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ABSTRACT 

This study is an investiga~ion of long-term adaptation in the . ' 

human vestiqulo-ocular reflex (VOR). Repetition of ~rolon~ed uni-

directional head rotation leads to progressive decline of the . 
reflexly induced VOR. Yet such decli'ne does not appear' to occur during 

the natural movements of everyday life. The following experiments 

investigated the possibility that such changes only occur when they 

are functionally advantageous. , 
~. . 

. 
" 

In t6e firbt major experiment, 'the VOR gain (eye angular velocity/head 

angular vèlocity) was measur~d in eight ~ubjects, with eyes open in the dark, 

and exposed on 3 consecut,ive days ta 1 hour of horiz.ontal sinusoidal 
" 

oscillation -ad 1/6 Hz and 60
0

/sec veloci ty amplitude. These values 
• 

lie within' the presumed'tange of velocity tr~nsduction in the human 

semicircular canal,. and ~ence probabli within the range of natural 

stimulation. The results showed no significant changes of VOR 

gain throughout the exper~ment. 
o 

The second experiment used the same subjects, with the same 

vestibular stimulup, but during'rotation subjects atternpteq optokinetic 

tracking of a mirror-reversed image of the surround, therefore making 
.; 

t'he VOR oppose the visual fixation. The VOR gain now showed substantial, 

(2~%) and significant (P«O.OOI) decline at the end of each l hour test 

period, and the pre-test control gain was significantly Iower on 3rd 

than on the Ist day (P«O.OOl). 

T~ third experiment investigated the extent to which VOR could 

.' 
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be changeU when given prolonged vision-reversaI, here provided 

by the use of "dove" prism-goggles that reverse the horizontal, 

but nat the vertical plane. They were woru continuously during 

aIl waking hours for up to 27 days. Results showed progressive 

decreas~ in VOR gain te almost zero in the first 7 days, and th en 
..-' .. 

an increasing but "revers'èd" response to about 50% of normal gain 

after 27 days. o The "reversed" response at 1/6 Hz was about 50 . 
phase advanced relativ~ to true reversaI. Readaptation to normal 

t 
was almost Immediate for phase but lasted 3 weeks for VOR gain. 

No VOR change oçcurred in the sagittal plane, indicating high 

geometric ~pecificity. 

Tests of functidnaJ changes during the pr?longed vision 

reversaI showed that visual fixation was impa1red even when the . 

subject was permitted voluntary head oscillation. Postural equi,librium 

and visual perception were also shown to have changed as a consequence 

of whole-body adjustment, or optimis~tion, to th'e reversed visual 

environment. 

1 
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RESUME 

Cette étude a été entreprise pour étudiè~ l'adaptation à 

long terme du réflexe vestibuloocculairs (R. V. O. ~ La répétition de 1 

mouvements ~rolongés de rotation unidirectionnelle de là tête 

èntralne une baisse progressive du R.V.O. induit. Toute fois une 

telle diminution ne semble pas survenir au cours des mouvements spontanés 

de la vie de tous les jours. Les expériences ont été entreprises pour 

tester la possibilité que ces changements ne surviennent que -lorsqu' 
. 

ils sont fonctionnellement avantageux. 

Au cours de la première phase expérimentale le gain du R.V .0. (vitesSE! , . , 
angulaire des yeux/vitesse angulaire de la tête) a été mesuré chez 8 sujets " 

exposés les'yeux ouverts dans l'obscurité pendant une heure, 3 jours consé-
., 

cutifs, à une oscillation sinusoidale horizontale de fréquence égale à 

1/6 herz et de vélO'ci té égale à 60 degrés per second. Ces valeurs sont 

situées dans la zone présumée de rapidité de transmission dans le canal 

semicirculaire de l'homme et sont donc probablement dans less limites 

n~rmales de stimulation naturelle. 

,Les résultats n'ont pas montré de changement significatif de 

galn du R.V.O. tout au long de l'éxpérimen'tation. La seconde série 

d'experiences a utilisé les mêmes sujets soumis au même stimulus 
, 

vestibulaire. Au cours de la rotation les sujets ont essayé de suivre 

visuellement l'image de l'entourage inversée au moyen d'un mirroir, 

falsant ainsi s'opposer le R.V.O. et la fixation visuelle. Le gain 

du R.V.O. a montré dans ces condition~ un:'b~isse sUbstanti~e (25%) 
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pt significative (P«O.OOl) à la fin de 'chaque période d'une heure. 

De plus le gain mesuré avant le test s'est avéré signiflcativement 

plus bas le 3
e 

j our; que le prèmier (p«o. 001) . 

La 3
e 

série d'expériences a exploré les lim~tes dans lesquelles 

Je R.V.O. peut ètre modifjé quand le sujet est"'exposé à une inversion 
, 

( 

visuelle prolongée. On a utilisé des lunettes' (prfsmatiquef.) "dove" 

qui inversent le pHm horizontal mais pas le plan vertical. Elles 
1 

étaient portées pendant la totalité des~ures ou les sUJets étaiont 
r 
,J 

réveillés pendant une période pouvant aller jusqu' à 27 jours. 
4 

.. 

Les résultats ont montrP un déclin progressif du ga~n du R. V.O. pour about i r 

'à une valeur à peu près nulle ~er~ le 7
e 

jour, puis une augmentation 

(inverseé) de la réponse atteignant au bout de 27 jours une valeur 

normale. La répon~e "inversée" à 1/6 Hz étai t à peu près en avance 

r 
de phase de 50

0 
par rapport à l'inversion vraie. La réadaptation à 

la situation normale s'est avérée être presque immédiate pour le 

décalage de phase mais a nécessit.é 3 'semaines pour le gain du R.V.O. 

Aucune modification'du R.V.O. n'est apparue dans le plan sagittal, 
\. 

indIquant une grande spécificité géométrique. 

Les tests efree tués au cours de l' invers ion vi suelle prolongée 

~ 

ont montré que la fi~ation visuelle était altérée même. lorsque le 

SUjet effectuait des oscillations volontaires de la tête., L'équilibre 

postural et la perception visuelle se sont également avérés être 

modifiés, conséquence de l'ajustement de l'organisme à l'inverSIon visuelle 

" 
de l'env i ronnemen t . 

, , 
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1. DISARRANGE11ENT STUDIES 

(a), Histoty 

The basic phenomenon being studied in this thesis is "habituation", 
q 

or long-term adaptation to an altered environment: in this particular 

case, a reversaI of the visl!S1 surround on the retina. The concept 

of adaptation, whether of the whole organism or an individual cell, 

inherently implies that a change in the physiologieal or behavioral 

condition of the organism is possible. 

climbs the phylogenetic level there is a movement from hereditarily 

built-in response, to enviromnentally controlled-pL3sticHY.-

Therefore, an animal very low on the phylogenetic scale may be sa id 

to be trapped in a straight-jacket of stereotyped motor patterns and 

behavioral responses. The early work in these fields, on lower phyla, 

can be found in a review by Bullock (1961), and a revtew of reéent 
, 

work in central patterning and neural control is covered weIl in' the 

Neurosciences Resëarch Program Bulletin on "Central Control of 

Movernent" (1971). This latter review points out generally that in 
~ 

very low phyla such as the newt (Székely, Czéh and ~r6s, 1969), the 

motor output is entire1y central in origin and its automaticity is 

not effected by deafferentation. Higher up on the phylogenetic scale 

one cao see centrally patterned movements triggered by the environment, 

as in the sound reflex of the Cicada (Hagiwara and. Watanabe, 1956) r 
which is mediated by two sound muscles, each innervated by a single 

,1 
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motoneurone. One external stfmulus to the sensory nerve causes an 

! 
alternat'ing activation pattern of the two muscles. 

Mator patt+ning in lower vertebra tes and iqvertebr~tes s~ms 

to arise autonomously, irfespective of early éxperience. The motor 

coordination has been shown to be independent of practice. The same 

autonomy of central patterns that 'rnakes the low phyla immune; to early 

sensory deprivation (Nottebohm and Nottebohm, 1971), as weIl as to 
,. 

deprivation of afferent input (Marlèr, 1964), also leaves them helpless 
" . 

, " 

waen faeed with abnorrnal changes -in sent'lory input as after inversion of 

their visual fields (Sperry, 1950). SpeJ;'ry (1950) showed that when 

o 
the eyes of a fish are rotated 180 , it exhibits persistent eircling 

behavior in a moving striped eylinder, and this movement will not adapt. 
1 

o [ 

The same behavior has been observed by von Holst artd Mittelstaedt (1950) , 
o with fish and with the fly Eristalsis, whose head was turned 180 

so that the two eyes were interchanged. When these inseets begin to 

move in a striped cylinder or whetl' the cylinder is moved t they spin 

rapidly to the left or ta the right until exhausted. 

Working with amphibi"ans" Sperry (1943a) severed the optie nerves 

, 0 
of a newt (Triturus Viridescens) t and rotated the eyeball 180 about 

the optie axis. After recov'ery, visual perception was systematically 

reversed, optokinetic reactions were reversed, and there was erroneous 

spatial localization of small objects, with no later readjustment to 

normal. Simllar results were obtained under identical cireumstanees using 

the more highly developed Anuran amphibians, sueh as frpgs and 

'1 

( 
1 
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toads (1944), and in experiments wJt~newts in which the eyeball was 

rotated with the nerve left intact (Sperry, 1943b). Cross-union 

of optic nerves, or contralateral transplantatiori of the eye 
, ,; 

'~'-/'--
(Sperry, 1945) also producéd the same results, leading Sperry 

. '1.\ .... \ 
\-- -. 

/' 

to the conclusion that reflex relations in the visual centers are· 

apparently predetermined in an orderly manner by growth factors, 

regardless of the suitability of the functional effect for the animal . 
. 

In a mote recent study on newts, Székely et al (1969) showed that , 

a normal pattern of EMG activity during movement remained after complete 
• l , 1 

deafferen,~Îition of one or both forelimbs. This included a high 

degree ot co-contraction of antagonistic muscle groups. Székely's 

conclusion is that the ,coordination is controlled centrally~ needing 

no afferent information from the 1imbs. Working with amphibians, 

Weiss (1950) exchanged adu1t salamander forelimbs 80 that the 1imbs 

pointed in the reverse rirection. Although the limbs moved in a co-
L, 

ordinated manner, the motion always remained reversed. This was the 

case even if the 1imb buds were reversed in the embryo.· Deafferentation 

of frog' tadpole legs (Weiss, 1941) also produced ryJ impairment in 

the coordinated function of the legs. The conclusion is that in 

these phyla Many of the coordinated mechanisms are built in, withouû 
/' 

need of sensory feedback. Therefore, if there is a reversed, or 

altered feedback, either by surgical procedure or external sensory 

change, the animal continues with the same set of predetermined 

mechanisms . 
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As one moves up the phylogenctlc scale, the plcture of 

bUllt ln Datterned response becoineSleSS( lear. '\e ..... ly hatched 

leghorn ChlCks (Hess, 1956) were fitted with rubber haods containi~g 

blnoculdr prisms that dlsplace visua1 objeLts laterally hy a few 
\ 

degrees. Their responses were corrcspondingly displaccd. However. thcy 
t 
constantly missed the target by a distance which oatched exactly 

the visual dispL:u::cment lmpascd by the rrism..1tj~ "pect.3cles. Chicks 

that are placeJ in complete Jark isolation &nd f2d artificiall~ 

from a spoon for two weeks after halc.bing, and tLen returneJ' ta the 

light, never develop the pecking response CPadil1ct, 1935). Tlie 

necessity for such a critical early time periad for lcarning, makcs 

it clea~ that practice, and therefore i~tpr~rtion wlth thp pnvironIDpn t , , 
becomes more lmportant in the fiigher phvla. 

Thc:: ât:ility of marrunô.13 t0 ûdûpt ~hc!.r ~cp,:~-:~r:!:s 
" 

i8 typified by carly experiments wi th Macaca Hulalta monkt.1-Ys. where t,ome 
" J ' 

adjusiment or their ma\lement was eV.ldenceâ atu:!r \o.eariug ail .LUverll.ng 

len~ for eight ~ays (Foley, 1940). Bossam and Ha~ilton (1~63) 

similarly found that monkeys could adapt to a 13~ lateral visual 

displacement after two days. After unilateral and bilateral forelimb 

deafferentation in monkeys, 'Taub and B~rman (1968) noted th3t although 

large motor deficits occurred, ther~ was adaptability in limb use 

durlng subsequent conditionin~ ex~erigents: Helà anà Bauer (1967) 

combined a visual-mator coordination and restricted-rearing experiment, 

warking wlth' in tac~ micaques 

from seeing their bodi~S for 
1 

1 

monkeys. The animaIs were prevented 

the first 34 days after birth. In the 

\\ 



1- 6 ~ 
post-restriction period the mo~~ys.~roceeded fr~ an initial 

inability to coordinate visual-motor performance, to locomotor 

behavior indistinguishable from that of a normal monkey of comparable 

age after 2 ta 3 months. Relatad studies on kittens by Hein and . 
He~d (1967) confitjed both the ability ta adapt after restriction 

and the importance of visual-motor coordination. Bishop (1959), 

as weIl as others, have been able ta show that cats can adapt to 

diSplaced vision. Various reviews of early experience and its effect 

on the behavior of animaIs may be found in Maier and Schneirla (1935), 
~ 

Beach and Jaynes (1954), and Melzack (1965). 

(b) Adaptation in Man 

Experiments concerned with inverted or displaced vision in man, 

have been carried out alm9.3t exclusively by psychologists, whose main 
,~. . 

, 
concern has beerr the effeGt on perception and behavior. Since the 

• ..V' ",r 
... .. -- ... 

latter changes are not the main emphasis of this thesis, only a brief 

summary of past work will be given, with special attention to the 

findings which have a bearing on the present work. 

In fragmentary form, the work on human adaptation to optical 

distortion has a considerable historicnl background. Good reviews 

of this literature can be found in Harris (1965), and Howard and 

Templeton (1966). In general, the visual disarrangement studies 

are in two main groups. The first is ~oncerned with displ~ced vision 
1 

() 

of a few degrees and its effect on perception and visual-motor 

coordination. The second group emphasizes adaptation to complete 
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inversion or reversaI of the visual field. Since this thesis used 

a visual reversaI techniqu~ the second group will be emphasized. 

(i) Adaptation ta D~sitaced Vision 

Wark on displaced'vision dates back to the late nineteen 

hundreds. Helmholtz (1867, 1962) reported adaptation to a displace-

ment of the visua1 wor1d, produced by looking through a wedge prism. 

He reported that in the initiar stages, pointing to an object produces 

gross error in loca1ization. Very quick1y, however, the error lS 

overcome, and the subject'learns to point accurate1y. These experimental 

observations were not restudied for almost a century. Recent work 
, 

by Harris (1965), Hamilton -(1964) and Festinger, Burnham, Ono 
. ' 

Bamber (1967) have, in general, substantiated these results. 
~ 

and 

~' 

now agreed 'that the most obvious consequence of wearing clisp1acing 

prisms or spectacles, is tre disturbance of visually-guided behavior, 

such as pointing. Movements towards objects will be directed to the 

. 
position Ip space from where the displaced optical array would normally 

t-

~manate . If the l~b. is in view, the Initial mistakes are easily 

corrected, and the subj~ct can guide his pointing 1imb to the target. 

Therefore, in an experiment ~n which the effects of distorting prisms 
,> 

are studied, the subject must not be allowed to see the moving 

part of his body until the movement 1s complete. Several authors 

Qave recently claimed that the adap~ation results from a change in 
.... -
the felt position of parts of the body relative to each other, 

(Harris, 1963, 1965; Hamilton, 1964). They observed that the altered 
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re~ching, apparent after reachlng for dispIdccd vi~ual targ~t~. i5 

also evident for pointing at nonvislble targets such dS sound sources 
! , r 

(Harris, 1963). The iddication that this generalization of shift 

is due ta a change in praprioceptian WhlCh underlies the felt positl0n 

of the reaching arm has been challeT1~cd 1:Jy Efst--.t!::iOè!, Bc1t!cr, Gr2ene 

and He1d (1967). The theories accounting for. this adaptation are 

still being argued. 

An lmportant as~ect to much of this work has hepn the effect of 

voluntary 80vement ab a sensory feedback te the adaptation process. 

Nuch of this work has 

experim~, Held 

emanated from the laboratory pf RiLhard Hcld. In a 

1963 and Hein p1aced t'.IO kittens in a c1.rcular appara tus ot. 

• 
contain_ing( v2.:-ticôl, .blac~ éinJ .vIti,L.e, d-lLeL"ndLlng Ilnes. The dctively 

moving kittcn was attached by a pulle y arrangement ta the passj~ 

kitten, whose vision was unobstructed but who,>!? movemp.nt r.;a·s confined 

to a box; the latter being pu11ed as the active kitten moved. The results 

shawed that selE-produced movement and the concurrent visual feedback 

are n2ce.:;sélry fûr tI12 develùprtlent of 1l1sually-gu.i.cied beildVl.Cr. In , . 
hun:.an sensory rearrangement experiments (He1d, 1955; Held and Hein, . . 
19~8; Hcld and F~ccdman, lYôJ), volantary movements have diso hecn shawn 

LÜ Le essentidl for che dchicvtMllent of complete aciaptation ta the nc\V 

enviraru::ent. Hdld and Ba3som (19S1), ,:md r;}orc recently I-Ield aild 

one case disp1aced the visual field (1961), and in the second (1964) 

rotated the retina1 im.Jge. One subJect group \"<18 permltted "active" 

voluntary movement whereéls the second "pass1.ve" group \.las maved about ... 

-

, 
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in a wheel chair. The results of both these studies showed that in 

the "active" case, full and exact compensation occurred, whereas 

little or no adaptive changes were evident in the passive group. 

Although sorne of these results are sbill being debated (Howard and 

""!> 
Templetori, 1966), it is agreed that "reafference" (vqrt Holst, 1954), :. 
in the fo~of voluntary movement, is a powerful component of visual 

" 

motâr adaptation. , This latter concept is covered in a later section 

of this introduction. 

(ii) Adaptation to Reversed Vision 

Another major line of inquiry, which has importance to this 

thesis dates back to Ardigo (1886), who reported that on wearing 

inverting and reversing lenses, objects wer~ eventually seen as upright. 

When the optical devices werf' n·môv(>d. objects at first appeared upside-

down. More experiments were performed by Stratton (1897), who was 

concerned with whether or not one could re-invert an optically inverted 

visual world. For this purpose hè wore a lens system which inverted 
r 

and reversed the optical array iil' f;ont of 0"& '~ye (the other eye , 

occluded), for eight days. His r.~ports ~~e aIl observations and 
• '>{>I\..' • 

':fi.> ,. 

thoughts on the visual~ disturbantes ~ring th~t time. In his 

running account of clay' l he says,;. "Almost aIl movement performed 

under the direct -guidance of sight were laborious and embarrassed ... 

The wrong hand was constantly used to seize anything that lay ta one 
• { 

:~ide ..• to write my notes, the formation of the letters and words 
,or 

had"to be left to automatic muscular sequence ... " (p. 344) . 

Although there were still left-right, visual-motor coordination problems 
f 

1 
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,f 

" 

on the fifth day, he did observe that: "the appropriate hand often 
'" 

came to the appropriate side of the visual field ~irect1y and without 

the thought that that visual side meant the other side in motor 

or alder visual terms". (p. 355),. An~icipa~ing lateIJ work by He1d 

and others on voluntary movement and adaptation, Stratton noted on 

day 5: "In ra~id, com~licatedl yet practiced movements, the harmony 

of the loca1ization'by sight and that by touch or motor perceptio~ -

the actua1 identity of the 'positions reported in these various ways -

t 
came out with much greater force than when l sa t down ,and passively 

observed the scene". (p. 356). Stratton a1so noted that sound of 

objects out of sight - for instance of stones thrown out of sight -

seemed to come from the opposite direction to where they had beep seen 

te, pass out Of"').;.ght. ' However, when the source ~f ~ound was in sight, , 
" 

the sou~d seemed to originate in the,visual object responsib1e for 

the sound. There was therefore a domination by vision. Furthermore, 

'there is good evide~,ce from Stratton (1897) and Ewert (lK" th,at 
, 

after several days of continuous wearing of inverting glasses, subj ec ts 

reported a stable scene when the head was moved. Stratton's reports 

) 
"are somewha,t ambiguous, but one can reasonably infer that he gradual1y 

1earned motor adjustments. . However, Stratton' s visua1 wprld, in the .. 
sense of visual perception, remained inverted. 

" , .. 
been"given ~ Stratton's .experimentëtr 

'> 
, Considerable space :has 
1 _L 

• \. • .>-
~~ . , 

observ.ations for severa1 reasons . .:-, Flrst1y his introspe,ct.ive and 

beh~iora1 approach led to ~ ~ho1e serles of similar eff~~~~"bY other 
" ' 

authors (Ewert, 1930; ~rr, 1935r~ whose conclusions were often 

.. . . , 
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dehatt'c, of st.r<ltton's verbdl OiJ"('lV:ltlll!1C" wlrh [c'v 'l"V] roncfl'tç 

coord~n3.t~on. StrJ"ttdn's wo;rk has addr·(\ ~igniflcélnce .),.n tr13t many 

of his observatlons were Idtcr incorporatcd inta rhl'Ofl'tlCJl studies 

by authors sùch as Kohler, lIcld, clnd Harr.l~, :\"ho attenpt ta exp131n 

the complicated <'1daptive mechanisms. 

, 'Th":'r(', w're sorne si.:nila"f ::,tllùl~S done Dy" Ilur,.:l.t (1<394) 
/' 

• f 

a new lillpetus ta research on' snch problerns. Kahler ~as published 
" 

papers of their-many"studles (195J,,1953, 1956, 1962'),inwhich the y have 

done th~ mast thorough woI.k on the subject (see Kottenhoff, 1957.a, b, 

for aI"! English St!!:UIl3~}~ of this ;..;or~), In t;Il~.Lr expt=L UlIell! ~ the 

, . 
~llVl:!.L;:';uu;, ÙUL nOL vot.h slmu.Ltanpously as 111 rnost carller studles. 

. , 
, 

perceptual changes. An attemp t" was made to measure the course of 

both 'their maiimu; Ch,~, a~ the alter-effect' whou .the opectacles 

were rernoved after continuQus wear.lng (for up ta fOJr months). 

Koh1~r' s approach is phenomf'na,lngH'al, r p lyingl'o'1 the ~ntrospcc~:.v..' 

reports, of his subjects, rather than on the app11cat~0n of cnntr~llod 

psycho'logiCa1 and! or physio1ogica1 tes ts. 

from Kohler;s reports, lt is cleGr that motor readjustment 

precedes "perceptual" rcadJustment by da ys or weoks (Kahler, 195]). 

Furthennore, bath motar 'and perceptual reorgan i za t Lon seem "eaSH'r" 

, , 
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with up-down than wi th right-1eft reversaIs. In his studies there 
\ 

are large individual differences in rate and extent of readjustrnent, 

as weIl as differences with age. The motor readjustl11ent goes quite 

-------. ,.....---_ .... ---
far. Af ter two weeks or more sub,j ec t~. W'ere able to execu te smoothly, 

very complex movements such as skiing, climbing, cycling, fencing, and 

1 

riding a bicycle in heavy traffie. ' In the context of this thesis 

it shou1d be noted particularly tha t a11 the se movements require high 

frequency head motion" which in turn requires a functioning vestibulo-

ocular reflex to stabilize an image on the retina. Even at the end 

of the' experimental period there still remained a t~ndency to mal<e 

"false starts", and each new task ,had to be learned piecemeal; success 

at one ski11r-not necessaril,y t~ansferring to other s'kills. For the 

first few days: there is subjective motion of the visual scene, often 

accompanied by giddiness and nausea, the latter dirnitl1shing greatly 

after the initial periods. 

In the percePtq,al sphere,' adaptation is peculiar in that there 

seem to be piecemeal readjustments within the scene. With right-left 

reversing spectacles, subjects ~eport at sorne stages that they "see" 

cars on the correct (actual) side of the street and hear the engine 

noises as emanating from the correc t side,' yet the cars bear licence 

plates in"miuor wri ting. After many weeks, however, complete motor 

and perceptual adaptation occurs. Also important "is that upon removal 

of the prism goggles subjec ts went"' through a readaptation .process in 

the new'reversed normal world, with the readjustment Ume course being 

of comparable length to the ori.8inal adaptation . 

Other work in recent years has su?stantiated K<Jhler' s findings. 
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Snyder and Pronko (1952) used a control condition td investigate 

the effect of the constriction of the visual field which inverting 

spectacles necessarily impose. They found that constriction of the 

fi~ld t~ 20
0 

in their experiments did not appreciably infl~ence the 

quantitative or qualitative results. They aiso noted, as did Peterson 

Peterson (1938), that the visual'::'motor patterns learned during 

the adaptation period were retained when the subjects were agaih 

tested with th~ spectaç_les after a period of severai months of normal 

visual experience. A startling report of adaptation was made by 

Taylor (1962). One of his subjects wore left-right reversing goggles . ' 

for selected periods of the day, for several days. The remainder 
• 

of each clay was spent with normal vision. After only a few'days thi~ 

. ' • subject had developed a pe~fect conditl0nal adaptation. While riding 

a bIcycle he could put the goggles on and take them off without 

Interference to the motor activity, and without aitering his vlsual 

perception. 

Needless to say, aIl this previous work is still being reviewed 

and argued (Rhul~d Smith;' 1959; Smith a~d Smith'c.1962; Festinger / 

et al, 1967), although it lS agreed that the adaptability of man in 

both motor and perceptual sp~eres is enormaus. The next sec tian covers 

sorne of the main theories that have emerged from' this work, and that 

havE' led to a clearer understandlng of th,: possible underlying 

physiologiçal progess~s. 

') 
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(c) Reafference, Efference Copy, and Feedback Theories 

In order to interpret aU the previous findings in the dis-

.. ~ arrangement studies there was a need to formulate theorie-s that 

could explain the perceptual changes and motor control. The 

theoriE's on visual disarrangemen t' would have ta take into account 

the differences between movements on the retlna produced by volun tary 

eye movement, and retinal ch"ange produced by movement in the physical 

world. It can be easily shawn tha t if the eyeball is passively moved 

(by tapping on it) there is apparent movement of the visual field. 

j 

If, however, the eye undergoes a normal voluntary movement, the visual 

field remains stationary . " ' If the extra-ocuiar muscles are paralyzed, 

. an intended-1novement of the eye (which does not in fact occur beqlUse 

of the paralysis), creates a subjectivê movement of the visual field 

in the direction of the intended movemen t. 

Although there is a long his tory of psychological experimen ts and . 

theories surrounding this and rela ted problems, only those studies 

which have direct importance to-this thesis will he covered here. After 

performing the exper:unent above, He llmho 1 tz (1867, 1962), working wi th 

humans, proposed that cent ers in ~he brain are directly provided with 

inf9rmation about the efferent output to the extra-ocular muscles in 

order te distinguish between voluntary eye mevement and external 

movement' in the visua] surround. In the ear1y 1950' so papers by 

Sperry (1950), von Holst and Mittelstaedt (1950), Mittelstaedt and von 

Holst (1953) and von Holst (1954), put forward the theories of 
, , 
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"efference copy" and "corollary discharge" based on experiments 

on insects and fish already noted previous1y (p.3). von Ho1st (1954) 

proposed that the "efference" from higher centers 1eaves an image 

of itself in the CNS, ta which "re-afference" from tqe effector 

movement compares itself. A superirnposition wou1d cancel the feeling 

of motion. The image of the efference from higher centers they 

called "efference copy". In the case of the insect with the rotated 

~ 
head, the re-afference would not nullify the efference copy, but would 

produce an error and generate continuaI movement, which in turo would 

generate improper re-afference, ad infinitum. It is noteworthy that , 

at this phylogenetic level there is never an adaptation to the reversed 
'" 

visual candi tion. In an independent study, Sperry~950), described 

"-
results similar to those found by von Holst and Mittelstaedt (1950), 

and postulated that a stimulus from higher centers to the effectors 

/ 
(creating eye movement), would also send a "corollary dis charge" ta the 

J' 

visual centers to compensate for the retinal displacement when the 

,! eyes are rotated. Any anticipated adjustment would be wrong, and 

wou Id accentua te rather than cancel the illusor.y outside movement. 

Similar observations, and theories are frequent in the more recent 

literat~re (Groen, 1957; Brindley and Merton, 1960; Hein and Held, 

-':,..~ 1%2; Mackay, 1966) in 'which a variety of animaIs in the phylogenetic 

scale have been used. -

Very recent neurophysiological experiments by Ito (1968, 1970, 

1973)have produced a much closer link between thèse theoreti~~ 

concepts and the available experimental'evidence. Ito discusses 

.. 
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the concept of "feedforward" control, which hypothesises a direct 

link between the'intended movement and the final selector stage. 

This "feedforward" would only roughly approxima te the required 

movement, but wou Id be backed-up by a "feedback" system for fine 

control. The importance of this concept i8 apparent in view of the 

experimelfal evidence obtained by Ito (1968) suggesting such a 

feedforward network in the vestibulo-cerebello-ocular system. 

The importance of Ito's~findings, as weIl as other recent physiological 

studies on this topic, are covered in the discussion of Chapter 5. 

2. VESTIBULAR HABITUATION STUDIES 1 

The main object of this thesis surrounds the ftudy of ch~nges 

in vestibu10-ocu1ar function, or -"habit~a tion", after repeated, .... 

vestibular stimulation. The phenomenon of habituation has been recognized 

-for many years, and tAere is a considerable 1iterature devoted to 

the study of its characteristics. In the following sections sorne of 

the causes and effects o~\habituation, as seen through the literature, 

will be discussed. 

(a) Effect of Arousal 

fi 

(i) History 
'~', 

'40 
The arousal phenomenon-has' long been recognized by psychologists 

as a response to new and unusua1 s timu1i (Abe~s, ,1906; Cannon, 1929; 

Duffy, 1951; Lindsley, 1951;)Wendt, 1951; Guedry, 1965a). In daily 
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life, constant variations in s~imulus conditions keep arousal at a 
) 

, , 

high level. However, in a situation where a repetitive stimulus 

is delivered, and the s~bject is not required to produce any voluntary 

reactions to the stimulus, a loss of arousal with a concomitant 

decrease in reflex activity becomes apparent. 
(j 

The general effects of arousa1 have been used to exp1ain 

.' 
the phenomenon of nystagmus habituation due to repetitive vestibular 

sttmulation. Abe1s (1906) mentioned that it was a possible c~use of 

the decreases in response h~ observed. Wendt (1951) confirmed that 

habituation of n~stagmus is a prime res~lt of an uncontrol1ed a1tertness. 
'V 

In fact, he claimed thàt in the dârk, habituation did not o~cur until 

a "reverie state" or loss of arousa1 was obtained. Ear1ier studies 

by Griffith (1920), Dodge, (1923), anq others, showed response 

declines with repeated vestibular stimulation, but· the .... 1ack of controlled 
, 

alertness in their studies makes the results suspect. In recent 

years work on habituation and arousa1 has been intensive (Guedry, 1965a). 

tn aIL cases the general conclusion obtained confirms that alertness 

is important in maintaining nystagmus under certain specified 

c and it ions. 

Although·there are sorne conflicting resu1ts due in part to 
.. 

interspecies differences or varying experimental conditlons, the 

following conclusions are not in dispute. Alertness is a cruclal 

varlab1e for habituation, especially '~hen other inputs such as vlsion 

are excluded (Collins, Crampton and Posner, 1961; Collins, 1963). 

Any extraneous change can immediately cause a return of nystagmus 
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(Guedry, Collias and Sheffey, 1961). The habituation, in cases 

of non-arousa1 for both men and monkeys, consis ts of a change from 

the normal vestibular nystagmus to a form of nonco~jugate eye move-

ments found in sleep (Wendt, 193~; Collins et al, 1961). Another 

f common finding i8 a reduction of slow phase eye angu1ar ve10city . 

(Collins et al, 1961). Collins and Guedry (1962) show further that 

arousa1 is important in maintaining the fast phase as weIl, wi th the 

fast phase undergoing the most variation. 

Cii) Control of Arousa1 

Methods ta control alertness have been studied extensive1y. 

Early work concentraeed on ~ethods which could reduce the variabi1ity 

~._. 

of nystagmus caused by the changing subjective states. Wendt (1951) 

developed the concept of "~vironment-directed' orientation", which 
~ 

w?uld avoid the wandering, autogenous eye movements and the reduced, 

nystagmus often seen in "inward-directed reverie states". He emp10yed 
~ 

the method Gf having subjects imagine a ship on the horizon. This 

method is effective for sorne subjects. However, later studies 

(Collins, et al, 1961; ,Collins and Guedry, 1962) have shawn that the 

. important factor ls the degree of mental activity, or alertness, and 
• 

that whether 'the subject ls "inward-directed" or not makes 1ittle 
(' 

difference, as long as his 1eve1 of mental activity is high. Their 

results confirm Wendt's findings that at least for a short series 

of repetitive stimulations, nystagmus does vary with the type of 

mental activity. However, it is not necessary ta have enviuonmentally-

\ 

, ! 

\~ 
-( 
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directed conditions. In fact, a mental arithmatic task seema to 

provide the least amount of trial-to-trial, intra-subject variability, 

.", 

as weIl as producing a vigoroua nystagmus, and hence was used 

throughout this study for maintenance of arouasl. 
, 

Many authors (Hertriksson, Kohut, and Fernandez, 1961 8,b; 

Crampton and Schwam, 1961; Collins, 1963; Brown, 1966) have studied 

arousa1 effeets on eat nystagmic habituation. Crampton (1964), and 

more recently Brown a~d Marshall (1967), have made use of D-amphetamine 

ta create a high arousal state. In aIl cases this drug was able ta 

keep cats very aroused, although both Crampton and Brown (1965) 

conclude that habituation in the dark still takes place notwithstanding 

the amphetamine. Besides the inherent,problems of drug administration 

in human experiments, the physiologieal effects of amphetamines 'are 

not fully understood. Therefore, the applieabili~y of these studies 

ta human habituation i.el still to be determined. 

(Hi) Habituation in the Dark; with Maintained Arousal 
;J 

With a high degree of arousal maintained, the question has 

been raised above whether habituation will then take place, if vision 

is not present. A 'review of the releva~t literature can be found in 

Chapter 3. 

" 

,.. 
\ 
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(b) Effect of Vision 

The importance of vision as a factor in vestibular habituation 

has long beèn recognized. Dodge (1923) showed that vision had an 

over vestiDular input. Griffith (1920), using 

human Bubj were permitted visual fixation, found a dramatic 

decrease 0 about 80% in both frequency and duration of nystagmus'.' 

It became apparent, therefore y in these ear1y studies, that a1lowance 

for visua1 fixation was necessary if marked vestibu1ar habituation 
, 

was to occur. However, even the ear1y studies wer~ not in agreement 

as ta the effect of vision on nystagmic habituation. Wendt (1936) ... 
performed 12 trials in which there was alteration between fixation 

-and no-fixation during the rotation, and vision allowance at the 

termination of each trial. He saw no evidence of habituation. Note 

that in the latter expèriment v}'Sion during rotation gave an optokinetic 

stimulus synergistic with vestibular nystagmus whereas- the optokinetic 

stimulus during the post-rotation was antagonistic to the vestibu1arly-
, ' 

induced nystagmus. This latter phenomenon has.been used in our own 

study and is discuBsed below. 

Recent studies have been able to approach ~he problem of visual 

factors more effectlve1y. Since arousal-level has be~n recognized 

'1 as a probable cause of the habituation found in the early studies, 

it is now contro1led much more accurately, pcrmitting a closer 

examination of habituation due ta visual fixation. Wendt (1951) put 

forward the view that in an experiment where arousal is controlled and 

visiôn permitted, nystagmus due to the vestibu1ar input does not 
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• occur to a significant degree. Rather, the habituation seen is 

due ta an increasing visual control. The conclusion is that a learning 

process is probably taking plate and the visual factors are 

dominating .. Such a response would occur during cases involving vision , 

in a post-rotatory situation where the vestibular nystagmus produces 

~, 
- movement ~cross the retina, in turn creating an antagonistic 

Il 

1 

.of,I .. -
optokinetic nystagmus. This condition is encountered by sueh ~ 

" people as pallet dances, pilots, and skaters who encounter ~natural 

stimulation in their daily occupations. 

Mowrer (1934), who' tested ballet danc~rs and skaters, noted that 

if inspecti6n was made of .their eye movements when eyes'were opened 

immediately after a ~urn, very little or no post-rotationa1 nystagmus 

was observed. Similar results have been obtained by McCabe (1960) and 

Collins (1966, 1968). Collins showed, in addition, that brisk nystagmus did 

oecur when fixation was not permitted after a spin, conc1uding that 

nystagmus decline observed when fixation is permitted does not transfer 
. 

ta the former condition. In commenting on these resu1ts,Gu~dry (1965a) • , . 

stresses the importance of voluntary action in suppressing nystagmus 

and apparent motion effects. He contrasts it with the introduc~ion 
0' '~ -,- l ' 

.'1 of vision in human and animal experlments in ~hich the test subject 

ls passive1y rotated. Even in the latter case experiments by Guedry 

(1965a) confirm that vision is an important f~etor in habituation of 

vestibular nystagmus in man .. 
:~~ 

There is a large literature concerned with other forms(of habi~ 

tuation. Crampton (l962b) has pointed out that in "diSCUSSln~respo • decrements, it Is necessary to indicate the stimulus parameters, 
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the experimentaL animal, and the response; ocular nystagmus, 

oculogyral ill~sion, or subjective judgements of velocity." 

Reduced vestibular responses are studied with reference to both 

visual and arousa! habitua tion, as well as calorie habi tua tion and 
(J 

sensory adaptation. Guedry (1965a) has included anorher very 
, , 

important stimulus condition: habituation irtvolving coriolis 

acceleration. The latter form brings in two,more factors; 

, conditioned compensa tory factor and a conditioned genera1 suppression 

of vestibular response. These two factors are discussed in the next 

section of the chapter. Finally, transfer and retention of habituation 

have not been deaJ_~with in this review. Four extensive reviews 

(Wendt, 1951; Collins, 1964a; Guedry, 1965a; Guedry, 1974) in, the 

literature ar~ avai1able forifurther reference to the areas not 

covered in this study. 

(c) The Conditioned Opposing Responss 

Arou~al has already been discusged in a previous section. To 

dàte it"appears that a1though.arousa1 loss is a definite component 

mechanism of habituation, overall the latter is due to several 

mechanisms of which reduction of alertness i9 only one type (Crampton, 

1962~ Crampton and Schwam, 1961). 

For example, simple 10ss of arousal could not account for the 

/results of long-term habituation studies performed by,~uedry, 

Graybiel, and others, in the 1960'9. These authors have begun to 

consider the similarities between vestibular habituation and learning. 



- 23 -

The "sea legs" phenomenon has often been described -'as a case of 

conditioning 9f apposing response tendencie~ and Groen (1960) has 

even spoken rit a !entraI "pa ttern cent~r" which s.tores the rnemory 

of repeated sensory inputs; in this case inputs of vestibu1ar origin. 

This center, when set up, anticipates and carnpensates for rnovements 

in the unusual environment. This is 'Very close to the- "efference" 

principle of von Holst and Mitte1staedt (1950), which has a1ready 

been covered. Both Dodgè (1923) and Wendt (1936) have suggested that 

one may suppress vestibular responses by conditioning oppasing responses. 

In fact, these authors have been instittitihg the ]llechanism of 1earning 

.. J ... ~~ y 

which is :rFqelf not .understood weIl physiologically.' 

In the l~&O's Graybiel and his eo-workers started a series of 
, q 

experiménts on cornp~ex vestibular' stimulation in a slow rota ting room, or SRR 

(Graybiel, Clark and ~arrie11o.1960), in these cases vestibu1ar reaetions 

are produced by voluntary head movement during wbole body rotation. 

As pointed o~t by Gu~?ry (1965a), during this rotation there is mueh 
\. 

" '" 
more than a simple confliçt of visual and vestibular sensary inputs. 

Dur'ing head tilt -relative te ~he axis of rotation, the stimulus ereates 

, . 
a conf1iet between messages sent to the CNS by the semicircular canal~, 

otoliths, propr10cepti~e,- and visual elements. A good review on 

"the SRR work may be foundj"in Guedry (1965a). Hawever, due to the' 

imperfanêe of this work to the present study a brief resumé will now 

be inc1uded. ,-.' 
It is interesting ta note, in view of the presene experiments, thli-' 

literature review on disarrangement studies (Kahler, 1951), and 
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related theories on reAfference (von Holst, 1954; Held,196l)" 
/ 

that Guedry (1965a) sees the SSR experim"e~ts as a new form of the 

;' 

sensory "rearrangement" experiments, producing systematic alteration 

of vestibular sensory input attending movement of the head body. 

Held (1961) has spoken of the importance of active versus passive 

movement for the production of proper reafference as weIl as a-

typical ~elations between movement and contingent reafferent stimulation, 

50 that progressive, shifts in coordipation compensate for the errors 

induced by the atypical conditions. 

In the SRR experiments, where a comp~ex interactiQn of canal, 

'otolith, proprioceptive, and visual stimulation takes place moment 

to moment, the "atypical conditions'" tha t Held sees necessary for 

.' 
adaptation are definitely present. 

In these experiments, subjects were rotated for various time 

periods (hours to 12 days) and at various speeds (5.4 to 10 rpm). 
/ 

/ Sùbjects were allowed voluntaiY whole body movement in most cases, 

although during several experiments only certain restricted movements 

was perrnitted (Guedry, Collins and Graybiel, 1964). When permi tted 
• 

freedom of voluntary movernent, and vision, a striking effect was 

observed during post-rotation tests. Namely, tilting tests produced 

nystagmus that \.,as opposite in direction to tha t prodl1ced by the same 

rnovernents during the rotation tests. This,"cornpensatory nystagmus" 

could persist for several hours (Guedry and Graybiel, 1962), and did .. 
not Dccur whe~in other experiments, subjects were restricted 

in th~ir f reedom of movemen t (Guedry, 1964). In the me st ex tens! ve • J 
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! 

run, consisting of continuous 12 day r'otation at 10 rpm (Guedry, 

1965b),rotation tests before and after the 12 clay period showed that 

rotations in the same direction as that of the 12 day period 

produced almost no nystagmus. This contrasted with tests in the 

unaccu~torn~d direction, where nystagmus showed increased intensity 

from that obtained in tests prior to the 12 days rotation. In 

nddition, even when the compensato~y reactions disappeared, there 

remained a. depressed nystagmus in both the practiced and unpracticed" 

directions of test rotations. 

" Guedry,.attributes tœ response changes observed to a cond,i tioning 
( c 

of the otolith and visuai sys~ems, neck kinesthetic receptors, ~nd the 

intention involved in head mov,ement, that together signal a particular 

pattern of discordant influx'from the semicircufar canals, and 

eventually release what hie caiis a "cornpeting response". In light 

of the experiments dn visual-vest1bular interaction to be described 

in the present study, Guefu-y' s observâ tians bear considerable in terest, 
1 

,in that they serve as a bridge between the psychological observations 

and the more recent neurophysiological research. The latter is 

,reviewed ln detail in Chapter 5. 

3. CELLqLAR HABITUATION 

As a correlate to studtes of the behavidtal component of 

habi tuation, there has been an increasing amount of attention focused 
, 

on habituation as it applies to the individual neurone in the CNS. 

Recentl~~ number of researchers have deséribed CNS ne~rone8 which 

exhibi t properties very sirnilar to those of behavior,al habitua tion 
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(Bruner and Taue, 1966; Kandel and Taue, 1965; Kandel, Caste11ucci, 

Pinsker and Kupfermann, 1970). In short-term s tudies i t is found 
" 

that the units respond to the first stimulus presentation, but their 

responses decrease or cease -entire1y if the stimulus is presented 
" 

(, 

for interva1s of seconds to minutes. The re8ponse deerement i8 more 

or 1ess specifie for the stimulus, Sinee after habitua tion a change 

in the stimulus parameter can re-excite the neurone. Recovery can , 

take seconds o in mammalian ne~rones, or hours in the case of invertebrates. 

A combined behaviora1 and neurophysio1ogica1 approach has been applied 
, . 

, . 
'ta the marine mo1lusc Ap1ysia by Kande1 and his co-workers (Kupfermann 

and Kande l, 1969; Pinsker, Castellucci, Kupfermann and Kandel, 1970) . 
, 

If weak or moderate tactile stimuli ',are applied to the siphon of 

Aplys.ia there 18 a giU withdrawal reflex. This response is cç1Otro1led 

by five motoneurone3 in the abdominal ganglia, which reee ive direct 

input from mechano-receptor sens ory neurons and inputs from adjacent 

interneurones. Kupfermann and Kand~l (1969), in intraee1lu1ar studies 

of these motoneurol1es, have sho~ that reqex withdrawa1 to tactile 

stimulation ~esults from direct excitatory input on the motaneurones 

from the mechano-receptors. Spontan~o~s withdrawa1 response can oceur, 

t' • 
however, from both excita tory and inhi~i tory input from interneurones, 

\ 
J 

a1lowing for quite variable response,and for adaptation. The intact 

animal,' in _ behaviora1 response to tactia 1 stimula tian, gradually 

habituates ta a stimulus repeated 10 to 50 times, with the recovery 

lasung up to 2 hours (Pinsker et al, 1970). IntracellU'la,r reeording 

t 
1 

J 
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of identified motoneurones controlling the gill movements showed that 

the behavioral habituation paralleled a decrease in amplitude of the EPSP in the 

motoneur<Jnes (Kupf.ermann, Pinsk~r, Castellucci and Kandel, 1970), Kandel (1971), 

concludes that habituation involves a marked change in the synaptic 

effectiveness of the excitatory ~ynapses between sensory and motor neurones. 

The importance of· new protein synthesis is discarded since the changes 
':> 

occurred unaltered after 97% of protein synthesis had been inhibited 

for several hours. Long-term habituation has been examined behaviorally 

l_ 

in these/animals (Carew, Pinsker and Kandel, 1971), and it is found that 

habi tuation builds up gradually across days in a 5 day experimentt, wi th 

10 trials per day. ThIS habituation remaIns'unchanged for at least 

a week. Furthermore, spaced training (10 trials per clay for 4 claya) 

gave significantIy more habituation on days 5 and 12 than massed trainings 

(40 trials per day on day 4). Since the neural components of these 

. reflexes are well understood; these authors feel that they now have 

the possibilU:y of studying the neural mechanism of long-terro habituation. 

It seems clear, therefore, that with experiments on phyla containlng 

reiatively simple neural systems, therc may he an opportunity to 

study the changes in t'he CNS during adaptation and hdbltuation 

si tua tIans. 

More preciseIy, in the case of the present study on human habi-

tuation one sees marked and \etained reflex changes which would roost 

probably calI for changes at a cellular level. The fact that the 

latter is now being shawn ta exhlbit large scale changes during 

• habi tuation conditions lays a strong foundation for the larger Bcale 
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CNS changes observed in the present study. ft. definitive review 

of the cellular habituation field may be obtained in the two volume 
i 

series', "Habituation", (Peeke and Herz, 1973 a, b). 

4. THE VESTIBULAR NUCLEI AND THEIR CONNECTIONS 
/ 

Neurophysiological experiments currently in progress, that are 

'attempting to determine the possible sites and mechanisms re,sponsible 

for changes in vestibulo-ocular· response similar to the those seen 

in the present experiments (see di~cussion ln Chapter 5), have 

~ 

centered on the cerebellurn and vestibular nudei as likely candid?tes. 

The present section is a brief review of the anatomy and physiology 

~ of the vestibular nuclei, with particular emphasis on sorne of its 

pumerous connections in the central nervous system. 

(a) Anatomy-' 

The first maj oF synaptic center reached by the bipolar 

\", 

"", 

vest:bUlar l 
sensory neurone, coming from the vestibular end organ, i9 the ve9tibular 

nuclei. Since these nuclei represent a preliminary stage for signal' 
f. 

modification anq message spread~ they are an important determinant 

of the final response ta vestibular input. Before dlscussing relevant 

neurophysi ological f indings. recent work on the anatomi cal connec tions 

will be sunnnarized. 

The vestibular nuclei are c!assièally composed of 4 main areas: 

" the lateral (DeHers ), the superior (Bechterew' s), the medial (tri-

'angular, or nucleus of Schwalbe), and the descending (spinal) nucleus. 

Work 011 the cat has shawn- that there are other small celi groups of 

... 

\ 
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• lesser importanc~ such as group x lateral to the descending nucleus, 

the interstitial nuc:Eus of Cajal, and a group of large cells in the 

caudoventral portion of the descending nucleus (BrodaI and Pomp~iano, 

1957). 

A very comprehensive review on the connections and synaptic 

organization may be found in Broda!, Pom~eJ3no and Wa!berg (1962), 

BrodaI (1967), and Broda! and Pompeiano (1972). 

(i) Afferent Connections to the Vestibular Nuclei 

The 1argest afferent input cornes from ~he receptor organ 

by way of the vestibular sensory bfpolar neurones in the vestibular 

, 
portion of the eighth cranial nerve. , Lorente de No (1933) studied 

the distribution of specific labyrinthine fibers ta the vestibular 

~ nuclei. Cana} afferents entered aIl 4 major nuclei, while macuIa~ 

afferents went mainly ta the lateral ~nd descending vestihular nuclei. 

With destruction of one vestibular nèrve, Walberg, Bowsher and BrodaI 

(1958) show~d that degeneration did not involve aIl portions of the 

nuciei but rather that termination was principal1y confined ta the 

rostroventral part of Deiters nucleus, with termination on smaii and 

medium sized cells. No primary fiber degeneration was found in the 

contralateral vestibular complex. These results have réé~ly been 

confirmed by Mugnaini, Walberg and Brodal (1967), who s~owed that 

t~rmination occurs 'not only on small and medium sized cells, but also 

on sorne giant neurones. A very recent comprehensive study of receptor 

end orgart connections to the vestibular nuçlei may be found in 
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1 

Gacek (1969). 

sbinovestibu1ar fibers have their chief termination in the dorso­

caudaJ portion 0' the 1atera1 v€'tibu1ar nucleus with sOie connections 

ta the caudalmost parts of the descending and medial nuclei 

(Pompeiano and BrodaI, 1957). Interestlngly, these latter discrete 

portIons are devold of primary vestlbu1ar endings. Furthermore, the 

spinovestibular fibers end on the glant cells. 

Pompeiano and Walberg (1957) have found termjnation from higher 

levels of the braln onto the medial vestlbular nucleus, mostly cauda]ly 

and dorsomedial1y. The flbers seem ta eminate mostly from the IpBl-

lateral interstitial nucleus of Cajal. 

A g~e~t.~ny afferent as weIl as efferent fibers connect the 

cerebellum and vestibular nuclei. Direct cerebellar corticofugal 

fibers ta the vestibular nuclei werm first noted by Allen (1924). 

The fibers are in two main groups; those comin~ from the cerebellar 

\ 

cortex, and the ones from the cerebellar nuclei. Jansen and BrodaI (1942) J 

traced flbers from the vermIS of the anterior lobe, the pyramus, and 

the uvula, to the homolateral lateral vestibular nucleus, as weIl as 

the superiot nucleus. There are -:n a~dltl0n many d1rect flber~ from 

the fiocculus ending on the superior ~nd Iateral nurlel (Dow, 1936). 

Other recent fin~~nEs suggest a somatotoplC3~ pattern in many projections 

from the cerebellar cortex, as well dS term1nation mostly on the glant 

cells. The latter dre avoided by receptor prlmary afferents, as weIl 

a-s by the cerebellar nuclear projectIons. A detailed account of direct 

cerebellar projections lS covered in Jansen and BrodaI (1958). Recently 
~ 

. , 
\ 
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Walberg and Jansen (1961, 1964), and Angaut and BrodaI (1967), have 

shawn evidence of direct ipsilateral termina tian of Purkinje cell 

axons from the vermis onté cells in the dorsal portion of Iateral 
i 

vestibular (Deiters) nucleus, with sorne endings in the dorsal portion 

of the superior and de8cending nuclei. AlI vestibu1ar nudei 'except 

the 1aterai (Deiters) nucleus are a180 covered by Purkipje cell 

axons from the flocculus, nodulus, uvula, and parafloccu1us. 

Interestingly, the ventral part of Deiters nucleus receives very few\ 
8' 

direc t cerebellar corticofugal proj ections. The degenera tting synaptic 

terminaIs seem ta be situated mostly on the giant cells and particularly 

on the larger dendrites. Less d~seneration was observed immediately 

next ta the cell bodies themselves. The functional significance 0:6 

these findings are still not clear. 

Many direct cerebello-vestibular fibers pass through the rostral 

third of the fastigial nucleus (Walberg, Pompeiano, BrodaI and Jansen, .-
1962). This nucleus itself supplies the entire vestibular nuclear 

complex (BrodaI, 1960). However ,. i t avoids man y of the areas of 

tcrmination of the direct cerebellar fibers and ends mostly on the small 

and medium sized cells. In general the rostral third of the fastlgial 

D nuclei has direct cerebellar corticofugal fIbers, and projects ta all 
\ 

parts of the ~estibular nuclei, while the caudal third passes by way of 

Hook's bun~le ta areas not served by the direct fibers. Also, the 

caudal thud fibers are homolateral. For comprehensive informatIon on 

the connections and ·functional correlates see Broda1 et al (1962). 

Flnally, a comment 'by BrodaI (1960) has importance to aIl these findings, 

1 
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as weIl as to this thesis. 

/ ' -.....f • 

"It is characteristic' that those regions, which receive few or , 

no primary vestibular fibers, are supplied by afferent from other 

sources .... It seems a reasonable assumption that an integration 

between vestibular impulses and/impulses entering the vestibular 
, \ 

nudei from the spinal cord or descending in the medial Jongitudinal 

fasciculus will to a large extent not be immediate ... Onty with 

regard to the cerebellar afferents the situation appears to be different~-

since a11 parts of the latera1, media1 and descending vestibular 

nuclei receive cerebellofugal fibers." (p. 242). The importance of 

these cerebe11ar connections wfll be emphasized in 1ater parts of 

tfiis chapter as weIl as in Chapter 5. 

~, 
(ii) Efferent Coèctions from the Ves tibular Nuclei 

Efferent Proj ection ta the Lahyr inth 

-
Leid1er (1916) was the first to show efferent fibers running 

along the vestibu1ar nerve to the receptor ce1ls. In 1955, Petroff 

found that the fine fibers in the vestibular rami disappeared following 

midline cuts in the f Ioor of the fourth ven tric1e or eighth nerve 

section. Wersall (1956), Rasmussen and Gacek (1958), and Dohlman, 

Farkashidy and Solonna (1958), showed the existence of degenerated 

endlngs on receptor c~~ls possessing properties of efferent fibers 

found elsewhere. 

Wersal1 (1956) pQinted out the existence of nerve endings on 

Type II receptor cells in the crista, containing a dense accumulation 
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of vesicles. Similar vesiculated ~ndings contact the nerve challces 

. of Type l ceUs (Wers'âll, 1960). Engstrom (195R) showed efferent 
~ 

fibers to both the coch1ear and vestibular cells. He compared the 

structure of the vesiculated nerve endings with presynaptic endings 

• in the central n~rvous system and suggested thnt aIl the vesiculdted 

nerve endings were the termInaIs of efferent fibers. 
! 

Doh1man (1960), BrodaI (1960), and Rossi and Cortesina (1963), 

. 
showed the existence of acetylcholinesterase in the vestibu1ar 

sensory epithelia. Localization of the acetylcholinesterase was 

studied by Hilding and Wersal1 (1962), and it was demonstrated to be 

localized ,at the granulated nerve endings. Gacek (19.60) was able to 

show the existen~e of efferent ne4ve fibers reaching from the 

vestibular nuclei-lo aIl the vestibu1ar sensory epithelia. 

Combined with physiological data (satu, 1Q (5), i t secms "dE'ar 

that efferent fibers·from the vestlbular nuclei to the receptor 

endings do exist and that their effeèt seems to be an inhibitory one 

(Llinàs and Precht, 1969). Recent reviews of anatomical evidence for 

central connections may be found in Gacek (1967), Rossi (1967), and 

Lindeman (1969). 

Vestibulocerebellar Connections 
fi 
It is weIl known that the oidest portIon of the cerebellum 

(Archicerebellum) is the primary projection a~ea for vestibulàr 

fibers (Larsell and Dow, 1935). The inter~elationship between the 

floc~ulonodular lobe dQd the vestibulnr system 18 ~xtpnsivclv covercd 
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in publications by Jansen and BrodaI (1954), ~Dow and Moruzzi (1958), 

and BrodaI et al (1962). 

Primary vestibulo-cerebe1lar connectlons have heen traced ta the 

flocculus, nodulus, uvula, and fastigial nucleus, in many specie~ 

and according to Dow (1936) these fibers are aIl homflatera1. 

Carpenter (1960) notes, however, tha~' the fihers are pistributed 

bilaterally ta the nodulus, uvula, lingu1ar and 1astigial nuclei, 

and ipsilatera1ly to the flocculus. He also found no primary 

vestibular fibers entering direct1y inta the medial longitudinal 

fascicu1us. The primary fibers were first identified by Cajal (1909), 

and have recently been found to terminate synaptically on Purkinje 

. , 
cells in the frog (Lllnas, Precht and Kitai, 1967). Their Importance 

1 

in cerebe1lar modification of vestibulo-ocular function is discussed 

in Chapter 5. 

Secondary vestibulo-cerebe1lar fibers (vestibular primary 

afferents ta vestibular nuclei, to cerebellum), have also been traced 

to the nodulus, floccu1us, uvula, and fastigia1 nucleus (Larsell, ),ll--

1936; Dow, 1936). 

In sorne of the most extensive work ta date, BrodaI and Torvik , 
6-

(1957), after lesioning the nodulus, uvula, f1occu1us, 'and roof 

nuclei, found that the vestibu1o-cerebe11ar fihers are derlved from 
" .. 

" 

the ventrolatera1 part of the medial vestlbular nucleus,whi1~ most of 

them are from the ve~tro1atera1 regiorl~ of the descending·nu~leus. 

Carpenter (1960) did extensive studies on projections ta the fastigia1 1 
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nucleus and found that they receive mostly uncrossed and sorne 

crossed secondary vestibular nuclei. In BrodaI and Torvik's studies, 

termination of the secondary fibers a1so occurred bi1atera11y in the 

-
uvula, nodulus and xastigial nucleus while those to the flocculus 

were homolateral. 

Vestibular Projection to Other Centers 

Un11ke the secondary vestibulo-cerebellar fibers, those ascending 
1 

in the brain stem are derived from aIl vestibular nuclei subdivisions. 
\ 

BFodal and) Pompeiano (1957) lesioned the brain stern above the 

vestibu1ar nuc1ei and found retrograde cellular changes in aIl four 
, , 

vestibu1ar nuclei. ~ariy of,these fibers pass beyon~ the ocu1omotor 

nucleus (BrodaI, 1960). Fibers have been traced to the interstitial 

nucleus of Cajal (Ferraro, Pacella and Barrera, 1940), the collieuli, 

medial genicu1ate body, ~ed nucleus, nuclei in the thalamus 

• (Carpenter, 1957; Carpenter and Strominger, 1965), and even into the 

hypothalamus'. Possible ve~t1bu~o-eortical projections may exist 

(Tunturi, 1950; Andersson and Gernandt, 1954), but these pathways are 

1 
1 

~t well understood. Vestibulo-spinal connections have been reviewed bv Bro­

r' da1 et al (1962). Fiber; descending mostly from the medial (Pompeiano 

and BrodaI, 1957; Nyberg-Hansen, 1964), and possibly from the 

descending vestibu1ar nuelei, are in the medial longitudinal fascieu1us. 

Nyberg-Hansen (1964) has shown tha"t these media1 vestibu1o-spinal 

tract fibers are confined to the upper half of the cord.: A1though 
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there are bilateral projections~ most fibers, are ipsilateral. 

These medial fihers are smaller in diameter and less abundant than 1 

the fibers in the second-and most important tract; the lateral 

vestibulo-spinal tract. The fibers from the lateral (Deiters) nucl~us 

go by way of the lateral vestibulo-spinal tract (Pompeiano and 

BrodaI, 1957). AlI cell sizes in the nuclei send fibers to the cord, 

and at least in the lateral vestibulo-spinal tract there seems to be 

a somatotoplcal organizatioq throughout the cord (Pompelano and 

BrodaI, 1957), and only ipsl1ateral innervation. 

Both pathways have ftber termination on laminae VII and VIII of 

the spinal gray matter, mostly on lnterneurones. It is interesting 

that the utricular fuacula IS the main input to the lateral nucleus, 

while the medial nucleus obtains primary vestibular input from the 
-\ 

\ canals (BrodaI et al, 1962; Shimazu and Preeht, 1965). This presents 

a functional difference wh en applied to innervation at the cord 

level. A review of recent anatomical and physiologieal funetional ~ 

aspects of vestibulo-spinal pathways may be found in Nyberg-Hansen 

(1968) . 

(b) Physiology 

'-
It i8 clear, from the prcvious section that vestibular nuclei 

have an extremely complex-a~atomical organization. InformatIon on 

the related physiology, that has recently been accumulating, is 

con{lrming much of the anatomieal infor~atl0n, as weIl as adding a 

1-
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furt6er dimension to o8r u~d0rstanJing of the functional organization 

of this important nuclear center. 

(i) Lateral Vestibular Nucleus 

Ito, Yoshida, Okada and Obata (1964) were able to obtain 

a monosynaptic EPSP on the ventral Deiters neurones after stimulation 

of the vestibular nerve. Wilson, Kato, Peterson and Wylie (1967), 

in s,ubstantiating this resu1t, note that this monosynaptic excitation 

is found almost exclusively in the ventral portion of Deiters nucf~us . 
........ 

l t seeytls clear that this part of the nucletls receives direct inpùt 

mostly from utricular receptors of the labyrinth (Pete.rson, 1967). 

Most of the Deiters neurones, however, respond with relatively 

'/ small EPSP' s, IPSP' s following the monosynaptic EPSP (1 to, H9n go , 

and Okada, 1969). It therefore seems that an inhibitory pathway 

exis~s, containing one interneurone most probab1y in the surrounding 

descending and/or superior nuclei. Wilson, Wy1ie and Marco (19~8) 

have aIs a shown evidence of polysynàptic input to the ventral Deiters 

nucleus. • 
The spinovestibular input creates short-latency excitatory post-

synaptic potentials in the caudal portion of the lateral (Deiters) 

n~cleus (Wilson, Kato, Thomas and Peterson, 1966), but the effect is 

net very important in this portlDn of the nucleus. It is intere&!1ng~ 

in this connection, that input from deep somatosensory receptors such 

as joint receptors in the pericapsular space, have been demonstrated 

to have influence on aIl vestibular nuc1ei (Fredrickson, Schwartz, 
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and Kornhuber, 1966), wüh this information ~eing an important 

on-going feedback for postural adjustment. There was no indication 

in this study as ta which nucleus is most important in this regard. 
( 

Stimulation of ipsi1atera1 and contralateral forelimb and hind1imb 

nerves often produces faci1itatory influences on the sarne Deiters 

neurone, inferring a great deal of convergence (Wilson et al, 1967). 

Cutaneous nerves also create exci ta tory effects. It is noteworthy 

tha t stimulation of the spinal afferents also produces inhlbitory ~ 
'J 

influences, due to imp~fses reaching Purkinje cells of the cerebe1lar 

cort~x, with subsequent direct inhibition of dorsal Deiters neurones 

(Ito and Yoshida, 1966). 

........, j ~ • 

Convergence of stimulation of the 'y,estibular nuclei, in partlcula r 

Deiter,S nucleus, can become quite complicated. Primary vestibular 

fibers go directly to the flocculus and nodulus (BrodaI et al, 1962), 
\ 

and, as will be discussecl later, resulbing Purkinje firing produces 

inhibition\ of dorsal Deiters neurones. These primary fi.hers can be 

considered axon co1latera1s. Monosynaptic EPSP's can be .1nduced ln 

Dei ters neurones by stlmulating extracerebellar centers which sl'nd 

afferents to the cerebellum, and axon col1aterals to Del ters. These .1\1(' ludl' 

the ventral and lateral funicule of the cervical spinal cord (Ito, YOShIJJ. . ~ 

Okada and Obata, 1964), and the inferior olive (Ito, Obata dnd Ochi, 1966) . • 
r This latter cen~er produces monosynaptic EPSP's in Deiters neurones 

in advance of the IPSP's created by the fibers in the 01ivocerebe1lo-

. 
vestibular loop. Stimulation of the medial longitudinal fasciculus 

in the midbrain produ~es strong EPSP's rnonosynaptically in Deiters 
" . , ' 
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.' 
neurones (Ecc1èS , Ito, and Szert tagothai, 1967, p. 293) . 

Eï~c tr iea1 stimula t ion of Deiters neurones resul ts in 

" 
. f_cili~ation, b'o'th monosynaptic and polysynaptic, of extensor 

~ " 

motone\lrones in a11 eord levUs (Wilson and Yoshida, 1968), although 

not with as clear a soma totopical arrangement physiologically 

." (Wilson et al, 1967), as anatamically. (BrodaI, 1967). ) 
1 

In gèrieral, however, n0&rophysiologica! experime~ts support 
\ .,' 

the view that the d~rsal De~ters nucleus c!Î1n be considered as a way 

station in a cerebello-vestibulo-spinal pathway (Brodq.l, 19(7), 

" 

whereas the ventral Deiters nucleus a'cts as part of a labyrinthlne-
tI 

spinal pathway . 

.• (ii) Medial Vestibular Nucleus 

The med roI véstibular nucleus receives chief inperva tion, in 

th; form of monosynaptic EPSP'i, from the ipsilateral labyrinth 

, (Precht and Shimazu,1 196 .5; Shimazu and Precht, 1965). Most of this. ~ , 
input cornes from the horizontal semicirculaT éanals, with the cells 

. . 
being of two main categories: Typ,€' l cells', exci ted. by ipsila tera1 

, { 

and inhibit~d hy contralatera1 acceleration, and the Type II cells, 
r ~ , 

inhibited by Ipsllateral and excitpd by contralateral acce1l'ratlon 

(Shimazu and Precht .... 1965; Wilson, 19ft8). The medial cells are also 

conn'ected ti the contralater~'l labyrinth (Shimazu and Precht, 1965) . 
• ' ..,).1 

These cells can be excited and inhiblted by contralateral, labyrinth 

stimulation; lthe pathway being most probab~y throuh the commissural 

vestibular fibers (L9dpl~~ànd BrodaI, 1968), The latency of the , . , 

j 

( 
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inhibition is as short as, lof. msec (Wilson et al, 1968) and, it seems 

that sorne of the commissural fibers are inhibftory (S.himazu and 

.. 
Precht, 1966), consisting ln the simplest form of an inhibitory 

commissural cell, dC t i valfed monosynaptlca11y by vestibular a fferc!1 ts 

(Mano, Oshima and Shimazll, 1968). Other pathwdYS consist of·an 

excita tory commissural cel! exciting an inhibitory \nterneurone on 

the contralateral side, near the medial nucleus cell to be inhibi ted 

(Precht, Grippo and Wagner, 1967). . . 
"The medial nucleus receives inputs from a11 thr~e canals as 

well as from utricular afferents (Stein and Carpenter, 1967). Recent 

expenments by Shimazu and Precht (1965) indicate tha t cells in the 

media;- ~ucleus can be excited or inhiblted by natbral stimulation in 

the farm of horizontal acce1eration. In an intercollicùlar decercbratc 

cat 'preparation, MdvIII Joneband Milsum (1970) has shown that sIngle 

~fecifically hor~zontal canal-dependent neural units in the medial 

nucleus respond in phase with stimulus angular velocity in a frequency 

range from about 0.1 ta 5 Hz. These authors conclude that the slmilarlty 

between the theoreücal end organ response and the message from the , 

medial vestibular nucleus is very close. The relationship of medlai 

nucleus res~onse ,to the total vestibulo-ocu& reflex arc has been 

covered very recently by Melvill Jones (1971). 

" 

(Ul) 1'lw VC'stlbulo-Ocular Reflex AÏ'(", 

There lB a clear correlation betwcen stImulatIon of the varlOUS 

semiclrcular canals and movements ot the eyes in particular direct~9ns 
t'", 1"\ 

..1 
p 
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(Lowenstein and Sand, 1940; Szentigotbp!, 1952). 
1 

The connections 

from the vestibular nuclei to the oculomotor nuclei have been studied 

quite extensively. Éarly experiments, Lorente de No' (1933) and 

/ \L-
Szentagothai (1950) produced both physiologieal and anatomieal details 

of the basic three-neurone vestibulo-ocular reflex arc. In Lor.entc 

de Nt' s experiments (1933) on the rabbit, the stimulus was calorie 

stimulation to individual canals of the labyrinth. Lesions were made 

" in many areas of the midbrain, reticular formation, and vestibular 

nuclei, and the effect on recorded extraocular muscle movement was 

observed. His results show that a basic vestibulo-ocular reflex exists, 

involving both Grossed and uncrossed fibers, mostly in the medial 

longitudinal fasciculus. 
/ 

Szentagothai (1943) perform~d gross unilateral 

lesions of the vestibular nuclei and found synaptic degenerat4.on in 

subdivisions of the oculomotor, ~rochlear, and abducens nucle!. He 

correlated the terminat.lon with maps of i'ndivldual extraoculélr muscles 

o' 

in these nudei (Bender and Weinstein, 1943), and concluded that ascending 

fibers from the vestibular nuclei on one side terminate in regions 

supplying the homolateralt111Mial rectus, inferior oB'lique, and 

superior rectus muscles,. and the contralateral inferior oblique, 

inferior rectus, and lateral rectus muscles. In essence, these results 

implied t~at there must be a three-neurone arc connection between each 

crista and two extraocular muscles. From more recent physiological 
". 

1 
studies )y Szentagothai (1950) on cats and dogs, in which indivjdual 

:l 

canals were stimulated by artificial endolympft currents, the results 

• 
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above were substantiated, in that it appears that the crista of 

the superior semicircular duct has predominant connection with the 

ipsilateral superior rectus and the contralateral inferior oblique; 

the crista of the posterior duct with ipsilateral superior oblique 

and the contralateral inferior rectus, and the horizontal duct 

wUh the ipsilateral media] rectus and the contralateral lateral 

rectus. In effect, he found short la-tency responses for each canal .-, 

stimulation, in only one muscle of each eye. Transection of the 

medial longi èudinal fasciculus abolished these short la tency responses. 

Recently," McMasters, Weiss and Carpenter (1966) have shown secondary 

1 
neurone synapses directly on c07'responding III, IV and VI cranial ~~erves. 

Very recent neurophysiological investigation, using electrical 

stimulation, has shown that primary afferent vestibular discharge 

crosses the secondary vestibular neurones, to produce e±t:her EPSP' s 

or IPSP' s, wi th disynapti(' latencies, in the oculomotor nuclei ...., ' 

(Baker, Mano and Shirnazu, 1969; Precht and Baker, 1972). Using long' ; 

single pulses of 3-5 msec duration, Ito, Nisimaru and Yamamoto (1973a) 

1 

stimulated afferent fibers from individual canals in the ~abbit, and 

revealed that ln the case of a11 12 extra-ocular muscles, stimulation 

of one canal produces a ref lex exci tation in one extra-ocular muscle .. 
one each side. Each canal excites a different pai-r of muscles, with 

" 

no overlap between the pairs for different canals. This is exac t ly 

the same relat;i.onship found previously in the cat (Cohen, Suzuki 

and Bender, 1964) . 

" 



- 43 • \ 

," 

• 

• 
( 

SpecILlc.!lly, r,'flexec, from horlzOl\Lll cdll:.Jl~ rl'1.I) hy hl)' of 

medl.11 rectus anù the Lontr,llateral ("C") Llteral rectus. 

from the ::mtt'rior C::lIlal to the "1" S~lperlor rectu::; :J.lld "c" interlor 
1 

rectus ie; medi.:ltcd by the y group pro i('ctin~ throllgh the br.1chlUm 

c anj ue t i vum.. The pos ter lor canal re la ys exc Ha tl on hy W;ly 0 f the 

medial vestihular nucleus to the Ill" sureriur ohllCjllC dlle! 'L 

inf~rlor oblique. 

~ . 
In aJJltloll there eXlsts a vestjblllo-ocul::t, Inl11h1ti.on, such thot 

stimulation of a canal produces inhibitlOn in the fTlUscles Hhose 

antag~nist muscles receivc excitation from that Same canéll . (I ta. 

Bes.Ldes this babie thTee-neurone rpfll~:~ arc, ;::-.crc 3CCill ta r,c othe, 

/ 

complex reflex meehanisms $uperimposed., Lorente ,de 1\0 (1933), after 

.les1onlng tne MLF, round [na[ aIl che labyr.Lnchllle reflexes Ol Lhe 

, 
ocular muscles could sul1 be elicited. If the HLF t.,-.as left intact, 

but the reticular form..'ltioI1 .'JT1d pons Ipc;lnn8cl inc;tPélct: the C'r!Ml 

/ 
reflexes were abohshcd. Szentagothal (1950) could nol producl' thL' 

short Idtt:'oLy contr:tctlve mùsclc action of t!1<~ réEl,':,:, dtrcr CI;tt~i1g 

,~ 

th2 NLF. However. the rcclprocal inhibitl,on tu th_' nl1'::cl,,~ 1.1', l""s 

affecteci or not affccted at aIl. Often a normally contraltlvl' fl'Spon"e 

was changed to an lllhlbltory one. If only the HLF was left lotact, 

normal eontract.Lve responses remaloed, but reclprocal inhibitlon of the 

antagonist disappeared. Certain contractile response~ were abolishcd 

by transectlon of the braln stem, with the exception of the fasclculus, 

/ 

\ 

. , 
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1 
and often unchanged after transection of the fasciculus. Szentagothai 

surmizes that~ there exist numerous intermediate chains in the r~ticular 

formation which are important in reciproca1 inhibition of aIL the 

extra-ocular muscles, as weIL as in connecting functionally any one 

crista with any one of the extra-ocular muscles. Recent in~ormation 

on reticular formation involvement iq vestibulo-ocu1ar response 

may be found in Chapter 5 of this thesis. 

(iv) Monosynaptic Inhibitory Action of the Cerebellum on tre 
Vestibulo-Ocular Reflex 

The specifie inhibitory action of cerebe11ar Purkinje celis 
, 

was discovered by Ito and Yoshida (1964). During stimulation of 

the ipsilaterai cerebellar anterior lobe, IPSP's appeared with mono-, . . 
synaptic latencies on the target neurones in the dorsal Deiters 

nucleus. This monosynapt~c inhibitory area comprises most of the vermal 

cortex of the anterior lobe and sorne of the posterior lobe (Ito, Kawai, Udo 

and Sato, 1968). The distribution of this inhibitory area conforms c10sely 

to the anatomical evidence of Purkinje ce Il corticovestibular 

projection (Wa1berg and Jansen, 1964). 

Simi1arly, monosynaptic inhibitory action occurs on superior 

vestibular nucleus neurones when the ipsilateral flocculus i8 stimulated 

(Ito, 1968), and this conforms to histological evidence (Dow, 1938; 

Angaut and Broda1, 1967). Also in good accord with the histological 

findings is the fact that monosynaptic inhIbition 15 not present in 

neurones of th~ ventral Deiters nucleus, which is known not to receive 

, , 
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termination of Purkinje celI axons from the anterior and posterlor 

lobes (Wa1berg and Jansen, 1961). 

In relation to the vestibu10-ocular reflex, experiments on the 

rabbit's secondary vestibular neurones have shown that stimulating 

the floccul~s produces inhibition that counteracts the monosynaptic 

excitation coming from the ipsilateral primary afferent fibers 

(Ito, Highstein, and Fukuda, 1970). Furthermore, intracellu1ar 

recording in the third nucleus shows that stirilUlating the f10cculus 

will depress either the EPSP's or IPSP's produced during primary 

afferent firing. Simllar results have been obtained from the catIs 

fourth nucleus (Baker, precht, and Llinas, 1973). 

Very recently Ito, Nisimaru and Yamamoto (1973c), have tested 

the effect of this floccular inhibition upon each of the 12 main 

pathways from the secondary vestibu1ar nuclei. InhIbition was found 

for one half of the pathways of vestibulo-ocular, excitation and 

inhibition. Specifically, there was bilateral inhibition of the 

inhibitory and excitatory paths connected with the anterior canal, 

and only ipsIlateral inhibition of the inhIbit~ry and excltatory paths 

re1ated to the horizontal canals. Therefore the flocculus can 

effect any of the 12 muscles by inhibiting either its excitatory or 

inhibitory input. 

(v) Monosynaptic Inhlbitory Action of Cerebellar Purkinje 
Cells on Neurones of In tracerebellar Nuclei 

. 
Just as wi th vestibular nuclei, the intracerebellar nuclei , 
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neurones receive monosynaptic inhibition from Purkinje cell a'xons, 

those in the interpositus nucleus from the anterior lobe cells, and 

those in the fastigial nucleus from the vermal cortex. With the 

cerebellar nuclei inserted,' the connection from Purkinj e cell ta 

vestibular nuclei neurones becomes disynaptic. However, the 
~ 

cerebellar nuclei have termina tians with aIl parts of vestibular 
'. 

nudei, therefore extending the inhibltory projection area of Purkinje 

cells. Furthermore, the cerebellar nudei make direct connections 

with the thalamic, red, and retlcular nuclei, whi..ch in turn project 

to motoneurones a11 through the CNS. ~ The Purkinj e cell ef fect can 

nheref-Q.re be very widespread. It is noteworthy that the fa~tigial 

axons have éxci tatory action upon vestibular neurones. Purkinje ce II 

inhibi tion of the cerebellar nuclei cells therefore. withdraws this 

excitation (Eccle~ et al, 1967), An import:ant point here i8 that in 

the dorsal Dei ters qnd superior nuclei, the fastiglal influence 

parallels direct cortical inhibition, while in ventral Deiters the 

fa8tigial pathway i,s the ~ly cerebellar control. 

(vi) Axon Reflex-Colla terals of Cerebellar Afferents 

Although cerebellar efferent stimulation produces IPSP' s in 

subcortical neurones, it has also been shawn to evoke monosynaptic 
\. 

EPSP' s as in the case of the superior vestibular nucleus (1 to dnd 

Yoshida. 1966). the ventral Deiters nucleus, and dorsal Deiters 

nucleus (ItQ, 1968). Ito (1968) shows evidence that this EPSP response 

ls caused by cerebel1ar efferents which make contact with the subcortical 
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nuclci via their' collaterals. One of these sources ls the primary 
; 

vestibular l1erve. 
!) 

It is known anatomically tRat primary vestibular 

fibers go to pa~t of the lateral (Deiters) as well as superior 

nuclei, and also to the flocculus and nodulus of the cerebel1ar 

cortex (Br-odal et al, 1962). It ls, suggested that both the cortical 

~d;nuclear structures are innervated commonly by axon collaterals of 

the same afferent fibers. This idea is exemplified by experiments in 

which ~timutation of the ipslla teral f l~cculus produces EPSP' s in the . 
~ superior vestibular nucleus. Concomitant stimulation of primary 

vestibula~' Li,bers and resulting occlusions due to impulse collision 

and refractoriness, makcs it clear that the pr~mary nerve has sent 

branches bath to the vestibular n,yc,leus and the flocculus (Ito, 1968). 

In surrun<;try, two types of synaptic organization exist in the 

ce~ebello-vestibular complex. One type is represented by ventral 

Deiters neurones, which receive inputs directly from primary vestibular 

and medullary afferents but no direct cerebellar cortex input. In a 

second organization, exemplified by the superior and dorsal Deiters neurones, 

primary inputs go ta these cells as weIl as ta the cerebellum, which 

in turn sends Purklnj e cell Inhibition ta interact pas t-synaptlcally 

with onginal primary Cxcltatory Input. In a later stage of this 

theslS there wIll be a diSCUSSIon of the possible Importance of these 

p3thIVays to thf> adaptability of the vestIbuJ,o-ocular response. 

" 

" 
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Pj{oBLE~! FOH:rlTIA 1'1O\J 

The purposes bl'Illnd the pre~ent study, both as a \.;hole or in 

component parts, are prt>bab ly he.st unc1er~tood \"hl'n v lPV/pd in light 

of thl'l r hic;tot"lc dnv"lnpf'"l"nt. , 
4' 

1 

The copccrn of tlu s theslS \oJas at 311 t Lmcs !:-he plwnoillenon of 

long-term adaptélt Lon ln th2 htlmétn vestibulo-octIlar r0fll -:: arc. Th(' 

impetus CéIrne fr()ID earher experiJl1E'nts HrLrh shoHed th3.t under co".ditions 

of repetitive vestibular sti'11ulation, changes occur ln relevant 

L 
<ou tput, such as a reduc t ion ln ffidgnitude of physiologlC.-al responbe, or 

"habituation". Hore specihcally, in lahoratory te::>ts on human 
\ 

(Co11.l.11b, 19i.i4a; Gueùry, 1965a) anà arllmal buhjects (Cb111n::; and LpdegrAff, 
" 

1966; Koma tSUZiJki) HarrIS, Alpert 'and Cahon, 1969), in h'hLch prolonged 

and repetitive rotational stimuli1tion Wrt~ gtvc.-n., rpc;'jltc; C0l1s1~t,'ntJy 

showed a progres~ive and retained decllne in vestibulo-ocular 

response. In addition, this dec11ne occurred in the a.bsence of vision, 

leading one tu believe t~e attenua cians observed rügh[ .... 'ell oc 

due to rcpetitive stimulation of the sCrïlicFcular c.Jnals p2r sc. 

A c laser look at these experlments rcvcaled tha t, aImas t 

exclusively, th,,' prolonged rotational stimulus usod 1/.:1.S ot -1 uI11dlrcctional 

Tho flrst major quest-ion posed ln thlS thCS1S was, therefort:', 

whether suni1ar changes of response would anse dunng natural J110vement 

(Chaptc~r 3). To simulate a natural stImulus compatible with ,. 

/J 
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experimental feasibility, the stimulus chosen was a sinusoidal 

oscillation of 1/6 Hz frequency and 60o/sec velocity amplitude, weIl 

within the normal dynami~ response range of tbe human semicircular 

canals (Jones and Milsum, 1965), To aSBure that any changes 

observed wouid be due solely ta the vestibular stimulus, the test 

run~ere conducted in the dark. Slow phase angular velocity of 

compensa tory ny~tagmus was used as the measured response, with De electro-

oculography (EOG) as the method of recording the eye movement. 

Howeve~, changes occur in the corneo-retinal potential of the eye when 

the level of ambient illumination is altered, the latter seriously 

affecting EOG records. The initial experiment (Chapter 2) was therefore 

undertaken ta define the time course of the transition effects in 

a charrging light environment, in order ta assure that any changes in 

the vestibulo-ocular response were due to the vestibular' stimulus 

ând not corneo-retinal potential changes. 
r 

/' 

• The repetitive sinusoida1 oscillations in the dark, without 

the aid of vfsion, did not produce_habituation. This raised the 

,second major question of the thesis (Chap'ter 4). Is it possible that 

(~ the habituation i8 not produced by a prolonged vestibular stimulation 

per se, but rather by a ~ituation in which the induced respons~ is 

inappropriately matcbed to other sedsory inputs? In experimental 

terms, could habituation now be pr.oduced using the same stimulus, 

by creating an environment in which the previously non-habituating 

stimulus would be made inappropriate? Such a situation was produced 

by superimposing a rnirror-reversed visual tracking task on the non-



• 
" 

- 50 -

.' 

conditlons the t\o/O mA-l-1l lnputs to the o('uloTTlotor syst~m, the 

vestibular and V1St1<1l trackin~ systems, bC'come ant",i':,onistic, 

with the vestibulo-ocular r~flex rendercd in~pproprlatc. T!Je rcsults -
ShOl"cd clcarly th.:1l ln sllch a situation klhituatlon in thL' form 

of an dttenuoted vestlbulo-ocular reflpx, ducs indet'd occur. 

But w~s s';'mplc attenuation of tht> rl'flé}' an clDiJcuprldllè Lt:"pOllSl' 

to thlS rcversed vlsual envLron'llent? The COTIlI'lon feGture of l,lost 

preVlous experimental results was attcnu3tion of t~e vcstibulo-ocular 

reflex. However, the visual action was most often fixation during 
, 

a post-rotational stimulus, which would indeed cal] for vestibulo-

oculdr ctttenuaLion LÙ zeru ab Llle must ctlJpcoprlate vebL1bulai re::'!-,Ollbe, 

In the present sit~~tion attenuation ta zero ~o~ld he helpful. B~t 
" 

tor proper lmage stabillzatlon dunng hcad mover:1ont the vpstl;llllo-

~ .P 

oCùlar reflcx (Var,.) wOùld have to beC0iï\E: l ev€~sed. 

, 
observation raiscd the final maJor question, Icadin~ to the most 

extensive experiments' of the study. Namely .• woulà prolonged continuation 

of vision-reversaI dùring rotational" head movement lead merely to 

suppression of the VOR to zero, or ta 3n overt rcvers31 of t~3t r~sronsc~ 

Put annther w~y, could one concelve of attenuatlon of responsp as 

- being anly a part of a more general central nervous systen capability 

to systematically remoà'el"'the relevant neurological elemen ts, so as 
c 0 

ta optimise its response in relation to the new cnvironment? 

Furthermore, would optimisation of the VQR response lead to 

any functional Impairments or reél.djustments in the subjcct' S vlsual 
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flXo.tLoo capatnllty, postur.:11 equili.brulm, and pl'rlLrJllon? Fin,llly, 

should ~)uLh radlcal chan~ec.; in centra] n"rVOllS ['1lIlCllO:1 ~'CC ur, 

what possible npural mcchAnlsm~ would be rlt play? 

In SUm:1ldry, thp maior qucstLons posed ln this o,tudy of 

ad~pto.bllity ln the human vestibula-ocula[ reflex arc the following: 

(1) Can one h<1bitu~te the vestibulo-oculrlr reflex durl,"n'l Lural", 

stllTIulatlon in the d,lrk? (2) If Ilol, CclU llJkLtUdt.iOn ::'c.. ~rJGucLCi by 

credting antagonislll of the L\w relevant stlrlUli; tl-jat l.S,. l n'Jrml 

vestlbular, and reverscù ortolanctlc Input? (3) '10 '.;hJt CX!:'.:'Clt \.Jill 

a prolonged vl.sion reversaI Iead ta r,adjustment of Lhe vestibulo-

ocular reflex so as ta optimIse its response to the radical c~~n8e in 

consequent ta the ctanbcG in~urred. 

In preparing this thesis, l have ta ken adV::lntDc;~ of tlle Optl on as 

t~- outlineci in seCClOll lI. 2. 7 (11) of thE- thE:sis Lèg~latic,,3 cf l-fcCill 

University Faculty of Graduate Studies and Rescarch (r~bruary, 197~). 

~!hich rnat.:es it pArmissihle tn produce a doctoral thesis in th", iurm 
t 

of original papers suitable for publication. Ho;jt"ver, in orcier ta aid 

placcd in :llph:::betical ord'2r at tl-te 0nn of the thesLc.; (lhhl i oerannv). 

1 .: 

! 

, 
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CRAPTER 2 

EFFECT OF CHANGES IN ILLUMINATION 

LEVEL ON ELECTRO-OCULOGRAPHY (EOG) 

( 
.- Q 

<J 
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SUMMARY 

1. This investigation is concerned w~th the changes that occur 

, /' 
in the corneo-retinal potential of the eye when the level of ambfent 

illumination'is altered. \ 

These changes can seriously affect electro-

oculographic (EOG) 'records, a.technique frequently used fbr measuring 

nystagmus. 

2. ~f)G calibrations were done on seven hurnan subj ect for periods ./1' 
i~ 

during which the illumination was varied between normal room light, ' 
f l ... 

red light, and total darKness. 
" 

3. The time dependence of the observed variations was estahlished 
/, 

and seen LO be reasonably cOnsistent between aIl subject,S. For 
, 

purposes of EOG calibration, no difference was found between a red 

light environment and total darkness. 

4. When e~eriments are to be performed in the dark, or with ~yes:. 

closed, it i& strongly recommended that subjects be dark adapted for 
~ . 

at least 50 minutes prior to calibrating and recovding eye position. 
,;-

" . 
/ 

\ 
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INTRODUCTION 

~ 
Elcc trQ-oeulography (EOC) 18 

recor~ - eye movement si~ee it is 

freQUentltsed as a method for 

both quiek' to set up and convenient 
., l~l 

to use. However, a serious problem of calibration may he associatea 

wi th trans i tian from one level of illumination to ,"'another (Arden and 

Kelsey, 1962; ,Homer, 1967; Homer and Kolder, 1966; Homer, Kolder 

and Benson Jr., 19117; Miles, lQ40; Kris, l Q S8). 

The effeet l s ('pee ial1y evident when ehanging he tween normal 

roorn lighting and total darkness. But sinee thlS manoeuvre ls often 

used ln vestlbular experiments, as when callbrating ln room l'lght 

and experimenting with eyes closed, it ean jeopardize results unless 

care is taken to ôvereotne the effect. The present dtlicle describes . , 

experiments whieh define the Ume'- c~rse of trans i tion efffiets in .. 

thesl' cireumstanees and suggests a praetical measure for avoiding 

them. 

METHODS 

b]eqts were employed, all of whom WPfl' free from 

1 

defeets ot~r than s implt' errors 0 f 
'V 

refract1.on. Eye positIon was recorded wi th bio-potential skin electrodes 

(Beckman Instruments lne., Spinco Division, Palo Alto, Califo:çn ia, U. S.A.) , 

"'---

, 
/ 

/' 

" 
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applied one to the center of the forehead (~ound) and one at 

each où~er c~nthus of the eye, as close ra the eyeball as praetical. 

The differential output from the latter two was De amplified and 

fed into a pen recorder. 

Subj eets were seated, with their heads held in place by meahs 
1 

in front of them. 

bite. Ther faeed three target~, situated 5 ft. 

One ee~r target was flanked on either side by 

of a'fixed dental 

two s im~lar ones symmetricaLly placed along a horizontal line and 

each subtending 25
0 

wi th the center (ine at the bridge of the 

subject's nose. Each target was a 3/8 ... inch black dIse ill the middlc 

of which was- a pin-hole dimly illumIna t-ed from behind. 
~ 

, 
At 2-min~te intervals subjects looked at the middle of the 

center spot, wi th bath eyes op~, 
",", 

then at one of the side spots, 

back ta center, to the 
", 

other s~de, and back to center again. They 

were told to stare .J at each ta.rget spot until a satisfactory record 

was obtained. After changlng the l1ghting condHions, the ab ove 
o 

calibration manoeuvre was repeated once per minute, until transient 

changes had dillJ.inished, whereupon the regular 2-minute sequence ,. 
was resumed. 

1\1>' 

Each run st.1rtf'd Wl th 20 minutes in normal room light (ovcrhl'cld 

[luorf'tkent tubes). Once cl base-line had hepn establisneù, the 

f luort'scen t llghts were extinguished, and the room (about 10 ft. by 
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10 ft with moderately reflective waHs, floor and cdling) was 

illuminated by two·Westinghouse -40 watt red incandescent bulbs, 

l 
, 

in diagonally opposite cO'rners. This condition was maintained 

L 

until the calibration had resumed a steady level (usually 

40-50 minutes). Extinguishing the red lights created a condition 

of total darkness, the only things visible being the dim pin-

holes in the targets. Following this, the red lights were turned 

on again, and this candi tion was rnaintained for another fifteen 

minufes, with readings taken every two minutes. The normal roorn 

~ 

ligh ts were then turned on, and readings taken every minute un til 

the transient effects settled down and the calibrations once more 

becarne stabilized (usually after 40-50 minutes). 

A plot was th en made of the pen deflec'tions produced by each 

excursion of the eyes from the center position, as a function of 

time. A small, consistent asymmetry in potential changes to Ieft 

and right was obtained in aIl cases. This was found ta de"pend on 

the relative placement of the two active electrodes, and with , ( 

th proper care could be kep,t to a minimum. 

RESULTS 
o 

" Figure l shows dn extract from an ori ginai record obtained 

durtng an experimental run. FIgure 2 shm.:rs graphically the collect(ld 

(Fig. l near here) 

• 
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,EOG records of eye movement calibration obtained 
, 

during an experimental run. 

Cl 
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• 

o 
25 RIGH,T t- " 

.~ 
o 

25 LEFT 

• 
. 

; 

. . 

J 

". 



• - 58 -

rê':sî]1ts ohtained from one SUbJI'Ct. The ordinate gives calihration inmicrovolts 

> 0 
(pV) resultlng from 25 of eye fTIovement from center, and the ahscissa 

gives time in minutes after commencing the experiment. The points 

on the groph give ~an vdlues obtaineo from one eve excursion to each 

sidE'. nur~ng thE' 1n~ tlal 20 mlnutes in normal l ight, 25
0 

cyr' movement 
''-\ 

producl'd approXlmatc\b 270 jJV -(11 mm pen' deflections). On chang i ng to 

rcd light the responsc progrpsslvely dccrcélscd ta a minlmum durinp, thl' 

. 
(irst 10 minu tes and thcn returned to l tb original value over a 

similar time course. Thus a total of approximate ly 20 ml.nu tes in red 

'. 

light conditioqs was necessary for restabillzation, with the particular 

feature that the new (red light) stabilized response was of sl.milar 

magnltude to that ohtained ln normal light conditions. 

TLmsition from the stabilized red light conoition to total ddrkness 

and hd('~ dg,ll n tn rl'cl llght d id not br 1 ng ;Jhout ,lnV further chdngc::_ 

Rut tram,1 t1..on from rcd llght tn normal room 11 ?,ht produ\ vd .1 c;tr l h lilg 

Purlng the InitIal 10 mInutes, tlll're \v,lS il 

o 
rapid lOCre;lSl' ~n FOC responsL' per 2') eYl' movpml'nt, reJ.ch l ng a 

mJXlmum~value WhlCh WJS ahout AOZ higher than the ste3dy statc ono. 
L-

Thert'dftor, the rcsponc;p typlcal1y followed tlH' course of a dampcd 

oscillatlon, '-;0 that a nt'w ste(ldy conditIon was estahlished after a 

/' 

T<lhll' 1 gIVl'S the maXImum {1l'rcL'l1tagl' change of l'OC: voltage pcr 

t 

, , 
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Fig. 2. 

Collected ·results obtalned from .one subj ect over 

an entire clark-adaptation experiment. Ordinatc gives 

: 0 
calibration in ~V/25 of eye movement from center and 

1 
the abscissa gives time in minutes after commencement 

of the experiment. Each'point gives the mean v.al~p 

obtained from one eye- excursion to each sirie of 
.1 

center. 

\ 

" 

L 
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after changing lighting conditions for aIl subjects. 
. 

results here are, first the negligible changes 
J 

1 

transition from re~'light (R.L.) ta total darkness 

versa, and secondl~ the relatively large changes 

transition from no~al light (N.L.) ta rcd light,nnd 

red light ta norma1 lLght again. 

(Table 1 near here) 

Although the overall pattern of response was consistent for aIl 

sub;ects, the time course of the above-mentloned events varied consider-

" ablv. To evaluate this variation, the tImes required for each subiect 

ta return ta within 10~ of his baseline was measured. Coing from 

normal llght· to red llght requlred an average of ,5 mlnutes with a 

maximum of 51 minutes and il mlnlmum of 17 minutes. G61ng from rL'd 

light ta normal light required an average of 34 minuteR with d maXlmum 

of 52 ffi'inutes and a minimu~ of 29 minutes ta :s'tabilize. 

DISCUSSION 

1he example shown in Figure 2 is rcprescntative of the response 

~ 

from aIl subjects. Qualltatively it appears that the resronse toy-' 

transicnt represerlts a dampcd sinusoidal oscillatlon. Howevcr, lt has 

pn'vlously been found (Homer, 1967; Homer and Kolder, lql1l1; HOffil'ret al, 1967) 

that the responsl' lS non'-llnc,lr and can he .1pprOXlmatl'd hy a four-

eomponl'nt model, Wl th nine rarnmeter':l. , 

/ 
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TABLE l. MAXIMUM PERCENTAGE CHANGE OF EOG VOLTAGE PER 

25° EYE MOVEMENT AFTER CHANGING LIGHTING CONDITION 

Subj ect N.L.-R.L. R.L.-T.D. \ T.D.-;R.L. R.L.-N.L. 
1 

C.M.(l) -30 0 0 + 56 
• ,.>-

A.G. -15 -9 .+ 5 + 43 

A.F. -21 0 -2 + 35 
.1 

B.D. 
, 

-30 + 7 0 + 64 
" 

C.M.(2) -23 0 0 + 68 

"" 
F.T. -22 0 -1 + 62 ~ 

~? 

A.C. ... 33 , _0 + 67 

Mean -24.9: -1 o + 56.4 

N.L.'= Normal Light; R.L. - Red Light~, T.D. = Total Darkness 

e , 

" 
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Of partlclllJr InterL'sl i~~ the lZlrgl' tr<1nSlf'nt o:pp:lreot within 

the firsl flftecii mlnute~, aftcr entering ot Ipélvlng norm::lJ lighting 

condLtïo!l'~. ThesC' trdnsic-nts C.-:ln be up tu 50-GU?' of the bac,pllne v,llups. 

Thus, errorc; of at le,lst thls rn:l~nltllÙl' can be eAPl'ctcd in 2n 

happening ,Ln tlle délrk. 

calibrating cye displacement ln a normal light environment, gOlnp, ta 
, 

tolal darkness, and commencing the expcrirr.cnt after SO"''2 15 mInèltes. 

Even under these cond.ltions, one could eXrl'c.t te flnd the {':'!libration, 

ta differ from the cohclitions during the experlmcnt ~y ct lc~st 30~. 

b'Y a sjmllilr arnount. 

III th,! [('S[ltJll"{' to ,1 pr:-o]onr~l'd ()nguing ..,t Lmll LllS, rdtll 'r:- th,ln ti,' ln :nge 

) ~ III -., l:: l. 1 1... dl L 0 ~ (i t c~ 

.Incl m",'c;ure [''Il' poc;ltLon. 

praC'Llldl. 

rhlS chdr~tcr ha> bc\-'n puhlJ0h~d Ilncl,'r Jo~nL o.urhor',:lt') !vith Dr. l\. '[,llcoln. 
(Gooé>lloT, ". (', NJ'lc olfTl, ne. (l97J) , ~C·' Tl LhH()\!, r"nh ) . 

l 
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CHAPTER 3 

HABITUATION OF THE HUMAN VESTIBULO-OClTLAR 

REFLEX~ARC BY ROTATIONAL STIMULATION WITHIN 

THE RANGE OF NATURAL MOVEMENT 
-'. 

1 

, , , 

• 
'. 



, . 
- 64 -'. 

SUMMARY 

1( Repeated rotational stimulation of the semicircular canals lcad.s 

.to a re,sponse âecline known as "habi tuation'''. 
'-

2. ThlS investigation eoncerned the study of habituation ln man' 

1 

during rotati-on within ,the lrequency 0/6 I-lz) and ve loci ty ilmpll tude 
, 
o " 

(60 /sec) range of ~h~ human 'semieircular canals. 

3. Seven subjeets had the stimulus imposed for 3 consecutive days, 

daily exposure beipg ten 2-minute runs; with a '3-minute rest between 

t'uns, 

4. Over this time period there was-no consistent change in the 

ratio of slow phase eye angular velocity ta turntable velocity 

(vestibulo-oeular gain). 
" 

5. Vestibulo-ocular gain, wi th Gyes open' ln the dark. was 

consistently less than one. 

6. Natur~l patterns of rotatlonal movement do not lnduce progrcss1.ve 

'" 
changes of the kind ta be expected from previous habit~ation studic,s . 

.. 
7. The sti,mulus used il) this experiment may be use fuI for studying 

vpstib'ular funct'ïons without interference by habituation . 

• 0 

r 

-' 

, J 

/. 
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r :'4TROIlIJ("J'.lON 

l t has frefjuen tly heE'n shawn L'xpf'r imentally that ropeated 

1 
rotational stimulation of th(' semtcucular canals' has led tn dccllI1E' 

10 respnn'1C' tn thls st Imltlus. Fdrly rl'~l',lr('h('rs sucll 38 AhPls (1906) • 

. 
iOtimu1atlOI1j an observation 13ter confirmed bv I1UTIwrous ,H1tllors (Coffltl! .-) 

: \ 
WenJt (19,51) negatcd tilt' uc;etlllnl'SS of many 'of 1920; Dodgc, 1923). 

the prl'vious results by notlng thn.t the dC'c11n(' i-o rt'spons(J was proh.1hly 

dul' to "rcverte sta tes", or the loss of arousal; a p,.-drame ter thcy d id 

not normally control. He noted 'ha t ally cha;;"'ge ln the arousal 1evcl .. 
~I , • 1 

could brln~ aboutia return of ,the nyc;fagmlls. ThlS assertIon was plausfb1e 
, , \ - 1 

ln view of. thc then 'recent 
~ ... cl i SCOVe ry ~f' pn 

') 

arousal proccss ('rntercd in 
11.. ..... 

("JI 

th p br al n st f;m (MorllZzi,dI1d Ma~6un, 194 ). 

1"'g"S9) , and by SharplL'sc; and Ja"ljl('r-- (l9)(~) for the ,1lIciltorv ,->y'->t("m. 

/ 

changes in response to rotatlondl, <lS wcll J..~ rcl1o'rlc stirnulatLOI1, 

. 
cillrtng t('st~ wlth or wlthollt Vl,->lon. It lb gel1l'rally ,lt'Cl'pttJd thdt 

.. 
vr'sion 1'-> ~n important fallor ln th(' h,lbltlLltloll of v(,,->tlhl}l,,r nv,->t~mus ,. , 

-
VI<"lOn j1t'rmiLtI'J. Hood ,1nd PfLltl (lQS4) w('re ,lhh ta '->how mdtk(·d 

\Il ',[1' h d"t II Tle' '''';d l
, f olllld \.; 1 t il rl'j1I' 1 t "c! (.t10rll 'ttlrnllii (lf l [lm p ,1 r, d, Il' 

t 

~ .... 
~ 

1 
~ 

, 

-
...." 
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h6 , 
intenslty. Rccl'ntly Henrlk-.-.on l't cll (1C)()1:1. h) hdVl' shown shclrp 

dplilnes ln slow phase l'ye vt>loclty' durlng repetltive calorie 

~tlmulatlon of cats who where permittcd visIon, whilst calorie stimu-

latlOn :111 humans (Fluur and Mendel, 1962a, ]y) produced marked decreases 

in nystagmus duratlon. 

However, the presence of vIsion is appdrentlv not a ni cC'ssary 

condition. Thus, with arousal controlled, many investq~.1tors havp 

shown changes in vpstihular rpsponc,(l té) unldin'ctional stlmlll:1tlon in 

the dark. CollIns (19ô4<l), wot;kin~ wlth humdn ~lIh]pcts. obc,l'rved .1 ______ _ 

r!3ductlon in slow phase /~ystagm~s r(>spon~l' of 10% f~ t/;" pre to'post-
" V 

test SI tua tians, after 200 un id i recÙonal <lccplerations. Othcr authon, 

• r' 

have found substantiai decrement in slow phase output' to tmIdi.rectlona] • 

rotatIOn in cats (Crampton, 1962a,; Collins and Updegraff, 19(,6) and dogf:> 
/ 

\ . 
(CollIns af!,d Updegraff, 1966). Slmilar "flnd,lngs by Brown and/ Marshall 

" , 

(1~7), while uSlng D-àmphetamine dS; <ln arousa1 m('thod and/Iompan'ng It 

\ 
to nembutal and a placebo, led ta tlw statoment that, "although large 

differl'nc~'s ln .total slow' phase nysta!j{mic output wC're !found hetw('pn groupfo, 

thl' h.lhituatlon pattern..; ,lCrOSc, tt-4d1s werC' cssentlally un,lffectcd". 
~ 

Thl'lr conc]u::-.lon Wd'i that ln tl1l' d.lrk tht' ItJOitUJtlon c.;('.'n I~ dm' tt,l 

morl' tb,l!l merl' ldC'" of arotlsa1. UnIlateral ~o.lorIC st imulation 111 the 
§ 

dJrk, hoth ln thp cat (MertC'ns' and Colhn», 19f>]l) ,and the lTIonkey (Koméltsu-

,Zelki, I!.~rrls, A1pl'rt iJnd Cohen, 19(9), Iuvl"prodllced c~Jngl's very 

,,tmil\r to tlwsl' Sl'.'n with tl!e' unllatC'rJl rot,ation' spm~lations. ll'ading 

on J Ol']lPV(' that thl' attl'llll,ltion ohsprvcd ln thl' d,lrk 1" not m'Crl']v 

,. 

., . ) (, 
, ' 

.( \ 
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an arousal phcnomenon, bu t il dl'Cn'dse in rcsponsl; to lCepeti t i ve 

stimulation of the sCJIIlcircular canals per ''il'. 

l 'l'hf/quec;tion ar ües as to whether s imilar changes of responsl' 

will riult during natural movement? Almost aIl the previous studles 

Iwvp ln fact bpen dealing with unnatural sUmul1 produccd by prolonged 

J 

Q. J .. \ 

unldireltümal s~lmulatlon. For thlS r('ason a con~rolled niltur.ll 

<,timuill'; was used ln tlllS eX[ll'riment. Tt C'onsisted of a »Inusoid.ll 

st ImuIu<, weIl 1.11 thin tht; frl'qu('ncy dnd vl'loLl ty ampli tude rangt' of the 

human c;emicircular cdn3ls. 

HE THOnS 

One mdiC' and SiX femaJes, hl'tw('l'n the agC's of 20 :1nd 26, wcre 
1 

rota"tèd slnusoldally in a horizontal plane .It a frequency of l/f) H7 

Jnd at1gular ve10city amplitudr of 60
0
/sec. The head was fi'wd ta the 

platform by me ans of a dt'nt.1l hlte wah the' horl7.ant.ill 
1 scmie i rC~ilr 

canals j~,',thl' pLlO'(' of ratiltlOn. Tills par;iC'ular »tlmulll<' Wd<, ~)<,('n 

in ordpr lo .provide d menns of long-tC'rm bldlrl'ctlon,l! vl'st1l1lJLI'I.' 

mavl'ment. Thus l/() Hz li('s wlthw the n,lturcll VC'lOlltv trclllsducing 

range of the' human semycirculùr c.:1nals (Jones ~md Mllsum, 1%5), dnd 

Hallrikc ,md Haod (lQS3) hJVl' shm·,rn vP10Clti0s of nntural ht'dd movcment 

o 
ln the order of 700 /sec. Thl' stimulus was lmposed for thrct' consccutive 

, dnys, thl' dally ,t'XrOf,urt> bl'lng len 2-mlnutl' runs wlth Ll 3-minutc rest, 

.. 

'" 

Q ,." " t , '1 
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betw('L'!1 runs (Fig. 1). 

r~ 

\ 

The oculomotor response to this vestibular stimulation was 

recorded as horizontal eye rotation using D.,C. elcctro-oculography 

(EOG) • St t · l·b t· t 25
0 

e1.·ther id f a 1. c ca l ra Ions, a seo centep, wC're 

~ -----
performed before and aftn each 2-minute run. Shackel (1960) has 

shown that using these methods of recording and calibratIon, angular 

eyc rnovements rpla~iv(' to the skul1 can he rneasured ovpr LI range of 

DOo, tç an accuracy of Il. 35°. Lineartty and rpliabllity wC're 

period1cally checkcd hy dynamlc calibr:1'tlon1, ~btained from records of 

eyc rnovement induccd by fixat10n on the outslde world during the 

< 

standard oscillation descrlheù above. In the present experlments, a11 

méasurcd \.'ye moveme~ts exten9,ed ovcr a l1fch smaller range than 1-30
0

• 

Possible changes in EOG gain occurring wlth changes ln 11f:>;ht pnVlronment 

were minimlzed by a prelimlnary 50 mInute period of clark adaptation, 

and thetcafter maint31I1lng a rpd light rnVlronmcnt (Gonshor and 

Malcolm, 1971). r' TIte' mflgnltudt' of rl'spons\' rl'latlve' t0 ;-,llmulu<; \v.1s dl'tl'rmlnl'o 

. " 

.1'> d r.ltlO nf l'V\' anguLlr Vl'lOCllv rl'latlv!' to hl~rtd anguLlr veloclty~. 

(ga'ln) from S Imultanl'ous pen r~cords of !;OG and turntahle angular 

Vl'lOCI tv ln a manner descrlhed ln Result;-,'. iT1w n('od for control of 

<lrou"'! l (~'olllns, cr~on and 

hv h,IVlpg,lhl' suh]l'cts d drlth 

, . 

PO'?TIer, lq('l; -Collins, 19h2) was mer 

oblvrns for'a competitive 

c 1 
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" 

1 1 

1 

.. 
1 
1 

ex'lerimental method. The Black diagram of the 

\. 

stImulus was imposcd for 3 conspcutivc ddyS, the daily 

.. 
exposure being ten 2-minute test runs (no vision), 

'" interspersed with 3-minute rcst periods in~- red light. 

The 2-minute run consisted of 20 cycles of sinuso1dal 

osc111ation about the vertical axis, at l/A Hz and 

GOO/sec velocity amplitude. Statlc callbra'tions 

werL' performed ,before ~nd after each tC'st run . 

.. 

, 
~. 

--

" 
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1 

monetary reward.· During the test runs the subjects were in total 
~ 

darkness.wlth eyes open behindoblack-out goggles, and during the 

rert periods were allowed vision only under the red light conditions. 

External auditory eues werc cffectively cxeluded by high attenuntion 

RF.SULTS 

~. , ) 
Figure 2 shows one cycle of original re'cClrds of eve posi tion and , 

turntable (head) angular velocity taken from a standard 2-minute 

run consisting of 20 cycles. 
~u""'''''() 

The top trace shows the nystagmoid patterns ~..I 

of eye movement produced in the absrnce of ViSIon as a reflex response 

to rotational stimulation of the 1',emiClrcular canal':>. Thl~ tracl' is 

composed of ,two main compon0nts of eye mov('ml~nt: tlll' smooth purslll t 

or slow phase rompensatory motion, ilnd the ssccadll or L18t ph<lc,e ' 

rcpositloning flicks seen here hetwC'en the p,1lrs of cldShl'd 11ne5/ Thl' 

hottom traces shows the standard angular yeloci.D'. stImulus. The mlddle 

trace of "cumulative eye POSition/, (MeIry, 19(5) 18 composed of the 

seq opn t i dl e omp~nsa tnry s 1 ~w phof" oye mav"mr'n t sin th p "yde w i th 

the ~rtccddl'<; omittcd. ThIS trace descrihes thp overilll chilI}gc in eye 

pOSition whHh would hJ.ve occurred if the ('v(' were capahle of unrestrlctt'd 

rotation in tlll' orbit. The p~k-to-rl'ak dlsplaccment so ob,talned was 

\lsed ta calculcltc the anguli\r velocity amplitude of compensatorv eye 

mOVl'ment ilccorJ 1 ng ta tllP rel.l~lon; 

\ 
-) 

" 
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1 
1) (l 

l'-max = l' max. 271 .F .......... (1) . 
wherc 

o 
l' max maximum l'YC' angul<1r vp10cjty relatlvl' to head 

o 
e max 

l 

= amplitude of cumulative fi'ye dlsplacement 

F = frequency of sinusoidal mot1on cxpressed ln Hz. 

v 0' 
Thp ratio nf the maXimum cyP angular VClOClty ( c max) to the .~orresponding 

angula r ve loc i ty amplitude of the hf'ad (Oh mJx) provldpd the 

measurt' of vestibulo-ocular gàin usee! ln thi,S l'xp,er'lment. lt is 

------ " nou>worthy that the correct C'ompensatory eyp-movement (response). 1s .. 
o 

neccssanly 180 out of phase wlth the corrl'sporlding head movement. 

\ Re3'~lng this in mi od lt may he "Cl'n th,'It i 11 the bottom t-rdCC' thl..' pl'ak~ 

() 

of turnta'hle VdOCl~ are .Ipproxlmatt'Iy qo ph,ISl' adVanll'd wlth r('"pc( t 
1 
4 

ta the pCilks of tht' rL'spont>l'. In pril,rt 1C(', th i~ ph,lse adv,lnrcment 

was consistently 85°, anù this small diffcrcncc' from tlIP idcdl conforms 

to the view that we wcrl' us ing .1 st1mulus witllln tilp fUDctionally 

effective range of the normal {man Vl'st l bulo-ocular system. 

The' rl'sults werp f'xdmincd for (h,mg!''-o Ol l'urr1ng over th!:' thr('(' 
\ 

t1ml' sC111('<; of a 'f-minute run, the 1 hour d,111v tl'<.,t pl'rlod l'ompo"pù 
-1 

ot la runs, ,lnll tht' lomf11l'te' l ddY "L'(jlll'nl l'. Figurl' 1 .,how<., the , 

. 
('olll'ctl'd d,lt.! for .111 <;uhJvets ln out' rUIl. .. ). 

1 

drl' L'xprl'sscd <1" ml'.1n maXl'fJIllm l'VI' angllLlr Vl'Illl Ity, III dl'grl,'(,,,/c,,l'C 
(. 

" 
(1l'ft-hand ordln,ltC') ;t<., .1 functlOl1 of "'('fluentLll l'YLIl' numhl'r" ln tlll' 

rUIl. Tho uppf'r dasllcù lIno g"1VL'<; tht' m,lJ..lffillJ11 tllrntahll' angular vplolltv 
1 
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Fig. 2. 

Extractc; from ,original records of eye POSl tion 

rp la t Ive to the head (top tracE') and turntable (head) 

.:1ngular velocity (bottoIÎl tr;t('L'). The rnlddle tracc of 

, 1 
"Cumulative ('ye positlon" (Mpiry, 1965) 18 cornposed of 

. 
thl' bcquential {!ompensa tory slow rhase ey!' movements 

e • Co • 

in thc cvcle ~lth saccadcb (hL'twP('n dashvd 110L'C;) ornltted. -, - ~. 

In aIl traces upward displaccrncnt = right~going mo~ernent. 
[. 
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o 
of 60 Isee attained in each eyell' of the standard sLnusoida:!. stimulus. 

The right-hand ordinate shows the vestibulo-oeular gaIn . 
(0", ID ) 

L max h max. 

J 

1 
Eaeh point shows tHe me an value for one evele of run 5 ln aIl 3 clays, 

and for aIl subjects, and therefore,ls a rncan of 21 indlvidual values. 

The ealeulated linear regression line ,through these poi~ts showed no 

significant siope, from which it may be concluded that there was 

insigniflcant change ln gain within the 2-rnlnute period of continuous 

\ 

stimulation. Of additional Interest IS the observation that at the 

frequency and amplI tude of this stimulus, the mean gain ohtained from 

r-.I.>-

the data in Figure 3 is 0.7, with .l stLln,dard deviaqon of the muan 

(S. E.) of 0.23 (n = 420). This value was oht,ll11ed wlth 'PVl'~ open ln tl1L' 

dark. Howl'ver, during dynfJ;Jlle 'cdllbratiOn wlth eyps open anJ fixatlng 

on the~utside world,the.gain always reverted to a value indlstlnguishablc 

• 1 ~ 
from l, WblCh substantlates the vaIldlty of dynamic calibration as 

'descrlbf'd in'.Methods above. 

Changes ,wahln the 1 hour dally test perwds of 10 runs are 

shawn in Figure 4, in whLch thf' ordlniltes are JS in Flgurl' 1. The l 

" 
dh~(,l"'S,1 ..,llOW<; the 1-dilY l'xpl'rlm(>ntal sequl'l1U', dlvlded lnto the 

Sl'paLltc, d,lilv hour test pl'rlod.., of tl'r1 runs l'a'ch. Thut-., (,illl! 

pOInt 1 n 1- l gurl' 4 rC'prl'!->cntc; ,1 medl1 va 111 e 0 f d ~n [(',11 c u 1.1 ~ l d from 

"li \ 

( 1 • , '~. 
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FIg. 3. 
/ 

Ch~ngps occurring ovcr a 2-minute run. The left-hand 

oidlndtc shows the me an mdximum eye angular velocity . 
(Oe max in a/sec), as a function of the 20 cycles within a 

2-minute run. The right-hand o~dlnate gives the ves~ibulo-
• • Q 

ocular gaIn (Oe max/Oh max). Each point ~ the mèan for 

l cycle of run 5 in aIl 3 days dnd for aIl 7 subjects 

(n = 21). 

The upper dashed line gives th 9'1' rnatlmum t\lrntable 

angular velocity of 60
o

/sec attained in each cycle,of the 
. ... ~ . --

__ tJndard sInusoïdal ,st Imurus. Note ~le hrca~ in both ordinates. 

\ '. 
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• 0 

Changes occurring'over the time scales of 1 day 

and 3 day experiment. Ordinates and da shed line as 
, 

in Figure 3. The dashed line represents the peak angular 

velocity of the turntable during .its sinuspidal movernent 
Q 

ln one cycle. Each point 15 the mean valu~ from four 

1 .'11 
contrally located cycles in a 2-m1nute run for aIL 

" 7 subjucts Cn = 28). 
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\ 
4 cenirally located cycles within each 2-minute run for aIl 

subjects. EVidently, there was little or no change in vestibulo-
\ 

ocular ga1n during <wy of the 1 hour test periods. This was 

confirmed by the fact that the slope of the calculated regression 

line for aIl the points associated with the 1 hour test period, 

irrespective of the day number,'was statistically indistinguishab1e 

from zero (P )0.1). \o{ith regard ta the complete 3 clay sequence, 

the results in Figure 4 indicate that there were minimal changes 
. 

between clays. 
8 

Table l gi ves the mean values of e max obtainecl from 

each subject on each of the 3 days, together with the overall means 

and their S.E.s for each ddy. These data show that tHe difference 

between the me an values on the first and last day is statistically 

insignificant (P(O.2), although it is interesting to Rote that the 
/' 

( 

mean on day 2 was slightly, but significantly (P (0.01), less than 
f 

those on the first and last clays ~ 

(Table 1 near here) 
(i 

Figure 5 shows the phase advancement,,\ of compensa tory eye 

movement re;w..t)Ç.e ta heacl movement over the two t ime scales of the, 

daily 1 hour test pcriod and the 3 day experiment.' There are no 

statistically significant changes over these two time scales, nor 

over the time scale of a 2-minute run. The overall mean value was 

SOiO.ho. This value conforms closely with that ta be e3Pected from , 
a frequency response analysis of the human vestibulo-ocular reflex 

n 

system performed by Niven, Hixson and Correia (1965) . 

/ 
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'. 

TABLE 1. 
'1 

Individual and overa11 means of maximum ey: angular 

ê . 0 
veloci ty ( e max in Isec) for a11 7 sûbj ects and aIl days. 

<' 

Subj,ects 

A.C. 

A.F. 

S: T. 

J.B. 

D.P . 

C.M. 

D.M. 

OVERALL 
MEAN 

Cl 

ù 

tJ ,1 

( 

tfI 
!Jay l 

32.7 

59.7 

44.1 
a 

36.3 
\' 

46.3' li 

I~ 

39.3 

45.5 

41.8 
CiE • E • ±O • 27) 

Day 2 

31. 2 

52.6 

Il 

37.2 

33.2 

43.4 

41. 3 

43.2 

39.2 
ÇS.E. ±O.2n 

• 

Day 3 

44.2 

48.8 

40.1 

3R.O 

40.7 

42.3 

46.5 

41.3 
(S.E.±O.18) " 

.-------

,. 
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(Fig. 5 near here) 

In view of the possible significance of changes in saccadic 

frequency (Collins, 1964b), it is of interest ta note that visugl 

inspection of original records during detailed analysis of gain 
~ . ' 

apd phase sh~wed no pbvious changes in this parame ter over the three 

tlme scales. \.\ 

DISCUSSION 

1 
<-

The m~in outcome of the~e experiments ls that no cohsistent 

changes, which could be described as hahituation, were ohserved 
/ 

over any of the three time scales of a 2-minute run, the daily 

1 hour'test period of 10 runs, or the 3 day experiment. Incidently, 

the lack of any consistent attenuation of response with time itself 

indicates that a consistent level of arousal was maintained by the 

arithmetic task imposed for this purpose. The question arises, how 

ta reconcile the lack of habituation seen in these expcrimcnts w~th 
r 

the many previous observations demonstrating almost invariable 
i' , 

habituation of vestibulo-oculd~ responsc with repetltive rotatlonàl 

(Hallpike an? H(d, 1953; -Collins and Updegraff, 1960) or ca lotie 

(Fluur and Mendel, 1962 a, b; Hood and Pfilltz, 1954; Mertens and '1 

" 

,) 

Collins, 1967) stimulation Q,f the canals in the presence of adequate 

arousal? 

r' 

A common feature of the latter experiments was the unidirectional 

nature of ~he_imposed vestibular stimulation, which presumably 

placed them outside the range of natura1 experience\ Speoifically, _ 

.1 

\ 
\ 
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Fig.· 5. 

The Phase advancement ( 

eye rnovcrnent relative ta head 

79 

• 
f' 

.. 

degrees) 

• r 

of 

mavernent as 

" 

compensa tory 

a function 

of the sa~e time scales aS in Figure 4. Each point 

19 the mean phase from 'l- cyclc:;s in a 2-rninute run for 

aIl 7 subjects (n - 28). 
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it seems fairly certain that the natural mode of semicir'cular canal ,.. 
" 

... , 1) 

transduction i8 that of angular velocity. Indeed, it has been 1 ":i:' ,,/ 
implied on the basis of good obj ective evidence (Jones and Spel1s.~,.i 

1963; Ma.yne, 1965; Melvill Jones, 1974) that, o"there has been strong , . . ~ 

evolutionary pressure for selection of canal parameters specifically ... 
yielding an angular velocity signal over the frequency range 

appropriate to each species." (Melvi11 Jones and Milsum, 1970). 

It has been shawn that in man good velocity transduction ln the 

semicircular canals may be expected ta extend at least over the 

frequency range of 0.1 ta 5.0 Hz. The Iow frequency components of 

the unidirectional stimuli,'referred to above, usually lie weIl 

outside this range. For example, with a step change in angular 

velocity there i8 an initial ap~ropriate canal response that subse-

quently decays due to elastic restoration of the defiected cupula. 

) In these circumstances therefore the canal response to an 

unidirectional stimulus rapid~y becomes at variance with the reai 

movement, thereby becoming discrepant with other sensory inputs. 

On the other hand, our sinusoidal stimulus of 0.17 Hz was specifical1y 

chas en ta be weIl within the velocity transducing range of the 

~uman canal and hence presumably such discrepancy did not arise. 

The present results would thus appear to be consistent with the 

view that habituation may not be induced by sustained vestlbul=r 
'" .... 

stimulation per se, but rather by'a situation in which the response 
..... \ ... " ~ 

inducod is inapproprOCatèly matched to other tensory inputs. This 
, 

,', 

vicw i5 supported by the results obtained from a further series of 

, f 
, .' 

J " , 

" , 

, : b 

! 
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experiment9 in which a reversed visua1 trading'task imposed during 
, 

oscillatory head-rotation served ta rend~r the vestibulo-ocular 

", 
reflex inapp'ropria téfor visua1 fixa tion. 

. \ 
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CHAPTE){ 4 

ijABITUATION OF THE HUMAN VESTIBULO-OCULAR REFLEX 

INDUCED BY REVERSAL OF· THE RETINAL IMAGE DURING 

SINUSOIDAL ROTATION OF THE HEAD 
• 
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SUMMARY 

1. Previo~s experiments $howed that repeated exposuTC to rotational 

, ~ 

stimulation within the range of natural experience, without the aicl of 

vision, did not produce habituation. 

2. In the present investigation the aim was to tnduce habituation 

by cre?ting antagonism between the vestibular and optokinetic drives 

ta the ocu1omotor system while using the same stimulus (frequency 1/6 Hz 
y 

~ ~ 0 
and ve10city amplitude, 60 /sec) as in a previous experiment. 

3.' The stimulus was imposed on seven subjects for 3 consecutive clays, 

daily exposure being ten 2-minute runs with a 3-minute rest between 

runs. 
J 

4 A i f " d a 450 l f h b· , f 1 1 . m rror lxe at ang e rom t e su Jects ronta pane 
, 

reye!sed the~ptokine~ic input to the eyes. The 2-minute rotation ~ 

periods in the dark at the st~rt (VI)' middle (V2), and end (V
3

) of 

J 
ea~h clay wer~ interspersed with the mirror (habituating) trials. 

5. In contrast ta the previous experiment, substantial (25%) and 

significant (P4(O.OOl)~vestibulo-ocul~ reflex decli~e was founcl at 

the end of each l hàur test periocl, and pre-test control gain was 

significantly lower on day 3 than clay l (P(O.OOl): 

6. Habituation was. induced not by maintained vestibular stimulation 

per se, but by ma king that stimulation actively oppose the eye movement 

1 requirecl for retina1 image stabilization . 

", 
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INTRODUCTION 

~ ~ 
In a prpvious article, it was determined that prolonged 

sinusoidal rotation of the sern1circular canals within the presumed 

~ange of natural head movement, and in the absence of vision, did 

not lead to habituation of the vestibulo-ocular reflex (Gonshor . 
and Melvill Jones, 1974a). However, many unhatural forms of pro\onged 

canal stimulation, known to generate misleading sensory information, 

do produce such habituation (Guedry, 1965a). This raises the possibility 
8 
that the habituation i9 oot produced DY prolonged vestibular stimulation 

, 
per se, but rather by a situation in which the induced response is . 

inappropri~tely rnatched to other sensory inputs. 

The present experiments examine this possibility by superimposing 

a reversed visual trac king task on the non-habituating sinusoidal 

vestibular stimulation employèd in the previous experiments. Specifically, 

the 

for 

inertially driven~estibulo-ocul~eflex was rendered inappropriate 

visual tracking, by mirror-reversal of}~he direction)of relative 

movement of the surrounding vi~ual scene during sinusoidal rotation 

qf thé head. T~e re~ults show that in this antagonistic situation, 

marked habituation does indeed occur in the vestibulo-ocular reflex. 

METHODS 

r 

The experimental procedure was almost identical to the one 

• 
used in the previous experiment (Gonshor and Melvill Jones, 1974a) • 

. 
Briefly, using the same seven suhjects as before, each subject was 

\ 

) 
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rotated sinusoidally in a horizontal plane at a frequency of 1/6 Hz 

o 
and angular velocity amplitude of 60 /sec. The stimulus was 

imposed for three conseoutive days, the daily exposure bein@, eleven 

2-minute runs with a 3-minute rest between runs. Static calibratfons 

of eleètro-oculographic records of eye mo~empnt were made befor~ 

after each tun. The whole experimental procedure was conducted~ in 

red light as detailed in a previous article (Gonshor and Malcolm, 1971). 

(Fig. 1 near here) 

.. \ 
The only significant modification was that whereas in the previous 

experiment al! runs were perforrned without vision, in this exp~r-l..lÜent 

• 
runs 2 to 5 and 7 to 10 inclusive (habi tuating t'rials) were performed 

with the subject trying to fixate on a mirror-im~ge of the visual 

surround. Suitable tscreening const\ined vision solely to the mirror­

reversed scene. The three runs, 1, r(;, and Il (termed respectivelY'1 

,r 
VI' V2, V

3
), were performed without visi~n (behind black-out goggles) 

to impose purely vestibular stimuli before, during, an~fter the 

habituating trials. Û Habituation was assessed during the test runs VI' 
<. 

V
2 

and V
3

' as changes in vestibulo-ocular gain (eye angu1a\" velocity/ 

head angular ve1ocitY),measured from continuous records of head and' 

eye movement. 

(Fig. 2 near here) 
.-, 

) 
" 

, 
o 

• 
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Fig. i: 

Bloock diagram of the experîmental methoà, showing 

_qne day of the 3 day expertment. Daily exposure consists 

of -the 3 test ru~s performed without vision (black-~ut 

goggle~), befpre (V!), during (V2), and ?fter (V
3

) 

the habituating trials 2 ta 5 and- 7 to 10 inclusive (mirror 

vision). Each run consists of 2-minute sinusoidal 

oscillation in the horizontal plane at 1/6 Hz frequen~y and 

6~o/sec velocity amplitude, interspered wi~h 3-minute 

~est periods in red light. 
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The slgnlfieance of vi,>ually tracking the mirror-reverscd 

image becomes apparent in Figure 2. In Figure 2A, where the head 

is shown turning to the right, bath the vestibulo-oeular reflex 

(seen as 4 ) and the visual traeking response (soen as~ _ - ) 
~ 

~o drive the eyes in a compensatory direction ta the left, 

{<~ relative to the skull. Figure 2R shows the changes made 1.n this, . 

experiment ta produce the habituating stimulLs. Here, the mirror 

i8 placed in front of the subject's eye at 45
0 

to the sagittal plane 

of the skull, and attached to the dental bite holding the suhiect's 

head ta the turntable. Whereas normally (Fig. 2A) an angular movement 

of the head to the right would produce a relative motion of the scene 

to the left, the mirror has the effect of reversing the direction of 

./ this relative mov'ement. Now, rotation of the head ta the right generates 

\. 

a right-moving visual surround relative to the subject, without changing 

the In?gnitude of the relative velocity. The optokinetic input, 

(- - __ in Fig. 2B) now provides a right-going drive ta the oculomotor 

- -~-

system during â head movement to the r~ght, and this becomes antagonistic 

to the inertially driven vestibulo-ocular reflex ( ~.~--- in Fig. 2B) 

which s~il1 provides a left~going drive. 

Duringtest periods subjects wore black-out gaggles, and during 
(' 

calibrations the head was fixed to the dental bite tD insure that no 

he ad movement would take place whilst normal (non-mirror) vision was 

permitted. 

Il 
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Fig. 2. 

CA) Normal Situation. During head rotatton 

to the right with eyes open, both vestibular 

( .. ) and vi8ual (. - -)' influences 

" aet synergistically to produce compensatory 

eye movement to the left. 

(B) Habituating Situation. Due to mirror Vision . 
the visual influence i8 reversed and this 

produces antagonism between the visual and 

vestibular d~ives to the oculomotor system. 
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RESULTS 

(Fig. 3 near here) 

In response to sinusoidal stimulation of the scmlcircular 
, , ~ .. 
canals, the oculomotor system reflexly produces a nystagmoid~ttern 

/ 
of eye movement composed of smooth pursuit compensa tory mOtion alter-

nating with saccadic repositioning flicks. Normally this compensatory 

nystagmus i8 enhanced bv a synergistic optokinetic drive as.in 

Figure 2A. Figure 3A illustrates an extract from an original nystagmoid 

record obtained under these circumstan~es, when vestibu~r (V) and ') 
\ 

optokinetic (0) influences comple~ent one another (vto) ~ produce a 

compensa tory response operating close to unit y gain (compensa tory eye 

~ngular velocity/head angular velocity). Figure 3B is a record of 

ny.stagmus produced as ~ result of the antagonism set up, as in 

Figure 2R, between vestibular and optokineti~ (V-O) drives to the 
~ .~ 

. oculomotor system. In these parti~~l1!L_c_ircuJ)1stances «V-DJ __ in 

Figure 3) the nystagmus is seen to be reversed with respect to the normal 

pattern of compensa tory response (V+O) , indicating th,ll_ the mirror-

reversed optokinetic stimulus was overriding the vestibular one, hut 
~ 

the resulting eyc velacity was b1 no means sufficlent for succcssfui 

visua~fixation. This necessarily implies a considerable rate of image 

slip on tht:· retina, ,numerically equal ta the difference between the 

eye and (reve~sed) target angular velocities. Presumably this difference 

/V • 
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Fig. 3. • 

Extracts from originql records of eye position 

relative to turntablft (head) angular velocity. 

a. Compensa tory nystagmus resulting from complementary 

veRt~hular {V) and optokinetic (0) stimuli (V+Q). 

b. Nystagmus resulting from antagonistic vestibular 

and 'optokinetic stimuli (V-O). The mirror-reversed 

optokinetic s~imulus in b. overrides the vestibular 

one, but not sufficiently for successful visual 

'------------ . 
The angular velocity stimulus has a fixation. c. 

6 sec o period and 60 Isec velocity amplitude 

o (peak-to-peak 120 Isec). In aIl traces upward 

movement = right. 

• 
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constitutes the essential stimulus responsible for generating the 

- . 
habituation which wascfound to occur in these experiments. .' 

----- - --
(Fig. 4 near here) 

Using the method described previously, the records in Figure 3 0 

can conveniently be turned into corresponding r,e~ords of' "cumulativ(' 

eye position"- (Meiry, 1965) similar to the firs,t (V+O) and fif th 

(V-Q) traces in Figur~ 4, by constructing continuous curve~lof slow 

phase eye movements with the saccades omitted. As in the previous 

article, the peak-to-peak amplitude of such curves was used to determine 

peak eye angular velocity, whi~h in turn was used ta determine the gain 

of response. In this article no further consideration is given ta 

the records of (V-O). 

The top trace (\1.1-0) of Figure 4 sho~s the "cumulative eye 
r 

position,0through Just over one cycle of a pre-habituation test run 

_~here nor~ visualtrac.king 'wi thout --miI'I'or-+-~as-p~:i,ued .-- It:~-may­

be seen ~hat tte-amplitude of this response is much larger than that 
,', 

1 

of the remafn1;ng traces. The next trace l'CV
1

) is taken from 3 pre-

habituation run without vision. Here the substantially decrcased 

1 
amplitude of response is due to the absence of the complementary 

optokinetic stimulus. It is noteworthy that this trace is ~omparable 

in every way to those~btained from the same subject in the previous 

set of experiments, and therefore provides a convenient reference by 

~ 
which to compare the two sets of experiments . 

____ ... f', 

.. 



Fig. 4. 

" 

Records of "Cumulative" Eye Position and table 

(head) angular velocity. (V~) indicat~s the normal 

eye response to sinusQidal rotation with eyes open 

(no mirrar), in which vestibular and aptokinetic , 
influences complement one another. (VI) is derived 

, from a pre-habituation test run in the dark where only 

the vestibular input is operational. Bath the (V
2

) 

traces are derived from the mid-test run after the 

first foùr habituation runs, and show both the 

initial decreased amplitude and eventual recovery 
" 

within ~e 2-minu~e test run. (V-O) is an example 

of the reversed nystagmus during an hahîtuating run 

in which the vestibular and optokinetic inputs act 

antagonistically. 

p' , 

, ~. 
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The tWQ traces marked V
2 

are cycle 2 (upper trace), and cycle 

10 of a 2-minute test run in the dark (20 cycles) following the 

first four habituation runs (see Fig. 1). !WO important features 

are seen in these1two traces. First, the initial V
2 

trace, coming 
~ . ., 

at the beginning of this test run, is of considerably lower amplitude 

than VI' taken from ,the pre-habituation control. The change of 

vestibulo-oc"lar~ain between VI and V2 constitutes habituatIon as 

defined in this article. Secondly, the gain of the lower V
2 

trace,­

located in the middle of the same 2-minute test run, shows marked recovery. 

Both these changes represent general trends found in the collected data. 

(Fig. 5 near here) 

The collected results for one subject l of the 

3 day experiment are presented in Figure 5. 

velocity, in degrees/sec (left-hand ordinate) fs exprcssed as R fun~tion 

of the sequential cyc le number in runs ,V 1 Ce), V 2 (.), and ~~X'2 ___ _ 
---------- -- - - -- - ---- --- - --

of day 1. rhe upper dashed line gives the maximum head angular veJocity 

o of ôO /sec produced during each cycle of the standard sinusoidal rotation, 

and the right-hand ordinate describes the vestibulo-ocular gain . . 
(Re max/Gh max). Each point represcnts the maximum eye angular 

velocity attained during one cycle. Runs V
2 

and V
3

, both coming 

after a series of habituation trials with the reversing mirror, show 

inltial cycles with highly decreased gain of response. However, within 

the 2-minute (20 cycle) period of each test run the gain rose ta 
'. 

~" 
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Fig. 5. 

The collected results for one subject during 

day l,of the 3 day experiment. The ordinate shows 

a the maximum eye angular velocity in {sec. The 

abscissa gives the three test runs VI' V
2

, 

and V; (2 minutes eich) separated by the 
~ 

habituating runs which are not shown. Each point 

represents the maximum eye angular verôcity 

attained during one cycle .. The dashed line 

gives the maximum sinusoidal head angular velocity 

of each cycle. Gain - Ge ma {Oh max in this andall 
, 

subsequent figures. 

------------- ----
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dpproach the pre-habituation level ~Vl). Vis~al inspection of the 

, 
figure as a whole suggests in addition a cumulative habituation from 

beginning to end of the one hour experiment on clay 1. 

(Fig. 6 Jlear here) 
h 
/ 

Mean changes within a run are shown in 1,"igure 6, in whlch the 
GO 

mean maximum eye angular velocity in degrees/sec (left-hand ordinate) 

~is expressed as a function ,of the 20 cycles ~aking up a 2-minute 

run. Each poin~ of ~l (e), V
2 (.), and v) (X) repr,esents the mean 

maximum eye veloci ty attained in one cycle fo\1.Jill subjects and a11 .,. 
.:. 

day~ (n = 21). Alsa included for cOmNrisor}" (faint plotted Hnes) are .. 
1 ': 

~ __ IIt_"-- ____ _ 

col1ected data for aIl subjects and days from runs 5 and 10 of the previous 

experiment (Gonshor and Melvill Jon~s, lq74a).~ In that experiment 

the vestibular st'imulation produced du~,~~t~a;-~dentical sinusoidal 

'. r~tatian profile did not induce habituation over similar time 

periods. Runs 5 and 10 were specifica1ly chosen for thi~ comparison 

since they correspond most closely to Vz and V
3 

df the present 

exp~riment, although aIl runs in the p~evious experiment save the same_ 

resul t. 

The calculated regression line through t»e VI results in 

Figure 6 i5 statistically indistinguishable from those t'hrough each 
, 

of the data sets of runs 5 and 10 of the previous experiment (faint 
---

lines) . This provides good assurance tha t thcre has been~ha;nge'- '" 

in the respdnse characteristics of the subjects between the previous 
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runs VI' V2, and 

days. Each point 

(X) represent 21 

S,tage 1: Each point of run ? ( ,0 ) ~nd 

• run ,l0 ( 'll ) represent~ 210 individual 

V) , 

of 

cycles. These points are inc1uded to show the 
~ 

_ indl~tin~uishabi1ity ,pf VI - Stage 2 and any of the 
1" 

'Stage 1 runs. / u< 

. \ 

Pl_ease:\ïote the breaks in both ordinates. 

• 
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and prese~t experiments (6 months). Furthermore, this consistencv 

èstablishes the VI results of the present experiment as reliable 

control data. 

The V2 and V
3 

test runs shawn in Fjg,ure 6 were perfonned 

rrspectively after 8 minutes and a further 8 minutes of the habituating 

~imulus (Fig. 2B). These collected data confirm the main features 

seen in the previous figure. First, the initial V
2 

cycle shows 

approximately 30% de'crease in vestibulo-ocular gain relative ta the me an 

VI control le~l: Secondly, however, this decrease progressively 

diminishes during the '20 cycles of this 2-mihute test run ip the 
l , 

dark, rèaching a final gain in the 20th cyèle ju;t below the control 

level. ThirdIy, the '13 test run resul ts show the Saf1le features as 

those of V
2 

except that the whole curve in consistently a further 

7% depressed with resp~ct to the VI control level. The me an values 

(Table l near here) 

of the VI' V2, and V
3 

results for each day, and fo~ the overall 3 day 

exppriment are shown in Table 1. 
. ) 

It lS noteworthy that these me ans 

undcrestimate tp.e initial suppression~ of gain in goth the V 2 and V 1 

test runs. 

(Fig. 7 near here) 

Figure 7 scparates these mean values into those obtained from 

C) 

r 
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TABLE 1. 

o Mean values of maximum eye angular velocity ( /sec) 

for runs VI' V2 and V3 in each day 'of the 3 day 

experiment, ~ith ~verall means for VI' V
2

, and V
3 

in the 

right-hand'column. 

Test Runs , Day 1 ~/ Day 3 Overall 
Mean S.E. Mean S.E. Mean S.E. Mean S.E. 

" . 

o 

VI 44.57±O.64 40 .. 48±O.78 40.20±O.72 41. 75±O. 72 

V2 35.78±O.84 35. 02±O. 65 35. 09±O. 66 35.30±O.75 
-

1 V3 <. 34.30±O.93 30.86±O.65 32.07±O.62 32.41±O.78 

, -

...... : 

1 --
f 

j 

,-
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Fig. 7. 

Combined results for aIl subjects and aIl 

experiments over the 3 day experimental period. 

The ordinate gives the ~ maximum eye angular 

velocity in o/sec. The abscissa gives the 
"-

3 day experiment with the three test runs in the 

dark each day. Each point on this expanded scale 

represents the mean maximum eye angular velocity 

for seven 9ubjects. 

". 
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days 1, 2 and 3 of the 3 day experiment. With exception of the V
2

-V
3 

comparison in day 1 (P)O .1) a11 the decreases within a day are 

high1y significant (P~O.OOl). Second1y, between days there was almost 

full recovery o} gain, although VIon both days 2 and 3 was still very 

significant1y lower than the day 1 pre-habituation VI control 

(P( 0.01 and 0.001 respective1y). 

(Fig. 8 near here) 

Figure 8 shows a comparison of test runs after periods"of . 
habituation in this experiment with corresponding non-habituating runs 

on thp same subjects in the previous experiment. (Gonshor and 

Me1vi1l Jones, 1974a). In detai1 we see a comparison of the 1umped 

means of runs 5 and 1P of the previous experiment (faint lines in Figure 6) 

with those of V
2 

(run 6) and V
3 

(run Il) in the present experiment. 

o 0 The actua1 means are 42.6 Isec (S.E.±0.26) and 33.8 Isec (S.E.±O.30) 

respective1y, the vertical bars in the figure representing two 

standard errors either sidp of the mean. Because the protoco1s in 

the previous and present experiments were virtua11y rdentical, this 

'" compar1son affords a ready means of iso1ating thosp c~anges due 

purplv to the habituating influence of mirror-reversal of the visua1 

scpne . 
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Fig. 8. 

A comgarison of the lumped means of runs 5 

and 10 in Stage 1 and runs V2 (run 6) and V
3 

(run Il) 

in Stage 2. The ordinate i8 me an maximum eye 
... 

angular velocity in a/sec. T-li thout inclusion of' .. 
VI -~Stage 2 in the 1umped mean, the resu1t shows 

the effect of the,habituating stimulus in Stage 2 

on V2 and V3., Ba~s represent two S.E.s. 
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t)ISCUSSldN 

Results from the previous experiment showed that no consistent 

changes in vestibulo-ocular gain occurred during a sequence of 

repeated sinusoidal vestibular stimulation. FQr reasons adduced in 

the previous article (Gonshor and Melvill Jones, 1974a) it was inferred 

that.the commonly reported habituation due to repetitive vestibular 

stimulation may not be induced by sustained vestibular stimulation 

per se, but rather by a situation in w~ich the response is inappropriately 

matched to other sensory inputs. The main objective of the present 
, 

experiment was to examine this possihility by making the vestibulo-ocular 

reflex directly oppose~ to a reversed optokinetic stimulus, whilst 

retaining the original protocol of vestibular stimulation. The fact 

that substantial and systematic decrease of vestibulo-ocular gain 

resulted from the procedure is consistent with the above inference, 

and strongly implicates the reversed optokinetic stimulus as the cause 

of the ohserved habitua t ion .. 

Other authors have shown the effects of vestibular-visual inter-

\ 
action in humans. Guedry (19ô5Nexposed human subjects to long durations 

of continued unidirectional rotation folJowed by sudden cessation of 

rotation. In these Clrcumstances normal suhJects experience a violent 

reversed canal stimulus often referred to as post-rotational stimulatjon, 

whilst they themselves are stationary. The resulting vestlbulo-ocular 

reflex generates involuntary nystagmus, so that any attempted visual 

fixation would lead to antagonism between optokinetic and vestibular 

, . 
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stimuli, usually producing retinal image slip. Without vision the 

<> 

repeated post-rotationsl stimulation led to sizeable habituation of 

the vestibulo-ocular response. However, over and above this, when 

subjects attempted visual fixation on the stationary surround duting 

the post-rotational stimulus, a roughly twofold increase of habituation 

was observed. 

Collins (1966, 1968) has"done a- series of studies on 

professional skaters in which he showcd that during the violent 
q 

post-rotational vestibular stimulation associated with cessation of a 

spin in a practiced direction, subjects will suppress the vestibulo-

ocular reflex almost completely followin& visual fixatiQn. Collins' 

" . 
experiments, as weIl as previous work on skaters by McCabe (1960), serve 

ta show the importance of voluntary visual action in opposing 

vestibularly-induced nystagmus. This is'probably quite a different 

interaction from that produced when vision is introduced to either 

hurnans or animaIs during passive rotation. This is especially true 

in animaIs where inconsistent findings may be due ta the reaction t0 

restraint (Guedry, 1965 a) . 

Two alternative interpretations of these results would sepm 

to be reasonable. On the one hand superposition of an optokinetic 

stimulus upon a vestibular one could merely enhance an on-going 

habituation in the vestibulo-ocular reflex arc which is inherently 

caused by the repeated vestibular afferent input itself. On the 

other hand the added hahituation introduceè by the optokinetic stimu-

lation could be due ta a qui te independent ability of retinal 
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afferent signaIs generated by the resulting image slip to modify 

the characterist!cs of 7esponse in the vestibulo-ocular system. 
v 

Whereas in aIl the above quoted experiments the vestibular stimulus 

employed was of a nature known to produce habituation on its own, 

a particular feature of the vestibular stimulus employed in the 

present experiments was that it did riot of itself produce habituation 

of the vestibulo-ocular reflex. Hence such changes as were incurred 
~ 

the independent action 

presùmably have been introdUC~ solely hy 

of retinal afferent signaIs originating 

in our experiments must 

from image slip during attempted visua~ fixation. 

A common feature of aIl experimental results has been attenuation 

of the vestibu1o-ocular response. In those experiments invo1vingOvisual 

fixation on a s~ationary wor1d during a post-rotationa1 vestibular 

stimulus, the most functiona11y appropriate end-point of habituation 1 

would be attenuation of the vestibulo-ocular response to zero. In 

our experiments the u1tïmate goal would be not merely attenuation to 

zero but complete reversaI of the vestibulo-ocular reflex; response. 

This raises a fl,mdamental question of whetc.er habituation mere1y serves 

ta attenuate the response to a repetitive stimulus, or to systematically 

remodel the relevant neurologica1 elements in an attempt to meet new 

~ 

optimization criteria no matter how radical the éhange. The results 

of a further series of experiments designed to examine this question 

strongly favour the latter possibi1ity (Gonshor and Melvill Jones, 

1974c). 

It is of additional interest to note that the form of habituation 

• 

--' 
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Thus when Sperry (1950) surgically rotated the eyes of fish, the 
, 

reversed optokinetic stimulus produced by the animal's own 

movement-generated a perpetuaI circ1ing with no sign of habituation. 

In simi1ar experiments, where von H01~t and Mittelstaedt (1950) 

o 
rotated the head of the inseet Erista1is 18~ so that the two eyes 

were reversed, sny se1f-indueed motion resu1ted in rapid whirling 

in the direction of initial movement to the point of exhaustion. 

Apparent1y gross habituation of the kind seen in the ma~1jan' 

experiments described above do not occûr throughout the phy10genetic 

seale. 
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CHAPTER 5 

"'" PLASTICITY IN "THE VESTIBULO-OCULAR REFLEX 

ARC REVEALED BY LONG-TERM PRISM-REVERSAL 
() 

OF VISION DURING NATURAL HEAD MOVEMENT 

" 

..., 
'" 

., 
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SUMMARY 

1. The present experirnents were designed to examine habituation 

or change in the vestibulo-ocular reflex (VOR) consequent to 10ng- / 
1 

term prism-reversal of vision. 

2. Four nbrmal adults (aged 20 to 50 years) were subjected to 
, 

;J { 

experiments conducted over periods of ~,17,25,and 49 days~ with 

vision reversaI during al~ the waking hours of 2,6,7, and 27 ~ays. 

A reve~sal of the horizontal plane was obtained with the use of' 

"dove prisms". Daily tests in the dark, and in bath ~he horizontal 

and sagittal planes, consisted of,sinusoidal oscillation through 
il 

"" 20 cycles at a 1/6 Hz frequencfy and 60
0

/see veloeity amplitude. 

3. Results from horizontal plane oscillation 'showed complex 

changes in gain and phase, fallinginto 5 recognizable stages. First, 

c-
a rapid and significant decrease of VpR gain to 30 or 40% pre-vision 

reversaI levels, wit'h no marked phhe change. In the second stage 
c ' 

"f" C\ 

(days j to 14), almost ex~lusively large and continuously varying 

phase.' , In the third stage (days 14 to 28), a plateau of gain and 

phase to 40%' pre-s'timulus gain and 1250 phase lag. The fourth 
r 

stage, Qccurring immediately after prism removal, was a rapid 
J 

return of phase to normal, with a slight drop in gain. The 'fifth 

~ 

and final stage was a slow return, over 3 to 4 weeks, to normal gain. 
J: 

4. High geom~tric spe~ificity oeeurs, sinee response change was 

confined strictly to the plane of vision rever~al. 
c , 

5. It is pro~sed that habituation may represent an attempt by the , 

'1 

_________ -"1 ______ _ 

-~-. -- ~~--- ~----------

" 
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• " 

organism to rest(ucture its neurologieal éharacteristics 80 as to 

- optimize for a elearly defined physiologieal goal, here being 

minimization fof tetinal image slip. ,rhe eereb~llum i8 put forward 
< .' --LI, 

" 
as a ,prime, candidate responsibl,e for this capability. "> 

} 

• 
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• INTRODUCTION 

, 
In a previous study it was found that prolonged sinusoidal 

rotational stimulation of the human semicircular cànals, performed 

in the absence of vision and in the range of natural he ad movement, 

did not cause any change in the associated vestibulo-oeular reflex 

response (VOR), measured as the ratio of compensatory eye' angular . . 
8 0 

velocity to head angular velocity ( el h) (Gonshor and Melvill Jones, 

1974a) . However, when an_antagonist~c visual (optokinetic) trac king 
_~ .. M_! 

\r 

task was superimposed on this non-habituating vestibular sti.mMfus by 
1 

means of mirror-reversal of the visual image, marked and sustained 

attenuation of the VOR"measured in the absence of vision, systemati-

cally occurred in aIl subjects (Gonshor and Melvill Jones, 1974b). 

VOR attenuation has been observed by others (Brown and Guedry, 1951; 

Collins, 1968; Mertens and Collins, 1967) ~n situation calling for 

an ultimate suppression of the vestibulQ-ocular response to zero: 

for example, attempted visual fixation on a stationary surround during 

post-rotational vestibular stimulation. However reversaI of~ptokinetic 

stimulation during'head rotation ultimately calls for reversaI 

of the VOR, rather than mere Attenuation to zero. 

This raises th~ question which led to the present study; namely, 

WO~tl prolonged continuation of vision-reversaI during rotational 

he movement lead merely to suppression of the VOR towards zero, or 
, 

to overt reversaI of that response? 

The previous method of stimulation, where sllbjects were seated 

• 
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on an oscillating turntable whilst looking at a mirror-reversed 

surround, was obviously not ametnable to edntinuous stimulation 
{/ 

lasting many days or weeks. It was therefore decided to replace 

the mirror of the previous experiment with"dove"prism goggles 

mounted on the head, which established not only the required 
/ 

visuai-reversal, but also allowed, continued free body and head 

movement. The turntable was used as before to test intermittently 

the vestibulo-ocular responsè,in the absence of vision . 

. A preliminary accoun~of this work has been reported briefly 
p 

(Gonshor and Melvill Jones, 1973). 

METHODS " 

\" 
Prism ReversaI of Vision. The method o} i~ reversaI by 

" \ 

>, means of the "dove" prism is outlined in Figure 1. re upper 

section of this figure illustrates how a plane mirror{causes reversaI 

:-. of image movement seen by the eye. The real object, O,,~enerates a 

\ 
real image, I, on the retina after reflection at the mirror surface', 

r. 
M. Then movement of the object, 0, say from left to right (solid 

arrow), i8 assoc1ated with movement of a virtual object, 0', in 

the reversed direction, namely from_right to left (broken arrowl._ 

Consequently the, reSul ting movement of the real image, l, aeross th,~ 

retina is perceived as a reversed movement of the object; i.e. as 
{j , 

though from right to left. 

-' 
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Fig. 1. , 

Image reversaI on the retina by means of a plane 

mirror and a "dove" prism. In the upper diagram the 

real object (0) generates a real image (1) on the 

-retina after reflectian at the mirror ~urface (M). 

Movement .( f ) of the real abject (0) is associated 

with movement of a virt~al object (0') in the 

1 

reversed directIon (.), and a resultant movement of 

the real image (I) across (he retina ( t), perceived 

as reversed movement of the object. T~e lower diagram 

depicts a similar situation obtained with a "dave" 

prism, when the eye and prism' are stationary relative 

to one anather. Rays fram the real object (0) are 
. " 

refracted at the prism surfaces, A and C and totally 

internally reflected at surface B. Therefore a 

movement of the real abject (0) ta the right causes 

a reversed movement ta the left of the virtual 

object (01), and perception of reversed movement of 
~ 

the imàge (1) on the retina. (0") represents the se en 

virtuéll abject which, due to the prism, iS,~ direct 

line of vision. 

.' 

) .' 

'. 

." 
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A similar situation ohtains with the "dove" prism 1l1ustrated 

in the lower section of Figure 1. With eye and pr'ism stationary 

relative to one another, movement of 0 from left to right leads to 

reversed movement of tbe virtual object, 0', due to total internaI 

reflection at surface B. As before, the resulting movement of the 

ret,inal image, 1, leads to perception of a reversed movement of the 

object '~from right to left. The main advantage of the pr ism mode of ,. 

image reversaI i8 that refraction at surfaces A and C brings the 
"­

J\ 
seen virtual object, 0", into the direct Hne of vision. A pair of 
) 

~UCh prisms can thus readily be ~ounted in goggles which permit 

forward vision of a mirror-reversed external world (~ohler, 1962), 

although with somewhat restricted visual field of 
\ 0 

apptoximately 60 
, 

solid angle. Since prism and skull then remain statiopary with 

respect to one another, any head rotation in a horizontal plane; say 

to the left, will be associated with apparent relative movement of 

the outside world to the left, rather than'to the right as wou Id 

normally be the case. In addition, the goggle-mounted prisms can be 

tolerated for prolonged periods of "normal" activity. 

" " It is important to note that dove prism reversaI takes place in 

one plane only, which in these experiments was arranged to be horizontal 

with head erect. Consequently there was no reversaI in the sagittal 

plane, which conveniently allowed movement in this (i.e. sagittal) plane 

to be employed for control purposes. 

Experimental Procedures. The main objective of these experiments 

1 

-------------------------------------------------------------------------------~~----
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was ta expose human subjects ta long periods of natural head 

movement with horizontal prism-reversal of vision and peiiodically 

examine the effect of this experience upon the correspondin~ 

compensatory VOR to horizontal rotational stimulation, measured 

in the clark. As will be described in detail below, Buch effect 

was measured in terms of gain and, in the longest experiment described 

be1ow, phase of ocu~r response relative ta head rotation. Any 

consistent1y retained change in eithei of these parameters from 

their control values will hereafter be referred ta as Habituation. 

Four ad~lt subjects (three male and one female), ranging in age 

from 20 ta 50 years, and free from vestibular and oculomotor , 
J 

disotders, ~ere employed. The experiments were performed with the 

full understanding and consent of each subject. Initial tri~ls last-

ing up ta 4 hours established acceptable conditions for the much 

more prolonged main experiments. Four main experiments were then 

conducted over periods of 4, 17, 25 and 49 days, with the durations 

of prism-reversal of vision extènding over the waking hours of 2, 6, 
{J,!J.. 

7 and 27' days respectively. 

Each subject was first matched with a second individual whose 

1 

dut y was ta monitor the subject's moment-ta-moment activity from 
, 

beginning ta end of the whole experlmen4 in arder ta serve the 

interests of personal safety. On da? 1 (Dl) bath indlviduals were 

introduced ta the experimental pragram and the subject fitted with the 

.... , \~ '" 
'" 
~t \.' 
1 .;.t ~J.. L 

1 

prism-goggles to test their comfort, exclusion of non-reversed vision, 
--~------------~ 

and acceptable binocular fusion. Ta avoid unintended habituation, the 
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subject's head was at this stage held still during fitting. Heavy 

stress was laid on the importance of rigorous continuity in wearing 

" 
the goggles throughout the subject's waking hours until th~ir planned 

removal. Two standard test sequences detailed below were run to 

obtain morning and afternoon control data. The prisms were"not wnrn 

during head movement on Dl' 

1 

On D2 a third standard control test sequence was run in the 

morning. The subject then donned the prism-goggles and irnmediately 

engaged in locomotor exercises consisting of simple, aided, walking 

in and out of laboratory rooms and corridors. The preliminary trials 

mentioned above showed that rapid and severe nausea and/or vomiting 

may occur under these conditions. ~onsequently, to avoid unaccep~le 

discomfort, 15 min~te periods of such activity were alternated with1 30 

minute periods of complete rest (supi~e, with head still) during the 

first 3-4 hours of the first day. On D2' standard test sequences 

were performed 1, 3 ~nd 6 hours after the prisrns had been donned. 

From D3 on subjects underwent the full test sequence at 1east \ 
once daily, except on occasions during the longest experiment when the 

\,. 

,subject was sometimes al10wed home for a week-end, after carefu1 briefing 

'of his wife and fami1y ta ensure continuity of prism-reversal of vision. 

,O~ several da ys selected components of the test sequence were repeated , -

l
isevera1 hours arter the first test series for reasons such as the 

deteétion ,of risponse inconsistencies, laboratory equipment failure, 

or the presence oL-pru:t i Cll] arly rapj cl rates of change in 
j 

characteristics . 
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Between laboratory test sequences subjects were allowed complete 
0;. 

!ree~om of movement within the scope of their capability, but 

always with the second individual in close attendance. It cannat 

be tao strongly emphasised that without consciencious, moment-to-

moment, personal attendance, the ri k of s~rTous personal injury to 

a subject wearing the prisms is high' particJlarly, for examp~e, 

when 'more fre.edom becomes possible-

road movement was limited ta the laboratory 

environment. Later, the subject would be encouraged to range pro-

gressively more freely until by D
4

_
6 

he wo~ld venture outdoors for 

extended periods. During these periods he would take walks in both 

• country and city environments. Indeed, active participation in 

normal city life was further encouraged by providing funds for purchase 

of tpeatre tickets, quality restaurant meals, and petty cash for 

limited shopping in down-town stores. Thus, although between test 

" sequences there were few formaI exe ises, the subjects did engage 

in a wide range of ordinary motor a ivity whilst wearing the reversing 

prisms. 

On the final day of prism-reversed vision the subject wore his 

goggles until after th~ standard morning test sequence. The prisms 

were then removed and the subject required to engage in normal 
" .. 
locomotor activity again. Test sequences were performed for about 

'l'" 

th,e same number of days as the prisms were worn, the actual per lad 

of testing depending upon each~~.B time cruu:s~_--DLIe1:lIrn toward~s __ ---~ 

his control response conditions . 
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• The Standard Test Sequence. Three main series of experimental 

tests were performed during each formaI test sequence. These were 

designed to E!xa~ine (1) the dynamic characteristics of the VOR in 

the absence of vision; (2) functionai impairment of visual fixation 

due to habituation of the VOR, mèasured during head rotation without 

vision reversaI (Gonshor, 1974a); (3) func,Honal impairment of postural 

coqtrol (Gonshor, 1974b). Additional observations were made on 

optokinetic tracking ability with head still, and the characteristics 

of saccadic eye movements. The present account is confined to the 1 

f \ \ 

outcome of the first of these test procedures which primarily compri\sed 

measurement of the gain of VOR in the absence of vision. In the 

longest experiment measurements of phase as weIl as gain were made. 

The rotational test stimulus, and the eqJipment employed have 

been fully described elsewhere (Gonshor and Melvill Jones, 1974a, b). 

Briefly, subjects were rotationally oscillated through 20 cycles of 

sinusoidal movément at a frequency of 1/6 Hz and an angular velocity 

- 0 
amplitude of 60 /sec. During rotational stimulation the subject's 

head was fixed to the turntable by means of a dental bite boprd so 
1 

.\ 
~rranged as ta bring the horizontal canals into an e.rth horizontal 

plane, thus ensuring that only ona pair of canals'would be stimulated 

/ by the imposed rotation. The resulting eye movements were recorded 

by nc electrD-oculography (EOG). AlI such recordings were made ln 

the absence of vision; in practice with eyes open behind blackout 

~--______ ----égoggles. __ ArnusaL--WaB- maintained by mental ari-t-Hme.ti~r~.(~l-i-ns-, ... _-- ---~~ __ _ 

• Crampton and Posner, 1961) and particular care was taken to avoid 
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significant changes of EOG gain due ta transient changes in levels 

of retina1 illumination (Kris, 1958; Gonshor and Malcolm, '1971) . 

• In the present experiments this was ensured by restricting recording 

in the dark to less than 3 minutes, which was shown by supplementary 

quantitative experiments to be too short to Interfere with reliable .... 

recordings of VOR gain. As an added precaution EOG calibration ,.ras 

always conducted immediately before and after each period of 20 cycles 

rotational oscillation. Simultaneous records of table and eye movement 

were made as shawn in subsequent figbres. The above oscillatory 
) ~ 

rotational stimulus was chosen because earlier experiments had shown 

that this pattern of vestibular stimulation did not of itself lead to 

habituation in the VOR (Gonshbr and Melvill Jones, 1974a). 

Some 15-20 minutes after oscilla tory rotation in the plane of the 

horizontal semicircular canals subjects underwent a similar series of 

20 cycles oscillatory rotation with the sagittal plane of the skull 

brought into the true horizontal. Similar EOG recording of vertical 

eye movement, obtained in the absence of, vision and employing 

precautions described previously (Barry and Melvill Jones, 1965), 

allowed comparison of responses in ~rthogo~~l degrees of freedom, 

one in the plane of prism-reversal (horizontal), the other in a 
'. 

plane which was not associated~ith vision reversaI (sagittal). 

RESULTS 

Figure 2 reproduces an extract from records of head (~.e. turntable) 

and eye movement obtained from one subject during a control test 
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( 
prior to donning the reversing prisme. 

• The bottom record gives 

h~ad an~ular velocity,during sinUSoidal o~~~tion of the man­

o carrying turntable at 1/6 Hz and 60 /sec angular ve10city amplitude 
~ 

(peâk-tP-peak 120o/sec), obtained from a tachometer on the 

turntable. The top record shows the reflexly induced compensa tory 

nystagmoid eye movement obtained in a horizontal plane, with e~es 

open behind blackout goggles. Bearing in mind that the upper record 

is of eye position relative to the skull, whilJt the lower one is 

head angular veloc~ty relative to space, it can be seen that the 

response obtained was almost exactly compensatory in phase. Thus the 
) 

maxima and minima of eye position lie midway between peaks of head 

~ -angular velocity, as should be the.case if com?ensatorr eye movement 

is pr.nperly phase related ta the head movement. For example, the 

eyes were maximally displaced left in the skull at the mome'n(~hen ~he 

~ 

head was maximally displaced right; i.e. when the head came to a haIt 

after a period of turning with angular velocity to the right. Between 

peak displacement of the eyes to right and left, compensatory move-

ments are nurmally interspersed with quick phase r~positionin~ • 

eye movements, thus generating the normal nystagmoid pattern of 

compensation seen in the figure. 

(Fig. 2 near here) 

The relationship between these two traces was measured as ( 

described in detail previously (Gonshor and Melvill Jones, 1974a) . 
r----~~--~~~~~-----~~~~~~- . 

• Briefly, curves of Cumulative Eye Position (CEP) were constructed 

'{ 
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Fig. 2. 

Extracts from original records of eye position 

relative to the head (top trace) and head angular 
() 

velocity (bottom trace). The middle trace of 

"Cumulative eye position" (Meiry, 1965) consists 

of the sequential compensa tory sl~w \hase ey~ 

movements in the cycle with saccades (between 

dashed lines) omitted. In thjs figure, as in aIl 

subsequent figures, the stimulus iSJa sinusoidal 

o oscillation at 1/6 Hz fre4uency and 60 /sec velocity 

amplitude (peak-ta-peak, 120o/sec). The eye 

calibrations, unless stated otherwise, always denote 

o 
20 displacement, symmetrical about the mid gaze 

posi tion. "R" is right going movement. 

cr 

o , 

r 

• 

• , 
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.. 
as in the middle trace of the figure by extraction of quick phase 

eye movements (Meiry, 1965). From such CEP curves the gain, G, .' of the VOR was estimated, cycle by cycle, by calculating the ratio 

of peak eye angular ve10city (ee max)to peak head angular velocity . 
e ( h max), sa that 

. . 
o 0 

G = e max/ h max - .•.....••. (1) 

Mean values of these ratios were then obtained over each test run 

"to yield the measured gain for the rune The mean gain obtained in 

this way from the control run in Figure 2 was 0.58, standard error 

of the mean (S.E.!0.017; n = 18). 

In the long-term experiment the phase of response was measured 

1 
at each half cycle by the cyclical degrees of phase shift between 

peaks of compensa tory eyecf0sition and velocity nodes in the trace 

of head movernent. The convention has been adopted throughout that 

the phase of eye movement is zero when its peak is exactly in phase 

with the required response for perfect ocular compensation. At 

1)6 Hz the human compensa tory response defined in this way would 

be expected to be 5-7 degr~es 'phase advanced due to normal semi-

cîrcu1ar canal and oculom9tor dynamics (Hixson and Niven, lQ62). 

,/ 

r 

~======='iT~hree ---mcan l'hase obt-aincd-=fFOflf tlTe= conn 01 ---run- r CpI eseh1.=eil in -- ----,-~-------

/1 

o 
Figure 2 was +7.2 (S.E . .!.O.36; n = 18). 

T~e obiectiye~was ta obtain measured results from at least 

10 cycles near the ~le bracket of the standard 20 cycle ~est 
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run. However, as described below, some records obtained during 

transitional periods of rapid habitudtion ytelded less than 10 

useable cycles. When less than five measurable cycles were 

available no mean was recorded (see intermittent portion of the 
\ ' 

. curve in Figure 7). 

MEDIUM-TERM EXPERIMENTS 

The first 3 experiments, conducted on separate subjects in 

the following arder, lasted 4 (subject T.D.), 17 (A.G.) and 

25 (M.J.) days, during which the reversing prisms were'worn 

continuously for 2, 6 and 7 days respectively. Sorne examples 

of original records from subject T.D. are shown in Figure 3. As 

before, the bottom trace of this figure and subsequent similar ones 
ft 1 

/ 
gives thé angular velocity of sinusoidal head rotation associated 

with aIl the accompanying records of eye movement. Static 

calibrations of eye ,angle relative ta the head, obtained illlIllediately 

before each run, are shown on the right side of the figure. Of 

incidental interest is thè consistency with which such calibrations 

---------
(Fig. 3 near here) 

----- - - - --- ---- ~ 

can be obtained by careful attention to details of EOG electrode 

o· 

application" The top trace shows several cycles of normal compensa tory 

horizontal nystagmus obtained on Dl with,eyes open (V+O) before 

donning the reversing prisms. From curves of cumulative eye displace-

ment the mean gain of response over the standard 20 cycles' of this 
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. \ 

Fig. 3. 

Extracts from original records of eye position 

relative to head ~ngu1ar ve1oc~ty. V+O (Dl) is 

compensa,~ry nystagmus resulting from complementary 

vestibu1ar (V) and optokinetic (0) stimuli, and 

is taken from a control run on day l (Dl)' 

V (Dl) is taken from a run in the dark on day l, 

when only the vestibular input (V) to the 

oculomotor system is operative. V (0
3

) i8 from 
~ 

a test in the dark less than 24 hours after the i' 
~ 

commencement of prism-reversa"l. The 

calibrations at ~he right of this figure aIl 

o 
represent 20 displacement either side of center. 

L = lef t and R = right. 

'._----
" • 
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run was 0.92 (S.E.::tO.-OO7), which is typical ôf normal'nystagmoid 

responses to combined vestibular and optokinetic stimulation during 

the standard oscilla tory rotational stimulus described above. 

The second record from the top (V,D
1

) is ta ken from a test run 

_ in the dark on Dr when only the vestibular input (V) to the 

oculomotor system Is operative. Comparison of smooth phase slopes 

in this record with those in the top one illustra tes the teduction 

• 
of VOR gain by about one third,which i8 ta be expected on removal 

"-.. 1 

of vision in these circumstances (mean gain 0.61, S.E. =:0.006). 

The third record is an extract from the final test run on D3 at 

the end of 2 days exposure ta the habituating influence of prism-

reversal, again recorded without vision. The additional highly -signifrcant (P« 0.001) attenuation of VOR gain is visible on 

simple inspection of the raw record. The mean gain obtained from the 

whole of 'this latter run was reduced ta 0.33 (S.E. =!0.008), or 

about 50% of the value obtained during the control run without vision 

(Fig. 4 neai-here) 

Figure 4 shows the cycle by cyc) e res-u-ks-ott-ained-frorrr sulfj ect - - ::-
-~--~---

~ --- -='-----~~~~--~~_.~-- - - .~------

T.n. throughout the 4 day exp~riment, each point giving the measured 
--------~~~----

vOR gain, deTermined from individual cycles of records such as those 

in Figures 2 and 3, as described in Methods. In this figure and 

Figures 6, 7 and 13, t~e ordinate gives the gain, G, of response as 

defined in equation' (1), and the ahscissa gives the days, expressed 
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as Dl etc., from commencement of the experimental serIes as 

descrJ-bed in Methods. The three control tests «(», two 

performed on A5~ and one on D
2

, yielded consistent results which 

were closely similar ta those described eariier for normal subjects 

in these circumstances (Gonshor apd Melvill Jones, 1974a). However, 

after donning the prisms (first vertical arrow on the abscissa) 

during the morning of D2' ~he VaR gain, tested 6 hours later, was 

found to pe consistently about 50% attenuated (4t). A similar , 

consistently attenuated VaR was'found towards the end of D3' Then, 

~ 
after removal of the prisrns (open circ les following the second vertical 

arrow on the absciss,a of Figure 4), two tests on D4 yielded results 

1 

indicating progressIve recovery of vaR gain throughout the day. 
(\ 

However, eyen after 20 hours of normal activity without vIsion reve~sal 

there was retention of a considerable and highly significant degree 
, 1 

of habituation, ~anifest as a 20% aHenuation of VaR gain. Unfortunately, 

h ' b 'le / 1 d 1 t lS su J ct VIal ue ta eave 
1 1 

D4 and conse~u1~tly could not 

on a round-the-world expedition after 

be followed ta the point of full recovery. 
, 

Nevertheles$ ~hls initial experiment clearly indicated that the 
J 

planned experirnental procedure was feasihle, as weIl as demonstrating 

that marked and consistent habituation of the VOR was ta be expected 

in these cir}umstances. The closed diamonds in the top left corner 
1 

/ 
____ ~FigurC' 41 give cycle-by-cyc1e gaIn obtained with normal vision 

" 1 -
dunhg the !standard Rinusoldal rotational stimulus applied before 

donning the prism~ and generating a responsc as lllustrated in the top 

-' 
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trace of Figure 3. They show that in this mode the gain of response 

approximates a value of one. 
/ 

Original records from subject A.G. are shown in Figure 5, in 

which the format is similar to that of Figure 3. The top and bottom , 

records of eye movement show vestibulo-ocular responses (V) without 

vision during runs before (Dl) and two days ~fter (D
9

) the period of 

vision reversaI. The mean gains obtained from the whole of each 'of 

these two runs are 0.65 (S.E.tO.009) and 0.70 (S.E.tO.OII) respectively. 

The middle record (V,D
7

), taken from the final test run on the final 

day of prism-reversed vision, shows tHe now familiar attenuation, but 

aiso the beginnings of disorganization of a normally stereotyped 

nystagmoid response. For example, sometimes there tends to be rounding 

of normally sharp transitions between saccadic and compensato~y 

phases of eye mo;ement, as weIl as occasional anomalous patterns of 

eye movement not observed in normal control records, such as marked 

but fluctuating directional prsP0nderance (e.g. Fig. 12).' The mean 

gain for the whole of this run (V,D
7

) is 0.16 (S.E.!O.013), which 

represents a substantial and highly significant (P«O.OOl) suppression 

of gain relative ta the other two records. 

(Fig. 5 near here) 

Figure 6 shows the collected results obtained from aubject A.G~ 

in the 17 day experiment. AlI symbols in this figure are as in 

/ 
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\ 

• 

Fig. 5. 

Extracts from original records of eye position 

relative to head angular velocity in the 17 day 
If 

experiment with subject A.G. V(D
1
), V(D

7
) and 

V(D
9

) show respectively the compensa tory nystagmus 
. 

in the dark during a control run (before donning , 

" thf prisms), a run on the 6th day of vision reversa!, 
<; 

and a run 2 days after its terminatiQn. 
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• 



• 
'-

VeDg) 

HEAD 
~-

ANG. 
VEL. 

1SClC 

. " 

• 

• 
- -~_ ~ __________ ..1 



• 

, \ 

( 
\ 

- 128 -

(Fig. 6 nea) here) 

Figure 4. But here each point is the mean of the individual cycle-

by-cycle estimates from each test run, together with vertical bars 

depicting ± one standard deviation (S.D.), Note particularly that 

the numbers on the abscissa depict the ends of the corresponding days 
, , 

into the experime~t, in conformity "'h Figure 4. It is striking to 

see the similarity of this subject's gain attenuation on D2 and D3 

with the corresponding changes seen in Figure 4 from subj ect T. D.. 

Beyond this point in time ho~ver the gain continued to decline in 

subject A.G., altlough at a progressively decreasing rate, reaching 

a value of 0.2 on the last test run before removing the prisms. After 

removal of the prisms the early indication of gain recovery seen in 

"'" Figure 4 was progressively continved in this subject over a time cours~ 

bearing a rather close similarity to the first 2 days of fall in 

gain after initially donning tqe prisms. A final test run on clay 17 

confirmed recovery to control conditions. As in Figure 4, the closed 

diamond at the top 1eft corner of the figure gives the mean gain obtained 

whilst looking at the surroundings with eyes open, and befoFe 

donning the prisms. 

, 
(Fig. 7 near here) 

Flgure 7 summarises the results from subject M.J. in the 

25 clay e~periment. Again there was rapid attenuation of VOR gain 

r~' 
d~ring the first 2 d~ys after donning the prisms, reaching about 

1 
, ,1 1 

/ 
o 

" 



, 

- 129 -

. '/ 

Fig. 6. 
/ 

. . 
Ch ' 'b l 1 gain (ee/eh) anges ln v~stl u o-ocu ar as a 

function of, the 17 day experiment. The vertical 

arrows enclose the period of reversecl vision. 

Each point is the me?n value for up ta 20 cycles 

of test runs in the clark before (~), during (tt), 

and after (C» reversed vision stimulation. 

The filled diamond at the top left represents the 

mean val~e for 17 cycles during a run with vision , --'----'---....;. 

before donning the prisms. The upper dashed li~e 

o gives the maximum pead angular velocity of 60 /sec 
1 

attained tn each cycle of the standard sinusoidpl 
\ 

stimulus. Vertical bars depict ±one standard 

deviation (.s.n). 
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1 
Changes in vestibular-o~ular gain as a 

, 
funetion of the 25 dày experiment. Ordinates, 

points, and das~ed lines as in Fi,gllre 6. The 

question mark represents tests run during days 

5 and 6 of the experiment, when a combination 

of low gain and a disorganized nystagmus 

pattern made analysis impossible. The 

triangles are mean VOR gains (i = 20) obtained 

from te:Bt runs in the dark, wi th head osei 11a tion 
/-, 

in the sagittal plane, before (I:l ), during (. )', 

and after (6.) the period of vision reversa!. 

verti'~al bars again depict ±l S.D. 
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50: attenuation over this period, as in the previous subjects. 

Furthermore, ~he recovery of ,gain after prism remova1-occurred 

over a somewhat similar time course ta that of the initial habituation. 

However, in these records high attenuation of gain tended ta be 

associated with consistent disorgan1zation of oculomotor response 

such that sorne records were impossible ta ana1yse with satlsfactory 

assurance. Th~ intermittent section of the curve containing a 

question mark covers the period in which ~uch' records appeared. The 

open and closed triangles give the gain of VOR in the dark measured 

in the sagittal plane. 

(Fig. 8 near here) 

The middie eye movement record of F.;i.gure El illustra tes a segment 

from such a response obtained from subject M.J. As in Figure 5 the 

upper and lower eye movement records show extracts from two normal 
s' 

responses obtained without vision befor~ (Dl) and a lo~g while after 

(D 2S ) the period of prism-rp.versed vision. However, the Intermediate 

record of D6 is not merely attenuated in amplitude, but a1so shows _ 

portions of response defying meaningful analysis in terms of g~in . 

. 
One tantalising feature of this record (D6) aecurs at the point marked 

by an arrow. The latter denotes a turnover point, which~ ir-ëompared •. 
to the corresponding ones in the records above and below, is seen 

ta be almost 1800 
out of phase with normal compensati~n, or approximately 

rcversed in dirC'ctlon. R-ut the transient changlng naTurCüf'lJ11s featun', 
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) 

Fig. 8. 

Extracts from original records of eye position 

relative to head angular velocity in the 25 day 

experiment. V(D{) i8 a control run in the dark 

before donning the prisms and V(D
2S

) is a run 

17 days after termination of reversed vision 

stimulation. V(D6) ls a record from a test 

run in the dark on the 5th day of reversed vision, 

with the arrow pointing to a nystagmic turnover 

point that appears functionally reversed. 
, -' 
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togethe~with the very weak'signal-to-noise ratio in such records 

led us at this stage t~ disregard change of phase as a measurable 

variable. 

Fisure 9 shows two cycléS from runs performed with the sagittal 

(Fig. 9 npar here) 

plane of the head parallel to the rotational plane of stimulation. 

.. Il'' Il 
lt should be remembered that the dove prisms were specifically oriented 

to reverse vision in a horizontal plane, but not in the sagittal one. 

These r~cor~s of vertical ocular nystagmus were obtained during a 

control ru~ on Dl and at the height of vision reversaI on 

D6' Despite the very marked attenuation of horizQntal nystagmus on 

D6 (rniddle trace in Figure 8) there is no significant dif;erence 
// 

between the mean gains of vertical nystagmus depicted 'in the two 
-... 

" 

runs of Figure 9 (P>O. 5). This was a consistent feature of aIl the 

prism-reversal experiments as exemplified by the diamonds and triangles ln 
, 

Figures 7 and 19, and indicates high geometric specifici ty in t-héfr 

habituating process. Of incidental interest is the fact that in aIl 

subjects tested this way, sagittal VOR gain was consistently close 

, to a value of one, despite the fact that aIl such measurements were 

made in the dark. 

LONG-TERM EXPERIMENTS 

The prcvious medium-term experiments demonstrated the need for 

a longer exposure ta vision reversaI, ln order to follow up the 

- -- _._-----_. 
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Fig. 9. 

Extracts from original records of eye 

movements relative to head angular velocity in the 

sagittal plane, in the 25 day experiment. The 

subject is again rotated at 1/6 Hz and 600 /sec velocity 

amplitude~ but this time with the head rotated through 

a 90° angl~ sa that it lies on the right shoulder. 

Thus, a movement of the turntable in the horizontal 

plane produces head motion in the sagittal 

plane. Vs(D1) and Vs (D6) represent the vestibulo­

ocular reflex responsES in the dark during a<l> control 
d 

test run and a run on the 5th day of reversed vision, 

respectivély. R = right going turntàble (head) 

motion, but sinee this causes the rotated head) 

ta move in the sagittal plane, the "R", or right-

going movement of the eye relative to the turntable, 

actually represe'nts an upward movement of the eye 

relative ta the head. 
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C 
impression that more than mere attenuation of gain was ~t play in 

) the habituation proce8s. For this a 4th subject (A.M.) undprtook 

a 49 day experjment in WhlCh the rev..ersing prisms were worn 
1 

continuously fO, 27 days. Exactly the same procedures were employed 

as in the previo,s medium-term experiments .~t! 

Changes obse~ved ~V;lng the first week of habituation were 

generally similar to tho~e seen in the three medium-term experiments. 

Ta illustrate this the normalized VOR gain for aIl four subjects is 

plotted over the first seven days in Figure 10. Subject A.M. i8 

de,noted by the symbol (e) in this figure. The fact that he followed 

the same general pattern of decline in gain as the three previaus 

;ubjects is considered particularly important in view of the fact 

,that he was the only individual exposed ta more than this duration 

lof prism-reversal. 

(Fig. 10 near here) 

As already mentidned, a feature which first became syste~tically 

apparent in the long-term experiment was the significance of phase 

of VOR relative to the sinusoidal rotational vestibular stimulus. 

Figure Il shows a sequence of records obtained over the first 18 days, 

chosen to illustrate generaI features of the progressive changes 

observed. The" format lS slmilar ta that of FIgures 3 and" 5, sa that 

although eye movement records were obtained on separa te days, they 

are aIl properly referred in time ta the standard sinusoidal stImulus, 

s'hown as a single traeé at the bottom of the figure. Thus, in this 

1 .. 
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,\ 
Changes of norma1ized VOR gain during the first 

f ew days of vision reversaI in the 4 day (.), 

17 day (.)', 25 clay (0), and 49 day (.) experi-

ments. The abscissa represents real time after ~ 

donning the prisms, each number denoting the end, 

o 

of a 24 hour period, from 10.00 a. ffi. on one day ;:r 

• to 10.00 a.m. on the following day. The 

1 
ordinate gives mean VOR gain normalized relative .. 
to each individual subject's mean control value, 

obtained immediately prior to donning the, 

prisms. The curve was drawn by eye. 
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figure, the progressive phase lag of cyl' movcmr:-nt from Dl to 
,fil ?~e' 

DIS is propertY, relatcd ,to that of the COlT!rnon s tlnulus. One 

&hould recall that aIl rpcords were obtained in the absence of 

vision. The top record is a control response obta~ncd hefore 

donning the prisms (V,Dl ). 

sequenco at the end of the 

V,D3 is--taken from -the last test,J' 

second day of wcaring the rcv~{ing 

prisms. Considerable attenuation of gaIn had orcurrcd to~cther 

Wl th sorne interestlng phase characterlstics, WhlLh hot"t'ver requ.lre 

cognisance uf the features descrlbed ln connecLion \vith Fi~ure 12 

for proper interpretation. 

(Fig. Il near here) 

ln the subsequel1t records of th.i.s f .i.gurè ther..- "\/éI& a prüf,re::,si-ve, 

although somewhat erra tic telldency for substantiéil dcvelopment of 

phase lag in the response. Thus on D7' and 018 , the mean pnases of 

re~ponse were respectively 94° and 130
0 

lagged relat~ve ta the 

Lo~tral response. The irn?ort~nt f2~tur2 h~re is t~1t H p~g~n sbift .. 
ù 

of 180. "ould amount ta 
, , 

rrer1.se rroversal, '0 tInt, ,le., C'viJl'nt ln thl~ 

figure, . t'he response on ])18 rC'prf'sents appr,J,imat\.'. but .1lOL (Llml'l,~tl', 

reversaI. An adùitio!l,.1l importaL1t featur!:' 18 that the ;:;Qin of tIns 

1 
appro, i:aéltely reversed response ~v3s cons ict~r 1bJ y restored J rt Itholl~h 

not h~r~ tn its original vRlue (note the calibrations on the right 

hand s1de of the fjgure). 

As \ViII be seen in Figure 13 tIns became the norrra l pattern of 
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Fig. 11. 

Extracts of original records tram the 

49 day experi~ent, showing the changes in phase 

- OTOeatl angular veloe! ty s tiIl!ulus and '. eYçe 

position response. AlI records are taken from 
", 

runs in the dark during a ~ontrol run .(DI ) , 

an~.runs o~ the 2nd (D3), 6th (D
7
), and 17th 

days (D1S) after donning the prisms. 
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be expected during the 1ast two weeks of wearing the 
')~ 

particu1ar significance is the fact that without a 

knowledge of phase it wou1d not be possible to decide whether the 

record obtained on D
18 

in Figure Il, was normal or the consequence 

of habituation. That is ta say, there was normal interspersion of 

appropriately p1aced saccades amongst weIl defined and organized 

smooth pursuit movements generating a close1y sinusoidal CEP curve. 

Evident1y, _ n·ot only the smooth compensatory phase of nys~agmus ha~ __ ~ 

be_en effectively reversed, but so also hÇld Jhe rlUmerous weIl organiEed. ___ _ 
j 

p1acemèpts of the saccadic reposi tioning flicks. Physiological 
+ 

'tmp licqtions of this fea ture wi11,{be discussed la ter. 

Figure 12 is included to point out another characteristic of 

response patter~s often obtalned at this advanced stage of the habituation 

process, seen a1so in the D3 trace of Figure Il. The top trace i8 an 

original record of 2 cyc~e$ from a port}on of record obtained on 0
8

, 

Here the nystag~us is biased in that ar'most aIl saccades are to the 

right.. Thi-6 can be accountpd for by a bias of eye angu1ar velo.city 
! «~ ~ 

" U. e. '''directibnal! preponderance") ta the left, in this case approX1mate1y 

4
o
/sec, as. is ap~arent in the mean "downwards" slèipe of the CEP 

curvp shawn below the origInal one. This P0enomenon was commonlv ~een. 

during the tr.1nsittonal stage of hdbituat'lon, even though.no suhject8 
-~~ ____ !J.. ~_ _. __ 

pxhlblted overt d~re_~tiona,l )preponderance dudnS control' cotr(htlon~. 

(Fig. j.pnear here) 
( 

/ 
f 



Fig. 12. 

Extract from original 

49 lay experiment, showing 
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records (D
S

) in the 

the effect of directional 

preponderahce on the.measurement of phase. The 

, top trace gives the recorded eye positional 
'~: 

; 

response ta 1/6 Hz sinusoidal oscillation at _. ____ . ______ _ 
-----

o (~. l' 
60 /sec maximum velocity amplitude (velocity 

trace at bottom). The1arrow at "c" indicates 

the apparent "turnover" point in this original 

record. The middle trace is the constructed 

CEP curve (Fig. 2), showing an angular velocity 

bias (directional preponderance) of 3.lo/sec. 

The actual "turnover" point 18 at the dashed 

line ("A"), which ls determinêd from the 

point of tangential contact ai the CEP curve 
a /,', 

with a line par,allel to the slope of mean positional 

drift. The arrow heads at "A" enclose the vertical 

distance between the points pf tangential contact and 

a straight, line ]oining successive peaks. The dashed 

lne Jt B n icates the point of zero head angular 

veloci ty, where d "turnover" would be considered in 

perf('ct compensation. B ta C represents il phase 

>. ,. ... ~-:- 7"O!.J1··..,"·l<_· 
advancement of 27

0
, while B ta J\~_r:epre'Sents a ph-ase--

..... 

\, 
'\. 

• 

r, 
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In addition ta the Inherent interest of the introduction of 

such directional preponderance during habituation t it i5 important 

to appreciate that when thi5 phenomenon i5 present the phase of 

response cannot be obtained directly from pOInts of "turnover" in 

the ori.&.inlal trace of eye displacement (e\. the point located by _,' 

the arrow at "c" on the original -trace). ~ther the ;>hase of the 

"turnover" must be determined from points of tangential contact ("Ali) 
~ -- _~ w __ ~ ___ 

or the {;E-P--curve--wtttr-lt~s paral1ël" ta thë- mean" drift. The 

relevant feature ta -note her,! i8 that "A" -is--phase lagged relative 

ta point of perfect compensation, "B", \.Jhereas "c" in the original 

record glve8 the mis1eading appearance of phase advancpment. 

- -- ---A -c:onfus-ing ---f-ea ture of th-ê -tramn t ional charrges-be twet'n the, two 
1 

extreme patterns of response in Figure Il, was the wide range of 

variability found from on; day to the next, and even from one test 

run ta the next on the sarr:e day. These changes are evident in 

Figure 13 which shows a three dimensional display of the inter-

dependence between gain; phase and duration, throughout the who1e 

extent of the long-term experiment. The vertical ordinate gives 

VOR gain expressed as~before in terms of the ratio of mean maximum . . 
o 0 eye angular veloci ty to meat"! maximum head angular veloCl ty ( el h) . 

. ____ T_h_p_Jbscissa givcs time in days after __ <::,0lTl!l1encing the expcnmC'nL __________ --'~_ 

The third,or z axis,glves the phase 1ag of orular movcment relatIve 

.... to Ehat which would yield perfect compensation for head movement 

wi th normal visio~ 1..n .accordance with the convention defined at the 
, --

/ 
/' 

#'< I-
r 
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commencement of Results. Half fllled clrcles depict control responses 

obtained in the absence of vision pi·ior to donning of the prisms . 

• Filled circles depict the period during which the subject wore the 

reversing prisms throughout the waking hours. Open circles indicate 

res?onses obtained after the prisms had been removed and normal 

~ision restored. It may be helpful to emphasise again that the 

res~nses plotted in this graph were aIl obtained in the absence of 

-vision. ~ le~_~ths -of- -the- '~8t~1~"~'.' on wh1ch these_~>in t.s _lie g~~~~_~_ 
the scalar magnitude of the gain of response on the same scale as the 

ordinate. 

(Fig. 13 near here) 

As already indicated in the raw data presented in Figure Il, 

after donning the prisms the habituation process manifested itself 

as a progressive sequence of change in gain and phase. Lnitially 

/ 
there was rapid reduction of gain without significant change in 

phase. thereafter, during the remainder of the first week there 

was a general tendency for a substantial development of phase lag, 

at a somewhat further reduced level of gain. It should howcver be 

noted that thls general pattern of change was by no means smoothly 

accomplished. Thus, careful attention to detail in Figure '13 shows 

that dtlTlng the tlrst two weeks or so tfië -dlang~s-rnëurred tluctuated-

back and forth from day-to-day and even from one test run ta another 

r 

withln a single da~. The most striking example of thlS fluctuation 

• 



- 143 -

Fig. 13. 

~\ 

A 3-dimensional view of the simultaneous changes . . 
El El 

in the vestibulo-ocular gain ( el h) anv phase as a 

function of time in the 49 day experiment. each - , 

and ls placed according to both its mean gain and 
1 

phase values. The points are also placed according. ,- , 

I-------~----;-~_+h~ actual elapsed lime between the start of the---

(' 

experiment and the test run they represent. Each 

, day number on the abscissa indicates the endoof a 

24 period, starting at 10.00 a.m. on one day and 

terminating 10.00 a.m. on the following clay (see 

~so Table 1)., The points are the results of, 'Cl 
t-esC runs I.n the clark berore (() r, aurfiig (. ), 

and af ter (0) reversaI of the visual field. 
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was observed on Dio from whi~h samples of morning and evening records 

are separa~ely illustrated in Figure 14. Here, the top record was 

obtained at 10.00 a.m. and shows a w~'-defined'" "reversed" pattern 

of res~se. 

the phase of 

The bottom trace was obtained at 5.00'pim~_ and here 

responsE' had reverted completely baclt ta thl' initial 

control value, although the gain remained substantia'lly (about 501::) 

below the normal control gain. Of course, in this instance one was 

particularly careful to review directional calihrations of pead 

and eye records in view of the possibility that these may have been 

accidentally reversed between morning and evening sessions. Fortunately, 

this posslbility is absolutely excluded by the fact that the morning 

response was consistently ln the region 0\ 120
0 

phase lag, whilst the 

evening response was almost precisely in phase with the control responses 

, 
obtained on Dl' S1nce the difference between the rcspé'('-tive' mean 

va1ues ls highly slgnificantly less than 180
0 

(P<"O. Q{H). there can bl' 

no simple ambiguity of directional calibratiôn, and hence tbe obser-

\ -
vation'must ~e a real on~. Such extreme variability from one set Qf , 

f 

tests ta the next in the same clay was only seen on this one occasion. 
, 

The uniqueness of this observation raises the q~estion of whether 

the subject could have removed his prisms over a' period of waking hours 

unknown to us. Although this cannat of course be ahsolutely excluded, 

\ 

----------------------------------------------,-----; 
the tact that his whole day was under minute-ta-minute observation by .1 

his full-time companion"makes thlS possihl1ity unlikely. 

(Fig. 14 near here) 

, -
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Fig. 14. 

(D
10

-P,M,) of day 10 in the 49 day 

experiment. Eye response to head angu1ar 

ve10rity in the morning run is about 1300 

phase lagged, so that at the vertical arrow, 
-

whilst the head is rotati"ng to' the left, 

"com~ensatory" slow phase eye. rnovements due 

to VOR are directed a180 to the left, with 

saccades placed appropriately for this 

reversed slow phase movernent. The phase 

re1ationship in the afterJaan run reverts back -

ta the normal compensation seen proior to revers-

_______ --~iJn~gs._____'__the visual field (Fig. 2), i. e. whi 

.~ (nt the arrow) rotating left, compensatory slow 

hase eye movement 18 directed ta the right. 
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Returning to Figure 13, it can be seen that after the first 

two weeks of exposu!e to vision revers JI the situation 'more or less 

stabilised to one in which the phase lag of VOR,was around lJO
o 

to 

o 130 ,and the gain about one half the normal control values. Of 

considerabl~ additiona! interest is the f~èt that during the last 

two weeks of vision reversaI the subject was able ta move about with 

something approaching normal facility. Moreover, he had regained his 

normal hearty appet~te,~, as with the medium-term subjects, had 

been somewnat depressed in association with thè nause~and general 

lethargy and malaise,experienced in the early-pha~elOf-yision reversai-

(Gonshor, 1974b). 

-The next feature to note in Figure 13 is the pattern of recovery 

after removal of the prisms.---Thus, although it took effectively one 
.-

further month ta regain normal conditions, the time course Gf events 

was dramatically differedt from that of the original habituation to' 

prism-reversal. The first standard test run, conducted one half hour 

after removal of the prisms, ls seen as the first open circ1e. Already 

there were large ,changes in both phase and gain. Two hours later, the 
, ---

phase of response had reverted to a value which slightly "overshot" the 

1 

----------------------------------------------~------------------------------------------------------~ 

normal control va"lue, and thereé}fter no marked change of phase was 
r 

.subsequently seen. Hbwever. the gain of response remained highly 

attenuated for two to three days, and subsequont recovery ta the normal 

ca~trol value was extended over a prolonged two ta three week period. 

These striking phenomena are weIl illustrated in the original 

------------.-
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, 
"'tecords of vestibularly driven eye rnovernents shown in Figure 15. 

The top three traces are taken from standard test runs in the clark 

perforrnëd (1) just before, (U) half an hour after and (Ui) two 

ho~rs after rernoval of the prisrns on D28 . In D28-"(i) there was 

both substantial phase lag (1150
), and attenuation of VOR gain (60%). 

" 
o 

In D28_ (li) the phase is o,nly 80 lagged and there.;-is considerable 

additional attenuation of gain and seen in the first open circ le, 

of Figure 13. In D2B-(iii) the phase has reverted nearly to normal, 

although the gain was still weU below the control value'. 24 hours 

la ter (D
29

) the gain was st~ll low, with the interesting additional 

feature that saccades were absent in sorne stretches of record, as in 

the figure. Nearly four weeks after prism-remova1 (D
49

) a normal 

• 
response was again obtained, as already noted in connection with 

Figure 13. 

(Fig. 15 near here) 

In Figure 13 the time scale is sa compressed that it is often not 

possible to identify the exact sequence of events. In view of the 

~s4-e-1ogi~i-gfl-iHcance- of th-e----chauges obsen:,edand the 

diff~cu1ty of indicating statistical re1iabliity of means in Figure 13, 

-----------TlI"""le""aTrlr[ --cvn:arilhuTle"'s:;,-rr gain and phase together wlth thert stanaard e-rrors· t are 

given for each test run in Table 1. 

(Table 1 near'here) 

1 
() 

---- -------11 

.. , 
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o 
-' 

" 

Fig. 15. 

. , 

Samples from original records, showing,the 

changes in vestibul~-ocular gain and phase after 

removal of the prisms. V(D
28

) represents 

test runs in the dark, (i) before the prisms are 

removed, (ii) -half an h~ur àfter removal of the· 
". 

pris~s, and (ili) 2'Dhours after. v (D 2Q ) i8 from a - . 
run less than 24 hours af~er removal of the 

- 1 -

prisms, and V(D49 ) represents a test run on the 

last day of the experiment. 
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(, 

.Assessme~ gain and phase for.'the 49 day 

experiment. The only day nurnbers shown are those 
• 

in which at least one test was performed. Tests 

on days where more than one' was performed are 
• t 

denoted as A, B, C, and D. "Time", ~enotes the 

time in each day (hours) when a complete test 

session commenced. The vestibulo-ocular reflex 

gain (eye angular velocity/head angular velocity) 
,'\, 

is shawn 

the mean 

as ~an value for each run, ±S:E. of 

(n). Phase values represent the degrees 

of phase advancement (+) or phase lag (-) wi th 

respect to perfect compensatory eye movement. The 

values are given as mean phase changè, in degrees, 

for a run, S.E. of mean (n). Unless otherwise J 

stated, the n value for each phase measurement is 10. 

• 

/ 

y 
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• " ... \"jo. . 
TABLE .1 

.t f 

DAY TIME' MEAN GAIN MEAN PHASE -,-

l 1Q 0.S81±0.017(18) +7. 2±O. 36 (lB) 
" ~ > 

2A 10 0.632~.00B(lB) +7.6±0.48.(19) 

12 PRISMS ON 
" 

B 13 O. 423±0. 010(18) +5.0±1.11 . 
C 13 0.336±0.007(21) +4.0±1.44 

D lB O. 29B±0. 005(14) +4. O±O. 98 ,.... 
3A 10 0.147±0.1>09(18) -52.q±8.29(16) 

t . '1 

, 

6.144±0~\ 006(18) 
\ 

3B 17 -50. O±l. 81 . \ 

4 10 0.201±O.014(15) - 8.0±6. 5~~ 

5 10 > ('O.149±0.010(18) -67'.0±s.l3(lB) 
" 

7A 10 0.173±O.011(18) -94.0±3.99 

B· 17 0.198±O.013(l4) -83. 0±6. B.2 

BA 11 0.197±O.012(16) -57.0±B.B2 , 
J-B 16 0.207±O.012(18) -40.0±6.95 ~ 

il 
f ' , 

'9 11 O. 203±O. 013(15) - S.0±5.86 , 

10A 10 O. 28B±0. 008 (17) -125.0±2.23 
. 

B 17 O. 28D±0. 009(19) + 9. 0±4. 96 
? .... .::; 

.' 1 J Il 10 0.132±0.010(16) -20.0nO.52 ", ') . 
14A 10 0.259.±O.OO8(19) -128. O±l. 45 

B 15 O. 265±O. 009(l3) -lO9.0±4.34 
, 

15~ 10 Ù.203±0.013(12) -115.0±4.83 

B 15 O. 242±O. 011(18) -115.0±4.02 ->l 0 

16A la O.293±0.015(2!) -99.0±1l.77 • (J 

B ( 
I~'''' 

17 O.142±O.008(19) -86.0±5.54 
/ 

.".. 

'17 10 0" 299±O. 015 (15) ,-110. O±3. 77 
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• DAY TIME MEAN GAIN MEAN PHASE 

18 11 O. 312±0. 024 (17) -130.0±2.79 

21 14 O. 270±0. 031 (14) -116. O± 3.88 

22A 11 O. 263± 0.009 (12) - -115.D±~. 74 

B 19 O. 299±0. 012 (14) -125.Of2.2~ .. 
~, 

24 11 0.191±0. 008 (19) -99.0±1.89 
\ 

0 
28A 10 0.18S±0. 007 (14) -110. O± 2. 75 \, 

" 1 :# 
B 15 O. 32S±0. 011 (27) -122.0±l.16 

17:30 PRISMS OFF 
(' 

" \ 

C 18 O. 089±0. 005 (20) -76.0±7,S8 
---

D 19:~0 0.154±O.007(23) O.0±2.14 

29A 14 0.133±0. 005 (20) +5. 0±2. 92 ,. 
B 18 O. 233±0. 007 (16) +6. O±l. 22 

30A 10 O. ~23±0. 004 (18) -t<). O± 1. 20 

B 17- Q.224±0.005(19) -+5.0±1.45 r, 

i.. _ - ~ 

\ 
31)\ 10 O. 363±0. 009 (20) +15. O±l. 42 l, 

... .. 
pB -" 17 0.467±0.009(20) +14.0±l.25 - ..... ,;-

32 11 0.380±O.016( 7) +13.0±1.00 

35 Il 0.482±O.010(10) +10. O±l. 24 1 

36A 1Q O. 412±O. 009 (17) +10.0±l.1l 
~ 

,,-

B 16 O. 396±O. 001 (13) +8.5±2.60 

37 Il O.425±O.009(14) +7.0±0,,87 

38 11 O. 426±O. 0l0( 19) +11. O±l. 06 
~, !!I 

41 13 O. 552 ± O. 007 ( 19) +10.0±0.46 

C • 49 13 O. 694±O. 016( 12) +9.0±l.56 

ft 
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Statistical reli~bil?ty of measuremenr of gain is seen ta 

be similar to the other three subjects, as~depicted in 
, 

• 

, e~ 

Figures 4, 6 and 7 (note that the verti~ bars in Figures 6 and 

7 give standard deviQtions).·~ijowever the reliability of mean 

estima tes of phase varied widely. For example in', tes ts conducted 

on ~ontrol days (Dl' D2A ) the'variability ~ithin a test run 
," 

was on the same order ,of magnitude as the accuracy of measuremen~ 
1 

(S.D. ~ 1.5~o and 1.93
0 

respectively), whilst during the period of 

initial habituation (e.g.,D
3
- D

II
) there was more than a tenfold 

! 

Increase in the variability. Thereafter, except for occasional runs 

with high variability (e.g.,D
16A

). con~istency within runs tended 

ta improve. After the return to normal vision, except for the,test 

made-half an hour later (D
28C

)' consistency tended to improve further, 
, 

quick11 (D 29B onwards) returning ta 1eve1s simi~r to those 

seen o~ the original control days. 

Figures 16 and 17 add perhaps sorne insight into both the short 

and long-terro variability of phase. Bath these figures plot resu1ts 

projected on the gain-phase PI~ne of 
1 

in Fi&ure 13. In Figure 16,the h~lf 

the three dimensional display 

filled circles give the values 

of gain and phase obtai,ned ~ro~gl~ cycles of a control rup 

prior to donning the prisms. The closed circles give'correspoaJing 

values obtained during thè afternoon run on DS' Evidently, there \ 

was wide variability of phase, but not gain, from cycle-to-cycle 

during this run. The closed circles with cross' ( .) give similar 

" - -
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, 
data ~bt~ined from the noon test run of DIS' Of particular interest 

is the apparent continuity links between the three sets of data, 

suggesting that sorne physiological criteria are forcing a particular 
J , ' 

pattern of relationèhip' between gain and phase, ev en when there Is 
1 

variabr~ty of these pararneter? within a run 

• 
(Fig, 16 near here) 

". 

This conclusion is strongl:y s'i.lpported br .the data in Figure 17, 

which plots the rnean values of gain and phase obtained on individual 

days throughout the whole seven week experiment. The sirnilarity ôf 

interdependence between the gain and.phase in this plot and the 
f 

preceding one (Fig, 16) sugge~ that such" fluctuations are by no ~ean, 
arbitrary in nature. Physiological implications of these observations 

will be discussed below, and developed in-a subsequent article, which 

explores a.simple but plausible neurophysiological model tha~ could 

readily account for these apparently complex interrelations. 

'\ ~ 

\ (Fig, 17 near here) 

As with the earlier medium-terrn experim~ùts"all test runs were 
~ 

followed immediately by measurement of veftibulo-ocular response(i~ 

" the absence of vision with the sagittal plane of the h~ad in the-plane 

of turnta'ble rotation. Figure 18 shows sample records of "vertical" 

nystagmus obtained during this forrn of stimulation, the upper trace 

-- ~-'~ing obtained Quring a contrerl run on D
2 

before donning. the prisrns, 

'1 
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-., ~ -----

Fig. 16. 

. . 
Changes in vestibulo-ocular gain (Ge/Gh) 

as a f~nction of the p)ase relati-onship between 

o stimulus (1/6 Hz osci11ation'at 60 /sec 

velocity amplitude) and response (eye movement 

relative to the head). Each point represents the 
. , 

phase and gain value for one cycle in a run 

before vision re'lerial <C), and in runs 7 days 

( • ), and 17 days (.) after donning the prisms. 

l t is seen t:hat control values for phase are 

, 

'slight1y phase-advanced at this frequency, and that 

'V 
the reversed visual stimulus caus~s substantia1 

phase-1ag. 

[ 

• 
! 

... \ 
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• 
. --

• 

Fig. 17. 

• The gain-phase r~lationship of stimulus 

and response in the 49 day experiment. Each 

point represents the mean values of gain and 

phase for an entire run (up to 20 cycles) 

before «(», during (.},' and after (0) 

rèversal of vision. 

{ 

.. 
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and the IQwer trace on D2S ' Evidently, despite radical,ch~nges 

of bo~h gain and phase in the horizontal plane of the heaq between 

these two days, there was no significant change in ei ther of these. 

characteristics in the sagittal responses ohtained before ang at 

the height of the habituation process (p < 0.5) • 

(Fig. 18 near here) 

Figure 19 shows there was no significant change in the sagittal 

response from beginning to end of the seven week experiment. From 

this and the previously mentioned observations in othér subjects, 

it seems one may conclude with assurance that the habituating process 

is subject to high specificity with respect to the plane of vision ) 

reversaI. 

In. addition. these<~ latter observations permit the use of the 
') 

sagittal response as an interna'l ~trof, indicating that gain 
t 

attenuation even in the horizontal plane is unlikely to have been 

due simply to fa~lure to maintain an adequ~te level of arousal. 

Of incidental interest is the fact that sagittal VOR gain was 

consistently close to one, whereas the normal control response in 

the horizontal plane was consistently close to 0.6. Implications 

of this difference will be discussed below. 

(Flg. 19 near here) 
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Fig. 18. 

Extricts from original records of eye pos~tion 

relative to head angu~~r veloeity in ~he sagittal plane, 
t.-

in the 49 experiment. Vs (D 2) is a control run just 

prior ta do~g' the pri$rns, whilst V
s

(D
28

) is from 

a run on the 27th, or, final clay of prism-reversal. 

Format i~ as in Fig. 9. 
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Fig. 19. 

. .. Thé changes in vestibulo-ocular gain 
o e 1 

( el h) during oscillation in- the sagittal 

plane1 in the 49 dey experiment. Each 
~~-

pofQt repr~sents the mean valu~< f~r an 

entire run (20 cycles} in the sagittal plane 

befqre <Il), dur1!l& <* ), and'1ohfter <!:l) . 
-~. 

vision reversa!. Typical cycles within such 

runs are seen in Fig. 18. 
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DISCUSSION 

What is Habituation? 

As a general concept, habituation has been described as a 

graduaI waning of responses to repetitive stimuli applied without 
.J 

refnforcement (Thorpe, 1950, 1963). Humphrey (1933) saw it as an 
'. 

adaptive process which permits an animal to ignore stimuli whi~h 

do not have significance for preservation. He interpreted this as 

a form of 1earning with a universal character throughout the animal 

kirigdom. Thompson and Spencer (1966) were' more detafled in their 

description of the habituation process, and specified the following , 
cri teria: (1) Repeated stimulat~n causes response decline, the 

latter being (2) more rapid with frequent rathe, than with spaced 

stimulus presentation; (3) habituation is commonly speéific for a 

\t' 
given stimulus or input; (4) the magnitude of the habituated response 

-----------carr--b-e restored by~withnolding- tne stlmulus; and CSTtlle -habi tua tioo 

rate increases with each new series of trials separated by i~tervals 
t 

of spantaneous recovery. 

Previous Findings 

"\ 

In a simi1ar f~ion~ investigators of vestibu1ar habituation 

~ave for many years considered habitudtion to be an ~tenuation, or 

j
//roe>nonse L~ decline, due ta monotonous repetition of 9n indi\ferent, 

l ' 
j , useless, or inadequate stimulus (Forsmann, Henriksson a~d Dolowitz, 

1963), which could often be returned to its full intensity by 
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.... 
countering the concomitant 10ss of arousa1 with s.pedfic mental 

~~ (Collins 1964a). For prOlOng~ and repetitive vestibular 

st~lation the response attenuation could therefore be accounted 
\ 

for i~ part by a transient arousal factor as weIl as an adaptation 

to the vestibular stimulus per se (Guedry, 1965~ 1974). 

However, most of these vestibu1~r experiments have emp10ycd 

sustained cupu1a deflection as the adequate sens ory stimulus. But 
i ~ 

this is not a normal occurrence in natural life, and the question' 

arises whether simi1ar attenuation of physiologica1 resp?nse would 

take place using stimuli which are within the."'frequency and angular 

velocity range of natural semicircular canal stimulation. Some ~nSight~\ 

in ta the answer to this questioQ_was provided by the first exper1ment 

of this series (Gonshor and Melvill Jones, 1974a), in which aroused 
,~~rl 

subjects were rotated sinusoidally in the dark,at 1/6 Hz and 60
o
/sec 

ve10city amplitude for up ta 1hr/day (200, cycles), for 3 days. No 
\ 

~_ significant Çh9J)~ iaIhe measured vest,i-bulo~e€-tl-±ar- reflex (VOR~ --- -~----

were detected, which contrasts strongly with the reductions observed , 

during similar, or even shorter, durations of unilateral rotational 

stimulation of man (Cëllins, 1964a)~ rotational and calorie stimulation 
" 1 

in cat and dog (Collins and Updegraff, 1966), and calorie stimulation 

in monkeys (Komatsuzaki et al, 1969). This 1ed us to the conclusion 

that repetitive vestibular stimulation in itself does not necessarily 

le~d ta response decline. What then are the criteria responsible 

for establishing a changed relationship between stimulus and response. 

~ 
~ The second experiment in this series (Gonshor and Melvil1 Jones, 

1974h) -sgt: __ out __ ta examine the possibility that sueh change would be 

N - -

o , 
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generatecl when its occurrence represents a functiona1 advantage. 
1 

For this a mirror-reversed visual tfacking task was superimposed on 

the non-habituating sinusoidal vestibular stimulation u'5E.'d in the 

previous experiment. The resu1ts were striking. During periodic 

tests of VOR gain performed in the dark'each dayof the three day 

experiment, and with the subje~t high1y aroused, there was marked 

attenuation in the VOR to the previous1y non-habituating stimulus. 

The results of this experiment raised an important issue. Should, 

and could one still consider habituation to be mere attenuation to 

~notonous stimuli; or does habituation really represent an attempt 

by the organis~ systematieal1y to restructure its neurological 

characteristics in such a manner as to optimize nêw stimulus-response 

re1alions? In the above experiment, for examp1e, the ultimate goal . 
ff such reorganisalion would extend beyond mer~,attenuation to 

The former calls 

/. 
activ}ty, in contrast to the latter wh1ch wou1d 

. 
complete reversaI of the vestibulo-ocular ref::JI 

for a suppres~ion of 
-----~-----~ 

\ 

necessitate excitation of relevant components of the reflex response. 

Evidence against the the ory of simple depressio~ of activity is 

provided by experiments at the neuronal 1eve1 by Precht, Shimazu 

and Markham (1966). Following unilateral labyrinthectomy in the 
) 

eat, they recorded from vestibular neurones in the vestibular nuclei. 

After initial depres$ion of aetivity in the acute stage (3-4 days 

" 

1 
af ter the operation), they obtained recovery of spontaneous discharge -' ' 

of Type l neurones in the ehronic, or "centra~ compensation" stage 

(30-45 days after the operation). In Type II neurones on the side of 
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the chronic labyrinthectomy the threshold for frequeney response 

to angular acceleration returned to almost normal range. This 

indicates that Mere attenuation of response is Most probably a 

t 
component of a much more ~mplex interaction taking place at ~he 

neuronal level . 

Present Fiqdings 
'---~(~ 

,,-, 1 

• 
In the second experiment simple attenuation was found to oecur, 

but only when system was faced with vision reversaI. However, the 

relatively short duration of that 3 day experiment did not permit 

an answer to the question of whether reversaI of the VOR wou1d 

u1timately oecur. Thus there was a need for a longer term approach, 

which led to the pr~sent experiment. 

1. 

dtscribed in results above lead one to the 
') 

conclusion that 

simple reversaI of the VOR takes p~ace. Rather, there are a 

complex series of changes in both gain and phase, falling into 5 

recognizable stages. The first stage is a rapid and significant 

decrease of the VOR g~in to 30 or 40% of its pre-sti~u1us level. 

Within the first two stimulus days the phase chan s at this stage 

are not marked. The second stage (clays 3 to 14) 

exclusivelY"large and continuously varying changes 

the third st~dayS 14 to 28) plateau levels of 

phase are reached, which for the 1/6 Hz frequency 

phase. In 

and 
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o 
experiment amounted to 40% of pre-stimulus gain values and 125 

phase lag respectively. The fourth stage~'takes place immediately 

'~ter removal of the prisms and last only a few hours. During this 

time the phase returns rapidly to normal, whi1st the gain drops 

slightly; This extremely rapid recovery of normal phase is str iking 

and rnay be an important clue in determining the underlying 

physiological.mechanisms responsihle. 

consists of a slow return over 3 to 4 weeks to 

no further change of phase. It i8 interesting 

term experiments in th~ present study dernonstrated aJrnost 
~, 

~ 

the changes of stages one and five. It was on1y with the 49 

/ 
ely ~ / 

experirnent that the complex but hfghly systematic changes in ph 

and gain were manifest in an analyzable form. Attempts are now 

underway to ~ll1cidate these interac tions by means of systems m 6elling, 
, 

aqd preliminary results se~rn to indieate that a rather simple model 

of sine-wavê~summation in a feedforward network May account for Many 

of the present results. 

2. Geometrie Specificity 

The results demonstrated a"high degree of geometric speci-

ficity, in that response modification was strictly confined to the 

plane of vision reversaI. Sirnilar specificity has been observed 

in conventional attenuation exp'eriments (Guedry, Collins and Graybie1, 

1964), where lack of transfer of vestibulo-ocular changes to different 
/ 

planes of rotation was shown in subjects allowed free movement in 

a ;low rotation room being rotated continuously in one dir~ètion. In 

f 

• 
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this connection it is interesting to note that each paraI leI 

pair of canals i8 functionally specifical1y related to approximately 

,­
parallel pairs of extra-ocular muscles in each eye (Lorente de No, 

1 
1933; Szentagothai, 1950). In experiments with dogs and cats, 

Szentlgothai (1950) stimulatedvindividuai canal~t:h ~;~Cially 
• 

induced endolymph currents, and found short latency responses in 
1 

\ 
only one muscle of each eye. Confirmation cornes from cat experiments 

"-", , 

(Cohen, Suzuki and Bender, 1964) in which high frequ~: repetitive 

pulse stimulation of primary afferent vestibular fibers from one 

ca~al prJduced short latency eX,citation in one corresponding oculomotor 
'\.,.,) 

nucleus. This same specificity of one canal to one muscle relationship 

has recently been observed ih rabbits (Ito, Nisimaru and Yamamoto, 

1973a, b), with the added important feature that the same canal has a 

short latency inhibition on the antagonist muscle. 

3. \Rit5~tiona1 Preponderance 
\ 

'fli~_dir.ectlnnaLprepo~-t-±-ineà --4:n--~-i-gyre 12 was~-a-~-----

response characteristic seen during the period of most rapid change 

in the raversed vision environment. It is thùught that this may 

represent the transient imbaléj.nce in différentiaI input to the 

oculomotor system, ~erived from the bi1atera1 vestibular one. In 

this regard sorne r~cent relevant findings have been reported by --MatDog (1972) with tests of the vestibular system during sinusoidal 

angular acce1eration. Normal subjects showed negligible direstioÙpl 

preponderance and variab1lity, whereas subjects suffering from 

Menière's disease or surgical labyrinthectorny produced marked 



, 
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• directional preponderance. Furthermore, in those patients who 

o 
, , recovered from their injuries, there was a tendency to return to 

symmetrical nystagmus. 

It i5 clear that the attenuated responses seen in selected 

situations of repetitive stimulation are not alone responsible-for" 

the response ehanges,seen in the present experiments, but rather, 
'>',. 

it seems that a complex series of changes oecur, the u1timate goal 

."" of which i8 no different from that reqpired ln normal action; 

minimization of image slip on the retina sa as ta asslst fixation 

of the visual image during head rotation. 

4. Effe~t of Subject Age 

The results of these experiments negate any difference&,clue 

ta age, sinee similar results were obtained from subjects ranging in 

a~e from 20 ta 50. 

5. Subjective Effects 

____ --------'l'he---subj-ec-t-ive effects cClincrae-nt with vision reversaI have 
'" 

long been of great intérest to psychologists (Harris, 1965; Howard 

and Templeton, 1966). The complete reversaI in perception of the 

visual ~orld, reported by many of these ex~rimenters, was not confirmed 

in any of the pfesent exp-eriments, although visual-motor coordination in 

the reversed visual environment improved through to the last clay of 

vision reversaI. Fatique, dizziness. depression and nausea, often 

experienced during conditions of vision reversaI, were encountered as 

weIl by the subjects in the present experiments, sa that modifications 

• were made in the protocol of the final 3 experimen~s ta minimize their 
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effect. It is interesting in thts regard that in the recent flights 

of the "Skylab" orbiting space station, astronauts have reported " 

v~ry similar symptons, complaining of nausea and fatique, and eXhibiting an 

unusual degree of overall lethargy (Homick, Reschke and Miller, 1974). 

In accounting for the lethargy, fatique and nausea, several 

possibilities come forth: Çl) The effects May be du~ in part to the 

fact that motor patterns, 'hich have become internalized into mature 
\. 

automatic response are now forced to change, making it necessary for 

the subject to consciously produc~ each movement of the new patterns. 

This could account- especially for the fatique, lethargy, and depresslon 

that i8 observed. (2) The subjective symptons May be caused by the 

anfagonism in the vestibular and reversed vision stimulation. The 

importance here would be the conflict of input information rather than 

--- .. 
any vestibular effect per se, since no such symptoms are in evidence 

under normal circumstances, where no antagonism takes place. (3) The 

_p ossib i-1-i-t~-X-is ts---t-ha~Hle----stlbj-ee-t-i-ve----symp toms ale a -dire ete f f e c t 

of the habituation process itself. That is, the symptoms May be an 

external manifestation of imbalance in the central nervous system, 

consequent to changes in neuronal elements as they MOye towards a 

physiological goal of optimisation in the condition of vision reversaI. 

Possible Mechanisms Responsible for Vestibulo-Ocular Changes 

<ê~ 
What mechanisms are responsible for the changes in vestibu!o-

ocu1ar reflex produced in the present experiments, and where might 

'1 
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they operate in the nervous system? 
\ 

1. The Reticular Formation '-, 
.-- f 

~ 

An area of th~centra1 ner~~~ system that may play an 

influential role in the final oculomotor response to a given 

vestibular stimulus is the reticu1ar formation of the brain stem. 

/ 
Lorente de No (1933), after interupting the basic three-neurone arc 

1 
(Szentagothai, 1950) by lesioning the medial longitudinal fasciculus 

(MLF), observed that components of aIl the vestibu1ar ref1exes of 

the ocular muscles cou1d still be' elicited. If however 't'hè- MLF was 
, 1 
, -

1eft intact, but the reticu1ar formation and pons 1esion~d, the 

ref1exes were abolished. Furthermore, bath anatomical (BrodaI and 
, 

~ompeiano, 1957; BrodaI et al, 1962; Haug1ie-Hanssen, 1969), and 

neurophysio1ogical (Eccles et al, 1967) evidence exists for circuits 

connecting the reticular formation with vestibular and cerebellar 

nuclei, and the cerebe1lar cortex, therefore p1acing the reticular 
~~~-----------~--~ ---- ---,---------------- --

• 

formation in close contact with those centers that have important 

relationship to the vestibulo-ocu1ar reflex pathway. 

However, to what extent could known reticu1ar formation 

characteristics contribute to the observed changes in gain and phase 

in the present experiments? 

Gain: It i5 weIl estab1ished that the reticular formation i5 

the prirae center for the control of arousal (Moruzzi and Magoun, 1949) . 
• 

Furthermore, numerous experiments have shown that vestibulo-ocular 
______ 1 _ 

.r 
gain will decrease with lack of arousal (Wendt, 1951; Guedry and 



7 
• Lauver, 1961; Collins and Guedry, 1962), therefore imp1icating the ï' 

" 

reticular formation as an important center for control of vestibulo-

ocular gain. Although this may be the case, in the present 

experi~ents ousal was maintained at aIl times, therefore negating 

that ation effect. 

Phase: It has been postulated that an important function of 

the reticular network's influence on the oculomotor nuclei may 

be as-an integrator between neural information flowing from vestibular 
1 

to oculomotor nuclei (Cohen, 1971; Skavenski and Robinson, 1973). 

However, eVen if orte were to postulate complete reversaI of this 

o integra~or, it could only produce a maximum of 90 phase shift fn the 
r' ' '. o final-response; much less than the 130 phase lag-observed. Although 

this does not rule out the reticular formation, i~ do es cast doubt 

on its being the prime mover in the present case. 

Saccades: Evidenc~ that the reticular formation is performing 

its normal function comes from the present observations that 

saccades are ~ot changed dynamically, indicating no interference with 

the normal triggering and synchronization of sa~~ade diséharge described 

by Robinson (1964). In addition, the saccades are always appropriate' 

in direction for the smooth pursuit, even when the latter is reversed. 

This favours the view that the signal modification i8 taking place 

"upstream" of the reticular formation. The smooth pursuit and saccades 

would then be driven by the reticular formation as before vision 
, 

reversaI, but with a modified incoming signal . 

• .., 
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The vestibu1ar system is a second mechanism by which changed 

patterns of stimulus-resportse could be brought about: Efferent nerve 

fibers have been shown to project directly to the peripheral 

vestibu~ end organ (Leidler, 1916; Engstrom, 1958; Gacek, 1960), and 

/ 
their effe~t seems to be an inhibitory one (Llinas and Precht, 19§9), 

Efferent fibers show increased dis charge frequency during angular 

accelerations in the ipsi1atetal and1contralateral directions (Precht, 
, / 

Llinas and Clarke, 1971). Since the increase in frequency due to 

contralateral rotation must come frpm impulses arising in the contra­

lateral labyrinth which eventually ;,each the efferfnt neurone throu~ 

multisynaptic clain, it allows for t~e possibility that a feedback 

system may be responsible in part for the adaptation to on-going 

vestibular stimulation. 

Recently~ extralabyrinthine inputs to the efferent fibers, such 

o 

-------'!J.---- -----------11 
as passive movement of limbs and cutaneous stimu~ation, have been 

descr..ibed (Schmidt, 1963; LlinIs and Precht, 1969). Schmidt, Wist 

and Dichgans (1970) observed a 'close relationship between saccadic 

eye movements and modulation in discharge of efferent fibers in the 

, peripheral vestibular nerve, w,~h the efferent discharge modulation 

occurring about 100 msec before the start 0f the optokinetically 

induced saccades. This modulation pe~sists after the eye muscles are 
, 

paralyzed, indicating an independence from proprioceptive ey~ 
, 1 

muscle afferents. 

It seems clear that vafious sensory inputs can influe/ce the 
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vestibular end organ via efferent fibers. The fupctiona1 meaning 
.. t~ y , 

of- thls irtnervation ls s,ti 11 not understood, al though i t seems doubtful 

that it cou1d t on its own, account for the type of vestibulo-ocular 

- 1 changes manifest in the present series of experiments. 

3. 
~ . 

The Ceq:bellum 

Although the reticular formatlon and efferent vestibular 

system undoubtedly c~n·play a raIe in m?dification of the vestibulo-. , 
ocular reflex~ it is the cerebellum that h~s rec~iyed the most 0 

... ~,,-__ 1 

experimental attention~ ASNfar pack as 1935 Halstead gave 

experimental evidence suggesting stro~gly that cerebellar lesions 

~ 
could affect the habituation o~ ves~ar nystagmus in pigeons. 

? . 

Di Giorgio and Pestellini {1948), Di Giorgio and Giulio (1949), 

and Menzio (1950), were able (ta s,how that guinea, pigs with lesions of 

" . ~ 
the tuber ver~is di~ pot sbow habituation. Ablation of the nodulus 

in thèl cat led t-o prolonged véstibular reactions to rotato!y and 

( . 
1 
\ 

. .. 

------------------
---- ------r' calorie stirnuia~i:n,~ posi Üon;l- ~ystagm~s, and ,disequilibri~lT! r\ 

, à ~ \~ 

(Fernandez and ~redrickson, 1963). On the other hand, svimur~ti~n 
~ " , 

of the ~odulus in that study led ta ~artial inhibition of nystagmus. 
, .. ':fi. 

Very recenqy 'Ito, Shiida, Yagi and Yamam'oto (.J.974a, b) have 

"" investigated the influence of t~e cer~be11um on the VOR during head 

rotation with various forms' of visual stimulation. "Their results 
'\ ~ 

indicat~ that visual Si~S whic~ were able to change v~stibularlY 

induced eye )m~vements with an in tac t cerebe11um were·' ünable to do so 
4 

after removal of the floccul~. Removal of other portions of the 
-' 

), 
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ccrch('ll11m', dS weIl cle; large J.rear, of the ccrebral cort0X dld 

not have a similar cffcct. 

In dddl tian ta abl.:l tian st"ue! ies a very close rcld tlonship 

.of th~ cercbellum and the-vestibular system has been demonstrated 

by compJrative dnatomL.C'al studle& (Allen, 1924; Dm"." 19"36; Jansen 

and BrodaI, 1958; Wdlherg and Jansen, 1964; BrodaI, 1960; BrodaI 

et al, 1962; Angaut and BrodaI, 1967). TIcr,h ;JriIiDJ:."y and SClOëlddr} 

vestibular aff0rcnts entcr the vestlbulo-ccrebcllum; tr2vellln~ 
~ . , 

mostly to the floccu1us, nodulus, ventral uvula a~d paraflocculus 
'~ 

(BrodaI and HlIlivik, ,1964), which in turn send PurklnJe axons back 

to the vestibular qucleL either direct1y (Angaut anœ BrodaI, 19A7), 
, 

or ùy wa.." of tilE: f[istigidl dnd ütper cereLellar Liuclel (Di"oJal, 

1960). Horeover, these cerebello-v%tibular t0r"':!.n?t:!.0!1S coinC'id,=, 

with the sites ot project,~on ot vestibular pnmary. atfcrents (An~[\l1t 

dnd ~r0da1, 1967; Gacek, 1969). Cosrbborating ne~J:."ophY3iolGgical 

evidence has recent1y been reviewed in detail hl' Eccles ct al (1967). 
" , 

'\ , 
Speci'fically, di.~ec ( eighth nerve primarv" afferent flbers activa te 

,--
Purkinje cel1s in the vestlbulo-cerebel1iJm via mos{'y and cl1mbing 

, 1 
fibc'r sys tems in the frog (I:.llms, Bloed e l 2nd !fi 11l"-,1'1 , 1 Qi)9; 

1 
Prpc,l"it élnd Llinas, 1969), and by means of mossy flber-, to the flolculus 

1 and nodulus in the cat (Eccles et al 1967; Precht and Ll~nas, 1969). 

Monosynaptic inhibition by .Vermal Purkinje axons of Delters neurones; 

receiving excitatory otolith input (Petersan, 1~67), has been 

demonstrated by Ito, Yoshida and Obata (1964). Similarly, tetmination 

of floccular fibers onto port1ons of the vestlbular neurones concerned 
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with semicircular canal functio~ (Shimazu and Precht, 1965) has 
;' 

recently been found to be inhibitory in nature (Ito, Kawai, Udo 
, , 

and Sato, 1968; Shimazu and Smlth, 1971; Baker, Precht and L1inas, 

1972a), as weIl as being ~he major cerebe11ar action on the "'l, 

1 

vestibulo-ocu1ar reflex (Ito et al, 1970). 
r 

That this 
~ 

flocculaJ) 

inhibition,is exerted on both excitatory and inhibitory transmission --- , 

was fina11y demonstrated by Baker et al (1972b). The suggestion 

that the vestibu10-ocular reflex may be under a direct cerebel1ar 

control is further substantiated by findings that ipsilateral horizontal 

angu1ar rotation will cause changes of discharge.frequency in f10ccular Purkinje 

cells (Llin~s, Precht and Clarke, 1971) very similar ta those seen 

in vestibular second order neurones in the vestibular nuclei of the 

brain stem (Shimazu and Precht, 1965). 
1 

Ito (1970) has postulated that by receiving vestibular afferents 

and sending Purkinje axon in,~ut to the vestibular nucleus neurones 

in the cat (directly to oculomotor nuclei in fish - Kidokoro, 1968), 

the vest ibu1o-cerebe11um ac ts as a "feedforward" control sys tem . 
.., 

More specifically, the flocculus is able to modulate the vestibu1ar 

neurones so as to produce the most exact eye compensation for changes 

in head position. It i5 inte~esting that when the f1occu1us ia destroyed 

or impaired, eye compensation ia impaired during rotation (Dow and 

. / Mannl, 19fi4) , and pos~rotatory nystagmus 1S changed (Lorente de No, 1931). 
c":?' 

Of more direct relevance is the fact that removal of the cerebellum 
~, 

substantially modifies the transfer function re1ating rotational eye 

.,. 
) 

,,1 
' .. 
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rCc,pOO'iP ta rotational stlPluJatlon of the ,andb (Cél.rpr'ntel", 1972~ . 

. Hm.; does the flocculus "learn" .. "hat optimum COrnpl'I1f>éltiOI1 15 

. 
neccssdry on a moment hy moment basLs. The most logical rncans would 

1 

be in,)Ut from the visual system, and suell visnal informdllon has 

very ~('c.cntly becn dom0nstratcd ta rPich th,., f)o(',llluc; throl'8h :1 

f networlc lcading from the acccssory optic tract, ta the ('('ntrai tcgmental 

tract, through to the inferLor olive, finJJly (t·.Jchin 

, 
Purkinje cel1t:; as Cl di1rthlng fiber inpllt (N(!('kd\J3 éInti 

-1973). This latter input ls refl~cted ln a depression ot certaIn 

vestihulo-ocular reflexes, which in the rabbit oçcurs only in thcse 

pathwilYS which arise from the horizonta'l canals and innervate the 

ipsl1ateréll hurizoulal eye lllUSLle~ (Ito, i~i5.L1l1aLu dnd Y'amailloto, lc)73c). 

No such visuall y-efte'cted depression was found ror th2 posterior and 

anterior canals, or when the ipsilateral flocculus W8S lesioned. 

With such a system at work, image slip on tBe retina due ta insuff~cient 

" 
eye compensation would lnjtiate sienals to the cerebellum, that alter-

a tians 1n performance are requlreJ to rninitni z.:- th~ blilrline of th.:> 

Exper1.rnents by Klinke (1970) hav~ ralscd ..the Intrlg11wg qucstlO'l 

of whether 'llctive optokinet1.c drlve and bubsequent reQULlion Ln .i.nIClge 

sILP, such ab described above, 1.S necessary ta produce the vcstibular 

, 
~oèification. Klir!ke uo!"'ked Fith COf11rle~Aly fllotu)Oless al10 relaxed 

tFlaxedil) gold fish, recording from vestihular primary afferents while 

, providing an ap~okinetlc stimulus in the farm of a mOV1.ng pattern of 

'/ 

·1 
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stripes. Although eye movements were not possible, due to the muscle 

paralysis, modulation of primary vestibular afferent activity was 

obtained. 
y 

He postulated, therefore, that the intentian ta move .the 

eye is in itself a sufficient input to produce a change in firing 

patterns in v~stibular units, in such a manner as to assist retinal 

image stabilisation during the actuai performance of active body 
J 

motions. This would be .an elegant example of the psychological 

principle of "efference capy" (von Holst, 1954), which states that 

the voluntary command ta act, in addition ta sending motor input 

ta the muscles, also sets up in the nervous system an image, or 

"efference capy" of the message, and "the "reafferenc:" or sensory 

activity that arises as a resuit of the motor action 1s compared to 

this capy. Therefore if the eye muscles are paralysed, the voluntary 

attempt to maye the eyes, say due to an optokinetic stimulus, pro~uces 

an efferent capy but no moving retinai image. The environment should , 

therefore appear he direction of the vaiuntary effort ta 

~hls experiment does not 

eiiminate reti~~~~ w~uld produce the effects 

of the pastulated efferent copy. Hence, one cannat aSsume efference 

capy ls at play until vision is excluded in those experiments. Until 

then it must be assumed that Klinke' s effects were due ta image slip ,J 

on the retina. 

Thus, not withstanding Klinke's findings, it app@ars plausible 

that t~e vestibulo-ocular reflex system can be,driven by purely retinal 

- -
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optolnnetic stimuli ta facilltate \vhat amounts ta oplokl.netlc 

tracklng. NeurophYbiological observatl.Onb slmll~r to tho~e of Ita 

et al (I973c) have been abserved in experiMent~ on alert monkeys 

(Henn, Young and Finley, 1974). They recorded from unlts in the 

mertial vestJbular nucleus 

of horizontal motion of projeG.ted stripes on il cyl indrical screen. 

Results sho'ved that even thaugh there ·...:as no h~cld mover.Jent, and thus 

~I , 

no vestl7ular stimulation, cells III the vE'stlbuJ:1r nucleus were 

nevertheless affected. such that il unIt \"hi('11 was norm.Jlly excited 

by hcad acceleration ta the left WilS now also cxcitcd by motion of 
1" 

the stripes ta the right. In the case of ma~his produces 3 sensation 

units cou1d expialn the human psychophyslcal phenomenon of IIcircular 

vection" (Dichgans and Brandt .. 1972). iri whicn a sensation of self-

rotation can be induced withaut vestibular stimulRtion by a moving 

visual surround. 

the only feedback from t~e cculu.r regio:1. R.lplÙ stretch of the 

f 

oculomotor muscles ln the cat hav~ generatcd cle~r tlcLd potentlals 

in th!:' (crebcllum' (Fuchs and Kornhuhcr, l élfJ9) , mo,., cly ln loc-llies 

V, VI, and VII of the ccrebellar vermis (Bnk~r et al, 1972c). Thls 

1973) and be involved in continuous updating lnfor~ation prior to 

its executlon Ovolfe, 19?"I/\vith feedbacJ.... prond.d by extra-oeular 

mU5cle spindles. It is noteworthy that the v~rmlS has conne~tlons 

" 

r . 
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• to portions of the vestibular nuclei by way of the intra~erêbellar 

nuclei (Jansen and BrodaI, 1942), although it avoids man y of the 

areas of terminations of the- dire,ct cerebellar fibers (BrodaI, 1960). 

Recent neurophysiologicai evidence indicates that this input is 

inhibitory on the target neurones in the vestibular nuclei (Precht, 

personal communication). The relationshtp of aIl the ocular inputs ta 

the-cerebellum has still ta be determined. 

Because visual information cornes to the cerebellum by way of 
r , 

climbing fibers, wpile vestibular afferents utilize the mossy fibers, 

Ito (1973) has suggested that this differential input to the 

flocculus allows the climbing fibers to produce changes in transmission 

through the synapses transferring mossy fiber signaIs ta Purkinje ce Il 

dendrites. This fits weIl with the sugg~stion tn.t the cerebellum 

acts here as a "perceptron" '-(Marr, 1969), with the mossy fibers 

providing information on the state of the vestibular signa~while the 

__ cl.imb.ing-fiher -visual input correc ts the discrepant performance of the 

cerebellum thro~gh changes in transmission through the synapses 

which transfer mossy fiber. signaIs to __ the dendrites of Purkinje cells. 

The results of the present experiments bear out the intimate 

relationship of the visua1 and vestibular systems. Not only c~n the 

vestibulo-ocular reflex be excited or suppressed by appropriate retlnal 

stimuli, but the influence can be sa vérsatile as to bring about 

effectively complete reversaI of the vestibulo-ocular reflex of man 

as a retained response consequent upon Iong-term opticai reversaI of 

vision. The implication of vestibular cerebellum participation in 
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• -1 

long-term visual modification of the vestibulo-ocu1ar reflex has 

very recently been similarly demonstrated in rabbits (Ito, Shiida, 

Yagi and Yamamoto, 1974a), with the feature that no such modifications 

• took place in those rabbits whose flocculus han been removed 

heforenand. Although unable tD achieve the reversaIs of response 

seen in the present study, Robinson (oral prcsentA.tion, StocKholm 
. - \ 

Symposium, 1974) has shawn that attenuation of normal vestibulo-

ocular response induced in cat by vision reversaI, is aholished by 

removal of the vestibular cerebellum. 

The cerebellum therefore appears at this time ta be a prime 

candidate for the mechanism responsible for producing the vestibulo-

ocular changes in these experiments. If this assumption is borne 

out by future neurpphysiological experimentation It would prave ta 

he an important example, of hOl. the cerebellum, and, for. that matter 
.... , 

'-, 
\ 

the central ner~ous system in general, can radically alter the input-. 

output characteristics of a stimulus response relationship when there 

is a functiOlfal .need to optimize for a clearly defined physiological 

goal. 

L,,' ... '. 
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CHAPTER 6 

IMPAIRMENT OF VTSUAL FIXATION ASSOCIATED WITH 

CHANGES IN THE VESTIBULO-OCULAR REFLEX INCURRED BY 

.. 
LONG-TERM VISION REVERSAL IN HUMANS .. 

/ , 

• 
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• SUMMARY 

, 

" ] . Func tional impairment of visual fixation during both fi xed 

and c~ntinuously varying frequencies of head oscillation, 

optokinetic response to target oscillation, and saccadic performance, 

were investigated during long-term vision reversaI in humans. 

2. Tests of voluntary, sinusoidal head oscillation, s:lOwed that 

the gain (eye angle/head angle) of respons~ decreased as a functiDn 

of the days of reverscd vision stimulation. For 1.75 Hz and 3 Hz 

oscillation, gain fell 80% and 61)% respectively, with no con-

comi tant ,phase changes. 

3. Voluntary head oscillation through frequencies from 0.15 to 

6.25 Hz showed increasing gain with frequency, from 0.5 Hz upward. 

Control tests produced no concomitant phase shifts, but similar 

tests during the 4 week period of reversed vision produced a continuum qf 

phase shifts as a function of frequency. 

4. The vision reversaI produced no change from the normal 

characteristics of optokinetic and tl.accadic performance. 

5. It is concluded that changes f~' the vestibulo-ocular reflex 

due to long-term vision d cause functional impairment 

in visual fixation. 

':- 1 
1~ 0. 
f , 

--......... / 
/ 

! 

1 
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• 
INTRODUCTION 

~, The- present report describes a continuation of the study on 

adaptability ,in the vestibulo-ocular reflex arc, begun in a series 

of previous articles (Gonshor and Melvill Jones, 1974a, b, c). 

In the most recent study subjects were exposed to a prismatically-

reversed visual environment for prolonged time periods, lasting up 

ta 27 days. During each day, tests sessions were held, each session 

encompassing a variety o'f experiments. In that study (Gonshor and 

Melvill Jones, 1974c) a detailed account was given of one of these 

tests: Vestibulo-ocular response, in the dark, to low frequency 
" 

oscillatory rotation (1/6 Hz, and 60
0

/sec velocity amplitude). 

The results showed that the reversed visual environment had caused 

profound changes in t~e vestibulo-ocu1ar response, amounting to a 

functiona1 reversaI of th.e reflex. 

It was of further interest to examine whateeffects such profound 

vestibulo-ocular reflex changes would have if the subject was 

permitted brief periods.of vision, whilst not wearing the reversing 

prisrns. Put another way, the object of ~he present experiments was 

to examine what fun~tional deficits the subject incurred due ta the 

(J 
changed vestibulo-ocular reflex. These experiments include the 

r 
following measurements: 

(A) Vestibulo-ocular response ,during, 

1. Voluntary high frequency head oscillation at 1.75 and 3 Hz. 

2. Voluntary head oscillation at continuously varying frequency. 
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• (B) Optokinetic response in the absence of head movement. 

(C) Saccadic performance in the absence of head movement. 

METHODS 

, 
A detailed protocol for the entire experimental period has 

already been described in a ~revious article (Gonshor and Melvill 

Jones, 1974c). Briefly, 4 subjects were used in experiments lasting 

4, 17, 25; and 49 days. 
q 

Within these time periods they were required ~ 

-ta wear reversing prisms for 2, 6, 7, and 27 days respeGtively. The 

prisms were of the "erecting" or "dove" type, and therefore permitted 

reversaI of vision in only one plane of rotation; in this case the 

horizontal plane. The first clay (D
1

),and a.poFtion of the second day 

(D
2

), were a1ways reserved for control rMns~. From D
2 

onward, subjects 

wore the prisws during aIl waking hours of what will hereafter be 

called "vision reversaI" days. Test sessions were he Id almost every 

day in the before, during, and post-vision reversaI periods. 

Measurement of head and eye movement 

Head Movement. Ta measure high frequency and low amplitude head 

oscillations, a method was used that has previously been designed andconstruct-

ed by Outerbridge and Me1vil1 Jones (1971), employing princip1es detai1ed 

earlier by Robinson (1963). In this meth,od two Helmholtz coils, c 

fixed to the turntable which rotates the subject, receive an input 

from an oscillator, and produce a high frequency, and linear a1ternating • 



• 
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~ / 

magne tic field. A light pick-up coil, fixed ta the rnoving head, 

and midway &long the axis of the Helmholtz coils, ptoduces an 

oscillating voltàge proportional ta the sine of the angle between 

the magnetic field and the plane of the pick-up coil. Subsequent 

• rectification then yields a proportionate DC voltage registering 

horizontal head rotation. Sever~l benefits obtained by the use of 

this method are that linear movements of the head procluce only very 

minor output variations due to linearity of the magnetic field, 

and there is negligible mechanical Interference due to high frequency 

head motion, since the only moving component is a light pick-up 

coil with its fine output ~ire. 

In the present experiment the pick-up coil was 1. 5 cm in" 

diameter a~d had 30 turns of insulated copper wire wound on a plexiglass· 1 ... 
holder. The support apparatus cons~sted of a light steel wire 

frame which fitted over the head. This frame attached ta a plastic /' 

cylindrical post which in"turn held the pick-up coil. This post 
? 

separated the coil from small field distortions produced by the steel 

wire and allowed for adjustment of the angular position of the 

coil relative ta the head. 

Slip of the pick-up coil relative ta ~he head has previously been 

assessed by Outerbridge (1969). In his experiment the head was 

voluntarily oscil1ated and the coil output compared with the output 
, 

from an angular potentiometer connecte~ to a suitable dental bite 

system. He showed that negligible slip occurred except at thenhighest 

frequency, namely 6 Hz. At this frequency the amplitude ratio and 

~~ - ----~ 

--~---

--



• 

• 

- il83 -
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phase of the pick-up coil output relative tq a potentiometer measure-

o . 
meut of head position was fO.l2 and -5 , phase 1ag respective1y. 

Eyè Movement. Movements of the eyes in aIl the tests of these 

experiments were recorded by De electro-oculography (EOG), as 

described elsewhere previously (Gonshor and Melvil1 Jones, 1974a). 

Measurement of Subjective B1ur 

During head oscillation the subject was requested to assess 
< 

the degree of apparent distortion of the radial lines on the 

target ~isc. (Fig. 1). This method has been found to provide 

, a reliable index of small degrees of retinal image slip (Melvi11 

Jones and'Drazin, 1962). 
Q 

In this test, a 4 point scale was 

utilized by the subject to estimate b1urring. 

'0 =)No perceptible distortion 

. 
1 = Just perceptibl~ distortion 

2 = Apparent compression and extension of near horizontal lines 

v 

3 = Strongly established horizontal line standing o~t clearly 
( 

against a blurred background. 

Intermediate estimation values (e.g. 2.5, 3.5, etc.) were 
'" 

uti1ized when the subject fe1t that the ~xtent of blur 1ay somewhere 
...... ~,' ... -

between the whole number values. 

(Fig. 1 near here) 
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(A) Responses During Active Head Movement 

1. . Steady State Responses At 1. 75 and 3 Hz 

Sînce the oscillat0ry head movement was voluntarily 
\ 

driven, a method was devised to keep both the head excursion 

amplitude and frequency constant. The output of head position 

from ~.the pick-up coil was fed ta an oscilloscope, where the 

horizontal plane oscillation of the he ad was monitored as an up-

down movement of the scope beam. Two marker Hnes were placed 

on the scope face, represen ting a peak-ta-peak head mov!)ment of 

10
0

. The subject was then instructed to practise moving the head 

in such a manner as ta smoothly oscillate the beam from one marker 

line ta the next. After several cycles of this practice procedure 

the subject continued the head oscillation, whilst fixating for the 

remainder of the run on the center point of a radial line dise 

attached above the scope face (Fig. 1). Bath the practice and fixat-

, ing procedures were performed during' each run.· The output from the 

oscilloscope led to both pen and tape record ers for permanent records. 

\' 
To keep the frequency of head movement constant, the subject was 

( , 

instructed to follow a sinusoida~ly oscillating auditory tone. A 
J " 

high frequency tone of approxima tely 1000 Hz was modulated by a 

low frequency wayeform generator, whose frequency was determined 

by the needs nt. This modulated output was amplified 

and féd in ta a speaker p~oduced ~he desired frequency of tone , 

modula tian . various wave shapes, it was 

,'r 
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found that the subject could move the head w~h the greatest ease 

and smoothness when following a sine wave tone. The records in 

Figures 2 and 3 show simultaneously recorded eye and head movement 

at modulated frequencies of 1.75 and 3 Hz respectively. From 

these records one sees that for the most part the subject was able 

ta exercise a fair measure of control over bath the excursion 
t) 

amplitude and frequency of the head oscillations. Eye movement 

o calibrations consisted of eye movement ta markers 10 either side 

of a center point. Head mOVement calibration was accomplished by 

fixing the pick-up coil in the center of the magnetic field of 

the HeImoltz coils, and the~ manually rotating the turntable 100 

left and right. Both calibrations were performed before and after 

each test run. At the completion of the run at each frequency the 

subject gave an estimate of subjective blur, in the manner already 

described above. 

2. Continuously Changing Frequency 

j 
After oscillating the head at 1.75 and 3 Hz, the subject 

.' 

was asked ta voluntarily oscillate the head, with eyes open, through a 

s~eep of frequencies from low ta high and back to low. Instructions 

were to attempt to keep the amplitude of excursion constant at aIl 

times, and ta fixa te on the center of the radial dise. The frequency 

range employed extended approximately from 0.2 to 6 Hz. The position 
- -

records of both,head and eye were analyzed for gain (in this case 

o G ' 
el h), by measuring the peak-to-peak d~splacements of the ~ye and head, 
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and then plotting the resulting ratio with respect ta time or 

frequeney. Phase measurements of stimulus and response were 

also estimated from peak values. 

(B) OPtOki~tic Reseonse In The Absence Of Head Movement 

For quantitative information of visua1 following capabi1ity 

during the experiment the sunjeet fo11owed a radial 1ine dise, which 

moved sinusoida1ly in the horizontal plane. The subject's head was 

fixed by means of a dental bite at,~ distance of 33 cm from the 

target. The peak-to-peak amplitude of target oscillation was constant 

at 7°, subtended at the eye. Eaeh subjeet was pré~nted with a 

"" randomized series of frequencies, ranging from 0.4 ta 3

1
6 Hz. For 

each frequency, the subjeet wa~ instruçted ta fixate on Che central 

portion of the radial dise until completion o,f the run. ,Puring this , 
fixation period~ the Subjeet~de an assessment of the degr~e of 

f apparent distortion of the radial lines on the dise, aeeording ta. 

the ~ethod of subjective blul estimation described above. In a~dition, 

the amplitudes of excursion of the target (constant) and the eye were 

o e 
obtained, and the re&ulting gain ( e/ t) was plotted as a fuhction of 

the frequency of t?r~ sinuso!dal oscillation. 

(C) Saecadic Performance 
l' 

The normal characteristics of human saccadic eye movement have 
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1 " 

already been described in detail by Robinson (1964) and Fuchs (1967)~ 

In this· experiment the subject, head fixed in position and without 

r 0 
wearing the prisms, voluntarily moved the eyes to mafkers 10 

either side of a center Marker. After initial calibration the subject 
;;. 

produced a total of ten, to-and-fro eye movements, as quickly 

as possible, using the left and right markets. A final 

calibration was performed immediately after, the experiment. High 

speed U-V paper galvonometà (fIat frequency response; 0-3000 

±5%) recordings permitted an observation of the dynamics of the 

swift saccadic jumps. 

, 
RESULTS 

(A) Re§Ponse During Active Head Movement 

1. Steady State ResRonses At 1.75 and 3 Hz 

This series of tests was conducted during experiments of 

17, 25 and 49 days, with vision reversaI lasting 6, 7 and 27 days 

respectively. During eaeh of the following tests the subject made 

o 
voluntary head motions of approximately 10 peak-to-peak amplitude 

with eyes open (without the goggles), w~ile~~temPti~ ta fixate 

on the center of a radial dise target 200 cm from the bridge of the 

nose. This relatively long distance was used ta minimize the angular 

____ ~rc~f' 'lat~raLey~ displ~€nt-suàtended- at- the eye. Stnu~oidal~-~ 

oscil}ations at both 1.75 Hz and 3 Hz were performed during each 
\-

, ( 
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test in random arder. 

Fi,ure 2 

selecte1 days 

(Fig. 2 near here) 

shows portions of original records at 1.75 Hz from 

of the 49 day experiment. Figure 2ais a portion of 

a test run on day 2 (pre-vision reversaI). The lower trace gives 

- ,El 
the subject's head position relative to space ( h), the upper \ 

o trace being the resulting eye position relative to the head ( e). 

Note that due to the voluntary nature of the head motion, there was 

considerabh~ variation in the amplitude of excursion during this 

particular test. Several features beeome apparent in Figure 2a. 

First, the gain of response (compensa tory eye angle/head angle, \ 
o El 

or el h) is very close ta a value of 1 throughout, with the head and 

eye positions l80
o

'out of phase, as one expects for complete, and 

normal compensatory eye movement at this frequency. Secondly, the 

~ motion throughout th~ cycles i8 one of smooth pursuit, sinee the 

arc of head motion ls not large enough to invoke saccadic flicks. 

This again is indicative of normal behaviour. 

With only several hours of visual reversaI (Fig. 2b), there is 

evidenee of a rapid declineJin the gain of response. This resulting .. 
" decrease in efficieney of eye compensation for head movement makes 

pure smoot~ pursuit inadequate, so that safcades are introduced ta 

~etu~~~_Jove?~ntgr_ml~t~.I1tly _to_~he_ ViS~l tixatj~p.oin~'rha_ 

\ 

l' 
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Fig. 2. 

Specimen records of voluntary head oscillation 

from tests in the 49 day experiment. AlI oscillations 

are in the horizontal plane, with eyes open (no prisms), 

at1.75Hz. o 
e represents the angular position of the 

eye relative to the head thtbughout the cycle. 

Sirnilarly, Oh denotes angular position of the head 

relative ta space. (a) is a test before vision reversaI 

(D 2A)· (b)' and (c) represent tests on the 2nd (D
3
), 

and final day (D28A ) of vision reversaI. (d) and (e) 

are tests less than 1 hour (D
28C

) and 3 weeks (D
49

) 

after termination of vision reversaI. AlI calibrations 

o = 10 , and R = right going movement. The sarne notation 

will be used in aIl the subsequent figures, unless 

otherwise st?ted. 
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records from D
28 

(Fig. 2c) represent'~hi·type of response observed 

from the sl~cond week of vision reversaI unti! the latter' s terrni-

nation. 1 That is, an almost complete\breakdown of normal smooth 

pursui1 compensation due not only to ~eatlY attenuated smooth 

pursul~ gain~ but also ta the frequent \nterjection of saccades. 

Figur~ 2c i8 also a good example of the ~9j;~t's ~bility ta 

prodpce consistent head os~illations ftt desired amplitude -

in this case for more than ;15 cycles - there ore allowirtg sufficient 

cYfles for meaningful averpging and statistic 1 analysis. 

The rapidity of return to normalcy after emoval of the prisms 

is seen in Figure 2d, which represents a test ess than one ho ur 

after terminating (post) vision reversaI. The ~fficiency of smooth 
\ 

pur~uit eye compensation fias begun/to return as evidenced by the 

increased amplitude of response as weIl as the decrease in the 

frequency and amplitude of saccades. Note the variable calibratio~ 
of eye movement.. Figure 2e is a record made 3 we.e·Fs post-vision ~ 
reversaI, and shows the virtuai return to normal s~ooth pursuit 

\ 
1 

conditions. 

\ (Fig. 3 near here) 

\~ 
Selected records from tests at 3 Hz are found i~lFigure 3. 

1 

In, Figure 3a one sees a portion of'a pre-vision reverdal test, showing 
----~ ~- , ~ ~ ---

normal compensatory smooth pursuit eye movement, to that 

- 2 
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Fig. 3. 

Extracts from original records of voluntary 

head oscillation at 3 Hz, in the 49 day 

experiment. (a) is from control test prior to 

donning the prisms (D2). (h) and (c) represent 

tests on the 14th day (DIS) and the final day 

(D28A ) of vision reversaI. (d) is a test less 

than 1 hour after removal of the prisms (D
28C

). 

Symbols as in Fig. 2. 
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already observed for 1.75 Hz (Fig. 2a). Vision reversaI ag~in has 

the effect of disrupting this smooth patte~n of response, but to a 

much 1esser degree than at 1.75 Hz. Therefore the response at 3 Hz 

on 015 , a1though it exhibits decreased amplitude and interspersed 

saccades, is best compared to the 1.75 Hz test on 0
3 

(F1g.-2b), to 

which it comes closest. 

A response of interest occurred during a 3 Hz test, less than 

l hour post-vision reversaI (Fig. 3d). The normal compensatory 

smooth pursuit eye movement is almost obliterated .~ a response 

bearing str~king resemblance to vestibular nystagmus resulting from 

unidirectional rotation. Ta test if it could be due to a lack of 

fixating, the subject was instructed to do 50, and still this 

response remained. It is most probably the low amplitude eye response 

to the head oscillation, with a substantial directional preponderance. 

(Fig. 4 near here) 

The similarity in the pattern of' ~hànges in response to 

vo1untary head oscillation at 1.75 and 3 Hz, becQmes apparent in the 

ana1yzed res~lts of the entire 49 day- experiment, in ~igure 4. The 

ordinate shows gain of the smooth pursuit component of response 
o 0 1. 

( el h) as a function of days in the experiment. To measure smooth 

pursuit, a method previously utilized and described was used (Gonshor' 

and Melvill Jones, 1974a). In this meLhod the saccadic portions of 

~ 

the response are omitted, leaving only the sequential compensatory 
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/) 

• 

Fig. 4. 

8 '8 Changes in smooth pursuit gain ( el h) as a 

function of the 49 day experiment. T~e vertical 

arrows enclose the period of rèversed vision. 

E~ch point ls ~he me an value for up to 20 cycles 

of voluntary, sinusoidal hea4 oscillation ~t 

" 'J 
frequencies of 1. 75Hz (- - - -). and 3 Hz C ) . 

"x" represents runs during the period of vision 

reversaI., 

--- ----------,---
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s~ooth movements in the cycle, the latter now describing the 
/~ , 

total change in eye position which would have occurred if the eye , 

were capable of unrestricted rotation in the orbit. The ratio 

of this pl?ak-to-peak eye displacem,el1t, or "cumulative eye position" 

(after Meiry, 1965), ta that of "the head, produced the measurement 
. 8 8 

of gain ( el h). Eaeh point dn Figure 4 represents the mean 

vestibulo-ocular gain obtained from 10 cycles of head oscillation 

at 1.75 Hz (dashed lines) and 3 Hz (continuous lines). The vertical 
~, 

arrows on the abscissa enclose the period of vision reversaI from 

'~ 
The gain of response for both frequencies in the pre-vision 

reversaI control runs is fairly close to on~. However, it rapidly 

falls during the first four days following the start of vision reversaI. 
", 

From this point the gaIn for bath frequencies varies considerably 

from day to day, although there does app~ar to be a general trend 
\ 

towards a small further decline up to thë 28th day. Throughout the 

vision reversal perlod the gain of the'vestibulo-ocular response at 

3 Hz r~ins 10 to 30% higher than that for 1.75 Hz. This may be 
. 

due to an increased gain with frequency, but also to the higher 

acceleratiol'\s ,experienced dudng 'the head oscillation at 3 Hz, where 

~-~--~-~----~--~~-- frequen~y and amplitude are kept at a constant level, as for 1. 75 Hz. ~n 
I====--===-====-:-:========-====p~ 

the post-vision reversaI period gain values for 1.75 and 3 Hz on the 

same dâi become almost indistinguishable. Upon termination of 
, 

vision reversaI the resultant increase in g~in follows the similar 
1.( " • 

-j~ 
~ 

, " 
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• 
rapid patterl,1 of cha~ge evidenced in- the earlier decrease. Within 

4 days the gain for both frequencies has retufned almos,t ta it;; 

pre-vision reversaI level, the remaining increase to the previously 

unattained gain of one ta king a further 2 weeks. 

It is of great interest ta compare the results of gain for these 

intermediate frequencies with those obtained for the" 1/6 -Hz 

rotations in the dark reported carlier (Gonshor and Melvill Jones, 1974c). 

At 1/6 Hz, the gain change follow~d an almost identical pattern, 
. 

~ecreasing rapidly after initiation of vision reversaI, and then 

plateauing the decrease,to reach a low gain of 0.15 on D28 . This 

is the same gain level reached for the 1.75 Hz oscillation on D28 , 

ajthough in this case the head ~ovement was voluntar~ and performed 

whilst fixating on a visual target. The po~t-vision reversaI gain 
'f 

increases for 1/6 Hz again followed an almost identical pattern ta 
~ 

that of the intermediate frequencies. The importance of this result 

is discussed b'elow. 

Fig~re 5 shows the change in normalized gain, as a function of the 

days after donning the prisms, for the 49 day ce), 25 day CO), 
i 

and 17 Jay (x) experiments. Only the first 7 days are depicted, and 

only tne resuJts obtained before rernoval of the prisms. The abscissa 

represents real time, with each clay !lumber denotillg
C 

the end of its 

'-
~ 

mean of 10 cycles in a t~run at 1.75 Hz head oscillation. Not-

withstanding the considerable scatter, it is clear that in aIl the 
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! 

experiments a very significant decrease in gain does occur in spite 
1 

of the subject's attempt at fixation. Thus it appears that a 

o' 

substantial functiona1 deficit is produced by the decrease in vestibulo-

ocular gain. 

(Fig. 5 near he~~) 

Subjective Blur Estimation. Apart from the strictly objective 

eye movement data, tests at 1.75 Hz and 3 Hz included a subjective 

estimation of b1ur, in order to obtain information on the functional 

impairment of vision. As noted in Methods, the procedure fo11owed 
tI /' 

here closely paralleled ~he methods used by Melvi11 Jones and Drazin 

(1962) . 

(Fig~ 6 near here) 

The blur estimation method was used for the first time during the 

lJ day experiment (6 days reversed vision), the resu1ts of which are 

shown in Figure 6. For interpretation of this figure it should be 

reêal1ed that these tests ~re performed with eyes open ann the reversing 

p~~sms removed. The 1eft-hand ordinate gives a measure of the gain 

of response of eye to head angle during horizontal plane oscillation 

aL a l:rl:!quency or l.. 1) ttz. The rlght hand ordinate gives. the apparent 

'J~~~ ... -described in 

Methods; the highest number represents the greatest amount of blurr1ng. 

The abscissa den6tes the days of the total experiment, with arrows 

• 
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• 1 .. . 
Fig. 5. 

v 

Changes of normalized gain during the first 

- ~ew .days of reversed viston env~t'~nment' in the 

17 day (x), 25 day «), and 49 day <tt) 

experiments. The abscissa represents real time 

after donning the prisms, ~ach number denoting the 

end of a 24 ho ur period from 10:00 a.m. on orte ~ 

day to 10:00 a.m. ort the f9110wing day. The 

ordinate gives mean gain normalized relative to each 

individua! subject's mean control value for a run 

; 
( of head ascil1ati~~~t 1.75 Hz, obtained immediately 

{ 

1 

prior ta donning the prisms. Note that during these 

runs the. eyes are open, and the prisms are not worn. 

• 
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Iig. 6. 

" Changes in gain and blur estimation during the 
, , 

17 day experiment. The left-hand ordinate gives 
r 1 

gain of response during VOlunta,!y head oscillation 

, . 
(eyes open, no prisms) at a frequency of 1.75 Hz. 

The right-hand ordinate gives the subjective estimate 

of a radial disc blur; the highest number of the 3 
~ , 

point scale denotes the greatest amount of blurring. 
~ 

The abscissa denotes the days of the experiment, 
) 

with the vertical arrows enclosing the 6 days of reversed -

vision. -Note the break in tre abscissa' between D9 

and DIB' Each poi~t representing gain of response is 

.' a mean of !lü consecutive cycles in a run before (t), 

during (0) ,. and after (e) vision reversa!. In 

similar fashion each diamond is the subject's single 

estimate of blur, made at the end of a run.' The 

subject's blur estimation for vertical (sagittal) 

plane head oscillation at 1.75 Hz are sirnilarly presented 

• 

.J 

by means of tria~gles. There was no change in this la,t~e,r.:_"__ ~_____ __ . __ 
-=--=-========================:==~---=c==-----:"~-=-__ -_' __ . _______ -, __ -~---

• 
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• enclosing the 6 day period of vision reverSaI. Note the break 

in the abscissa line between clays 9 and 18. Eaeh point, 

representing gain of response (circles), i8 a mean of 10 consecutive 

cycles at 1.75 Hz, whilst each diamond gives the subject's blur 

estimation, made at the end of a run. The decay in gain of 

compensatory eye response for this subject followed closely the 

1.75 Hz response of the subject in the 49 day experiment (Figure 4), 
\. 

falling almost 70% in the first 5 days of reversed vision, and w1th 

a similar slope of decay (see Figure 5). The development of retinal 
( 

, 
image slip due to this decay in smooth pursuit gain is manifèst by , ' 

the subjective impression of increased distortion ~f the radial dise, , 

sa that by the fourth day of prism reversaI maximal blur was being 

registered, and remained so for theoremaining two days of reversed 

vision. Ta determine what effects there were in planes other than 

the horizontal, blur estimations were obtained aft_er several cycles 

of head oscillation at 1.75 Hz in the sagittal plane (triangles). The 

\ 
total absence of change i8 apparent in the straight Une at "0" 

level for radial dise distortion, indicat1ng the high degree of 

specific1ty with respect ta plane of rotation. In this reg~rd, it 

is important to recall that the'~ov~'prisms were aligned sa as ta 

cause reversaI only in the horizontal plane; i.e. no vision reversaI 

-in the sagittal plane. S±milar results to those in the 17 day 

experiment were also obtained for the 25 day experiment. 

(Fig. 7 near here) 

• Results from blur estimations at 1.75 and 3 Hz during the 
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/ 

Fig. 7. \ 
t Subjective estimates of radial disc 

blurr,ing obtained during the 49 daY-experiment. 

The ordinate gives blur estimation on a 3 point 

scale, the highest number denoting maximum blJr. 

The vertical arrows enclose the period of reversed 

vi~ioh (D2 to D28). The tests were voluntary, 

sinusoidal head rotation at 1. 75 Hz and 3 Hz. 

Each point represent a value for blur 

obtained at the termination of a run of 1.75 Hz 

or 3 Hz voluntary head oscillation before (t), 

dur~ng (), aad a~ter (4t) vision reversaI. 
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49 day experiment (Fig. 7), show clearly the rapid increase in 

blur after the start of vision reversaI to a level of maxi~um 

• 
blurring. This is similar to results in Figure 6. After the 

first 10 days there is a somewhat decreased estimation of blur 

at both frequencies, as though a seeming improvement in smooth 

pursuit eye movement were taking place. However, when compared 

with the gain data from Figure 4 for these tests, one sees that 

throughout the experiment fluctuations in blur estimation follow 

closely the corresponding gain changes. This is further evidenced 
If 

in the post-vision reversaI period where the blur decreases rapidly 

toward zero in the first 4 days, following almost identically the 

corresponding increase in gain of smooth pursuit following. It is 

of interest that~ the subject reported zero blur on D37 for both 

-frequencies, whep the gàin (Fig. '4} was at 0.8, or still below 
" 

perfect compensation. Similar results can be seen in Figure fi. It 

i8 not certain whether the subject perceives an absolut~ly still 

field when estimating zero blur, or accepts a small range of permissible 

relative',motion whilst still giving a zero value. From work by 

Melvill Jones and Drazin (1962) it would appear that extensive image 
, 

slip must take place fefore visual acuity is greatIy affected. Finally, 

the higher ganCoôsei'ved-;grTtrz" {FTg. -'4)-resuÜ's Tnaclosely-----

CQuesponding lower level of hlllT estimati on in Fi gllre 6 for_ea~~~~ ______ __ 

of those tests, again underlining the s~ns{tivity of the blur method . 

J 

"' 
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2. Response to Continuously Varying Frequency Of Head Oscillation 

Sorne of the most intriguing results derived from tests 

in which the subject, with eyes open (no prisms), whilst looking 

at a stationary targe~roduced a voluntary series of to-and-fro 

oscillations, the frequency of which varied from Iess than 0.2 Hz 

to above 6 Hz, and back. An example of responses obtained in these 

circumstances is seen in Figure 8, which shows four extracts from 

(Fig. 8 near here) 

portions of a control run during a pre-vision reversa! test. lt is 

apparent that the subject was quite capable of producing sinusoidal-

like oscillations of the required amplitude throughout the frequency 

spectrum. Furthermore, the resulting compensa tory eye movement was 

almost exclusively smooth pursuit in nature, as is to be expected 

at this amplitude of head excursion (Jones' and Milsum, 1965). 

The gain of thls response (eye displacement/head displacement, or 
8 e ';-
el h), as a funètion of the frequency of oscillation, is depicted in 

Figure 9a. The/results were obtained from a control run before 

reversaI b.7gan (DI-O>, as weIl as from runs 8 days (D36 - • ), 9 days 

(D
37

- () ), and 13 days (D41-~) after termination of the reversed 

r--__ ---r----;::::-.- .- .- _ -._ ~ -.--
1---____ .:.- --~ -=v4.s4-orr-·stimulatton~ -Eacl11JOint: -Yépresents the gain calculated from one 

" 
cycle of a run on each of the four days represented. As the fr 

is increased from p.IS upward the gain also increases, but with no 

o 

accompanying phase changes. Possible explanations for this behaviour 

be discussed below . • , . 

, , 

-\ 

" 
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Extracts from original records of head 

and eye movement, taken from a control run (Dl) 

in the 49 day experiment. The entire run (not 

shown here) , consists of voluntary, sinusoidal 

head.oscillation through a frequency range of 0.2 

to 6.5 Hz. Tpe subject's eyes are open (no prisms), 

and he i8 attempting to fixate on a stationary 

target. 
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(Fig. 9 near hete) 

With introduction di vision reversaI the resultant decrease 

in vestibulo-oculargain disrupts the smooth pursuit eye compensation, 

causing it to change to a nystagmoid form of response, whose 
\ 

/ characteristics vary "{ith each test s~, as weIl as with changes 

in fiequency within a test. In Fi'gures 10a to lOd One sees examples 

.of the variations in response to head oscillations~t abou~·O.5 Hz, 
,il . _. 

on various days of the experiment. Figure 10a ~~aken from a 

pre-vision reversaI run (Dl)' and shows the norma~compensatory eye 

response to head rotation, already described in Figure 8. The gain 

fQr this cycle is 0.8. 

(Fig. 10 near here) 

.. -- 0--
ijecause-vision i8 permitted, the eye position record·( e) 
o 1 

represents, in this case, a response due to synergistic action of both 

.... the vestibular and optokine,t:ic .;1..D.p-\fts., wi th a gain close tQ 1 (see 

tigure 9a). It will be seen below that ~ith the head still, whilst 

following a "moving target, the optokinetic input at 0.5 Hz i8 by 

itself capable of producing an ocular response with a gain of 1 

(Fig. 13). 

The'effects of vision reversaI on the compensatory smooth .. 
pursuit at O.S'Hz is shown in, Figures lOb, 

~ 
Figure lOb 

1 
(D

22
) the smooth pursuit nature of compensation has be 

J 
J 

J 

1 

(1 
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, 
Fig. 9. 

o 0 
Changes in gain ( el h) as a function of 

frequency of head oscillation. The abscissa 

denotes the frequency (Hz) of voluntary, 

sinusoidal head oscillation. The horizontal 

dashed line denotes the peak-ta-peak amplitude 

of the head excursion in each cycle. 

(a) Measurement of gain during runs in the pre 
1# 

and post-vis ion reversal periods of 'the 49. clay experiment. 

Each point gives the gain for one cycle in a run 

(b) Gain measurements for runs cluring the period 

of vision reversaI. Each point 18 the gain for 

- .. 
one cycle in a run on D1l (\]), D14 (e), DIS (.), 

(~), and 028 ( 0). Gain measurements at 1. 75 

3 Hz (X--i, obtatned during the DIS run, are 

included as a compar~on ta values shown in Fig. 6. 
,7 

Thl" rcgression lines are c9-lcqlated from 2 Hz upward 

for (a) y = O. 0748x ..f.- 0.7310 (r =. 0.8687) and 
)- . 

(\1) Y = O. 0819x+ O.1~78 (r = 0.8186). 
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.. 
Fig. 10. 

Specimen records from runs of variable 

frequency head os~illation on (a) Dl' Cb) 0
22

, 

(c) D17 and (d) DIS' of the 49 day experiment. 

AlI four groups are at a Trequency close to 

0.5 Hz. In addition, parts b, c, and cl a1so 

inc1ude a ca1culated "cumulative eye position" 

(CEP) rE:corcl. Lines "N"~nd "R" jain the 
, 

points of maximum head movement to the l~ft 

with the corresponding maximum excursion of the 

eye, revealing normal cOM~en8ation in the Dl 

cycle and reversaI of nor~l compensation in 

the DIS cycle respectively. Figs. lOe to h 

give a measure of the mean gaze direction (MGO) of 

eye movement for the cycles of heàd movement already 

pepicted in Figs. 10a to d. ln parts ,f, g, and h 

the MGp is produced by dividing the cycle of eye 

movement into 10 segments, and choosing a point 

which represents the average height of the cycle 

for that segment. Symbols as in Fig. 2. 
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distinctly nystagmoid form of response. With the saccades removed, 

the cumulative eye position (CEP) exhibits a highly attenuated gain 

(0.34), but still properly phase related to the stimulus. During 

later tests the gain of response frequently rea~ed a "0" level, as 

exemplified in the CEP tracing from the 0.56 Hz portion of a run on 

Dl7 (Fig. 10c). 
, 

With effectively no smooth pursuit available, the subject's eye 

response through the ent re cycle is saccadic in nature, ~esembling 

very closely the response seen when scanning a stationary scene from 

side to side, while holding the head fixed in space. A third variation ... 
of response is exemplified in a 0.58 Hz portion of a run on D15 (Fig. lOd)~ 

Again the response is dominated by saccades, and interspersed with 

smooth pursuit movements of low gain. The low gain is evident in 
• 

the accompanying CEP trace (gain = 0.42). Howe.er, a closer look at 

• the phase of this CEP curve reveals that it is completely reversed with 

respect to normal compensation for the head movement. This is easily 

verified by comparing the directions of movement of the eye (Ge) and 

8 
head ( h) at lines"N"and IR "in Figures 10a and 10d' respectively. Possible 

J 
explanations of these results are discussed be10w. 

The changes in vestibular-optokinetic interaction depicted in 

Figure 10 ser~~ to ~ocus attention on)the action of still anot~er input 

to the eyes - the saccade. No matter how variable the vestibulo-ocu1ar 

gain and the direction of CEP, the requirement that fixation be' maintained 

brings about a normal saceadic respon8e, sueh that the fovea i8 a~ways 
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brought back to the point in space which i8 commensurate with 

proper fixation. This occur8 regardless of the direction in which 

the smooth', pursuit component is moving, as shown in Figures lOe 

to lOQ. In this case the cycles from Figures 10a to IOd have been 

divided into 10 segments, and a point representing average height 

of the curve for that segment chosen. The result gives the MGD~ 

or mean gaze direction (Mishkin and Melvi11 Jones, 1966). This 
.\ ' 

response, whlch ls under visual control, exhibits normal compensa tory 

behavior throughout the frequency range. 

(Fig. Il near_ here) 

Figure Il represents a portion of the run on D15~ ,including 
'-

both the high and low frequency head mov~ments produced voluntarily 

by the subject. The smooth pursuit component of response at 0.5 Hz 

on this day was already shown to be reversed (see Fig. lOd). However, 

as the frequ~ncy of head movement i8 increased, the completely reversed 

ves ti bulo-ocular response to the head movement at line "M" a long 

El 
the CEP and h curves, returns to normal compensation (flN"). 

The return to thi8 normal phase relationship i8 accompanied by 

changes in the vestibulo-ocular gain, as outlined in Figure' 9b. 

Here one sees a measure of vestibulo-ocular gain as a function of the 

frequency of voluntary head oscillation. Because an insufficient 

amount of data was available .Aar a meaningful gain-phase measurement 

at the various frequencies, and since most values were either much 

o 
greater or much less than 90 phase shifted with respect to the 

- -
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Fig. 11. 

Extracts from original records, sllOwing 
. ~ 

a portion of the run of variable frequency head 

oscillation on 015 , in the, 49.da.~ experimen!:. 

Head and eye movement are shawn, as wel~as the 

cumulative !'!ye position (CEP) for severié\l cycles •. _ 
l , (~ 

Lines "M" and "N" are drawn at the p,int of 

ma~imum head deviation to the right, and show the 
• 

change from complete reversaI of eye co~pensation 

at 0.5 Hz to a normal compensatory Bye movement at 
, 

4 Hz. Symbols as in Fig. 2.' 

\ 

o 

• 

• 
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c 
) stimulation, aIl points with phase values l~ss than 90

0 
were 

b~ 

placed as positive gain. 
j 

Any point with phase values greater than o! ' 90 were plaeed in the rtegative gain portion of the ordinate. 

horizontal da shed l ne represents the peak-ta-peak amplitude of 

he ad rotation in eac cycle. Each point :epresents the gain 

measurement for a seleeted eyele in a test run on days Il (\7), 

The 

14 (tt), 15 (~), 17 (ct), and 28 (~). Specifie values for cycles 

at 1. 75 and 3 Hz (X) from the run on day 15 are also included as 

a comparison to the values previously described for these intermediate fre-

quencies (Fig. 4). It becomes apparent in Figure 9b that in the 0.5 

to 1.75 Hz frequency range not only is the beforementioned phase 

relationship ehanging from one of complete reversaI to one of normal 

compensa tory response, but the gain is decreasing ta almost zero. At 

higher frequenc1esthe changes are purely those of increasing gain 

with frequency, verY,much l1ke the relationship seen in Figure 9a. 

This close relatjonship is very apparent from the regressions 

, -
performed on both Figures 9a and 9b, starting from 2 Hz upward. 

Results show that there is no significant difrerence between the 

two regressions (P<0.5). 

The responses obtained here for the oscillations at 1.75 and 

3 Hz, follow closely the results from the separate tests of oscillations 

at these two frequeneies (Fig. 4), and therefore aet as a go ad 

indicator of the validity of the present measurrnents. One should 

note again that this reversed response was seen only çn several 
, 
" 

occasions, and cannat be sa1d tn indicate a uniform trend of response . 

'-. 
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However, even on days where no apparent reversaIs took place, . 

the same pattern of gain change occurred. That is, a decrease of 

gain from 0.5 to 1.75 Hz, and then arise in gain with increasing 

frequencies. 
\ 

\ 

(B) Optokinetic Response In The Absence Of Head ~ovement 

,.' J' 
From the information already provided in this and a previous 

article (Gonshor and Melvill Jones, 1974c), it is evident that prismatic 

reversaI of the visual field - in this case the horizontal plane -

1 

has a profound effect on the>vestibulo-ocular reflex. Because the 

• 
vestibulo-ocular and visual following reflexes form a complex 

integrafed system, tests were performed to determine what, if any, 

changes took place in the optokinetic or visual following mode of 

. operation. Tests were performed three times during the 49 day 

experiment: BeforE~ douning the prisms, on the final day of vision 

reversaI, and on the final day of the experiment. The methods of 

De eleetro;oçulography and radial dise distortion were used to 
1 

, obtain both obje~~ive and subjective data from the subject. A previous 

study by Melvill Jones and Drazin (1962) had made use of the , 

moving radial dise to determine the response characteristics of 

pilots to many frequencies of target movement. Their methods have .. 
been utilized .. here and the results used lis control comparisons for , 
the present tests. A sample of object and eye movement records 

from this experiment are shown in Figure 12. One sees clearly that 
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Fig. 12. 

Extracts from original records showing 

optokinetical1y generated eye movement in 

response to a target movement at 0.56, 

S 0 

1.0, 2.0 and 3.2 Hz. e, or eye angle, gives 

the position of the eye relative to the 

head, while St denotes the target's position 

in space. The horizontâl bar at the lower 

right of each ext~act represents 1 sec. Static 

calibrations: 100
, and R = right-going movement. 

'. r , . 

\ 

, -.' r Q 

_. 1 

• 
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with increasing frequency of object movement from 0.56 to 

3.2 Hz, th~re is a progr~ssive loss in ability of the velocity 

of the smooth pursuit ta match the t'arget veloei ty. a.ssociated 

in turn wi th an increase in the number and ampli tude of' the saccadic 

repositioning flicks. 

These records_were ~raged-over lü-cycles for each frequertcy~ 

in arder to obtain a measure of the gain of response (eye angle/ 

e e 
target angle,or el t) as a function of the frequency of target 

" 
movement (Fig. 13a). The sobW lines in Figure 13a denote the response 

oI a subject during a con-trol rurr on DI~)' and a run on D
28

(e), 
. 

the final day of vision reversaI. The dashed line is taken from 

similarly recorded and analyzed data in the study of Melvill Jones 
o 

and Drazin (1962). AlI the lines show clearly that increasing 

frequency produces a steady decrease in gain. More importantly, 

comparison of the Dl and D
28 

shows nô significant difference in the 

slopes of response decay with frequency increase. There i9 also 

good agreement with the Melvill Jonés and Drazin ~esults, although 

slightly lower values of gain wer~/ obtained from this experiment at 
<\, 

the lower frequencies. The lack of marked differences is interesting 

s~nce a portion of the results derived from this experiment come from 

a ~est performed on D28 , when the greatest chan~es, if any. would 

be expected ta have taken place. 

r'" t- .... o =L~. ______________ _ 
(Fig. 13 near here) 
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,Fig. 13. 

,,----
apparent distortion of the radial disc,as 

a function of ~requency. tQe abscissa 

me~ures frequency ~ target (radial diSC~ 

sinusoidal oscillatidn ~~ the range from 

0.4 to 3.6 Hz. (a) ~~SOli~ lines denote 

the response of a subj"tl""ct' during a Dl 

con~trol run (Â), and cl run on D2°8 Ce). 
/ "- r, 

'-------each 'being the mean gain for)O cycles in a rùn. 

" 
The 9pen circles (C) ~re from similarly 

, analyzed results of Melvill Jones and Drazin 

•• 

ç 

1 

j 

1 (1962) . .,.-.- - --_. -_. 
(b) The appa~ent dist~rtio~n~~i~s~~ ________________________ ~ __________ • __ ~. 

,. , 
d J point sCdle, with the highest number 

(h>noting maximum di"torti0!1"", Each point 

repr~Rents the subjective value of distor-

tian for the runs with the corresponding 

m~é1n ga in valtH's-. on D
2R 

<.)', and the Me'lvill,;< 

Jones and Drazin study (0). 

-' 

,----~ 

... 
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The subjective respo~se to the target motion on ù
28

' 
...... 

~ ,and in the Melvill Jones and Drazin (1962) study, is shawn in 

Figure l3b, where the ordinate gives the apparent distortion of 

1 the radiai dise on the 3 point scale, and the abscissa shows the 

, same frequency range as Figure 13a; It i8 evident that there are 
''I)~ 

no differences in the slopes as frequency is increased, leading 

one ta conclude from bath this subjective and the previous objective 

test, that no large scale changes of visual following capability 
< • 

. - - ~ - - ---

occurred during the period of vision reversaI. 

(C) Saccadic Performance 

Durin& the entire period of these experiments, tests were 

conducted ta de termine if any changes were taking place in the 

dynamic charaçteristics of saccadic eye mavements induced by 

attempting ta change betwee~, stationary fixation points separa ted 

a 
b1y, 10 , with head still. Examples of such saccadic jumps are seen 

in the in~ert of Figure 14, where (a) is from a test prior ta donning 

the prisms (Dl)' and (b) fr~!l1 a, test on Dl?' 

(Fig. 14 near here) 

The rernainder of Figure 14 is a plot of the measured rise 

time against angle of saccadic jump, for saccades distributed in 

. b t 2 and 23 0
, Size range e ween These are taken from tests on Dl ( .. ~ 

~ 1 

/ 
r 1 
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Fig.lq. --_.,-~-~----

A plot of saccadic rise time (msec) 

as a function of the angle of saccadic movement. 

The insert shows specimen records of saccades 

" 
obtained during, (a) a control test on Dl' and 

(b) a test on 017 , T~e angle of saccaàic 

J movement is distributed in size from 2 ta 23 L
). 

Each point represents the rise time v~lue for 

an individua1 saccade on ))1 (.) and 0
17 

(x) . 

The dashed line gives RObin/on' s (1964) data . 
for normals. { 

" 

u 1 

• '. 

.' 
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and Dl7 (x). The broken line gives the me an data'from 

Robinson' s (1964) experimentp on pormals. ,It can be seen that 

the individual points fr'om both days of this experiment lie very 

close ta this line. Analysis also shows no statistical difference 

betweert the results of the two da ys shawn in this figure and the 

other days in the experiment, not shown here. It therefore appears 

that Just as with the optokinetic tracking. the c~ntrol of saccadic 

e;;-~~oj:~ent :i,s- not affected by the adaptability to the revers..é.d. ~~ -:~- _~--~"~ 
visual environment. 

DISCUSSION 

Previous Findin~s 

~ 
In a previous article (Gonshor and Melvill Jones, 1974c), 

\ 
n report 

was made of the long~term adaptive capabili ty of the vesti·bulo~·btular 

fi 
reflex, when placed in an environment where new optimization criteria 

are required. This new environment was created with the imposition 

of a left-~~ght reversaI of the visual world, by means of prisms. 

Su ch a situation produces.an ism tf the two, normally 

s yn erg i s tic, i fi P U ts----r,r-r--r-h...--o-u-z:r-'IftTlrdr.-'h5 rhat ls,-the---rriertially 

driven vestibular system, or visual tracking system, 

~rc now forced to operate a manner as ta move the eyes in 

opposing directions for a given movement of the head. In the law 

frequenc~ and amplitude range af head motion, ihe visual control was 

shawn to dominate during passive ~_inu~o~d~l r~tatioD_(~nshor_and -------_.-

""" 1" r 
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Melvlll Jonès, 1974b), produclng in due course a'r~sultant 

attenuation of the vestibulo-ocular reflex gain. The decrease 

would be expeeted, sinee the raison d'etre of the entire'system is 

presumably to minimize retinal slip, and allow elear image 

stabilization whilst the he?d is in motion. Since the vestibulo­
~I 

ocular reflex would oe'driving the eyes in the wr~~g direc~on for 

image stabili~ation in the reversed 'Ô'isual wG-t:ldr--Lts-a-ttenuation 

would be warranted. 

Much more marked changes wère observed during thé experiments 

with prolonged visual reversaI (Gonshor and Melvlll Jones, 1974c). 

Here, the subject was allowed complete freedom of 

walking, climbing, etc. I~ such cireurnstanees it wou Id not 

suffieient to merely decFease the vestibulo-ocular gain, sinee 
, , 

the skull platform brfngs in frequencies and angular velocities which 
, 

far exeeed the dynamie limits~of the visual system alone. More 

specifically, the optakinetie system respands ta retinal slip, and 

will tend t9.eompensate for fixation errors; -independently of their 
1 

origin. However, visual traeking aecuracy in man begins to fall off 

rapidly as the target's relative angular veloc}ty incrcases abovc 
______________ ~--~.'l . , 

30
o
/sec"(Miller,i958).,- and l~ frequency 

---- --~--.--~-----

c 
1 

t 

( 

above 0.7 Hz (Melvill Jones 

and Drazin, 1962). Ther~re, to achleve image stabilization above 
f/ 

those values, one must ha~e a properly function!ng vestibular system, 

with its much higher frequency and velotity response (Jones 

. and Mllsum, 1965). iar example, a r4nning man will generate a 

fundamental frequency of ~bout 4 Hz/sec, and if one assumes 50 

---~-' ---~. , 

.( 
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amplitude of head movement, the maximum he ad angular velocity 

o 
becomes about 125 /sec; weIl beyond the capabilities of the visual 

tracking system. A subjective impression of these capabilities 
~ i 

can easily be obtained by holding one's hand ~t arm's length and 

shaking it fro~ side to side. The image becomes blurred at very 

low frequencies. This is then eompared to the clarity' one obtains 

"by hold!ng _ t~eh~nd stil).. andmQving.._the he ad through -those same 

frequencies. In the latter c'ase the Jeflex ey~ movement i,S'/un~er 
strong vestibular control, and-in this reg~rd Robinson (19u8) has .. 
shawn that vestibular plus optokin;tic reflexes are fastér than the 

optokinetic reflexes alone. ,. Therefore, because a properly funetioning _ ... 
/ 

vestibular system is neeessary for proper image stabilization at 

high frequencies of he ad movement, in the case of a reversed vi1ual 

environment the situation would calI for a reversed vestibulo-oeular 

reflex of high, rather than attenuated, gain. 

In a preceding article (Gonshor and Melvill.Jones, 1974c) a 
... , 

detailed account was given of t~ main test for vestib~lo-ocular 
j -"1" ! 

gain. Briefly, the test was horizontal, sinusoidal rotation in the 

dark, at 1/6 Hz and 60o/see veloeity amplitude. This stlmulus 
-----

requenc~had aléady-been-shown not to ca~se vestibulo-ocular gain 

att'enuation due ,ta the oscillation per se (Gonshor and Melvill 

Jones, 1974a). When interspersed with rotations during which 

antagonistie vlsual and vestibular inputs were lntroduced, test 

oscillations in the dark at this same frequeney did show signifieant 

attenuation of -th.e-v.estlbulG=GBH-J..-ar -ref-!ex -ga-in -(-6onshor and Melvill 

" 
, ' 
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larg<:' phase change~.; Some of thp detai ls of the'se chdn'tf,c have 

nlr~3dy bC2n not0d n the results of thiq artIcle. 

Present FinJlngs 

\ 
A question stIll ~~mélined as tn the cxtent to whirl) th~se l,lrgC" 

vcstib:1,lo-ocular changes, recordcd Ln the àark, wOtlld 8.! fec.t Imrtge 

stahil~zation.) if normal visiou l.o.'as, pe.ricdic.:llJy p~rmitted. That Jf. 

what, if aoy, fuoctiooal impairment was taklng place due to thls 

massive c:h.:mgc in the ve5tibulo~oclJlar reflex. IL)s lhi.s query 

which lcd ,to the inclusl0n, in the fInal Serlf~ of long~t0rn cxperlmenls, 

of the tests d'cscribed in th~s article. Thl~ tests \oIere C:;[lC'clfic.tlly 

designcd sa as to permit mdxlmum utilizél[ion of aIl stabillzation 

systems. Therefore, Ir the head oscillation tc.sts the subj~ct produc~d 

voluntary high frequency head movements whlle f;ixatlng on é\ stationi1ry , . / 

t 

target. Such a task would, under normal ClfCulilst;mre". rpC111Î rp rh" 

propeT utillzatlon of the vestibular systpm, vlsual trackin~, and neck 

. 
propr ioception, in order to produc(' ariequa tt' im3gt.' ';Llblll~o.tl0;1. 

/- 7~-~~' 

Hpad Oscil13tlon at 1.75 and 3 H= 

The tests a t 1. 75 and 3 Hz \"ere rho'wn h",',lllSf' th,:,st-' 

freque;cies 'are well'above the limits at Whlfh visual ~racklng 
itself can produce adequate im;ge stabilizatl~-1FOr cXdmple, 

by 

the 

, cl r'op in optokinetic gaIn' a~ .1. 75 Hz 'i5 in the order of 40% (Fig. 13h-----~----

, , 

\ 

1 
\ 
l " 
1 
,If 

,,-' 1 

1'_ 



.' 

1 ---e \; 
\ 

whereas the drop in gain observed during 1.75 Hz voluntary head 

oscillation (Fig. 4), reaches a value as Iow as 0.18; that is, 

an 80% decrease from the pr~-vision reversaI gain of 0.82. J This 

LI 
latter decrease is tao great ta be accounted for sirnply by the loss 

/ 

of optokinetic gain. 'Rather, it is rnost likely due to the substantial 

decrement in vestibulo-ocular reflex gain. This clear functional 

impairrnent is substantiated by the alrnost total blurring of tne' 

radial line dise, at a frequency where, under normal ci~cumstancesJ 

no blurring ia experienced during head oscillation (F{~. 7). 

The increased'~ain seen at 3 Hz (Fig. 4), appears at first to . 
be anomolous. The torsion-pendulum model of .the vestibular end'organ 

(S;einh~usen 1933; van Egmond, Groen a;~ Jongkees, ~949) would ~~dict 
that in the frequency range of 0.1 to 5 Hz, essentially constant \ 

amplitude ratio and zero phase are maintained in the mechanical , 1 

components of the transducer. This being the case, one would expect 

that 

1. 75 

at 3 Hz the fttenuated gain should be at the same level as at 

Hz. However, recent experimental evidence has modified the 

conclusions drawn from the torsion-pendulum model. Benson (1970) 

rotated human subjects in the dark and measured vestibulo-ocular gain 
"1 

/ 

... ' 
)" 

/ 

velooity/peak h!.r.ntable _'Lelo.cit}'~as a funct~FeaB+ag-----~-~--
1 

(0.01\ to 5 Hz). In aIl the experimental subjects a rising 
\ 

frequency 

gain was consiste~tly observed, with the gain plot Inflecting at 
'; \ 

0.5 Hz and increas~ng with ftequency at a rate of"'5 db/decade. 

Benson note!? that It 18 significant that the gain of the vestibulo-

ocular reflex increase~ in the frequency range where stabilization 

/ 

/ 



• 

li. 

1 • 

,,-

• 

- 223 -

of the eye due to pure visual following undergoes ~ rapid decay. 

Similar results have been obtained in experiments on squirrel 
, 

monkeys (Fernandez and Goldberg, 1971), in which recordings were 

made in the primary afferent neurones of the semici~cular canals, 

while stimulating sinuosidally i~ a frequency range from 0.0125 to 

8 Hz. Just as in Benson's results, the gain enhancement also 

inflects at 0.5.Hz, reaching in this case a 10 db increase'by 8 Hz. 

This new evidence-"therefore, might well-account for the 0.1 

to 0.2 increase in gain as the frequency of head oscillation increases 
, 

from X.75 ~b 3 Hz (Fig. 4). It is also in agreement'with the 
, 

enhanct;ment in gain that is observed in t.,his experiment during the 

control runs of'variable frequency head oscillation (Fig. 9a), and 

may be responsible for the gain changes observ~d in the variable 

frequency tests during the vision reversaI period. 

2.' Head Oscilla tion a t 0.5 Hz 

The various patterns of compensatory eye movement at 

0.5 Hz (Fig. 10~ inc1uding a reversed response with ~espect to normal 

compensation for voluntary head movement, represent possible clues 

the meçhanlsms at work in producing the extensive changes 
1 

. l' ~ 1n resu tS. During the vision reversaI portion of the 49 day 

seen 

e~pe~iment, O. 16 Hz oscillation i~ -the -dark (Gonshor and Melvl1l 

Jones, 1974c), resulted in decreases of vestibulo-ocular gain to as 

Iowa value as 0.13, or 20% o~ the 6.6 pre-vision reversaI gain. 
, " 

However, at 0.16-Hz one eventually reaches a platearr-level of-~hase 
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o shift which, although very pronounced, does not extend beyond 130 

phase lag relative to normal compensation; that is, a 500 phase-

advancement with respect to complete reversaI. In addition, the gain 

at this plateaued phase rises to a value of 0.3 (50% pre-vision 

reversaI). This plateau f~r 0.Î6 Hz 1s exceeded in the 0.5 Hz tests. 

In Figure 10 the CEP curve represents a combined response, due 

almost entirely t9 inputs from the vestibular and visual following 

for the observed response changes. That the changes are due to 

attenuation of the optokinetic portion of the response is unli~ely, 

since ~~parate daily tests of optokinetically' generated eye movement 

showed that its"normal characteristics are maintained throughout 

the entire experiment (Fig. 13). This would leave the vest,ibulo-

ocular input as the most ptobable primary cand~date for the change~ 

taking place. ' In this light, one can conceptualize the CEP curve 

as representing the final output of a basically normal optokinetic 

lnput foge~her with a completely reversed vestihulo-ocular input to 
/ 

the oèu'lo~otor system. Now, in thè case of D
22 

(3 weeks vision reversaI), 

oscillation-in the clark at 1/6 Hz has already been shown to produce 

_~ ___ ~ _____ é! vestibulo-ocular refl~gain ,Qi 0.3, wil:lLphase lag of ] 25
0 

1 

- (Gonshor and Melvill Jones, 1~~4c). ,_ To produc,e the attenuated CEP 
i ' 

curve' on D
22 

for the 0.53 Hz h~ad oscillati~n, wh] lst attempting 

fixation (Fig. lOb), would require a lau
o 

reversaI of the vestibulo-
'-. -;.. , .". 

/' _ ..,rO)'t. -.? l l~ .. • ,~ .. 

ocular reflex to the yulomotor system; al,~hough, ~~~h a gain stUI 

/ '- -

- -.', // 
/ 

u • 

_0 __ !..lII 

/ 
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lower than the optokinetic input at that frequency. Similarly 

the f lat CEP oorve of Figure IDe could be due to the resul tan-t of 

two inputs of çqual lltagnHude but opposite sign. 

The completely revèrse~ CEP in Figure IOd is quite interesting 

wh en one considers th~t.it~is occurring in spite of active attempts 

at fixa tion.o 
" , \ ., 

Although again the responseomax be due to transiently 

higher vestibular gain in the vestibular to optokinetic gain ratio, 

a possible influence May come from a third influence of eye movement; 

neck proprioception. Under normal circumstances, man does not 
---- -- ------ -~ ~ - -- - --- -- --- ---- -- - ---- -----

apparently make much us~ of neck receptors ~~ a source of input for 

compensa tory eye movement, relying almost entirely on the vestibulo-

ocular reflex an~ its vastly higher gain. Compensa tory eye movements result­

ing from neck receptors stimulation do occur (MeirY[~66), although 

only with a gain of 0.1 at the 0.5 Hz frequency. This result is 

confirmed in the monkev (Dichgans, Bizzi, Morasso and Ta~liasco,~1974), 

where experiments have shown that in the normal animal ocular 

stabilization is due almost entirely to the vestibulo-ocular reflex, 

with neck afferents playlng a negligible' role. However, of Intercst 
"/ 

to ~he pres~nt discussion is the finding in the same study (D~~~~ùs 

e , that upon bilateral làbyrinthectomy there i8 an eventual 

90% recovery of compen8atory eye movernent, which the 9uthors 

attribute in great part to a ~otentiatio~ of the neck-to-eye loop, 

as' weIl as to a "reprogramming of compensa'tory eye _ movement" from a 

central nervous system center lying upstream from the central 

. ' .. 

- ---~---------_ .............. 
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1 
The labyrinthectomy of Dichgan' s monkey is i'n the present 

study replaced by a dramatically a1tered vestibulo-ocular r~f1ex,. t 
t . r. . 
due to the vision reversaI. The decreased VOR during vision reversaI 

\ 

cou Id cause the neck-to-eye loop gain'to.be enhanced, although one 

wou1d a1so have to invoke a reversaI of the ne~k input to the eyes 

in order to a110w it ta aid in the production of the reversed CEP 

curve in Figure lOd. Perhaps Dichgan's "preprogramming" center 
1 

p1ays a role in the activation of such chaI18es' . 
..., __ .....:: ...................... _ .... _~_ l '~ ____ _ 

_ ___ ~ ____ .. ::---- --" ~ J_ 

As a final cormnent to the results ·of 0.5 Hz head oscillation, ---.... 
one sees that not on1y is the gain of the reversed vestibulp-oeular 

! 
reflex higher at 0.5 Hz than at 0.16 Hz, but the phase at q.5 Hz must 

~e.1800 
~~s i8 

t' 

reversed from normal to produe~ the responses seen in Figure 10. , . 
of great interest, sinee with 'the kno~ledge that the phase 

o 0 
at 0,16 Hz plateaijs at 130 , and extends now to 180 shift at 0.5 Hz, 

it ~mplies that the changes ta king ~lace in the vestfbu1o-acula~ 

system have a probable frequency dependence. 

Possible Mechanisms 

• 
1 

In ri preceding article (Gonshor and Melvin- Jones, 1974c), it) 
li 

was,postulated that the large c9anges in ?ain and phase observed May 
" r 

be due ta the effect of multisynaptiC vesttbulo-ocular pathways. and 

theit superposition on the b~§ic disynaptic vestibulo-oeular reflex .. 

One such mul~isynaPtic pathwa~, involving the cerèbe~lum ~a9 recently 
\ . - . , 

come under intensive investigation. Tl .. e experimental eviùelirCe .:;hows 



• 
''t 

.. "~ 

1 

" 

.. 

- 227 -

, , 

that the pathway travels from the vestibular end organ by way of 

primary an~ secondary afferents to the vestibulo-cerebellum 
/" " ' 

(BrodaI a~d H~ivik, 1964; Angaut and BrodaI, 19~7), ~ctivating 

Purkinje cells via moss~ and climbing fib~ in the frog (Precht , 
1 

and Llim{s, 1969) and by moss}" fibers, in the cat (Eccles, Ho, 

and Szent~gothai, 1967; Precht and Llintfs,. 1969). Axons -froin 

Purkinje cells ate then sent either directly ta the vestibular 

nuclei (Angaut and BrodaI, 1967), 'or by way of the fastigial and other 

cerebellar nuclei (Broda4 1960), their terminations coinciding 

with the si tes of proj ection of ves t ibular' primary afferent? 

(Gacek, 1969). The fi~al common path of the two' inputs then" produces 

the output to t~ oculomotor nuclei and eye muscles. The importance 

of this pro-posed pathway lies in the fact that the cerebellar output 

from the Purkinje cells is inhibitory on the second order neurones 

.in the vestibu1ar nuc1ei, wh-ich ar:e simul taneous1y rece!ving exçi tati.on 

• ___________ ~noffi-PIimaOL afferents of the cana] s (Ita, Kawai-,.-~do and ?ato, 1968-j---- ---
.~ . , 

• 

Shimazu and Smith, 1971). An efferent arm ta this cerebe1lar­

mediated pathway has very recently been addediwith the discovery in 
a, 

the rabbit of a direct visual input t~ the floc~u1us by way of the 

accessory optic tract, ta the central tegmental tra~t, then onto the 

inferibr olive; and finally throygh climbing fibers to floccular 

Purkinje cells (Maekawa and Simpson, 1972, 1973). This visua1 

input has since been shawn ta be capable of modu1ating central 

ves~ihu1ar neurone activity, which a1ways opera tes ta r~duce image 

" <-

slip upon the retina (Ito, Nis1maru and Yamamoto, 1973c;Ito, Shîida, 

... , 
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Yagi and Ylmamoto, 1974b). 
~ . 

Our c&rrent observations have 

demonstrated that this re'tinal infltlence can be so versatile as 

ta br~ng~about effectively, complete reversaI of the ve~ibulo-

. .. ' 
oeular reflex of man as a retaine~response due to long-term vision 

r~versa1. The strong implication of vestibul~r-cerebellum ,. 
part\cipation in visual modification of the vestibolo-ocular reflex 

has very recerÎtly been. demonstrated in rabbits (Ito et al, 1974a, b), 
, 

and although unable to achieve a reversaI of vestibulo-oeular response, 

Robinson (Oral presentation, Stockholm Symposium, 1974) has shawn 

that th~uation of normal vestibulo-ocular response induced 

in~e cat b~ vision reversa!, is abolished by removal of the vestibular 

cerebellum. Therefore, there seems to exist strong evidence that 
,. 

f 

the vestibulo-cerebellar pathway may play an important role in the 

. \ 
-plastic modulation of vestibulo-ocular responses induced by normal 1 

and abnormal patterns of ~etinal image movement. A mod,elling'study of 

this overall sys tem is now_ullçl~J...w.ay_and--resu1ts wi-11- fre-ffif8 ... -i-i.+}o<ta.},brtl-"e-----------. 
__ ___ 1 __ --- - ~ .\ 

, . 
. /4 in a sub§equent article. 

c 

''- j.., 
The ~od~l predicts that with increasing frequeney both the gail 

an? phase ~ag shou!d lncrease, the lcltter to 189.0; that is, a campI te 

reversaI fram normal compensatïon. The t'ests at 0:16 Hz resul.ted 

in a final plateauing ?f the output at a gain of 0.3 and a phase lag 
/ 

The present head'oscillations at 0.5 Hz seem to indicàte - ~ 

..1 a 
that a complete 180 reversaI of phase i8 taking place, as weIl as an 

increased gain frd~ that seen at 0.16 Hz. As the frequeney of head 
,'1 • 
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" ~ 
oscillation increases th:r:ough 0.5 to 1.5 Hz, (F~g. 9~~he gain. 

'of this reversed response decre~ses. . . 
1 

Since the gain of canal output 
• , 

increases with the rise in frequency (Benson, 1970; Fernandez and 

'Co1dberg, 1971), it .j.s likely that ~he attenuat~d disynaptÙ pathway 

begins to ooost its gain wlth respect to the reversing pathway 

from the cérebe11um .... jThis would lead to a final output that is 

; decreasing in gain. If in addition, the pathway through (!he 

! 

cerebellum has a lower frequency cutoff than the basic disynaptic 
\ 

,-
reflex, one. would expect to reaeh a frequency where the outpll;t woul,d 

.: ~ 
be a produet of\- the"disynaptic pathway alone. Evidence supporting 

this postulate comes from Figure 9b. 

Tl;1uE/ at 2 Hz the phase hàs returned to Hs' normal compensa tory 
'0 

position, 'at which i t r'emains ev en wi th increasing frequency. Gain, , , 

on the other hand, :i,ncreases with frequency at a rate which c10sely 
1 l' • 

paralle1s tha t of the' control tests in Figure 9&. 
\ 

The important 

, , 

almost entirely to 

emerge, is _ thet _ thif<lain incr~te. mu" ~~ dU~ ____ n __ .. 

inherent properties within the vestibulo-ocular 

1 
eonside'tation that 

ref-lex, sinee the optokinetic gain declines ,steadily as the frequency 
! 

1 

increases past 0.5 Hz, falling almost 80% in the 2 to 3 Hz range 
1 

(Fig. 13). It i8 of addeè irltere$t thdi é't lhj" freq'uency range one 

may be seêing the 'greatest attenuation level of t'IP dis'y113ptic p.ath,,'<.w; 

that is,: a gain value of about 0.18. 

It ther,efore"8eems clear that ev en in test 8ituation.a where 

ufi1iz~'tion of a11 normal stabilization mechanisms is permitted, a 

marked func'tiona1 deficit" is manifest in the subject' s in~bility to 

-. 
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i·e 

\' 

l "1 

produce the desired fixed visual\image on the retina. The added , 

intriguing feature i5 the indication of frequency dependence in .. 
the pathways that produce tàe output response to the reversed 

environment. 
Î 

The functions! changes disc~SS~in. the article have focused 

on those systems dir~ctly affecti~g the oculomotor system. In 

, ' \ 
a.subsequent article an analysis will be made o~ averall bodily 

readjustments t~ the reversed environment, focusing specificai~y 

on postural and perceatual readjustment. 
1 
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f 
SUMMARY' . 

.1 

,. 
" 

\ , 

l. This il'lVestigation is concerned wi th the 
~. , 

adjustme~ts in 

postural equilibrium and perception associated ~ith long- " . 

t~~ vision reversaI. 
. , 

2. The prism~induced vision reversaI lasted 6, 7, and 27 days 

during ~xperiments of 17, 25, and 49 daye respective1y. DaiIy 
... 

tests i!!cluded wa1king and standing, with eyes op~n, on rails of' 

0.75 and 2.25in.widths, and standing with eyes closed on ~ .. '25 in . 

wide rail. Measurém~nts of performanc~ were compared for tests' 

, ' 

befdre. during, and after vision ~eversa1. Subjective reports 

of pe,:ceptual \change and observation~ of subject behavior-' were 

noted at aIl times. 

3. . The wa1king tests proved to be the Most sensitive indicator 

t 
ofl imp~oved performance capability during and after vision re~ersa1, 

and together 'with subjectiveo reports' and observations of the subject, 

make it cleàr ~hat vision rev~rsai has .caused definite functional 

defic~~s in overall postural equilibrium and 10comotor capability . 

... 
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1 . , , . 
INTRontETION 

'-Z " " ! ./"'"'-.. " 
1 

A series oof recent articJi.~s has 'detailed the results of ... \ 

experiments on long-term adaptability in the vestibulq-ocular reflex 

arc (Gonshor and Melvill Jones, 1974a, b, c; Gonshor, 1974a). The 

two latter articles covered the -mos t extensive series of ~xperiments, 

in which subjects were exposed ta prismatically-reversed vision for 

'1 

prolonged time periods? lasting--up'''to '27 d~ys. Results of daily test 

• 
sessions showed the following. Vestibulo-ocular ref 1ex responfile, ... " 

in the dark, to 'tow frequenc.y oscillatory rota~ion (1/6 Hz, and Ml/sec 
~ ,. 

velocity amplitud,e), underwent profoun?' changes, arnoun,ting to a 

-
func-tional reversaI of the reflex ~Gon~elVill Jone~, 1974c). 

" ... 
In addition, the subjeGt ~ncurred functional defici"ts due ta the 

changed vest:f!btIlo ..... ocular r~flex. .In separate tests, the subject 
t • \ 

'- produced activê- head oscillation at bath cSteady state (1. 75 and 3 Hz) 
1 

. , 
and continuously changing frequencies, whilst attempting !ix~tion • 

.-

~ Even in this situation, where utilizatio·n of aIl no:mab stabilization 

mechanisms Is permitted~ the subject showed an inability ta produce 

the desired fixed visual image on the retina (Gonshor, 1974a). 

The functional chan~s discussed above focused on the area most 

directly'atfected by a vestibulo-ocular reflex change; that is, the 

oculomotor system. However, it became apparent that tn a situation . 
\ 

,1 
where subje'Cts were ;:equired to make voluntary~, whole-bo 

" 
ments to cope with vision reversaI, there was a case 'fQr 

, ( 
- t1he postural and perceptual changes cOincidentt~th the 

'\ ( 

readjust-

" 

. ' 

.. , 

/ 
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of the new enviro ent. The8~ latter changes are di~ussed in 

the present arti le. 
"::, . 

METHODS 

1. postu~ Equilibrium 

The most extensive experiments on long-term vision reversaI 

lasted l7,~25 and 49 days, during which vision reversaI lasted 

~4 

6, 7 and 27 days respectivély. The reversaI was brought about by 
.. " means of "dove" prisms, which permi t rever,sal of vision in only 

eS 

one plane of rotation: in this case, the horizontal plane. A 

A 

detailed account of their action 

and Melvill Jones, ~~74c). 
has been given previously (Gonshor 

The prisms were f~tted onto goggle"I~hich the subject was 

required to wear during aIl waking hours of what will hereafter be 
" , 

cal1ed "vision reversaI" days. Control te~ts were he Id on the first 
\ 

.day (Dl) and'a portion Qf the second day (D
2
). At leas~ one test , 

session was then held almost every day during the vision reversaI, 
, ;? 

and post-vision reversaI periods. On the days of inittption (D
2

) 

and termination (D
28

) of vision reversaI, 4 test sessions were 

held, in order to record any rapid a1teratio~, of re~C:se due to 

çhange in the visual environment. Between tests the subject.~as~ 
" 

allowed complete freedom of movement, such 'as walking and climbing. 

Supervision of the suhject was provided at aIl times.' 

The postural equilibrium tèsts were an rntegral part"of each 
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complete test session. The ppstural tests chas en for the present 

experiments <Eire known generall~ as the "Quantitative Ataxi~ Test . 
Battery": or QATB (GrayJiel and Fregly, 1966)., anlLhave been used 

) 

in situations where ~u~jects are exposed for long period~ to rota tory 

envirbnments, fnvolving unusuaI vestibular stimulation'. The QATB 

has now also been used extensively in the clinicat sphere to 

measure th: disturbance in postural equilibriuIll as a consequence of 
, 0;" 

labyrinthine.pathology. 

AlI of the tests were perf ormed on "rails" of various heights 

and widths. Bath a long at;td short version of the t'est are available 

(Graybiel and Fregly, 1966), an~ue ta time limitations in the 

present eX2eriments, the short version was chosen (AppenQix), The 

most helpful aspect of this test battery was the large statis~ica! 

information already accumu!ated (Fregly and Graybiel, 1968, 1970; 

Fregly, Smith and Graybiel, 1972). Tests have been made on weI! over 

~ooo individuals of aIl ages, and ranging from astronauts ta oto-
l " 

neurologiea! patients, With such a la~gL statistical populatipn on 
~ 

hand, one can view the progress of the present .,subjects iri the 
\ 

perspecti~e of a quantitatively analysed continuum of human vestibular 

vestibular dysfunction. 

.. 2. 
, p 

Perception and Visual~otor Coordination 

Throughoùt the experiments, subjects were asked to ~ke subjective 

.. 'v 
; 

\ 
\., 
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r~ort~ on any perceptual c~anges that might he taking plJce. as 

weIl as assessing their overall vi~ual-motor coordination. At 

the same' time 'observations were made of their overall behavior, 
.; 

\vith particular cmphasis on postural equilibrium and locomotion. 

RESULTS' 

, 

1. Pos Lurdl EquillbI ium 

(a~ \-ial.k Lng Tes t - Eyee; Open 

The walking tests, with eyes open ToJ'ere adrn.inisœred 

during the 17, 25 éI'l1d 49 day experiments, and proved 

to be the mos.t sensitive of the equilihtium tests in indicating 

performance cap::lbilit'y. Figure 1 i5 a meélsure of the number of steps 
t 

" 
f't@ken jn la tee;r Tnp ::le; ;; ftlPcti0" of the dRYf' i.n tl:'? ~xre!'i!1'e!'!!:. 

J \ 

The vertical arrows on- th'e abscisDLl enclose the peJiod of vision 

E3Cr. point represents the su~ ~f thE St2p~ Ir. 

3 out;,' of 5 trials constltuting a r.est \nth the naxiulUm for er~h 
, 1 ,. fi 

~yps open, on a n.75 

_ c_ 
10e ccsts conSls~c1 pr \.;ral1clng 

in. (circles) and e\.s..in. h'ide 
<1 

neal-to-t~é, and Wlth 

rail (triangles). 

Th,e subject 1.n Figure la wa-&......a 20 year old female. A perfect 

score was oDtaïned,during the pre-vision reversaI tests on the 

?75 in, !".3 il , !nth :l close to perfect score on the 0.75 in. r,ail. 

HowevE'r, irmnediately upon donning .the pr Ismb the scores for f)ot:h 

ra ils decrease dramatically rto "0". ~ote that the prisms are wO,rn 

during the tests.in the ~sion reversaI period. From this initial 

.. 
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low score there was a systematic'increase in performahce capability 

/. 
during the remainder of the vision reversaI period, 

~ • ).l~_ _ " __ ~ ~~ .. '),~Jç" 
\ reaching values 

\ ,. 
on the final day of vision 'reversaI up to 50% (2.25 in. rail) and 

rt!fo."'.7b"'f"\.) N .." 
25% (0.75 in.ra.i.l) of their pre-vision reversaI level. In the post- 0 

vision reversaI stage, the return to normll is almost immediate for 

the 2.25 ..ln. rail test, reaching pr,e-vision 'reversaI values wi th in one 
, 

hour of prism removal. 
, 

However, for the 0.75 in. rail the return is 

much slower, requiring at least 3 days to reach the pre-vision reversaI 

(Fig. l near here) 

, .. 

Similar res~lts were obtained from tests performed during the ) . 
25 day. experiment on a. 50 year oId male subject; shown in Figure lb. -

h ... 
The systematie increase in score with vision reversaI is higher in 

, ~ , 
this experiment than in the ~iou~ one, ~ith values db the final 

day ct yision reversaI being 90% (2.25 in. rail) and 5~% «(J. 75 in. rail) 

of pre-~sion reversaI levels. This higher level can be·accounted 

for in part &y the inct~as~ in the number of Visio~versal days (one) 

in this experiment. Upon removal of t~ prisms the re~n to·no~al 
is immediate on the 2·25 -in. rail, but aga in riod 

on the O. 7~ in. rail. 
'1 , 

j 
(Fig. 2 near here) 

The walking te,sts in the 49 day e}C}Jeriment (Fig. 2) were again , 

very similar to those of the 2 previous experiments. The subject, , 
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Fig. 1. 

Scores of performance capability, measured 

during walking tests, with e~es open, :~a 
function of the (a) 17 day and, (b) 25 day 

1 
experiments. Tests were performed o~ a 0.75 in. 

wide rail before (t), during <tt), ~nd "after ... . \ ' 

«() visi?n r~versal, with ifentic~l tests on 
"" .. . 

a 2.25 in. wide rail (triangles).' Each point 

represents the sum of the steps in the best 3 
\ 

out of 5 trials constituting a test, with the 

maximum tripl score equaling 5 steps. The 

vertical arrows on,tqe abscissas enclose the 

periods of vision reversaI. 
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Fig. 2. 

J 

1 

.1 ~alking tests, with eyes open, ih 

the 49 day experiments. (a) 'the 

2;25 in. wide rail. (b) The 0.75 in. 

'wide rail.- Ordinates an<t symbols 

aÎ'é' as 1'n Fig.' 1. 
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a 30 yeo.r old male, undcrwel!t 27 ùdy/of vision reversaI; aimas t 

, 3 weeks more than the 7 da ys of the 25 day cxpcriment. Again 

) there i5 the initial deficit upon donning the pr~sms, Hith a 
""C 

subsequent systematic increase in performance capability during 

the period of vision reversaI, to the extent tpat o~ the 2.25 in. 

wlde rail the subject achieves a performance value equdl to the 

pl-vision reversaI standards during ;:! test in ~he 3rd ..... ·:l!e:~ of 

vlsion reVer&dl. The performance, values on the final ddy al 

vision ceversal are 85% (2.25 ln. rail), and 7û';, (0.75 jn. rail) .of 

pre,vision reversaf values, the 70% being the highest value 

achieved on the 0.75 in. rail during vision reversaI in any of the 

3 ~xperi=cntc. 

The changes i.n performance on the 0.75 and 2.25 ln. railFl in , 

tne post-vision 'reversaI period or the 49 :clay experim~ diirered 
L • 

fro:n those in the t~TC previcus exp~riments, ir. th3 t pe:rfo~:::ncc 0 

" 

iWl'led 1a tely ai t:-€I' -pr-i-sm-l? emova I-deerea-se-s--è.rema te i ca Hy---t::e-l-evds-------- --- -

"­
that equal thé lowès t: values el1coùutered during vislOn réd::L"sal . 

. 
ThlS is followed by a s~ift return ta normQl on the, 2.15 in. rail 

(F'tE- 2a) hut, as in prpviolls pxperLment"\_ n. mort;' prolon~Fd rpturn 

to norma,l for the 0.75 in. rail tests. Scores"'on the latter took, 

5 day~ ta return ta pre-vision'reversal control values (Fig. 2b). 

" 
The overall increase ln performance câpability ln the post-vision 

reversal :~riod abave that of pre-vislOn reversal leve1s (Fig. ·2b) 

15 most likely due to the effect of practice (Graybiel and FregIy, 1966) . 

. . 
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Ce 

(Fig. 3 near here) 

Combi,ned results for the walking tests in the 3 experiments 

are seen in Figures 3 and 4. Figure 3 measure~ performance 

capability as a function of the days of vision reversaI in the 
" 

17 day <e), ,25 day CO), and 4~~day (x) experiments. The ordinate 

is as in Figures land 2, and the abscissa denotes the time in days 

after donning the prisms (t), each nu~ber denoting the end 01 a 

24 hour period._ Each point again represents the sum of the steps 

in the best 3 out 5 trials constituti~g a test. The results for 

the 0.75in. wide rail tests, in Figure 3a, show clearly that the 

slope of increase in performance i~ quite similar for aIl 3 subjects 

during ~~rst week of vision re~~rsal. This increase progresses 

still furthet in the 49.day experi~~nt (Fig, 2b),a A slmi1ar 

result can be seen for the 2.25 in. wide rail tests in Figure-3b, 

--- --'--- L ___ ~1thouglL.tha point scatter i s m1!ch' more pronounced. NelTertheless 
} . 

li 

• 

the high degree of overlap in these values shows that not only i9 

th~ increased performance capability a real phenomenon, but that 

it follows a definite time course, dependent on very specifie neural 

readjustments to the new environment. 0' 

(Fig. 4 near here) 
QI 

The eombined results in the post-vision reversaI period 

for the 0.75in. wide rail are shown in Figure 4. In this case the 

~ 
ab,scissa denotes time in d~ys after removal of the prisms (t), with 



! , 

I~ 

1 

- 242 

Fig. 3. 

Combined results for the walking tests 
i 

in the 17 (e), 25 (0), and 49 day (x) 

experiments, giving the total number of . 

steps taken in tests ~n the (a) 0.75 in. 

~nd (b) 2.25 in. wide rails as a function 

of days after donning the prisms. Each 

, , 

day number denotes thè end of a .24 hour ",J 
period. ~he vertical arrows re resent the 

~---------. .-------~--------~---
stari of vision reversaI. Description 

of points as in Fig. 1. 
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each number being the end of a 24 hour periode Pre-vision reversaI 

control values for the walking tests are a1so shawn, each point 

representing the mean of 10 tests, and the bars denoting 2 standard 

deviations (SwD.s)- either side of the mean. Values for the 17 day 

(tt) and 25 day (C) experiments return ta normal along a similar 

time course, reaching control levels by the 3rd d'ay. ' It should be 

noted that the vision reversaI was 

quite similar, being 6 and-7 days respectively. normal 

for th~ 49 day experi~ent i8 more prolonged, taking at lea t 5 d~S. r 

This i8 due in part ta the initial low level of performance on th~ 

first post-vision reversal day (Fig. 2b) together fact that 
, 

vision reversaI in this case/ex~ended for up ta 4 wee~s. 

however the return to normal during the period of 
., 

reversaI appears definitely to lie along a very defined course, as 

did the increase in performance during vision reversaI, (Fig. 3), ' 

indicating a high degree of specificity in whatever change ls taking 

place in..,the ~ervous system. 
t 

(h) Standing Tests 

Standing tests were performed during th~ three long-term ~ 

experiments on bath the 0.75 in. and 2.25 in. wid'e' rails, with eyes 

open or closed. The final values obtained consist of the 3 best 

scores out of 5 trials, with 180 sec. being a perfect score. 

Î 

/ 

• 
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Fig. 4. 

Combined resu1ts .. Jor+the walking tests 
~ 

in the 17 <e), 25' (0), and 49 day (x) 

experiments, giving the total number of.steps 

taken in tests on the O. 75 in. wide rail as a 

fupction of the days after prism removal: Pre­

vision reversal points are the me~s of ten tests, 

I---------------..,...-,trlfe-oars represent 2 standa-ra aeviations -~ 

• r 

7 

either side of ~he Mean. The vertical arrow 
/ 

, represents the end of vlsion reversaI . 

. Desc~tion of points as in Fig. 1. 
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~Fig. 5-near here) 

" . 
(i) Eyea Open: Figures 5 and 6 show the capability of 

subjects in the 3 experiments ta stand with eyes open on the 0.75 in. (circles) . 
~nd 2.25 in. (triangles) wide rails. The ordinate denotes the 

standing time scores (s~c) as a function of the clays in the 

17 (Fig. Sa), 25 (Fig. Sb), and 49 clay (Fig. 6) experiments. 

"-
The vertical arrows ~enclose the periods of vision reversaI. 

(Fig. 6 near here) 

Perfect scores were obtained quite easily by aIl subject~ in the 

pre-vision reversaI trials on the 2:25 in. rail. However the start 

of vision reversaI produced an almost immediate drop of more than , , 
80% in the score. From then on there was no consistent change,in 

score, even after 27 days of reversaI in the final experiment (Fig. 6). 

l7~~nd 25 dày experiments, and a return within 24 hours in the 49 day 
'lo. 

experiment. 

- On- the 0.75 in. wlde "rail, pre-vision reversaI contror -scores 

were ênly 20 ta 30% of those obtained on the 2.25 rail, eve~ after . 
numerous practice sessions. Initiation of vision reversaI again 

produced an 1 immediate drop in the score, with almost no change at aIl 

during the 5emaining days of reversaI. Upon removal of the prisms, 

a much more graduaI return ta normal took place, lasting three days 

\ 
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Fig. 5'. .. 

Scores of performance capability, measured 

during standing tests, with eyes open, as a 

function of the (a) 17, and (b) 25 clay experi-

men ts. Tes ts were perf ormed on 'a O. 75 in. wide 

rail befére (40), during <tt), and after (C) 

vision reversaI, with identical tests on a 

2.25 in. wide rail (triangles). Each point represents 

l 

~th€-best 3 o~t-Gf 5 trials constituting ~-test,- -

with the maximum trial score equaling 60 seconds. 

The points in the before-vision ~eversal ~eriod 

representing 2 standard deviations either side 

of the mean. ~vertical arrows enclose the 

periods of vision reversaI. 
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Scores of performance capability measured 

during standing tests, with eyes open, as a t 

.' function of the 49 day expertment. 
. ( Description 

as i6 Fig. 5. 
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• in 17 and 25 day experime~ts and a1most 3 weeks in the 49 day , 

experiment. A~practice effect is probably responsible for 
~ 

the high values in tre post-vision reversaI period of the 17 

and 25 day experiments. 

(Fig. 7 near here) 

(Fig. 8 near here) 

(fi) Eyes Closetl: 
,~ 

The standing tests, with eyes closed; 

in the short version of the QATB, are performed on1y on the ....... ~ ... 

2.25 in. ,wide rail. Results of these tests are shown in 
< ' 

Figures 7 and 8. AlI coordinates are as injFigure 5. In the ,. 
pre-vision reversaI trials on1y the subject in the 17 day experiment 

consistentlyattained the 180 sec.perfect sc~re. ~h~nmean co~tro1 

scores for subjects in the 25 and_49 day experiments were signi-
J 

ficantly lower, at 70 and 90 seca respective1y (bar shows 2 S.D.s 
", 

about the mean). Valués fell to their lowest levels within 

4'8 hours of the start of vision reversaI in both the 17 and 25 day 

1 r 
experiments and in ~e~s than 24 hours during the 49 day experiment 

'(Fig. 8), indicating a s1ight1y lower rate bf decrease in the eyes If' 
. closed than in ~he eyes open condition. The scores for the 

remaining reversaI days, although undergoin& sorne fluctuations, did 

not show any consistent overal! change. 

The improvements after' removal of the,prisms followed an 
. . 
interesting pattern . In the 17 and 49 day experiments, improved 

• 
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Fig. 7. 

Scores of performance cepability, measured 

during standing, tests, wi th eyes closed, as a 

fune tion of the (a) 17, and' (b) 25 day experi- • 1 

ments. Remainder of description as in Fig. 5. 
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Fig. 8. 

:. 
1 

S~ores of, performance caRability, 

measùred during standing tests, with 

eyes closed, in the 49 day experiment. 

Remainder of description as in Fig. 5. 
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, " 

performance wfls quite 1i'mited and erratic, with the feature that 

even up ~o the last testing day thB scores remained at levels almost 
" , :;J j \ 

as low as those encountered durin~ vision reversaL-:'-In the 25 day 

experiment the score 

improvement was a1so 

, 
returried ta normal after 4 days, although the 

/ 

q~ite erraVlc. However, the abso1ute increase in 

score was no greater than in the other two experiments, the return to 
. 

normal being due tà a low control value in the pre-vision reversaI trials. 

The eyes closed therefore proved more sensitive ta the influences of 

prolonged rQtation. ... 

2. Perception And Visual-Motor Coordination: Subjective 
Reports and Observations 

/1' 
i" ':., 

In most of the previous studies on lon~term adaptation (Guedry, 

Kennedy, Harris and GraYbiel,_ 1964; Graybiel, Kennedy, Knoblock, Guedry, 

Mertz, McLeod, Colehour. Millrr and Fregly, 1965; Gued~y, 1974), objective 

testing has been augmented by subjective reports of the subjects, 

together with ohservation of their overal~ Virua1-motor coordination. 

In fact, observation. and subjective reports have played the dominant 
\ 

role in many of the psychol~gical experiments concerned with visual 

reversaI (Kohler, 1962; Taylor, 1962), and it~ effeèt on perception. 

Although the main interest in the present experiments was to 
1 

study the effect of vision reversaI on the vestibulo-ocular reflex,~ 

sU~jective reports and ob~ervations were carried out, as means of 

protriding any extra infolfmation on what the 'l'esponsible underlying 

___ pÈysiological processes might be. 

- " 
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(a) General Observations 

Some of the subjective reports and observations have 

already been described elsewhere (Go~shor and Melvill Jones, 1974c). 

Briefly, aIl subjects suffered from varying degrees of naus~a in 
1 

the firat days of vision reversaI. This was coupled with overa!! 

lethargy an~ fatigue. During this t~m~ a~l the senses(acqUired an 

increased sensitivity. One subject reported that,both bearing and 

\ ' 
smell were greatIy accentuated. It is interesting that this was 

coupled with a 10ss of appetite that accompanied the overa11 feeling 

of naUSea. 

A consistent finding during this period, in aIl subjects, was 

t~e mild sensations Of rotation experieneed upon retiring for the 

night or resting, with eyes closed, in a supine position. The 

, 

sensation was Most of~en about~the body's long axis and'took various . . . " 
forms, from to-and-fro swayin& to very transient feeling~ of uni-

directional acceleration. In one case it took the form of an , 

uncontrollab!e " ... involun,tary motion, with the world going round 

,and round." One subject de-~cribed the sensation as similar ta 

1' ••• going ta bed after having just a bit tao mueh aleohol." This 
f_"":tt 

sensat~on continued occurring even into the 4th week of revêrsai in 

• the 49 day experiment. These sensations often were s~fficient to 

wake the subject in the Middle of the night, and in one instanc~a . ." 
, - ~ 01 • / 

subject reported that these sensations were associated wit~~ôbjectiye 

eye movements. The following morning there would be an unpleasant 
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" 

\ 
overall feeling; that ls, a resioual nausea coupled with 

considerable fatique. One subject likened the feeling to a 

" mild influenza attack." 

The conflict between the reversed visual system and the 

remaining senses manifested itself in numerous ways.' For example, 

while riding in a car that was makiag a turn to the right, the 

subject se~s himself turning left but feelstthe centrifugaI force 

acting to the left rather than ta the right. Although one normally -.,--

generates programmed muscular activity to~tilt against the force, 
" 7_ ",",.f~·' 

the sttong ~isual impression of turning to the left leads, in this 

case, to initiation of muscular activity to the left. Therefore, 

the muscular Il?.!ôgrams now increas~ the tilt produced by the centri- / 

fugal force itself, and the subject expeFlences the ~ensation of .. '-

'~ .• being forced by an 'iron,hand' into the left side of car as it . 
went around the corner. " 

Another strange feature encountered whilst turning in a car, 
! 

was a peculiar sensation of " ... turning in a straight line." With 

eyes shut, the subject felt'clearly that the car was turning, say, 

ta the left (the true direction). However, upon opening the eyes, 

the subject "saw" that the car was turning right. The cancelling of 

these sensory inputs produced a sensation of 1~ero turn "! 

On a clay when objective tests had shown his vestibulo-ocular gain, 
\ 

to be very low, one subject went on a shopping excursion, and whilst 

sitting in-a parked car, looked at the surrounding outside world; in , 

tnis case a parking lot. Upon rotating the head very slowly in the 

-



• 

• 

4 

- 254 -

horizontal 'plane, the outside world seemed to oscillate relative 

• 
to space. Similar sensations were encountered by aIl subjects in 

the first few da ys of vision reversaI. However with con&inuation 

of the ~eversal, aIl three subjects began to report 'that vision 

was becoming "clearer" wi th the prisms on. 50 much 50, that 

reports from one subject on the final day of vision reversaI in 

the 25 day experiment were to the effect that, clarity of vision 

with the prisms on had improved to the extent of makin~ it easier 

now ta see the outside worlq whilst moving with the goggles on, than 

with them off 

(b) Postural Equilibrium And Locomotion 

In the first days of vision reversaI locomotory activity 

\underwent severe disruption. Subjects made very slow and deliberate 

movements, often utilizing a shuffling locomotion reminiscent of(that 

seen in parkinSrnians. When making a tyrn subjects would go thr~gh 

a series of sto~ ~nd start manoeuvres; first, stopping and moving 

the head in a to-and-f~o "hunting" fashion toward the target seen 
1 

through the prisms, and then moving the rest of the body in the 

supposed direction of the target. In this manner ,turning was 

accomplished; but very slowIy. If the subject attempted tO,turn a 

corner in one continuous walking motion, the lack of v~sual-motor 

coordination resulted in sorne interesting body contortions. For 

exafuple, upon attempt~ng a left turn, the subject's head would begin 

ta maye right, following the reversed ~isual surround. At the same 

time the torso would continue moving straight ahead, so that the 
$ , 
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head and - 0' 

heading 
< 

from each other torso were now away at an 

increasing angle. Sensing this discrepancy one leg would now be moved 

in the direction of head motion, causing a crOBsover of the legs and 

loss of balance, not to mention disorientation and frustration on 

the ,part of the subject. Since these manoeuvres can be very dangerous, 

it is advisable that anyone undertaking a vision reversaI experiment, 

make provision for constant supervision of the subject. 

After the first 3 to 5 days, subjedts became increasingly 

adept at negotiating straight corridors, as weIl as turning corners, 
.!/ 

-1 

wit.hout stopping. Howevèr, the "hunting" movements of the head 

during locomotion did not disappear completely, even afte~ 4 weeks 

of vision revérsal in the.'49 day experiment. 

In the first several hours after removing the prisms subjects 

exhibited a wide-stanced shuffling gait when walking, requiring - , 

assistance so as not to bump into wal1s. When turning a corner 
• (J , 

subjects often began to move in the opposite direction to the 

intended turn, in a manner much like that described for the first 

days of vision reversaI. By the end of the first day the subjects 

weIEmanifesting an increasingly proficient walking capability. 

Subjects commented ,at this time~hat, in their opinion, Iocomotory 

activi~ was now back to normal. However, up to 3 days after termi-

nation of vision reversaI two subjects reported that the ~ct of 

walking along a corridor in a straight line required conscious 

èffort. In fact, one of these subjects was actually observed holding , 
onto the waIl as he negotiated a curve in a corridor. 

.. 

. 

j 
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During walking tests (0.75 in. rail) on the first day after 

..; 
'prism removal, dll subjects complained that they were unable to 

"C '1 walk because .• L' the world is shaking. One subject noted further 

that' unlike the normal case of balancing, where the head' ia kept 

steady in space while the body moves under it, in the tests on the 

day of prism removal ~he head tended to automatically move in the 

same direction as the body. Two subjects, attempting to walk on 

the 0.75 in. rail with eyes open, noted that even aqslight movement . ~ 

of the head, say to the left, produced a violent"movement of the 

world to the left, and then to the right. That is, an initial 

movement of the world in the wrong direction. On the first post-

day this caused Immediate imbalance. On the seco~d day, the move-

ment of the outside world was s~ill present and in the opposite 

direction, but covering on1y half the distapee of the previous da~. 
, . ~ 

This phenomenon p~rsisted inta the third day. 

Finally even after one week post-vision reversaI the subject'in 

the 49 day experiment reparted mild vertigo during rapid head move-

ment, and a blurring of objects in the visual surround with eyen 

moderate head oscillation. 

DISCUSSION 

Postural Equilibrium Tests 

In previous articles it was sho~~ that long-term vision reversaI 

has a profound effeet on vestibulo-ocular funetion (G6nshor and 

" 

-----~--~----------------~ 
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~ 

Me1vi!1 Jones, 19!4ç; Gonshor, 1974a), produqing large changes 
" 

in thê gain and phase of vestibulo-ocular response, as weIl as 

functional impairment of visual' fixation. 
:>'- ""-

It seems clear fr-om the present reBults thaÏ: funçtiQnal 

deficits are also incurred in whole body balance, o~ postural 

equilibrium. 
, 

The following is a brief ~iscussion of sorne intere~ting 

arising from the resu1ts. 

(1) The w~lking tests with eyeS open, when compared to the 

standing tests, have sho~ themse1ves to be a far more sensitive 
c 

indicator of the change~ taking place in perfarmance capability. 

Furthermore, inclusion in ~ present experiments o{ t~o additiona! 

tests (stand, and walk, with eyes open on the 2.25 in. wide rail), 

, \ 

to supplement the regular 3 tests comprising the short version of .1 

the Quantitative Ataxia Test Battery (see Appendix), has highlighted 

" 
the importance of using a têst battery th~t includes rail size~. 

~ 

that can statistically separate individuals in a large test population 

on the basis of their aD4lity ~o main tain postural equilibrium. 

\, Wide gradation of rail wid,l:hs is ava:Olable in the long version of the . , 
'\""~:: ~!) Ataxia Test Battery <,9raybiel and Fregly, H66), but the latter is 

quite cumbersome and time consuming. For the latter reas~ns, a 

short version was devised by these same authors (Graybiel-and Fregly, 
, fi 

1966). This short version includes tests on a 0.75 in. wide rail, . 
--------- " . 

which most subjectB find difficult to balanc~ on, but can° sti10l master. 

The 0.79 in .. rail has been found to be a good indic!tor of postural 

l' , , , --

/ <: 
,r _1 

'( 
;:1 

\ 

\t 

.. 
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1 

equiIibr~um in their tests . 

. In the present experiments, it was initiaily believed that 

the O~75 in. wide rail would prove tao di/fieult a challenge for 

th~ subjects, and for that reason duplicate te&ts were added on the • 
2.25 i~ rail. The results show clearly that the subjects were 

capaole of balancing on the (), 75 in. wide rail, and that this 

-rpil was, in the final analysis, the most sensitive guage of 

improving 'capability, registering chânges that were not detected on 
:' 

-the 2: 2S in., wide rail. 

(2) T~e improvements seen in performance capability after 
J • 

vision reversa! are similar to results' obtained from a recent series . . 
- .. ~ , ~ ... 

of Skylab orbiting spa~ mission~ (Homiek, ,Reschke and Miller, 1974). 
4>' 

In the 2nd, 3rd and 4th flights,' crewman were expose~~ightlessness 

lor) 28, 59 and 84 days respective1y. In the pre and post-flight 

. " 

periods, they were tested on a modified version of the quantitative 

ataxia ·test battery' (Graybiel and Fregly, 1966). The tests consisted 

of standing with eyes open and elosed eitber on rails of various 

widths, or on th~ floor (the latter only in the 28 aay mission). 
", -..... 

The post-ilight data Indicated moderate deerements in postdral 

equilibrium in. the eyes open tests for only 3 of the 9 créwmen. In . ( 
the eyes closed condition aIl crewmen showed a considerable decrease 

. . 
in ability to main tain balance, with recovery taking up to 2 weeks. 

) 

The zero "g': condition encountered in thè ~pace envi"ronment 

probably causes functional alterations in the interaction of 

vestibular, vieual and ~inesthetie mechanisms~ much Iike tho~e 
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observed in t~e present experiment, so that functional impairment 

'was to be expected. However, it seems th~t by not utilising some 

~ 

form of walking test, Homick et al (1974) have omitted what the-

present expetiments have shawn to be the most sensitive indicator 
~ , 
of functional i~pairment. Inclusion of the walking test ln future 

c 

flights May allow for a more precise indication ofaverall lmpairment, 

as weIl as time course of recovery. 
, < ~ 

In addition to these objective tests, ~ubjective reports and 

observation bf the astronauts has sho~ that in the post-flight 
~ 1 t 

period they experience an almost identical shuffling gait, inability 
( 

to turnocorners)-,and vertigo during the first several days. 

(3) A complete ataxia test battery has been performed' on severa1 

groups of normal subjects who were rotated for 12 day in a slow 

rotation room or ~RR (Graybiel et al, 1965). Comparison of pre, and 
. . 

Immediate post-tests on the ~jls;_~howed in aIl instances a severe 

decline in perform~nce, with recovery in 24 to 72 hours for aIl save 

the standing, eyes èlosed test. In fact, walking and standifi8 with 

eyes open tesrs had actually improved, 1eading the authors to conclude 

that non-visuallyOinflu~nced standing, eyes c10sed, was more 

sensitive to the influences of prolonged 

were obtained w~th subjects undergoing a 

rotation. ~irnilar results 

day of sev~e ~e~ conditions 
c • 

O~f' the Canadian coast (Graybiel and f~egly, 1966). 
, . 

Apart from Skylab, the experirnents in the SRR are probabiy 

the ciosest para1lel of the present experimettts, in that bath cases 

involve functional rear~angements durîng the stimulus condition so 

, 

1 
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as to optimize for the new envir~nment. This leaves the suhject 
, 

with a functional impairment when returned to the normal environmentF. 
~ 

" "'\ 
This,being,the case, our results follow a very s~m!lar pat~rn. . ' 

The walking tests do prove to be a sensitive measure of improving 

< 
PEirformance during vision reversaI. Note that no balance tests 

were performed during rotation in the SRR. In the post-vision reversaI 

period of the present experiments, performance on the walking 
\ 

tests returned to normal wi thin 3 to 5 days (1 to 3 days for the SRR), 
~ 

whereas the performance in the standing, eyes closed, test stayed 

very low; in Borne cases up' 'to the last day of post-testing, weeks 

later. 

The fairly rapiq return ~o normal performance in the post-tests, 
, 

with eyeB open, is probably due in grea't part to the ~tabilizing role 

.. 
played nby ac t ive cvisual fixa tion. With eyes c1osed, one ls lef t wi th 

1 

a bUateral' vestibular mechanism that i~ attempting to readjust to 

normal. The var~ng rat~s of' recovery of this hilateraI s,?,stem could , 
account for an imbalance in it~ posture control, just as it probably 

is respoI\sible for the "directional preponderance" in nystagmus 

(Gonshor and Melvill Jones', 1974c).· 

J 

(4) In the first test pf wa~king with eyes open (O. 75 in. and 

2; 25 in. wide rails - Fig.. 2), after removing the prisms, one sees 
1 V 

a dramatic drop in performance. This result could be explained by 

the fact that in this cas~ normal vision i8 incompatible with a 

funct~nal1y reversed vestibulo-ocular response (Gonshor and Me1vfil' 

Jones, 1974c); this incompatibility being quite simillar to what is 
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experienced in the initial period aiter donning the prisms. 
f,I 

But this low performance improves very significantly by the next 

test, one hour 1ater. Tests of vesxibulo-ocu1ar reflex recovery, 

\ 

(Gonshor and Me1vill Jones, 1974c) showed that phase returned in 

a matter of hours to its normal re1ationship, whi1st gain took 
o 

much longer. Therefore the reversed response is present in on1y 

the first one or two tests, accounting for the initial decrease 

seen in Figures 2a and b. 

Possible Mechanisms 

. 
In previous experiments (Gonshor and Me1vi11 Jones, 1974c; 

Ganshor 1974a) it was proposed tha t ,cerebe11ar modification of the 

basic disynaptic vestibu1o-ocular reflex arc could be'responsible 

for the large changes observed in vest~bu1o-ocu1ar response. In 

searching for possible cent ers that cou1d play a role in the changes 

of postural equi1ibrium, one must again view the ~erebel1um as a 

prime candidate. It has been estab1ished for many years (Pollock 

.. 
and Davis, 1927; Mussen, 1934; Hess, 1940), that one main function 

of the cerebellum 

reflexes so as ta 

. 
is to coorqinate labyrinthine with other 

( 

'1 
maintain n~rmal pOS'tural equilibrium and 

J ~ 

postural 

locomotory 

activity. Disturbance of postural equilibrium and righting ref1exes 

can be brought about by 1esioning the fastigial nuclei (Moruzzi 

and Pompeiano, 1957a), the resp'0nse having its origin in the vermis 

and moving 

Pompeiano, 

to the pons via, the inferior peduncle (MO~UZZi and 

1957b). Many cerebellar fibers move down~ the vestibular 

1 



• 

• 

\ 

- 262 -

nuclei either directly (Jansen and BrodaI, 1958; Walberg and 
/ 1 

Jansen, 1964) or by way of the cereb~lar nuclei (BrodaI, Pompeiano, and 

Walbe!~ 1962), and from there vestibulo-spinal pathways lead ta a1l , 

levels of the spinal cord, with afferent information returning by 

way of the spinocerebellar tracts (Lundberg and Oscarsson, 1962). 

This str~ng conneétion with the spinal cord, the vestibular system, 
Cl 

1 

as weIl as,the thalamus, red nucleus and reticular formation, gives 

the cerebel1um a powerfu1 position for the control of postural 

equilibrium. 
, , 

In addition ta the cerebellum, recent experimental evidence 

'l;>-

indicates tbat the spinal. cord itself possesses great capacity for 
> 

i 

change. Lundberg and his colleagues (1966; .1967) have shown that 
, 

inhibitory interneurones in weIl known reflex arcs receive input 

..-.' 
from more than one primary afferent path as weIl as from descending 

pathways, so that every segment~l path\o1ay between primary afferent J 
f 

fibers and motoneurones receives convergent input from-descending and 

. ,other a,Herent. systems. _se recently discovered p~tterns- of input 

convergence, cross-~onnections, and feedback allow one ta conceive 
,1 

af a spinal card that can radically alter its control of flexor and 

extensar muscles, ff not reverse its input ta these muscles entirely. 

Furthermore, this aIter~tion could be brought about by a combination 

of inp'uts from the vestibular, cerebe11ar, and retitular systems, 

as weIl as from muscle, skin, and joint receptors. 

Therefore, experiments such as the present vision reversaI, 

the Skylab space missions, or the SRR, aIl expô'se subj ec ts ta a 
• 

- - - ) 
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• 
change in the normal interrelationship of kinesthetie, visual 

and vestibular inputs. Further neurophysiologieal experi~entation 

will be neeessary to determine if and how the spinal cord and 
-"" 

cerebellum play a role in the modification of postural response. 

. , 

-
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CONCLUSIONS 

In the Introd~ion chapter a series of questions were put 
( 

__ 1 

forth as the ~roblem formulation for this thesis. Id this 

eO~CIUding chapter what remains i8 to assess the degree to which 

thlse questions have been answered by the p~Bent experiments, and 

to provide a final overview of the entire study as a possible basis 

for future researeh. 
, 

It seemS that this thesis is a good example of how a very 

specifie topie in thé in:l.tiaî stage can, in the end, develop into 

a generai and perhaps more basic conception of what underlYing \ 

principles and mechanisms are involved! 

The initial experiment, concerning habituation to oscillatory 

1 

rotation in the dark, had its ge8t~tion in the specifie reaim of 

applied avi~tion experiments. The observation that vestibular response 

declines during ~nidirectionai rotations, such as those experienced 

in the flight environment, led to the question of whether this would 

'appear with "natural", sinusoidal stimulation. Why sinuso1.dal? 

j ~ 
It seemed that at least i ~he human, observation alone shows that 

a good part of one's head motion is of a sinusoidal nature. This 

observational inform~tion is borne out by the action of the vestibular 

end organ, whieh responds most effectively to transient input, and 

less so to tQose of a steady state nature, the latter ereatè8 by 

unidireetional rotatio~. The faet that there were no changes in 
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vestibular response to the sinusoidal stimulation, cannot however 

rule out the possibility that we are merely looking at an already 

habituated response, the latter occurring in childhood. Not 
-' 

withstanding the inherent experimental difficulties, it might 

tterefore be of interest to ~onduct formaI experiments in very 

young subjects to determine if a higher vestibulo-ocular gain 

does in fact exist at that early stage of life, qnd if response 

changes do occur during ~scillatory stimulation per se. The results 
\ 

of such experimentation may show that adult man's vestibular re8ponse 

i8 inexorably set after what has been called the critical learning 

1 

time. Such a critical point has been shown to exist in the monkey visual 

system, where lack of patterned vision during the first, 7 months 

of life leads to significant and permanent loss of normal visual 

capability even if patterned vision is permitted after that period 

(Riesen, 1950) . 

The importance of the habituation brought on by conflicting ,< 

i' '" \ visual and vestibular stimuli in the mirror-reversed vision 

experiment (Chapter 4), lay not so much in the discovery that rhe 

vestibulo-ocular response to the previously non-habituating sinusoidal 

stimulus could now be attenuated, but rather in the formulation of 

a more basic concept of physiologieal eapa~ility. Namely, that 

the results obtained const1tute a neurological remodelling of, relevant 

elements in Ç)Tder to m"et the new stimulus-respons.e optimisation 

criteria, no matter how radical the required change. In that light, 
) 

\ 
,\ 

1 • 
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'the definition of habituation, as attenuation in response to long-

term repetitive stimulus, must be broadened accordingly to encompass 

the more general cQncept of optimisation. 

The long-term vision reversaI experiments provided the 

necessary condition for radical change, and the resulting changes 
'""1 

went far beyond mere attenuation of the vestibulo-ocular response, 

leading instead to the required pptimisation; that of a functional 

reve~sal of the vestibulo-ocular reflex, with accompanying optimisation 

of postural equilibrium, perception, and visual-motor coordination. 

However, the change in vestibulo-ocular response was not Just to a 

simple high gain, though re~rsed reflex, but rather ta a much more 
) 

complex, and yet stereotyped, pattern of change in gain and phase of 
'( . 

vestibulo-ocular reflex relative to stimulus condition. 

To elucidate the nature of these stereotyped changes, some tentative 

proposaIs have been made as to possible mechanisms at the neuro-

physiological level, which could be responsi~le. A tentative model 

would cpnsist of the weIl known disynaptic vestibulo-ocular reflex 
. ,-

arc (Szentagothai, 19~O) as the primary pathway, the secondary path 

running via the vestibulo-cerebellar-vestibular nuclei relay (BrodaI, 

Pompeiano ,and Walberg, 1962; Precht and Baker, 1972), and possessing 
. . 

an inhibitory influence on the vestibular signaIs to th~ oculomotor 

nuclei (Precht and Baker, 1972). The necessary visual influence could 

be provid~d by a retinal-cerebellar pathway recently found ta exist 

in rabbits (Maekawa 'and Simpson, 1972; 1973). The retina! stimulation 

has very recently been shown to cause short latency membrane potential 



1 

• 

• .. 

- 268 -
.. 

,hanges in the Purkinje celis of the flocculo-no(lular node of 

the cerebellum (Ito et al, k9Y4a,-b). 

< It seems, therefore, that apart from the short "hard \.Jired" 

connections such as the vestibulo-oculer reflex arc, there ar0 

additional central elements, such as the; s!?condary p8thw8y ",b0\re, 

that may be capable of directing"'"a high degree of goal-d~rected 

p13sticity when functionally required. 

The pres,ent experiments have established that given an 
1 

appropriate goal-directed neecl for change, the humdn central 

nervous system is capable of phenomenal change, even at the level 

of the simple t:wo syna\>se reflex arc., This change i3 aC'companied 

by functional irnpairrnents of vis~al fixation &n~ r05t~r&] 2~u;1~Lri~m 
'-

1 

as weIl 8? fatigue, lack of ,motivation élnd malalse, and aeute 

disorientation. The adaptaufve changes a1so r4n a long and stereotyped 

course of a month o~ more, with a similar period of time for t~e '/ 

readaptation to normal after viSIon 

Future animal experiments will 

removal i8 terminated. .\ 

h6pefully begin to ex~m1n~t 
\. 

mechanisms in the central nervous'system 3re regponsible for the 
Il 

dramatic reorganisation of neural elements that must in turn be 

the cause of the habituating pra-c.etoS ~b tdbllsbed ln lItI':> thesl!-,. 

It would !:le of great interest to determine what Pi'lth'''dYS :Ire involvcd 
( 

in the response changes, what drIve is needed ta force the pro~pss 

to its limit. Perhaps such experImentation will lead to an under-

standing of the ~asic time coùrse of a general habituating process 

in the central nervous sys~em • 
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As a final remark, sorne applied considerations are 

apropos. The recent Skylab astronauts, as weIl as pilSts and 

searnen, have often suffered the malaise and naUBea that comprise 

the motion si~kness syndrome, the latter being responsible for 
~" 

impairment of performance and motivation. (The time course of 
1 

their sympto~s is very similar ta the induced motion sickness 

of vision reversaI. The prism-reversaI May provide a simpf~ 

and ihexpensive method upon which to base the assessment of the 

time course, the degree of impaired function, and the value of 

therapy in the treatment of the'side effects of the habituating 

pTocess. In the case of astronauts the prisms may be a useful 

tool in the habituating of individual wh1lst still on the ground, 

therefore increasing the valuable working time of the man in space. 

Intrrguing results from recent experiments employing vision reversaI 

(Taylor, 1962) nave.shown that by w~âring reversing goggles for only 

selected periods of the day one can eventually reach a point of 

normal motor performance and visual perception in both the reversed 

and non-reversed environment. Could such training be applied to 

astronauts, sa as to allow them to perform with the least amount of 
6-

side effécts both on earth and in their space environment? 

1 
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"Quantitative Ataxia Test Battery" 

Test Battery (Short Version) 

AlI the test~ were performed with shoe~on. Males wore fIat 

leather soled shoes, and the fernale subjects wore thin-soled fIat 

, ' 

shoes. Prior to testing, aIl subjects were given the following 

instructions. 
/ 

Instructions 

c 
Test Sequence: 

(a) Walk1ng with eyes ')open (E/a) on a 0.75 in. wide rail (8 ft. long) 

(h) Standing with eyes open on a Q.75 in. wide rail ( " ) 

(c) Standing .,with 
" /> 

eyes closed (E/e) on a 2.25 in. wide rail -( " ) 

'~ , 
'0 

(d) Walkfng with eyes open on a 2.25 in. wide rail " ) 

(e) Standing with eyes open on a 2. ~5 in. wide rall Il 

(Note: (d) and; (e) were added to tests not included in the original 

Pensacola tests. The rest of the instruction and procedure are 

identical. ) 

Body Position For AlI Tests: 

a. Body erect or nearly erect 

b. Arms folded against chcst 
r 

c. Feet in heel-to-toe position (H/T) .J , .. b-
~ 

d . Feet tandemly aligned .... 

" . 

;-
\ 
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Scoring: The best lout of ~ trials constitutes the scoring procedure. 

a. Walk RIT Tfost - The first 2 steps, which are necessary for 
• j - , 

"" POSitioni~ on the rail, are not 5cored. A trial begins,when 

the third step ,is taken. " 

Stand E/a est --Timing begins as soon as correct position b. 

on the rail is assumed. 

\ 

c. Stand E/C Test - Tou may take unlimited time for positioning ~ 

yourself on the rai1 first with your eyes open. Timing will 

begin as soon as you close your eyes. Examiner will observe 
1 

your eyes carefully, 50 that signalling the examiner is unnecessary. 

General: 

A-s- there does not appear ta be any single "best method", you 

must develop (rapidly) your own techniques. You may position your 

headup or clown and/or forward or backward; you may lean forward or 

backward slightly if you do not prefer a perfectly erect position; 

befween trials, alternatlon of the feet is permissible; you may 

place more weight on your front foot than on your rear ~oot or vice 

J . 
versa, or you may distribute your welght equally. However, a stooping 

position should be avoided • 

• 
Scoring Procedures 

As with the Long Version, after 'subjects read instructions the 

èxaminer demonstrated aIl procedures and answered,all questions ra~sed 

about the performance procedures. Examiner gave tW'o or three demonstrations 

'-
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• of standing on each of the two rails. The scoring procedures were . 
~ as fol~ows: 

Walk HIT Test 

a. Each' correct step is scored,\s one (step). 

b. Maximum trial score equals five,(steps). 

c. Maximum test score equals fifteen (steps), the sum of the 

three best trials. 

Stand E/o Test 
\ 

a. Timing, ta the nearest second, beg~ns when subject assumes 

correct and balanced position on the rail, and timing ends 

at 60 seconds, or when subject violates his position, or 

falls off the rail. 

b. Maximum trial score equals 60 (seconds). 

c. Maximum_test score equals 180 (seconds),. the sum of the 

three best trials. 

Stand E/C Test 

a. Timing begins as soon as positioned subject closes his eyes, 

and timing ends at 60 seconds or when subject violates his 

\ 
position, or opened bis eyes, or falls off the rail. , 

b. Maximum trial score equals 60 (seconds). 

c. Maximum--test-score eqUc'lls 180 (seconds), the sum of the 

three best trials . 

• c 
" 
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• 

A representation of the test- battery - short 
( 

version (from Graybiel and Freg~966). 

a. and b.,- walk HIT Test (on 0.75 in. wide rail). 

- c. ~ Stand E/o Test (on 0.75-wide rail). 
:. 

d. and' e. Stand E/c Test (on 2.25 in. wide rail). 

-, 
; , , 

-' 
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