWUE_T
40 _ 4

30 A/C NORMAL aCCEL

zo

°1 ....... i'°="
,o , I- "\....1

T_MEAFTER WATER_NJECTIO_SECON0$ TFk'EAFTER WATERINJECTION_SECONOS

Figure 3.--Osc_llogrt_ph tracings from subject H. Rea¢ right to left. Nystagmogram_s in plate photographect;
the others traecg and photographed.

emphasized the dramatic effect of weightless- present study indicates that his prediction was

hess in abolishing caloric nystagmus, quite correct.
Little attempt has been made to quantify the Direct stimulation of the nerve, as suggested

results inasmuch as improvements in procedure by Barrels (reL 2), does not seem tenable inas-
will make the task simpler. The short delay much as _he reaction should have taken place
in appearance o_ nystagmus on transition out regardless o_ th_ g level. The theory advanced
and into zero g suggests (1) that under ordinary by Kobrak (ref. 3) concerning vascular reac-
conditions much o_ the delay _ollowing irriga- tions seems equally untenable, since the vascular
tion is due to conduction of thethermal stimulus responses could not operate as fast as the eye-
from ear to canal, and (2) that little dis- movement changes indicated in the changing

placea_ent of the cupula occurs, otherwise elastic acceleration fields.
restoration would continue well into the weight- Borries' position (refs. 4 and 5) is more dif-

less phase with nystagmus a manifestation, ficult to counter, since the otolith is essea_'tially
By using a modified parabolic maneuver, it deafferentated (ref. 10) during zero g. What
should be possible to determine the level o_ g effect this may have is still an open question.

required to evoke caloric nyst_gmus. Extrapo- [t is further difficult to explain the occurrence
lating _he curve drawn _rom similar obs_rva- o_ caloric nystagmus in subjects with ablation
tions under supragr_vity conditions led Berg- of the canals. The theory put forth by Van
stedt (ref. 9) to predict that caloric stimulation Caneghem (ref. 7) is also difficult to dismiss,

in zero g would not evoke nystagmus. The since it would seem that a change in the intra-
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labyrinthine pressure would take place regard- lationship with gravity changes. Gernandt_
less of acceleration level. Igarashi, and Ades (ref. 11), moreover_ have

The position taken by Brmmer (ref. 6) (that demonstrated in the squirrel monkey that very
of central origin) seems unlikely_ since such a prolonged irrigation with ice water is required

response would not seem to have ,_ causal re- to evoke nystagmus which is of central origin.
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DISCUSSION

[:)OI.OWI_Z: When Bfirfiny first reported the caloric and fixed when they got to zero g in comparison to

test, he mentioned three things: nystagmus, past- the other phases of it.

pointing, and vertigo. Obviously, one couldn't do YOUNG: Is the effect of a given caloric stimulus

nmeh with pastpointing in a situation such as Captain strictly proportional to gravity, or acceleration ?

Kellogg described, but does he have anything to tell KEllOGG: You mean linearly related?

us about vertigo ; what happens in that lmrameter? YOUNG: That is my question.

I(ELI.OGG: There was a certain amount of vertigo in KELLOGG: I am not sure about that. I would have

the response. When the ice water was injected and to look at it a little more carefully before I said that.

when the subjects began to get the rapid caloric reae- But it certainly seems to be increasing with increasing

tion, this was stronger in the airplane than it was g. How much, I am not prepared to say.

on the ground. They got it very clearly, shifting the YOUNG: A related question is, do you know of any

whole reference frame. They felt the room was moo- experiments showing a linear relation between the

ing back and forth. This was fairly constant in all caloric stimulation temperature and the Strength of

the eight subjects ; so there was definitely some vertigo the response ; and finally, does anyone know of meas-
present, urements on tim thermal coefficient of expansion of

DOI.OWITZ: Was it affected by the change in g? endolynlph?

KEi.IOGG: Yes. It was affected by the change in g MONEY: I don't really have any information and I

in that when there was a higher level, the tendency don't think any work has been done on the thermal co-

for the vertigo was higher ; they would feel the response efficien,t expansion of endolymph ; however, when we

nmre strongly. When we got to zero g, without fail were ex.trapol_ting our resul,ts of the specific gravity

things stabilized out. In other words, as you wa_tche(t measurements with pigeon endolymph, from 23 ° C

the eye, you would see the mode of movement going where we measured it to pigeon body temperature, we

before entry into zero g. And as soon as zero g started, checked the behavior of pure wa,ter and sea wa¢er. As

the eye would immediately stabilize; so would their far as the 1-part-in-10000 level is concerned, both of

reference frame. They would feel very, very secure these substances changed the same way; so th,at i_t is
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probably within the range of accuracy of most experi- muscles, et cetera. In the absence of static informa-

ments to "_ssume tha_t this is so. tion, this is useless. There is no nystagmus. Wouldn't

LOWENSTEIN: This remark isn't going to be very it also fit in extremely well with the wonderful per-

helpful, because it is just a rationalization of what we formance of our space pilots at zero g, with the ex-

heard. I was very interested that the line in fact in- eeption of some of their Russian c_lleagues?

terseets zero point at zero gravity and I dare say the BERGSTEDT: Jongkees has mentioned earlier that

other nystagmic curves which didn't do so might easily there are perhaps two types of sensations : rotation

be bent to produce this result. I just wonder in this sensation and tilting sensation. You can thus divide

connection whether the tonic influence of the otolithic the sensation from calorization into two components.

organs is not a setting device in the absence of which I have tried to ask experimental subjects about these

nystagmus just cannot take place centrally, cannot be two things without biasing their answers, but couldn't:

elicited centrally. That is to say, the question of miss- get any really sure results. It was difficult for them

ing nystagmus again merely refers the biologist tothe to interpret. Jongke_.s has described position'al nys-

fact that these organs were designed for a certain range tagmus after c.Horiz'_tion which can't be related to _he

of physiological conditions. One of them is that the temperature. I wonder if Captain Kellogg and Cap-
nystagmus and the direction of the nystagmus are in

rain Graybiel could check this with their equipment.
fact perhaps governed by the static inflow from the

Could they do just caloric tests, wait a certain amount
statoliths. If this static inflow is absent, there is no,

of time, and allow the peak of the weightlessness, the
may I be teleological for a moment, there is no sense

in a nystagmus because its direction can't be properly positive or negative g, to occur just when this nys-
adjusted. This direction "ldjustment of nystagmus tagmus could be expected. Positional nyst,agmus af-

is extremely delicate with the tilt of the head, as every- ter ealorization could really be cheeketl with this type

body knows, with a vectorial switch between the eye of experimental apparatus.
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INTRODUCTION proven, particularly for very long periods. Be-

The effects of weightlessness on man's physi- cause of the potential debilitation and because,
as yet, no clear and simple mea.ns for the pre-ology during extended space missions, such as

flights to Mars, are critical to man's effectiveness vention of debilitation exists, it behooves NASA

in performing such missions and returning to proceed with studies oll this problem so as
safely. The recent flights of Gemini for 8 da-ys to be prepared for long missions. From the

and 14 days have extended our knowledge of engineering standpoint, consideration must be
weightlessness to these periods and indicate that given to all probable measures to cope with the

lun,_r missions and possibly Manned Orbital problem so that spacecraft can be rotated or
can adequately house a centrifuge if necessary.Laboratory missions of 30 days can be per-

formed by man (ref. 1). Mars missions, how- The onboard centrifuge is simpler and cheap-
er than the prog.ision of artificial gravity byever, will extend the time in space by 50-fold to

100-fold over the Gemini flights, total vehicle rotation. Although a centrifuge
In a recent joint meeting of representative is considerably more complex than the limb

members of the American Institute of Aeronau- cuffs that have been tried in space, the possibil-

ties & Astronautics and the Aerospace Medical ity that the proper stimulus or challenge can be
Association in St. Louis, consideration was given to human physioloew by a centrifuge is

given to the problem of weightlessness for ex- great. The pioneering work of the Douglas
tended missions and means of protecting against Aircraft Co. (ref. 2) on the possibilities of the
any degradation that may occur. Although onboard centrifuge has indicated this potential
the results of this meeting are at this writing through ground-based tests using bed rest to

simulate weightlessness.not available, the sense of the discussions was
This paper examines the various factors, in-that debilitation and reduced performance pos-

sibly could occur and that measures should be eluding some general engineering factors, in-

taken to examine methods to prevent or rehabil- volved in performing a flight experiment with
an onbo_rd centrifuge. Such an experimentitate from such effects in ease they do occur.

Many methods ranging from supplying arti- would substantiate or refu'te the favorable po-
fieiM gravity by total vehicle rotation, to on- tential of the centrifuge established by ground-
board centrifuges and to pressure cuffs and based tests in preventing the possible debilita-
exercise are suggested to accomplish the de- tion of weightlessness in extended space mis-

sired effects. None, of course, is as yet totally sions.
245
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SOME PHYSIOLOGICAL EFFECTS stolie pressure. For both pilots, recover2y,:to
OF WEIGHTLESSNESS nearly preflight values occurred in about 1 day.

Gemini V and VII flights, as previously Figures 5 and 6 are ratios of the values dur-
noted: have extended nlan's experience in ing tilt to those just prior to tilt. Preflight

weightlessness to 8 and 14 days, respectively, ratios are also shown. Tile command pilot
As of this writing, no written reports of the shows a more regular return to preflight values

Gemini VII flight are available. Those of after the flight than does the pilot. These re-
Gemini V are available in reference 1. Some salts show that the ratio of the pulse pressure

of the physiological effects found from Gemini when tilted to the preti]t value does not return
V and presented in reference 1 are summarized
herein. AVERAGE AVERAGE POST FLIGHT VALUES

PREFLIGHT

The results indicate the adaptability of the 240-VALUES
crew, first to weightlessness and then to normal -- HEART RATE

gravity on return. There were, however_ some HEART RATE, _ - .... PULSE PRESSURE
changes that appear to ha_v.e direct application BEATSPERMINIb_-

to the extended mission. These particularly PULSEAND

involved the cardiovascular system. There was PRESSURE,mm Hg 8C -

a 20-percent reduction of red-cell mass and a 4- _ ....

to 8-percent reduction in plasma volume as if--5-- I I

measured _fter the flight relative to preflight o L _ 3 4
" DAYS

values. One question of concern is, of course,
whether these are stabilized values or whether Figure 1.--Gemini V average heart rate and pulse pres-

continuing reductions are to be expected for sure during tilt-table tests.

longer exposures. The red blood cell changes AVERAGE AVERAGEPOSTFLIGHTVALUES
may be attributed to the atmospheric environ- PREFLIGHT

VALUES
ment and not to weightlessness. Mild fatigue 240-
following the flight was also reported in refer- SYSTOLIC PRESSURE

ence 1. Results of Gemini VII will give addi- 16o..... DIASTOLICPRESSURE
tional information on these factors. SYSTOLIC

AND

Another factor from the postflight examina- DIASTOLIC --
PRESSURE,

tions of the Gemini V crew was their response to mm Hg 80- --........

tilt-table tests. The results of these tests, from

reference 1, are summarized in figures 1 to 6. O- I I I I

The values of blood pressure and heart rate of o I 2 3 4DAYS
reference I during the tilt test have been aver-

aged over the tilt period for the results pre- Figure 2.--Gemini V average blood pressures during
rented herein. The preflight values presented tilt-table tests.

are the averages of three experiences of three AVERAGE AVERAGEPOSTFLIGHTVALUES

different days prior to the flight. The results PREFLIGHT
for the command pilot (Cooper) are on figures 24o- VALUES

-- HEART RATE
1, 2, and 5, and for the pilot (Conrad) on 3, 4, HEARTRATE
and 6. Figures 1 and 3 are of the average heart BEATSPER MIN160- X-------PULSE PRESSURE

AND
rate and the pulse pressure and show a marked PULSE

increase in heart rate, and a marked reduction PRESSURE,mm Hq 80- --

inpulsepressurewhiletiltedin_nediatelyafter

the flight as compared to the values prior to o- o I a _ 4
the flight. Figures 2 and 4 indicate the pulse- DAYS

pressure reduction is primarily due to a larger Figure 3.--Ge.mini, V average heart rate and p_tl.se pres-

reduction in tibe systolic pressure than the dia- sure during tilt-table tests.
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to,the preflight value until more than 2 days AVERAGEAVERAGEPOSTFLIGHTVALUESPREFLIGHT

following the flight. This result, with those of 240- VALUES
figures 2 and 4, implies an effect of the flight on
the pretilt or normal pulse pressure and that SYSTOLICPRESSURE
recovery to UOFID,%| lnay have taken lnore than 16o- ---- DIASTOLIC PRESSURE

SYSTOLIC AND
2 days. DIASTOLIC --

PRESSURE, /
These results indicate generally no serious mm Hg SO- t/ ......

changes from the flight and reasonably rapid
recovery. The question remaining is: Are these I I I I

changes in a transient phase or are they stable o- o , 2 3 4
at the changes that were indicated ? Further, DAYS
if they were stable at the values shown for 8 Figure 4.--Gcmini V avcragc blood prcssurcs during
days, will much longer periods cause additional tilt-tablc tests.
changes ?

It should be pointed out that the effects of bed AVERAGE AVERAGEPOSTFLIGHTVALUES
PREFLIGHT

rest, which has been extensively used to simulate VALUES
weightlessness, are similar to the effects just 2o- \ -- HEARTRATE

\ - PULSE PRESSURE

discussed. These effects are decreases in plasma \ ----- SYSTOLICPRESSURE

and blood volume, demineralization, and losses 15- _ DIASTOLICPRESSURE
in tilt-table tolerance through increased heart
rate, decreased pulse pressure, and syncope RATIO /_- ------_

(refs. 1 to 6). 1.0- / _ ...........

GROUND-BASED CENTRIFUGE TESTS / .
,5- /

The Douglas Aircraft Co. under contract to _ ,/
the Air Force and through independent research

l I I I
has done considerable ground-b_ed study of o- o I 2 3 4
the potential of short-radius centrifuges in pre- DAYS

venting debilitation due to weightlessness (refs.
2, 7, and 8). The sense of these studies was to Figure 5.--Gemini V ratios of cardiovascular factors

during tilt-table tests to prctilt values.
examine the influence of riding a centrifuge on
man's physiology as it relates to any degradE- (PILOT)

AVERAGE POST FLIGHT VALUES

tion that may occur due to bed rest. As noted AVERAGE --HEART RATE
previously, during bed rest degradation of the PREFLIGHT ..... PULSEPRESSURE

VALUES ----- SYSTOLIC PRESSUREsame nature as is possible from weightlessness 2.O,- .... DIASTOLIC PRESSURE
does occur.

Because of the confinement of space vehicles, , /_
spaceborne centrifuges will have, of necessity, 1.5-
fairly short radii. The consequences of short- RATIO .....
radii centrifuges are the relatively high rota- '/ .... _---_

tional rates necessary to obtain a specific g level 1.0- ..... I /_ ......----" _ _-_"_---
and the relatively high gradient of force along

!/the subject's body. Reference 8 contains an
analysis of the acceleration gradient problem. .5-

Douglas (ref. 8) examined gradients of force
I I I iI

along the body of 20 to 219 percent, using ear- 0- 0 I 2 5 4
ious radii. Discomfort in the legs was experi- DAYS
enced at the shorter radii; but, in general, the Figure 6.--Gemini V ratios of cardiovascular lEctors

tolerance to blackout was not appreciably differ- during tilt-table tests to pretilt values.
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ent for the various radii, although somewhat time of syncope are included in the vah.Les
less for shorter radii, shown, the imminence of syncope cannot be re-

The studies of references 2 and 8 were made flected in figures 8 and 9. Figure 8 shows the

by Douglas to find directly the therapeutic and average heart rates during tilt and figure 9
prophylactic value of short-radius centrifuges, shows the related pulse pressures. The data for
The centrifuge used is shown in figure 7 (taken the bed-rest experiments were taken from refer-
from ref. 2). This centrifuge had a 54-inch ences 3 and 3; however, data from all experi-

radius at the subject's feet. Two kinds of ex- merits in these references were not used. The
periments were performed as reported in refer- results in figure 8 show that in bed rest, heart
ence 3: one to determine the therapeutic value rates during tilt increase but not to the magni-
of the centrifuge by having subjects ride after tudes experienced after space flight. A funds-

having been degraded by bed rest, and another mental result is that for all bed-rest experiments,
to determine the prophylact.ic or maintenance except the 3-day exposure (ref. 3) and those for

value of the centrifuge by having subjects ride which the centrifuge was used as a prophylactic
during the entire period of bed rest. device (ref. 3), syncope was experienced. No

The subjects of reference 9 were exposed to syncope was experienced for the experiment

eentrifugation for from 1A to 3-g-hours (the where a centrifuge was used as a prophylactic
product of the g at the feet and the time in hours

of exposure). This was accomplished by four __"----_-_ ixx,__

exposures a day of 7.5 or 11.9 minutes per ex- _.....
posure. The results clearly indicated both a
therapeutic and a prophylactic value of such l__,

exposures. During tilt-table experiments the __= -.- _ =- :- _.-r_ )_

narrowing of pulse pressures and elevation of ( I i IF// _f -g,}_T_f_iiiil___ .__-_-_-_ ! _j__a ! _I \ _heart rates were lessened in subjects using the i _/2 "
centrifuge as a prophylactic device than those -_-+-iI!_[_-- -_-_ -I:-A_sJ][ - I / f_
for controls. For these subjects, syncope did

not occur as it did-generally for controls. Sub-

usinthocont i,u oth r  outido : J
vice had improved responses to tilt after several -----__
days of bed rest. Syncope was generally pre-
vented after a few days' exposure on the centri-

fuge. Although there were generally losses in
weight, blood, and plasma volume, these were Figure 7.--Douglas short-radius ccntrifugc.

less for the subjects using the centrifuge as a
--REF I(2 SUBJECTS) SPACE FL,GHT

prophylactic devise ........ REF 3 (B SUBJECTS) BED REST
.... REF 3 (6 SUBJECTS) BED REST

Samplings from some of the bed-rest studies, ,Be -----RI_'2 (3SUBJECTS)BEDREST
/ .... RBF 2 (3 SUBJECTS) CENTRIFUGE

including those where a centrifuge was used, of / ASATHERAPEUTICDEVICESTARTED
/ ON 17TH DAY

the subjects' responses to tilt-table tests are corn- ,20 / ..... REF2(3SUBJECTS)CENTRIFUGE

pared with those of the Gemini V flight (ref. ./_ ASAPROPHYLACTICDEVICE

1) in figures 8 and 9. Because of variability HEART ,z/-__.______-___ ......... _-_3 OF3SUBJECTSRATE, 80

in the subjects, in their experience, and in the PERSEATSMIN---T ....... "_'-_OF3 SUBJECTS"_''"_'_Np-_/_:ED
techniques, this comparison is only of tentative / EXPERIENCED "_

/_ SYNCOPEvalue. The values shown are averages for the 40 30FBSUBJECTS
EXPERIENCED

period of tilt and are an average of the values SYNCOPE
t I I I

for all subjects of each specific experiment, o; ,_ _ ,2 IB 2'o z,_
Syncope occurred with several of the subjects BAYS

of the bed-rest studies during tilt, and although Figure 8.--Hcart ratc during tilt-tablc trots 1or various
the average values of their response up to the cxperimcnts.
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--REF I (2 SUBJECTS)SPACEFLIGHT t

....... REF 3 (6 SUBJECTS) BED REST ENCLOSED.... REF 5 (6 SUBJECTS)BED REST CAB -POSITION
-----REF 2 (3 SUBJECTS)BED REST ADJUSTABLE THRU
.... REF2 (5 SUBJECTS)CENTRIFUGE RANGE SHOWN

AS A THERAPEUTICDEVICE STARTED
ON 17TH DAY

6C _. _ ..... REF 2 ( 3 SUBJECTS)CENTRIFUGE
_ AS A PROPHYLACTICOEVICE

40 _ "'" /-2 _P3 SUBJECTS
- - _ - - __ EXPERIENCEDSYNCOPE

PULSE _- / "_/_'- _ 30F3 SUBJECTSPRESSURE,

m_H_ ___-:_/ _ E×PER,ENCEOSYNCOPE
_C- / _.________ ....

£3 OF 6 SUBJECTS _ ......
EXPERIENCED SYNCOPE

I I
4 8 '12 '16 210 21

BAYS

Figure 9.--Pulse pressure during tilt-table tests ;for
various experiments. SEATED TO EXTENDED

Figure IO.--M O I_L internal centrifuge.

device (ref. '2). Following 17 days of bed rest
at which time syncope occurred in two of three •22-foot diameter of the MORI_ and is installexl
subjects (ref. 2), the centrifuge was used as a between the ceiling of the operations areas and
therapeutic device. After 6 days of exposure the floor of the living area. The centrifuge as-
to the centrifuge, while still in bed rest, no syn- sembly as shown in figure 10 is comprised of two
cope occurred. The conclusion of reference £ completely enclosed cabs mounted 180° apart
is that the centrifuge prevented and reversed on a welded aluminum tubular truss. This

the trend to syncope. The pulse pressures (fig. truss design includes a 108-inch-diameter drive
9) show decreased values with exposure to bed ring. The hub area is designed as a passageway
rest and flight. The use of the centrifuge as between the living and operation areas and
a therapeutic device checked further decreases thereby prevents operation of the centrifuge
in this factor, from affecting passage from one compartment

Many other factors, including bone density, to the other.

blood and urine anMysis, acceleration tolerance, A 1-horsepower electric motor with a solid-
exercise tolerance, etc., have been examined in state motor control is proposed to drive the
bed-rest and flight experiments and should be MORL centrifuge through the centrM ring.
correlated as a continuing examination of these Centrifuge braking would use the dynamic
problems, braking effect of the motor. A mechanical

The results of this Douglas and Air Force- brake would also be provided in case of _ mal-
sponsored research have indicated that the on- function of the primary drive mechanism.
board centrifuge is probably useful as either a Each cab would have one universal couch

prophylactic or therapeutic device to prevent or which is adjustable to accommodate individual
retard the possible effects of weightlessness, crewmembers and would be designed to take the
These results encourage continued effort to study loads of simulated reentry oper,_tion. The
the onboard centrifuge, particula.rly in actual couch would be made adjustable to allow the
space flight, subject to sit or lie down, and 'be adjusted to

ENGINEERING CONSIDERATION change the orientation of the acceleration vector
OF AN ONBOARD CENTRIFUGE applied to the su,bject.

The cab would .be completely enclosed to
Studies sponsored by the Langley Research eliminate the visual cues of motion. The ten-

Center of the Manned Orbital Research Labora- trifuge could be stopped at any time either by
tory (MORL) led to the incorporation of an the subject or his monitor. Some of the char-
onboard centrifuge as a basic element of this pro- acteristics of this centrifuge are listed in table
posed spacecraft (ref. 9). This centrifuge is 1. The diameter at the subject's center of gray-
designed to take maximum advantage of the ity is 7 feet, whereas that at his feet can be 9

234-842 0 - 67 - I7
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Table 1.--PerJormance and Design Parameters tern as it would be in a launch configurat_n.
.[or 2 Short-Arm Centrifuges it is assumed that a normal Apollo-LEM trans-

position maneuver would be made after launch,
MORL Apollo placing the LEM with the centrifuge in front

application of the Apollo for orbital applications. Access
to the centrifuge would be from the LEM,

Dry weight ......... 172 lbs...... 317 ]bs. which would be used as It monitoring station for
Spin rate at 1 g at 20.5 rpm .... 21.2 rpm. the centrifuge studies. Figure 12 is a sketch

c.g. of subject, of the basic Apo]lo-LEM vehicle as it wouldMomentum trans- 2940 lb-ft-sec_ 2580 lb-ft-sec.

ferred per event, appear in flight. The centrifuge as shown in
Inertia about spin 1370 slug-ft % _ 1160 slug-ft _. figure 11 would be located below the LEM where

axis (I_), centrifuge the LEM hmar landing module and legs are
loaded, shown. Figure 13 is a sketch of the Apollo-

Spacecraft roll rate 0.1 rpm ...... 0.8 rpm. LE1V[ on the Saturn 1B launch vehicle. This
if torque is not
counteracted, is _he approximate configuration of the launch

Propellant expended None ....... 3 lbs (at 270 system as it, m_y be used for the centrifuge
per event, lb-sec per experiment herein discussed.

lb).

Average radius to 7 ft ......... 6.5 ft.

e.g. of subject. SATUR. SATURNINSTRUMENT SI2"- B

 OOSTAoo....... FOOSTERPROTECTIVE SERVICE APOLLO 8LOCK _ LEM

COVER I MODULE _ ADAPTER STRUCTURE I

[ ACCESS TUBE

feet. It is planned that the momentum of tile .... E....... ,0RLEXIT HATCH CENTRIFUGEI LEM OF

rotating centrifuge be balanced by that of con- APOLLO

trol-moment gyros on the MORL, thus involv- co.... DMODULE_

ing little or no expenditure of energy for this /
purpose. ,'i

The purpose of this centrifuge is primarily

therapeutic or prophylactic. A pattmm of cen- ESCAPE TOWER

trifuge exposure for the ,nstronauts as previ .... N_.

ously discussed herein a.nd reported in reference RARDLEM....DEaCENTcHMENTSTAGEROINT/FORWARDENDOF S]_-BDOME_r)MD_

2, that is, exposures of at least 7.5 to 11 minutes, _OOSTER
four times a day, would be required for this Figure 11.--Possible centrifuge on the Apollo LEel[
purpose, vehicle.

Because it is importaalt to understand and

verify the influence of all onbo'trd centrifuge on /_\
human physiology and because a centrifuge in LAUNCH ESCAPESYSTEM

a space vehicle has a significant effect on vehicle COMMAND ---_ ./'_.

design and payload_ careful study must be made MODULE._
of the total design of a centrifuge installation if

LUNAR_

such installation is desirable. The MORL is_ EXCURSION

of course, only a stud), vehicle. Actual experi- MODULE
ence and studies with a centrifuge at an early --_< SERVICEMODULE

date therefore involve the application or adap- _,_
tation of a centrifuge to existing vehicle sys-

tems. The lnost practical of such all appliea- _j...._ ADAPTER

tion would be on Apollo-LEM vehicles. Figure "'_J._. /4/
11 is a sketch of such an application. The ten- '_)<_
t rifuge fits below tlle LEM within the LEM

adapter envelope. The figure depicts the sys- Figure 12.--Apollo spacecraft.
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-_i- 15o_ about 3 pounds of fuel per centrifuge event
_ FIELD SPLICE

:: would be required. If one astronaut were ex-
!_ _ SEPARATION

posed four times a day for 45 days, 560 pounds55°_1, , of fuel would be required. Tile Apollo-LEM
SPACECRAFT _-:'._, ,,

I _,' ;_'-154 vehicle, however, co,ld be allowed to counter-
I ;_,il rotate to the centrifuge at 0.8 rpm without any

INSTRUMENTUNIT_[ ' ! ' fuel expenditure if snell rotation did not inter-
-t \[ -" _-1699 1663
l ] -!- --1541 fere with or,her experiments or the other occu-
/ I - i -260" pan'ts of the vehicle.

""" 1275
S-IVB -I- __ _ The centrifuge, "ts depicted in tigure 11, isl l8tSTAGE

l _ -- 1086 (GIMBAL) contained in a separate pressurized chamber and

] t :1_ ¢ 962 is connected to the LEM by an a.ppropriate
LAUNCH/ I pressurized passage. This would be the most

VEHICLE/ -- I --257" complex alTangen-Lent for application to the
S-IB II ApoIlo-LEM. Pressure-snited astronauts rid-

I STAGE JL ing in an unchanibered, unpressurized eentri-

l [ _ _ _--IO0(GIMBAL) fuge would be the least eonq)lex arrangement.The safety of the astronaut riding the cen-
trifuge is, of course, of prinle concern, hi an

Figure 13.--SaturnlB launch-vchietc configuration, onboard centrifuge experiment, the possible
dangers, both physiological and psychological,
of the centrifuge are superimposed on theThis centrifuge design concept is similar to

that of the MORL centrifuge but is designed dangers normally imposed by space flight. One
for only one subject, requiring a counterbal- nmst consider fundamentally the recovery of an

ance as shown in figure 11. Numerous other incapacitqted "lstronaut from the centrifuge.
configurations are possible; the one shown is A shi.rt-sleeved astronaut in a centrifuge within
used, however, to ewduate some of the desiDi the confines of the basic vehicle as in the
parameters which would not vary a.ppreciably MORL would seem most ideal. The next ap-
for other designs. The performance and design parently most desirable situation would be a

parameters for this centrifuge are presented in shirt-sleeved astronaut in a centrifuge within a
table 1, along with those of the MORL centri- separate pressurized chamber with a clear pas-
fuge. This centrifuge is nearly as large as the sageway to the basic vehicle, such as is shown
MORL centrifuge and therefore has charae- in figure ]1. The least, desirable situation
teristies similar to it. The weight and inertias would be a pressure-suited astronaut in an open

refer only to the centrifuge and not to the sup- centrifuge requiring tethered transfer through
porting or containing structures. The weight an airlock into the basic vehicle. Clearly, care-
of the one-man centrifuge is greater than that ful studies of the various problems involved, in-
of the two-man MORL centrifuge because the eluding the weight and power requirements and

counterweight must be charged to the centri- the logistics problem, must be made before a
fuge ; whereas, in the two-nian case, the counter- positive conclusion and decision is made on the
weight is largely made up by the second test actual configuration of a centrifuge experiment.

subject. AN EXPERIMENTAL PROGRAM FOR
The times expected for Apollo flights are ttp_ AN ONBOARD CENTRIFUGE

preciably less than those considered for MORL,
aud control-moment gyros are not now a part Prevention of, or Recovery From, Degradation That

of the Apollo control systenl. The use of fuel May Occur From Weightlessness

expenditure to balance the angular momentmn The fundamental purpose of the onboard

of the centrifuge 'is applied to Apollo there- centrifuge experiments is, of course, t.o evaluate

fore may be required. As noted in tame 1, the prophylactic and the therapeutic value of
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exposure to centrifugal force as a means of pre- (LENGTH OF THE COLUMN EQUALS THE HEIGHT OF SEATEL'_,_N )

venting debilitation from weightlessness for PRESSURE,P,LB/IN. 2

extended missions. The length of exposure is 1.6- -- FIVEFOOTRADIUSCENTRIFUGE
very difficult to determine. The level of gravi- ----NINE FOOTRADIUSCENTRIFzUGE/

tational force that would prevent degradation 1.2- PRESSUREN" "g"UNITS2
__P 2 2 2 /

for normal full-time exposure as with contin- i P_2R _RHEAO)_ /,"
uous artificial gravity by total vehicle rotation .8- _r-- 3isno knowo 1
of artificial gravity as little as 15 g or 1/2 g .4-
would suffice. Others feel that at least 3/& g

would be required. In reference 2, the exposure ,Jl.-_._, I , , , I
of subjects on the Douglas short-radius centri- o:', o , 2 s 4 5

fuge was based on the product of the g's at the HEAD HEART FEET

feet and the time on the centrifuge. Values Figure 14.--Prcssure in a coltlmn of fl_lid on centrE-

to 3 g-hours were used. In normal Earth g, 1_gcs.
depending on man's activity, the g-hours at the

feet may range from 10 to 18. Because some closet" to the heart (about 9 inches below the
changes did occur during the centrifuge ex- heart). The pressure at the foot of this col-
posures reported in reference .2, it is possible umn on Earth would be about .2 ]b/in 2. If the

that more than 3 g-hours at the feet are desir- cardiovascular system is affected by pressure
able. Further, because of the large gTadient variations similar to those discussed, a eentri-
of acceleration along the body in the short-ra-

fuge with 1 g at the feet stresses the system
dius centrifuge, it is not clear that the vMue of much less than 1 Earth g. Physiologically it
force at the feet is necessarily the proper one is not evident whether the mean or maximum

for consideration. The larger radius of the pressure is significant, although the mean pres-
centrifuge described in this paper than in that sure is more indicative of the totM workload

of reference .2 causes a gradient of only 40 per- imposed on the total system generally. To at-
cent from heart to foot rather than the .200 per- tMn the same mean pressure on the centrifugescent of reference .2.

as in Earth g, accelerations at the feet of about
This gradient of centrifugal force along the .2.6 g and 1.5 g would be required on the 5- and

body as noted causes concern as to the desired 9-foot-radius centrifuges, respectively. Such
value of acceleration and exposure time on the factors must be considered in selecting centri-
centrifuge to stress the physiological system as fuge exposure times.
in 1 Earth g. The accelerations and pressures Ground-based studies with a centrifuge of the

on a centrifuge, of a column of fluid of len_h radius of the proposed centrifuge of this paper
equal to the height of a seated man and of a and with mean pressure hour exposures ranging
density equal to water, are shown in figure 14. up to 8 or 10 should be performed in a manner
Two sizes of centrifuges have been considered : such as those performed in reference "2ill order
a 5- and a 9-foot radius. For figure 14 the

to define the proposed flight experiment ade-
accelerations at the foot of the column were quately. The flight experiment should then be
1 g. The gradient of acceleration Mong the based on such ground-based studies, probably
column is, of course, less and the pressures with the exposure divided in four equal pot'-
greater on the longer radius centrifuge than t ions and confined to a 1.2-hour period of the
the shorter one. The mean pressure on the long day. In a 45-day orbital mission, one astro-

centrifuge is 0.65 lb/in _, whereas that on the naut could use the centrifuge, beginning at the
short ee_ltrifuge is 0.39 lb/in -". These mean first day for the entire mission, as a prophylae-

pressures occur about i foot below heart level on tic device. Another astronaut could start using

the column. The mean pressure of the same the centrifuge after 30 days' exposure to weight-

column in Earth g is about 1.0 lb/in o and occurs lessness for the remaining 15 days as a thera-
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pc_ie device. Clearly, more than one flight is be required, however, and the threshold would
desirable to attain sufficient data to verify the be encountered as the speed of the centrifuge was
results and lend credence to ground-based increasing. Another way to experience thresh-
studies, old values of acceleration would require a some-

what different centrifuge wherein the subject
Study of Threshold Levels of the Otolith Organs could be placed at the center of rotation and

The otolith organs are sensors which are deft- moved from it with a constant rate of rotation
nitely affected by weightlessness. On Earth of the eeatrifuge. The two columns in table
these sensors are ahvays stimulated by gravity 2 la!beled "0.0003" and "0.01" centrifugal force

regardless of the body orientation. The lack levels indicate that rates of rotation of 1 to 30
of stimulation of these sensors, as occurs in rpm could be used for such studies with move-

weightlessness, may cause a change in their meat of the vestibular system from the center
sensitivity and thresholds of response. The of rotation of about one-half inch to more than

threshold of response of the otoliths on Earth 7 feet. This method of operation may give
has been measured to be between 0.0003 and better control and thus lead to more v'did re-

0.01 g. In order to study the otolith response, sults than on a fixed-radius centrifuge. The
centrifugal-force values of these magnitudes complexity and weight of such a centrifuge
would be required at the vestibular system. In would be greater than the fixed-radius type.

the type of centrifuge depicted in figure 11, the Ground-based experiments evaluating both such
vestibular system would be about 5 feet from the methods should be performed before the final
center of rotation, and g's equal to about five configuration of a centrifuge is selected, pro-
times _hose listed on table 2 in the column of vided of course such experiments are desired.

g-units per foot of radius would be experienced.
At one-fourth rpm a value of 0.0001 g, well be- Studies of the Responses From Semicircular-Canal

Stimulation on an Onboard Centrifuge
low the minimum threshold of 0.0003 g, would

be experienced at the vestibular system. Very Extensive studies have been made of the ef-

low rotational speeds with fine control would fects of semicircular-canal stimulation on ro-

Table 2.--Centrifuge Characteristics for Research on the Vestibular System

Centrifuge rotational Centrifugal force levels, g-units
rate

g-units per
ft of radius 0.0003 0.01 0.5 1 4 6 8

rpm rad/sec

Radius, feet

0.25 0. 0262 0. 000021 14.0 .......................................................

• 50 .0524 .000085 u 3.52 b 7.35 ..............................................

1.00 _. 1047 ". 000341 b. 88 --29;4--- ::::::::::: _-: ................................
2. O0 _. 2093 _. 00136 b. 22

5. O0 _. 5235 _. 0085 b. 035 b 1. 175 ..............................................

10. O0 _ 1. 0466 ". 0841 .0088 b. 294 ] 14. 7 I 29. 4 ......... I......... I ........
20.00 _ 2. 0933 _. 136 ........... b. 074 3. 675 7. 35 29. 5 ..................
30. 00 3. 1400 .306 ........... u. 033 1. 635 3. 27 13. 1 19. 62 ........

40. 00 4. 1867 .545 ............ 018 .915 1. 83 _ 7. 32 _ 10. 98 14. 64

50. 00 5. 2333 . 850 ...................... 5875 1. 18 _ 4. 70 ° 7. 05 _ 9. 40

Ranges for semicircular canal studies.

b Ranges for otolith threshold studies•

Ranges for reentry simulation studies.
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tating vehicles. References 11 to 13 are but a tation of 45.5 rpm is required. The maxim"_m
few studies of this type. Studies to corroborate torque requirements of 50 foot-pounds for this
these results and verify man's response and sen- simulation, also shown in fig_are 15, are within
sitivity to rotation in flight are desirable. Rates the capabilities of the 1-hp motor proposed for
of rotation from 1 to '20 rpm could be used for the subject centrifuge. Table 2 also shows

such studies as is indicated on table 2. The g ranges of radii and rates of rotation for the
forces at the subject's feet would range up to simulation of reentry. This information sug-
somewhat greater than 1 g. In such tests, gests that a variable-radius centrifuge, as pre-
nystagmus, eye counterrolling, and the astro- viously discussed for the study of otolith re-
naut's performance should be measured. In sponse, may also be used for reentry simulation.
addition, as is done in the procedure of refer- An ex_mfination of these two kinds of eentri-
ence 13, the head positions and motion should fuges and possible ground-based studies with
also be measured. The additions to the ten- them seems desirable to determine which can

trifuge required for these experiments involve lead to the best simulation. The variable-
only the instrumentation suggested, radius centrifuge is capable of reentry simula-

tion with less variation in the centrifuge rate of

Reentry Simulation on an Onboard Centrifuge rottttion than is the fixed-radius centrifuge.

The loss of pro,ficieney in performing vehicle The attendant disturbing effects of rotation may
be minimized by this process, although Coriolismaneuvers such as reentry is recognized as a

potential danger in extended space missions. In forces would be encountered and must be con-
flights to date, the astronauts have practiced sidered on the variable-radius centrifuge.
such maneuvers prior to flight, including re- Simulation with either centrifuge would re-
entries on a centrifuge, so as to be as proficient quire a computer with a control system, and
as possible at the time of the launch. For ex- display on the centrifuge. These requirements
tended missions of several weeks or months, the must be carefully examined and the weight and

desirability of maintaining proficiency during power requirements minimized during ground-
the flight is evident. The onboard centrifuge b_sed studies.
provides a simulator which permits an individ-
ual to actually experience some of the critical CONCLUDING REMARKS
aspects of the reentry. The problem of the potential degradation of

Figure 15 shows the accelerations encountered man in weightlessness for extended missions

during Gemini V reentry. Included in fi_lre 15 lasting for several months is not yet fully re-
are the rates of rotation that would be required solved. Recent Gemini fights have east new
on the centrifuge shown in figa_re 11 in order to light on the subject, but some projected mis-
simulate this reentry. A maximum rate of ro- sions, many times longer than have been flown,

are of concern. Further, the astronauts of these
ACCELERATION,

"g" UNITS Gemini flights have not been devoid of phzsio-
RATERPM TORQUE logical changes when they returned to Earth.

AGEM,N, O FTLCENTRIFUGE Some of these changes may not be attributable to

I_/IREENTRYRoFILEo_RPM 50 f_CENTRIFUGEToRQUE weightlessness. Whether the changes encoun-

/\ ?'

2_ tered will stabilize at some new equilibrium such

_ / 3o as that attained in Gemini and whether equi-

o li'brium has not as yet been reached by flights to
2o date constitute unresolved factors of extended

-25 missions.

_o '-/ Technical preparations to provide prophy-
i -50

2 4 G _ _ ; o _ _ ; lactic or therapeutic means of preventing any
TIME, MIN TIME, MIN TIME, MIN

1)hysiological degradation must be niade if

Figure 15.--Centrifugc rcsponse for reentry simulation, future flights prove it necessary.
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._round-based studies by Douglas with Air examined and responses to st,ilnulatio_l of the

Force sponsorship have shown tile onboard cm_- senficircular canals can be evMuated and COLD-

trifuge to be capable of attenuating some of the pared with those of ground-based studies.

expected effects of weightlessness as simulated As on the ground, the ceutrifuge in flight

by bed rest. Therefore, a flight experiment supplies a means of sinmlating space-flight

using an onboard centrifuge is proposed to sub- malmuvers, particularly reentry. For the on-
stantiate the considered value of an onboard board centrifuge experiment, its use for reentry

simulation with the intent of nmintaining profi:

centrifuge both for therapeutic and prophy- (fieney in the maneuver is also suggested.
lactic purposes. The ol;board centrifuge presents an experi-

The on,board centrifuge also provides a means mental facility of multiple purpose.. The ex-

of examining the vestibular system in flight and periments that Call be performed, are vital to
while being exposed to weigl_tlessness. 'File future mamled space missions and they are

sensitivity and thresholds of the otoliths may ,be timely.
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DISCUSSION

NEWSOM: When we use a centrifuge of this type, down to the feet, we hope to get the vascular system

.l'lns might take onlywe are really doing at least two things 1)hysiologically. to lmsh it t)aek Ul) to the bead. ' " '

One, we want to maintain what I will call the total a short period of time on the centrifuge 1)ecause re-

orthostatic reflex; that is, when we push the blood flexes are usually reinforced with rather small time
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periods. The second, which is much more time con- STONE: The picture you saw was a very first cu_'of

suming, is an attempt to maintain the body water, the kind of centrifuge that would be used. Actually

As Dr. Berry has pointed out, the diuresis that oc*curs, this would be designed to have sllfficient room for any

both at bed rest and at zero g, does change the fluid necessary positions to be studied and certainly for any

component. The internal centrifuge or a centrifuge instrumentation required to make the necessary
concept might very well be used in combination with

measurements. This is a design problem we haven't

the lower :body negative pressure or some of the drugs really looked at.
to maintain fluid, and then to be able to reduce the

JONES: Mr. Stone's proposal represents :a new type of
amount of time necessary on the centrifuge to a frac-
tion of what is now being proposed, research tool--one in space, utilizing a new parameter,

BERGSTEDT: I presume there is room enough for head weightlessness. This device is receiving favorable

movements. In the picture you showed the head is consideration. I would urge all researchers who might

quite close to the axis. The stimulus would be mainly have a use or who can foresee an experiment on a

the Coriolis acceleration. But will there be room space centrifuge to come forward with their require-

enough for bending of the head and upper part of the merits for consideration in definitive stage of

body ? development.
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Needs, Plans, and Identification of the Pathologic Effects of
Prolonged Exposure to Weightlessness on the Vestibular Organs

HARLOW W. ADES

University o] Illinois, Urbana _ 6 7 1 5 1 _
AND _ Q'_

HANS ENGSTR()M

University o[ G6teborg, Sweden

SUMMARY

There is immediate need for information on the effect of varied g-forces on the ves-
tibular mechanism. While we do not know that damage to, or changes in the vestibular
system will occur as a consequence of prolonged orbital flight, we do know that we must
anticipate the possibility of such damage and do everything possi'ble to prevent it. The
present paper deals w_ith methods and possibilities of evaluating disintegration of structural
components inside the vestibular system. Many problems encountered are paralleled by
those found in ,the evaluation of cochlear damage after exposure to noise or toxic agents.
For that purpose we have 4eveloped special methods for analysis of the structural pattern
and of the ultrastructure o£ the cochlear sensory epithelimn. We recommend tlmt a similar
structural study be undertaken imme0Aately on the vestibular epithelimn. Substantial
efforts must also be devoted to the problem of vascular supply in the vestibular labyrinth.
No more than 3 years are available for this study, and it must, therefore, be pressed without
delay.

INTRODUCTION lin (ref. 5) have shown that vestibular sensory
cells display _ distinct stmmtural polarization.

Our knowledge of the structure of vestibular It has also been shown that this structural

sensory epitheli_ has been greatly advanced in orientation is p,_ralleled by a functional organi-
recent years. At the present workshop, and zation of primary importance, giving new
at a similar meeting in Pensacola last year, impetus to the study of the total dynamic strut-
detailed accounts of our present state of knowl- tural pattern inside the vestibular sensory
edge have been given and many new details epithelia.
added. Our knowledge of vestibular dimen- We know tlmt there are two separate forms
sions in man and squirrel monkey has been
improved by the study of Beck and Bader of sensory cells (types I and II) in all mam-
(ref. 1) and by a preceding repot"c by Makoto malian vestibular epithelia, but we do not yet
Igarashi. These studies have given us a wealth know their exact spatial interrelations. In the
of information on ultrastruetural details. The course of out' analysis of the structural pattern

work of Lowenstein and Wersiill (ref. 2), Eng- of the organ of Corti, we have shown that the
strSm et al. (ref. 3), Flock (ref. 4), and Spoend- sensory cells of that stmlcture are arranged in

257









_,_ PATHOLOGIC EFFECTS OF PROLONGED EXPOSURE TO WEIGHTLESSNESS 261

8. _4ALLI_N, O. ; AND HAMBERGER, A. : Quantitative pensation After Unilateral Vestibular Neurotomy.

Enzymatic Changes in Neurons'and Glia of the Acta Otolaryngol., Stockh., vol. 58, 1964, pp. 183-

Lateral Vestibular Nucleus During Central Com- 190.

DISCUSSION

MEHLER: Dr. EngstrEm, ill respect to the streptomycin appear as long as 3 weeks .after the severe exposure

damage ill the cochlea being essentially topistic in re- terminated. Would you have any speculation of the

spect.to the more apical high,tone regions of the cochlea, type of damage ,that one could expect to a sensory

do you suspect that the damage and the pathology will organ which might n_t appear at lirs,t but could account

"tgain be topi,stic in a specific region of 17 millimeters for effects of that order of time magnitude?
of the vestibular epithelium, making the job a little ENGSTR(_M: I fully agree with Dr. Spoendlin when

easier for you,to do serial sec_tions? he says he is not expecting too much by the increased
ENGSTR(_M: I believe i't has been shown already that g force, more from the absence of g force. It is pos-

there is a topis.tic form of innervation. As far as I sible, of course, that the modilication of function modi-

understand, Dr. Spoendlin's studies have shown thane ties, for instance, the number of synaptic granules, but

there is a difference among different epithelia. I believe it will be very hard, if that modification is not pro-

everyone who has worked in 'this field knows _that there nounced, to find. I believe that by the study of struc-

is both a topistic difference and a cellulotopie form, tural details, you will find that the modification takes

so that'type 1 cells ,are damaged first. This was shown a certain time until it develops. This could be just

by Hawkius, who has taken part also in studies on the like a nmn being poisoned. He is dying but you can't
framework of the pa,btern of cells inside the cochlea, see it a,t first ; only af.ter a while does it become evi-

$POENDLIN: We do not have a precise idea what dent, and maybe certain functions are still in place

changes in the vestibular system we should expect; to in that dying man because he is not quite dead. You

find during prolonged weightlessness. If we look can even take ,the head of that man when he is dead,

arotmd, we might find some hints fro_ the eye. De and you can get certain responses from him. I think
RoberVis described a reduced number of synaptic it is,the same in the vest.ibular apparatus, too.

vesicles ,in the rods and cones of the retina when the YON GIERKE: Would it not be a very worthwhile

animal was kept for a long time in the dark. The supplemen,t to studies in the weightless condi,tion to do

in, teresting question would be, however, whether we get additional work at higher gravity and look for changes

a pernmnent damage when the proper stimulus for the or damage there? Also, has anyone tried to raise ani-

sensory organ is lacking. I do not know at present reals in complete quiet and then look for any altera-

whether ,the eye is permanently damaged if it is kept tions in the cochlea?

for years in darkness. ENGSTR(_M: I fully agree with you. I think tha* in

GUAI.TII:RO'I'Th There is one point in Dr. Spoendlin's many places centrifugation of animals in high g forces

proposi_tion _vith which I don't agree. You can't corn- is used. The damage will not occur below a certain

pare echo ret.ina in actual darkness with the otolith, the force, but you cannot always be quite certain where

gravitoceptors, in zero g, because even during weight- the border will be in your experiments. You might get

lessness you still apply a number of stimula'tions to more than 10 g one day. It would be of great interest

them. They are not only gravitoceptors, they n.re to know what happens if you get 15 or 20 g in these

inertiometers. So every time you move the head, you regions.

get a stimulation. Every _ime the spacecraft spins, you YON GIERKE: I had in mind more the raising of ani-

have stimula:tion. Every .time you have any maneuver- nmls at 2 g as has been done for years and then looking

ins, you have stimulation. So I don't _chink tha.t you can for changes in the cochlea and the vestibular organ.

say that the otolith organ is deprived of stimulation in ENGSTR('_M: I think Dr. Wersiill knows something

weigh'tlessness. The pr(_blem here is not that we have about that.

a functional deeffc_rentation of the system. The prin- WER$_,I.[.: There is one way of doing this; that is,

cipal changes.are/:he abnormal,stimulation and the lack to hatch chickens at various g forces. In the pathology

of a reference point which is the vertical. Thus, I do department in Stockhohu, Professor Torell has nmde a

not think it can be compared with the absolute darkness series of studies hatching chickens in a centrifuge pro-

on the retina. .ducing 4 g, and we are just studying some of the speei-

COHEN: I think it is very important in regard to the mens from these animals. One problem is that you
many 'types of stimula.tions by rota:tion or otherwise have to help the chicken to knock through the shell

to continue tests, especially where strenuous or power- because ieccannot get out itself. We are just making

ful stimulations are made, for quite a long time after a preliminary study of ,the an.atomy ; and unfortunately

the eessa'tion of ¢.he stimula.tion. I don'.t mean just for I cannot give you the anatomical results of that yet.

an hour or so, but for even a matter of days or weeks. When the chickens have come out of the shell, it takes

There are some indications from certain centrifuge 2 or 3 days before they really can walk. Still, after

studies on humans of bizarre effects which might several days they apparently try to use their sensory
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organ in relation to the 4 g instead of the 1 g of the cells. It may become possible later to alter pa_tho_)gy

Earth. through alterations in ground substance. We may

DOLOWITZ: One thing is bothering me. We are talk- waste all awful lot of time if we don't study its actions

ing only of the specialized cells. We were told that _nld methods of con,trolling them.

there is a change of dehydration. This means there ENGSTROM: One of the importan_t developments in

will be a change in the ground substance. We must this field must be to make quantitative measurements

remember all of these cells will depend on the ground at the organ itself and to study by histochemieal and

substance for their nutrition and for their excretion quantitative chemical measurements what kind of modi-

of toxic wastes. It might be very important for us to fieation in ground substance, ill enzyme contents, and

study the connective tissue and the ground substance so on, that you can lind in the important regions, and

at the same time as we are studying the specialized also maybe in the flu,id around them.
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Experience With the Chimpanzee as an Experimental
Space-Flight Animal
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SUMMARY

There are many risks associated with space flight that can be adequately investigated
in ground-based laboratories or in animal space flights. As a result of the growing body
of evidence which suggests that the chimpanzee is "man's closest living relative," the 6571st
Aeromedical Research Laboratory has worked primarily with this animal.

The experience of the laboratory wi.th ,the two Project Mercury an.imal flights indicaged
that the chimpanzee was an excellent surrogate for man in this environment. Further
experiments have 'been carried out using a complex nmltiple-operant schedule to evaluate
the performance of ghe subject before, during, and after a rapid decompression to 150 000
feet. No permanent brain damage in rely subject has resulted from an exposure of 150
seconds at this altitude. Another experiment was carried out in cooperation with the
Lockheed Missiles & Space Corp. to evaluate an Advanced Life Support Capsule. It was
found here that major problems were the chronic restraint of the aninml and the collection
and dispo,sal of urine and feces. Reliable solutions to these problems are needed before any
prolonged aninml flight can be considered. All experiments should require an evaluation
of the ability of the subject to function in the new environment. The electrOencephalo-
gram, along with measl_res of psychomotor performance, has been found quite effective.

INTRODUCTION man to withstand the rigors of the launch and
reentry accelerations and the intervening period

It is in keeping with the Western philosophy of weightlessness. Beyond the simple question
that before man is subjected to a high-risk eli- of survival, we were then interested in knowing
vironment, it first be explored by ,_suitable ani- to what extent the pilot could act upon and
mal surrogate. The use of animals in medical interact with this new environment. Thus,
research is now so commonplace as not to require while a lower animal would have afforded the

any comment. It is important, however, that a opportunity to gather basic cardiorespiratory
suitable analog or surrogate be selected. For data, the all-important question of the integrity
many of the problems of space medicine, a mere- of the sensory and motor modalities would not
ber of the order Primates, suborder Anthro- have been answered. While it is true that oper-

?_oidea, offers a suitable choice. Our laboratory ant conditioning techniques can be successfully
has elected to work principally with the chim- employed with very simple animals, only the
panzee, Pan sp. Primates have the manipuh_tory ability of the

In the early days _f space flight, we were pri- hand, with neural pathways presumably more

marily con_ ......... h the eventual ability of closely related to those of man: It seemed rea-
265
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sonable, therefore, to employ a primate closely nle which called for a lever press in respon_to
related to man. A young chimpanzee would a visual cue at least once every 15 seconds, corn-
appear to be the animal of choice, bined with discrete avoidance which called for

There is a growing body of evidence that sug- a different lever press within 5 seconds of a see-
gests in rather convincing fashion that the chim- ond visual cue. Failure to respond was pun-
panzee is indeed man's closest living relative ished by a low amperage shock. Both the
(ref. 1). In fact, as one peruses the pertinent launch and reentry accelerations caused a slight
literature, the closeness of this relationship be- decrease of performance, but there was no effect
comes fascinating. It has been suggested by during weightlessness.
Goodman (ref. 2), on the basis of serologic evi- Enos was launched atop an Atlas booster into
dence, that the chimpanzee and gorilla be moved orbital flight on November 29, 1961. Two orbits
from the subfamily Pongidae to the subfamily of the Earth were completed, with a total of 183
Hominidae. The pioneering wor.k of KShler minutes of weightlessness. Launch and reentry
(ref. 3), and later the Yerkes group (ref. 4), accelerations were less than 8 g's. In addition
presented evidence for higher cognitive rune- to the continuous-avoidance and the discrete-
tioning in these animals, avoidance tasks, Enos also had to perform on

There are, though, several drawbacks to this the following three programs. To obtain drink-
species. Chimpanzees are in short supply, and ing water, lever presses cued by a green light
the situation promises to get worse with the in- had to be spaced 20 seconds apart. If he re-
creasing demand. In fa_zt, if we do not exercise sponded prematurely, the clock would be reset
some degree of caution and conservation, the and he would again have to wait 20 seconds be.
species is threatened with extinction. Even a fore responding. To obtain food, the subject
young chimpanzee, with only modest prepara- needed to press a lever 50 times in response to
tion, represents at least a $2000 investment. For a yellow cue light. A banana pellet was deliv-
space flight or simulated space-flight experi- ered upon the completion of each 50 presses.
ments, only a young animal is suitable. As an Finally, to evaluate the subject's ability to solve
animal exceeds about 23 kilograms and about 6 a discrimination problem, he was required to
years of age, he becomes highly unmanageable select the odd symbol from a three-symbol pre_
in a restraint situation. Until Miss Goodall's entation. There were 18 such problems, and
remarkable film was shown on national televi- failure to solve the problem correctly resulted

sion in December 1965, most people had never in a mild shock applied to the soles of the feet,
seen an adult chimpanzee. Few investigators with the same problem presented until correctly
have had the dubious pleasure of working with solved.
a 70-kilogram male. The adaptability of the animal was rather

With these brief introductory comments about dramatically demonstrated in this flight when a
the animal, I would now like to review briefly malfunction occurred in the oddity problem.
our experience with the two Project Mercury Despite the animal's correct solution of the
flights made by Ham and Enos. Both of these problem, a switch malfunction caused him to be
flights have been described in detail by the in- punished. He tried the "correct" response sev-
vestigators (ref. 5), and I will only touch upon eral more times, but was again punished each
the highlights. Ham (Hollovw/r_ AreoMed) time. He then began systematically pressing

was launched atop a Redstone booster into sub- the other levers in an apparent attempt to find
orbital flight on January 31, 1961. The flight some other possible solution, all the time receiv-
lasted but a few minutes, with a total weightless ing a shock for each lever press. Finally, after
period of 7.5 minutes. Due to a malfunction in having received 35 shocks, the switch functioned
the escape rocket system, the subject was exposed normally and he proceeded through the pro-
to 17 g on launch in contrast to the 7 g expected, gram. It is rather remarkable that this experi-
During the flight, behavior was evaluated with ence did not affect his subsequent ability to per-
a two-event task--a continuous avoidance sched- form on any of the other programs. It is ex-
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treacly doubtful if a lower animal could have several visual stimuli, discrete avoidance to an
functioned in so rational and composed a auditory stimulus, and problem solving on all
fashion, oddity task coupled with choic_ behavior for

Since the completion of the animal phase of food or water reward. Prior to the actual ex-
Project Mercury, there have been no animal periment, the animals had stainless-steel screws

space flights launched by the United States. implanted in their skulls for cortical electro-
Despite this, there are still many space-related encephalography. After a satisfactory period
programs that can be investigated in ground- of training, the animals were placed in a small
based laboratories. The complexity and very altitude chamber where they were allowed to
high cost of any space flight demands that we breathe pure oxygen for 3 hours for denitro-
utilize ground-based experiments to the maxi- genation. The chamber was then depressur-

mum extent consistent with good scientific judg- ized to a simulated altitude of 35 000 feet
ment. We have therefore been pursuing, in where the animals were run through the corn-
cooperation with several agencies, a systematic plete performance schedule to insure that their
study of some of the more obvious hazards, behavioral and physiological indices were still

While the chimpanzee is. our prime animal, and within normal limits. They were then deeom-
we maintain the world's largest colony, we still pressed in about 0.8 second to 150 000 feet and
use various other monkeys where possible. We remained at that altitude for periods varying
feel that the intelligence of the rhesus group has up to 150 seconds. They were then recom-
never been fully explored and that this animal pressed to 35 000 feet in 30 seconds and held

has much to offer. Our experience indicates at that altitude until recovery ensued. In 16
that the chimpanzee can learn • given task ap- such experiments we have had but one death
preeiably faster than the rhesus. However, to and that appeared, at necropsy, to be attribut-
our knowledge, there has never been an adequate able to preexisting cardiac disease. Not only
systematic study exploring the relative intelli- were we surprised to find this lack of mortality,
gence of these animals, but we were also quite surprised to find no evi-

A chronic hazard of space flight and high- dence of any permanent central-nervous-system
altitude flight is the possibility of a cabin or damage. We found that we could predict re-
pressure-suit failure with exposure of the oceu- liably, from the time of exposure, the time of
pant(s) to a high vacuum. There have been total behavioral impairment and the time of re-
dire predictions that an exposure to above turn of behavior to within normal limits. All
63 000 feet (the "Armstrong line") would re- animals are restudied at 3-month intervals up
sult in death within about 15 seconds. It is of to 1 year to rule out chronic brain damage. To

obvious importance to know whether or not date, all animals are normal.
these predictions are tmae. Further, if death During the past year, our laboratory was also

did not ensue in a few seconds, how long could called upon to aid in the evaluation of the Ad-
one survive and what would be the resultant vanced Life Support Capsule Project which

damage, especially to the central nervous sys- had beeu developed by the Lockheed Missiles &
tem? We set about studying this problem for Space Corp. (LMSC). This program evolved
NASA to aid in the design of mission rules for from a previous study of the LMSC, the Ad-

space flight as well as for the establishment of vanced Biomedical Program, later renamed the

safety regulations in the operation of high-alti- "Bioastronautical Orbital Space System"

tude manned space chambers. The details of (BOSS). We were to test this system with a

this experiment have recently been reported by 50-pound chimpanzee for 30 days.

Koestler (ref. 6). A much more complex work panel has been

Briefly, a series of chimpanzees was trained developed to better evaluate the performance of

on a fairly complex multiple-operant schedule, the subject (fig. 1) (ref. 7). As before, the

This allowed the evaluation of performance on animal had both a continuous avoidance task

continuous avoidance, discrete avoidance to (one lever press per 5 seconds in response to a
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c,@(liorespiratory data when both performance ing studies of the central nervous system with
and the EEG were grossly abnormal (ref. 9). deep recording electrodes and possibly stimula-

We would suggest that as the EEG is employed ing electrodes. Similarly, implanted flow-
with greater frequency, its value will be more meters on the major vessels might yield valuable
generally recognized and appreciated, d'tta. (C) Last, and perhaps most important,

Finally, what are our own feelings about the flights planned for basic or fundamental re-

requirements for animal space flights? There search without regard for the applied .tspects
are three clearly defined situations : (A) Long- of the program. By the very definition of basic
term flights of significantly greater duration research one cannot predict where it will lead,
than can be expected from the manned space- but that should be no deterrent. We, who are
flight program in the near future. At present, f'tmiliar with the problems of space flight, "u'e

90 days would seenI to be the minimmn for such charged with the responsibility of conceiving
a flight. (B) Shorter flights with animals in- and executing those experiments which will El-
strumented to obtain information that we can- low us to move forward at an optimal and maxi-

not obtain from man. I am especially consider- real rate.
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DISCUSSION

GELL: I eer.tainly agree wi.th the philosophy ex- have an animal. I gather you are familiar with the
pounded in the latter portion of your talk. work that has been done on motion-sickness drugs,

MONEY: I suppose it is predictable at this meeting, and the whole problem of motion sickness in the

but I was surprised that w_hen you suggested space hulnan. The vestibular problems are extremely corn-

flights, you left out a space flight to investigate the plex; emotion has a lot to do _ith the occurrence of

problem of motion sickness. It seem.s to me that this motion sickness.

is probably the most pressing, the most important I do not know whether a chhnpanzee w_)uld react

biological problem in space flight, because 3 out of in the same fashion, nor do I know how extrapolatable

the 15 or 20 people who have been in space have had animal infornmtion would be to lnan. Certainly the

this sickness. I think that we don't really know why u.se of tranquilizing drugs in aninmls has not worked

the Russian.s got it and the Americans didn't. Con- out too well as compared to what we find in the human

sidering the fraction of the astronauts who have had in motion sickness. This is just a difficult area to

it to date, this is a very serious problem and should work in.

be investigated to see if it is motion sickness and WEISSMAN: First, regarding the complexity of the

how it can be avoided, tasks which the chimpanzee used: I would imagine

KRATOCHVIL: I would not suggest that we should not that the purpose of these complex tasks was to differen-

look at it, certainly. In our studies, of course, we tiate effects of these enviromnents. Were they ever
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successfulin differentiatingany of the effects,oi" have ceasedto show any kind of cerebralfuncti_on.
differentiatingamong any of the stresses?That is, I would alsoliketo say that itisvery diflficult'to

didtheyperformdifferentlyon the timingtasksonly, establishany realpoint-to-pointrelationshipbetween
ordid theyperformdifferentlyon the avoidancetasks theelectroencephalogramand the specificperformance
only? Second,would you elaborateon _hy you feel of the an'imal.I thinkallthatthe electroencepha-
the EEG is so useful. You said, I believe, that the logram demonstrates is a metabol.ic alteration. And
EEG and the performance were two useful measures, if there is this alteration in the brain, there may very
I was wondering, did you mean independently useful well be a change in performance.
or were they useful dependently? KRAIOCHVIL: I'd like to have Dr. Adey's comments

KRATOCHVIL:They tend to support each other. When here, but let me just say one thing. I'm sure that by
the behavior starts to degrade as judged by .the w.atching alpha, beta, theta, or whatever you want to
psychomotor performance, the EEG has already started look at, you are not going to say that this animal or
to show changes a little bit ahead of this. And when this nmn can write his name or cannot write his name.
the animal regained consciousness and started to work, No ; there is not that kind of one-to-one correspondence.
th_ EEG recovery led the performance. But the point ADEY: I just cannot agree with Dr. Davey's last re-
I'm tryl,g to make here wa_ that the electrocardiogram, mark, that it is a metabolically related phenomenon,
through all of this, looked great. If you were looking like putting cheese inside a green apple, The fact is,
only at the EKG, you wouldn't have known anything if one gets away from the anecdotal clinical remarks
had happened. There was a little tachycardia and a of Dr. Davey, does some sophisticated computer anal-
little bradycardia, but nothing to get too excited about, ysts of EEG data, an d gets away from notions that

WEISSMAN: What I really meant was: Was there a by visual examination of the EEG, he can really tell
one-to-one correlation between performance and the what is going on, one comes to the conclusion that in
EEG? man, with scalp leads alone, it is possible to dis-

KRATOCHVIL:Pretty well, yes, _nsofar as one can tinguish many different states of consciousness in a
say one-to-one when you are looking at an EEG. Dr. quantified way. This is true in our experience for
Farrer may want to say something about whether a baseline of 50 astronaut candidates. In fact, you
reaction time or discrimination changed first, can distinguish between EEG patterns during visual

FARRER:I migh¢ comment very briefly on the fi.rst discriminations made in 3 seconds, as opposed to those
part of Dr. Weissman's quest'ion which deal_ with the made in 1 second. I know of no finer assay of the
variables involved in the various performance tasks state of consciousness than the assessment of the EEG
which were related here. The effort involved in the during a visual discrimination task of a type..that
variability of the performance test is to catch as many accurately simulates the sort of tasks confronting a
sense modalities as we possibly could; e.g., auditory, pilot or astronaut. Moreover, we have related the
visual input, and so forth. A more regular work EEG recorded grossly on the scalp or brain surface
variable, the variation on the Sidman avoidance tasks to an intercellular wave process, so the EEG is cer-
as we call it, continuous avoidance, is an effort to get tainly not metabolic in origin.
at perhaps a more continuous long-term work as op- KRATOCHVIL:I was glad to hear Dr. Adey say this.
posed to reaction times, specifically, to auditory stimuli We feel rather strongly about this, too.
and re.actions to visual stimuli. We do find, also, GUALTIEROTThI'd like to discuss further the sig-
related to the first question, some difference between nificance of the EEG. Suppose an animal increases
appetitively rewarded tasks and aversively rewarded his mistakes by 10 percent, or significantly, can you
tasks in that we find a greater variability in per- detect his significant change in the EEG?
formance of those appetitively awarded tasks. The ADEY: Yes, sir.
food-water rewards, we find, do have greater vari. KRATOCHVfl.:I think you can, Dr. Gualtierotti. I'm
ability in performance as a function of environment certainly not a professional EEG'er. But just by what
insult such as the type Dr. Kratochvil describes. The I have seen in my rather gross experience, I think this
aversively rewarded tasks do maintain a little more is undoubtedly true.
stable rate of responding. Reaction times hold up a GUALTIEROTTh Secon_l point is that the EKG by
little better ; the Sidman avoidance behavior holds up itself, a.s is known, doesn't mean much. _ow, if instead
a little better in the face of high-risk environmental of measuring the EKG, you'd measure .the blood flow
insults, in the cortex, or the blood fiery in the brain, that would

DAVEY: I would Just like to make a comment about be a completely different story.
the electrocardiogram and the electroencephalogram. KRATOCHVIL:Bu_ as you and I both know, nobody
There just isn't any question about the fact that the has successfully ever measured regional blood flow in
two of them scarcely measure the same things. Those the brain trader physiologic conditions.
of us who take care of patients who have suffered GUALTIEROTTI:You can in animals, of course. Any-
severe head injuries find ourselves often in the un- way, there is no question that the EKG is of relative
fortunate situation of having patients who are still significance. Another point I was interested in is the
showing a normal electrocardiogram long after they experiment regarding rapid decompression. I didn't
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qu_e follow the problem. Do you mean to say that GUALTIEROTThDid you observe if the animal during
the" animal was decompressed to 2 mm Hg in 0.8 these 2½ minutes made any kind of respiratcry
second ? movements ?

KRATOCHVIL: Point eight; yes, sir. KRATOCHVIL:Yes, sir. He has gasping respiration;
GUAI..TIEROTThAnd what happens then? he initially has a bradycardia and then he goes to a
KRATOCHVIL:He looks just about like a human in tachycardia.

terms of time of useful consciousness. GUALTIEROTThAnd so we have to suppose a state of
GUALTIEROTTh I know, but how long did he stay in a near vacuum in.the.alveoli.

thisstate? KRATOCHVIL: Yes, sir.
KRATOCHVlL: He passes out, if you will, becomes GUALTIEROTTh Did you find any alteration in the

unconscious, at about 10 to 15 seconds. We had one alveoli, like blood?
that lasted for 28 seconds; I don't know why. Let me KRATOCHVIL: You occasionally see a little. These
run through how we approached this. We started out animals are not necropsied ; they are alive yet ; so part
initially with Just a 5-second exposure, because we of this we cannot answer. Occasionally you see bloody
didn't know what was going to happen. This was sputum, frothing at the mouth. But is this coming out
innocuous. The animal was back to normal almost of the ah'eoli or not? This is just a very gross signl,
immediately. We went to 30 seconds, 60 seconds; and of course.
the exposure was still so innocuous that we then settled It is not a very pretty experiment. They swell 111).
down on 90, 120, and 150 seconds' exposure. No_w we Animals, you know, at this altitude, or man, do not look
have replicated these experiments at least three times too good, but they do come back to normal. My ex-
at each point. We now have four animals that have planation for this return to normal is: I think the

been at 150 000 feet for 2½ minutes, and all have come embolization must be .there and (we have some data on
back to within baseline behavior within 4 hours.

dogs that suggest that the heart is full of gas, not full
Further, ,all animals are held so thapt they are not
used on any other experiments which could possibly of blood) that these are oxygen emboli. We are now
perturb their behavior for at least 1 year. They are re- going to look at the two-gas system, and my guess is that
examined, both for their psychomotor performance and when we have nitrogen emboli, we are going to have
EEG's, every 3 months to make sure we don't have an real trouble. But this is only a guess. We have no
epileptic ,focus developing, or something simila r . data o]1 this as yet.
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Long-Term Performance of Squirrel Monkeys Under
Space Simulation Conditions 1

Part I: Characteristics of Approach and Capsule

DIETRICH E. BEISCHER

SUMMARY

The necessity and importance of orbital animal flights for a duration of 6 months is

stressed. Such flights should closely simulate conditions in later manned space flight.

Unrestrained animals, conditioned to perform certain tasks and observed by a television

camera, are expected to furnish valua'ble physiological and behavioral information. A

capsule housing life support and working stations for two squirrel monkeys was built by

Ding-Temeo-Vought Astronautics Division and tested in laboratory experimen_ts. A low-

residue liquid diet promises great saxdngs in food supply and waste disposal. Some results

of long-term la:beratory experiments are described.

I should like to preface this report with some orbital flights benefited from the Laika ,_nd
general comments intended to place our work other animal experiments, so will future plans
in the proper perspective. The prudence of for manned flight profit from sucessful long-
animal experiments preceding possibly danger- term animal exposure.

ous human exposure is seldom in doubt. In the I should like to characterize briefy our ap-
history of manned space flight, trMl-blazing proach to a long-term animal satellite experi-
mice, dogs, and monkeys have served that pur- ment. Supported by the National Aeronautics
pose. The lagtime between animal and m,anned and 'Space Administration, Office of Advanced
flights is often considerable and it took, for in- Research and Technology, the U.S. Naval Aero-

stance, 6 and 8 years, respectively, until the du- space Medical Institute, Pensacola, Fla., and
ration of Russian and United States manned Ling-Temeo-Vought, Astronautics Division,

flights equaled the Laika (Sputnik II) time Dallas, Tex., have made feasibility studies and
in orbit (fig. 1). If the full benefit of animal ground-.based experiments with squirrel
experiments for long-term manned flights in the monkeys in preparation for a 6-month orbital
1970's is to be realized, animal experiments of flight. During this extended period we hope to
many months' duration should be started ira- gain information on the effects of prolonged

mediately. Just as the recent series of manned weightlessness on bodily mechanisms, systems,
and organs, with particular emphasis on the

In conducting the experiments reported herein, the vestibular organ. In addition, it is anticipated
investigators adhered to the "Principles of Laboratory that the experiments will reveal possible psycho-
Animal Care" as established by the National Socdety
for Medical Research. logical and behavioral changes. In future
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il!. its present composition, it is adequate to sup- ever, we would suggest retention of the follow- _--"
port the requirements of squirrel monkeys for ing characteristics of our present concept:
about 3 months. In preparation for longer (1) The animals should not be restrained.
flights (6 months), additions of certain vita- The possibility of free motion in work and play
mine, minerals, or fats will be necessary to in- during the entire orbital time is essential.
crease the present low survival rate in long- (2) Arrangements for physiological and psy-
term feeding. Attempts are in progress to chological measurements and observations
devise such a long-term artificial diet. should disturb the animal as little as possible,

In the capsule, the animals receive their ra- and methods of animal behavioral research are
tions in measured proportions through lever- most appropriate for this purpose. These self-
operated solenoids as a reward for the perform- administered measurements allow an ingenious
_nce of certain tasks. We have selected the combination of work and exercise with a method

tasks so that a certain amount of physiological of measuring food and water intake. The
as well as behavioral infolTnation can be gained, methods may be supplemented by implants of
The electrocardiogram or at least the heart rate physiological sensors, and televised observa-
can be monitored by training the animals to tion should be provided. All instrumentation
hold levers for a prolonged period of time, should serve one supreme task: unobtrusive
while thermistors embedded in the levers also long-term observation of unrestrained animals

measure the p_lm temperature. Attempts have in the gravity-free state.
been made to determine the muscular force nec- _(8) A minimum of two animals should be ex-

essary to pull the lever against a resistance and posed, since companionship for animals on
measure possible muscular deterioration in the long-term travel is extremely valuable if not
long-term gravity-free state. There are prac- mandatory. In addition, observation of sev-
tically no limits to the ingenuity of the be- eral animals results in data of greater sig-
havioral scientist in probing functions of the nificance.
conditioned animal. Interest is also concert- (4) We also highly recommend recovery of

trated on behavioral indices, and it is expected the bioflights for physiological and pathological
that valuable information on motivation, dis- examination of the animals. Our considera-

crimination, adjustment, and learning can be tion of a nonrecoverable, long-term flight was
dictated by technical limitations at the time of

g_ined during long-term exposure to the gray- experimental design.
ity-free state. The next paper will report on Fin_ally, the necessity of long-term animal
some results of ground-based simulation flights in preparation for manned space flights
experiments, is emphasized. Such animals flights will allow

I should like to emphasize that the capsule a considerably faster pace than is possible in
described in this report should be considered • gradually escalated manned flights. Prepara-
temporary solution. With more space and tions for long-term animal flights are extremely
weight available in a future vehicle, an im- time consuming and should be forcefully sup-
proved approach should be planned. How- ported at an early time.
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by..o_er considerations. The two handles the MOBATS was kept inside a 2-foot-square,
monkeys grasp and pull are knurled and require brightly lit, well-ventilated, sound-isolation
a lO0-gram force to activate the switches. This chamber. To minimize disturbance fronI daily
assures satisfactory electrical contact for all weighings, the monkeys were trained to walk
EKG potential to be recorded. To obtain a from the simulator into a weighing case. When
hMf-milliliter reward of liquid diet or water, in the capsule, the monkeys were never removed
they nmst maintain this force for an accumu- or otherwise disturbed.
lated time of 30 seconds, which allows ample Table 1 shows the sort of relation obtained
time for an EKG tracing. In addition to serv- between various working/eating conditions, diet
ing as demand feeding devices and EKG elec- and water consumption, and the resulting
trodes, the handles have thermistors buried in weights of monkeys MH and A07. These are
them for recording palm temperatures, which steady-state averages obtained during the 5
pe_k 2° to 3° C below rectal temperature, months that the monkeys lived in the simulator.

The effort required to pull hard on the han- In the two central columns of the table are
dles for a certain number of seconds also insures recorded the work requirements in the sequence
that the monkey will consume the reward rather in which they were imposed. Adjacent col-
than waste it. This is, of course, necessary umns, MH on the left, A07 on the right, show
to determine the monkeys' intake accurately, the monkeys' weights expressed as a percentage
Which reward they received, food or water, was of their maximum, and intake in milliliters of
programed on a time basis. During 15 minutes diet and water. By examining the first row it
of each hour, an auditory clicker sigmaled that can be seen that under a relatively relaxed work
they would receive a water reinforcement for requirement of 15 seconds for either diet or wa-
performing properly ; during the other 45 rain- ter, both monkeys held the same percm_tage of
utes of each hour, lack of an auditory cue sig- body weight, drank' nearly as much water as
nMed that they would receive a diet reinforce- diet, and consumed different total amounts, as
ment. Since they were exposed to this regime would be expected because of their different
24 hours per day, the monkeys could obtain diet absolute sizes, MH weighing 100 grams more
or water at any time of the day or night, than A07. To separate the effects of the diet

For all but one of the experimental e_ndi- and water work requirements, water was next
tions, the monkeys lived in the monkeybasic provided ad libitum. This produced polydip-
training simulator (MOBATS) of figure 4 or in sia in both monkeys, appreciably increased diet
an identical cage in the capsule itself. The consumption, and resulted in similar weight

Table 1.--Effect oJ Eating Conditions on Intalce and Weight

MH Work requirements, sec. A07

Intake, ml/day Intake, ml/day
Weight, Diet Water Weight,
percent percent

Diet Water Diet Water

44. 9 51.5 89 15 15 89 32.7 31.1

52.5 115.3 94 15 (_) 93 38.2 100.0

77.5 42.0 96 (_) (-) 95 40.8 41.0

35.7 57. 7 104 (b) (.) 99 ............ 79. 8
........ 38_2- 75.3 90 30 (_) 90 41.7 105.0

16.7 86 30 30 91 42.6 34.8

I
Ad lib.

b Chow.
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gains. The eating/drinking interaction, dem- Or number of responses pet' reward, wou_d be
onstrated by an increase in diet consumption one, but the monkeys were seldom that efficient.
although the diet work requirement remained More often they released the handles one or two

unchanged, is also worth noting, times before accmnulating the time required for
Provision of ad libitum diet as well as water a reward. As shown in figure 5, the major de-

produced further increases in diet consumption terminant of the efficiency index is the size of the
and weight, but stopped the excess water drink- work requirement. Such factors as individual

ing. Since neither monkey reached his previ- differences, amount of experience on the task,
ous 100 percent weight, both were given Purina kind of liquid diet, water or diet reward, and
monkey chow, the food on which the 100-percent MOBATS or capsule environment appeared to
ad libitum weights had been calculated, have little effect on the efficiency index at work

After return to a moderate 30-second work requirements of 4, 8, and 16 seconds. At these
requirement, both monkeys were reduced again lower three values the range of variation was

in weight below th,_t of the earlier 15-second no more than two-tenths of a response, but at
diet, ad libitum water conditions, and again be- the higher value, 30 seconds, variability in-
came polydipsic. Although MH earned less creased.

diet, as would be expected when more work was Two factors contributing to this variation are
required, A07 earned more diet while weighing identified in figure 6, _ difference between sub-

3 percent less than before. When work was jects and _ difference attributable to practice
required for water, too, A07 revealed little el- effects. The "individual" difference, appearing
feet, maintaining 91 percent weight and the only at the 30-second value, will receive further
same diet intake. This could have been due also comment later. The monkeys were well trained

to an increase in the amount of diet delivered at the time of the first determinations, and
per reinforcement. MH, however, earned showed no tendency to improve over several

barely enough water to survive, weelcs. The increased efficiency resulting from
Thus both monkeys' percentage weights re- training came about only after months of fur-

sponded nearly identically to changes in eating ther experience under varying conditions.
and drinking conditions. Both monkeys were
initially affected more by removal of the water
work requirement than removal of the diet work I

requirement, but only one, M_H, was more
greatly affected by resumption of the water

work requirement. The relation between 'per-

centage weight and intake was less clear. × 2
When these studies were designed, it seemed

quite probable that diuresis and/or water in- z

take might be a problem in space flight. Fortu- >-
nately, results from the earlier astronauts were z

apparently disturbed by problems having noth- - 3
ing to do with weightlessness, such as low hu- u.

midity and temperature control. However, the "'

present design does allow the precise measure-

ment of consumption and does suggest how we

may encourage the subjects to increase their 4
! ! I !

intake. 4 8 ,6 30
The primary index of the animal's condition WORK REQUIREMENTIN SECONDS

was an efficiency index, or number of responses
Figure 5.--RelationsMp between work requirement and

per reward. If the monkey pulled the handles the efficiency index as obtained from subjects MH
continuously for the required time, his index, and A07.
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INDIVIDUAL TRAINING shows that this change was preceded by an in-
I creasing proportion of left-handle to right-

_a_-_k_._.._ _ handle responses. For some unknown reason,

A07 was not activating the right handle appro-

3 _ priately and this was reflected in the diet effi-

ciency index. Note that at the much easier
4 4:-second work requirement, the water efficiency

5 index did not reflect the change, ;thus illustrat-
ing the common inverse relation between stabil-

, G ity and sensitivity of a measure. Even though30
the left/right ratio remained unbalanced, the

WORK REOUIREMENT INSECONDS diet efficiency index returned to normal after 4
Figure 6.--Two sources of variation i_ the effect o/ more days, evidencing successively thrat index's

work requirementon the efficiencyindex, sensitivity and stability. When the capsule was
dismantled, the cause of the shift was found to

A07 be a slipped setscrew, producing an increased

__ 1.8 _'_'N( '*x'@_ V force requirement on the right handle.

:: Here, a changed condition caused a transient_¢2o

_ efficiency hidex increase. The monkey was doing1.4 the same thing as usual but not getting the same
,,, results. When this happens to us, we might say
" 1.0 we are "confused."

r The left/right ratio also supported a suspi-
I WATER 4" cion we had concerning proper cage construc-

,,O ,,_°..,,m o.O..

>- o.-_ ...... o...... o..._--._" "'o..-_ tion. The work panels, as noted in figure 4,o
.a..%

,x, a.-_--a. K/ ,_. ,a were alined with respect to the circumferential

_z5¢_ DIET 16" _ #- -_ arc of the cage perimeter rather than perpen-- / dicular to the cage-divider partition. If thew 3 \ ,'
k /

monkey orients itself with the divider,
o ; i _ ,i _ _ "_ _ "_ ' ' '

as a

CONSECUTIVEDAYSI° II 12 larger monkey such as MH can scarcely avoid,
one handle will be further away than the other.

Figure 7.--Effect oj' an increase in the/orce requdrec_ to When the monkey pulls symmetrically on asym-
activate the right handle on the ratio o? l_/.t reeponses metrically placed handles, one handle will hit
to right responses and the e_iciency index at a low the stop before the other handle. At least, such
(4 seconSs) ariel a moderate (16 seconds) work a possibility can explain the larger monkey's
requirement, strong "handedness" (fig. 8), and perhaps as

well could account for the "individual" differ-

Serendipity entered into the next finding, ences appearing in the earlier studies on the re-
which shows the effect of another parameter on lation between efficiency index and work re-
the efficiency index. Figure 7 displays diet and quirement. This measure might also detect a
water indices separately, the water efficiency change in a monkey's spatial orientation dur-
index, at a low (4-second) work requirement, ing space flight.
being performed with a nearly 1 : 1 ratio of re-

Previous corollary experiments have shownsponses to rewards, and the diet efficiency index
(16-second work requirement) at its normal the efficiency index or nearly any sort of effi-
value of 2 through the first 6 to 7 days. By ap- ciency score .to be little affected ,by motivational
proximately the eighth day, the monkey began factors. The efficiency index detects effort,
making extra, unnecessary responses when work- confusion, difficulty, and similar perturbations.
ing for diet, as shown by the decreasing effi- If the animal eats or drinks less and the effi-
ciency index. The upper part of this figure ciency index remains normal, a motivational
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Removing the monkeys for 6 days and_ then
returning them, as indicated by the first break in

I. 0 _ _ the baselines_ produced the recovery seen, and a
x¢,-- Ao7 similar removal for 2 days at day 41 produced

_O the last transient increase.
F--
< As was mentioned in part I, some monkeys
cr are debilitated after several months on the chem-

t-- ically defined diet. This is probably not the"1-

(.9 complete explanation here, since one monkey_
_ 0.5 A07, weighed more when she came out than
_- when she went in, and was in good health
a_ clinically.t,I
..1 MH What may have been revealed here is an effect

primarily from extended, severe isolation, an
effect not manifesting itself unless isolation was
nearly absolute and not until 3 to 6 weeks had

0 .... elapsed.
DAYS The last experiment might be cast in a time

orientation frame of reference, a different kind
Figure 8.--Right handedness of the larger subject, MH, of "orientation in space." The monkeys were

compared to the neutral handedness ol the smaller kept on a schedule of 19, hours of light to 12
subject, A07. hours of darkness and then shifted to a continu-

ous light schedule. The resultant activity
factor is involved. However, if the animal is changes are displayed in figure 10. Time of
confused, weak, drugged, or otherwise dis- day is represented along the abscissa, and the
turbed, the efficiency scores will be affected. If beginning and end of their activity on successive
its motivation remains constant, the animal days along the ordinate. The clear area there-
will compensate for its decreased efficiency fore indicates when they were active, the
with an increase in attempts, if the effort of stippled area when they slept. Four days of
the behavior required is within the appropriat_ light/dark 12:12 were followed by continuous
range. Herein lies the importance of careful, light. Both monkeys appeared to settle rather
detailed, and unfortunately usually tedious quickly into a 96-hour day as shown by the r
parametric studies. Only by observing the ani-
mal through several replications of widely var- ,_

ied parameters can the direction, magnitude, _[ _ "2_ A07 1

and probable variation of the response be deter-

mined with confidence. '_I/ " " W'"bf _¢_.( igive some impression of how precise behavioral
measures may be used to investigate problems

°:t/ AAThe second part of the report presents some _'_
findings concerning activity and circadian

rhythms during extreme isolation in the space '°_I: ,_ N ,__,_capsule. Figure 9 presents for each monkey ........d,'_"
the total daily gross (photocell) activity counts ..... T ......... _0 40

for the 45-day period of encapsulation. Both
show the same overall features : _thigh level af- Figure 9.--Locomotor (photocell) activity as afunction

of time in i_olation. Breaks in the lines indicate rc-

ter a few days, continuing for a few weeks, moral of the subiects; dotted lines indicate missing

and then a gradual decrease to little movement, data points.
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.. _ far-right panel. A07 was more active than MI-t

/I initially and her trend toward longer activity
, periods continued in the 4 days before the ex-

AcT_ " • periment was interrupted by apparatus failure.
,,.4 z4.4 o9 The da_,_ are presented ill this format to show

_ _ _ also that the monkeys' activity space grew by
_> activity lasting later each day, rather than

_ 4s _ - : _ - \_ beginning sooner. This, of course, supports the,4.9 .:;:'::::. 2s.7 ",, [ 1.52/ |

_ 99 /2!: --, hypothesis that for diurnal anilna]s, it is lightMH_ _ " ', • termination rather than light presentation

= . _ which is the common zeitgeber.

_ 24., i I o.7,I The particular behavioral procedure used has
J _ been satisfactory, proving to be a sensitive yet

osoo ,2oo .... 24 25 26 o i 2 3 stable and meaningful measurement tool_ in ad-TIME OF DAY T C_/p

dition to providing physiological data on foodFigure lO.--Effect of a change in lighting conditions o_

the diurnal activity cycle. Subject A07, upper half; and water intake, temperature, and EKG.
subiect MH, lower half. Day-by-day shift in "activ- Strong interactions between work requirement,
ity space," left panel; period length, center panel; liquid-diet consumption, and water intake make

activity proportion, right parcel, unreliable any inferences concerning the mon-
keys' weight and state of well-being from the

plots of the center-right panel. The data are amount consmned. Further work is needed on
presented in Chis foI"mat to emphasize the de- the effects of severe isolation and on the effect of

gree to which their activity space expanded work requirement on free-running circadian
when given free rein. MH was active for half rhythms. Although handicapped by limitations

again as much time per day (15 versus 10 hours) of the liquid diet, an exciting step forward could
with the corresponding _/0 ratios (activity/ be made by flying this system for its half-year
rest) doubling from 0.71 to 1.52 as shown in the design period.

DISCUSSION

FARRAR: A two-part question: First, what influence others since, that hunmn estimation of short time

would you hypothesize the social facilitation factor intervals varies with time of day. In our experiments

to be in your experiment? The traditional circadian we have not yet proceeded to such a fine-grain analy-

rhythm experiment is done with the animal in isola- sis as would allow detection of the effect. Up to now,

tion without the temporal cuing of, in essence, another we have been concerned with more basic proMems, but
zeitgeber, if you will, of the animal working next door. circadian effects on timing are planned for our next

Secondly, have you found any relationship between series.

performance in circadian rhythms; that is to say, do WEISSMAN: I have a couple of comments regarding

you find the circadian rhythm in behavior as well as some of the data that you have measured which seem

in temperature? We seem to have some indication very much related to the data we are obtaining at

at our laboratory that there is perhaps a circadian Ames. First of all, I notice that you had both food

variable affecting the variability of performance, and water reinforcers and tha.t you selected a 4-second

$HACH: First, your question about social interaction response requirement on the water and a 16-second

of one providing cuing to the other or tending to hold requirement on the food. Our experience has been that

both in synehrony with each other. In only four ani- working for food is much better in terms of perform-

reals have I had opportunity to observe such phenom- ante than working for water. It is surprising that even

ena, where conditions were optimal for it to appear and with this low-residue diet, you may be showing the
yet uncontaminated by other factors. It has not hap-

pened. If either the period length or activity/rest same thing.

proportion differed, they continued to differ even though Secondly, much of our work here with higher orga-

previously synchronized by the external factor, light, nisms, baboons, shows that as we increase the work
I have heard that Dr. Menaker's work in Texas with requirement, we get an increase in efficiency. This

sparrows agrees with my experience, was first shown by Ferster with chimpanzees, and then

Second, the variation of behavior with time of day. Findley, and I later reported a similar finding with

Of course, it has been well established, by Thor and baboons. It is interesting to note that this differs from

234-842 O - 67 - 19
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the effect that you obtained by increasing the work and water regulation, I don't know. The differenbe has

requirements. Thirdly, I would like to mention some not to my knowledge been documented. The established

detailed computer analyses of errors. Animals working interaction between the two snakes such an evaluation

on a task seem to cycle, first working for food and difficult.

water and then taking a break, and then working for Your second sta_cemen'.t, thaJt efficiency increases as

food and water and then taking a break. When they work requirement increases, appears to need qualifiea-

first begin to work, their performance is very accurate, tion in the light of my work and that of many others.

and their efficiency in terms of the way you were using Your procedures are vastly different and the contin-

the word "efficiency" is about one-to-one. As they gencies are very, very complex. For instance, you

start to satiate on food and water, we find that they punish "errors." In my simpler procedure, there is

start to snake errors, and the errors continually in- not even an opportunity for "errors" to occur. A

crease until they stop responding. It appears as though trouble seems to lie in your desire to equate errors

errorless responding, error responding, and no respond- in your discrete stimulus discrimination situation to

ing are on the same continuum. Have you tried any extra responses in my free operant situation. Neither

such analyseswith your data? the present data nor history supports this interpre-
THACH: You mentioned _that performance was "bet-

tation. While oranges and apples may both be classed
ter" with food than with water as the reinforcer. My

experience with the chemical diet versus water has been as fruits, so errors and extra responses may both be

similar: To attain equal diet and water intake, when classed as indices of efficiency, while, nonetheless, re-

physiological need is equal, the water work require- maining distinctly unique.
ment nmst be much lower. This is indeed more sur- The same line of reasoning could explain why your

prising, since both diet and water are in liquid form. errors are sensitive to motivational variables, while
Just how these observations fit into other work on food my extra responses are relatively free of them.
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A Program for the Study of Long-Term Adaptation to a
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SUMMARY

The mechanical d_tails of a working model of a proposed small-animal space station

wh_ieh is currently undergoing bench tests are briefly described, together with supporting

evidence pointing to the feas&bility of the program. The 12-et_bic-foot canister weighs less

than 800 pounds when loaded for a 9- to 15-month period. It would transmit data by

slow-scan television, permitting determination of the growth and activity of a group of

weightless mice. If feasible, aninml recovery and/or substitution by rendezvous in orbit

wo_d supplement the data collected by television.
Inclusion of a small preliminary test capsule in a manned Gemini or Apollo flight

would permit determination of the effectiveness of the life support, waste disposal, and

nesting arrangements before commitment to a full-scale ions-term flight. AnhlmlS born
and raised in such a station would have lacked throughout half a lifetime the normal

otolithie and proprioceptive information differentiating .subjective space into .an "up-an<l-

down" and "sideways." Given recovery, nleasurement of the effect of such deprivation

on their adaptation to horizontal and vertical .mazes in a 1-g environment would be possible.

Some effects of such changed structt_ring of space on group interaction and on the

definition of territory are also to be expected. Such effects could be studiecL by observing

the anim'als' behavior while in orbit, with different configurations of the living area. .If

recovery were achieved, then the degree of preexisting stress could be compared with that
of Earth controls by us,irrg established techniques.

INTRODUCTION Events have moved fast, yet the recent epoch-

The next generation of experiments studying making observations of the weightless state for
the effects of weightlessness on animals must periods ranging up to '2weeks have so far been
seriously consider work with unrestrained ani- confined to men and animals which were re-
reals. Indeed, during the first ballistic flights stricted physically (ref. 2). Furthermore, the
mice were photographed in a slowly rotating responses to weightlessness had of necessity to
drum (ref. 1). They were included to find out be those of an organism which had spent its
how an organism will behave in the weightless entire life, including the vital early formative
state when free to move in a container which is period, under the influence of the Earth's
large relative to its own body dimensions, gravity. In the approaching period of detailed

283
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area is located above a funnel-shaped structure. --V---I--_T soc, AND'_ATERS_PPLYSECTION
AfixI is circulated through the living area at a
velocity of one-half linear foot per minute, oamera,e_lpressurlzed water containers

The restriction encountered at the funnel neck rood contal ....

increases the airflow to about 25 ft/min. This

arrangement of air circulation tends to move
waste materials and water droplets to the bot-

/.mouse living area

tom of the funnel structure. (The total cal- _
culated air pressure on the mouse at this velocity AeS0RBERSECTI0S

would be "_pproximately 1/100 rag.) Appro- _ / /g/or "-------aotlvate_ oh_rooal filter

priately placed screening removes the solid :i!i1 I !i:;!-if: lithium hydroxide f_lter
material from the airstre,m_. Fans propel the :: :::1 :_!:i:i::i!
air through the filter section. !) :_ ........

The filter section consists of three compart ......... ' L_nde_ .... pore f_lte_
ments. The first in the line of airflow contains ......" ] '_:_:

\'_?\_,

a Linde molecular sieve for water removal. I_,xi_'/_'| ,\\w,_,,

The second contains lithium hydroxide for I,_,,'///)/_"_ i'_i

carbon dioxide adsorption, and the third con- _r__. 7_i_.-_, , OrLOENsuPPLYSECTIO_tains activated charcoal for removal of certain _ _ _oi_cu_at_n_ ra_| _ ""_,' ' _ feces collector

trace gases.

Food and Water Supply [ _- _--p ......... gulating equipment

The food supply is in the form of cubes
shaped to fit a series of thirty-six 18-inch tubes Figure 2.--Cross section of cnvironmental capsulcl
Of approximately 1-inch internal diameter. Arrows indicate direction of airflow.
Each tube holds 15 food cubes. The cubes are

forced against a hook structure that gives the study of the growth and development of the
mice adequate access to the food. Figure 3 mice. Other data could also be obtained by
shows the food block as it is presented to the more conventional methods. This would in-

mice. The water is held in plastic bags which elude an appropri'tte measure of radiation 'ts
are in turn placed in a pressurized container, well as engineering data concerning the oper-
The modified Harada drinking valve permits atiou of the life-support system.
the mice free access to water on demand. The Total power requiremen{s of the capsule are
present design allows a maximum of 10 pounds small. Continuous duty power is expected to
of food_'and 6 liters of water, be of the order of 4-5 watts and is determined

primarily by the current required for the fan
Data Collection motor, lights, and continuous-duty electronic

equipment. During data transmissions, inter-
Observation of the mouse living area is to mittent requirement for 8-10 watts would be

be provided by the television camera, together imposed, This level of power requirement
with a backup. A videcon tube will be briefly makes the use of solar paneling very attractive,
exposed by the actuation of a shutter, and the

since such paneling could be effective without
persisting image which is projected by the tube

will be slowly scanned to provide a still picture any necessity for continuous oriemta'tion of the
which can be retrieved at any rate compatible capsule were it, to be a free satellite.

with the capacity of the available data-retrieval Living Space Design
system. Appropriately placed indicators of

food and water supplies could be monitored by Initial design of the living area contemplates

the camera. Such an arrangement would pro- giving the animals a maximum of space in which
vide a relatively simple overall approach to the to float freely. A series of nesting areas, each
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Astronaut observation over a period of two or the camera well. This provides a view of the

m,_re days would establish whether any un- entire living area. The slow-scan television
expected mechanical problems deveJop in the observes the silhouette of the animals. As fig-
weightless state. By providing a fan to cir- ure 4 indicates, this area is directly proportional
culate the gas at the same rate as in the flight to body weight and gives a remarkably accurate
mode], the effectiveness of the feces-removal measure. Much effort, has been put into the

system and the absence of significant wind pres- design and validation of this technique by C.
sure to "cue" the animals and give an undesir- Lauprecht and J. Tsutsumi ("Studies of the
able direction to their living space could be Feasibility of Using Body Silhouette To Moni-
determined, tor Growth While in the Weightless State," in

By flying mice recently delivered of pups, preparation), and its adequacy under Earth
performance of the mothers during the critical gravity conditions is now established. How-
neonatal period, their retrieval, nesting, and ever, as has been indicated, further tests are
nursing behavior could all be checked before planned to determine what difficulties, if any,
commitment to a prolonged flight. Such a arise during weightlessness and to solve these
model of the living area could be provided with if they occur.

a separate charcoal-gas-filtration system to It is fortunate that the sensitive growth-
suppress odor. Its dimensions need not exceed weight curve can be picked up by measurement
the one-half cubic foot of a standard cage, and of body contours without prohibitive loss of

its weight could be held to less than a kilogram, accuracy. The method is simple and avoids
Finally, by photographing the animals during mechanical problems connected with the use of

a free fall of the appropriate duration, i.e., some inertial measure such as the rate of oscil-
from a high building or by an aircraft in lation of a spring-suspended container. The

parabolic flight, the effectiveness of the sil- current plan is to rely on this silhouette meas-
houette estimations of weight despite variation urement as the prime indication of growth and

in posture could be determined before commit- well-being. Backup indications of survival and
ment to orbital flight, evidence of continued food and water consump-

tion will be available from strain-gage measures
Current Tests of Life-Support System of the rate at which the spring tension in the

food delivery tubes decreases as the food is eatenIn tests currently in progress, the total pres-
and from the corresponding fall in pressure in

sure, oxygen percentage, nitrogen content, car-
bon dioxide content, temperature, and humidity the closed water-supply system. These meas-
are all being monitored. The results to date ures can be transmitted by commutation of a

are satisfactory. The constant low nitrogen single channel of telemetry and so remain inde-
partial pressure of less than 2 percent of the pendent of the television channel.
total, despite the high content in the surround- One further measure of activity is planned.
ing atmosphere, shows how free the capsule is It is hoped to observe the movement of the ani-
from leaks. The constant carbon dioxide level mals from one region in the animal compart-

of less than 1 percent and relative humidity of ment to another by using heat sensitive ele-

approximately 15 percent indicate the efficiency merits; i.e., thermistors placed at various stra-

of the lithium hydroxide and the molecular tegic locations. Their output can be readily
commutated and so they represent a modest fur-

sieve, ther load on the proposed one-channel teleme-
Growth Monitoring by Television

try system. By using thermistors at the feed-

The prime method for determining the health ing station, in the nesting area, and elsewhere in

and continued progress of these animals during the living area, we anticipate a good backup of

the weightless state will be the "indirect" tele- the slow-scan television. The cameras would,

vision coverage. A very-wide-angle lens is incidentally, be provided in duplica'te to satisfy

available which will be placed at the bottom of reliability requirements.
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Figure 4.ICOrrclat_on of siUtauette area with weight for a litter of eight CBA mice. Sotid circles represent

newborn. Inflection of curve at 7 grams reflects onset of quad_x_pedal control. Thereafter, individ_al mice

are followed by separate symbols.

Possibilities of Recovery in Space by Rendezvous as through the first months of their lives; that
is, until they reached full maturity which occurs

A major objective of this experiment would at 5 months. Rather than rely solely on tele-
be the recovery of mammals that had been raised vision and telemetry from a nonrecoverable ve-
in the weightless state. Such animals would hicle, it is hoped that the mice could be removed

have developed without gravity in utero as well by an astronaut, following rendezvous. If the
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desigal is successful, the mice could be induced vision must also have maintained adequate func-

t((.dongregate in one restricted area, e.g., the tion. These conclusions supporting the null
nesting area, for a part of their day, and the hypothesis that prolonged weightlessness in
television could verify their location. As has space flight would have no seriously deleterious
been mentioned, one way of establishing a gra- effect could be drawn without need for recovery.

dient of preference for this location at certain However, successful recovery would greatly in-
times might be by imposing a diurnal rhythm crease the information that could be obtained
and completely blacking out the main living by permitting the use of sophisticated ]abora-
chamber at the center of which the food is to tory techniques.

be found. Rodents prefer a dim light to total
darkness and would, hopefully, retire to the Design of Living Area To Minimize Sensory MotorFeedback
nesting areas which could be permanently dimly
illuminated by use of phosphoresce.nt lights. As was stated in the first part of this pa.per,

Odor may also be considered as a means of as- Held and Freedman (refs. 3 and 4) have de-
suring the location of the animals within a small scribed the importance of adequate feedback
area which could then be removed after having from the muscles and joints in the develop-

been made gastight by the closing of a port,, ment of spatial discrimination. They specu-
This removal of the mouse container could be l_ted that organisms in the weightless state
executed by a simple manual action on the part would not receive the proper quota of infonna-
of the astronaut. It would then be returned to tion as they move about because they are not

Earth via the manned vehicle, kept in constant contact with the surface of
their living area by gravity. This sensory-me-

PROPOSED STUDIES tor deficiency has added to it the absence of

Primary Gains and Objectives: Establishment of Null labyrinthine information from the otoliths.
Hypothesis We believe that the severity of any resulting

condition would be aggravated 'by exposure to

This design lends itself to a variety of ex- weightlessness throughout the entire lifetime,
periments with small animals; for example, including the prenatal period. Held and
studies of the regeneration of tissues. Indeed, Freedman's observations have been made only

the successful survival and growth of notarial with primates and cats whose plasticity and
mammals in the weightless state would in it- learning capacity arehigh. On the other hand,

self be an interesting observation from the view- their experiments were necessarily brief in tom-
point of the effects of this eondition on cell parison with the lifetime of the individual; so,
growth and metabolism, 'as well as of its influ- there is "t possibility that if mice were exposed
enee upon all bodily systems. A detailed study from conception to as unstructured a weight-
of the animals after recovery would be planned, less environment as possible so that they had

contrasting the various systems of the body minimal opportunities for normal locomotion,
with those of normal animals. A normal their response might be grossly impaired. The

growth curve during the weightless state would demands of tasks such as maze running require

be presumptive evidence of satisfactory psycho- accurate spatial localization. As Hyd4n (ref.

physiological adaptation to the environment 5) has shown, a device containing an inclined

provided. If the growth curves were normal wire which must be negotiated to obtain food

and unimpaired relative to ground controls, then requires considerable labyrinthine cerebellar
neuroendoerine function and indeed the func- coordination. As the animal acquires facility

tion of all major body systems could be pre- in balancing, there are changes in the neuronal
sumed to be within normal limits. For content of RNA, suggesting that adaptation

example, the digestive tract must have compen- to the need for learning is taking place. The

sated effectively for the l_k of gravity, and the desiga_ of the living area in a space station for

overall processes of cell metabolism and cell di- small animals from which recovery is to be
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arranged could either maximize or minimize providing only one central food sourc6, severe

these factors. A desirable initial objective social stress can be induced as conflict for ter_i-
would be to induce a maximum of sensory-motor tory ensues (refs. 6 and 7). On the Earth'at

deprivation by providing a small central feed- 1 g, this system is arranged on one flat plane;
ing ,nrea with enclosed nests arrayed peripher- i.e., the interconnecting boxes are placed in a
ally about a large empty space in which the circle on a board, but modifications using three
animals could navigate by pushing off from the dimensions could be studied both in the 1-g en-
walls but could not progress normally by move- vironment and when weightless (refs. 8-9 and
ments of the legs. At the other extreme the J.P. Meehan, J. P. Henry, and P. Stephens,

same space could be made "planar" by provid- "Blood Pressure as ,_ Measure of Social Stress,"
ing several layers of shelves between which the in preparation). Mice, when crowded in the
mice could progress and which, if made of wild, will set up more runways in the same area
resilient material or spring suspended, might rather than share them. The effects of having
press gently on the animMs, giving them propri- to share in .t floating state "t common large living

ocepti_,e information, simulating that found on space on a three-dimensionM basis could be con-
Earth. trasted with the territory arrangements made

An important study objective both during by the mice in the relatively two-dimensionM
flight and following recovel T would be observa- Earth-surface environment.
tion of the group and the territorial behavior of
these animals when they are confined in _ rela- Performance Tests Following Recovery

tive]y large three-dimensionM space. Mice re- If recovery were feasible, it would be planned
quire a feeding area, and if the space is given to contrast the animal's on-the-ground-re-
them, they develop latrine and nesting areas as sponse to two- and three-dimensional mazes.
well (personal communication, C. Lauprecht). Harcmn (ref. 9) made such observations on rats
It would be interesting to determine how they over 10 years ago and found that animals de-
respond to territorial requirements when in prlved of experience of the vertical in early life

the weightless state. By st_tdying their body showed impaired performance in a maze in-
contours, the tail biting typical of stress could volving vertical movements. Hyd4n (ref. 5)
probably be detected. After recovery, adrenal has employed an inclined wire to "exercise" the
and thymic weights , renal glomerular inter- vestibular nuclei and has demonstrated the con-

stitiM histology, and especially resting blood sequent changes in neuronal RNA content. We
pressure could be readily determined. These would anticipate marked differences in animals

measures, as Christian (ref. 6) and Calhoun brought up from conception without the inputs
(ref. 7) have shown, will give a good idea of the from the otoliths that orient them with respect

extent t_) which the animals concerned have been to gravity. Their situation would be made

exposed to stress, worse by the absence from birth to maturity of
the additional cues deriving from a use of theFurther Studies

limbs under gravity loading (refs. 3 and _).
It would be proposed that for follow-on Such space-trained animals could be contrasted

flights, if the methods were successfully estab- with those brought up under 1 g. It is not
lished, _ division be made of the space available possible to predict to what extent the muscular
so that the equivalent of our new standard six- coordination of small rodents is preprogramed.
box intercommunicating system could be fitted Conceivably, they need no experience during a

into the vehicle. This box system consists of critical learning period in order to develop el-
six intercommunicating cages, each of which is feetive responses in a gravity-dominated world.

of the standard 11 inches by 5 inches by 5 inches, Certainly Held would expect primates with
and will house a group of eight animals without their very complex arm-and-hand movements

evidence of social stress or elevation of blood to be more sensitive than rodents (ref. 4 and

pressure. By interconnecting the boxes and personal communication, R. Held). On the
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other l_and, work with such relatively rigid performance (ref. 10). It remains to be seen

af_)fimls as birds shows that despite the clear whether half a lifetime spent by ,_ mouse in the
evidence of their preprograming, they also have weightless state would not lead to serious de-
a critical learning period for the development ficieneies in motor performance because vital ill-
of, for instance, their song. A failu_re of input formation had been lacking during a critical
during this period results in grossly inadequ,_te period.
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DISCUSSION

GRAYBIEk: How would you make them exercise? who is interested in animal navigation, by the _'ay, in

HENRY: By nmking them go for their food to one the weightless state, and he has commented that he

place and for their water to another. A question has thinks that it might be possible to produce animals

been raised, too, by the way, Dr. Gray,biel, about _the with congenital vesti,bular defects, and these would be

course of events if we 'have the temerity to put a preg- interesting to study in such an environment. But I

nant fenmle up and let her have her litter up there, can't think right now of what the relationship of audio-

How would you know whether the litter would .be cared genic seizure to this situation would be.

for, and so forth? This is why Dr. Meehan nmde _the W_:ISSMAN: I was thinking of blastoff.

suggestion that perhaps we could do a preliminary HENRY: This can all be checked, of course, 'before
study in a forthcoming nmnned flight using a very flight.

sin,all container to est_ablish that such care would 'be WEISSMAN: XV,hat species are you going to use?

exerted by the mother. If we establish a little hole HENRY: A CBA, actually, Swiss whites, because they

for :them, a li,ttle nesting area with an exit into a small give good contrast for viewing on the television. But

V;t-cubic-foot cylinder which could be observed 'by the nmst of our work has'been with the little, robust agouti

astronaut, I ,think we could demonstrate .that the pups OBA strain. As to this quest:ion of the effects of

would be kept ,wi,thin that area. But we should estab- launch ; fortunately, all this can be simulated. In

lish this experimentally, with such a preliminary flight practice nei.ther ,the CBA nor the Swiss whi.tes rare

test. ,If the mother would not care for her pups when unduly subject to audiogenic seizures.
weightless, then you could put up a very young aninml

MEEHAN: Also, any gound effects could be shielded
that is just of an age that could take care of i,tself,

which i_s approxinmtely 12 days. out, so that wouldn't be any problem.
HENRY: Sound is not so serious a problem in launchWlaISSMAN: I was curious as to the selection of

species of mice for this test, particularly regarding as you might expect because the nvse cone is so re-
susceptibility to audiogenic seizure at the time of mote from the engines that the noise levels are atten-
blastoff, uated to acceptable levels.

HENRY: Va.rious types of mice are a_,ailable. For YON GIERKE: What is .the probability that a capsule

example, we have been in communication with Dr. John like this would go into spin and tumbling, if it is in

S. Barlow, of the Department of Neurology at Harvard. orbit for a long time period?
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MEEHAN: Its long shape would, perhaps make i:t with a standard load, already accomplished and still
somewhat sensitive to that sort of thing. However, we running. , •

are planning to redesign and get it shorter and squat- HELVEY: Does anyone foresee any technical reason

ter. By using the fan mot.or (you have to have motors why this couldn't very well be accomplished as indi-

to move air) and by selecting three blowers and plac- cated by these two gentlemen? We are always con-

ing them in ,such°a manner as to operate at right angles cerned, I think, by floating debris, such as feces, but

to each other, you can achieve a gyroscope. While the with the airflow system which is addressed specifically

force from this would not be great, again over a long to this problem, it looks like it might fly.
HENRY: We have adequate space, of course, for

period of time, it would probably give you enough sta-
feces. We were worried abou.t this and tried the liq-

"bilizing effect to prevent gross aberrations of motion.
uid diet, btCt had problems width reproduction. We are

HEIVEY: Dr. Henry, did you indicate how long you relieved to find that others have also had problems

kept them in the 1-g environment in such a container with survival and breeding on liquid diets. But we

to evaluate the life-support system? have enough space for the residue from a standard diet,

HENRY: As emphasized by Dr. Meehan, the period and as compared to primates, they do package their

has been 1 month with a ninefold load and 3 months feces very neatly.
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Central Nervous, Cardiovascular, and Visuomotor Studies
Relating to Spatial Orientation in a 30-Day Primate Flight'

W. R. ADEY

SUMMARY

Central nervous mechanisms underlying orienting and visual d_scriminative functions
are discussed. Interrelations of vestibular and optic sensory influxes with eortieedien-
cephalic and limbic mechanisms as essential subs,rates for spatial orientation are reviewed.
Techniques for een,tral nervous, cardiovascular, peri.lflmral nervous, and autonomic moni-
toring during the 30-day primate flight in Biosatellite D are &iscussed. A 6.S-kilogram
Macaca nemestrina monkey will be tested in two behavioral tasks involving delayed
matching-to-sample, and an eye-han d coordination test. Environmental support involves
an oxygen-nitrogen gas system. Pellet feeding combines reward and ad libit_m methods,
with water provided from the fuel cell power system. Data acquisition and analysis
techniques are reviewed.

INTRODUCTION different modalities, and their subsequent tem-

poral interplay in higher nervous structures.
Spatial orientation on the basis of environ- At all even more fundamental level, the coding

mental cues has evolved in the mammalian or- of inform.ation in both slow waves and pulse-

ganism to a sensitive and powerful integrative coded activity in cerebral ,issue demands con-

mechanism, dependent on simultaneous or se- sideration of the vital role of spatiotempora.1
quential inputs in many sensory modalities, patterning in the transmission and processing

Visual, auditory, vestibular, somatic, and even of information within the brain. Temporal

olfactory cues all play important roles in 'infer- coding then, is truly the essential link between

marion transacted in the subtle and contilmous windows on the world without provided

processes that relate the subject to a multidi- through sensory transducers, and windows on

mensional environment. An essential param- the world within through which we may peer,

eter in this sensory integration, and one fre- often "as through a glass, darkly," in sensing

quently overlooked, is the factor of timing, eleetrophysiological signals.

whether th'is be in such phenomena as the sac- The cerebral cortex, in its interrelations with

ca.dic scanning of a visual field, or in multisen- subcortieal structures, may be likened to a screen

sory barrages entering the nervous system in on which the images of sensory experienc_ are
cast in a transactional sense. It is also prob-

Studies in this paper were supported by the U.S. ably the site of their storage as permanent
Air Force Ofliee of Scientific Research (Contracts AF- physiochemical changes ill a "memory trace,"

AFOSR-246-63 and 61-81) and the National Aero- with retrieval or recall dependent on reestab-nauties and Space Administration (NsG 5D'2,NsG 505.
NAS .9-1970). lishment of electrical patterns in corticosubcor-
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tical circuits resembling those associated with spatial orientation must thus necessarily _-
the initial deposition of information. Here, the sider questions of perception, recent mentSr'y,
interplay of limbic structures of the temporal learning, and recall (refs. 2 and 12).
lobe with midbrain and subthalamic structures, In planning our flight experiment P-1001 in
and with the establishment thereby of requisite Biosatellite D of the Biosatellite Program of
patterns of activity in corticosubcortical sys- OSSA, we have attempted to run the gamut
terns, is of vital importance. Spatial orienta- from direct assessment of vestibular functions
tion draws heavily on such mechanisms, which in perception, to higher nervous functions in

are amenable in great degree to direct electro- sleep and wakefulness, and in perception, recent
physiological monitoring (refs. 1 and 2). memory, and visual discriminative performance.

Specifically, integrity of the parieto-occipital These central nervous studies have been corn-
cortex of the primate brain is essential to nor- bined with peripheral observations, including
mal spatial orientation. The parietal lobe electro-oculograms, electromyograms, and gal-
syndrome in man following damage to this re- vanic skin responses. We have closely co-

gion in the dominant hemisphere attests to its ordinated these baseline investigations with
importance (ref. 3). It is characterized by proposed cardiovaseular monitoring by our eoin-
severe impairment of navigation in previously vestigator, Dr. J. P. Meehan of the Department
familiar environments, and equally, by neglect of Physiology, University of Southern Califor-

of the contralateral half of the body in its nor- nia, and with catheterization procedures and
real participation in somatic .nnd motor fune- urine analyses by Dr. A. T. K. Coekett, of the
tions. Harbor General Hospital. Inflight urine anal-

Yet, there is clear evidence that, in the hier- ysis will be undertaken by Dr. N. Pace, of the
archical organization of cerebral structures , the Department of Physiology, University of Call-
focusing of attention to achieve spatial orienta- fornia, Berkeley, and by Dr. J. Rho, Jet Propul-
tion, andthe psychological proeessesof discrim- sion Laboratories. Calcium-balance studies

ination and judgment, require integrity of will be performed by Dr. P. Mack, Texas Chris-
mechanisms relating hippocampal regions of tian Medical Women's College. The test ani-
the temporal lobe with snbcortical structures, mal will be a Macacc_ nemestrina (pigtail

Participation by these systems in orientation macaque) monkey, weighing 15 pounds (6.8 kg)
and discrimination has been extensively investi- at launch.
gated (refs. 4-8). In particular, it would ap-
pear that the isolated pursuit of vestibular func- EXPERIMENTAL DESIGN

tions, without regard to higher levels of neural Central Nervous Monitoring and Implantation

integration in orienting mechanisms, may dis- Procedures
regard quite fundamental aspects of these inte-

grati, ge processes in relation to space flight. Implantation procedures have been described
Evaluation of novel environmental stimuli elsewhere (ref. 13), including details of his-

and their precise spatial localization involves an tological controls on damage arising from brain
movement relative to the electrodes (ref. 14).essentially specific physiological response, the

orienting reflex, first described by Parlor (refs. Bipolar electrodes formed of pairs of 29-gage

9 and 10). Its essential components involve stainless-steel tubing, insuhited except at the
tips, and separated by 2.0 millimeters, have 'been

turning of head and eyes toward the novel stereotaxically inserted into selected deep brain
stimuli (ref. 11) and the selective extinction of structures (fig. 1). Surface records are ob-
separate components of the stimulus complex rained from stainless-steel screws in the calva-

with repeated presentations. Sokolov has pro- rium, and additional screws are used to secure
posed an inverse relationship between the themass of acrylic covering the skull and enclos-

stren_h of orienting responses and the level of ing connecting plugs.
conditioning, from his studies of visual task per- It is planned to record 10 ehamlels of EEG
formanee in man. Evaluation of processes of data. These le:tds have been selected, on the
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h_ur "day," and at one-third that rate during of the coasting phase. Commencement of the
t_e "night_" giving 540 milliliters per 24 hours, final orbital injection phase, with 5 g of trans-
If telemetered data indicate dehydration, a verse acceleration and concomitant 100 rpm
ground command maintains "night" watering spin, evoked a quite different pattern of energy

at the "day" rate, allowing 790 milliliters per distribution from simple acceleration. Marked
24hours. energy peaks occurred in the low-frequency

bands from 3 to 8 cps. Energy distribution
SIMULATION OF PLIGHT CONDITIONS RF.- rapidly resumed the characteristics of control

LATING TO SPATIAL ORIENTATION: F_F- records at the end of the injection phase.
FF.CT$ OF ACCELERATION AND VIBRA- The amygdala (fig. 7(]))) showed similar
TION changes. A moderate increase in energy in the

In the context of this meeting, special signifi- low-frequency bands from 3 to 8 cps occurred
cance attaches to those simulations testing ves- in the "coasting" phase, with periodic peaks

tibular functions and spatialorientation. Many 30 to 50 seconds apart. Evidence of this pc-
of these studies have been reported elsewhere riodic peaking was detectable at higher frequen-
(refs. 1, 14, and 20). cies, but diminished progressively in the range

from 13 to _5 cps.

Effects of Simple and Compound Linear Accelerations Ill_ the hippocampus (fig. 7 (B)), no signif-
icant changes in spectra] distribution acconi-Transverse accelerations to 5 g (+gy and

-gv) have little effect on this monkey's ability panied either initial or terminal phases of the
to perform an oddity discrimination task re- boost simulation, although the energ-y levels in
sembling the matching-to-sample task described the coast phase rose moderately, and exhibited
here for the flight experiment, the cyclic changes described in the amygdala.

The Thor-])elta acceleration profile for this hi summary, it would appear that changes
flight imposes a peak transverse acceleration in lasting through the coasting phase may have
the first-stage firing of 12 g, with the animal been induced by the preceding hig]i-g pulse in

the first stage of booster acceleration, and 1D_ayin the "eyeballs in" position (+gy). In its
relate to cardiovascular readjustments and con-initial formulation, the final injection into orbit
comitant changes in cerebral oxygen tension oc-required a vehicular spin to 100 rpm for 100

seconds, but this requirement has since been de- curring with such a pulse, as described by Kova-
lenko, Popkov, and Chernyakov (ref. 21).

leted. Simulations of this original flight pro-
file revealed interesting EEG differences be- Interrelations were noted between cardiac ir-
tween simple centrifugal acceleration and corn- regularity mid paroxysmal slow-wave activity

pound acceleration in two planes. Evidence following high-g loading. In the sinmlated-
was also fotnid of continuing changes in EEG booster profile, the pulse slowed as the accelera-
and EKG patterns after the high-g pulse ira- tion approached the initial 12-g peak (fig. 7
posed by the simulated booster fit'st-stage firing (C)). Dm-ing the following coasting phase,
(fig. 7). paroxysms of high-amplitude EEG slow waves

The effects in the visual cortex (fig. 7 (C)) appeared in ninny areas, including visual cortex,
amygdala, hippocampus, and midbrain reticular

of th.e initial 12-g acceleration were minor, with formation (fig. 8(D) ). Between tliese epochs
a small peak in energy in middle-frequency the heart was reguhu', but missed beats appeared

bands from 6 to 25 cps as the acceleration consistent]y during the paroxysms (ref. 20).
reached its peak and suddenly declined. No No comparable abnormalities occurred after
significant peaks occurred in the low-g loading combined centrifuging and spilming at around
of the second stage. With stopping of the cen- 5 g (fig. 8 (E)), and they may relate to read-
trifuge (indicated by the 1-g vertical line), justment in cerebral vascular nlechanisms, since

however, there was a rapid increase in energy they ahvays followed onset of the cerebral
levels between 6 and 13 cps, persisting for most dysrhythmia.



300 ROLE OF VESTIBULAR ORGANS IN SPACE EXPLORATION

......... _ o _._

z

- _:_ .._
z _ _ _

w

_ _ •

o !
30n1,7d_V 3^I1V73S ]on±,7d_ ]^,IV7]S _..

_._

l • _ ._

o _ _ ,, _ _ _

_ _l __ _
- _> <,

I

z

°° I1 *_-<I: =,_ o '' ....... • o s '-o o o =



SPATIAL ORIENTATION IN A "g0-DAY PRI3IATE I:LIGIrI" 301

MONKEY CENTRIFUGE-SPIN RUN
EYEBALLS-OUT CENTRIFUGING, WITH ADDED SPIN ABOUT DORSO-VENTRAL AXIS N6 DEC, 1963

._TEZ; 0 POST CENTRIFUGE WAIT °_SEC_ boo_¥

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

E. START SPIN TO oo RPM

. ..... _/_x_`_`___/__"_'_`_"`_$_._.'_t_'_._'_`_`_`._`_/_;_`"_'_.#`._'_`_*._`_:.'_:`._`"_`_t_:_'_`_ '

.... ,_"Jt'_"_t_,_h',_,_c_':_t_!,__':{#_v'_t"_',Jr "J,"_J:'_'_l_'_til_r_L_,_'_'t'_l_!i _' '_J_#_i_,Nll'_f_"_i',', '11_,'_ t,'_'_r_,'_i'#_,_iI,__")_'_'<_f_,'_ _'_J"_i_'_

F.CENTRIFUGE STOPS, SPIN CONTINUES

_, _ (_:_ _.,_,' ,'_ % ',',%*_,<'_v':'_'D."L"",,.'_,'"-' "_.Y&_":"¢'"_'_._'$'':_W'h_'%_'_._>_":",_#" _

........ ___,:_:_ 4,._._w:_,,w_¢_,,w'_':,_<_,,`,_,_'*--%_tm_"'_W:_+_,_:'4":,_'v%_"
D ,_N 1 l 1 , I I ' " _'

tC_NIm_U_E SIO_S

Figure 8.--Paxoxysms of /_i_gh-amplftu.do 81o_v Ivave8 ii_ cortical and subcortical structurc,Y (D), (l _rin(:rcstillg

phase after" 12-g acce_crati.on, sho_cing misscd cardiac bc(_ts duri_g ]_LG paroxysms, but not in i#tcrvct iw/

i#,tcrvals. Effccts of spi_ and centri]'ugc on EEG are clearly cvidcnt (E). Abbrcvie_tio_ts: L. l:lS. CX., left

visual cortex; R. AMYG., r_gkt amygdala; 17,. HIPP., .right Dippocampus; R. .,liB. R,.F., right midbrain

rctic_lar formation; EKG, electrocardiogram. (From rcf. 20.)

Characteristics of Cortical and Subcortical EEG Records ill the range 10 to 15 cps. However_ in many in-
During Whole Body Vibration: Effects of Bilateral stances, nmxinunn EEG energy peaks occurred
Eighth-Nerve Section on Vibration-Induced EEG at, other t,han shaking frequencies, and without;
Driving harmonic relationship to shaking frequencies

Results presented elsewhere have indicated (fig. 9).
the presence of a "driving" in EEG records Calculations of coherence (ref. 22), or linear

from cortical and subcort.ical structures during predictability, were high between cortical and
whole-body vibration, at certain frequencies in subeort.ical leads at, EEG frequencies unrelated
the test spectrum of 5 to 40 cps, using 0.25-inch to concurrent shaking frequencies, and absent
(6.2 ram) double amplitude between 5 and 13 from baseline records before or after shaking
cps, and 2-g peak-to-peak in the range from
la to 40 cps (ref. 14). (fig. 10). This may imply aspects of cerebral

More recent studies with extcnsive computer systeni organization with eplmmeral sh:u'ing

analyses (ref. 20) have confirmed earlier in- of activity elicited by the vit)ratory volleys.
dications that this induced EEG rhythmicity Coherence between head or table accelerometers
has the characteristics of a physiological "driv- and cortical and subcortical leads was below
in<_" and that it appears distinguishable from significant levels at fundamental driving ire-

superficially similar artifacts originating in queneies below 11 cps, although significant
connecting cables or loose plug emineetions, cx)herence peaks appeared at ot_her EEG fre-

Autospectral density plots showed little or no quencies. Shaking in the range 11 to 17 cps

evidence of EEG driving below 9 cps, despite produced many coherent, reh/t, ionships at, funda-

violent head movements. Driving at the shak- mental driving frequencies, and at, harmonically

ing rate was frequency selective and maximal related and unrelated EEG frequencies.
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IS "
14 [] SIGNIFICANT COHERENCEAWAY
13 - 43 _'_----_"_/_ FROM SHAKING FREQUENCY

0 5 I0 i= 20 25 0 5 tO 15 20 25 30

EEG SPECTRUM EEG SPECTRUM

_SIGNIFICANT COHERENCE AT SHAKING FREQUENCY

_SIGNIFICANT COHERENCE AWAY FROM SHAKING FREQUENCY Figurell.--Pbtsofcoherenceash_figure10 betwce_
the table accelerometcr and visual cortex (A ), amyg-

Figure lO.--Ptots of coherence (linear predictability) dala (B), cc_trum nledianum (C), midbrai_t rcticu-
between eentrum medianum and visaal eorteoo (A), lar formation (D), a#d hippoea.ntpus (E), afh.'r
vertical head aeeelerometer (B), a_td table aeeel- bilateral eighth-nerve section. IVith 24 degrees of
crometer (C) during vibration. Similar plots are freedom, coherence levels were significant above
shown between visual eorteco and midbrain reticular 0.326. (From rcf. 20.)
formation (D), head accelcrometer (E), and table
aeeclerometer (F). OrdMates show EEG spectrum,
abscissae the vibration spectrum, and z-axis the DEVELOPMENT OF THE BIOSATELLITE
level of eohere_tce. With 12 degrees of freedom, co- CAPSULE FOR 30-DAY PRIMATE FLIGHT

herence levels were significant above 0.516. Signif- The various systems necessary for this experi-
leant coherence levels at the shaking freque_wy arc lllent ]lave now l'eached _1, stage of development
shown in solid black, and at points away from the

where system tests of substantial portions of theshaki_w frequency i_ stipple. (From rcf. _0.)
experiment are possible.

The couch suppor_ for the monkey is located

eluding the role of abdominal, thoracic, and centrally in the capsule, with the animal facing

cervical tissues (ref. 20). Disruption of belmv- forw_trd in the vehicle, with lower limbs flexed

ioral 1)erformanee occurred at frequencies in- at hip and knee. An effective suit restraint has

ducing EEG driving, with little or no behav- been developed by Wright-Patterson Air Force

ioral effectat lower frequencies of vibration that Base and provides for the animal toride on a
also produced violent head movements (ref. 14). fabric sling to which the suit, itself is attached
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will be"acquired every 90 minutes. Addition- in focusing of attention and visual diserirnina-

aF;y, an eight-channel tape recorder will acquire tion. The former constitute the basic platform
100 hours of data in the course of the flight on in a pyramid of increasingly complex central
a programed basis. Data telemetered in the integration. The latter involve the interplay
continental United St_tes will be retransmitted between corticM sensoI T systems and subcorti-

over microwave links to Goddard Space Flight cal structures that are profoundly influenced by
Center for decommutation and transfer to a limbic activity. Liinbie controls, particularly

convent ion,d digital format on magnetic tape. in the hippocampal system, appear essential to
These tapes will be analyzed in our Data Proc- the fine focusing of attention necessary for tim
essing Laboratory, as described above, within laying down of lnemory traces about spati:dly
_ short time of their receipt. It is expected tha.t orgalrized stinmli. Interference with such con-
rapid analyses will keep pace with the course of trols leads to degradation of spatial discrimina-
the flight, meeting requirements for informa- tire abilities in subtle but important ways, hav-

tion on current, and probably future status of ing particular relevance to problems of space
the monkey, flight.

It has been out' joint purpose to monitor as

CONCLUSION comprehensively as possible within the frame

This account of t:he 30-day primate experi- of it single experiment the gamut of sensory,

ment has reviewed the intricate and closely in- motor, and higher nervous functions that relate
terrelated studies of central nervous, eardiovas- to visual coordination, spatial orientation, re-
cular, and metabolic functions which have been cent memory, and discrimimltive ability in pro-

painstakingly woven into a single entity, longed space flight. We have been equally
Malfifestly, orientation in space flight re- mil_dful of the need to consider the whole ani-

quires consideration, not merely of vestibular real, insofar its maintenance of central nervous
mechanisms and closely related ocular eoordi- function depends so vitally on cardiovascular
nation, but of the whole hierarchy of functions and metabolic integrity.
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DISCUSSION

GUALTIEROTTh Just to clarify the issue, is it exact on the EEG, why did you go to all the trouble of

to say that the EEG changes are based mostly on actually having tests on behavior, and so forth? Yon

consciousness changes? lnight rely on your _EG _flone. and just forget about

ADEY: On consciousness changes? pushing buttons, etc.

GOALT/EROTTh Yes. Do they not correspond to a ADEY: For the very obvious reason ,that if you are

status rela'ted :to more or less alertness or more or going to design any form of behavorial experiment at

less drowsiness? Or are they related to a specific all, it involves a performance by the individual. It

function within the sensory area studied? isn't in the notion of merely looking at something in

ADEY: The areas that we are examining in the braid which the expression of a goal-directed performance
are those that are concerned with the transaction of can be tested.

the infornmtion relating to this discriminative function. GUALTIEROTTh Yes ; but if you have an animal just

GUALTIEROTTI: My point is a differen.t one. Do your freely moving around and doing things, from your

conclusions show, a _peciiic difference in the EEG for EEG analysis you .should be able on this hasis to

a specific function, or are they based on a general determine how well he performed even if you don't

state of more or less alertness? have a direct meflsurenlent of the 1)erformance.

ADEY: No, sir; they relate to a specific function. ADEY: I think we can, hut the; point is that most of

There are differences that the computer discerns be- us here are concerned with the pilot's functions in

tween a visual judgment and auditory judgment in aerospace flight. We are concerned with the pre-

just these circmnstances, dictive quality of our physiological monitoring and.

GUALTIEROTTI: Let us consider, for instance, bright- as I understand it, one of the prime functions of this

ne.ss discrimination against pattern discrimination, series of experiments is to do those things which will

Can the computer determine if, given '_ certain altera- have, at least in part, u meaningful application to

tion, this is a mistake based on pattern or brightness problenls of nmnned sl)ace flight. The area with which
discrimination? most of us are very truly concerned is, indeed, the

ADEY: There are differences of this type very clearly very predictive quality of the present physiological

in both animals and man. For instance, in our chim- data. I think most of us would agree that this is some-

1)anzee studies, in fact. this sort of difference that yo u thing in which the quality of the data and the pre-
describe in a brightness judgment as opposed to that (lictability of physiological state could be vastly

in which the animal make,s a discrimination ahout iml)roved.

patterns, and the EEG differences are very clear. MONEY: Could you tell us what rates of rotation of

GUALTIEROTTI: If you have this marvelous tool based the satellite you are anticipating? A second ques-
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lioll: Ill the selection of your allilll,qls, i/1'(, you goillg" _econdly. in [(_l'lllS of motion sickness, there is a

I_" do ally measurement of sensitivity to nlotioll lllost interesting' difference between prinmte species in

sickness? their susceptibility to lnotion sickness. The maea(lue

ADEY: Yes, as a lnalter of fiwt. To answer the Ill'st genus is very insensitive, unlike the squivl'el nmlllley,

pill'l of your question, there will be SOllle opl)ortullity which is (,xll'ilOl'tlillllrily sensitive. I llel'sonally ll,'lvo

to Colitrol the slow devoloplllellt of spill ill tile Split:o- never NO¢*ll 11 d][¢l('(l¢'(I ?lC]il(Jat]'f_tll Slll%el' lllOtiOll sickness

craft, such as will be induced by the psychomotor, for fl'Olll horrendous, combined centl'ifug'ing's ;llltl vibra-

example. This device can induce lu'eeession as well tions, or from multipl'ltlar centrifuging ;Hid rotation.

as reaction, but the point is that this we think c'ul In othel' words, this animal is not a suitable animal

be controlled, in which to study motion sickness.
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