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ABSTRACT

This study is an investigation of long-term adaptation in the
human vestibulo-ocular refiex (QOR). Repetition of”prolonggd uni-
directional head rotation'leads to progressive decline of the
reflexly induced VOR. Yet such declibe'does'not appear to occur during
the natural movements of everyﬁay life. The following experiments

) ,
investigated the possibility that such changes only occur when they
are functionally ;dvantageous. . . .

In the first major experiment, ‘the VOR gain (eye angular velocity/head

angular velocity) was measured in eight‘ﬁubjects, with eyes open in the dark,

and exposed on 3 consecutive dayé to 1 hour of horizontal sinusoidal
oscillation ét?1/6 Hz and 600/sec velqcity amplitude. These values
lie within the presumed*%angé of velocity transduction in the human
semicircular canal,” and hence probably within the range of natural
stimulation. The results showed no significant changes of VOR

-1

gain throughout the experiment,

%he second experiment used the same subjects, with the same \
vestibular stimulus, but during‘rotation subjects attempted optokinetic
tracking of a mirror-reversed image-of the surround, therefore making .

9
The VOR oppose the visual fixation. The VOR gain now showed substantial.
(25%) and significant (P((0.00l)\decline at the end of each 1 hour test
period, and the pre-test control gain was significantly lower on 3rd

than on the 1lst day (P<£0.001).

Th® third experiment investigated the extent to which VOR could

o




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

be changed when given prolonged vision-reversal, here provided
by the use of "dove'" prism-goggles that reverse the horizontal, .
but nat the vertical plane. They were worn continuously during
all waking hours for up to 27 days. Results ;howed progressive ‘
decrease in VOR gailn to almost zero in the first 7 days, and then
—

an increasing but "reverstd" response to about 50% of normal gain
after 27 days. The "reversed" response at 1/6 Hz was about 50° .
phase Advanced relative to true reversal. Readaptation to normal

. .

was almost immediate for phase but lasted 3 weeks for VOR gain.

No VOR change occurred in the sagittal plane, indicating high

geometric specificity.

Tests of functional changes during the prolonged vision ~
reversal showed that visual fixation was impaired even when the

subject was permitted voluntary head oscillation. Postural equilibrium

of wholebody adjustment, or optimisation, to the reversed visual

environment.
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) ] RESUME
Cette étude a été entreprise pour étudier 1'adaptation d - :
long terme du réflexe vestibuloocculaira (R.V.O.N, La répétition de

P
mouvements Prolongés de rotation unidirectiornelle de la t@te

¢
entralne une baisse progressive du R.V.0. induit. Toute fois une
telle diminution ne semble pas sur¥enir au cours des mouvements spontanés

3

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

tester la possibilité que ces changements ne surviennent que :lorsqu'

ils sont fongtionnellement avantageux.
Au cours de la prﬁgiére phase expérimentéﬁe le gain du R.V.O. (vitesse
v
angulaire des yeux/vitesse angulaire de la t@te) a &té mesuré chez 8 ;ujets
exposés les’'yeux ouverts dans 1'obscurité pendant une heure, 3 jours consé-
cutifs, 3 une oscillation sinusoidale horizontale de fréquence égale a
1/6 herz et de vélocité égale a 60 degrés per second. Ces valeurs sont
situées dans la zone présumée de rapidité de transmission dans le canal
semicirculaire de 1'homme et sont donc probablement dans less limites
normales de stimulation naturelle.
Les résultats n'ont pas montré de changement significatif de
gain du R.V.0. tout au long de l'éxpérimentation. La seconde série

d'experiences a utilisé les mémes sujets soumis au méme stimulus

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

v~

visuellement 1'image de 1'entourage inversée au moyen d'un mirroir,
faisant ainsi s'opposer le R.V.0. et la fixation visuelle. Le gain

du R.V.0. a montré dans ces conditions ung’bqisse substantiéi{e (257)

.
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et significative (P{{0.001) 2 la fin de chaque période d'une heure.

De plus le gain mesuré avant le test s'est avéré significativement
P 4 g

s D)

plus bas le 3© jour que le premier (P{0.001). .

e -

‘ -

La 3° série d'expériences a exploré les limttes dans lesquelles

lJe R.V.O. peut étre modifié quand le sujet est’ exposé 3 une inversion
(I

visuelle prolongée. On a utilisé des lunettes (prismatiques) "ddve"
qui inversent le plan horizontal mais pas le plan vertical. Elles

étaient portées pendant la totalité deggbeures ou les sujets étaient
(‘-4_! "
réveillés peddant une période pouvant aller jusqu' 3 27 jours.

<4

Les résultats ont montré un déclin progressif du ga¥n du R.V.0. pour aboutir
‘a une valeur a peu prés nulle vers le 7° jour, puis une augmentation
(inverseé) de la réponse atteignant au bout de 27 jours une valeur
normale. La réponde "inversée' 3 1/6 Hz était 3 peu prés en avance

de phase de 50° par rapport a i:inversion vraie. La réadaptation a ‘
la situation normale é'est avérée étre presque immédiate pour le

décalage de phase mais a nécessité 3 ‘semaines pour le gain du R.V.O.
Aucune modification'du R.V.0. n'est apparue dans le plan sagittal,

indiquant une grande spécificité géométrique.

Les tests effectués au cours de l'inversion visuelle prolongée

+

2
ont montré que la fixation visuelle était altérée méme-lorsque le

sujet effectuait des oscillations volontaires de la téte.. L'équilibre
postural et la perception visuelle se sont également avérés etre

modifiés, conséquence de l'ajustement de 1'organisme 3 1'inversion visuelle

!
- 0

de 1l'environnement. . _—

\
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condition of the organism is possible. Put another way,iégnodé

1. DISARRANGEMENT STUDIES

E

(a). History .

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

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

case, a reversal of the viswal surround on the retina. The concept
-

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

inherently implies that a change in the physiological or behavioral

“

climbs the phylogenetic level there is a movement from hereditarily
built-in response, to environmentally controlled plasticity.” -
Therefore, an animal very low on the phylogenetic scale may be said

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 review of recent
w;rk in central patterning and neural conkrol is covered well in’ the
Neurosciences Research Program Bulletin on ''Central Control of
Movement" (1971). This latter review points out generally that in
very low phyla such as the newt (Székely, Czé&h and Vbr&s, 1969), the
motor output is entirely central in origin and its automaticity is
not effected by deafferentation. Higher up on the phylogenetic scale
one can see centrally patterned movements triggered by the environment, )
as in the sound reflex of the Cicada (Hagiwara an?.Watanabe, 1956) .

which is mediated by two sound muscles, each innervated by a single

e
— b



.
“

motoneurone. One external stimulus to the sensory nerve causes an

alternatging activation pattern of the two muscles.

Motor patt*ning in' lower vertebrates and iqvertebr%tes seems
to arise autonomously, irtespective of early éxpe;:ience. The motor
coordination has been shown to be independent of practice. The same

autonomy of central patterns that ‘makes the low phyla immune to early

sensory deprivation (Nottebohm and Nottebohm, 1971), as well as to

]
’ 5 o

dep‘rivation of afferent ilnput (Mariéy, 1964), also leaves them helpless
when faced with abnormal changes'in‘ ;gnSOry input as after inversion of
their visual fields (Sperry, 1950). Sperxry (1950) showed that when
the eyes of a fish are rotated 1800, it exhibits p-ersistent circling
behavior in a moving striped cylinder, and this movement will not adapt.

/ L}
The same behavior has been observed by von Holst and Mittelstaedt (01950)I

with fish and with the fly Eristaléis, whose head was turned 180°
so that the two eyes were interchanged. When these insects begin to
move in a striped cylinder or whem the cylinder 1is moved, they spin

rapidly to the left or to the right unfil exhausted.

Working with amphibians, Sperry (1943a) severed the optic nerves

of a newt (Triturus Viridescens), and rotated the eyeball 1800 about

the optic axis. After recovery, visual perception was systematically

'

reversed, optokinetic reactions were reversed, and there was erroneous

?

spatial localization of small objects, with no later readjustment to
normal. Similar results were obtained under identical circumstances using

s

the more highly developed Anuran amphibians, such as frogs and

‘
!




toads (1944), and in experiments with newts in which the eyeball was

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

of optic nerves, or contralateral transplantation of the eye
VPN
(Sperry, 1945) also p;odﬁzéghphe same results, leading Sperry

b,

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 ﬁofe recent study on rewts, Székely et al (1969) showed that

a normal pattern of EMG activity during movement remained after complete

, . +
deafferengktion of one or both forelimbs. This included a high

deéree of co-contraction of antagonistic muscle groups. Székely's

conclusion 1s that the coordination is controlled centrally, needing
no affgrent information from the limbs. Working with amphibians,
Weigss (1950) exchanged adult salamander forelimbs so that the limbs
péinted in the reverse direction. Although the 1imbs moved in a co- -
ordinated mannei, the motion always remained reversed. This was the
case even 1if the limb buds were reversed in the embryo.: Deafferentatien
of frog tadpole legs (Weiss, 1941) also produced no impairment in

the coordinated function of the legs. The conclusion is that in ,
these phyla many of the coordinated mechanisms are built in, without
need of sensdry feedb:;k. Therefore, 1f 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.



As one moves up the phylogenetic scale, the plicture of

buiit 1n patterned response becomes 1685 «lear. Newly hatched

leghorn chicks (Hess, 1956) were fitted with rubber hoods containing -~

binocular prisms that displace visual objects laterally by a few

)
degrees. Their responses were correspondingly displaced. Howeyver, they
&
constantly missed the target by a distance which matched exactly

§

the visual displacement imposed by the prismatic cpectaclec. Chiclks
that are placed in complete dark isolation and feod artificially

from a spoon for two weeks after hatching, and then returned £o the

=

light, never deveiop the pecking response {(Padilla, 1935). The

necessity for such a critical early time period for learning, makes

it clear that practice, and therefore interartion with the environment,
] ‘

becomes more important in the higher phyla.

mL v v - — e - $ - -
The ability of mammals to adap helr movamoentis teo 3339 cxtent
. .

is typified by ecarly experiments with Macaca Mulatta monkeys, where some
~ e
7, . ° ]
adjus®ment of their movement was evidenced alier weariug an iunverting

4

lens for elght Hays (Foley, 1940). Bossom and Hamilton (1963)

&

similarly found that monkeys could adapt to 3113C lateral visual
displacement after two days. After unilateral and bilateral forelimhb

/
deafferentation in monkeys, ‘Taub and Bgrman (1968) noted that although
large motor deficits occurred, there was adaptability in 1imb use
during subsequent conditioning‘exé;riqencs. Held and Bauer (1567)
combined a visual-motor coordination and restrifted~rearing experiment,

working with*intact macaques monkeys. The animals were prevented

from seeing their bodiés for the first 34 days after birth. In the

|




post-restriction period the mo&ﬁéys-proceeded from an initial

inability to coordinate visual-motor performance, to locomotor
behavior indistinguishable from that of a normal monkey of comparable
_ age after 2 to 3 months. Related studies on kittens by Hein and
Heﬂg (1967)«confifﬁéd both the ability to adapt after restriction
and the importance of visual-motor coordination. Bishop (1959),
as Qell as others, have been able to show that cats can adapt to
displaced vision. Various reviews of early experience and its effect

on the behavior of animals may be found in Maier and S;hneirla (1935), _-

5 l

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

(b) Adaptation in Man

Experiments concerned with inverted or displaced vision in man,
have been carried out algggt exclusively by psychologists, whose m%in
1)

concern has beer the effect on perception and behavior. Since the
. P
-] ez

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 B

findings which have a bearing on the present work.

In fragmentary form, the work on human adaptation to optical

-

distortion has a considerable historical 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 toncerned with displéced vision

B
of a few degrees and its effect on perception and visual~motor

coordination. The second group emphasizes adaptation to complete

B
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B

inversion or reversal of the visual field. Since this thesis used

a visual reversal technique, the second group will be emphasized.

(i) Adaptation to Displaced Vision

Work on displaced vision dates bacé.to the late nineteen
hundreds. Helmholtz (1867, 1962) reported adaptation to a displace-
ment of the visual world, produced by looking through a wedge prism.
He reported that in the initial stages, pointing to an object produces
gross error in localization. Very quickly, however, the error 1s
overcome, and the subject-learns to point accurately. These experimental
observations were not restu&%ed for almost a century. Recent work
by Harris (1965), Hamilton;(i964) and Festinger, Burnham, Ono and
Bamber (1967) have, in gééeral, substantiated these resulks. [p/fg//
now agreed that the most obvious consequence of wearing displacing
prisms or spectacles, is the disturbance of visually-guided behavior,
such as pointing. Movements towards objects will be directed to the.
position 1n space from where the displaéed optical array would normally
émanate. %f the {}9b‘is in view, the 1nitial mistakes are easily
corrected, and the subjgct can guide his pointing limb to the target.
Therefore, in an experiment in which the effects of distorting prisms

i

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

-
.

part of his body until the movement ‘is complete. Several authors
lbayp recently claimed that the adaptation results from a change in
o

the felt position of parts of the body relative to each other,

(Harris, 1963, 1965; Hamilton, 1964). They observed that the altered




-

reaching, apparent after reaching for displaced visual targets, is

also evident for pointing ;t nonvisible targets such as sound sources
! 3

(Harris, 1963). The i%ﬁication that this generalization of shift

is due to a change in proprioception which underlies the felt position

of the reaching arm has been challenged by Efst-thiou, Bauer, Graene

and Held (1967). The theories accounting for, this adaptatien are

still being argued.

An important aspect to much of this work has been the effect of
voluntary movement as a sensory feedback to the adaptation process.

Much of this work has emanated from the laboratory of Richard Held. In a

1963 experimgéh, Held and Hein placed tuo kittens in a circular apparatus “

s

contain}ng,vertical, Plac? and white, aliernating f&nes. The actively
moving kitten was attached by a pulley arrangement to the passiye

kitten, whose vision was unobstructed but whose movement was confined

to a box; the latter being pulled as the active kitten moved. The results
showed that self—éroduced movement and the concurrent visual feedback

are neceasary for the dev%lopment of visually-guided behavier. In

human sensory rearrangement cxperiments (Held, 1955; Held ana Hein, - )
1958; Held ‘and Frecdman, 1963), voluntary movements have dlso been shown
to be essential for the achievement of complete adaptation to the new
environm;nt. Held and Bossom (19%51), and morc reccently Held and

Mikaelian (1964). used human subiects wearipng wedge prisms which in ‘
one case displaced the visual field (1961), and in the second (1964) ' , b
rotated the retinal image. One subject group was permitted "active"

v

voluntary movement whereas the second 'passive' group was moved about
\ - ' F g

ey - S I v ey T
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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 some of these results are sgill being debated (Howard and

Templeton, 1966), it is agreed that "reafference" (v@gsﬂolst, 1954),

4
in the formM of voluntary movement, is a powerful component of visual

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

»

of this introduction.

(11) Adaptation to Reversed Vision ¢ =

Anotﬂér 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 were eventually seen as upright.
When the optical devices were removed, objects at first appeared upside-
down. More experiments were pérformed by Stratton (1897), who was
concerned with whether gr not one could re-invert an optically inverted
visual world. For this purpose he wore a leps system which inverted

and reversed the optical array in front of oﬁéﬂéye (the other eye
5 -

~ -

occluded), for eight days. His neporgslare all observations and
o .
o »
N
thodghts on the visual or disturbanfes &uring that time. 1In his

running account of day 1 he says;, "Almost all movement performed
under the direct -guidance of sight were laborious and embarrassed...

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

‘side ... to write my notes, the formation of the letters and words
K

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

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

.

<
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on the fifth day, he did observe that: ''the appropriate hand often
,& “

came to the appropriate side of the visual field directly and without

' -

the thought that that visual side meant the other side in motor
or older visual terms". (p. 355). Anticipating later work by Held

and others on voluntary movement and adaptation;‘Stratton noted on

~

day 5: "In rapid, complicated, yet practiced movements, the harmony
of the 1ocalization’5y sight and that by touch or motor perceptioch -

the actual identity of the positions ;eported in these various ways -

H ¥

came out with much greater force than when I sat down and passively

aJ :

observed the scene'. (p. 356). Stratton also noted that sound of

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

I3

geemed to come from the opposite direction to where they had been seen
to pass out ofkﬁight.' However, when the source of sound was in sight,

the sound seemed to originate in the visual object responsibleufor

-

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

‘there is good evidence from Stratton (1897) and Ewert (19%0), that
L . i

:

after several days of continuous wea%ing of inverting glasses, subjects

v

reported a stable scene when the head was moved. Stratton's reports
\ P
‘are somewhat ambiguous, but one can reasonably infer that he gradually '

learned motor adjustments. However, Stratton's visual world, in the .
E

sense of visual perception, remaingd inverted. ‘ L

;Considerable space has been_given tp Stratton's expefimenqgil
. N ra ) *

observations for several reasons.f_Fffstly his introsﬁthive and ,

4 N

beh ioral approach led to g whole series of similar effortg‘by other

authoérs (Ewert, 1930; Carr, 1935), whose conclusions were often

3
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debates of Stratton's verbal observations, with few new concrete
& s .

.

,//r‘\ﬁigg)ngs.on the physiology, or p%yrhology of visual-notor -

s
coordination. Stratton's work has added significance in that many

of his observations were later incorporated into theorctical studics

¢ A

by authors such as Kohler, Held, and Harris, rwho attenpt to explain
t i
s 1

the complicated adaptive mechanisms. -

* “Thore,were some similat studies done by Wundt {1894)
-~ ;
and 'Ewert {1530), but it was' the team of Eraisman and Xohler who gave
- ‘ b "
y " ’ “ s
a new Lmpetus to research on' such problems. Kohler has published

v
7

papers of their” many studies (1951, 1953, 1956, 19629, in which they have

done the most Ehorough work on the subject (see Kottenhoff, 1957a, b,
y of this work)., In their experiments the

‘

r{a

tn

for an English cumma

apparatusg previded cither right-left reversals of wision, or up dcwn ¢

¢
‘ °

iliversioud, bur nou both simulitancously as in most earlier studies.

They paid equal attention te motor readfustment, and to pussible .
Y ‘

! B .

i

’ Ll . 3
‘ perceptual changes. An attempt was made to measure the course of

botk ‘their maximum chagde, and the after-effects when.the spectacles 1

5

were removed after contifniugus wearing (for up to four months).

v

Kohler's approach is phenomenolongical, relying?on the :introspective

reports, of his subjects, rather than on the application of controllied
psychélogical and/or physiological tests.
- ! R H
From Kohler's reports, it is clear that moter readjustment

AA‘x

precedes 'perceptual" readjustment by days or weeks (Kohler, 1951).

Furthermore, both motor and perceptual reorganization seem easier" \

&
.
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with up-down than with right-left reversals. In his stu;:lies there
are large individual differences in rate and extent of readjustment,

as well as differences with age. The motor readjus‘a/t’ment goes quite
- e

o

f'ar. After two weeks or more( subject:eg:wé'r”e/’aile to execute smoothly,
very complex movements such as skiing, climbirfg, cycling, fencing, and
riding a bicycle in heavy traffic. - Ién the context of this thesis -
: it should be noted particularly that all these 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

i of the'éxperimental period there still remained a téndency to make
"false starts'',and each new task had to be learned piecemeal; success
at one skillr‘not necessarily transferring to other skills. For the
first few days", there is subjeétive motion of the visual s.cene, often
accompanied by giddiness and nausea, the latter diminishing greatly
after the initial periods.
In the perceftual/ sphere,” adaptation is peculiar in that there
seem to be piecemeal reagijustment;: within the scene. Wi;:h right-left v
reversing spectacles, subjects report at some stages that they ''see"
cars on the correct (actual) side of the street and hear the engine
nolises as emanating from the correct side,'yet the cars bear licence
plate;; in“rl}fl:"for writing. After many weeks, however, complete motor |
and perceptual adaptation occurs. Also important is that upon removal

of the prism goggles subjects went through a readaptation process in

the new ‘reversed normal world, with the readjustment time course being

‘ of comparable length to the original adaptation. =

Other work in recent years has sul):stantiated Kohler's findings.



Snyder and Pronko (1952) used a control condition to ifvestigate

the effect of the constriction of the visual field which inverting
spectacles necessarily impose. They found that constriction of the
figld t6 20° in tﬂeir experiments did not appreciably influence the J
quantitative or qualitative results. They also noted, as did Peterson
336 Peterson (1938), that the visual‘motor patterns learned during
the adaptation period were retained when the subjects were again
tested with.thg spectacles after a period of several months of normal
visual experience. A startling report of adaptation was made by
Taylor (1962). One of his subjects wore left-right reversinglgogg%es
for selected periods of the day, for several days. The remainder

] ' I ’ ?
of each day was spent with normal vision. After only a few days this
subject had developed a peffect conditional adaptation. ﬁhile riding
a bicycle he could put the goggles on and take them off without

interference to the motor activity, and without altering his visual

perception.

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

and argued (Rhul%ﬁd Smith; 1959; Smith and Smith,, 1962; Festinger

et al, 1967), although it 1s agreed that the adaptability of man in

both motor and perceptual spperes is enormous. The next section covers

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

have led to a clearer understanding of the possible underlying

14

physiologigal progesses.




(c) Reafference, Efference Copy, and Feedback Theories

In order to interpret all the previous findings in the dis-
arrangement studies there was a need to formulate theories that
could explain the perceptual changes and motor control. The -
theories on visual disarrangement’ would have to take into account
the differences between movements on the retina produced by voluntary
eye movement, and retinal ch“énge producéd by movement in the physical
world. It can be easily shown that if the eyeball is passively moved
(by tapping on it) there is apparent movement of the visual field.

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

field remains stationary. If the extra-ocular muscles are p‘aralyzed,

14

.an intended-movement of the eye (which does not in fact occur because

of the paralysis), creates a subjective movement of the visual field
in thé direction of the intended movement. \

Although there is a long history of psychological experiments and -
theories surrounding this and related problems, only those studies
which have direct importance td-this the;is will b:. c‘overed here. After
performing the experijpent above, Helmholtz (1867, 1962), working with
himans, proposed that centers in ghe brain are directly provided with
information about the efferent output to .the extra-ocular muscles in '
order to distinguish between voluntary eye movement and external

movement - in the visual surround. In the early 1950'sc papers by

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

Holst (1953) and von Holst (1954), put forward the theories of

J




"efference copy" and "corollary discharge' based on experiments

on insects and fish already noted previously (p.3). von Holst (1954) -
proposed that the "efference' from higher centers leaves an image

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

movement compares itself. A superimposition would 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 continual movement, which in turn would

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

at this ph&iogenetic level there is never an adaptatign to the reversed

visual condition. 1In an independent study, Sperry‘fﬁ950), 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 discharge' to the
,

visual centers to compensate for the retinal displacement when the

eyes are rotated. Any anticipated adjustmentﬂwould be wrong, and

would accentuate }ather than cancel the il%psory outside mo;ement.

’

Similar observations, and theories are frequent in the more recent

c

literatyre (Groen, 1957; Brindley and Merton, 1960; Hein and Held,

'm;'”1962; Mackay, 1966) in which a variety of animals in the phylogenetic

scale have been used.
Very recent neurophysiological experiments by Ito (1968, 1970,
1973)have produced a much closer link between these theoretiny

concepts and the available experimental evidence. Ito discusses
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the concept of "feedforward" cogtrol, which hypothesises a direct

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

This "feedforward" would only roughly approximate the required
movement, but would be backed-up by a '"feedback" system for fine
control. The importance of this concept is apparent in view of the
experimeg;al evidence obtained by Ita (1968) suggesting such a
feedforward network in the vestibulo-cerebello-ocular system.

The importance of Ito's*findings, as well as other recent physiological

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

2. VESTIBULAR HABITUATION STUDIES,

The main object of this thesis surrounds theistudy of chqnges
in vestibulo-ocular function, or-'"habituation", after repe;ted, N
vestibular stimulation. The phenomenon of habituation has been recognized
for many years, and there is a considerable literature devoted to
|

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

the causes and effects of‘habituation, as seen through the literature,

Ny

will be discussed.

(a) Effect of Arousal

]

(i) History
ki

com
The arousal phenomenon” has' long been recognized by psychologists

as a response to new and unusual stimuli (Abels, '1906; Cannon, 1929;

Duffy, 1951; Lindsley, 1951; Wendt, 1951; Guedry, 1965a). In daily
bt <

’

4



life, constant variations in stimulus conditions keep arousal at a

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

¥

is delivered, and the subject is not required to produce any voluntary

1

reactions to the stimulus, a loss of arousal with a concomitant
decrease in reflex activity becomes apparent.

I4g
The general effects of arousal have been used to explain

'
. #

the phenomenon of nystagmus habituation due to repetitive vestibular
stPmulation. Abels (1906) mentioned that it was a possible cause of
the decreases in response he observed. Wendt (1951) confirmed that
habituation of n}stagmus is a prime result of an uncontrolled altertness.

&
In fact, he claimed that in the dark, habituation did not occur until
a ''reverie state" or loss of arousal was obtained. Earlier studies
by Griffith (1920), Dodge, kl923), and others, showed response
decl}nes with repeated vestibular stimulation, but’® the.lack of controlled
alertness in their studies makes the results suspect. In recent
years work on habituation and arousal has been intensive (Guedry, 1965).
In all c;ses the general conclusion obtained confirms that alertness
is important in maintaining nystagmus under certain specified
conditions.

®

Although-there are some conflicting results due ip part to
interspecies differences or varying experimental conditions, the
following conclusions are not in dispute. Alertness is a crucial
variable for habituation, especially When other }nputs such as vision

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

Any extraneous change can immediately cause a return of nystagmus




i

(Guedry, Collins and Sheffey, 1961). The habituation, in cases

of non-arousal for both men and monkeys, consists of a change from
the normal vestibular nystagmus to a form of nonconjugate eye move-~
ments found in sleep (Wendt, 1936; Collins et al, 1961). Another
common finding is a reduction of slow phase eye angular velocity |
(Collins et al, 1961). Collins and Guedry (1962) show further that
arousal is important in maintaining the fast phase as well, with the

fast phase undergoing the most variation.

t

(ii) Control of Arousal

Methods to control alertness have been studied extensively.
Early work concentrated on methods which could reduce the variability
of nystagmus caused by the changing subjective states. Wendt 61951)
developed the concept of "epvironment-directed orientation", which
wp;ld avold the wandering, autogenous eye movements and the reduced,
nystagmus often seen in "inward-directed reverie states'. He employed
th; method ¢f having subjects imagine a ship on the horizon. This
method is effective for some subjects. However, later studies
(Collins, et al, 1961; Collins and Guedry, 1962) have shown that the
_important factor is the degree of mental activity, or aiértness, and

L 3

that whether ‘the subject is "inward-directed" or not makes little
B

différence, as long as his level 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

3

mental’activity. However, it is not necessary to have enviponmentally-—

.

Ny
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directed conditions. In fact, a mental arithmatic task seems to
provide the least amount of trial-to-trial, intra-subject variability,
as well as producing awbigorous nystagmus, and hence was used
throughout this study for maintenance of arousal.

Many authors (Herriksson, Kohﬁt, and Fernéﬁdez, 1961 a,b;
Crampton and Schwam, 1961; Collins, 1963; Brown, 1966) have studied
arousal effects on cat nystagmic habituation. Crampton (1964), and
more recently Brown amd Marshall (1967), have made use of D-amphetamine
to create a high arousal state. In all cases this drug was ablecto
keep cats very aroused, although both Crampton and Brown (1965)
conclude that habituation in the dark still takes piace notwithstanding
the amphetamine. Besides the inherent problems of drug administration
in human experiments, the physiological effects of amphetamines ‘are

not fully understood. Therefore, the applicability of these studies

to human habituation is still to be determined.

(i11) Habituation in the Dark; with Maintained Arousal
v

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 relevant literature can be found in

Chapter 3.

-y
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(b) Effect of Vision

The importance of vision as a factor in vestibular habituation
has long been recognized. Dodge (1923) showed that vision had an

over vestibular input. Griffith (1920), using

human subjéfts whd were permitted visual fixation, found a dramatic
decrease of about 807 in both frequeﬂcy and duration of nystagmus.’
It became apparent, therefore, in these early studies, that allowance
for visual fixation was necessary if marked vestibular habituation
was to occur. Ho&ever, even the early studies were not in agreement
as to the effect of vision on nxstagmic habituation. Wendt (1936)
performed 12 trials in which there was alteration between fixation
-and no-fixation duriné the rotation, and vision allowance at the

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

that in the latter experiment vision during rotation gave an optokinetic

o

stimulus synergistic with vestibular nystagmus whereas the optokinetic
stimulus during the post-rotation was antagonistic to the vestibularly-
induced nystagmus. This latter phenomenon has.been used in our own
study and is discussed below. |
Recent studies have been able to approach ‘the problem of visual

factors more effectively. Since arouséi-level has been recognized

“ - as a probable cause of the habituation found in the early studies,

. + it is now controlled much more accurately, permitting a closer

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

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

. vision permitted, nystagmus due to the vestibular input does not

<
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_occur to a significant degree. Rather, the habituation seen is

due to an Increasing visual control. The conclusion is that a léarning
process is probably taking plate and the visual factors are

domin&éing. .Such a respongg would occur during cases involving vision
in a post-rotatory situation where the vesFibular nystagmus produces

movement écrossnthe retina, in turn creating an antagonistic

} .- ’
_ optokinetic nystagmus. This condition is encountered by such «

people as ballet dances, pilots, and skaters who encounter ynnatural

stimulation in their daily occupations.

Mowrer (1934), who tested ballet dancers and skaters, noted that

N

if inspectidn was made of .their eye moveiments when eyes were opened
immedlately after a turn, very little or no post-rotational nystagmus
was observed. Similar results have been obtained by McCabe (1960) and ’ s

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

»
occur when fixation was not permitted after a spin, concluding that

nystagmus decline observed when fixation is permitted does not transfer

to the former condition. 1In commenting on these results, Guedry (1965a)
stresses the importance of voluntary action in suppressing nystagmus

and apparent motion effects. He contrasts it with the introduction
' ’ R ] \

of vision in human and animal experi%ents in which the test subject
1s passively rotated. Even in the latter case experiments by Guedry

(19653) confirm that vision is an important factor in habituation of

-
v

vestibular nystagmus in man. . P

+
i

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

tuation. Crampton (1962b) has pointed out that in "discusslng\gespo se’

’

decrements, it {s necessary to indicate the stimulus parameters, s

[N .
‘e 4 ¢ \
%
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the experiﬁéntal animal, and the response; ocular nystagmus,
oculogyral 1llasion, or subjective judgements of velocity."
Reduced vestibular responses are studied with reference to both
visual an& arousal habituation, as well as calorig habituation and
sensory adaptation. Guedry (1965a;£as included ancother very
important stimulus’éondition: habituation in@olving coriolis
acceleration. The latter form brings in two more factors;

‘- conditioned compensatory fac;or and a conditioned general 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 dealt with in this review. Four extensive reviews
(Wendt, 1951; Collins, 1964a; Gueéry, 1965a; Guedry, 1974) inrthé

literature are available forlifurther reference to the areas not

covered in this study.

[y
"~

(c) The Conditioned Opposing Response

Arousal has already been discussed in a previous section. To

“

dite it appears that although .arousal loss is a definite component
mechanism of habituation, overall the latter is due to several
mechanisms of which red;ction of alertness is only one type (C;ampton,
1962a; Crampton and Schwam,1196l). -

For example, simple loss of arousal could not account for the
/ results of long-term habituation studies performed by.Guedry,
Graybiel, and others, in the 1960's. These authors have begun to

consider tﬂe similarities between vestibular habituation and learning.




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

?

conditioning of opposing response tendencies and Groen (1960) has

even spoken ¢f a égntral "pattern center" which stores the memory

3
e

of repeated sensory inputs; in this case inputs of vestibular origin.
This center, when set up, anticipates and compensates for movements

in the unusual environment. This is ‘very cloke to the-"efference"
princip;g of von Holst and Mittelstaedt (1950), which has already

been covered. Both Dodge (1923) and Wendt (1936) have suggested that
one may suppress vestibular responses by conditioning opposing responses,

In fact, these authors have been institudting the mechanism of learning

LR

which is ;gsé&f not understood well phy;iologically:
In the 1960's Graybiel and h£§ co~-workers started a sg;ies of

experiments on c&mplex vestibular’ stimulation in a slow rotating room, or SRR

(Graybiel, Clark and Zarriello,1960), in these cases vestibular reactions

are produced by volun;ary head movement during whele body rotation.

As pointed oyt by Guedry (1965a), during this rotation there is much

more than a simple conflict of visual and vestibular sensory inputs.

During head tilt relative to the axis of rotation, the stimulus creates

a conflict be;&een messages sent to the CNS by the semicircular canals,

otoliths, proprioceptive, and visual elements. A good review on

(4

- the SRR work may be found,in Guedry (1965a). However, due to the-

importan€e of this work to the present study a brief resumé will now

be included. -~
i

It is interesting to note, in view of the present: experiments, theg

literature review on disarrangement studies (Kohler, 1951), and




related theories on reafference (von Holss, 1954; Held, 1961),,

that Guédry (1965a) sees the SSR experimﬁﬁts as a new form of the

sensory ''rearrangement' experiments, groducing systematic alteration

of vestibular sensory input attending movement of the head body.

Held (1961) has spoken of the iﬁportance of active versus passive
movement for the production of proper reafference as well ags a-

typical relations between movement and contingent reafferent stimulation,

so that progressive shifts in coordipation compensate for the errors

induced by the atypical conditions.

I
¥

In the SRR experiments, where a complex interaction of canal,
‘otolith, proprioceptive, and visual stimulation takes place ﬁément
to moment, the "atypical conditions" that Held sees necessary for T
adaptation are definitely pfésent.
In these experiments, subjects were rotated for various time
periods (hours to 12 days) and at various speeds (5;4to 10 rpm).
//Sﬁbjects were allowed voluntagy whole body movement in most cases,
qlthough during several experiments only certain restricted movements

was permitted (Guedry, Coliins and Graybiel, 1964). When permitted
freedom of véluntary movement, and vision, a striking effect was
observed during post-rotation tésts. Namely, tilting tests prpduced
nystagmus that was opposite in direction to that prodticed by the same
movements during the rotation tests. This "compensatory nystagmus"
could persist for several hours (Guedry and Graygsel, 1962), and did

not occur when, in other experiments, subjects were restricted

in their freedom of movement (Guedry, 1964). In the most extensive ‘/

1
"
¢
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run, consisting of continuous 12 day rotation at 10 rpm (Guedry,
1965b), rotation tests before and after the 12 day period showed that

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

¥

produceq almost no nystagmus. fhis contrasted with tests in the
unaccustomed direction, whére nyétagmus showed 1increased intensity
from that obtained in tests prior to the 12 days rotation. In
addition, even when the compensatory reactions disappeared, there

remained a_depressed nystagmus in both the practiced and unpracticed&

&

directions of test rotations.
Guedr§watgributes the response changes observed to a conditioning
of the otolith and visual sysgems, neck kinesthetic receptors, and the

intention involved in head movement, that together signal a particular

pattern of discordant influx from the semicircular canals, and
eventually release what he calls a "competing response”. In light

of the experiments on visual-vestibular interaction to be described

in the present study, Guellry's observationsbear considerable interest,
A s

-

in that they serve as a bridge between the psychological observations

and the more recent neurophysiological research. The latter is

o

'reviewed fn detail in Chapter 5.

\ J

3. CELLULAR HABITUATION .

As a correlate to studtfes of the behaviotal component of
’
habituation, there hasbeen an increasing amount of attention focused
on habituation as it applies to the individual'neurone in the CNS.

Recentlyﬁh number of researchers have described CNS neurones which

exhibit properties very similar to those of behavioral habituation

1
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(Bruner and Tauc, 1966; Kandel and Tauc, 1965; Kandel, Castellucci,

Pinsker and Kupi:,ermann, 1970). In short-term studies it is found

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

responses decrease or cease-entirely if the stimulus is presented

)

for intervals of seconds to minutes. The response decrement is more
or less specific for the stimulus, since after habituation a change
in the stimulus parameter can re-excite the neurone. Recovery can

¢

take seconds, in mammalian neurones, or hours in the case of invertebrates.

A combined behavioral and neurophysiological approach has been applied

to the marine mollusc Aplysia by Ka;r;de:l and his co-workers (Kupfeximann P
and Kandel, 1969; Pinsker, Castellucci, Kupfermann and Kandel, 1970).

If weak or moderate tactile s‘timuli ‘are applied to the sip}}on of
Aplysia there 1s a gill withdrawal reflex. This response is controlled
by five motoneuronesin the abdominal ganglia, which receive direct

input from mechano-receptor sensory neurons and inputs from adjacent

interneurones. Kupfermann and Kandel (1969), in intracellular studies

u

of these motoneuromnes, have shown that reflex withdrawal to tactile

stimulation results from direct excitatory input on the motaneurones

from the mechano~receptors. Spontan&ou‘s withdrawal response can occur,
however, from both excitatory and inhilé\i tofy input from interneurones,
allowing for quite variable response, anjd for adaptation. The intact v
animal,” in_behavioral response to tactial stimulation, gradually

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

lasting up to 2 hours (Pinsker et al, 1970). Intracellular recording

€
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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

-

motoneurones (Kupfermann, Pinsker, Castellucci and Kandel, 1970), Kandel (1971),
\
\

concludes that habituation involves a marked change in the synaptic

effectiveness of the excitatory synapses between sensory and motor neurones.
The importance of-new protein synthesis is discarded since the changes
occurred(unalZered afteg 977% of protein synthesis had been inhibited | ¢Z ,
for several hours. Long—term habituation has been examined behaviorally
in theses/animals (Carew, Pinsker and Kandel, 1971), and it 1s found éhat
habituation builds up gradually across days in a 5 day experimenu,wi;h

10 trials per day. This habituation remains unchanged for at least

a week. Furthermore, spaced training (10 trials per day for 4 days)

gave significantly 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 ﬁnderstood; these authors feel that they now have

the possibiliﬁy of studying the neural mechanism of long-term habituation.

'

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

<

relatively simple neural systems, there may be an opportunity to

study the changes in the CNS during adaptation and habituation

r
situations.

More precisely, in the case of the present Study on human habi-

tuation one sees marked and retained reflex changes which would most

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

v

latter is now being shown to exhibit large scale changes during

habituation conditions lays a strong foundation for the larger scale



CNS changes observed in the present study. & definitive review

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

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

4, THE VESTIBULAR NUCLEI AND THEIR CONNECTIONS
7
Neurophysiological experiments currently in progress, that are

attempting to determine the possible sites and mechanisms responsible
for changes in vestibulo—-ocular response similar to the those seen

in the present experiments (see diécussion i4n Chapter 5), have
centered on the cerebellum and vestibular nuclei as likely candidates.

The present section i1s a brief review of the anatomy and physiology

of the vestibular nuclei, with particular emphasis on some of its

numerous connections in the central nervous system. -
‘ ~
\
(a) Anatomy "
L]

The first major synaptic center reached by the bipolar vestibular
sensory neurone, coming from the vestibular end organ, is the vestibular

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

14
modification and message spread, they are an important determinant

A

of the final response to wvestibular input. Before discussing relevant

neurophysiological findings, recent work on the anatomical connections

will be summarized. ) '

-

The vestibular nuclei are c;;assiéally composed of 4 main areas:

»
the lateral (Deiters ), the superior (Bechterew's), the medial (tri-

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

Work onr the cat has shown that there are other small cell groups of

2
*
bl
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lesser importance such as group x lateral to the descending nucleus,
the interstitial nuclkusof Cajal, and a group of large cells in the
caudoventral portion of the descending nucleus (Brodal and Pompéiano;
1957). )

A very comprehensive review on tﬂe connections atd synaptic

organization may be found in Brodal, Pompeiano and Walberg (1962),

Brodal (1967), and Brodal and Pompeiano (1972).

(i) Afferent Comnections to the Vestibular Nuclei

The largest afferent input comes from the receptor organ

>

by way of the vestibular sensory bipolar neurones in the vestibular
portion of the eighth cranial nerve. Lorente de NJ'(1933) studied
the distribution of specific labyrinthine fibers to the vestibular
nuclei. Canal afferents entered all 4 major nuclei, while macular
afferents went mainly to the lateral and descending vestibular nuclei.
With destruction of one vestibular nérve, Walberg, Bowsher and Br;dal
(1958) showed that degeneration did not involve all portions of the
nuclei but rather that termination was principally confined to the
rostroventral part of Deiters nucleus, with termination on small and
medium sized cells. No primary fiber degeneration was found in the
contralateral vestibular complex. These results have r&cermtly been

confirmed by Mugnaini, Walberg and Brodal (1967), who sbowed that

termination occurs 'not only on small and medium sized cells, but also
N -

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

- s

end orgaf connections to the vestibular nuclei may be found in

<

a
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Gacek (1969).

Spinovestibular fibérs have their chief termination in the dorso-
caudall portion of the lateral vestibular nucleus with soTe connections
to the caudalmost parts of the descending and medial nuclei
(Pompeiano and Brodal, 1957). Interestingly, these latter discrete
portions are devoid of primary vestibular endings. Furthermore, the
spinove;tibular‘fibers end on the giant cells.

Pompeilano and Walberg (1957) have found termination from higher

levels of the brain onto the medial vestibular nucleus, mostly caudally

and dorsomedially. The fibers seem to eminate mostly from the 1psi-~

lateral interstitial nucleus of Cajal.
A great.many afferent as well as efferent fibers conmect the
cer;bellum agd vestibular nuclei. Direct cerebellar corticofugal
fibers to the vestibular nuclei were first noted by Allen (1924).
The fibers are in two main groups; those coming from the cerebellar
cortex, and the ones from the cerebellar nuclei. Jansen and Brodal (1942) ’

traced fibers from the vermis of the anterior lobe, the pyramus, and

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

1
4

the superior nucleus. There are 1n addition many direct fibers from

the flocculus ending on the superior gnd lateral nucleir (Dow, 1936).

Other recent f?n@ings suggest a somatotoplca% pattern in many projections '
from the cerebellar cortex, as well as éermlnation mostly on the giant

cells. The latter are avoided by receptor primary afferents, as well

as by the cerebellar nuclear projections. A detailed account of direct

cerebellar projections 1s covered in Jansen and Brodal (1958). Recently

Ty

-




Walberg and Jansen (1961, 1964), and Angaut and Brodal (1967), have
shown evidence of direct ipsilateral termination of Purkinjé cell N
axons from the vermis onto cells in the dorsal po;tion of lateral
vestibular (Deiters) nucleus, with some endings in the dorsal portion

of the superior and descending nuclei. All vestibular nuclei 'except

the lateral (Deiters) nucleus are also covered by Purkinje cell

axons from the flocculus, nodulus, uvula, and paraflocculus.
Interestingly, the ventral part of Deiters nucleus receives very few‘\

L.}
direct cerebellar corticofugal projections. The degenerating synaptic

terminals seem to be situated mostly on the giant cells and particularly ¢
on the larger dendrites. Less degeneration was observed immediately
next to the cell bodies themselves. The functional significance of
these findings are still not clear.

Many direct cerebello-vestibular fibers pass through &he rostral
third of the fastigial nucleus (Walberg, Pompeiano, Brodal and Jansen,
1962) . This nucleus itself supplies the entire vestibular~§;clear
complex (Brodal, 1960). However, it avoids many of the areés of
termination of the direct cerebellar fibers and ends mostly on the small
and mediu& sized cells. In general the rostral third of the fastigial
nuclei has direct cerebellar corticofugal fibers, and projects to all
parts of the vestibular nuclei, while the caudal third passes by way of
Hook's bundle to areas not served by the direct fibers. Also, the

caudal third fibers are homolateral. For comprehensive information on

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

-

b

Finally, a comment’by Brodal (1960) has importance to all these findings,

-~
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as well as to this thesis.

"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 vestibulaf'impulseé and .impulses entering the vestibular

nuclei from the spinal cord or descending in the medial bongitudinal
fasciculus will to a large extent not be immediate... OJT? with

regard to the cerebellar afferents the siéuation appeaf; to be different,

since all parts of the lateral, medial and descending vestibular

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

2

-~ these cerebellar connections will be emphasized in later parts of

this chapter as well as in Chapter 5.

&

(ii) Efferent Cogh@ctions from the Vestibular Nuclei

Ef ferent Projection to the Labyrinth

Leidler (1916) was the first to show efferent fibers runniné
along the vestibular nerve to the receptor cells. In 1955, Petroff
found that the fine fibers in the vestibular rami disappeared following
midline cuts in the floor of the fourth ventricle or eighth nerve
section. Wersall (1956), Rasmussen and Gacek (1958), and Dohlman,
Farkashidy and—Solonna (1958), showed the existence of degenerated
endings on receptor cells possessing properties of efferent fibers
found elsewhere. .

Wersdall (1956) pointed out the existence of nerve endings on

Type II receptor cells in the crista, containing a dense accumulation




of vesicles. Similar vesiculated cndings contact the nerve chalices

of Type I cells (Wersall, 1960). EngsErom (1958) showed efferent
fibers to both the cochlear and vestibdlar cells. He compared the
structure of the vesiculated nerve endings with presynaptic endings
in the central qérvous system and suggested that all the vesiculated
nerve endings were the terminals of efferent fibers.

Dohlman (1960), Brodal (1960), and Rossi and Cortesina (1963),
showed the existence of acetyicholinesterase in the vestibular
sensory epithelia. Localization of the acetylcholinesterase was
studied by Hilding and Wersﬁli (1962), and it was demonstrated to be
localized at the granulated nerve endings. Gacek (1960) was able to
show ;he ekistenpe of efferent neryve fibers reaching from the “\~\\ )
vestibular nuclei”to all the ;estibular sensory epithelia.

. Combined with physiological data (Saf;, 1965), it seems ,clear
that efferent fibers.from Ehe vestibular nuclei to the receptor "
endings do exist and that their effedt seems to be an inhibitory one
(Llinﬁshand Precht, 1969). Recent reviews of anatomical evidence for

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

Lindeman (1969).

Vestibulocerebellar Connections o

It is well known that the oldest portion of the cerebellum

[}

(Archicerebellum) is the primary projection area for vestibular
fibers (Larsell and Dow, 1935). The interrelationship between the

flocculonodular lobe and the vestibular system is extensivelv covered

s

\
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in publications by Jansen and Brodal (1954), <Dow and Moruzzi (1958),

o

and Brodal et al (1962).

Primary vestibulo-cerebellar connections have been traced to the
flocculus, nodulus; uvula, and fastigial nucleus, in many species,
and according to Dow (1936) these fibers are all homflateral.
Carpenter (1960) notes, however, that the fibers are Fistributed
bilaterally to the nodulus, uvula, lingular and fastigial nuclei,
and 1psilaterally to the flocculus. He glso found no primary
vestibular fibers entering directly into the m;dial longitudinal
fasciculus. The primary fibers were first identified by Cajal (1909),
and have recently been found to terminate synaptically on Purkinje

cells in the frog (Lliné%, Precht and Kitai, 1967). Their importance

in cerébellar modification of vestibulo-ocular function is discussed

in Chapter 5.

éecondary vestibulo-cerebellar fibers (vestibular primary

Ll

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

to the nodulus, flocculus, uvula, and fastigial nucleus (Larsell,

~

N

1936; Dow, 1936).

In some of the most extensive work to date, Brodal and ?orvik
(1957), after lesioning é%e nodulus, uvula, flocculus,\and roof '
nuglei, found that the vestibulo-cerebellar fibers are derived from
the ventrolateral part of the medial vestibular nucleus, while most of

them are from the ventrolateral regiong of the descending nucleus.

Carpenter (1960) did extensive studies on projections to the fastigial'

.

-
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nucleus and found that they receive mostly uncrossed and some

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

termination of the secondary fibers also occurred bilaterally in the

uvula, nodulus and fastigial nucleus while those to the flocculus

were homolateral. -

Vestibular Projection to Other Centers

Unlike the secondary vestibulo-cerebellar fibers, those ascending
i .
in the brain stem are derived from all vestibular nuclei subdivisions.
. \ .
Brodal and;Pompeiano (1957) lesioned the brain stem above the

vestibular nuclei and found retrograde cellular changes in all four
vestibular nucléi. Mady of .these fibers pass beyond the oculomotor
nucleus (Brodal, 1960). Fibers have been traced to the interstitial
nucleus of Cajal (Ferraro, Pacella and Barrera, 1940), the colliculi,
medial geniculate body, red nucleus, nuclel in the thalamus

* (Carpenter, 1957; Carpenter and Strominger, 1965), and even into the
hypothalamuéﬂ Possible vegtibﬁlo—cortical projections may exist
(Tunturi, 1950; Andersson and Gernandt, 1954), but these pathways are

[///Rdt well understood. Vestibulo-spinal connections have been reviewed bv Bro-

dal et al (1962). Fiberé-descending mostly from the medial (Pompeiano
and Brodal, 1957; Nybegg-Hansen, 1964), and possibly from the
descending vestibular Auclei, are in the medial longitudinal fasciculus.

Nyberg-Hansen (1964) has shown that these medial vestibulo-spinal

tract fibers are confined to the upper half of the cord.: Although




there are bilateral projecfions; most fibers, are ipsilateral.

These medial fibers are smaller in diameter and less abundant than
the fibers in the second-and most important tract; the lateral
vestibulo-spinal tract. The fibers from the lateral (Deiters) nucleus
go by way of the lateral vestibulo-spinal tract (Pompelano and
Brodal, 1957). All gg}l gizes in the nuclei send fibers to the cord,
and at least in the lateral vestibulo-spinal tract there seems to be
a somatotopical organization throughout the cord (Pompeiano and
Brodal, 1957), and only ipsilateral innervation. Yoy
Both pathways have fiber termination on laminae VII and VIII of
the spinal gray matter, mostly on interneurones. It is interesting
that the utricular maculé 1s the main input to the lateral nucleus,
while the medial nucleus obtains primary vestibular input from the
canals (Brodal et al, 1962; Shimazu and Precht, 1965). This presents
a functional difference when applied to innervation at the cord

level, A review of recent anatomical and physiological functional

aspects of vestibulo-spinal pathways may be found in Nyberg—Hansén

(1968).

(b) Physiology

It is clear, from the previous section that vestibular nuclei
1
have an extremely complex anatomical organization. Information on

the related physiology, that has recently been accumulating, is

N ¢ .
confirming much of the anatomical information, as well as adding a



further dimension to o¥r understanding of the functional organization

of this important nuclear center.

(1) 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 substantiating this result, note that this monosynaptic excitation

is found almost exclusively in the ventral portion of Deiters nucfaus.

I{Nseems clear that this part of the nucleus receives direct input
mostly from utricular receptors of the labyrinth (Peterson, 1967).

' Most of the Deiters neurones, however, respond with relatively
.small EPSP's, IPSP's following the monosynaptic EPSP (Ito, Hongo,
and Okada, 1969): It therefore seems that an inhibitory pathway
exisﬁs, containing one interneurone most probably in the surrounding
descending and/or superior nuclei. Wilson, Wylie and Marco (1968)’

have also shown evidence of polysynaptic input to the ventral Deiters

nucleus.
el »

The spinovestibular input creates short-latency excitatory post-

“«

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

nucleus (Wilson, Kato, Thomas and Peterson, 1966), but the effect is

‘?l
<

net very important in this portion of the nucleus. It is interesfing,
in this connection, that input from deep somatosensory receptors such

as joint receptors in the pericapsular space, have been demonstrated

to have influence on all vestibular nuclei (Fredrickson, Schwartz,

5
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?

and Kornhuber, 1966), with this information being an important
on-going feedback for postural adjustment. There was no indication

in this study as to which nucleus is most important in this regard.

Stimulation of ipsilateral and contralateral forelimb and hind1limb

nerves often produces facilitatory influence’s on the same Deiters

-

neurone, inferring a great deal of convergence (Wilson et al, 1967).
Cutaneous nerves also create excitatory effects. It is noteworthy
that stimulation of the sg}nal afferents also produces inhibitory

inf luences, due to impulses reaching Purkinje cells of the cerebellar

cortex, with subsequent direct inhibition of dorsal Deiters neurones

'

(Ito and Yoshida, 1966).

Convergence of stimulation of thé'?es&ibular nuclei, in pdé&icular
Deiters nucleus, can become quite complicated. Primary vestibular
fibers go directly to the flocculus and nodulus (Brodgl et al, 1962),
and, as will be discussed later, resulting Purkinje firing produces \

inhibition| of dorsal Deiters neurones. These primary fibers can be
L

~

considered axon collaterals. Monosynaptic EPSP's can be 1induced 1in

Deiters neurones by stimulating extracerebellar centers which send L\

afferents to the cerebellum, and axon collaterals to Deiters. These include

the ventral and lateral funicule of the cervical spinal cord (Ito, Yoshida,

LN

Okada and Obata, 1964), and the inferior olive (Ito, Obata and Och{, 1966).

‘ ' }
This latter center produces monosynaptic EPSP's in Deiters neurones
in advance of the IPSP's created by the fibers in the olivocerebello-

vestibular loop. Stimulation of the medial longitudinéi fasciculus

in the midbrain producgs strong EPSP's monosynaptically in Deiters

e 1



neurones (Eccles , Ito,and Szentagothai, 1967, p. 293).

Electrical stimulation of Deite;g neurones results in

facilitation, both monosynaptic and polysynaptic, of extensor
i ’ A
motoneyrones in all cord levels (Wilson and Yoshida, 1968), although

not with as clear a spmatotopical arrangement physiologically

(Wilson et al, 1967), as anatomically, (Brodal, 1967). }
}

In general, however, neurophysiological experiments support
{ X ¢
the view that the dorsal Delters nucleus cgn be congidered as a way
station in a cerebello-vestibulo-spinal pathway (Braodal, 1967),

whereas the ventral Deiters nucleus acts as part of a labyrinthine-

s
spinal pathway. s \

. 3 \

Y (11) Medial Gestibular Nucleus §

The med #al véstibular nucleus receives chief inpervation, in

the form of monosynaptic EPSP'g, from the ipsilateral lahyrinth

=~

n . . .
(Precht and Shimazu,’L965; Shimazu and Precht, 1965). Most of this .

fnput comes from the horizontal semicircular ¢anals, with the cells

being of two main categories: Typg I cells, excited:by ipsilateral

~~~+ and inhibited by contralateral acceleration, and the Type 11 cells,

inhibited by 1psilateral and excited by contralateral acceleration

(Shimazu and Precht, 1965; Wilson, 1968). The medial cells are also

>

connected tg'the contralateral labyrinth (Shimazu and Precht, 1965). -

w L
’ These cells can be excited and inhibited by contralateral labyrinth

- b

stimulatiom; ‘the pathway being most probab%y throuéh the commissural

vestibular fibers (Ladpl@(gnd Brodal, 1968). The latency of the

' A

\ c |




inhibition is as short as 1.6 msec (Wilson et al, 1968) and, it seems

that some of the commissural fibers are inh&bitory (Shimazu and
Precht, 1966), consisting in the simplest form of én inhibitory
commissural cell, activated monosynaptically éy vestibular afferon;s»g
(Mano, Oshima and Shimazu, 1968). Other pathways consist of-an

excitatory commissural cell excitinglan inhibitory ipterneurone on

’

the contralateral side, near the medial nucleus cell to be inhibited

(Precht, Grippo and Wagner, 1967).

" The medial nucleus receives inputs from all thréé canals as
well as from utricular afferents (Stein and Carpenter, 1967). Recent
experiments by Shimazu and Precht (1965) indicate that cells in the
mediﬁi nucleus can be excited or inhibited by nathral stimulation ih

the farm of horizontal acceleration. In an intercollicular decerebrate

cat preparation, Melvill Joneggand Milsum (1970) has shown that single

séécifically horizontal canal-dependent ncural units in the medial

nucleus respond in phase with stimulus angular velocity in a frequency
range from about 0.1 to 5 Hz. These authors conclude that the similarity
between the theoretical end organ response and the message from the

medial vestibular nucleus is ver& close. The relationship of medial
0
nucleus response to the total vestibulo—ocuf§§ reflex arc has been

¢

covered very recently by Melvill Jones (1971).
[ 4

¢

(111) The Vestibulo-Ocular Reflex AFU~

There 18 a clear correlation between stimulation of the wvarious

semicircular canals and movements of the eyes in particular directigns
1

L
- 1
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(Lowenstein and Sand, 1940; Szentéﬁothii, 1952)}. The connections

from the vesgtibular nucleil to the oculomotor nuclei have been studied
quite extensively. Early experiments, Lorente de No (1933) and
Szentdéothai (1950) produced ggih physiological and anatomical details

of the basic three-neurone vestibulo—ocular reflex arc. In Lorente

de Né‘s experiments (1933) on the rabbit, the stimulus was caloric
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 crossed and uncrossed fibers, mostly in the medial -
longitudinal fasciculus. Szenté%othai (1943) performed gross unilateral
lesions of the vestibular nuclei and found synaptic degeneration in
subdivisions of the oculomotor, trochlear, and abducens nuclei. He
correlated the termination with maps of ihdiéldual extraocular muscles

in these nuclei (Bender and Weinstein, 1943), and concluded that ascending
fibers from the vestibular nuclei on one side terminate in regions .

supplying the homolateralmadial rectus, inferior oblique, and

superior rectus muscles,. and the contralateral inferior oblique,

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

-

implied that there must be a three-neurone arc connection between each

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

/
studies bpy Szentagothai (1950) on cats and dogs, in which individual
; :

4

canals were stimulated by artificial endolymph 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
with the ipsilateral media]l rectus and the contralateral I;teral
rectus. In.gﬁfect, he found short latency responses for each canal
stimulation, 1n only one muscle of each eye. Transection of the
medial longitudinal fasciculus abolished these short latency responses.
Recently,” McMasters, Weiss and Carpenter (1966) have shown secondary
neurone synapses directly on cgyresponding IITI, IV and VI cranial.perves.
Very recent neurophysiological investigation, using electrical
stimulation, has shown that primary afferent vestibular discharge
crosses the secondary vestibular neurones, to produce etther EPSP's
or IPSP's, wi&h disyhaptiv latencies, in the oculomotor nuclei
(Baker, Mano and Shimazu,‘i969; Precht and Baker, 1972). Using long'
single pulses of 3-5 msec duration, ITto, Nisimaru and Yamamoto (1973a)
;timulated a%ferent fibers from individual canals in the rabbit, and
revealed that 1in the case of all 12 extra~ogylar muscles, stimulation
of one canalaproduces a reflex excitation in ane extra-ocular muscle
one each side. Each‘canal excites a different pair ofl?uscles, with
no overlap between the pairs for different canals. This is exactly
the same relationship found previously in the cat (Cohen, Suzuki

o

and Bender, 1964),.




Bl

Speciiically, reflexes from horizontal canals relay by vay of

the medial vestibular nucleus, to excite the ipsilaternl (')

medial rectus and the contralateral ("¢') lateral rectus., [xcitation

from'the anterior canal to the "1" superior rectus and "c¢'" interior

rectus 1is mediated by the y group projecting through the brachium
conjuctivum.. The posterior canal relays excitation by way of the
medial vestibular nucleus to the "1" superior obligue and "'
inferior oblique.
1 A 3 ' * 1. 1

In addition there exists a vestibulo-oculiar inhibition, such that
stimulation of a canal produces inhibition in the muscles whose
antagonist muscles receive excitation from that same canal. (Ito,

Nicimaru and Yamamoto, 19/3h),

[

Besides this basic three—-necurone rveflcx are, there scam to Lo other
. , o
complex reflex mechanisms superimposed.. Lorente.de No (1933), after
lesioning tne MLF, found that all the labyrinthine refiexes of the
R .
ocular muscles could still be elicited. If the MLF was left intact,

but the reticular formation and pons le<sioned instead, the canal

/
reflexes were abolished. Szentagothai (1950) could not produce the

.

short latency contractive muscle action of the reflex, abtter cutting
-

the MLF. However, the reciprocal inhibition to th> musclers was 1ows

affected or not affected at all. Often a normally contractive response

was changed to an inhibitory one. If only the MLF was left intact,

“

normal contractive responses remailned, but reciprocal inhibition of the

antagonist disappeared. Certain contractile responses were abolished

by transection of the brain stem, with the exception of the fasciculus,
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and often unchanged after transection of the fasciculus. Szentégothai
surmizes that’ there exist numerous intermediate chains in thé‘rgticular
formation which are important in reciprocal inhibition of all the
extra-ocular muscles, as well as in connecting functionally any one
crista with any one of the extra-ocular muscles. Recent information

on reticular formation involvement in vestibulo-ocular response

may be found in Chapter 5 of this thesis.

s

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

——

The specific inhibitory action of‘cerebellar Purkinje cells
was discovered by Ito and Yoshida (1964). During stimulation of
the ipsilateral cerebellar‘anyegitr lobe, IPSP's appear?d with mono-
synaptic latencies on the target neuron;s in the dorsal Deiters
nucleus. This monosynapt%c inhibitory area comprises most of the vermal
‘cortex of ghe anterior lobe and some of the posterior lobe (Ito, Kawai, Udo
and Sato, 1968). The distribution of this inhibitory area conforms closely
to the anatomical evidence of Purkinje cell corticovestibular

projection (Walberg and Jansen, 1964).

S ¢ P

Similarly, monosynaptic inhibitory action occurs on superior
vestibular nucleus neurcnes when the ipsilateral flocculus is stimulated
(Ito, 1968), and this conforms fo histological evidence {(Dow, 1938;
Angaut and Brodal, 1967). Also in good accord with the histological
findings is the fact that monosynaptic inhibition is not present in

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



termination of Purkinje cell axons from the anterior and posterior

lobes (Walberg and Jansen, 1961).

In relation to the vestibulo-ocular reflex, experiments on the
rabbit's secondary vestibular neurones have shown that stimulating
the flocculus produces inhibition that counteracts the monosynaptic
excitation coming from the ipsilateral primary afferent fibers
(Ito, Highstein, and Fukuda, 1970). Furthermore, intracellular
recording in the third nucleus sthértgat‘stiﬁulating th; flocculus
will depress either the EPSP's or IPSP's produced during primary
afferent firing. Similar results have been obtained from the cat's
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 i2 main
pathways from the secondary vestibular 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 inhibitory and excitatory paths
related to the horizontal canals. Therefore the flocculus can
effect any of the 12 muscles by inhibiting either its excitatory or

inhibitory input.

(v) Monosynaptic Inhibitory Action of Cerebellar Purkinje i
Cells on Neurones of Intracerebellar Nuclei

1 Just as with vestibular nuclei, the intracerebellar nuclei
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neurones receive monosynaptic inhibition from Purkinje cell axons,
.

those in the interpositus nucleus from the anterior lobe cells, and
those 1in the fastigial nucleus from the vermal cortex. With the
cerebellar nuclei inserted, the connection from Purkinje cell to
vestibular nuclei neurones becomes disynaptic. However, the

*a
cerebellar nuclel have terminations with 211 parts of vestibular
nuclei, therefore extending the inhibltory.projection area of Purkinje
cells. Furthermore, the cerebellar nuclei make direct connections
with the thalamic, red, and reticular nuclei, which in turn project
to motoneurones all through the CNS. " The Purkinje cell effect can
therefigre be very widespread. It is noteworthy that the fa{stigial
axons have excitatory action upon vestibular neurones. Purkinje cell
inhibition of the cerebellar nuclei cells therefore_ withdraws this
excitatkon (Eccleg et al, 1967). An important point here is that in

the dorsal Deiters and superior nuclei, the fastigial influence

parallels direct cortical inhibition, while in ventral Deiters the

B

"o,

fastigial pathway is the dﬁly cerebellar control.

(vi) Axon Reflex-~Collaterals of Cerebellar Afferents

Although cerebellar efferent stimulation produces IPSP's in
subcortical neurones, it has also been shown to evoke monosynaptic
EPSP's as in the case of the superior vestibular nucleus (Ito and
Yoshida, 1966), the ventral Deiters nucleus, and dorsal Deiters
nucleus (Ito, 1968). 1Ito (1968) shows evidence that this EPSP respoﬁse

is caused by cerebellar efferents which make contact with the subcortical

e

|



nuclei via their collaterals. One of these sources is the primary

+; ’ - ¥l >
vestibular nerve. It is known é%atomically that primary vestibular

-
¢ -

fibers go to paft of the lateral (Deiters) as well as superior

o

nuclei, and also to the flocculus and nodulus of the cerebellar

.

cortex (Brodal et al, 1962). It is suggested that both the cortical
raJ@Pnuclear structures are innervated commonly by axon collaterals of
the same afferent fibers. This idea is exemplified by experiments in

which stimulation of the ipsilateral flocculus produces EPSP's in the

i

2 superior vestibular nucleus. Concomitant stimulation of primary
-

vestibular fibers and resulting occlusions due to impulse collision
and refractoriness, makes it clear that the primary nerve has sent

branches both to the vestibular ny¢leus and the flocculus (Ito, 1968). . <\

In summary, two types of synaptic organization exist in the

cerebello-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 to these cells as well as to the cerebellum, which

in turn sends Purkinje cell inhibition to interact post-synaptically

Y
’

with original primary excitatory 1input. In a later stage of this

thesis there will be a discussion of the possible importance of these
. pathways to the adaptability of the vestibulo-ocular response.

a

?
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PROBLEM FORMULATION

The purposes behind the present study, both as a whole or in
component parts, are probably best understood when viewed in light

of thei~ historice dovelapment .
¢ 7

The concern of this thesis was at all times the phenomenon of

'

long-term adaptation in the haman vestibulo-ocalar refl< arc. The
>
impetus came from earlier experiments which showed\that under conditions

of repetitive vestibular stimulation, changes occur in relevant “
L
output, such as a reduction in magnitude of physiological response, or

e
Ly L

"habituation". More specifically, in lahoratorv tests on human
\
]
{(Collins, 1S064a; Guedry, 1563a) and animal subjects (Coilins and ipdegraff,
2
1966; Komatsuzaki, Harris, Alpert ‘and Cohen, 1969%), in which prolonged

and repetitive rotational stimulation was given, resnlts consistently

&

showed a progressive and retained decline in vestibulo-ocular
t . \

response. In addition, this decfine occurred in the absence of vision,
ieading one to believe tﬁffgghe attenuations observed might well be
due to repetitive stimulation of the semicircular canals per se.

A closer look at these experiments revealed that, almost
exclusively, the prolonged rotational stimulus used was of a untdirectional
na;ure, and therefd¥c most probably unnatural, woen considered relative
to the movements evperienced 1n everyday life, “

The first major question posed in this thesuis was, therefore,

whether similar changes of response would arise during natural mwovement

-
d

(Chapter 3). To simulate a natural stimulus compatible with

)
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experimental feasibility, the stimulus chosen was a sinusoidal
oscillation of 1/6 Hz frequency and 60°/sec velocity amplitude, well
within the normal dynamic response range of the human semicircular
canals (Jones and Milsum, 1965), To assure that any changes
observed would be due solely to the vestibular stimulus, the test
run;/@ere conducted in the dark. Slow phase angular velocity of

compensatory nystagmus was used as the measured response, with DC electro-

oculography (EOG) as the method of recording the eye movement.

However, changes occur in the corneo-retinal potential of the eye when

r

the level of ambient illumination is altered, the latter seriously

o .

affecting EOG records. The initial experiment (Chapter 2) was therefore
undertaken to define the time‘course of the transition effects in

a changing light environment, in order to assure that any changes in

-

the vestibulo~ocular response were due to the vestibular: stimulus

S

and not corneo-retinal potential changes.
~

¢ The repetitive sinusoidal oscillations in the dark, without

’

the aid of vision, did not produce.habituation. This raised the
second major question of the thesis (Chapter 4). 1Is it poésible that

the habituation is not produced by a prolonged vestibular stimulation

per se, but rather by a situation in which the induced response 1is

inappropriately matched to other seﬁsory inputs? In experimental
terms, could habituation now be produced using the same stimulus,
by creating an environment in which the previously non-habituating

stimulus would be made inappropriate? Such a sifuatlon was produced

by superimposing a mirror-reversed visual tracking task on the non-



habituating sinusoidal vestibular stimulus. IUnder these

-
conditions the two madin inputs to the oculomotor system, the
vestibular and visual tracking systems, become antogonistic,

s . ’ . .
with the vestibulo-ocular reflex rendered inappropriate. The results

e —

showed clearly that i1n such a situation habituation in the form

of an attenuated vestibulo-ocular reflex, does indeod occur.

But was simplc attenuation of the refles an approupriale respouse

-
to this reversed visunal environment{ The common feature of nost

‘

previocus experimental results was attenuation of the vestibulo-ocular

reflex. However, the visual action was most often fixation during
a post—rotational stimulus, which would indeed call for vestibulo-

ocular datteauaiion co zero as Lhe most appropriate vesilbular response,

N

In the present situation attenuation to zerc would e helpful., BRut
o

tor proper 1mage stabilization during head movement the vestinulo-

~

-

ocular veflex {VOR) would have to become reversed. This latter
. \

observation raised the final major question, leading to thc most

extensive experiments of the study. Namely, would prolonged continuation

’

of vision-reversal during rotational head movement lead merely to
suppressicn of the VOR to zere, or to an overt reversal of that rvsponse?

Put annther way, could one conceilve of attenuation of response as

being only a part of a more general central nervous systen capability

to systematically remodel™the relevant neurological elements, so as
. :

)

to optimise its response in relation to the new environment?

Furthermore, would optimisation of the VOR response lead to

any functional 1mpairments or readjustments in the subject's visual



©

fixation capability, postural equilibrium, and percention?  Finally,
should such radical changes in central nervous funct:on QC(ur,
what possible neural mechanisms would be at play?

In sumndry, the major questions posed in this study of
adaptability 1n the human vestibulo-ocular reflex are the following:
(1) Can one habituate the vestibulo-ocular reflex durlgkm”ndturalf
stimulation in the dark? {2y ILf not, can babituation L proceced DYy

creating antagonism of the two relevant stimuli; that 1s,.17 normal

rent will

Y

vestibular, and reversed optokinetic input? (3) To what ex
a prolonged vision reversal lead to readjustment of the vestibulo-
]

ocular reflex so as to optimise its response to the radical change in

environment? (4) What functional impairuwent and reaudjustments are
consequent to the changes incurred. .

.
- h

In preparing this thesis, I have taken advantacse of the option as
outiined in sectiou 4.2.7{h) of the thesis reg@latioﬁs cf McGill
University Faculty of Graduate Studies and Rese;rch (February, 1972},
twthich makes 1t permissible to hroduce a doctoral thesis in the form

R l -
of original papers suitable for publication. Hqﬂ@ver, in order to ald
the reader of this thesis, references from all tho rapars have heen
placed in alphebetical erder at the end of the thesis (Biblioeravhy).

N
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CHAPTER 2

EFFECT OF CHANGES IN ILLUMINATION

; \
‘.

) LEVEL ON ELECTRO-OCULOGRAPHY ~(EOG) .
2 ‘ < y
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SUMMARY !

T ) ,u B}

o

1. This investigation is concerned with the changes that occur

. in the corneo-retinal pofential of thé eye when the level of ambient

\
3

illumination is altered. These changes can seriously affect electro-

oculographic (EOG) ‘records, a-technique frequently used for measuring
i - .

nystagmus. | .

2. *£0G calibrations were done on seven human subject for periods A&r
K 1}“1

during which the illumination was varied between normal room light, . -

“
red light, and total darkness.

t c -

3. . The time dependence of the observed variations was established

and seen to be reasonably consistent between all subjects. For

purposes of EOG caliﬂration, no difference was found between a red

light environment and total darkness. . |
. e

4

4, When experiments are to be performed in the dark, or with eyes:

-

closed, it is strongly recommended that subjects be dark adapted for

. <« - b
at least 50 minutes prior to calibrating and recording eye position. «
e ¢




\ INTRODUCTION

. 2
[
Electre-oculography (E0G) is frequently%used as a method for

"

recoré:z;"eye movement siﬁce it is both quick™o set up and convenient
to use. However, a serious problem of calibration may be asséciatég
with transition from one level of illu;ination to *another (Arden and
Kelsey, 1962; Homer, 1967; Homer and Kolder, 1966 ; Homer, Kolder

and Benson Jr., 1967; Miles, 1940; Kris, 1958).

The effect 1s (%pecially evident when changing hetween ﬂormal
room lighting and total darkness. But since this manoeuvre is often
used 1in vestibular experiments, as when calibrating 1n room Ilght
and experimenting with eyes closed, it can jeopardi;e results unlgss
care is taken to overcome the effect. The present atticle describ;s
experiments which define the timé_zghrse of transition effects in

-

these circumstances and suggests a practical measure for avoiding

them.
METHODS
Seven human bjeqts were employed, all of whom were free from
) ¢ N
t oculoflotor or visual defects othRer than simple errors of

appar
. a4

refraction. FEye position was recorded with bio-potential skin electrodes

0

(Beckman Instruments Inc., Spinco Division, Palo Alto, California, U.S.A.),

3]

i
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k4
c

;pplied one to the center of the forehead (gound) and one at
each outer canthus of the eye, as close to the eyeball as practical.
The differential output from the latter two was DC amplified and N
fed into a pen recorder.

‘Subjects werezfeated, with their heads held in place by meahs
of a'fixed denéal bite. They faced three targets, situated 5 ft.
in front of them. One centgr target was flanked on either side by
two simirlar ones symmetéically placed along a horizontal line and
each subtending 25° with the center'ifne at the bridge of the

v

subject's nose. FEach target was a 3/8 inch black disc in the middle

of which was a pin-hole dimly illuminated from behind.
y

At 2-minute intervals subjects looked at the middle of the
centgf‘spot, with both eyes opqe, then at one of the side spots,
back to center, to the other syég, and back to center again. They
were—told to stare at each target spot until a satisfactory record
was obtained. After fhanglng the lighting condltioas, the above
calgbration manoeuvre was repeated once per minute, until transient
changes had diminished, whereupon the regular 2-minute sequence

was resumed. . .
S

Fach run started with 20 minutes in normal room light (overhead
fluoredcent tubes). Once a base—1line had been established, the

fluorescent lights were extinguished, and the room (about 10 ft. by

—
re

r
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s

10 ft with moderately reflective walls, floor and ceiling) was
illuminated by two®Westinghouse -40 watt red incandescent bulbs, . .
in diag-onally opposite corners. This condition was ma?intained 1 '
“unti] the ;:alibration 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-

o

holes in the targets. Following this, the red lights were turned ;

“on again, and this condition was maintained for another fifteen

minutes, with readings taken every two minutes. The normal room
lights were then turnec{ on, and readﬂings taken every minute until
the transient effects settled down and the calibrations once more
became stabilized (usuvally after 40-50 minutes).

A plot was then made of the pen deflections produced by each
excursion of the eyes from the center position, as a function of

time. A small, consistent asymmetry in potential changes to left , ‘

and right was obtained in all cases. This was found to depend on

the relative placement of the two active electrodes, and with

proper care could be kept to a minimum.

-

RESULTS
L]
e
¥ Figure 1 shows an extract from an original record obtained ’

duritng an experimental run. Figure 2 shows graphically the collected

\J v

(Fig. 1 near here)
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resilts obtained from one subject. The ordinate gives calibration inmicrovolts

S

{uV) resulting from 25° of eye movement from center, and the ébscissa

gives time in minutes after commencing the experiment. The points

on the graph give ﬁean values obtained from onec eve cxcursion to each

qide.\ bDuring the {n1t1al 20 minutes in normal 1ight, 25° eye movement
‘g&

produced approximately, 270 uV (11 mm pernt deflections). On changing to

red light the response progressively decreased to a minimum during the

{irst 10 minutes and then returned to 1ts original value over a

si%ilar time course. Thus a total of approximately 20 minutes in red

light conditions was necessary for rest;billzation, with the particular

feature that the new (red light) stabilized response was of similar

magnitude to that obtained in normal light conditions.

(FigJ 2 near here) -

Transition from the stabilized red light condition to total darkness

\

and bacl again to red light did not bring about anv further changc
” ; -7

s
1

But transition from red light to normal room light produced a striking

qﬁquoq@u of changes. During the 1nitial 10 minutes, there was a .

rapid i1ncrease 1n FOG response pern290 eye movement, reaching a

maximum value which was about A07 higher than the steady state one. N
Thereafter, the response typically followed the course of a damped
oscillation, so that a new stcady condition was established after a

total of about 40 minutes.

e
Table 1 gives the maximum percentage change of I'OG voltage per

¥




o

Fig. 2,

Collected results obtained from one subject over

o

an entire dark-adaptation experiment. Ordinate gilves
calibration in uv/25° of eye movement from center and
/

the abscissa gives time in minutes after commencement

<

LU , .
of the experiment. FEach point gives the mean value
obtained from one eye excursion to each side of

Id ' /
center, ,

.
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25° eyve movemernit after changing lighting conditions for all subjects.

The two strikihg results here are, first the negligible changes
/

‘associated with transition from re@flight (R.L.) to total darkness

a
1

(T.D.) and vice versa, and secondly the relatively large changes o p

associated with transition from norfnal light (N.L.) to red light,and

Y

especially from red light to normal light again.
o ¢

L. (Table 1 near here) 3

!

Although the overall pattern of response was consistent for all
subjects, the time course of the above-mentioned events varied consider-
. ably. To evaluate this variation, the tlme; required forleach subiject
to return to within 107 of hig baseline was measured. Going from
normal light-to red light required an averagce of 35 minutes with a .
. maximum of 51 minutes and a minimum of 17 minutes. Gding from red

: light to normal light required an average of 34 minutes with a maximum

of 52 miInutes and a minimum of 29 minutes to ;stabilize.
DISCUSSION |

# The example shown in Figure 2 is representative of the response

4

from all subjects. Qualitatively it appears that the response toa~ -- -

transient represedts a damped sinusoidal oscillation. However, 1t has
previously been found (Homer, 1967; Homer and Kolder, 1966; Homer et al, 1967)

that the response 1s non-lincar and can be approximated by a four-

component model, with nine parameters.
1
a



TABLE 1. MAXIMUM PERCENTAGE CHANGE OF EOG VOLTAGE PER
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259 EYE MOVEMENT AFTER CHANGING LIGHTING CONDITION

Subject N.L.-R.L.
C.M. (1) =30
—A.G -15
A.F. -21
B.D. " 30,
'

C.M.(2) =23
F.T. ’ =22
A.C +33 |
Mean -24.9°

R.L.-T.D.

0

-9

0

+7

 T.D.-R.L.
/

0

5

R.L.-N.L.
+ 56
+ 43
+ 35
+ 64
+68 -
+ 62

+ 67

-+ 56.4

N.L.” = Normal Light; R.L. = Red Lighty T.D. - Total Darkness

¢

'

-

K4

N
-\
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"

0Of particular interest is the large transieant apparent within
the first fiftecr minutes after entering of leaving norma) lighting
conditions. Thesc tiéqijehts can be up to 50-007 of the baseline values.
« Thus, errors of at least this magnitude can be expected in an
experimontal protocol whore calibrationes ate done o nogtlal roun
lighting, followed by a 10-minuté experiment in total darknfess, with
recalibration 1o normal lieht. - Undev such conditions, one could

expect calibrations which crred by a factor wf two from whit was

2

happening in the dark. However, the far more common case would heo

calibrating eye displacement in a normal light environment, going to -
) ¥
total darkness, and commencing the experiment after som2 15 minures.

Lven under these conditions, one could expect te find the calibratiene

to differ from the cohditions during the experiment bv ct least 30%7. '

[N

Presumably, measurements cof anpular velocity during rnystagmus will orr

by a similar amount.
!
" The 1nsidicus aspect to this trres in the fact that the o

occur veryv smoothly, and ¢ould be wronuly iaterpretcd as o dlow Change
2

in the response to a prolonged ongoing stimulus rathr than th (nnge

in 1lluwinatton:

From these results, 1t 1s concluded that when a-tnz an eloctro-
3 [

oculographic mecund to mensnre oye movement, tno senject should be

o ls 1 €. e ae e =N . [ - . N R LR
Jark adapt. P for APPrOA LTI Le Yo 50 minates hefore atte 3Oy, Cu vdLroddie
1

and meesure eve position. A red Iight environment for these purposes

<

has the same effoect 1, total darkness, and mav prove to be far more

-~

practtoal.

S .

This changfer has been published under joint authorsihis with Dr. R. ‘falcoln.
(Gonshor, A. & Malcolm, 2. (1971), ses Bibliogranb.).

5
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CHAPTER 3

At
LY

HABITUATION OF THE HUMAN VESTIBULO-OCULAR

[

REFLEX-ARC BY ROTATIONAL STIMULATION WITHIN

THE RANGE OF NATURAL MOVEMENT




' SUMMARY -

) - 1, Repeated rotational stimulation of the semicircular canals leads

to a response decline known as "habituation".

-~ , 2. This investigation concerned the study of habituation 1n man

?
during rotation within -the frequency (1/6 Hz) and velocity amplitude

0 . . . .
(60" /sec) range of the human “semicircular canals.

.

¢

3. . Seven subjectshad the stimulus imposed for 3 consecutive days,

- daily exposure beipg ten 2-minute runs with a 3-minute rest between

[
7

runs.

4. Over this time period there was-no consistent change in the

ratio of slow phase eye angular velocity to turntable velocity

¥
1

(vestibulo—ocq}ar gain).

5. Vestibulo—-ocular gain, with eyes open’1in the dark was

'

consistently less than one.

oo

6. Naturgl patterns of rotational movement do not 1nduce progressive \

changes of the kind to be expected from previous habityation studies. , ) .
g .

7. The stimulus used in this experiment may be useful for studying -

vestibular functions without interference by habituation.

v 7
v




[NTRODICTION :

e
.

It has frequently been shown experimentally that repeated

rotational stimulation of the semicircular canals' has led to decline

)
bl

In response to this stimulus. Farly rescarchers such as Abels (19006),

1

(3 -~ |
noted a decline in nystagmic response to repetitive vestibular

stimulation; an observation later confirmed by numerous authors (Griffith
X "\

1920; Dodge, 1923). Wendt (1951) negated the usefulness of many‘of
the previous results by noting that the decline in response was probably

due to "reverie states", or the loss of arousal; a parameter they did

a '

not normally control. He noted Yhat any change 1n the arousal level

-

iy l ' A 3 /
could br’mg about,a return of the nyq\pagmus. This assertion was plausible
SN .

|

' j

e e
Ty ‘

in view of‘;the then recent discovery t(;an arousal process centered in
; {

v

the brain stem {(Moruzzi, and Magoun, 194

l‘ . 4 ’
sensorv svstems have heen noted more recently by HONnd’ndOZ—l’mzn (1955,

¢

)

J. Arousal-effects on several -

1959), and by Sharpless and Jasgper- (1954) for the auditory Systom. .

/ ‘ . . .
¢l
More.recent investigations have centered on the question of
. .

changes in response to rotational, as well as caloric stimulation,

”

during tests with or without vision. It 1 generally accepted that

o

¢

vision 1s ga imp&)rtant factor 1n the habituation of vestibylar nvatﬁmus

v

i man (Guedry, 1965a, 1974; Collins, 1968, 1974; Dix and Howd, 1969). ‘

With zvnoétod unidirectional rotational stimulation of rabbits, and with

vision permitvted, Hood and Pflat, (1954) were able to show marked

A

dectnes 1n both duration of nvstagmus fd number of nystagmic beats,

Mo osuch dechine was found with repeated caloric stamuly of comparable

v o

%




-

o ) #
Intensity.  Recently Henriksson ot al (1‘)611}1, b) have shown sharp
declines 1n slow phase eye velocity during repettitive caloric
stimulation of cats who where permitted vision, whilst caloric stimu-
lation 1n humans (Fluur and Mendel, 1962a, bv) produced marked decreases %u—
in nystagmus duration.

However, the presence of vision is apparently not a no cessary

condition. Thus, with arousal controlled, many investigators have

shown changes in vestibular response tO unidirectional stimulation in

the dark. Collins (1964a), wokking with human subjects, observed a

Lt i ‘ .
reduction in slow phase nystagmus response of 307 ffé% the pre to post-
(9) . P 1,
test situations, after 200 unidirectional accelerations. Other authors

L4

have found substantial decrement in slow phase output’ to unidirectional -

rotation in cats (Crampton, 1962a; Collins dnd Updegraff, 19A6) and dogs
/

(Collins and Updegraff, 1966). Sfmilar"flndlngs by Brown and, Marshall

(1%&7), while using D-amphetamine as an arousal method and/gémparlng 1t
{ - .

to nembutal and a placebo, led to the statement that, "although large

&$
differences 1n total slow phase nystagmic output were found between groups,
the habituation patterns across tigals were essentially unaffected”,
~
o , .
Their conclusion was that in the dark the habituation scen 1= due to ¢

.

more than mere lack of arousal. Unilateral galoric stimulation 1n the
I

dark, both 1n the cat (Mertens® and Collins, 19@7).and the monkey (Komatsu-

,zaki, Hlarris, Alpert and Cohcn,_1969), have produced chgnges very :

v

. ;
wimilir to those scen with the unilateral rotation sfimulations, leading

tH believe that the attenuation observed tn the dark 1. notumbre]v

on

‘.




' /
an arousal phenomenon, but a decrease in response to repetitive
Y

stimulation of the semicircular canals per sec.

Thé"question arises as to whether similar changes of response
will rT%ult during natural movement? Almost all the previous studles
have 1n fact been dealing with unnatural stimuli produced by prolonged

e 1}
unidirectional sﬁfmulatlon. For this reason a conirolled natural
stimulus was used 1n this experiment. It consisted of a stnusoidal
stimulus well within thg frequency and velocity amplitude range of the

human semicircular canals.

METHODS

%
§

One male and six females, botween the ages of 20 and 26, were

¢
rotated sinusoidally in a horizontal plane at a frequency of 1/6 H»

.

and aﬁgular velocity amplitude of 600/sec. The head was fixed to the

platform by mcans’of a dental bite with the horizontal qemicircdfnr

v
-

canals in the planc of rotation. This particular stimulus was thson
‘ - ? !

in order to provide a means of long-term bidirectional vestibulay

stimglationewuthin the frequency and amplitude range ot natural head
movement, Thus 1/6 Hz lics within the nitural velocity transducing
range of the human semypcircular canals (Jones and Milsum, 1965), and

Hallpike and Hood (1953) have shown velocities of natural head movement

o . .
in the order of 700" /sec. The stimulus was imposed for three consecutive

days, the daily .exposure being ten 2-minute runs with a 3-minute rest




&

.y

.

between runs (Fig., 1).

(g T near hero

The oculomotor response to this vestibular stimulation was
recorded as horizontal eye rotation using D.C. electro-oculography

. . , . a .
(FOG). Static calibrations, at 25 either side of center, were

. I
performed before and after cach 2-minute run. Shackel (1960) has

shown that using these methods of recording and calibration, angular

-

eye movements relative to the skull can be measured over a range of

1300, to an accuracy of 11.35°. Linearity and reliability were -

periodically checked by dynamic calibrations obtained from records of

eye movement induced by fixation on the outside world during the

*

standard oscillation described above. In the present experiments, all

‘. . [e)
measurcd eye movemehits extended over a rrbuch smaller range than +30 .

Possible changes in EOG gain occurring with changes 1n light environment

were minimized by a preliminary 50 minute period of dark adaptation,

and thercafter maintaining a red light environment (Gonshor and .

Malcolm, 1971).

-~

Thie magnitude of response relative to stimulus was determined
as & ratio of eve angular velocitv relative to head angular velocltvs

(gain) from simultancous pen records of FOG and turntable angular

velocity 1n a manncr described in Results. ,The need for control of
. ) N ) .
arousal (Collins, Crgm\pton and Posmer, 19¢Ll;.Collins, 1962) was met

-

)

oblems for’a competitive

‘

by havipg the subjects dd arithp



Block diagram of the experimental method. The

AN
stimulus was imposed for 3 consecutive days, the daily

exposure being ten 2-minute test runs (no vision),
" -
interspersed with 3-minute rest periods in red light.

The 2-minute run consisted of 20 cycles of sinusoidal ‘

oscillation about the vertical axis, at 1/6 Hz and

60°/sec velocity amplitude. Static calibrations

were performed before and after each test run.

- c
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monetary reward.i During the test runs the subjects‘wére in total
darkness_with eyes open behind -black-out goggles, énd during the

rest periods were aflowed vision only under the red light condikions. o
Fxternal auditory cues were cffectively excluded by high attenuation

car defenders.

3~

RESULTS . //)
v o, *

'

Figure 2 shows one cycle of original records df eve position and ¥

turntable (head) angular velocity taken from a standard 2-minute

run consisting af 20 cycles. The top trace shows the nystagmoid patternsz:ZQb
of eye movement produced in the absence of vision as a reflex response /

to rotational stimulation of the semicircular canals. This trace is

composed of two main components of eye movement: the smooth pursuit

or slow phase compensatory motion, and the saccadic or fast phase - su

reposlitioning flicks seen here between the pairs of dashed lines, The
bottom traces shows the standard angular ygiggigz_qtlmulus.' The middle
trace of "cumulative eye position” (Meiry, 1965) is composed of the
sequential compensatory slow phage eye movements in the cycle with

the saccades omitted. This trace describes the overall change in eve

position which would have occurred 1f the e¢ve were capable of unrestricted

" s

rotation in the orbit. The pg?k—to—peak displacement so ob;alned was

used to calculate the anguldr velocity amplitude of compensatory eye
. Y - -
movement according to the relagion; 0

-




<

%

5

-

’ .
0 0 ‘
» emax = ¢ max . 2v F (..., .., (1)
i , , ‘
wher¢ ¢ max = maximum cye angular velocity relative to head !
0 ! , ) .
e max = amplitude of cumulative eye displacement
F = frequency of sinusoidal motion expressed 1n Hz.
. ‘ 0 '
The ratio of the maximum eve angular velocity (e max) to tthcorresponding 3
, o O ~
angular velocity amplitude of the head ("h max) provided the L2h

4

f

measure of vestibulo-ocular gdin used 1n this uxnerlment. 1t is

»

N
noteworthy that the correct compensator?/5;0~movement (response). is

necessarily 180° out of phasce with the correspodding head movemernt.

Bea}lng this

¢

’ o
of turntable velocity are approximately 9Q  phase advanced with respect {

‘.

to the peaks of

the

in mind 1t mav be seen that

response.

in the bottom trdace the peaks .

In practice, this phase advancement

H

. s} . , :
was consistently 857, and this small differcnce from the ideal conforms

to the view that we werc using a stimulus within the functionallw

effective range of the normal[téﬁan vestibulo=ocular system.

time scmles of ar2-minute run,
ot 10 runs, and the complete’ 3 day sequence.
’
collected data for all subjects 1o ome run.,
v t
are expressed as mean maximum cve angular velocity, 1n degrees/sec a

(left=hand ordinate) as a function of sequential cvele numbers 1n the

run.

The results were examined for changes occurring over the three

(S

-
(Fig. 2 ncar here)

Vigure 3 shows the ‘ o

the 1 hour daily test period composed

{

The redalts n this frgdrw

A
v ’ ¥

e
i

The upper dashed line gives the maxitmum turntable angular velocitwv \\
| \



) Fig. 2. .

3

Extracts from original records of eye position

relative to the head (top trace) and turntable (head)

angular velocity (bottom trace). The middle trace of

.

"Cumulative eye position" (Meiry, 1965) 1s compdsed of

T
. the scquential eompensatory slow phase eye movements
(3 ' &

in the cvcle w:;h saccades (bvtwgen dashed 1ines) omitted.

-
In all traces upward displacement = right-going movement.
e 4
5
. .
4 "
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9] . . .
of 60 /sec attained in each cycle of the standard sinusoidal stimulus.

; »

The right-hand ordinate shows the vestibulo=-ocular gain

0] )
(e max/oh max) . . |

s '

— e 1 )
(Prg. 3 near here) '
i ~4
{ .
A\

Each point shows the mean value for onc cvcle of run 5 1n all 3 days,
and for ;11 subjects, and therefore.1s a mean of 21 individual values.
The calculated linear regression 1ine\through these points showed no
significant slope, from which it may be concluded that there was
insignificant change 1in gain within the 2-minute period of continuous
stimulation. Of additional interest ls the observation that at the
frequency and amplitude of this stimulus, the ;ean gain obtained from
L ’
the data in Figure 3 is 0.7, with a standard deviation of the mean

(8.E.) of 0.23 (n = 420). This value was obtained with ‘eves open 1n the

dark. However, during dyni&xc calibration with eyes open and fixating

1 -

on the outside world, the gain always reverted to a valuc indistinguishable
f .
from 1, which substantiates the validity of dynamic calibration as

described in‘Methods above.

-

(Fi1g. 4 near here)

’

Changes .within the 1 hour daily test periods of 10 runs are
ﬁho&n in Figure 4, in which the ordinates are as in Figurce 3. The
abdcissa shows the 3-day experimental sequence, divided into the

4

separate, dailv | hour test periods of ted runs cach. Thus, cach

o

point 1n Figurce 4 represents a medan value of de}afcalcula;(d from

/




Fig. 3.

o
s Changes occurring over a 2-minute run. The left-hand '
ordinate shows the mean maximum eye angular velocity

(Oe max in %/sec), as a function of the 20 cycles within a

2-minute run. The right-hand ordinate gives the vestibulo-

ocular gain (Oe max/oh max). Each point ik the mean for

B 1 cycle of run 5 in all 3 days and for all 7 subjects

3

(n = 21) ,

The upper dashed line gives the¢ maxXimum turntable

-

‘angular velocity of 60o/sec attained in each cycle of the

v

standard sinuspidal stimufus. Note/}ﬂe break in both ordinates.
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Fig. 4. | : ,

v Changes occurring over the time scales of 1 day
and 3 day experiment. Ordinates and dashed line as

i Figure 3. The dashed line represents the peak angular

v

velocity of the turntable during its sinuspidal movement

in one cycle. Each point is the mean value from four

, I T
centrally located cycles in a 2-minute run for all .

-

o

7 subﬁects (n = 28). ’ ’ . .

N

ni

e
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X
hd ©

4 cenfr;lly located cycles wiéhin each 2-minute run fgr all
subjects. Evidently,\there was l}ttle or no change in vestibuio—
ocular gain during gny of the 1 hour test periods. This was
confirmed by the fact that the sldﬁe of the calculated regression
line for all the points as;ociated with the 1 hour test period,
irrespective of the day number, “was statisticall; indistinguishable
from zero (P$0.1). With regard to the complete 3 day sequence,
the results in Figure 4 indicate that there were minimal changes
between days. Table 1 gives the mean values of ée max obtained from
each subject on each of the 3 days, together with the overall &eans
and their S.E.s for each day. These data show that tHe difference
between the mean values on the first and last day is statistically
insignificant (P 0.2), although it is interesting to note that the
mean on day 2 was slightly, but signif;cantly (P ,<O'Ol).’ less than

“

those on the first and last daysf

(Table 1 near here)
LY

H

Figure 5 shows the phase advancement,of compensatory eye

L]

movement rehixyse to head movement over the two time scales of the,
daily 1 hour test period 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

5010.60. This value conforms closely with that to be eﬁpected from

. ’ -

a frequency response analysis of the human vestibulo-ocular reflex
n .

system performed by Niven, Hix&on and Correia (1965).

"




TABLE 1.

Individual and overall means of maximum eye angular

velocity (ée

°

<

!

9

Subijects Day 1
A.C. 32.7
A.F. 59.7
S:T. 44.1
J.B. 36.3
D.P 46.3 "0
C.M. 39.3
D.M. 45.5
OVERALL 41.8
MEAN @S.E.*0.27)

Day 2
31.2
52.6
37.2 -
33.2
43.4
41.3

43,

o

39.2
(S.E.%0.27)

Day 3
44,2

48.8
40.1
38.0 )
40.7
42.3
46.5

41.3
(S.E.%0.18)

max in 0/sec) for all 7 subjects and all days.

Fbperem e e




(Fig. 5 near here) ,

In view of the possible significance of changes in saccadic N

frequency (Collins, 1964b), it is of interest to note that visual

inspection of original records during detailed analysis of gain

3

in this parameter over the three .ﬂ\
.
™ ) .

L
and phase showed no obvious changes

time scales. .

DISCUSSION

1

-

The main outcome of theé; experiments is that no cohsistent

changes, which could be described as habituation, wg;e observed

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 coansistent 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

VR

to reconcile the lack of habituation seen in tggse experiments with

»

the many previous observations demonstrating almost invariable
3 :
' habituation of vestibulo—oculaﬁ response with repetitive rotational

(Hallpike and Hﬁga, 195§;ACollins and Updegraff, 1966) or caloric

(Fluur and Mendel, 1962 a, b: Hood and Pfaltz, 1954; Mertens and °

-

Vv
Collins, 1967) stimulation of the canals in the presence of adequate

arousal?

A common feature of the latter experiments was the unidirectional

4

-

. nature of the imposed vestibular stimulation, which presumably

placed them outside the range of natural experienceﬁx Specifically, -
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The Phase advancement ( degrees) of compensatory

* °
eye movement relative to head movement as a function

.

of the sape time scales as in Figure 4. Each point

is the mean phase from g,cyclgs in a 2-minute run for

-

all 7 subjecﬁé (n = 28).

.

~—F
e ey s




) 4
\
\ Y
\ ©
\
.4
/\ ) <t
10F .
{ o .,
PHASE ... ....‘0. s cee® o 2.....0. .,
(Degrees) NVase
runs
10 ¢ 10| 1 5 10 _
‘——*-DAY 1—'I DAY 2 I I DAY 3—— (‘
1\
\
” _ a. ‘;‘




o~

it seems fairly certain that the natural mode of sémici;kular canal
%
o P} E
transduction is that of angular velocity. Indeed, it has been . ,

n. / -
RSN ¢

implied on the basis of good objective evidence (Jones and Spellé@'
1963; Mayne, 1965; Melvill Jones, 1974) thét,ufthere has peen strong
evolutionary‘pressure for selectiJA of canal barametfrs specifically
yielding an angular velocity signal over the frequency range
appropriate to each species." (Melvill Jones and Milsum, 1970),

It has been shown that in man good velocity transduction in the
semicircular canals may be‘expected to extend at least over the
frequency range of 0.1 to 5.0 Hz. The low frequency components of

the unidirectional stimulj;'referred to above, usually lie well .

s , ?
velocity there is an initial appropriate canal response that subse-

outside this range. For example, with a step change in angular A\\\\
quently decays due to elastic restoration of the deflected cupula.
‘2 In these circumstances therefore the canal response to an
unidirectional stimylus rapidly becomes at variance with tae real
movement, thereby becoming discrepant with other sensory inputs. &
On the othe; hand, our sinusoidal stimulus of 0.17 Hz was specifically
chosen to be well within the velocity transducing range of the
human 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 vestibulor
-~ »

o

stimulation per se, but rather by a situation in which the response
’ LA -

induced is inappropﬁqatély matched to other gensory inputs, This

4

view is suppdrted by the results obtained from a further series of

¢



experiments in which a reversed visual trading task imposed during

oscillatory head- rotation served to render the vestibulo-ocular T
) ’ reflex inappropriate for visual fixation. .
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CHAPTER 4

-

HABITUATION OF THE HUMAN VESTIBULO-OCULAR REFLEX
INDUCED BY REVERSAL OF THE RETINAL IMAGE DURING

{
SINUSOIDAL ROTA'I“ION OF THE HEAD




-

- ‘ ‘ SUMMARY

[ 24 4

1. Previotis experiments showed that repeated exposure to rotational

stimulation within the range of natural exgérience, without the aid of

vision, did not produce habituation.
&

2. In the present investigation the aim was to jnduce habituation

by creating antagonism between the vestibular and optokinetic drives

to the oculomotor system while using the same stimulus (frequency 1/6 Hz
and velgcity amplgtudé, 60°/sec) as in a previous experiment.

3. The stimulus was imposed on sever subjects for 3 consecutive days,

daily exposure being ten 2-minute runs with a 3-minute rest between

¢

runs.
) - 3 ~
4. A mirror fixed at a 45 angle from the subjects frontal plane

)

reversed the “eptokinetic input to the eyes. The 2-minute rotation w

periods in the dark at the start (Vl)’ middle (VZ)’ and end (V3) of

i

eath day were interspersed with the mirror (habituating) trials.

5. In contrast to the previous experiment, substantial (257) and
significant (P«p.OOl)“vestibulo—oculgf reflex decline was found at

the end of each 1 hour test period, and pre-test control gain was
sign;;icantly lower;on day 3 than day 1 (P<b.001)2

6. Habituation was induced not by maintained vestibular stimulation

per se, but by making that stimulation actively oppose the eye movement

required for retinal image stabilization.



INTRODUCTION

’ ™

s b \(?

In a previous article, it was determined that prolonged

<

sinusoidal rotation of the semicircular canals within the presumed

range of natural head movement, and in the absence of vision, did

<2

L]

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

&
that the habituation is not produced by prolonged vestibular stimulation

5

per se, but rather by a situation in which the induced responsé is
inappropriétely matched to other sensory inputs.

The present experiments examine this possibility by superimposing

a reversed visual tracking task on the non~habituating sinusoidal
N

vestibular stimulation employed in the previous experiments. Specifically,
the inertially driven%vestibulo—ocul&;q;eflgx was rendered inappropriate

A
for visual tracking, by mirror-reversal of the direction of relative

movement of the surrounding visual scene during sinusoidal rotation
of the head. The results show that in this antagonistic situation,

marked habituation does indeed occur in the vestibulo-ocular reflex.

METHODS

4 '

The experimental procedure was almost identical to the one

-

)
used in the previous experiment (Gonshor and Melvill Jones, 1974a).

»

Briefly, using the same seven subjects as before, each subject was

&




[y

rotated sinusoidally in a horizontal plane at a frequency of 1/6 Hz

[ -

and angular velocity amplitude of 60°/sec. The stimulus was

imposed for three consecutive days, the daily exposure beinz eleven

, \
2-minute runs with a 3-minute rest between runs. Static calibrations
of ele¢ctro-oculographic records of eye movement were made before\e;gd

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)

&
-
P

LB \
The only significant modification was that whereas in the previous

-~
- —

experiment all runs were performed without vision, in this experiment

14

runs 2 to 5 and 7 to 10 inclusive (habituating trials) were performed
with the subject trying to fixate on a mirror-image of the visual

surround. Suitable ‘screening constrained vision solely to the mirror-
\ s
reversed scene. The three runs, 1, /6 and 11 (termed respectively,

o

Vl’ V2, V3), were performed without visien (behind black-out goggles)

to imposé purely vestibular stimuli before, during, andeafter the
habituating trials. ° Habituation was assessed duri?g thel test runs Vl’
V2 and V3, as changes in vestibulo-ocular gain (ey;a angula¥ velocity/
head angular velocity) measured from continuous records of head and

eye movement.

M i <

(Fig. 2 near here) .

R

oy
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- 86 -°

Block diagram of the experimental method, showing

one day of the 3 day experiment. Daily exposure consists
~

of the 3 test ru@s performed without vision (black-&ut

i ‘

goggleg), béfpre (Vlil during (VZ), and af ter (V3)
the habituating trials 2 to 5 and-7 to 10 inclusive (mirror
vision). Each run consists of 2-minute sinusoidal
oscillation in theﬂhorizpntal plane at 1/6 Hz frequenéy and

60°/sec velocity amplitude, interspered with 3-minute

rest periods in red light. w“ . -

e

w:’
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The significance of visually tracking the mirror-reverscd

image becomes apparent in Figure 2. 1In Figure 2A, where the head

is shown turning to the right, both the vestibulo-ocular reflex

(seen as -a———) and the visual tracking response (scen as-s-—:——)

_}

anzko drive the eyes in a compensatory direction to the left,

relative to the skull. Figurc 2B shows the changes made 1in this.

experiment to produce the habituating stimullis. Here, the mirror
is placed in front of the subject's eye at ﬁSO to the sagittal plane
of the skull, and attached to the dental bite holding the subject's

head to 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 movement. Now, rotation of the head to the right generates

a right-moving visual surround relative to the subject, without changing

N

the magnitude of the relative velocity. The optokinetic input,

(- -—w in Fig. 2B) now provides a right-going drive to the cculomotor

system during a head movement to the right, and this becomes antagoumistic

to the inertially driven vestibulo-ocular reflex ( -«——— 1in Fig. 2B)
which s&i1ll provides a lgftfgoing drive.

During'tes} periods subjects wore black-out goggles, and during
calibrations the head was fixed to the dental bite to insure that no

head movement would take place whilst normal {non-mirror) vision was

permitted. .




Fig. 2.

ks e

(A) Normal Situation. During head rotatjion
to the right with eyes open, both vestibular

' («—— ) and visual (e — —) influences
. v
act synergistically to produce compensatory

-

eye movement to the left.
v

(B) Habituating Situation. Due to mirror yision

the visual influence is reversed and this

produces antagonism between the visual and

’

,
»

! vestibular drives to the oculomotor system.

L}
s -

>
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RESULTS

(Fig. 3 near here)

In response to sinusoidal stimulation of the semicircular

~ -

canals, the oculomotor system reflexly produces a nystagmoidzpéttern
-

of eye movement composed of smooth pursuit compensatory mdtion alter-

nating with saccadic repositioning flicks. Normally this compensatory

nystéémus is enhanced by a synergistic optokinetic drive as-in

Figure 2A. Figure 3A illustrates an extract from an original nystagmoid

record obtained under these circumstances, when vestibukgr (V) and

~

4
optokinetic (0) influences complement one another (V40) %o produce a
compensatory response operating close to unity gain (compensatory eye

-angular velocity/head angular velocity). Figure 3B is a record of
- " 'Y’
nystagmus produced as a result of the antagonism set up, as in

Figure 2B, between vestibular and optokineticg (V-0) drives to the
. . .

‘ oculomotor system. In these particular circumstances (V-Q) in . . .

Figure 3) the nystagmus is seen to be reversed with respect to the normal
pattern of compensatoty response (V$0), indicating tha. the mirror-
reversed optokinetic stimulus was overriding the vestibular one, but

the resulting eye veloc}ty was b; no means sufficient for successful
visua® fixation. This necessarily implies a cénsiderable rate of image

. slip on the retina, .numerically equal to the difference between the v

eye and (reversed) target angular velocities. Presumably this difference

N



SN

Fig. 3, \§3

Extracts from original records of eye position
relative to turntable (head) angular velocity.
a. Compensatory nystagmus reshlting from complementary
vestibular (V) and optok;netic (0) stimuli (V40).
b. Nystagmus resulting from antagonistic vestibular
and optokinetic stimuli (V-0). The mirror-reversed

optokinetic stimulus in b. overrides the vestibular

one, but not sufficiently for successful visual

W

fixation. c¢. The angular velocity stimulus has a
6 sec period and 600/sec velocity amplitude

(peak-to-peak lZOo/sec). In all traces upward

movement - right.

2

L







_ ‘*Agnheregnnrmal_visualwtrackingA(withoutAmirpor)mwasﬁpe(gitzed.47Itvmayf L

constitutes the essential stimulus responsible for generating the

~

habituation which was found to occur in these experimenés. -

(Fig. 4 near here)

v

Using the method described previously, the records in Figure 3
can conveniently be turned into corresponding records of "cumulative
eye position"‘(Meiry, 1965) similar to the first (V40) and fifth

(V-0) traces in Figure 4, by constructing continuous curves, of slow

phase eye movements with the saccades omitted. As in the previous
article, the peak-~to-peak amplituée of such curves was used to determine
beak eye angular velocity, which in turn was useg to determine the gain
of response. In this article no further consideration is given to

the records of (V-0).

The top trace (W) of Figure 4 shows the "cumulative eye
s

position' through just over one cycle of a pre-habituation test run
.

be seen ;hat tée'amplitude of this response is much larger than that
re

of the remafﬁfhg traces. The next trace }Vl) is taken from a pre-
habituation run without vision. Here the substantially decreased
amplitude of response is due to the absence of the complementary
optokinetic stimulus. It is noteworthy that this trace is .comparable
in every way to thosengbtained from the same subject in the previous
set of experiments, and therefore provides a convenient referenée by

Q
which to compare the two sets of experiments.



Fig. 4.

‘Records of "Cumulative"

Eye Position and table
(head) angular velocity. (V40) indicates the normal
eye response to sinusg¢idal rotation with eyes open
(no mirror), in wh%ph vestibular and optokinetic
influences complement one another. (Vl) is derived

-from a pre-habituation test run in the dark where only
the vestibular input is operational. Both the (V2)
traces are derived from the mid-test run after the

I4

first four habituation runs, and show both the

initial decreased amplitude and eventgal recovery
w%thin fﬁe 2~minu£e test run. (V-0) is an example
of the reversed nystagmus during an habftuating run
in which the vestibular and optokinetic inputs act

- antagonistically.
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The two traces marked V2 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). Two important features '

are seen in these:two traces. First, the initial V2 trace, coming

v

at the beginning of this test run, is of considerably lower amplitude
than Vl’ taken from .the pre-habituation control. The change of

vestibulo-ocular *gain between V. and V2 constitutes habituation as

1
defined in this article. Secondly, the gain of the lower V2 trace,.

located in the middle of the same 2-minute test run, shows marked recovery.

7

Both these changes represent general trends found in the collected data.

Ny

) (Fig. 5 near here)

~

The collected results for one subject durag day 1 of the
3 day experiment are presented in Figure 5. The mdimum eye angular
velocity, in degrees/sec (left-hand ordinate) is expressed as a fundtion

of the sequential cycle number in runs vy @), v, (@), and V, (X)

of day 1. The upper dashed line gives the maximum head angular velocity
of 600/sec produced during each cycle of the standard sinusoidal rotation,
and the right-hand ordinate describes the vestibulo~ocular gain

(ée max/éh max). Each point represents the maximum eye angular
velocity attained during one cycle. Runs V2 and V3, both coming

after a series of habituation trials with the reversing mirror, show -
initial cycles with highly decreased gain of response. However, within

‘

the 2-minute (20 cycle) period of each test run the gain rose to
~




Fig. 5. -

The collected results for one subject during
day 1 of the 3 day experiment. The ordinate shows
the maximum eye angular velocity in O/sec. The
abscissa gives the three test runs Vl’ V2,
and V; f2 minutes eadch) separated by the
habituating runs which are not shown. Each point
represents the maximum eye angu1a£—veI6city

attained during one cvycle. The dashed line

gives the maximum sinusoidal head angular velocity

[ .

of each cycle. Gain = e max/ h max in this andall

v
subsequent figures.




\ 1 :
. ) )
60 P-———-—-—‘-——-————-———::—.——————-——-—-———-—-‘-O
/ -
50 )
o [ ] ."\. . Y
40F e B )
®, ° o
MAXMUM ° X
EYE 30 . PR 1 40.5
ANGULAR o FUAR NP X "X
VELOCITY *e% X " x
“ (° sec) 'y X
20r X x x
-4 ]
X
10F
Vi1 V2 v3
DAY 1
> ’j ﬂ
C« A d
Z
R




M

approach the pre-habituation level (Vl). Viswal inspection of the

figute as a whole suggests in addition a cumulative habituation from

LN

beginning to end of the one hour experiment on day 1.

‘ '.

(Fig. 6 near here)
U

. /

Mean changes within a run are shown in Figure 6, in which thg

o

mean maximum eye angular velocity in degrees/sec (left-hand ordinate)

:
¥ .

s expressed as a function of the 20 cycles making up a 2-minute
run. Each point of Vl (@), v, (@), and V‘,? (X ) represents the mean .

maximum eye velocity attained in one cycle fo¥‘all subjects and all -

days (n = 21). Also included for comparisen, (faint plotted lines) are

. "

collected data for all subjects and days from runs 5 and 10 of the previous
experiment (Gonshor and Melvill Jones, 1974a).? In that experiment

the vestibular st'imulation produced durzﬁg‘;n‘gdentical sinusoidal

rotation profile did not induce habituation over similar time

periods. Runs 5 and 10 were specifically chosen for this comparison

v

since they correspond most closely to V2 and V3 df the present

experiment, although all runs in the previous experiment gave the same $

°

result. %

The calculated regression line through the V1 results in
' -

Figure 6 is statisticallyindistinguishable from those through each

of the data sets of runs 5 and 10 of the previous experiment (faint

e

lines). This provides good assurance that there has_beeq/no’gggngef“

in the response characteristics of the subjects between the previous




’ Fig. 6. [N

L
¢

Changes within test runs Vl; Vs and Vs

for all subjects and all days. Each point of

Vl (@), V2 (@), and V3 (X ) represent ‘21

o

individual cycles.

' i

‘S~tage 1: Each point of run B) (.0 ) and ‘ . ’ /ﬁb
"run 10 ( - /A ) représents 210 individual

cycles. These points are included to show the
. . . — b, "
, . indistinguishability of V1 - Stage 2 and any of the
/ | 2
AY Kl o ' ¢
'Stage 1 runs.

Plea'se]\?\Ote the breaks in both ordinates. -
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B

and present experiments (6 months). Furthermore, this consistency

establishes the V. results of the present experiment as reliable

1
contrpol data.

- The V2 and V3 test runs shown in Figure 6 were performed
respectively after 8 minutes and a further 8 minutes of thé habituating
ég;mulus (Fig. 2B). These collected data confirm the main features
seen in the previoas figure. First, the initial V2 cycle shows
approximately 307 decrease in vestibulo-ocular gain relative to thc mean
V1 control level’ éecondly, however, this decrease progressively
diminishes during the ‘20 cycles of this 2-mihute test run ip the -
dark, réaéhing a finél gain in the 20th cyﬁl% juét below the coﬁtrol
level. Thirdly, the V3 test run results show ﬁhe same features as

those of V2 except that the whole curve is consistently a further

77 depressed with respeéct to the V1 control level. The mean values
. (Table 1 near here)
of the Vl, V2’ and V3 results for each day, and for the overall 3 day

. . /
experiment are shown in Table 1. It is noteworthy that these means

underestimate the initial suppressions of gain in both the V2 and V3

test runs. )

&

, ' (Fig. 7 neér here)

3
-

Figure 7 separates these mean values into those obtained from



TABLE 1.

Mean values of maximum eye angular velocity (olsec)

3 for runs Vl’ V2 and V3
// experiment, with overall means for V
right-hand column.
Test Runs | Day 1 Day 27
Mean S.E. Mean S.E.
v, 44.5740.64  40.48+0.78
' v, 35.7840.84 35.02+0.65
\ V3 . 34.30+0.93 30.86%0.65
Ve

»l

1’ V2, and V

in each day‘of the 3 day

3

40,20%0.72
35.09+0.66

32.07%0.62

in the

Overall
Mean S.E.

L}
41.75%0.72

35.3040.75

32.41+0.78




Combined results for all subjects and all
experiments over the 3 day experimental peried.

The ordinate gives the mean maximum eye angular "J*i

velocity in o/sec. The abscissa gives the
e

3 day experiment with the three test runs in the

e—lt

dark each day. Each point on this expanded scale

¢

reﬁfesents the mean maximum eye angular velocify

for seven subjects. ~

.

-
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days 1, 2 and 3 of the 3 day experiment. With exception of the Vz--V3

comparison in day 1 (P »0.1) all the decreases within a day are

highly significant (B«:0.00I). Secondly, between days there was almost
full recovery of gain, although Vl on both days 2 and 3 was still very
signi}icantly lower than the day 1 pre-habituation Vl control

(P 0.01 and 0.001 respectively).

o

(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 the same subjects in the previous experiment. (Gonshor and
Melvill Jones, 1974a). 1In détail we see a comparison of the lumped
means of runs 5 and lp of the previous experiment (faint lines in Figure 6)
with those of V2 (run 6) and V3 (run 11) in the present experiment.
The actual means are 42.60/sec (S.E.%+0.26) and 33.80/sec (S.E.+0,30)
respectively, the vertical bars in the figure representing two
standard errors either side of the mean. Because the protocols in
the previous and present experiments were virtually f¥dentical, this
comparison affords a ready means of isolating those changes due

purely to the habituating influence of mirror-reversal of the visual

A

scene.
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Fig. 8.

A comgérison of the lumped means of runs 5
and 10 in Stage 1 and rung v, (run 6) and V3 (run 11)
in StageﬁZ. The ordinate is mean maximum eye
angular velocity in ©/sec. Q}thout inclusion of *
vy -"Stage 2 in the lumped mean, the result shows

the effect of the habituating stimulus in Stage 2

on V2 and V3.3 Bars represent two S.E.s.

<
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HISCUSSION

/ -

Results from the previous experiment showed that no consistent
changes in vestibulo-ocular gain occurred during a sequence of
repeated sinusoidal ve§tibular stimulation. For reasons adduced ;n
the previous article (Gonshor and Melvill Jomes, 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 which the response is inappropriately
matched to other sensory inputs. The main objective of the present
experiment was tg examine this possibility by making the vestibulo-ocular
reflex directly opposed 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 proceéute is consistent with the above inference,
and strongly implicates the reversed optokinetic stimulus as the cause ' ,
of the observed habituation,,

Other authors have shown the effects of vestibular-visual inter-
action in humans. Guedry (1965a)exposed human subjects to 1ong\durations
of continued unidirectional rotation followed by sudden cessation of
rotation. In these circumstances normal subjects experience a violent
reversed canal stimulus of ten referred to as post-rotational stimulation,
whilst they themselves are stationary. The resulting vestibulo-ocular

reflex generates Involuntary nystagmus, so that any attempted visual

fixation would lead to antagonism between optokinetic and vestibular

3




stimuli, usually producing retinal image slip. Without vision the
repeated post-rotational stimulation led to sizeable habituagion of
the vestibulo-ocular response. However, over and above this, when
subjects attempted visual fixation onlthe stationary surround during
the post—rota;ional stimulus, a roughly twofold increase of habit;ation
was observed.

Collins (1966, 1968) has 'done a- series of studies on
professional skaters in which he showed that during the violent
post-rotational vestibular stimulation associated with cessaéion of a
spin in a practiced direction, subjects will suppress the vestibulo-
ocular reflex almost completely following visual fixation. Collins'
experiments, as well as previous dogk on skaters by McCabe (1960), serve

to 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

humans or animals during passive rotation. This is especially true

in animals where inconsistent findings may be due to the reaction teo

\ ’ e

restraint (Guedry, 1965a).

Two alterﬁative interpretations of these results would seem
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 habituation introduced by the optokinetic stimu-

lation could be due to a quite independent ability of retinal

v -




s

afferent signals generated by the resulting image slip to modify

the characteristics of response in the vestibulo-ocular system.

Whereas in all the above quoted experiments the vestibular stimulus
employed waé of a nature known to proddcé habituation on its own,

a pargicular feature of the vestibular stimulus employed in the
present experiments was that it did rot of itself produce habituation
of the vestibulo-ocular reflex. Hence ;uch chgnges as were incurred
in our experiments must presum;bly have been’introduc7ﬂ solely by

the independent action of retinal afferent signals 6}iginating

from image slip during attempted visual fixation.

A common feature of all experimental results has been attenuation
of the vestibulo-ocular response. In those experiments involv}ngovisual
fixation on a stationary world during a post~rotatioﬁal vestib;lar
stimulus, the mést functiona&ly appropriate end-point of habituation /
would be attenuation of the vestibulo-ocular response to zero. In
our experiments the ultimate éoal would be not merely attenuation to
zerv but complete reversal of the vestibulo-ocular reflex response.
This raises a fundaméntal question of whether habituation merely serves
to attenuate the response to a repetitive stimulus, or to systematically
remodel the relevant neurological elements in ;n attempt to meet new
optimization criteria no matter how radical the change. The results
of a further series of experiments designed to examine this question
strongly favour the latter possibility (Gonshor and Melvill Jones,
1974¢). *y

It is of additional interest to note that the form of habituation

SN

-
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demonstrated in these experiments i1s not common to ali species.

L4

Thus when Sperry (1950) surgically rotated the eyes of fish, the

reversed optokinetic stimulus produced by the animal's own

3

movement “generated a perpetual circling with no sign of habituation.
In similar experiments, where von Holst and Mittelstaedt (1950)
rotated the head of the insect Eristalis 180“o so that the two eyes
were reversed, any 'self—-induced motion resulted in rapid whirling

in the d‘irecﬁt;ion of initial movement to the point of exhaustion.

Apparently gross habituation of the kind seen in the mammalian’

experiments described above do not occur throughout the phylogenetic

[ .
<y - <

]
scale.
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SUMMARY

1. The present experiments were designed to examine habituation
or change in the vestibulo-ocular reflex (VOR) consequent to long-

term prism-reversal of wvision.
¢ 3

2. Four normal adults (aged 20 to 50 years) were subjected to

’

. Qv
experiments conducted over periods of 4,17,25, and 49 days, with

vision reversal during all the waking hours of 2,6,7, and 27 days.
A reversal of the horizontal plane was obtained with the use of"

"dove prisms". Daily tests in the dark, and in both ghe horizontal
and sagittal planes, consisted ofLsinusoidal oscillation thro;gh
, 20 cycles at a 1/6 Hz frequené§ and 60°/sec velocity amplitude.

3. Results from horizontal plane oscillation 'showed complex
changes in gain and phase, failinginto 5 recogniéable stages. First,
a rapid and significa;twdécrease of VOR gain to 30 or 407 pre-vision
reversal levgls, wifﬁ no marked phase change. In the second stage
(days 3 to 14), almost exéﬁusively 1a£ée and continuously varying
phase.’ "In the third stage (days 14 to 28), a platedu of gain and
phase to 407 pre-stimulus gain and 1250iphase lag. The fousth
étage, occurring immediately after prism remé;al,,was a rapid

7

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.

N " l)

4. High geometric spegificity occurs, since response change was

confined strictly to the plane of vision reversal.

’
B

3. It is prOSQSed that habituation may represent an attempt by the

PR

V'
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% organisn} to rt;_:structure its neurological éha‘racteristics 80 as to
__optimize for a clearly defined physiological goal, l;ere being
minimizatiog ,ﬁ)_f fetinal i}.mage slip. The cerebellum is put forward
as a 'prin;et candié;ate responsible for this capability,

IS
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INTRODUCTION

~

In a previous study it was found that prolonged sinusoidal

rotational stimulation of the human semicircular canals, performed

&

in the absence of vision and in the range of natural head movement,
did not cause any change in the associated vestibulo-ocular reflex

response (VOR), measured as the ratio of compensatory eye angular

¢

, . . .

velocity to head angular velocity (ee/oh) (Gonshor and Melvill Jones,

1974a). However, when an antagonistic visual (optokinetic) tracking

[
e T N

task was superimposed on this non—haﬁituating vestibular stimpfu; by
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 all subjects (Gonshor and Melvill Jones, 1974b).
VOR attenuation has been observed by others (Brown and Guedry, 1951;
Collins, 1968; Mertens and Collins, 1967) in situation calling for
an ultimate suppression of the vestibulqjocular response to zero:
for example, attempted visual fixation on a stationary surround during
post-rotational vestibular stimulation. However reversal of,bptokinefic
stimulation during ‘head rotation ultimately calls for reversal
of the VOR, rather than mere attenuation to zero.

This raises the. question which led to the present study; namely,
would prolo;ged continuation of vision-reversal during rotational
head movement lead merely to suppression of the VOR towards‘zero, or

’

to overt reversal of that response?

The previous method of stimulation, where subjects were seated

N




2

on an oscillating turntable whilst looking at a mirror-reversed
surround, was obviously not amegnable to continuous 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 establisged not only the required
visual-reversal, but also allowed continued free body and head
movement. The turntable was used as before to test intermittently

the vestibulo-ocular response in the absence of vision.

- A preliminary account* of this work has been reported briefly
I

*

(Gonshor and Melvill Jones, 1973).

METHODS 2

4

Lo
Prism Reversal of Vision. The method o%,i e reversal by

AN

<

'means of the "dove" prism is outlined in Figure 1. iﬁe upper

section of this figure illustrates how a plane mirror(causes reversal
4

of image movement seen by the eye. The real object, d;\generates a

A\
real image, I, on the retina after reflection at the mirror surface’,

v
M. Then movement of the objett, 0, say from left to right (solid

A Y

arrow), is associated with movement of a virtual object, 0', in

’

the reversed direction, namely from.right to left (broken arrow).
Consequently the, resulting movemént of the real image, I, across the

retina is perceived as a reverﬁﬁd movement of the object; i.e. as

»
though from right to left.

A~
13
Bede

oR




o

- 111 -

-1 S euererN e,

Fig. 1.

~

Image reversal on the retinauby means of a plane

3
+

mirror and a "dove" prism. In the upper diagram the
;eal object (Of“éénerates a real image (I) on the
-retina after reflection at the mirror surface (M).
Movement ( f) of the real object (0) is associated
with movement of a virtpal obje;t (0") in the
reversed direction ( i), and a resultant movement of
the real image (I) across the retina ( T), perceived

as reversed movement of the object. The lower diagram

depicts a similar situation obtained with a "dove"

prism, when the eye and pri%m are stationary relative

to one another, Rays from 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 object (0) to the riéﬂt causes
a reversed movement to the left of the virtual
object (0'), and perception of reversed movement of
the image (I) on the retina, (0") represezts the seen

virtual object which, due to the prism, isl{: direct

line of vision.

h
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A similar situation obtains with the "dove" prism Illustrated

in the lower section of Figure 1. With eye and pfism stationary

relative to one another, movement of 0 from left to right leads to
reversed movement of the virtual object, 0', due to total internal
refleFQion at surface B. As before, the resulting movement of the
retinal image, I, leads to perception of a reversed movement of the
object <from right to left. The main advantage of the prism mode of -
image reversal is that refraction at surfaces A and C brings the

Rt

seen virtual object, 0", into the direct line of vision. A pair of

N

(;'gﬁch prisms can thus readily be mounted in goggles wpich pe£mit
forward vision of a mirror—reverééd external_world (gyhler, 1962),
although with somewhat restrigt;d visual field of app;oximately 60°
) :
solid angle. Since prism and skull then remain statioﬁary with
respect to one another, any head rotation in a horizodkal plane, say
to the left, will be associatéd with apparent relative movement of
the outside world to the left, rather than to the right as would
normally be the case. In addition, the goggle-mounted prisms can be
tolerated for prolonged periods of '"mormal" activity.
It is important to note that"dove"prism reversal takes place in
one plane only, which in these experiments was arranged to be horizontal
with head erect. Conseguently there was no reversal 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

“y




was to expose human subjects to long periods of natural head e
movement with horizontal prism-reversal of vision aﬁd periodically *
examine the effect of this experience upon the corresponding B /
compensatory VOR to horizontal rotational stimulation, measured '
in the dark. As will be described in detail beloQ, such effect
was measured in terms of gain and, in the longest experiment described
below, phase of ocu?gr response relative to head rotation. Any
consistently retained change in eithef of these parameters fFom
their control values will hereafter be referred to as Habituation.

Four adult subjects (three male and one female), ranging in age
from 20 to Sé years, and free from vestibular and oculomotor

:

disofders, yére employed. The experiments were performed with the
full understanding and consent of each subject. Initial trigls last-
ing up to 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 exteénding over the waking hours of 2, 6,

e
7 and 27 days respectively.

Each subject was first matched with-a second individual whose
duty was to monitor the subject's moment—Ub—moment activity from
beginning to end of the whole experlmeng‘in o;der to serve the
interests of personal safety. On day 1 (Dl) both individuals were

introduced to the experimental program and the subject fitted with the

prism-goggles to test their comfort, exclusion of non-reversed vision,

and acceptable binocular fusion. To avoid unintended habituation, the




""'w.n:l&
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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 tﬁroughout the subject's waking hours until their planned
removal. Two standard test sequences detailed below were run to
obtain morning and afternoon control data. The prisms were not worn
during head movement on Dl.

On D2 a third standard control test sequence was run in the
ﬁorning. The subject then donned the prism-goggles and immediately
éngaged 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 conditigns. Consequently, to avoid unacceptable
discomfort, 15 minute periods of such activity were alternated wizi]30
minute periods of complete rest (supiﬁé, with head still) during the
first 3-4 hours of the first day. On D2, standard test sequences
were performed 1, 3 ‘and 6 hours after the prisms had been donned.

From D3 on subjects underwent the full test sequence at least
once daily, except on occasions during the longest experiment when the”
sugject was sometimes allowed home for a week-end, after careful briefing
‘of his wife and family to ensure continuity of prism-reversal of vision.
;0n_several days selected components of the test sequence were repeated
i.se;/eral hours after the fgrst test series for reasons such as the
detection of rgsponse inconsistencies, laboratory equipment failure,

*

or the presence of particularly rapid rates of change in regponse

, characteristics.

/

F)
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Between laboratory test sequences subjects were allowed complete
<
+

\ﬁreedom of movement within the scope of their capability, but

always with the second individual in close attendance. It cannot

be too strongly emphasised that without consciencious, moment-to-
moment, personal attendance, the risk of ser?ous pe?sonal injury to

|
a subject wearing the prisms is high} particdlarly, for example,

'

when negotiating s ‘more freedom becomes possible

road traffic Initially, movement was limited to the laboratory
environment. Later, the subject would be encouraged to range pro-
gressively more freely until by D4—6 he wo?ld venture outdoors for
extended periods. During these periods he would take walks in both
country and city environments. Indeed, active partic{pation in

normal city life was further encouraged by providing funds for purchase
of theatre tickets, quality restaurant meals, and petty cash for
limited shopping in down-town stores. Thus, alth;ugh between test
sequences there were few formal ;:; 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
logzmotof activity again. Test sequences were performed for abqgt

the same number of days as the prisms were worn, the actual period

of testing depending upon each subject's time course of return towards

his control response conditions.




The Standard Test Sequence, Three main series of experimental

tests were performed during each formal test sequence. These were
designed to e€xamine (1) the dynamic characteristics of the VOR in
the absence of vision; (2) functional impairment of visual fixation
due to habituation of the VOR, measured during head rotation without
vision reversal (Gonshor, 1974a); (3) functional impairment of postural
control (Gonshor, 1974b). Additional observations were made on
optokinetic tracking ability with head still, and the characteristics
of saccadic eye movements. The present eccount is confined to the .

1

|
outcome d% the first of these test procedures which primarily compri@ed
|

measurement of the gain of VOR in the absence of vision. In the \

longest experiment measurements of phase as well a; gain were made.
The rotational test stimulus, and the equipment employed have
been fully described elsewhere (Gonshor and Melvill Jones, 1974a, b).
Egié%ly, subjects were rotationally oscillated through 20 cycles of
sinusoidal movement at a frequency of 1/6 Hz and an angular velocity

amplitude of 60°/sec. During rotational stimulation the subject's

head was fixed to the turntable by means of a dental bite board so

. qu
[////érranged as to bring the horizontal canals into an earth horizontal

plane, thus ensuring that only one pair of canals would be stimulated
by the imposed rotation. The resulting eye movements were recorded
by DC electro-oculography (EOG). All such recordings were made 1n

the absence of vision; in practice with eyes open behind blackout

0,21

oggles. _Arousal was maintained by mental arithmetiec(Collins,——

Crampton and Posner, 1961) and particular care was taken to avoid
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g,

significant changes of EOG gain due to transient changes in levels

of retinal illuminatioan (Kris, 1958; Gonshor and Malcolm, 1971).

In the present expe;iments 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 intsrfere with reliable

recordings of VOR gain. As an added precaution EOG calibration was -

always conducted immediately before and after each period of 20 cycles

rotational oscillation. Simultaneous records of table and eye movement

were made as shown in subsequent figures. The above oscillatory

rotational stimulus was chosen because earlier}éiferiments had shown

that this pattern of Qestibular stimulation did not of itself lead to

habituation in the VOR (Gonshor and Melvill Jones, 1974a). :
Some 15-20 minutes after oscillatory rotation in the plane of the

horizontal semicircular canals subjects underwent a similar series of

20 cycles oscillatory rotacion 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 previo;sly (Barry and Melvill Jones, 1965),

allowed comparison of responses in orthogonal degrees of freedom,

one in the plane of prism-reversal (horizontal), the other in a

A

plane which was not associated with vision reversal (sagittal). 3

v

RESULTS

L

Figd;e 2 reproduces an extract from records of head (i.e. turntable)

and eye movement obtained from one subject durfng a control test
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prior to donning the reversing prisms. The bottom record gives
*

head angmlar velocity during sinugoidal oscdllation of the man-

0

carrying turntable at 1/6 Hz and 60 /sec angular velocity amplitude
(peak- to peak 120° /sec), obtained from a tachometer on the

turntable. The top record shows the reflexly induced compensatory
nystagmoid eye movement obtained in a horizontal plane, with eyes

open behind blackout goggles. Bearing in mind that the upper réecord
is of eye position relative to the skull, whiléi the lower one is

xhead angular velocity relative to space, it can be seen that the .
response obta;ned 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 compeﬁﬁalory eye movement
is properly phase related tq the head movement. For exaﬁﬁle, the

eyes were maximally displaced left in the skull at the moméhtfﬁhen the
head was maximally displaced right; i.e. whé; the head came t; a halt
after a period of turning with angular velocity to the right. Between
peak displacement of the eyes to right and left, compensakory move-
ments are normally interspersed with quick phase qppositioning -

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 L

P

described in detail previously (Gonshor and Melvill Jones, 1974a).

Briefly, curves of Cumulative Eye Position (CEP) were constructed




y

Fig. 2,

-

Extracts from original records of eye position
relative to the head (tog trace) and head angulaé‘
velocity (bottom trace). The middle tracé of
"Cumulative eye position" (Meiry, 1965) consists
of the sequential compensatory slow %?ase eye
movements in the cycle with saccaées (between
dashed 1ines? omitted. In this figure, as in all
subsequent figures, the stimulus 1§Ja sinusoidal
oscillation at 1/6 Hz frequency and 60°/sec velocity
amplitude (peak-to-peak, 1200/sec). The eye
calibrations, unless stated otherwise, always denote
20O displacement, symmetrical about the mid gaze

position. "R" is right going movement.

e

-
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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 velocity (Oe max) to peak head angular velocity

(@h max), so that

L4
3 [

G = emax/ hmax -ccoevenva.(l)

$

Mean values of these ratios were then obtained over each test run
.to yield the measured gain for the run. The mean gain obtained in

this way from the control run in Figure 2 was 0.58, standard error

of the mean (S.E.20.017; n - 18).

In the long-term experiment the phase of response was measured

]

peaks of compensatory eyedfosition and velocity nodes in the trace
of head movement. The convention has been adopted throughout that

the phase of eye movement is zero when its peak is exactly in phase

with the fequired response for perfect ocular compensation. At
1/6 Hz the human compensatory response defined in this way would

be expected to be 5-7 degrees‘phase advanced due to normal semi-
N
circular canal and oculomotor dynamics (Hixson and Niven, 1962).

at each half cycle by the cyclical degrees of phase shift between

‘“L4mamr1ﬁnnﬁrﬂbta%ﬂeé:ffﬁm;EﬁELeﬁntroi1ﬁnrrepr€senf€&fnr

2 50

Figure 2 was +7.2 (S .E.X0.367 n = 18).
The objective was to obtain measured results from at least
N

10 cycles near the middle bracket of the standard 20 cycle test




run. However, as described below, some records obtained during
transitional periods of rapid habi tudtion yielded less than 10
useable cycles. When less than five measurable cycles were

_available no mean was recorded (see intermittent portion of the
t 2
curve in Figure 7). 7

- MEDIUM-TERM EXPERIMENTS

The first 3 experiments, conducted on separate subjects in
the following order, 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. Some examples

of original records from subject T.D. are shown in Figure 3. As

before, tne bottom trace of this figure and subsequ?nt similar ones
gives thé/angular velocity of sinusc¢idal head rotation associated
with all the accompanying records of eyé movement. Static
calibrations of eye angle relative to the head, obtained immediately

before each run, are shown on the right side of the figure. Of B}

r '

incidental interest is thé consistency with which such calibrations

(Fig. 3 near Hé;E)

can be obtained by careful attention to details of EOG electrode

application,.,, The top trace shows several cycles of normal compensatory
horizontal nystagmus obtained on D1 with eyes open (V40) before
donning the reversing prisms. From curves of cumulative eye displace-

s

ment the mean gain of response over the standard 20 cycles' of this .

¢
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Fig. 3. .

Extracts from ofiginal records of eye position

relative to head angular velocity. V+0 (Dl) is

~

compensasyry nystagmus resulting from complementary

vestibular (V) and optokinetic (0) stimuli, and

o

is taken from a control run on day 1 (Dl).

v (Dl) is taken from a run in the dark on day 1,

when only the vestibular input (V) to the
oculomotor system is operative, V (D3) is from

)

a test in the dark less than 24 hours after the ®
commencement of prism-reversal. The
calibrations at the right of fhis figure all

represent 20° displacement either side of center.

L = left and R = right.

¢

¢







run was 0.92 (S.E.20.007), which is typical of normal nystagmoid

reSponses‘%o combined vestibular and optokinetic stimulation during
the standard oscillatory rotational stimulus described above.
The second record from the top (V,Dl) is taken from a test runm

.in the dark on DP when only the vestibular input (V) to the

oculomotor system is operative. Comparison of smooth phase slopes

A

in this record with those in the top one illustrates the teduction
¢

of VOR gain by about one third,which is to be expected on removal

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 to the habituating influence of prism-

reversal, again recorded without vision. The additional highly
s -

significant (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 to 0.33 (S.E. =%0.008), or

about 507 of the value ohbtained during the control run without vision

(V)Dl) .
(Fig. 4 near here)
Figure 4 shows the cycie by cycle results-obtained-from subjéct — -

e el vt T T man e L

- N e+

-

T.BT‘EEESGQESGE_EEEAZ'day expgriment, each point giving the measured .
e D——
"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, the ordinate gives the gain, G, of response as

defined in equation’ (1), and the abscissa gives the days, expressed

e




Fig. 4.

Collected results for one subject over the
4 'day experiment. The ordinate gives the
vestibulc;-ocular gain. (eye angular velocity/
head angular velocity, or 6e/éh). The vertical
arrows on the absci;sa represent the start and

termination of vision reversal. Each point gives

the measured vestibulo-ocular gain from a single
cycle within runs in the dark before(O), during

(@), and after (Q) the reversed vision stimulation.

¢

A cycle by cycle estimate of gain with normal vision

during a control run, before donning the prisms, is
illustrated in the top left corner (@). Thelupper
dashed line gives the maximum turntable angular velocity

of 60%sec attained in each cycle of the°standard 3

sinusoidal stimulus. Symbols in this figure are used

for the same purposes in subsequent figures, unless

otherwise stated.
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. of Figure 4/give cycle-by-cycle gain obtained with normal vision

4
as Dl etc., from commencement of the experimental series as

described in Methods. The three control tests (©), two

-

performed on/ﬁk and one on D,, yielded consistent results which

were closely similar to those described earlier for normal subjects

in these clrcumstances (Gonshor and Melvill Jones, 1974a). However,

after donning the prisms (first vertical arrow on the abscissa)

during the morning of D2, the VOR gain, tested 6 hours later, was

found to pe consistently about 507 attenuated (@). A similar

consisteﬁtly attenuated VOR was found towards the end of D3. Then,

after réﬁoval of the prisms (open circles following the second vertical

arrow on‘the abscissa of Figure 4), two tests on D4 yielded results

indicating progressfve recovery of VOR gain throughout the day. (

However, even after 20 hours of normal activity without vision reveisal

there was retention of a considerable and highly significant degree

of habituation, ﬁanifest as a 20% attenuation of VOR gain. Unfortunately,
i

7

this subjlect &af due to leave on a round-the-world expedition after

‘ D4 and consegu#%tly could not be followed to the point of full recovery.
I

1

Nevertheless this initial experiment clearly indicated that the
planned experimental procedure was feasible, as well as demonstrating
that marked and consistent habituation of the VOR was to be expected

in these cirfumstances. The closed diamonds in the top left corner
I

ki
during the standard sinusoidal rotational stimulus applied before

donning the prisms, and generating a response as i1llustrated 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/ff;m subject A.G. are shown in Figure 5, in
which the format i1s similar to that of F}gure 3. The top and bottom
records of eye movement show vestibulo-ocular responses (V) without
vision during runs before (Dl) and two days gfter (D9) the period of
vision reversal. The mean gains obtained from the whole of each of
these two runs are 0.65 (S.E.*0.009) and 0.70 (S.E.£0.011) respectively.
The middle record (V,D7),taken from the final test run on the final
day of prism-reversed vision, shows tHe now familiar attenuation, but
also the beginnings of disorganization of a normally sterestyped
nystagmoid response. For example, sometimes there tends to be rounding
of normally sharp transitions between saccadic and compensatory

H
phases of eye moéﬁment, as well as occasional anomalous patterns of
eye movement not observed in normal control records, such as marked
but fluctuating directional preponderance (e.g. Fig. 12). The mean
gain for the whole of this run (V,D7) is 0.16 (§.E.*0.013), which

represents a substantial and highly significant (P{0.001) suppression

of gain relative to the other two records.

(Fig. 5 near here)

Figure 6 shows the collected results obtained from subject A.G.

in the 17 day experiment. All symbols in this figure are as in '
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Fig. 5. d

Extracts from original records of eye position
relativ;’to head angular velapity in the 17 day
experiment with subject A.G. V(Dl), V(D7) and
V(Dg) show respectively the compensatory nystagmus

in the dark during a control run (before donning

.

the prisms), a run on the 6th day of vision reversal,
4

-

E

and a run 2 days after its terminatiqn. \\\J

&
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(Fig. 6 neayg 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.)s Note particularly that

the numbers on the abscissa depict‘the ends of the corresponding days
into the experimeqt, in conformity ‘;th Figure 4. 1t 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 subject T.D.
Beyond this point in time however the gain continued to decline in
subject A.G., altMough 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 continyed in this subject over a time course
bearing a rather close similarity to the first 2 days of fall in

gain after initially donning the prisms. A final test run on day 17
confirmed recévery to control conditions. As in Figure 4, the closed
diamond at the top left corner of the figure gives the mean gain obtained

whilst looking at the surroundings with eyes open, and before

donning the prisms,

(Fig. 7 near here)

M

Figure / summarises the results from subject M.J. in the

25 day experiment. Again there was rapid attenuétion of VOR gain

e
during the first 2 dgyéfafter donning the prisms, reaching about

-

.
/
|

Xy ’
- ‘
.
4




Fig. 6. -

- .

Changes in vestibulo-ocular gain (Oe/oh) as a
function of-the 17 day experiment. The vertical
arrows enclose the period of reversed vision.

Each point is the ﬁean value for up to 20 cycles
of test runs in the rdark before (), during (b),

e

and after (Q) reversed vision stimulation.

The filled diamond at the top left represe;ts the
mean value for 17 cycles during a run with vision
before donning the prisms. The upper dashed line
gives the maximum head angular velocity of 60°/sec
attained in each cycle of Ehe standard sinusoidal
sti&ulus. Vertical bars depict *one standard

)
deviation (.S.D).

-e
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Fig. 7. \ e

Changes in vestibular-ogcular gain as a
function Enf the 25 day experiment. Ordinates,
points, and das%ed lines as in Figure 6. The
questilon mark represents' tests run during days
5 and 6 of the exi)eriment, when a combination n
of low gain and a disorganized nystagmus
pattern made anal&sis impossible. The l P

triangles are mean VOR gains (1 = 20) obtained

from test runs in the dark, with head oscillation

-
%

~
in the sagittal plane, before ( f\ ), during (‘ ¥,

and after ( /\) the period of vision reversal.

Vertical bars again depict +1 S.D.

4
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507 attenuation over this period, as in the previous subjects.

4

Furthermore, the recovery of gain after prism removal occurred

over a somewhat similar time course to that of the initial habituation.

However, in these records high attenuation of gain tended to be .

associated with consistent disorganization of oculomotor response

such that some records were impossible to analyse with satisfactory

g

assurance. The intermittent section of the curve containing a .
question mark covers the period in which guch' records appeared. The
open and closed triangles give the gain of VOR in the dark measured

1

in the sagittal plane.

(Fig. 8 near here)

The middie eye movement record of Figure 8 illustrates a sagment
from such a response obtained from subject M.J. As in Figure 5 the
upper and lower eye movement records shqy extracts from two normal
responses obtained without vision before (Dl) and a long while after
(DZS) the period of prism-reversed vision. However, the intermediate
record of D6 is not merely attenuated in amplituze, but also shows .-

portions of response defying meaningful analysis in terms of gain.
One tantalising feature of this record (D6) occurs at the pbint marked
by an arrow. The lattepﬂdenotes a turnover point, whichge if compared
to the corresponding one; in the records above and below, is seen

to be almost 180° out of phase with normal compensation, or approximately

reversed in direction. But the transient changing natutre of this feature,

f
—_————
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Extracts from original records of eye position
relative to head angular velocity in the 25 day |
experiment. V(Di) is a control run in thé dark
before donning the prisms and V(DZS) is a run
17 days after termination of reversed vision
stimulation. V(Dg ) 1s a record from a test
run in the dark om the 5th day of reversed vision,
with the arrow pointing to a nystagmic turnover

point that appears functionally reversed.
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I3

togetherr with the very weak' signal-to-noise ratio in such records
led us at this stage to disregard change of phase as a measurable
variable.

Figure 9 shows two cycleés from runs performed with the sagittél

-

(Fig. 9 near here)

plane of the head parallel to the rotational plane of stimulation.

It should be remembered that the“dove”prisms were specifically oriented
to reverse vision in a horizontal plane, but not in the sagittal one.
These records of vertical ocular nystagmus wére obtained during a
control run. on D1 and at the height of vision reversal on

D6' Despite the very marked at;enuation of horizantal nystagmus on
D6 (middle trace in Figure 8) there is no significant diffgrence
between the mean gains of vertical nystagmus depicted’in éée two
runs of Figure 9 (P>0.5). This was a consistent feature of all the
prism-reversal experiments as exemplified by the diamonds and t}iangles in
Figures 7 and 19, and indicates high geometrfc specificity in the
habituating process. O0f incidental interest is the facé that in all

subjects tested this way, sagittal VOR gain was consistently close

. to a value of one, despite the fact that all such measurements were

made in the dark. .

| LONG-TERM EXPERIMENTS

The previous medium-term experiments demonstrated the need for

a longer exposure to vision reversal, in 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 d;y experiment. The
subject is again rotated at 1/6 Hz and 60°/sec velocity
amplitude, but this time with the head rotated through
a 90° angle so 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(Dl) and VS(D6) represent the vestibulo-
ocular reflex responses in the dfrk during a° control
test run and a run on the 5th day of reversed vision, ’
respectivély. R = right going turntable (head)
motion, but since this causes the rotated head:
to move in the sagittal plane, the "R", or right- .
going movement of the eye relative to the turntable,

actually represents an upward movement of the eye

relative to the head.

af







impression that more than mere attenuation of gain was at play in o

the habituation process. For this a 4th subject (A.M.) undertook

a 49 day experiment in which the reversing prisms were worn
continuously fof 27 days. Exactly the same procedures were employed .
as in the previoys medium-term experiments .y
Changes obsekved ggfing the first week of habituation were
generally similar to thogé seen in the three medium-term experiments.
To illustrate this the normalized VOR gain for all four subjects is
Subject A.M. is

plotted over the first seven days in Figure 10.

denoted by the symbol (@) in this figure. The fact that he followed

the same general pattern of decline in gain as the three previous
shbjects is considered particularly important Iin view of the fact

that he was the only individual exposed to more than this duration

of prism-reversal.

(Fig. 10 near here)

As already mentioned, a feature which first became systematically
apparent in the long-term experiment was the significance of phase ’
of VOR relative to the sinusoidal rotational vestibular stimulus.
Figure 11 shows a sequence of records obtained over the first 18 days,
chosen to illustrate general features of the progressive changes
observed. The format 1s similar to that of Figures 3 and 5, so that
although eye movement records were obtained on separate days, they
are all properly referred in time to the standard sinusoidal stimulus,

shown as a single tracé at the bottom of the figure. Thus, in this

a e
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Fig. 10. \\

Changes of normalized VOR gain during the first

few days of vision reversal in the 4 day (A),

17 day (4 ), 25 day (Q), and 49 day (@ ) experi-
ments. The abscissa represents real time after
donning the prisms, each number denoting the end.
of a 24 hour period from 10.00 a.m. on one day -

®

to 10.00 a.m. on the following day. The

. /
ordinate gives mean VOR gain normalized relative

4
to each individual subject's mean control value,

obt;ined immediately pfior to donning the.

prisms. The curve was drawn by eye.
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figure, the progressive phase lag of‘cyv movement from D to

. s 1
D18 is proper y‘relatcdlto that of the common stinulus. One
should recall that all records were obtained in the absence of
vision. The top record is a control response obtained before
donning the prisms (V'Dl)' V,D3 is~taken from the last test?
sequence at the end of the second day of wearing the reVgré(ig
prisms. Considerable attcnuation of gain had occurred toccther
with some interesting phase characteristics, which however require

cognisance of the features described in connection with Figure 12

for proper interpretation.

(Fig. 11 near here)

- S : '

In the subsequent records of this figure there was a progressive,
although somewhat erratic tendency for substantial development of

phase lag in the response. Thus on D7, and D18’ the mean pnases of

[¢]
response were respectively 94 and 130° lagged relative to the

control respoase. The important foature here is that g phase shife

-~

&} L .
of 1807 would amount to precise reversal, go that, as evident 1n the

figure, . the response on D represents approsimate, but nol complete,

18
reversal. An additioual important feature is that the gain of this
. . 4
approximately reversed response was considaribly restored, although
not harcl to its original value (note the calibrations on the right

hand side of the figure).

-~ As will be seen in Figure 13 this became the norral pattern of



Extracts of original records ¥rom the
49 day experiment, showing the changes in phase
0 'EEH‘Eﬁéular“velocity stiqulusﬂandxexe
position response. All records are taken from
runs in tée dark during a control run ﬂDl),
ang_runs or the 2nd (D3), 6th (D7), and 17th

.

days (D18) after donning the prisms.

-l ..
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A

!
response to be expected during the last two weeks of wearing the
2 ‘
prisms. Of particular significance is the fact that without a
knowledge of phase it would not be possible to decide whether the

record obtained on D 8 in Figure 11, was normal or the consequence

1

of habituation. That is to ¥ay, there was normal inferspersion of

appropriately placed saccades amongst well defined and organized

smooth pursuit movements generating a closely sinusoidal CEP curve.
Evidently, not only the smooth compensatory phase of nystagmus had

been effectively reversed, but so also had the numerous well organ%zedkm_ﬂ
placeménts of the saccadic repositioning flicks. Physiologiéal
{hplications of this feature will#be discussed later. .

Figure 12 is included to point out another characteristic of
response patterns often obtained at this advanced stage of the habituation
process, seen also in the D3 trace of Figure 11. The top trace 1is an
original record of 2 cyc%qg from a portjon of record obtained on D8.

Here the nystagTus is biased in that almost all saccades are to the
right. This canlbe accounted for by a bias of eye angular ve%ocitx

<X
(i.e. "'directibnal preponderance') to the left, in this case approximately

~
- =

Ao/sec, as, is apparent in the mean "downwards'" sldpe of the CEP !

curve shown below the original one. This phenomenon was commonlv seen

during the transitfonal stage of habituation, even though no subjects
if/ -

Aw

exhibited overt direptional)preponderance during control conditions.

1 £

.
3

N .
(Fig. 12)near here)




Fig. 12.

P

Extract from original records (D8) in the

49 %ay experiment, showing the effect of directional

preponderafice on the measurement of phase. The

. ,top trace gives the recorded eye positional
\v’
response to 1/6 Hz sinusoidal oscillation at

e ) [ S T

‘: N H
600/sec maximum velocity amplitude Yvelocity

trace at bottom). The'arrow 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 3.7O/sec.

The actual "turnover'" point is at the dashed

line ("A"), which 1s determingd from the

pointjof Fangential contact of the CEP curwve

with alline patallel to the slope of mean positional
drift. The ar;ow heads at "A" enclose the vertical

distance between the points of tangential contact and

a straight line joining successive peaks. The dashed

e e e -

Jine at "B"™ indicates the point of zero head angular
velocity, where a "turnover' would be considered in

perfect compensation. B to C represents a phase

» " T "'J"‘c"m”'

advancement of 270, while B to A_repregents a pﬁ%éé'

= ~~1ag of 10°.
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In addition to the inherent interest of the introduction of

such directional preponderance during habituation, it is important
to appreclate that when this phenomenon is present the phase of %
response cannot be obtained directly from points of "turnover" in
the or{g;mal trace of eye displacement (e(g. the point located by
" the af%ow at "C" on the original ‘trace). \ ther the phase of fhe

"turnover" must be determined from points of tangential contact ("A")

- -

= et o T

== = - = Gf the CEP*turve'With‘rtnes parallél to the mean drift. The
- relevant feature to note here is that "A" -is-phase lagged relative
to point of perfect compensation, "B", whereas "b" in the original
record gives the misleading appearance of phase advancement.
s ~-———ﬁ-eon@usang—featuregﬁfgtheAtranSttionai*changes*betWE?n‘rﬁéfﬁmj*“
extreme patterns of response in Figure llf was the wide range of
variabiiity found from gné day to the next, and even from one test -
run to the next on the same day. These changes are evident 1in
Figure 13 which shows a three dimensional display of the inter-
dependence between gain; phase and duration, throughout the whole
extent of the long-term experiment. The vertical ordinate gives
VOR gain expressed as before in terms of the ratio of mean maximum

0 0
eye angular velocity to mean maximum head angular velocity ( e/ h).

The abscissa gives time in days after commencing the experiment. o

The third, or z axis, gives the phase lag of ocular movement relative

N
to that which would yield perfect compensation for head movement ///

with normal visiory in .accordance with the convention deflned at the

§
‘




commencement of Results. Half filled circles depict control responses

-

obtained in the absence of vision pior 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

responses obtained after the prisms hdd been removed and normal

i

Vision restored. It may be helpful to emphasise again that the
responses plotted in this graph were all obtained in the absence of

-vigion, ﬂ@e—lengths”ofA{he~"stal

e

ks" on which these points lie give

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 11,
after donning the prisms the habituation process manifested itself

as a progressive sequence of change in gain and phase. Initially

there was rapid reduction of gain without significant %hange 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 however be

noted that thls general pattern of change was by no means Smdothly

) i

accomplished. Thus, careful attention to detail in Figure 13 shows

that during the Tirst two weeks or so the changes incurred fluctuated
back and forth from day-to-day and even from one test ridn to another

within a single day. The most striking example of this fluctuation

Y




Fig. 13.

&

A 3-dimensional view of the simultaneous changes

in the vestibulo-ocular gain (Oe/Qh) and phase as a

kY

function of time in the 49 day experiment. Each . ¥

ﬁé“in_t“is the mean value for Up to 20 cycles of a run,
and is placed according to both its mean gain and

6 r
phase values. The points are also placed according ' °

¢

tothe actual—elapsed time between the start ofthe — —— ——

experiment and the test run they represent. Each
day number on the abscissa indicates the end, of a :
24 period, starting at 10.00 a.m. on one day and
terminating 10.00 a.m. on the following day (see

}\lso Table 1). The points are the results Of,ﬁ

test rurs In the dark before (@ ), during (@7,

and after ( Q) reversal of the visual field.
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was observed on DIO

are separately illustrated in Figure 1l4. Here, the top record was

from which samples of morning and evening records

obtained at 10.00 a.m. and shows a wi}{_definedx”reversed" pattern

of resppnse. The bottom trace was obtained at 5.00.p.m.. and here

.

the phase of response had reverted completely back to the initial

control value, although the gain remained substantially (about 507)

i

below the normal control gain. Of course, in this instance one was
particularly careful tg review directional calibrations of head

and eye records iﬁ view of the possibility that these may have been
accidentally reversed between morning and evening sessions. Fortunately,

this possibility is absolutely excluded by the fact that the morning

N

response was consistently 1n the region o§ 120° phase lag, whilst the

3

evening response was almost precisely in phase with the control responses
obtained on Dl' Since the difference between thedrespef{ivé;mean
values is highly 81ghificantly less than 180° (P440.Q01), there can be

no simple ambiguity of directional calibration, and hence the obser-

i

vation must be a réaJ one. Such extreme variability from one set gf
f

tests to the next in the same day was only seen on this one occasion.

The uniqueness of this observation raises the question of whether
o ‘ ’

the subject could have removed his prisms over a'period of waking hours

f

unknown to us. Although this cannot of course be absolutely excluded,

2

the fact that his whole da?iwas under minute-to-minute observation by

his full-time companion makes this possibility unlikely.

-

-

(Fig. 14 necar here)
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é Extracts from original records of runs : )
—————— *-- in the morning—(DlOﬂA.M.) and afterncom - — s T T T e e

(blo—P.M.) of day 10 in the 49 day , ) ¢
experiment. Eye response to head angular

velocity in the morning run is about 130°

phase lagged, so that at the vertical arrow,

whilst the head is rotating to the left,

“compensatory" slow phase eye movements due

to VOR are directed also to the left, with

saccades placed appropriately for this

reversed slow phase movement. The phase

relationship in the afterdoon run reverts back - -

g simnre F
f ~

$
\

to the normal compensation seen prior to revers-

____dng the visual field (Fig:—2);—ive—whilst—the head

is (at the arrow) rotating left, compensatory slow .
. ) ) i
hase eve movement is directed to the right. H .

e
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Returning to Figure 13, it can be [seen that after the first
two weeks of exposure to vision revers1l the situation more or less
stabiliged to one in which the phase 1l3g of VOR.was around 110° to

130°,and the gain about one half the normal control values. Of

3

considerable additional interest is the fact that during the last
two weeks of vision reversal the subject was able to move about with
something approaching normal facility. Moreover, he had regained his

normal hearty appetite, wixich, as with the medium-term subjects, had

been somewhat depressed in association with the nausea, and general

lethargy and malaise, experiencéd in the early phase of-vision reversal-

¢

’

(Gonshor, 1974b).

‘The next feature to note in Figure 13 is the pattern of recovery

after removal of the prisms. “"Thus, élthough it took effectively one

-

further month to regain normal conditions, the time course of events
was dramatically differed% from that of the original habituation to-

prism-reversal. The first standard test run, conducted one half hour

I

after removal of the prisms, is seen as the first open circle. 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

normal control value, and thereafter no marked change of phase was
-

subsequently seen. However, the gain of response remained highly

attenuated for two to three days, and subsequent recovery to the normal

control value was extended over a prolonged two to three week period,

-

These striking phenomena are well {llustrated in the original

9

@

»

~

L‘ N —
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.
“fecords of vestibularly driven eye movements shown in Figure 15,
The top three traces are taken from standard test runs in the dark
performed (i) just before, (ii) half an hour after and (iii) two

hours after removal of the prisms on D28' In D28-(i) there was

\ -

both substantial phase lag (1150), and attenuation of VOR gain (607).

.

In D28—(ii) the phase is only 80° lagged and there.-ls considerable
additional attenuation of gain and seen in the first open circle

of Figure 13, I the phase has reverted nearly to normal,

n Dyg_(1i1)

although the gain was still well below the control value. 24 hours

later (D29) the gain was still low, with the interesting additional
feature that saccades were absent in some stretches of record, as in
the figure. Nearly four weeks after prism-removal (D49) a normal

LY
response was again obtained, as already noted in comnection with

Figure 13.

(Fig. 15 near here)

In Figure 13 the time scale is so compressed that it is often not

possible to identify the exact sequence of events. In view of the

high physieiogieaiASigﬁificance;of~the—thangESAobserYed’and the T

difficulty of indicating statistical reliabiiity of means in Figure 13,

L Sy
1

meanm values of gain and phase together with their standard errors ‘are

given for each test run in Table 1.

(Table 1 near here)
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, ‘ :
Samples from original tecords, showing the

changes in vestibulo~ocular gain and phase after

removal of the prisms. V(D28) represents

test runs in the dark, (1) before the prisms are

Y

N i o
removed, (11) half an hour after removal of the

-

prisms, and (1ii)2_hours after. V(Dzof is from a

run less than 24 hours after removal of the ‘

e

p%isﬁs, and V(D49) represents a test run on the o

-

last day of the experiment.

¢ -

~
3
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TABLE 1
Assessméhgihgf gain and phase for,the 49 day N
) - w0
experiment. The only day numbers shown are those
in which at least one test was performed. Tesfs ﬁﬂ‘
on days where more than one was performed are
. . 4
denoted as A, B, C, and D. '"Time", ?enotes the k
/

time in each day (hours) when a complete test X
session commenced. The ve;tibulo—ocular reflex

gain (eye angular velocity/head angular velog&ty) .

is shown as ean value for each run, *S.E. of

the mean (n;fgfi;mse values represent the degrees ‘e
of phase advancement (4 ) or phase lag (-) with .
respect to perfect compensatory eye movement. The

values are given as mean phase phangé, in degrees,

for a run, S.E. of mean (n). Unless otherwise Y,
0stated, the n value for each phase measurement is 10.

(




4
DAY

2A

3A

3B

TIMB
19
10
12
13
15
18

"10
17
10
10"

10
17
11

16

-9

11
10
17
10
10
15
10

15
10
17

10

4
2

TABLE 1
MEAN GAIN
0.581:0.017(18)
0.6324D. 008(18)

PRISMS ON
0.423+0.010(18)
0.336:0.007(21)
0.298+0.005(14)
-
0.147£0./009(18)
0. 144+0. 006 (18)

'0.201£0.014(15)

MEAN PHASE
+7.2%40.36(18)

3

+7.6%0.48(19)

+5.0t1.11 °
C44.0t1.44

+4.0£0.98
-52.0¢8.29(16)
~50.0¢1.81

- 8.0t6.5%~

©0.149:0.

fal

0.173+0.

0.19840.

010(18)
011(18)

013(14)

+0.012(16)

0.28820.
0. 280%0.
0.132:0.
0.259:0.
0.265+0.
0.203+0.

0.242+0.
0.293+0,
0.142+0,

0.299:0.

.012(18)

+0,013(15)

008(17)
009(19)
010(16)
008(19)
009(13)
013(12)
011(18)
015(29)
008(19)

015(15)

~-67.0%5,

13(18)

~94.0+3.99
~83.0£6.82
-57.0:8.82
-40.0%6.95

- 5.0%5.86
-125.0£2.23 -

+9.04.96
-20.0%10. 52
~128.041.45
~109.0+4. 34
~115.0:4.83

~-115.0%4.02

-99.0+11.77

I""v‘

-86.0+5.54

+=110.023.77

L3




DAY TIME MEAN GAIN
18 11 0.312£0.024(17)
21 14 0.270+0.031(14)
224 11 0.263£0.009(12)
B 19  0.299+0.012(14)
2% 11 0.191+0.008 (19)
284 10  0.185+0.007 (14)
B 15  0.325+0.011(27)

" 17:30 PRISMS OFF

7
C 18 0.089+0.005(20)

s

D 19:30 0.154+0,007(23)

29A 14 0.133+0.005(20)
B 18 0.233£0.007(16)
30A 10 0.223%0.004(18)

B 17 — ZZ%4£0.005(19)
M 10 9.363i6766§(20)
aé - 17 O.Z67i0.009(20)
32 11 0.380+0.016( 7)
35 11 0.482+0.010(10)
36A 10 0.412+0.009(17)

B 16 0.396+0.001(13)

37 11 0.425+0.009(14)
38 11 0.426+0.010(19)
41 13 0.552+0.007(19)

49 13 0.694+0.016(12)

MEAN PHASE

-130.0t2.
-116.0+3.

-115.0+4.

—125.0f2.2§—\

-99,0+1.

-110.0%2.

-122.0+1.

-76.0£7
0.0+2,
+5,0+£2,
+6.0+1.
19.0%1.
+5.0+1.
+15.0t1.
+14.0£1,
+13.0+1,
+10.0+1.
+10.0+1.
U +8.5%2.
+7.0%0.
+11.0+1.
+10.0+0,

+9,0+1.

79

88

74

89

75

16

88
14
92
22
20
45
42
25
00
2}
11
60
87
06
46

56

-t

\:r"/
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Statistical reliabil}ty of measurement of gain is seen to

be similar to the other three subjects, as?depicted in

> - !

Figures 4, 6 and 7 (note that the verti bars in Figures 6 and
7 give standard deviations). ®However the reliability of mean

'

estimates of phase varied widely. For example in' tests conducted

a

. 1}
on ¢ontrol days (Dl’ D2A) the” variability within a test run

¥

,was on the same order of magnitude as the accuracy of measurement

*
]

(8.D. = 1.5_60 and 1.93O respectively), whilst during the period of

initial habituation (e.g.,D
z

increase in the variability. Thereafter, except for occasional runs

3 Dll) there was more than a tenfold

with high variability (e.g., ), conbistency within runs tended

D64
to improve. After the return to normal vision, except for the test

), consistency tended to improve further,

P)

made” half an hour later (D28C

quickly (D onwards) returning to levels similar to those

298
seen on the original control days.

Figures 16 and 17 add perhaps some insight into both the short
and long-term variability of phase. Both these figures plot results

projected on the gain-phase pl4ne of the three dimensional display

/ .
in Figure 13. In Figure 16-the hﬁlf filled circles give the values

of gain and phase obkained from\iiggle cycles of a control run
prior to donning the prisms: The closed circles give‘corresponﬁ&ng
values obtained during the afternoon run on D8. Evidently, there
was wide variability of phase, but not gain, from cycle-to-cycle

during this run. The closed circles with cross‘(") give similar

-

i

il



, pattern of relationship’ between gain and phasé} even when there is

»

of harticular interest

data éEtkined from the noon test run of D

18°

is the apparent continuity links between the three sets of data,

~

suggesting that some physiological criteria are forcing a particular

- 8

o

variabﬁ{;ty of these parameters within a run

¢

(Fig. 16 near here)

kod

This conclusion is strongly shpported by the data in Figure 17,
N N ‘s

which plots the mean values of gain and phase obtained on individual

s

days throughout the whole seven week experiment. The similarity of

interdepe;dence be$ween the gain and‘phése in this plot and thg. ~
preceding one (Fig. 16) suggedts that suchtfluctuations are by no means
arbitrary in nature. Physiologicél implications of these obsefvations
will be discussed below, and developed in-a subsequent article, which

explores a simple but plausible neurophysiological model that could

readily account for these apparentiy complex interrelations.

“ 3

. = iﬁ (Fig. 17 near here)

N

As with the earlier medium-term experimerits,, all test runs were

ol
followed immediately by measurement of vegtibulo—ocular response ,in

~ N ’
the absence of vision with the sagittal plane of the head in the-plane
of turntable rotation. Figure 18 shows sample records of "vertical"

nystagmus obtained during this form of stimulation, the upper trace

ﬁéing obtained during a control run on D2 before donning- the prisms,




Fig. 16.

¢
. .

Chanées in vestibulo-ocular gain (Oe/eh)
as a function of the pbase relationship between
stimulus (1/6 Hz oscillation’at 60%/sec
velocity amplitude) and response (eye movement
relative to the heald).l Each point represents the

, phase and gain value for one cycle in a run

e ) before vision reyerspal (@©), and in runs 7 days

(@), and 17 days ())f) after donning the prisms.

It is seen that control values for phase are

‘slightly phase~advanced at this frequency, and that A

Fang

o ‘v !
the reversed visual stimulus causes substantial o

phase~lag.




PHASE LAG (degrees) .

] ¥
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\
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. The gain-phase relationship 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 (@ i,' and after (Q)

reversal of vision.

fi




.

s

GAIN

v (He/bn)

o8

06

o4 |

rs

o




S¢

and the lgwer trace on D28' Evidently, despite radical .changes

of both gain and phase in the horizontal plane of the head between

[

these two days, there was no significant change in either of these » -

characteristics in the sagittal reéponses obtained before and at
2 ° o
the height of the habituation process (P<£0.5).

i

(Fig. 18 near here) .

Figure 19 shows there was no significant change in the saéittal
response from beginning to end of the seven week experiment. From
this and the previously mentioned ohservations in other subjectg,

it seems one may conclude with assurance that the habituating process
is subject to high specificity with respect to the plane of vision i J

reversal. N .

. —

In addition, these$latter observations permit the use of the
c Y

sagittal response as an internal co trol, indicating that gain

attenuatién even in the horizontal plane is unlikely to have been -
due simply to fa{}ure to maintain an adequate level of arousal. .

Of incidental interest is the fact that sagittal de gain was

consistently close to one, whereas the normal control response in

the horizontal plane was consistently close to 0.6. Implications s

of this difference will be discussed below.

(Fig. 19 hear here)
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Fig. 18.

Extrdcts from original records of eye position
nly *

relative to head angular veloeity in\?he sagittal plane,
-

iﬁ the 49 experiment. Vs(DZ) is a control run just
prior to donQiEg the prisms, whilst Vs(DZS) is from
a run on the 27th, or. final day of prism-reversal.

hi

Format is as in Fig. 9.

L)
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Fig. 19. _ . .

\
s ) 5

The changes in vestibulo-ocular gain
("ef"h) during oscillation in the sagittal
plane,; in the 49 day experiment. Each

wt

point représents the mean value for an

entire run (20 eycles) in the sagittal plane

N
.

befogre (WUW“T, and “after (@A) ]

A

vision reversal, 'Typical cycles within such -

runs are seen in Fig. 18.
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¥ DISGUSSION

What is Habituation?

As a general concept, habituation has been described as a ’

\ -

gradual waning of responses to reéetitive stimuli applied without
<

reinforcement (Thorpe, 1950, 1963). Humphrey (1933) saw it as an

o~

adaptive process which permits an animal to ignore stimuli whiQh
do not have significance for preservation. He interpreted this as

a form of learning with a universal character throughout the animal

kingdom. Thompson and Spencer (1966) were more detailed in their

description of the habituation process, and specified the following
{

criteria: (1) Repeated stimulatYon causes response decline, the

latter being (2) more rapid with frequent rathey than with spaced

)

stimulus presentation; (3) habituation is commonly specific for a

Ay,
given stimulus or input; (4) the magnitude of the habituated response

-

- ——- - — ———— can be restored by withholding the stimulus; and (5), the habituation .

- rate increases with each new series of trials separated by intervals
* ' "

of spontaneous recovery.

Previous Findings

¢ b

In a similar faghion, investigators of vestibular habituation

gave for many years considered habituation to be an attenuation, or

/

// response decline, due to monotonous repetition of an indifferent,

J useless, or inadequate stimulus (Forsmann, Henriksson and Dolowitz,

‘ 1963), which could often be returned to its full intensity by

-y -

.\j /




t

G
countering the concomitant loss of arousal with specific mental
)

\iaek (Collins 1964a). For prolonged and repetitive vestibular

stifulation the response attenuation could therefore be accounted
%

for 1& part by a transient arousal factor as well as an adaptation

v €

to the vestibular stimulus per se (Guedry, 19653, 1974),

A
However, most of these vestibul&r experiments have employcd

L4

sustained cupula deflection as the adequate sensory éfimulus. But p
; .

this is not a normal occurrence in natural life, and the question’

arises whether similar attenuation of physiological response would

take place using stimuli which are within the frequency and angular
velocity range of natural semicircular canal stimulatioﬁ. Some insight™
into the answer to this question was provided by the first experiment \\

of this series ;gonshof and Melvill Jones, 1974a), in which aroused

s
B

subjects were rotated sinusoidally in the dark at 1/6 Hz and 60°/sec

velocity amplitude for up to lhr/day (200 cycles), for 3 days. No
‘ \

significant changes in the measured vestibulo~ecular-reflex—(VOR) ~—
were detected, which contrasts strongly with the reductions observed

during similar, or even shorter, durations of unilateral rotational

e

stimulation of man (Céllins, 1964a), rotational and caloric stimulation

1 7

in cat and dog (Collins and Updegraff, 1966), and caloric stimulation

in monkeys (Komatsuzaki et al, 1969). This led us to the conclusion

.

that repetitive vestibular stimulation in itself does not necessarily
lead to 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 Melvill Jones,

¢

1974b) set out to examine the possibility that such change would be

~

-

L]

I e —



generated when its occurrence represents a functional advantage.

_For this a mirror-reversed visual ttacking task was superimposed on

the non-habituating sinusoidal vestibular stimulatisn used 1n the
previous experiment. The results were striking. During periodic
tests of VOR gain performed in the dark 'each day of the three day
experiment, and with the subject highly aroused, there was marked
attenuation in the VOR to the previously non-habituating stimulus.
The“results of this experiment raised an important issue. Should,
and could one still consider habituation to be mere attenuation to
monotonous stimuli; or does habituation really represent an attempt
by the organism systematically to restructure its neurological
characteristics in such a manner as to optimize néw stimulus-response
relations? In the above experiment, for example, the ultimate goal
of such reorganisation would exteﬁd beyond mere, attenuation to
éomplete reversal of the vestibulo-ocular refle The former calls

“w

for a suppression of activity, in contrast to the latter which would

=~

necessit;te excitation of relevant components of the reflex response.
Evidence against the theory of simple depression of activity is
provided by experiments at the neuronal level by Precht, Shimazu
. . 1

and Markham (1966). Following ?nilateral labyrinthectomy in the

cat, they recorded from vestibular neurones in the vestibular nuclei.
After initial depression of acti;ity in the acute stage (3-4 days

af ter the opfration),thev obtained recovery of spontaneous discharge

of Type I neurones in the chronic, 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 frequency response
to angular acceleration returned to almost nérmal range. This
indicates that mere attenuation of response is most probably a
component of a much more cé%plex interaction taking place at the

3

neuronal level. Aﬁﬁ

Present Findings . ;
T o o

In the second experiment simple attenuation was found to occur,
but only when system was faced with vision reversal. However, the
relatively short duration of that 3 day experiment did not permit
an answer to the question of whether reversal of the VOR would

ultimately occur. Thus there was a need for a longer term approach,

‘

which led to the present experiment.

[

1. Changes ;9 Gain and Phase

outcome described in results above lead one to the

2

conclusion that nef simple attenuation to zero gain, nor a

simple reversal of the VOR takes place. 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 gain to 30 or 407 of its pre-stimulus level.

§ at this stage

Within the first two stimulus days the phase chan

are not marked. The second stage (days 3 to 14) omprises almost

exclusively, large and continuously varying changes &f phase. In
the third sta days 14 to 28) plateau levels of bot gain and

phase are reached, which for the 1/6 Hz frequency used{ in t
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experiment amounted to 407 of pre-stimulus gain values and 125O
phase lag respectively. The fourth stage ‘takes place immediately
'jfter removal of the prisms and last only a few hours. During this
time the phase returns rapidly to normal, whilst the gain drops
slightly: This extremely rapid recovery of normal phase is striking

. and may be an important clue in determining the underlyihg

physiological .mechanisms responsible. The fifth an
consists of a slow return over 3 to 4 weeks to normal VOR n with
no further change of phase. It is interesting that the medium-

term experiments in the present study demonstrated almost exclusiyely -
¥ .

-

' X
the changes of stages one and five. It was only with the 49 day,
experiment that the complex but hﬂghly systematic changes in phase oy

and gain were manifest in an analyzable form. Attempts are now

-

underway to glucidate these interactions by means of systems mgdelling,

and preliminary results seem to indicate that a rather simple model

of sine-wave summation in a feedforward network may account for many
-—— 7" T —_— T T e ‘

of the present results.

2. Geometric Specificity

The results demonstrated a high degree of geometric speci-

ficity, in that response modification was strictly confined to the |
plane of vi;ion reversal. Similar specificity has been observed

in conventional attenuation exﬁeriments (Guedry, Collins and Graybiel,

1964), where lack of transfer of vestibulo~ocular changes to different

planes of rotation was showﬂ in subjects allowed free movement in

. a slow rotation room being rotated continuously in one diréction. In
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'

this connection it 1s interesting to note that each parallel

palr of canals is functionally specifically related to approximately

'

parallel pairs of extra-ocular muscles in each eye (Lorente de Ndi
/

1933; Szentagothai, 1950). 1In experiments with dogs and cats,

Szenté%othai {(1950) stimulated&;ndividual canal Afh artif cially

L3

induced endolymph currents, and found short latency responses in
‘ -
|
only one muscle of each eye. Confirmation comes from cat experiments

N
(Cohen, Suzuki and Bender, 1964) in which high frquéng repetitive
pulse stimulation of primary afferent vestibular fibers\from one
ca;al E:}duced short latency excitation in one corresponding oculomotor
nucleus. This same specificity of one canal to ome muscle relationship
has recently been observed in 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. \Directional Preponderance

ki
T

_ihg,directinnalﬂprepondg:anee—euglinedAin—Figpfe'124was“a“*"*”*"*‘““‘”“
response characteristic seen during the period of most rapid change

in the reversed vision environment. It is thought that this may

represent the transient imbalance in differential input to the

oculomotor system, flerived fro; the bilateral ve§tibular one. In

this regard some recent relevant findings have been reported by

Mathog (1972)~iath tests of the vestibular system during sinusoidal

angular acceleration. Normal subjects showed negligible directional

preponderance and variability, whereas subjects suffering from

Meniére's disease or surgical labyrinthectomy produced marked
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directional preponderance. Furthermore, in those patients who

recovered from their injuries, there was a tendency to return to

symmetrical nystagmus.
It is clear that the attenuated responses seen in selected

situations of repetitive stimulation are not alone responsible for .

»

the response changes\geen in the present experiments, but rather

LN

~ '

it seems that a complex series of changes occur, the ultimate goal
. .
of which 1is no different from that required in normal action;

minimization of image slip on the retina so as to assist fixation

of the visual image during head rotation.

4, Effect of Subject Age

The results of these experiments negate any differences. due

to age, since similar results were obtained from subjects ranging in

age from 20 to 50.

5. Subjective Effects

____ _The subjective effects cogincident with vision reversal have

long been of great interest to psychologists (Harris, 1965; Howard

and Templeton, 1966). The complete reversal in perception of the

visual world, reported by many of these experimenters, was not confirmed
in any of the present experiments, although visual-motor coordination in
the reversed visual environment improved through to the last day of
vision reversal. Fatique, dizziness, dgpression and nausea, often
experienced during conditions of vision reversal, were encountered as
well by the subjects in the present experiments, so that modifications

were made in the protocol of the final 3 experiment's to minimize their

’
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effect. It is interesting in this regard that in the recent flights

of the "Skylab" orbiting space station, astronauts have reported .

very similar symptons, complaining of nausea and fatique, and exﬁibiting an
unusual degree of overall lethargy (Homick, Reschke and Miller, 1974). * ¢

In accounting for the lethargy, fatique and nausea, several

possibilities come forth: (1) The effects may be due in part to the

fact that motor patterns, thch have become internalized into mature
automatic response are now forced to change, making it necessary for
the subject to consciously produce each movement of the new patterns.
This could account- especially for the fatiguéi lethargy, and depression
that is observed. (2) The subjective symptons may be caused by the
antagonism in the vestibular and reversed vision stimulation. The
i&éortance here would be the confiict of input information rather than
y any vestibular effect per se, since ﬁB/suS% symptoms are in evidence
under normal circumstances, where no antagonism takes place. (3) The
_possibility exists that the subjeetive symptoms—are a directeffect
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 move towards a

physiological goal of optimisation in the condition of vision reversal.

Possible Mecﬁanisms Responsible for Vestibulo-Ocular Changes
<

3

What mechanisms are responsible for the changes in vestibulo-

ocular reflex produced in the present experiments, and where might
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they operate in the nervous system?
. >

1. The Reticular Formation N -

'
-y

13

An area of thiafentral nervous system that may play an

[
—p

influential role in the final oculomotor response to a given
vestibular stimulus is the reticular formation of the brain stem.
Lorente de Nd/(1933), after interupting the basic three-neurone arc
(Szenté%othai, 1950) by lesioning the medial longitudinal fasciculus
“

(MLF), observed that components of all the vestibular reflexes of

the ocular muscles could still be elicited. If howevercfhé-MLF was

left intact, but the reticular formation and pons lesioned, the
reflexes were abolished. Furthermore, both anatomical (Brodal ané
Pompeiano, 1957; Brodal et al, 1962; Hauglie-Hanssen, 1969), and
neurophysiological (Eccles et al, 1967) evidence exists for circuits
connecting the reticular formation with vestibula; and cerebellar |

nuclei, and the cerebellar cortex, therefore placing the reticular

.

formation in close contact with those centers that have important

relationship to the vestibulo-ocular reflex pathway.
However, to what extent could known reticular formation
characteristics contribute to the observed changes in gain and phase

in the present experiments?
Gain: It is well established that the reticular formation is

the prime center for the control of arousal (Moruzzi and Magoun, 1949).
¢

¢

Furthermore, numerous expetriments have shown that vestibulo-ocular
- - - j U - _

P
gain will decrease with lack of arousal (Wendt, 1951; Guedry and

3
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Lauver, 1961; Collins and Guedry, 1962), therefore implicating the
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 all times, therefore negating
that reticular formation effect. ,
Phase: It has been postulated that an important function of
the reticular network's influence on the oculomotor nuclei may .
be as’an integratorrbetween neural information flowing“from vestibular
to oculomotoé nuclei (Cohen, 1971; Skavenski and Robinsen, 1973).
However, even 1if ore were to postulate complete reversal of th{é
integrator, it could only produce a maximum of 90° phase shi%t éq the
final -response; much less than the 130° phase lag-observed. Alghough ~
this does not rule out the reticular formatioﬁ; 1t does 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 got changed dynamically, indicating no interference with

the normal triggering and synchronization of saccade discharge described

by Rogins;n (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 is taking place ' .
"upstream' of the reticular formation. The smooth pursuit and saccades

'

would then be driven by the reticular foimation as before vision

reversal, but with a modified incoming signal.
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2. Vestibular Efferent $ystem

The vestibular system is a second mechanism by which changed
patterns of stimulus-response could be brought about, Efferérit nerve
fibers have been shown to project directly to the peripheral
vestibular end organ (Leidiér, 1916; Engstrom, 1958; Gacek, 1960), and
their effect seems to be an inhibitory one (Lliné; and Precht,_19§9),
Efferent fibers show increased discharge frequency during angular
accelerations in the ipsilatetal andscontralateral directions (Precht,
Lliﬁé; and Clarke, 1971). Since the increase in‘frequency due to

-

contralateral rotation must come from impulses arising in the‘éontra—
lateral labyrinth which eventually feach the efferent neurone thr0u§§\\
multisynaptic cRain, it allows for the possibility that a feedback
system mdy be responsible in part for the adaptation to on-going

vestibular stimulation. - R

Recently,. extralabyrinthine inputs to the efferent fibers, such
¥

as passive movement of limbs and cutaneous stimulaéion, have g;en
described (Schmidt, 1963; Llinéé and Precht, 1969). Schmidt, Wist
and Dichgans (1970) observed a ‘clese relationship between saccadic
eye movements and modulétion in discharge of{efferent fibers in the
peripheral vestibular nerve, with the efferent discharge modulation
occurring about 100 msec before the start{gf the optokinetically
induced saccades. This modulation persists after the eye muscles are
paralyzed, indicating an indgpendencewffom proprioceptive eye

muscle afferents.

\

It seems clear that v%Fious sensory inputs can inflﬁejce the

i

‘ ) ) \
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b
vestibular end organ via efferent fihbers. The functional meaning

of- this idnervation is still not understood, although it seems doubtful

that it could, on its owﬁ, account for the type of vestibulo-ocular

LN . |
changes manifest in the present series of experiments.

3. Thg‘Cergbellum ) “
' b

, . ®
Although the reticular formatfon and efferent vestibular

\syétem undoubtedly cgnaplay a role in modification of the vestibulo-
ocular reflex; it is ghe cerebellum that hgs recgigéd the most ,

2 v - v !
experimental attention? Asyfar pack as 1935 Halstead gave
experimental evidence s&ggesting stropgly that cerebellar lesions
could affect the habitua;ion of vesé?h'iér nystagmus in pigeons.
Di{ Giorgio and Pestellini (193?), Di Giorgio and Giulio (1949),
and Menzio (1950), were able to show that guinea pigs withlesions of
the tuber vermis did not show habituation. Ablation of the nodulus

~

in thé cat led to prolonged vestibular reactions to rotatory and

JE R G

ey :
caloric stimulation,%poagtional nystagm&s, and disequilibrium n e

(?ernandez and Ffredrickson, 1963). On the other hand, stimulation

» ey

+

*of the nodulus in that study led to partial, inhibition of nystagmus.

» % ‘
Very recently Ito, Shiida, Yagi and Yamamoto (J974a, b) have

. 7
investigated the influence of the cergbellum on the VOR during head

-

rotation with various forms-ef visual stimulation. Their results

N o '

indicate that visual sigggis which were able to change vestibularly
. ¥R .

%

- induced eye’movements with an intact cerebellum were unable to do so

after removal of the flocculus. Removal of other portions of the

e
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- cerebellum, as well as large areas of the cerebral cortex did

not have a similar effect. ’

In addition to ;blation studies a very close relationship
.of the cerebellum and the -vestibular system has been demonstrated
by comparative anatomical studies (Allen, 1924; Dow, 1936; Jansen
and Brodal, 1958; Walberg and Janscn, 1964; Brodal, 1960; Brodal
et al; 1962; Angaut and Brodal, 1967). Beth primary and secondary
vestibular afferents entertthe vestlbuio—cprebcllum; travelling
mostly to the flocculus‘3 nﬁdulus, ventral uvula and paraflocculus
(Brodal and Hwivig‘l964), which in turn send Purkinje axons back
to the vestiﬁular nucleir either directly (Angaut and' Brodal, 1967),

P

or by way of the fastigial and other cercbellar auclei {Drodal,

1=

1960) . Moreover, these cercbello-vestibular torm nationg ceincide

o

with the sites of projection of vestibular primary atferents {(Angaut
and Drodal, 1967; Gacek, 1969). Corroborating neurcphysiological

evidence has recently been reviewed in detail by Eccles ct al (1967).

v\ &
Specifically, direct eighth nerve primary afferent fibers activate

i

Purkinje cells in the vestibulo-cerebelltim viér%os§y and climbing

, ‘ 4 ! . ;
¢ fiber systems 1in the frog (Ilinas, Bloedel and Hillman, 10A0;

. /
Pranc and Tlinas, 1969), and by means of mossy fibers to the flocculus

o
s

' /
and nodulus in the cat (Eccles et al 1967; Precht and Llinas, 1969),
Monosynaptic inhibition by Vermal Purkinje axons of Deiters neurones, B
receiving excitatory otolith input (Peterson, 1967), has been

demonstrated by Ito, Yoshida and Obata (1964). Similarly, termination

of floccular fibers onto portions of the vestibular meurones concerned

L
-
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N

with‘semicirculaf canal function (Shimazu and Precht, 1965) has

recently been found to be inhibitory in nature (Ito, Kawai, Udo
andQSato, 1968; Shimazu and Smith, 1971; Baker,’Precht and LlinJ;,
1972a), as well as being 'the major cerebellar action on the »
i
vestibulo~ocular reflex (Ito et al, }970). That this flocculg;ﬁ
inhibition.is exerted on both excitatory and inhibitory trans;;ssion

was finally demonstrated by Baker et al (1972b). The suggestion

that the vestibulo-ocular reflex may be under a direct cerebellar

control is further substantiated by findings that ipsilateral horizontal

angular rotation will cause changes of discharge. frequency in floccular Purkinje

cells (Llinés, Precht and Clarke, 1971) very similar to those seen

in vestibular second order neurones in the vestibular nuclei of the

brain stem (Shimazu and Precht, 1965). )
Ito (1970) has postulated that by ré:eiving vestibular afferen&s
and sending Purkinje axon input to the vestibular nucleus neurones
in the cat (directly to oculomotor nuclei in fish - Kidokoro, 1968),
the vestibulo-cerebellum acts as a "feedforward" control system. .
More specifically, the flocculus‘is able to modulate the vestibular
neurones so as to produce the most exact eye compensation for changes
in head position. It is interesting that when the flocculus is destroyed
or impaired, eye compensation is impaired during rotation (Dow and
Manni, 1964), and postrotatory nystagmus is changed (Lorente de N6: 1931).

G

Of more direct relevance is thleact that removal of the cerebellum s

substantially modifies the transfer function relating rotational eye

~




response to rotational stimulation of the canals (Carpenter, 1972).

@

"How does the flocculus '"learn" what optimum compensation 1is
necessary on a moment by moment baste. The most logical mcans would
‘be input from the visual system, and such visual informatian has
very recently been demonstrated to renach the fleceulus through a

-

network leading from the accessory optic tract, to the central tegmental

tract, through to the inferior olive, finally reachin occular

Purkinje cells as a clilmbing fiber input (Mackava and Simpson. 1972;

"1973). This latter input is reflected 1n a depression of certain

‘

vestibulo-ocular reflexes, which in the rabbit ogcurs only in these
pathways which arise from the horizontal canals and innervate the
ipsilateral horizoutal eye muscles (Ito, Nisiwaru and Vamamoto, 1973c).

1

No such visually-eftected depression was found tor tho posterior and

anterior canals, or when the ipsilateral flocculus was lesiomed.

With such a system at work, image slip on the retina due to insuff<dcient

/

eye compensation would initiate signals to the cerebellum, that alter-

ations 1n performance are required to minimize the blurring of the

visual field. ;

’ -

Experiments by Klinke (1970) have raised £he intriguing question

of whether active optokinetic drive and subsequent reduction tn image

\
slip, such as described above, 1s necessary to produce the vestibular
modification. Klipke worked with completely motionless and relaxed

P

{Flaxedil) gold fish, recordiﬁg from vestibular primary afferents while

1

' providing an optokinetic stimulus in the form of a moving pattern of
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stripes. Although eye movements were not possible, due to the muscle
paralysis, modulation of primary vestibular afferent activity was
obtained. He postulated, therefore, that the intentiaﬁ)io move .the
eye is in itself a sufficient input to produce a change in firing
patterns in vestibular units in such a manner as to assist retinal
image stabilisation d?ring the actual performance of active body
motions. This would be an elegant example of the psychological
principle of "efference copy" (von Bolst, 1954), which states that
the voluntary command to act, in addition to sending motor input
to the muscles, also sets up in the nervous system an image, or
"efference copy' of the message, and the ''reafference' or sensory
activity that arises as a résult of the motor action is compared to
this copy. Therefore if the eye muscles are paralysed, the voluntary
attempt to move the eyes, say due to an optokinetic stimulus, produces
an efferent copy but nolmoving retinal image. The environment should
therefore appear to move in Yhe direction of the voluntary effort to

—

move the eyes.

Although eliminating sfuscle movement, this experiment does not

eliminate reti ge slip, which indeed wqufa produce the effects
ofﬁthe postulated efferent copy. Hence, one cannot assume efference
copy is at play until vision is excluded in those experiments. Unti%
then it must bé assumed that Klinke's éffects were due to image Slipd
on’ the retina.

Thus, not withstanding Klinke's findings, it app8ars plausible

that the vestibulo-ocular reflex system can be driven by purely retinal

¢
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optokinetic stimuli to facilitate what amounts to optoxinetic
tracking. Neurophysiological observations similar to those of lto
et al (1?73c) have been observed in experiments on alert monkeys
(Henn, Young and Finley, 1974). They recorded’from units in the
medial vestibular nucleas during vicual =timnlation, consisting
of horizontal motion of projected stripes on a cylindrical screen.
Results shoved that even though there was no hoad movenent, and thus ’
no vestlyular giimulatlon, cells 1n the vestibular nucleus were
nevertheless affected, such that a unit which was normally excited
by head acceleraticon to the left was now also cxcited by motion of

. -~
the stripes to the right. 1In the case of mag-fhis produces a sensaticn
of turning to the left. They coatend that mudification of the vestibular
units could explain the human psychophysical phenomenon of "circular
vection" (Dichgans and Brandt. 1972). in whicn a sensation of self-
rotation can be induced without vestibular stimulation by a moving

visual surround.

The pathway from the retina to floccular Purkiaje cells is not

the only feedback from the ccular region. Ruapid stretch of the

= I3
oculomotor muscles in the cat have generated clear field potentialg

L4
in the cerebellum (Fuchs and Kornhuber, 1%69), mo-tiy in lobules

V, VI, and VIT of the ccrebellar vermis (Baker et al, 1972¢). This
pathway scems to play a role "in control of sacrades (Rnn and Robrnsen,

1973) arnd be involved in continuous updating information prior to

K

its execution (Wolfe, l9zgy/with feedback provided by extra-ocular

muscle spindles. It is noteworthy that the vermis has conneetions ®

b
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to portions of the vestibular nuclei by way of the intracerebellar
nuclei (Jansen and Brodal, 1942), although it avoids many of the
areas of terminations of the—di%ept cerebellar fibers (Brodal, 1960).
Recent neurophysiological evidence indicates that this input is
inhibitory on the target neurones in the vestibular nuclei (Precht,
personal ;ommunication). The relationship of all the ocular inputs to
the-cerebellum has still to be determined.

Because visual information comes to the cerebellum by way of
climbing fibers, while véétibdlar 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 signals to Purkinje cell
dendrites. This fits well with the suggestion that the cerebellum
acts here as a 'perceptron" “(Marr, 1969), with the mossy fibers
providiﬁg information on the*state of the vestibular signal while the

~climbing fiber -visual input corrects the discrepant performance of the

cerebellum through changes in transmission through the synapées

which transfer mossy fiber_éignals to the dendrites of Purkinje cells./
The results of the present e;ﬁeriments bear out the intimate
relationship of the visual and vestibular systems. Not only can the
vestibulo-ocular reflex be excited or suppressed by appropriate retinal
stimuli, but the influence can be so vérsatile as to bring about
effectively complete reversal of the vestibulo-ocular reflex of man

as a retained response consequent upon long-term optical reversal of

vision. The implication of vestibular cerebellum participafion in

- - uw
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long-term visual modification of the vestibulo-ocular reflex has

very recently been similarly demonstrated in rabbits (Ito, Shiida,
Yagi and Yamamoto, lé?&a), with the feature that no such modifications
took place in' those rabbits whose flocculus had been removed

beforehand. Although unable to achieve the reversals of response

o e

seen 1n the present study, R?binson (oral presentation, S}odkbolm
Symposium, 1974) has shown that attemmation of normal vestibulo-
ocular response induced in cat by vision reversal, is aholished by
removal of the vestibular cerebellum.

The cerebellum therefore appears at thig time to 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 prove to

be an important example, of how the cerebellum, and.for that matter

’5-‘ *
the central nervous system in general, can radically alter the input-_

output characteristics of a stimulus response relationship when there

is a functional need to optimize for a clearly defined physiological

goal.
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CHAPTER 6
IMPAIRMENT OF VJISUAL FIXATION ASSOCTATED WITH
CHANGES IN THE VESTIBULO-OCULAR REFLEX INCURRED BY

LONG-TERM VI%ION REVERSAL IN HUMANS
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3. Volunfary head oscillation through frequencies from 0.15 to
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SUMMARY
1. Functional impairment of visual fixation during both fixed
and continuously varying frequencies of head oscillation,
optokinetic response to target oscillation, and saccadic performance,
were investigated during long-term vision reversal in humans.

2. Tests of voluntary, sinusoidal head oscillation, showed that

the gain (eye angle/head angle) of response decreased as a function
of éhe days of reversed vision stimulation. For 1.75 Hz and 3 Hz
oscillation, gain fell 807 and 60% respectively, with no con-
comitant phase changes. ‘

\

6.25 Hz showed increasing gain with frequency, from 0.5 Hz upward.

Control tests produced no concomitant phase shifts, but similar B
tests during the 4 week period of reversed vision produced a continuum of
phase shifts as a function of frequency.
4. The vision reversa% produced no change from the normal
characteristics of optokinetic and ‘aécadic performance.
5. It is concluded that changes in the vestibulo-ocular reflex

/

due to long-term vision reversal dd cause functional impairment
/

in visual fixation.

T
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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
to 27 days. Durlng each day, tests sessions were held, each session
encompassing a variety of experiments. In that study (Gonshor and
Melvill Jones, 1974c) a detailed account was given of one of these
tests: Vestibulo—ocuiar response, in the dark, teo low frequency
oscillatory rotation%(l/G liz, and 60°/sec velocity amplitude).
The results showed that the reversed visual enviromment had caused
profound changes in the vestibulo-ocular response, amounting to a
functional reversal of the reflex. v
It was of further interest to examine what. effects such profound
vestibulo~-ocular reflex changes would have 1f the subject was
permitted brief periods of vision, whilst not wearing the reversing
prisms. Put another way, the object of the present experiments was
to examine what functional deficits the subject incurred due to the

changed vestibulo-ocular reflex. These experimengg include the
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.




(B) Optokinetic response in the absence of head movement.

(C) Saccadic performance in the absence of head movement.

METHODS

Q

A detailed protocol for the entire experimental period has
already been described in a previous article (Gonshor and Melvill
Jones, 1974c). Briefly, 4 subjects were used in experiments lasting

4, 17, 25y and 49 days. Within these time periods they were required

-to wear reversing prisms for 2, 6, 7, and 27 days respeatively. The

prisms were of the "erecting" or "dove" type, and therefore permitted
reversal of vision in only one plane of'rotation; in this case the
horizontal plane. The first day (Dl),and a.portion of the second day
(Dz),were always reserved for control runs. From D2 onward, subjects
wore the prisgs during all waking hours of what will hereafter be »
called "vision reversal" days. Test sessions were held almost every

day in the before, during, and post-vision reversal periods.

Measurement of head and eye movement

[}

Head Movement. To measure high frequency and low amplitude head b

oscillations, a method was used that has previously been designed andconstruct-
ed by Outerbridge and Melvill Jones (1971), employing principles detailed
earlier by Robinson (1963).‘ In this method two Helmholtz coils, .

fixed to the turntable which rotates the subject, receive an input

from an oscillator, and produce a high frequency, and linear alternating

v

J




- —

Y

- 182 -

magnetic field. A light pick-up coil, fixed to the moving head,
and midway along the axis of the Helmholtz coils, produces an
oscillating voltage proportional to ;he sine of the angle between
the maghetié field and the plane of the pick-up coil. Subsequent
rectification then yields a proportioﬁ;te DC voltage registering
horizontal head rotation. Several benefits obtained by the use qf s
this method are that linear movements of the head produce 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 1light pick-up
coil with its fine output wire. V

In the present experiment the pick-up coll was 1.5 cm imr
diameter and had 30 turns of insulated copper wire wound én a plexiglass’
holder. The support apﬁaratus consisted of a light steel wire
frame which fitted over the head. This frame attached to a plastic - {
cylindrical post which ;n"turn held the pick-up coil. Thisﬁpost
separated the coil from small field distortions produced by the steel o
wire and allowed for adjustment of the angular position of the
coll relative to the head. ‘

S1ip of the pick-up coil relative to the head has previously been ’ ‘
assessed by Quterbridge (1969). In his experiment the head was
voiuntarily oscillated and the coil output compared with the output

from an angular potentiometer connected to a suitable dental bite

system. He showed that negligible slip occurred except at the . highest

frequency, namely 6 Hz. At this frequency the amplitude ratio and

.




\
phase of the pick-up coil output relative to a potentiometer measure-

merft of’head position was 40.12 and —SO,phase 1aé respectively.

Eye Movement. Movements of the eyes in all the tests of these

experiments were recorded by DC electro-oculography (E0G), as

described elsewhere previously {(Gonshor and Melvill Jones, 1974a).

Measurement of Subjective Blur

)

During head oscillation the‘subject was requested Lo assess
the degree of apparent distortion of the radial linég on the
target Qisc. (Fig. 1). This method has been found to provide

« a reliable index of small deg;ees of retinal‘image slip (Melvill
Jones and ' Drazin, 1962). Iﬁothis test, a 4 point scale was

3

utilized by the subject to estimate blurring.

-

- 0 =]ko perceptible distortion .

1 = Just pérceptibla distortion

B 2 = Apparent compréssion and extension of near horizontal lines
. . 3 = Strongly established horizontal line standing out clearly
4
against a blurred background. , \

7 -

Intermediate estimation values (e.g. 2.5, 3.5, etc.) were

utilized when the subject felt that the extent of blur lay somewhere

.t
between the whole number values.
pl

(Fig. 1 near here)

<

J
¢
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(A) Responses During Active Head Movement

1. | Steady State Responses At 1.75 and 3 Hz

Since the oscillaQer head movemént was voluntarily

driven, a method was devised to keep both the head excursion )
amplitude and frequency constant. The output of head position
from*ihe pick-up coil was fed to an oscilloscope, where the
horizontal plane oscillation of the head was monitored as an up-

down movement of the scope beam. Two marker lines were placed

on the scope face, representing a peak-to-peak head movement of

10°.  The subject was then instructed to practise moving the head

in such a manner as to smoothly oscillate the beam from one marker
line to 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 disc
attached above the scope face (Fig. 1). Both the practice and fixat-
. ing procedures were performed during' each run.’ The output from the
oscilloscope led to both pen and tape recorders for permanent records.

To keep the frequency of %egd movement constant, the subject was

f .

instructed to follow a sinusoida%ly oscillating auditory tone. A
} ~

high frequency tone of approximately 1000 Hz was modulated by a
low frequency waveform generator, whose frequency was determined

by the needs of the experiment. This modulated output was amplified
T | . _

and féd into a speaker wﬁi produced the desired frequency of tone

modulation. After exp menting with various wave shapes, 1t was

|
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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
to exerc%ge a falr measure of control over both the excursion ,
amplitude and frequency of the head oscillations. Eye movement
calibrations consisted of eye movement to 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 Helmoltz 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 €hanging Frequency

After oscillating the head at 1.75 and 3 Hz, the sd;ject
was asked to voluniarily oscillate the head, with eyes open, through a d
sweep of frequencies from low to high and back to low. Instructions
we;e to attempt to keep the amplitude of excursion constant at all

times, and to fixate on the center of the radial disc. 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

Oe/eh),by-measuring the peak-to-peak displacements of the eye and head,
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and then plotting the resulting ratio with respect to time or
&
frequency. Phase measurements of stimulus and response were

also estimated from peak values.

(B) Optokiietic Response In The Absence Of Head Movement

For quantitative information of visual following capability
during the experiment the éubject followed a radial line disc, which
moved sinusoidally in the horizontal plane. The subject's head was
fixed by means of a dental bite at.a distance of 33 cm from the
target. The peak~to-peak amplitude of target oscillation was constant
at 70, subtended at the eye. Each éubject was préagpted with ;
randomized series of frequencies, ranging from 0.4 to %6 Hz. For
each frequency, the subject was‘instrupted to fixate on?the central
portion of the radial disc until completion of the run. \DPring this
fixation period; the subject¥rde an assessment of the deggée of
apparent distortion of the radial lines on the disc, according to.
the method of subjective blur estimation described above. 1In agdition,
the amplitudés of excursion of the tafget (constant) and the eye were

obtained, and the resulting gain (ee/Qt) was plotted as a function of

the frequency of targqt sinusoidal oscillation.

.

(C) Saccadic Performance

The normal characteristics of human saccadic eye movement have
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already been described in detail by Robinson (1964) and Fuchs (1967).

In this' experiment the subject, head fixed in position and without
wearing the prisms, voluntarily moved the eyes to mgfkers 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 markers. A final

calibration was performed immediately after the experiment. High
speeé U-V paper galvonometer (flat frequency response; 0-3000

+5%) recordings permitted an observation of the dynamics of the

swift saccadic jumps.
RESULTS

(A) Response During Active Head Movement

1. Steady State Responses At 1.75 and 3 Hz

fhis serles of tests was conducted during experiments of
17, 25 and 49 days, with vision reversal lasting 6, 7 and 27 days
respectively. During each of the following tests the subject made
voluntary head motions of approximately 10° peak-to-peak amplitude
with eyes open (without the goggles), whilekiftempting to fixate
on the center of a radial disc target 200 cm from the bridge of the
nose. This relaéively long distance was used to minimize the angular

_arc of ‘lateral eye displacement subtended -at the eye. Sinuseidal

oscillations at both 1.75 Hz and 3 Hz were performed during each
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test in random order.

(Fig. 2 near here) |

Figure 2 shows portions of original records at 1.75 Hz from
selected days of the 49 day experiment. Figure 2ais a portion of
a test run on day 2 (pre-vision reversal). The lower trace gives -
the subject's head position relagive to space (Oh), the upper \
trace being the resulting eye position relative to the head (@e).
Note that due to the voluntary nature of the head motion, there was
considerable variation in the amplitude of excursion during this
particular test. Several features become apparent in Figure 2a.
First, the gain of response (compensatory eye angle/head angle,
or Oe/eh) is very close to a value of 1 throughout, with the head and
eye positions 180° “out of phase, as one expects for complete, and
normal compensatory eye movement at this frequency. Secondly, the

" motion throughout the cycles 18 one of smooth pursuit, since thég

arc of head motion is not large enough to invoke saccadic flicks.
This again is indicative of normal behaviour.

With only several hours of visual reversal (Fig. 2b), there is
evidence of a rapid decling}in the gain of response. This resulting o
decrease in efficiency of eye compensation for“head movement makes

pure smooth pursuit inadequate, so that satcades are introduced to

return the'foveg intermittently to the visdal fixation point. The _ S

O




Fig. 2.

Specimen records of voluntary head oscillation
from tests in the 49 day experiment. All oscillations
are in the horizontal plane, with eyes open (no prisms),
at 1.75 Hz. Ge represents the angular position of the
eye relative to the head throughout the cycle.
Similarly, eh denotes angular position of the head
relative to space. (a) is a test before vision reversal
(DZA)' (b) and (c) represent tests on the 2nd (D3),
and final day (DZBA) of vision reversal. (d) and (e)

are tests less than 1 hour (D,..) and 3 weeks (D49)

28C
after termination of vision reversal. All calibrations
= 100, and R = right going movement. The same notation

will be used in all the subsequent figures, unless

otherwise stated.







records from D28 (Fig. 2c¢) represgnt"ﬁhé»type of response observed
from the second week of vision reversal until the latter's termi-
nation.: That is, an almost complete\breakdown of normal smooth
pursui%zcompensation due not only to ) eatly attenuated smooth
pursu%ﬁ gain, but also to the frequenfiinterjection of saccades.

Figuré 2¢c 18 also a good example of the s pjéct's ability to

produce consistent head oscillations at the desired amplitude -

in fhis case for more thanZ15 cycles - therefore allowing sufficient

cy#les for meaningful averaging and statistichl analysis.

The rapidity of return to normalcy after removal of the prisms

‘
1

is seen in Figure 2d, which represents a test }less than one hour

[} ¢

after terminating (post) vision reversal. The efficiency of smooth
. |
pursuit eye compensation has beguq/%o return as evidenced by the
increased amplitude of response as well as the decrease in the i

frequency and amplitude of saccades. Note the variable calibration

1
}

of eye movement., Figure 2e is a record made 3 weeks post-vision
reversal, and shows the virtual return to normal s%ooth pursuit

conditions.

t
-.“

(Fig. 3 near here) \

Selected records from tests at 3 Hz are found imiFigure 3.
!

Y = =

In, Figure 3a one sees a portion of a pre-vision Teveréal test, showing

normal compensatory smooth pursuit eye movement, similkr to that
N

»
s
{ .

i
&




- 192 -

Fig. 3.

2

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). (b) and (c) represent
tests on the 1l4th day (D15) and the final day
(D,,,) of vision reversal. (d) is a test less

28A
).

than 1 hour after removal of the prisms (D280

Symbols as in Fig. 2,
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already observed for 1.75 Hz (Fig. 2a). Vision reversal again has
the effect of disrupting this smooth pattern of response, but to a’
much lesser degree than at 1.75 Hz. T#erefore the response at 3 Hz
on DlS’ although it exhibits decreased amplitude and interspersed
saccades, 1s best compared to the 1.75 Hz test on D3 (Fig.-2b), to
thch it comes closest.

A response of interest occurred during a 3 Hz test, less than
1 hour post-vision reversal (Fig, 34d). The‘hormal compens;tory
smooth pursuit eye movement is almost obliterated by a response
bearing striking resemblance to vestibular nystagmus resulting from
unidirectional rotation. Tp test if it could be due to a lack of
fixating, the subject was instructed to do so, and still this
response remained. It is most probably the low amplitude eye response

?

te the head oscillation, with a substantial directional preponderance,

(Fig. 4 near here)

The similarity in the pattern of chdnges in response to
voluntary head oscillation at 1.75 and 3 Hz, becomes apparent in the
analyzed results of the entire 49 day. experiment, in Figure 4. The

ordinate shows gain of the smooth pursuit component of response

(Oe/eh) as a function of days in the experiment. To measure smooth

pursuit, a method previqusly utilized and described was used (Gonshor:

and Melvill Jones, 1974a). In this method the sacchic portions of

the response are omitted, leaving only the sequential compensatory

-i»“
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Fig. 4.

Changes in smooth pursuit gain (Oe'/eh) as a
function of the 49 day experiment. The vertical
arrows enclose the period of reversed vision.
Each point is the mean value for up to 20 cycles

of voluntary, sinusoidal head oscillation at

frequencies of 1.75 Hz 6~—?~-—), and 3 Hz (: ).

"x" represents runs during the period of vision

reversal..

e







smooth movements in the cycle, the latter now describing the
i ’

total chagge in eye position which would héve occurred if the eye

‘were capable of unrestricted rotation in the orbit. The ratio

of this peak-to-peak eye displacement, or "cumulative eye position"
(after Meiry, 1965), to that of «the head, produced the measurement
of gain (Oe/Gh). Each point dn Figure 4 represents the mean
vestibulo-bcular~éain obtained from 10 cycles of head oscillation

at 1.75 Hz (dashed lines) and 3 Hz (continuous linei)f The vertical

arrows on the abscissa enclose the period of vision Teversal from

D2 to D28' N

. 1 A
The gain of response for both frequencies in the pre~vision
reversal control runs is fairly close to one. However, it rapidly
falls during the first four days following the start of vision reversal,

1

From this point the gain for both frequencies varies considerably

o

from day to éay, although there does appear to be ? general trend\
towards a small further decline up to thé 28th day. Throughout the
vision reversal perlod the‘gain of the vestibulo-ocular response at
3 Hz remains 10 to 307 higher than that for 1.75 Hz. This may be

due to an inhreased gain with frequency, but also to the higher

accelerations experienced during ‘the head oscillation at 3 Hz, where

£
frequency and amplitude are kept at a constant level, as for 1.75 Hz. @n

Ly
the post-vision reversal period gain values for 1.75 and 3 Hz on the

same day become almost indist&nguishable. Upon termination of

4
vision reversal the resultant increase in gain follows the similar

' # b !

‘
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rapid pattern of change evidenced in the earlier decrease. Within

4 days the gain for both frequencies has returned almost to 1tg

’

pre-vision reversal level, the remaining increase to the previously

' unattained gain of one taking a further 2 weeks.

L

It 1s of great interest to compare the results of gain for these

B

intermediate frequencies with those obtained for the 1/6-Hz
rotations in the dark reported earfier (Gonshor and Melvill Jones, 1974c).
At 1/6 Hz, Fhe gain change followqﬁ an almost identical pattern,
decreasing rapidly aftér initiation of vision reversal, and then
plateauing the decrease, to re;ch a low gain of 0.15 on D28' This
is the same gain level reached for the 1.75 Hz oscillation on D28’
a}though in this case the head movement was voluntary, and performed )
whilst fixating on a visual taréet. The post-vision reversal %ain

’
increases for 1/6 Hz again followed an almost identical pattern to

that of the intermediate frequencies. The importance of this result

is discussed below.

~ Figure 5 shows the change in normalized gain, as a function of the
days after donning the prisms, for the 49 day (@), 25 day (Q),
and 17 hay (x) experiments. Only the first 7 days are depicted, and

only the results obtained before removal of the prisms. The abscissa

mean of 10 cycles in a test run at 1.75 Hz head oscillation. Not-

v

withstanding the considerable scatter, it is clear that in all the

g
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4

experiments a very significant decrease in gain does occur in spite
p .
of the subject's attempt at fixation. Thus it appears that a

substantial functional deficit is produced by the decrease in vestibulo-

ocular gain. ?

(Fig. 5 near he;g)

Subjective Blur Estimétion. Apart from the strictly objective

eye movement data, tests at 1.75 Hz and 3 Hz included a subjective
estimation of blur, in order to obtain information on the functional
impairment of vision. As noted in Methods, the procedure followed

P -
here closely paralleled the methods used by Melvill Jones and Drazin

(1962).

(Fig. 6 near here)

The blur estimation method was used for the first time during the
17 day experiment (6 days reversed vision), the results of which are
shown in Figure 6. For interpretation of this figure it should be
recalled that tﬁese tests are performed with éyes open and the reversing
prisms removed. The left-hand ordinate gives a measure of the gain

of response of eye to head angle during horizontal plane oscillation

«

atr—a frequency of 1.75 Hz. The right hand ordinate gives, the apparent

ceording-to thesystem—described in

v

Methods; the highest number represents the greatest amount of blurring.

The abscissa denotes the days of the total experiment, with arrows

?
i
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Fig. 5.

Changes of normalized gain during the first

[

~ —~few days of reversed vision envi‘ronment(in the

o

17 day (X.)’ 25 day (O); and 49 day (@)
experiments. The abscissa represents real time
after‘donning the prisms, gach number denoting the

' end of a 24 hour peri;)d from 10:00 a.m. on one 4
day éo 10:00 a.m. on the following day. TLe
ordinate gives mean gain normalizéd relative to each ’

individual subject's mean control value for a run
( of head oscillation at 1.75 Hz, obtained immediately

prior to donning the prisms. Note that during these

runs the.eyes are open, and the prisms are not worn.

4 .

— @
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~a mean of 10 consecutive cycles in a run before (),
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Fig. 6.

™
Changes in gain and blur estimation during the

17 day experiment. The left—haﬁ% ordinate gives

gain of response during voluntafy head oscillation
(eyes open, no prisms) at a frequenc& of 1.75 Hz.

The right-hand ordinate gives the subjective estimate
of a radial disc blur;’the highest number of tge 3

point scale denotes the greaqgst amount of blurring.

The abscissa denotes the days of the experiment,

{
i

o

with the vertical arro&s enclosing the 6 days of reversed
vision. -Note the break in té:abscissa'between D9

and D18' Each point representing gain of response is
during (Q),. and after (@) vision reversal. 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 similarly presented
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enclosing the 6 day period of vision reversal. Note the break

in the abscissa line between days 9 and 18. Each point,
representing gain of response (circles), 1s 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 707 in the first § days of reversed vision, and with

a similar slope of decay (see Figure 5). The development of retinal

image slip due to this decay 1in smooth pursuit gain is manifest by

v

the subjective impression of increased distortion of the radial disec,
so that by the fourth day of prism reversal maximal blur was being

)

registered, and remained so for thenremaining two days of reversed
vision. To determine what ef fects there were in planes other than

the horizontal, blur estimations were obtained after several cycles

of head oscillation at 1.75 Hz in the sagittal plane (triangles). The
total absence of change is apparent in the straight line ét "o"

level for radial disc distortion, indicating the high degree of

specificity with respect to plane of rotation. In this regard, it

is important to recall that the'dove'prisms were aligned so as to

cause reversal only in the horizontal plane; i.e. no vision reversal

“in—the—sagittal plane.— Simitar 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




Fig. 7. \\

3 ' y Subjective estimates of radial disc .
blurring obtained during the 49 day experiment.
The ordinate gives blur estimation on a 3 point
scale, the highest number denoting maximum blu{r.
The vertical arrows enclose the period of reversed

vigion (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 (),

during (Q), and after (@) vision reversal.
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49 day experiment (Fig. 7), show clearly the rapid increase in

blur after the start of vision reversal to a level of maximum
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

4

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
. x

in the post-vision reversal 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
5

frequencies, whep the gdin (Fig. '4) was at 0.8, or still below
T
perfect compensation. Similar results can be seen in Figure 6. It

is not certain whether the subject perceives an absolutely 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 Pefore visual acuity is greatly affecéed. Finally,

——————thetigher gatn observed at 3 Hz (Fig. 4) results in a closely

corresponding lower level of blur estimation in Figure 6 for_each

of those tests, again underlining the sensilivity of the blur method.

i

S
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2. Response to Continuously Varying Frequency Of Head Oscillation
Some of the most intriguing ;esﬁlts derived from tests
in which the subject, with eyes open (no prisms), whilst looking
at a stationary target; produced a voluntary series of to-and-fro
oscillations, the frequency of which varied from less 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 reversal test. It is
apparent that the subject was quite capable of producing sinusoidal-
like oscillations of the required amplitude throughout the frequency
spectrum. Furthermore, the resulting compensatory 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 this response (eye displacement/head displacement, or

Oe/@h),‘as a function of the frequency of oscillation, is depicted in

Figure 9a, The/results were obtained from a control run before
reversal began (Dl—O), as well as from runs 8 days (D36—’), 9 days
(D37— ©), and 13 days (D4113) after termination of the reversed

F——— o e e T
O :iwvisionmstimuiatfﬁﬂ%zliatﬁ'pﬁtﬁt“fépresents the gain calculated from one
*x,

cycle of a run on each of the four days represented. As the frequency

is increased from 0.15 upward the gaiﬁ also increases, but with no

A
accompanying phase changes. Possible explanations for this behaviour

V\\¥\Will be discussed below. . -
. J

- 5.




Fig. 8.

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. The subject's eyes are open (ﬁo prisms),
and he is attempting to fixate on a stationary

u

target,

L)
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(Fig. 9 near here)

9 ,

With introduction Jdf vision reversal the resultant decrease
in vestibulo-ocular gain disrupts the smooth pursuit eye compensation,
causing it to change to a nystagmoid form of response, whose
!

; characteristics vary with each test sessten, as well as with changes

; ¢

in fdequency within a test. In Figures 10a to 10d one sees examples
»Of the variations in response to head oscillations”at about- 0.5 Hz,
A/ M . —

on various days of the experiment. Figure 10a 1 “taken from a

pre-vision reversal run (Dl)’ and shows the normal\ compensatory eye

response to head rotation, already described in Figure 8. The gain

for this cycle is 0.8.

' B

(Fig. 10 near here)

4

gécause<vision is permitted, the eye position récord {ee) o
represents, in this case, a response due to synergistic action of both
«the vestibular and optokimetic ingyis, with a gain close to 1 (see
Figure 9a). It will be seen below that with the head still, whilst
following a moving target, the optokinetic input at 6.5 Hz is by
itself capable of producing an ocular response with a gain of 1
(Fig. 13).

'
The  effects of vision reversal on the compensatory smooth

1

pursuit at 0.5°Hz is shown in, Figures 10b, c, and d. Figure 10b

(D,,) the smooth pursuit aature of compensation has begome a
22 p P

%




Fig. 9.

Changes in gain (Oe/eh) 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-to-peak amplitgde
of the head excursion in each cycle.

(a) Measurement of gain during runs in the pre
- . .

and post-vision reversal periods of ‘the 43 day experiment.

Each point gives the gain for one cycle in a run

(b) Gain measurements for runs during the period

of vision reversal. Each point is the gain for

- o
one cycle in a run on Dig ), Di4 (@), D¢ ),
D 7 (g’), and D28 (®). Gain measurements at 1.75

and 3 Hz (X, obtai?ed during the D._ run, are

15

included as a compardkon to values shown in Fig. 6.

1? °
The- regressian lines are cglculated from 2 Hz upward

for (a) y = 0.0748x 4 0.7310 (r - 0.8687) and

. > x
(b) v = 0.0819x40.1378 (r = 0.8786).

'

I
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Fig. 10.

Specimen records from runs of variable

¢

frequency head os¢illation on (a) D,, (b) D

1’ 22’ )
(c) D17 and (d) DlS’ of the 49 day experiment.

All four groups are at a frequency close to

0.5 Hz. In addition, parts b, ¢, and d also

include a calculated "cumulative eye position"

(CEP) record. Lines "N"_and "R" join the

polints of maximum head movement to the left

with the corresponding maximu@ excursion of the

eye, revealing normal coméensation in the Dl
cycle and reversal of normal compensation in .
the D15 cycle respectively. Figs. 10e to h

give a measure of the mean gaze direction (MGD) of >
eye movement for the cycles of head movement already
depicted in Figs. 10a to d. In par;s.f, g, and h
the MGD is produced by dividing the cycle of eye
movement into 10 segments, and choosing a point

which rebresents 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 reafhed a "0" level, as

exemplified in the CEP tracing from the 0.56 Hz portion of a runm on - — -

D17 (F%g. 10c). )
With effectively no smooth pursuit available, the subject's eye

response through the entire cycle is saccadic in nature, resembling

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 ié‘exemplified in a 0.58 Hz portion of a run on D15 (Fig. 10d).

Again the response is dominated by saccades, and interspersed with

sméoth pursuit movements of low gain. The low gain is evident in

4

the accompanying CEP trace (gain = 0.42). However, a closer look at
the phase’of this CEP curve reveals that it is completely reversed with
respectAto normal compensation for the head movement. This is easily
verified by comparing the directions of movement of the eye (Oe) and
head (oh) at lines"N'hndehin Figures 10a and 10d respecsively. Possible
exélanations of these results are discussed below.

‘ The chan;es in vestibular-optokinetic interaction depicted in
Figure 10 seryé to focus attention on}the action of still another input
to the eyes - the saccade. No matter how variable the vestibulo-ocular

gain and the direction of CEP, the requirement that fixation be maintained

brings about a normal saccadic response, such that the fovea is always




~®

brought back to the point in space which is commensurate with

proper fixation. This occurs regardless of the direction in which

S

the smootH:pursuit component is moving, as shown in Figures 10e

to 10h. In this case the cycles from Figures 10a to 10d 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 Melvill Jones, 1966). This

response, which is under visual control, exhibits normal compensatory

behavior throughout the frequency range.

- (Fig. 11 near here)

Figure lilrepresents a pértion of the run on Dlsilincluding
both the high and low frequency head movements produceé 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. 10d). However,
as the frequency of head movement 1s increased, the completely reversed
vestibulo-ocular response to the head movement at line '"M'" along
the CEP and @h curves, returns to normal compensation ("N').

The return to this normal phase relationship is accompanied by
changes in the vestibulo-ocular gain, as outlined in Figure’ 9b.
Here one sees a measure o; vestibulo-ocular gain a; a function of the
frequency of voluntary head oscillation. Because an insufficient ’
amount of data was available_ﬁor a meaningful gain-phase measurement

at the various frequencies, and since most values were either much

greater or much less than 90° phase shifted with respect to the



Extracts from original records, showing

. a portion of the run of variable frequency head

oscillation on D15’ in the 49 day experiment.

-

Head and eye movement are shown, as wells as the

a4

cumulative eye position (CEP) for several cycles.

s
” . i

Lines "M" and "N" are drawn at the p7inf of

a

‘ maximum head deviation to the right, and shqw the

.

change from complete reversal of eye compensation

at 0.5 Hz to a normaiicompensatory eye movement at

o

4 Hz. Symbols as in Fig. 2.°

- ’ ' . - wo

A
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C

stimulation, all points with phase values less than 90° were

' wy

placed as positive gain. Any point with phase values greater than
: /

90° were placed in|the riegative gain portion of the ordinate. The
horizontal dashedal ne represents the peak-to-peak amplitude of

head rotation in each cycle. Each point represents the gain

measurement for a selected cycle in 3 test run on days 11 V),

14 (@), 15 (A), 17 (@), and 28 (®). Specific 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 changing from one of complete reversal to one of normal
compensatory response, but the gain is decreasing to almost zero. At
higher frequenciesthe changes are purely those of increasing gain
with frequency, very much like the relationship seen in Figure 9a.
This close relationship is very apparent from the reg%ession§ ’

performed on both Figures 9a and 9b, starting from 2 Hz upwara:

N

Results show that there is no significant difference between the
two regressions (P 0.5). A

The responses obtained here for the oscillations at 1.75 and
3 Hz, follow closely the results from the separate tests of oscillatioqs

at these two frequencies (Fig. 4), and therefore act as a good

indicator of the validity of the present measurments., One should

note again that this reversed response was seen only on several

o

J

3

occasions, and cannot be said to indicate a uniform trend of response.

r




<

However, even on days where no apparent reversals took place, ’
the same pattern of gain change occurred. That is, a decrease of

gain from 0.5 to 1.75 Hz, and then a rise in gain with increasing

\

frequencies. JEN

I

(B) Optokinetic Response In The Absence Of Head Movement

_/

From the information already provided in this and a previous

article (Gonshor and Melvill Johes, 1974c), it is evident that prismatic
reversal of the visual field - in this case the horizontal plane -
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

-t

experiment: Before douning the prisms, on the final day of vision
reversal, and on the final day of the experiment. The methods of
DC electro-oculography and radial disc distortion were used to

obtain both objective and subjective data from the subject. A previous

study by Melvill Jones and Drazin (1962) had made use of the

moving radial disc to determine the response characteristics of

pilots to many frequencies of target movement. Their methods have

©

been utilized here and the results used 4s control comparisons for
v

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

optokinetically generated eye movement in

response to a target movement at 0.56,

Oe, or eye angle, gives

1.0, 2.0 and 3.2 Hz.

the position of the eye relative to the )

head, while O¢ denotes the target's position
in space. The horizofnitdl bar at the lower

right of each extract represents 1 sec. Static

calibrations = 100, and R

r
.

right-going movement.

»







with increasing frequency of object movement from 0.56 to

3.2 Hz, théfe is a progressive loss in ability of the velocity
of the smooth pursuit to match the target velocity, associated
in turn with an increase in the number and amplitude of the saccadic

o

repositioning flicks.

«

! 3

These records were averaged over 10- cycles for each frequency,
in order to obtaig a measure of the gain of response (éye ;ngle/‘
target angle,or Oe/et) as a function of the frequency of target
movement (Fig. 13a). The solid lines Iﬁ Figure 13a denote the response
of a subject during a control rum on DlQ“), and a run on D28(.),

the final day of vision reversal. The dashed line is taken from

similai;y recorded and anélyzéﬂ data in the study of Melvill Jones

and Drazin (1962). All the lines show clearlf tgat increasing
frequency produces a steady decrease in gain. More importantly,
comparison of the Dl and D28 shows no significant difference in the
slopes of response decay with frequency increase. There is also'

good agreement with the Melvill Jonés and Drazin results, although

/
slightly lower values of gain weré obtained from this experiment at
4,

the lower frequencies. The lack of marked differences is interesting

since a portion of the results derived from this experiment come from

4
i

a kest performed on D28’ when the greatest changes, if any, would

be expected to have taken place.

—~
E3

(Eig. 13 near here)
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Fig, 13.

3
apparent distortion of the radial disc,as

a function of ﬂfequency. Tke abscissa

target (radial disc)

medsures frequency Qﬁ
S

- sinusoidal oscillatidn in the range from

%hsigolid lines denote

0.4 to 3.6 Hé. (a)

the response of a subj®et during a Dy

control run (4), and a run on Dsg (@),

YA . o
each being the mean gain for 10 cycles

The gpen circles (Q) are from similarly

v

in a rudn.

,analyzed results of Melvill Jones and Drazin

)

€hange in optokinetic gain. (?gﬁn),_and e

.,

R (1962). (b) The apparent distortion is on
PR Bkt A ;
A 3 point schle, with the highest number
denoting maximum diqtortiohm\\ﬁa;h point
rep%osents the subjective value of distorf
tion for the runs with the corresponbing

mean gain values, on 028 (!}){ and the MelviLl;m

Jones and Drazin study (Q).
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. ?
The subjective response to the target motion on D28’
¢ .and in the Melvill Jones and Drazin (1962) study, is shown in

Figure 13b, where the ordinate gives the apparent distortion of

g the radia]l disc on the 3 point scale, and the abscissa shows the

n

. ,same frequency range as Figure 13a. It is evident that there are
“y

no differences in the slopes as frequency is increased, leading

[y

one to conclude from both this subjective and the previous objective

- - —_— —— o — — - —

test, that no large scale changes of visual following capability

Mdécﬁfrédﬁaufihg the éeriod bfA;iéion reversal.

(C) Saccadic Performance

1

>During the entire period of these experiments, tests were
conducted to determine if any changes were taking place in the
dynamic characteristics of saccadic eye movements induced by
attempting to change betweeﬂ/stationary fixation points separated
. b@/lOo, with head still. Examples of such saccadic jumps are seen
in the insert of Figure 14, where (a) is from a test prior to donning

~ the prisms (Dl)’ and (b) from a test on Dl?'

¥ (Fig. 14 near here)

-

The remainder of Figure 14 is a plot of the measured rise
time against angle of saccadic juﬁb, for saccades distributed in .

size range between 2 and 23°.  These are taken from tests on Dl @)
; it

s [

° ‘ / -
7



Fig. 14,

-

A plot of saccadic rise time (msec)

as a function of the angle of saccadic movement.

¢

The insert shows specimen records of saccades

3

obtaineduduring, (a) a control test on Dl’ and

(b) a test on D17. The angle of saccadic

M

h] «
movement is distributed in size from 2 to 23ﬁ.

Each point represents the rise time value for

an individual saccade on I)1 (.) and D17 (x).

The dashed 1ine gives Robin%in's (1964) data

for normals. ’ <
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and D., (x). The broken line gives the mean data from

17

Robinson's (1964) experiments on pormals. It can be seen that

the individual points from both days of this experiment lie very

close to this line. Analysis also shows no statistical difference

between the results of the two days shown in this figure and the

other days in the experiment, not shown here. It therefore appears

that just as with the optokinetic tracking, the control of saccadic )

—— - - -

s

eye mo ement is not affected by the adaptability to the reversgd. .- v - .. e
visual environment. . e -
‘ v
DISCUSSION

— a

Previous Findings

«

In a previous article (Gonshor and Melvill Jones, 197Ac),‘a report
\

e

was made of the loné4%erm adaptive capability of the vestibulo-beular

& . . .
reflex, when placed in an environment where new optimization criteria

“«

are required. This new environment was created with the imposition
of a left-right reversal of the visual world, by means of prisms.

ism %f the two, normally

Such a situation produces-an antag

i s es. That i5; thé inertially

are now forced to operate in fuch a manner as to move the eyes in

opposing directions for a given movement of the head. In the low

frequency and amplitude range of head motion, the visual control was

= '

shown to dominate during passive sinusoidal rotation._(Genshor_and - -

“«




-

-

Melvill Jonts, 1974b), producing in due course a-resultant

3

attenuation of the vestibulo-ocular reflex gain. The decrease

would be expected, since the raison d'etre of the entire 'system is
presumably to minimize retinal slip, and allow clear image
stabilization whilst the head is in metion. %}nce the vestibulo-
ocular reflex would be 'driving the eyes in the wrong direc%}on for

image stabilization in the reversed ¥isual world, 1ts attenuation

'
[}

would be warranted.

. Much more marked changes were observed during theé experiments

-

with prolonged visual reversal (Gonshor and Melvill Jones, 1974c).

such

Here, the subject was allowed complete freedom of movement,

4

walking, climbing, etc. In such circumstances it would not

sufficient to merely decrease the vestibulo-ocular gain, since|ffeeing
the skull platform brings in frequencies and angular velocities which
3

far exceed the dynamic limits “Gf the visual system alone. More

specifically, the optokinetic system responds to retinal slip, and

wfll tend to. compensate for fixation errors, independently of their

\ [
origin. However, visual tracking accuracy in man begins to fall off

rapidly as the target's relative angular velocity increases above
k4 -

L ——————————— e ———

-
#

300/seé\kMillé;:l958)giand 1ts frequency above 0.7 Hz (Melvill Jones

and Drazin, 1962). Theref%re, to achieve image stabilization above .(
those values, one must have a propegzy functioq}ng vestibular system,

with its much higher frequency and velotity response (Jones

and Milsum, 1965). Kor example, a running man will generate a

' ‘ 0
fundamental frequency of about 4 Hz/sec, and if one assumes 5




by hold}ng_theibgné still and moving the head through -those same

4
<
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amplitude of head movement, the maximum head angular velocity

°

becomes about 1250/sec; well beyond the capabilities of the visual

tracking system. A subjective impression of these capabilities
51
can easily be obtained by holding one's hand at arm's length and

shaking it from side to side. The image becomes blurred at very ,

low frequencies. This is then compared to the clarity one obtains

[

”

frequencies. In the latter case the deflex eye movement is under
strong vestibular control, and in this regard Robinson (1968) has
shown that vestibular plus optokinetic reflexes are fastér than the

optokinetic reflexes alone. Theregore, because a properly functioning

; .
vestibular system is necessary for proper image stabilization at

high frequencies of head movement, in the case of a reversed vigual

environment the sjtuation would call for a reversed vestibulo-ocular

E

reflex of high, rather than attenuated, gain.

In a preceding article (Gonshor and Melvill Jones, 1974c) a

detailed account was given of th® main test for vestibulo-ocular

o~

gain. Briefly, the test was horizontal, sinusoidal retation in the

dark, at 1/6 Hz and 600/sec velocity amplitude. This stimulus

frequency had aleady been shown not to cause vestibulo-ocular gain

attenuation due to the oscillation per se (Gonshor and Melvill

Jénes, 1974a). When interspersed with rotations during which
antagonistic visual and vestibular inputs were introduced, test
oscillations in the dark at this same frequency did show significant

attenuation of the vestibule=ocular reflex -gain (Gonshor and Melvill

L4
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Fie

> o
. Jones, 1974b). ,In the long-term reversal experiments, the $rA1n

¢ S

of the vestibulo-ocular-reflex decreased dramatically, with accompany tny

)

latge phase changes) Some of the details of these change have

already been noted in the results of this article.

o
- ]

’ Present Findings

\ .

A question still rémained as to the extent to whirh these large -
vestibulo-ocular changes, recorded in the dark, wouid arfect image

stabilization, if normal vision was. pericdically permitted. That 15, e

e

what, 1f any, functional impairment was taking place due to this -

massive change in the vestibulo-ocular reflex. It 1s this query

which led to the inclusion, in the final series of long=term experiments,

‘ of the tests described in this article. The tests were specifically

-

designed so as to permit maximum utilizarion of all stabilization

systems. Therefore, ir the head oscillation tests the subjéct produced &

.
£

voluntary high f{requency head movements while fixating on a stationary

B t ’ &
target. Such a task would, under normal circumstances. reanire rhe

proper utilization of the vestibular system, visual tracking, and neck

s 2
roprioception, in order to produce adequate image stabili=zation.
P p P ’ t &

i ' —_—— -

1. Head Oscillation at 1,75 and 3 Hz

=

The tests at 1.75 and 3 Hz were chogga horansé these

’ { N
.

frequencies -are well above the limits at Whl%h visual tracking by
itself can produce adequate image stabilization.For example, the

* drop in optokinetic gain’'at .1.75 Hz'is in the order of 407 (Fig. 13} ——- -

I
R . 1
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whereas the drop in gain observed during 1.75 Hz voluntary head
oscillation (Fig. 4), reaches a value as low as 0.18; that is,

an 807 decrease from the pre-vision reversal gain of 0.82.° This
latter decrease is too great to be accﬁunted for simply by the loss

of optokinetic gain. - Rather, it is most likely due to the substantial
decrement in vestibulo-ocular reflex gain. This clear functional

¢

impairment is substantiated by the almost total blurring of the

radial line disc, at a frequency wherg, under norgg}#cigéumstances, _
no blurring is experienced during head osqillation (Fié. 7).

The increased ‘gain seen at 3 Hz (Fig. 4), appears at first to h
be anoﬁolous. The torsiénwpendulum model of .the vestibular end\organ
(Séeinh%usen 1933; van Egmond{ Groen ané Jongkees, 1949) would é edict
that in the frequency range of 0.1 to Sde, essentijally constant
amplitude ratio and zero phase are maintained in the mechanical /'
components of the transducer. This being the case, one would expect
that at 3 Hz the ;tenuated gain should be at the same level as at
1.75 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

.-
(peak eye veloqgity/peak 1uLnLahlemyﬁchitylﬁas,a_funggionﬁgi—iﬂereasiﬁgr~~g4—

frequency (0.01\to 5 Hz). In all the experimental subjects a rising
gain was consisteﬁtly observed, with the gain plot inflecting at
5o
y
0.5 Hz and increas&ng with frequency at a rate of +5 db/decade.

Benson notes, that it is significant that the gain of the vestibulo-

ocular reflex increases’ in the frequency range where stabilization o

—y
- 5




s

- 223 - _ ’j

/

of the eye due to pure visual following undergoes a rapid decay.
Similar results have been obtained in experiments on squirrel

monkeys (Fernandez and Goldherg, 1971),,in which recordings were

e

made in the primary afferent neurones of the semicircular canals,

while stimulating sinuosidally in, a frequency range from 0.0125 to

t

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 1.75 5 3 Hz (Fig. 4). It is also in agreemené'with the

enhancement in gain that is observed in this experiment during the

3 3

3

control runs of:variable frequency head oscillation (Fig. 9a), and
may be responsible for the gain changes observed in the variable

frequency tests during the vision reversal period.

e

~

2.’ Head Oscillation at 0.5 Hz

The various patterns of compensatory eye movement at
: {
0.5 Hz (Fig. 10), including a reversed response with respect to normal

.

compensation for voluntary head movement, represent possible clues

~ to the methanisms at work iIn producing the extensive changes seen

in resultg. During the vision reversal portion of the 49 day

, [

exﬁgtiﬁent, 0.16 Hz oscillation in the dark (Cghshdr and‘Mei;;li
Jones, 1974c), resulted in decreases of vestibulo-ocular gain to as
low a value as 0.13, or‘%OZ of the 0.6 pre-vision reversal gain.
However, ;t 0.16 -Hz oné~even{uaily reaches a piateaq“ievei—uf“phase

J Q




shift which, although very pronounced, does not extend beyond 130°

phase lag relative to normal compensation; that is, a 50° phase-

advancement with respect to complete reversal. 1In addition, the gain

at this plateaued phase rises to a value of 0.3 (507 pre-vision

Eeversal). This plateau for 0.16 Hz is exceeded in the 0.5 Hz tests.
In Figure 10 the CEP curve represents a combined response, due

“ almest enF};ely to inputs from the vestibular and visual %ollowing

T - ~ - “(optokinetic) systems. Several possihilities_exist as explanation .,

for the observed response changes. That the changes are due to

attenuatid;Aof thé7;;£0k15etic portion of the response 1s unlikely,
) "
since separate daily tests of optokinetically generated eye movement

showed that its-normal characteristics are maintained throughout

the entire experiment (Fig. 13). This would leave the vestibulo-

o

ocular input as the most piobable primary candidate for the changes

»

taking place.  In this light, one can conceptualize the CEP curve

as representing the final output of a basically normal optokineFic .
1nput Fogeqhe} with a completely reversed vestibulo-ocular input to
the ohdlomotor system. Now, in thé& case of D22 (3 weeks vision reversal),
oscillation in the dark at 1/6 Hz has already been shown to produce

__a vestibulo-ocular reflex gain_Qi_QL1+_wiLhﬂphase,lag_n£412584_“

-— - “(Gonshor and Melvill Jones, lQ#éc).ﬂ_To produce the attenuated CEP

1

i ——— 13

curve OQ*DZZ for the 0.53 Hz head oscillation, whilst attempting

fixation (Fig. 10b), would require a 1809 reversal of the vestibulo-

.
-y -

/ e B oba e T . .
ocular reflex to the/gdulomotor systeﬁ, although with a gain still
¢ K B

.. s . :
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lower than the optokinetic input at that frequency. Similarly
the flat CEP curve of Figure 10c could be due to the resultant of
two inputs of equal éagnitude but opposite sign.

The completely févers;@ CEP in Figure 10d is quite interesting
Qhen onie considers th;P«;t:is occurring in spite of active attempts
at‘fixationf Althouggxagain the response ‘may 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 use of neck receptors as a source of input for

compensatory eye movement, relying a}most entirely on the vestibulo-

ocular reflex and its vastly higher gain. Compensatory 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 Tagliasco,-1974),

where experiments have shown that in the normal animal ocular

stabilization is due almost entirely to the vestibulo-ocular reflex,

with neck afferentsplaying a negligible~rele. However, of 1interest

to the present discussion is the finding in the same study (Dichgams

E T,

€t al, 1974), that upon bilateral labyrinthectomy there is an eventual

90% recovery of compensatory eye movement, which the authors

attribute in great part to a potentiation of the neck-to-eye loop,
as'well as to a "reprogramming of compensatory eye movement' from a

central nervous system center lying upstream from the central




oculomotor mechanism. /

The labyrinthectomy of Dichgan's monkey is in the present

%

?pudy replaced by a dramatically altered vestibulo-ocular reflex,.
a ,* N

due to the vision reversal. The decreased VOR during'vision reversal

could cause the neck-to-eye loop gain- to be enhanced, aléhough one

would also have to invoke a reversal of the neck input to the eyes
in order to allow it to aid in the production of the reversed CEP

curve in Figure 10d. Perhaps Dichgan's "preprogramming' center
! B

plays a role in the activation of such chaggesC . ) _

U onrit s rat R

" As a final comment to the results of O 5 Hz head osc1llat10n,

one sees that not only is the gain of the reversed vestibulo-ocular
. )

", reflex higher at 0.5 Hz than at 0.16 Hz, but the phase at Q.S Hz must
N .
e 180° reversed from normal to producé the responses seen in Figure 10,

is is of great interest, since with the knowledge that the phase

at 0,16 Hz plateays at 1300, and extends now to 180° shift at 0.5 Hz,

L3Ry e

it implies that the changes taking ylace in the vestibulo ocular

system have a probable frequency dependence. . .

Possible Mechanisms N
¢ ’ {

In 4 preceding article (Gonshor and Melvill Jomes, 1974c), ity

‘ , ) ) i
was postulated that the large changes in gain and phase observed may

. , . )
be due to the effect of multisynaptic vestibulo-ocular pathways, and

their superposition on the basic disynaptic vestibulo-ocular reflex. .

One such mulkisynaptic pathwa{ involving the cerébe}}um has recently
L

come under intensive 1nyest1gation The experimental evidemce shows

he L
A .
i e N N ) Y
. hd ’
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4n the vestibular nuclei, which are simultaneously recejving excitation

Mtf,iknmtptimatytafﬁgzents_nf;thetcanals_thoT_KawaiT_Udomand—§at97—1968¢m~-74——*———L—
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that the pathway travels from the vestibular end organ by way of

-

primary and secondary afferents to the vestibulo- cerebellum
o

(Brodal and Heivik, 1964; Angaut and Brodal, 1967), activating L
Purkinje cells via mossy and climbing fibeps in the frog (Precht * »r’
Y

and Llinds, 1969) and by mossy fibers, in the cat (Eccles, Ito, ' v,
and Szentégothai, 1967; Precht and Llinégf 1969). Axons -from

»
Purkinje cells ate then sent either directly to the vestibular
nuclei (Angaut and Brodal, 1967), ‘or by way of the fastigial and other
cerebellar nuclei (ﬁrodaL 1960), thei; terminatione coinciding
with the sites of projection of vestibular primary afferentg
(Gacek, 1§69). The figal common path of the two'inputs then produces
the output to thg oculomotor nuclei and eye muscles. The importance

of this proposed pathway lies in the fact that the cerebellar output

from the Purkinje cells is inhibitory on the second order neurones

Shimazu and Smith, 1971). An efferent arm to this cerebellar-

©

mediated pathway has very recently been added with the discovery in

the rabbit Zf a direct visual input to'the flocculus by way 6f the
atcessory optic tract; to the central tegﬁental tract, theé onto the
inferidbr olive, and finally through climbing fibers to floccular )
Purkinje cells (Maekawa and Simpson, 1972, 1973). This visual

input has since been sh&wn to be capable of modulating central

vestibular neurone activity, which always operates to reduce image
4

. , . } .
slip upon the retina (Ito, Nisimaru and Yamamoto, 1973c:;Ito, Shiida,

t
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Yagi and Y?mamoto, 1974b). Our éﬂrrent obsetvations have

demonstrated that this retinal infldence can be so versatile as |

to bring-~about effectively complete reversal of the vegtibulo-
ocular reflex of man as a retained” response due to long-term vision

L
reversal. The strong implication of vestibulét-cerebellum -

~ ’ v

participation in visual modification of the vestibulo-ocular reflex
has very recently been, demonstrated in rabbits (Ito et al, 1974a, b),
1]

and although unable to achieve a ;'eversal of vestibulo-ocular response,

Robinson (Oral presentation, Stockholm Symposium, 1974) has shown

in®Mfe cat by vision reversal, is abolished by removal of the vestibular

cerebellum. Therefore, there seems to exist strong evidence that A
f -
the vestibulo-cerebellar pathway may play an important role in the

plastic modulation of vestibplo-ocular responses induced by normal /

-

and abnormal patterns of retinal image movement. A modelling study of

this qv'erall sﬁ_&e@n_x_ig_ggwﬂg_nds_rm -anduJ:-esuLcs,.wﬂ-l -be—available—

in a subgequent article.
tk»‘#

The model predicts that with increasing frequency both the gaf

and phase lag should increase, the latter to 18(}0; that is, a compl:it:e
4 .

reversal from normal compensation. The tests at 0:16 Hz resulted

in a final plateauing of the output at a gain of 0.3 and a phase lag
v
of 1300. The present head’oscillations at 0.5 Hz seem to indicate
A
that a complete 180° reversal of phase is taking place, as well as an

increased gain from that seen at 0.16 Hz. As the frequency of head

AN
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¢
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oscillation increases thréugh 0.5 to 1.5 Hz, (Fig. 9b7‘ the gain ,

0 1
* of this reversed response decreases. Since the gain of canal output

. r

increases with the rise in frequency (Benson, 1970; Ferna’ndez and

)

”Goldberg, 1971), it @s 1il'<e1’y that the attenuaigd disynaptic pathwgy
begins to‘ boost its gain with respect to. the reversing pathway

from the cérebellunm. ...JT}{is would lead to a final output 'that is
»decreasing in gain. If in addition, the pathway through the
cerebellum has a lower frequency cutoff than the basic Qdis.‘\,'naptic
reflex, one,would g;pect to reach a frequenc;r where the output would
be a produ’ét Of\» t};lewdisynaptic pathway alone. Evidence supporting ' i

thi§ postulate comes from Figure 9b. -

”r~ Thus at 2 Hz the phase has returned to its normal compensatory

N

K position, at which it remains even with increasing frequency. Gain,

on the other hand, increases with frequency at a rate which closely
¥

parallels that of the control tests in Figure 9a. The important -

1

considetration that emerges is that thisr\gain increage must be due A
almost entirely to inherent properties within the ‘vestibulo~ocular

reflex, since the optokinetic gain declines.steadily as the frequency
t

increases past 0.5 Hz, falling almost 807 in the 2 to 3 Hz range .
i
(Fig. 13). It is of added imteregt that ot thiz frequency range one

may be seéing the greatest attenuation level of the disynaptic pathway;

-
Py
e

that is, a gain value of about 0.18.

It therefore-seems clear that even in test situatioqs where

«

utilization of all normal stabilization mechanisms is permitted, a

' o A

marked functional deficit is manifest in the subject's inability to
o] . ) .
‘ ( ! . ,

Y '
y



produce the desired fixed visual‘image on the retina. The added ,

intriguing feature is the indication of frequency dependence in

[ J
the pathways that produce the output response to the reversed
b

environmgnt. ' : . .

The functional changes discusseﬂ\fn the artdicle have focused
on those systems diréctly affecting the oculomotor system. In
a,subsequent article-an analysis will be made“bﬁ overall Bodfiy .
. readjustments to‘the reversed environment, focusing specific;ﬁ&y

on postural and perceptual readjustment. N
: )

'
. ) .
- ., -
’

) 3

o
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- SUMMARY
. ¥ /
. .
1. This investigation is concerned with the aajustmeqts in /

postural equilibrium and perception assoclated with léng—

térm vision reversal. R

-
a

2. The prisﬁ:fndJced Qision reversal lasted 6, 7, and 27 days
during experiments of 17, 25, and 49 days respectively. Daily

-
tests included walking and standing, ﬁith'eyes open, on rails of”
0.75 and 2.251in.widths, and standing with eyes ciosed on 2.25 in.
wide rail. Measurements of performance were compared for tests’

bef&r;, during, and after vision reversal. Subjective reports

-~ ~

of perceptualichange and observations of subject behavior were

noted at all times.

3. . The walking tests proved to be the most sensitive indicator

] .
of| improved performance capability during and after vision reversal,

2
-

and together with subjectivenreports'and observations of the subject,

make it clear that vision reversal has caused definite functional

deficits in overall postural equilibrium and locomotor capability.

£

’ . Yot

3
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INTRODUETION

/( :. ‘e /\

*

A serles.of recent articlks has ‘detailed the results of Y

-

experiments on long-term adaptability in the vestibulg-ocular reflex

= - ,

arc (Gonshor and Melvill Jones, 1974a, b, c; Gonshor, 1974a). The

two latter articles covered the-most extensive series of experiments,

-

in which subjects were exposed to prismatically-reversed vision for

-

prolonged time periods,ulasting—up*tn‘27 days. Results of’daily test

sessions showed the following. Vestibulo-ocular reflex responsge,
~ e

in the dark, to %gw frequeuqy oscillatory rotation (1/6 Hz, and 600/sec

velocity amplitude), underwent profound: changes, amounting to a

£

functional reversal of the reflex (Goniég;,and_Melvili Jones, 1974c).

In addition, the subject fncurred functional déficftg due to the

changed vestibtilo~ocular reflex. 1In separate tests, the subject

N, '
“ produced active head oscillation at both steady state (1.75 and 3 Hz)

and 6ontinuous1y changing frequencies, whilst gtteﬁbting fixation.

“Even in this situation, where utilization of all normalistabilization

. mechanisms is permitted, the subject showed an inability to produce

the desired fixed visual image on the retina {Gonshor, 1974a).

4 \

The functional changes discussed above focused on the area most

directly'affected b& a vestibulo-ocular reflex change; that is, the

N

oculomotor system. However, it became apparent that in a situation

. , 2
where subjects were required to make voluntary{ whole-bo

ments to cope with vision reversal, there was a case ‘for

A}

\,

readjust-

N N ’

nalysing

- tPe postural and perceptual changes coincidenﬁ)with the requirements

\

v

¢ A

.

L=




b

of the new environment. These latter changes are digcussed in
/

the present artifle.

74
23 - . -

2 METHODS .

1. Postuggl Equilibrium ' %
3 b .

The most extensive experiments on long-term vision reversal
" 1

o

lasted 17, 25 and 49 days, during which vision reversal lasted

, 6, 7 and 27 days respectively. The revegéal was brought about by
means of "dove" prismg, which permitdrevensal of vis&on in only

one plane of rotation: in this case, the horizontal plane. A
detailed account of their action has been given previously (Gonshor
and Melvill Jones, QQJéc) ‘ s

The prisms were fitted onto goggleﬁ,'which the subject was

required to wear during all waking hours of what will hereafter be

,called "vision reversal" days. Control tefts were held on the first °

3
_day (Dl) and'a portion of the second day (DZ)' At least one test

X
session was then held almost every day during the vision reversal,

. -
and post-vision reversal periods. On the days of initiation (Dz)

and termination (D28) of vision reversal, 4 test sessions were

held, in order to record any rapid altefatio&§.of reg;onse due to

A
change in the visual environment. Between tests the subject,waséf/

allowed complete freedom of movement, such as walking and climbing.

kY

Supervision of the subject was provided at all times.-

The postural equilibrium tésts were an Integral part-of each

.

—




>

complete test session. The popstural tests chosen for the present

experiments are known generally as the "Quantitative Ataxia Test

°

Battery", or QATB (GrayU&el and Fregly, 1966), amd.have been used
< A [

. ; ,
in situations where subjects are exposed for long periods to rotatory

envirvnments, }nvolving unusual vestibular stimulation. The QATB
has now also been used extensively in the clinical sphere to

measure ;hed%sturbance in postural equilibrium as a consequence of

-

labyrinthine pathology.

o

All of the tests were performed on 'rails' of various heights .
and widths. Both a long and short version of the test are available
(Graybiel and Fregly, 1966), and due to time limitations in the .

present experiments, the short version was chosen (Appendix). The

#

most helpful aspect of this test battery was the large statistical

information already accumulated (Fregly and Graybiel, 1968, 1970;

-

Fregly, Smith and Graybiel, 1972). Tests have been made on well over

~

1000 individuals of all ages, and ranging from astronauts to oto- .
{ .
¢
neurological patients. With such a larg£ statistical population on
hand, one can view the pfogress of the present subjects in the

perspective of a quantitatively analysed continuum of human vestibular

funct%pplj All subjects in the present experiments were free of any

e

vestibular dysfunction.

. ' Z
© 2. Perception and Visual-Motor Coordination

Throughout the experiments, subjects were asked to make subjective

-
’

e




N - -

reports on any perceptual changes that might he taking place, as

¢ . -~ . . ’
well as assessing their averall visual-motor coordination. At .
*

the same time bbsg;vations were made of their overall behavior,

with particular cmphasis on postural equilibrium and locomotion, P
s A 7 >
' - RESULTS "
4 -
1. Postural Equillibr ium ’

(ad VWalking Test — Fyes Open

"The walking tests, with eyes open were administered

during the 17, 25 and 49 day experiments, and proved

-
A ¥

to be the most sensitive of the equilibtium tests in indicating

-

: - ’
performance capability. Figure 1 is a measure of the number of steps
. . ] L4 , )
teken in ‘a test rup as g fupction of the dave in the evperiment,
e -

i

i

The vertical arrows orr the abscissa enclose the per&od of vision 7

reversal. Fach point represente the sum of the stops in tho best,
3 oug of 5 trials constiltuting a rest with the maximum for egpch .
’

.- - — ¢ -
Crial peing J stepss Ine tests consisted pr walking heal-to-toé, and with

2yrs open, on a N.75 in. (circles) and 2.%5.in. wide rail (trianglesf. -
Y

The subject in Figure la was _a 20 year old female. A perfect

]

”
s

score was obtained. during the pre-vision reversal tests on the

2.25 imrail, with a close te perfect ccore on the 0.75 in. rail.

However, immediately upon donning the prisms the scores for Both

rails decrease dramatically o "0". Note that the prisms are worn

o

during the tests.in the ¢ésion reversal period. From this initial

. »
‘
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<

low score there was a systematic 'increase in performance capability

U

during the remainder of the vision reversal period, re%ching values
\ . .

) oﬁ‘the final day of vision reversal up to 50% (2.25 in.rail) and
? ' a2y r{(ﬁﬁtg N o«
25% (0.751in.rail) of their pre-vision reversal level. 1In the post- .

8

vision reversal stage, the return to normkl is almost immediate for

the 2.25 in.rail test, reaching pre-vision reversal values within one
1 N :
hour of prism removal. However, for the 0.75in.rail the return is

mﬁch slower, requiring at least 3 days to reach the pre-vision reversal

tevei. ’ N
&

v - . (Fig. 1 near here)

- Similar results were obtained from tests performed during the

25 day- experiment on a 50 year old male éubject; shoﬁn in Figure 1b. -
; : N
The systematie increase in sc&%e with vision reversal is higher in
. < 3
this experiment than in the g{gxious one, with values oh ﬁhe final

day of vision reversal being 90Z (2.25 in. rail) and 507 (0.751in. rail)

of pre-wision reversal levels. This higher level can be “accounted
for in part by the incfgasé in the number of visioh reversal days (one)
in this experiment. Upon removal of the prisms the retadrn to ‘normal

1s immediate on the 2.25in. rail, but again requires a 3 day period

| RN

on the 0.75 in. rail. -
v

’ ) »
‘ (Fig. 2 near here) 4 ’ .

" -

.

. The walking tests in the 49 day experiment (Fig. 2) were again

very similar to those of the 2 previous experiments. The subject,




. 5
. i !
Fig. 1. \/
Scores of performance capability,. measured -

during walking tests, with e')ces open, a§\a

. " ) \ .
. function of the (a) 17 day and, (b) 25 day

o -

A=)

[ .
experiments. Tests were performed og a 0.75 in.
v o

wide rail before (@), durin\g (@), and ‘after .
wy . ‘

. (Q) vision rgversal, with i?entic@ tests on .
A A\ » ’

' a 2.25 in. v;ide rail (tr:langles;).'~ Each point
rep;esents the sum of the steps in the\b'est 3

' out of 5 trials constituting a test, with the ,
maximum trial sco;'e equaling 5 steps, The “ {

‘o vertical arrows on.the abscissas enclose the

[
2

: periods of vision reversal. C,

2

b
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/ >

hd .
a 30 year old male, underwent 27 dayd‘of vision reversal; almost

4 ©

3 weeks more than the 7 days of the 25 day experiment. Agailn

bthere is the initial deficit upon donning the prisms, with a .
e . ]
subsequent systematic increase in performance capability during

the period of vision reversal, to the extent tpat on the 2.25 in.

wide rail the subject achieves a performance value equal to the ,

pre-vision reversal standards during 2 test in the 3rd 4cek of
N

vision reversal. The performance.values on the final day of

vision ceversal are 857 (2.25 1in. rail), and 70% (0.75in. rail) of

v

pre-vision reversal values, the 707 being the highest value ‘
achieved on the0.75 in. rail during vision reversal in any of the
3 experiments. t

The changes in performance on the 0.75and 2.25 1n. rails in
L4 [l

the post-vision reversal period of the 43‘day experimaﬂf ditfered
Z Al

from these in the tve previcus experiments, in that performonccos

immediately after~p§ism~remevalgdeefeasesfdfamaE%éa&&y—fe—%eve%s-*4—44‘~4h~*4~

~
that equal the lowest values encouuntered during vision reversal. -
This is followed by a swift return to normal on the 2.25 in. rail —_Q

(Fig. 2a) but, as in previous experiments, a more prolongel return
, <, Iy
to normal for the 0.751in. rail tests. Scores on the latter took,

5 days to return to pre-vision reversal control values (Fig. 2b).
N

F}

The overall increase 1in performance cipability in the post-vision
»

reversal ppriod above that of pre-vision reversal levels (Fig. '2b)

is most likely due to the effect of practice (Graybiel and Fregly, 1966). ,



i are seen in Figures 3 and 4. Figure 3 measures performance

roo -~ 241 -

(Fig. 3 near here)

R

. Combined results for the walking tests in the 3 experiments

capability as a function of the days of vision reversal in the

1

. \
17 day ("),/25 day (Q), and Aqaday (x) experiments. The ordinate

is as in Figures 1 and 2, and the abscisga denotes the time in days
after donning the prisms (f ), each number denoéing the end of a:
24 hour period.. Each point again represents the sum of the steps

in the best 3 ;ut 5 trials constituting a test. The results for

the 0.751in. ;ide rail tests, in Figure 3a,.show clearly tha; the
slope of increase in performance is quite similar for all 3 subjects
during thefirst week of vision reversal. This increase progresses

still furthet in the 49 day experiment (Fig. 2b)." A similar

result can be seen for the 2.25 in. wide rail tests in Figure-3b,

. although the point scatter. is} much _more pronounced Nevertheless

v »

the high degree of overlap in these values shows that not only is

thq increased performance capability a real phenomenon, but that
it follows a definite time course, dependent on very specific neural

readjustments to the new environment. 2

' . (Fig. 4 near here)

The combined results in the post-vision reversal period

for the 0.75in. wide rail are shown in Figure 4. In this case the

abscissa denotes time in days after removal of the prisms (f ), with

¢

4




bre

Fig. 3.

Combined results for the wa}king tests
in the 17 (@), 25 (Q), and 49 day (x)
experiments, giving the total number of .
steps taken in tests on the (a) 0.75 iﬂ.' .
"and (b) 2.25 in. wide rails as a function ‘

of days after donning the ptisms. Each

day number denotes the end of a .24 hour '//

period. The vertical arrows represent the

v -

start of vision reversal. Description

of points as in Fig. 1.

)
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each number being the end of a 24 hour period. Pre-vision reversal
control values for the walking tests are also shown, each point
rgpresenting the mean of 10 tests, and the bars denoting 2 standard
deviations (S.D.s) either side of the mean. Values for the 17 day
(’) and 25; day (Q) experiments return to normal along a similar

time cburse, reaching control levels by the 3rd day. ' It should be

noted that the vision reversal time for both these experiments was

quite similar, being 6 and-7 days respectively. The seturn to normal

for the 49 day experiment is more prolonged, taking at leaxt 5 days.
This is due in part to the initial low level of performance/ on th

first post-vision reversal day (Fig. 2b) together with the¢ fact that

vision reversal in this case/extended for up to 4 weeks.

i

however the return to normal during the period of post-visglion

-

kg
reversal appears definitely to lie along a very defined/course, as

did the increase in performance during vision reversal, (Fig. 3),

indicating a high degree of specificity in whatever change is taking

place in. the nervous system.
a

© .

(b) Standing Tests ' ,

Standing tests were performed during the three long-terd -
experiments on both the 0.75in. and 2.25 in. wide 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.

@

r \’ -

In general, &




Fig. 4. ¢

Combined resultsmfor*tﬁe waiking tests
in the 17 (@), 25 (O), and 49 day (x)
experiments, giving the total number of. steps
taken in tests on the0.75 in. wide rail as a
function of the days after prism removal. Pre-

vision reversal points are the meahs of ten tests,

and the bars represent 2 standard deviations
{ either side of the meae; The vertical arrow
» represents the end of vision reversal,

Description of points as in Fig. 1.

/
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§rig. 5 near here)

R .
(1) Eyes Open: Figures 5 and 6 show the capability of
A

subjects in the 3 experiments to stand with eyes open on the 0.75 in. (circles)
and 2.25 in. (triangles) wide rails. The ordinate denotes the Y
standing time scores (sec) as a function of the days in the

17 (Fig. {i), 25 (Fig. 5b), and 49 day (Fig. 6) experiments.

The vertical arrows “enclose the periods of vision reversal.

(Fig. 6 near here)

Perfect scores were obtained quite easily by all subjects in the
pre-vision reversal trials on the 2.:25 in. rail. However the start

of vision reversal produced an almost immediate drop of more than
?

807 in the score. From then on there was no consistent change in

score, even after 27 days of reversal in the final experiment (Fig. 6).

. Removal of the prisms produced an i
-ty Temoval of | mmediate return to normal in the

17-and 25 day ekperiments, and a return within 24 hours in the 49 day

S

? experiment.

o T T “On’ the 0.751in. wide rail, pre-vision reversal control scores
were énly 20 to 307 of those obtained on the 2.25 rail, even after
numer ous practice;sessiohs. Initiation of vision reversal again
produced an’ immediate drop in the score, with almost no change at all
during the Femaining days of reversal. Upon.removal of the prisms,

a much more gradual return to normal took place, lasting three days



=

Scores of performance capability, measured
during standing tests, with eyes open, as a
function of the (a) 17, and (b) 25 day experi-
ments. Tests were performed on a0.75 in. wide
rail before (@), during (@), and after (Q) ‘ .
vision reversal, with identical tests on a

1)

2.25 in. wide rail €triangles). Each point represents

N »

*~{&ybaxglow;oﬂéqudaémw4uthga~M$n-‘ —
with the md%imum trial score equaling 60 seconds. ¢
The points in the before-vision reversal @e;iod
are the means of 10 tests, with the bars
représenting 2 standar& deviations either side

of the mean. ?bg\yertical arrows enclose the “ .

periods of vision reversal. -
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%

in 17 anq 25 day experiments and almost 3 weeks in the 49 day

<

experiment, A practice effect is probably responsible for
the high values in the post-vision reversal period of the 17

and 25 day experiments.

4
¢

(Fig. 7 near here)

(Fig. 8 near here)

A )
L)

(+1) Eyes Closed: The standing tests, with eyes closed;)

e o

in the short version of the QATB, are performed only on the

i

2.25/in. wide rail. Results of these tests are shown in
Figures 7 and 8. All coordinates are as in Figure 5. 1In the

pre-vision reversal trials only the subject in the 17 day experiment

°

consistently attained the 180 sec.perfect score. ‘The mean control
scores for subjects in the 25 and 49 day experiments were signi-

ficantly lower, at 70 and 90 secs respectively (bar shows 2 S.D.s

v

about the mean). Valués fell to their lowest levels within

48 hours of the start of vision reversal in both the 17 and 25 day

1
experiments and in less than 24 hours dﬁring the 49 day experiment

‘(Fig. 8), indicating a slightly lower rate of decrease in the eyes

! [

closed than in the eyes open condition. The scores for the
remaining reversal days, although undergoihg some fluctuations, did

not show any consistent overall change.

The improvements after removal of the. prisms followed an

B

inte%esting pattern. In the 17 and 49 day experiments, improved
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Scores of performance capability, measured

-l
1

during standing tests, with eyes closed, as a
funct-:ion of the (a) 17, and' (b) 25 day experi- C o
ments. Remainder of description as in Fig. 5.
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Scores of performance c‘apability,
measured during standing tests, with
eyes closed, in the 49 day experiment.
' Remainder of description as in Fig. 5.
. . \
- A 4

. o>




=

1
40

180

140

STANDING
TIME
(sec)

20

10

Pl

o



- 251 -

»

e
o

performance was quite limited and erratic, with the feature that

)

even up to the last testing day the scores remained at levels almost
R 1

\

as low as those encountered durinL vision reversal:—+In the 25 day

- * 3
experiment the score returned to normal after 4 days, although the
; -

improvement was also quite erratic. However, the absolute increase in

3
4§

score was no greater than in the other two experiments, the return to

normal being due to a low control value in the pre-vision reversal trials.

4

The eyes closed therefore pfoved more sensitive to the influences of ,

prolonged rotation. <

&«

2. Perception And Visual-Motor Coordination: Subjective
Reports and Observations )

T - R
1 (A

In most of the previous studies on long-term adaptation (Guedry,
Kennedy, Harris and Graybiel,. 1964; Graybiel, Kennedy, Knoblock, Guedry,
Mertz, McLeod, Colehour, Miller and Fregly, 1965; Guedry, 1974), objective
testing has been augmented by subjective reports of the subjects, ) L
together with ohservatio£ of their overal% virual—motoi coordination. .
In fact, observation‘and subjective reports have played the dominant
role in many of the psycholggical experiments concérned ;ith vis;al -
reversal (Kohler, 1962; Taylor, 1962), and its effeét’on perception.

Although the maip interest 1in the p;esent experiments was to
study the effect of ;ision reversal on the vestibulo-ocular reflex,
sugjective reports and obseryations were éarried out, as means of
providing any extra information on what the responsible underlying

-

physiological processes might be. ' ) ,
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(a) General Observations

-~

Some of the subjective reports and observations have
already been described elsewhere (Gonshor and Melvill Jones, 1974c).
Briefly, all subjects suffered from varying degrees of nausea in

<

the first days of vision reversal. This was coupled with overall

¥

lethargy and fatigue. During this t}mf all the senses/acquired an
increased sensitivity. One subject reporged that both hearing and
smell were greatly accentuated. It i; interesting\that this was
coupled wiih a loss of appetite that accompanied the overall feeling
of nausea.

+ A consistent finding during this period, in all subjects, was
the mild sensations of rotation experienced upon retiring for the
night or resting, with eyes closed, in a supine position. The
sensation was mosf offen aboutsthe body's long axis and 'took various
forms, from to-and-fro swaying, to very transient feelings of uni- °
directional acceleration. In one case it took the form of an
uncontrollable "... involuntary motion, with the world going round
land round." One subject described the sensation as similar to

"... going to bed after having just a bit too much alcohol.”" This

sensation continued occurring even into the 4th week of revérsal in

-

* the 49 day experiment. These sensations often were sufficient to

wake the subject in the middlevof the night, and in one instancﬂﬁg

o .

0 L (/
subject reported that these sensations were associated with’ébjectiye

eye movements. The following morning there would be an unpleasant

-




overall feeling; that is, a residhal nausea coupled with
considerable fatique. One subject likened the feeling to a
"... mild influenza attack."

The conflict between the reversed visual system and the \

v

@
«

’ remaining sénses manifested itself in numerous ways.' For example,

while riding in a car that was makimg a turn to the right, the
I\ - Ll
‘ subject sees himself turning left but feels, the centrifugal force

acting to the left rather than to the right. Aithough one normally

generates programmed muscular activity togtilt against the force,

R SR 14 <3
the sttong wisual impression of turning to the left leads, in this

N case, to 1Initiation 6f muscular activity to the left. Therefore,

the muscular programs now increase the tilt produced by the centri- //
'

[y

fugal force itself, and the subject experiences the sensation of

» S
... 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,

to the left (the true direction). However, ubon opening the eyes,

the subject "saw" that the car was turning right. The cancelling of

TI TR IARN ny

: these sensory inputs produced a sensation of 'zero turn'! -
On a day when objective tests had shown his vestibulo~ocular gain.
to be very low, one subject went on a shopping excursion, and whilst

sifting in a parked car, looked at the surrounding outside world; in

. this case a parking lot. Upon rotating the head very slowly in the
|
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a /
horizontal 'plane, the outside world seemed to oscillate relative
to space. Similar sensations &ere encountered by all subjects in
the first few days of visién reversal. However with continuation
of the reversal, all three subjects began to report that vision

‘was becoming "clear;r" with the prisms on. So much so, that

reports from one subject on the final day of vision reversaltin

the 25 day experiment were to the effect that, clarity of vision
with the prisms on had improved to the extent of making it easier
now to see the outside world whilst moving with the goggles on, than

2

with them off

-

(b) Postural Equilibrium And Locomotion

In the first days of vision reversal locomotory activity

\underwent severe disruption. Subjects made very slow and deliberate

movements, often utilizing a shuffling locomotion reminiscent of/that
gseen in Parkinsznians. When making a turn subjects would go thrgugh

a series of stop and start manoeuvres; first, stopping and moving

the head in a to—and—f;o"hunting"fashion toward the target seen
through the prisms, an& then movihg the rest of the body in the
supposed direction of the target. In this manner turning was
accomplished; but very slowly. If the subjéct attempted to turn a

corner in one continuous walking motion, the lack of visual-motor

coordination resulted in some interesting body contortions. For

v

example, upon attempting a left turn, the subject's head would begin
to move right, following the reversed visual surround, At the same

time the torso would continue moving straight ahead, so that the
’ .

b
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head and torso were ‘now heading abay from each other at an ;
increasing angle. Sensing this discrepancy one leg would now be moved
in the direction of head motion, causing a Erossover of the legs and
loss of balance, not to mention disorientation and frustration on
the(?art of the subject. Since these manoeuvres can be very dangerous,
it i; advisable that anyone undertaking a vision reversal experiment,
make provision for constang supervision of the subject.

After the first 3 to 5 days, subjedts became increasingly
adept ag_negotiating straight corridors, as well as turning corners,
Witﬁoufﬂékopping. However, the ”hunéing" movements of the head
during locomotion did not disappear completely, even after 4 weeks
of vision revetrsal 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 walls. When turning a corner

> 2

[
subjects often began to move in the opposite direction to the

intended turn, in é manner much like that described for the first
days of vision reversal. By the end of the first day the subjects
weremanifesting an‘increasingly proficient walking c;bability.
Sébjects ;ommented\at this time -that, in their opinion, locomotory
activity was now back to hormal. However, up to 3 days after termi-
nation of vision reversal two subjects reported that the act of
walking along a corridor in a straight line required conscious
effort. 1In fact, one of these subjecgf was actually obsegved holding

onto the wall as he negotiated a curve in a corridor.

Al
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During walking tests (0.75 in. rail) on the first day after

< .
‘prism removal, d11 subjects complained that they were unable to

walk because "... the world is shaking." One subject noted further
that unlike the normal case of balancing, where the head is kept
steady in space while the body moves under it, in the tests on the
day of prism removal the head tended to aut;matically move in the -
same direction as the body. Two subjects, attempting to walk on
the 0.75 in. raii with eyes open, noted that even a’'slight movement
of the head, say to the left, produced a violent‘movement of the
wérld to the left, and then to the right. That is, an initigl
movement of the world in the wréng direction. On the first post-
day this/;aused immediate imbalance. On the second day, the move-
ment of the outside world was still present and in the opposite
QirectiOQ, but covering only half the diétapce of the previous dai.
This phenomenon persisted into the third day.

Finally even after one week post-vision reversal the subject’ in

the 49 day experiment reported mild vertigo during rapid head move-

ment, and a blurring of objects in the visual surround with even
’ ‘)

moderate head oscillation.
5

DISCUSSION

Postural Equilibrium Tests

4

In previous articles it was shown that long-term vision reversal

has a profound effect on vestibulo~ocular function (Gonshor and
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Melvill Jones, 1974c; Gonshor, 1974a), producing large changes

-

in the gain and phase of vestibulo-ocular response, as well as

functionainimpairmenf of visual fixation.
‘ o AN ’

It seems clear from the present results that functignal

deficits are also incurred in whole body balance; or postural

}
equilibrium.

The following i; a brigf.Aiscussion of some interesting features
ariging from the reéults. ‘ ‘

(1) The walking tests with ;yes open, when compared to the
standing tests, have shown Fhemse}ves to be a far more sensitive

indicator of the changes taking place in performance capability.

Furthermore, inclusion in fg; present. experiments of two additional

]

to supplement the regular 3 tests comprising the short version of A

tests (stand, and walk, with eyes open on the 2,25 in. wide rail),.. .

the Quantitative Ataxia Test Battery (see Appendix), has highlighted

the importance of using a tést battery thaﬁ includes rail sizes-
- »>

that can sfétisticélly separate individuals in a large test population

on the basis of their abfdlity to maintain postural equilibrium. s

<

Wide gradation of rail widths is available ih the long version of the

° [ 4

Ataxia Test Battery (Graybiel and.Fregly, 1966), but the latter is

quite cumbersome and time consuming. For the latter reasons, a

Re

short version was devised by these same authors (Graybiel and Fregly,
. ‘ R .

1966) . Thiﬁlshort version includes tests on a 0.75 in. wide rail,

which most subjects find difficult to balance on, but can’still master.

The 0.75 in. .rail has been found to be a good indicdtor of postural

3



3

[

equilibrium in their tests.

; .

* In the present experiments, it was initiaily believed that
the 0775 in. wide rail would prove too difficult a challenge for

the, subjects, and for that reason duplicate tests were added on the

-t
P—

2.25 in. rail. The results show clearly that the subjects were

capable of balancing on theYﬁ?S in. wide rail, and that this

hl

rail was, in the final analysis, the most sensitive guage of
improving 'capability, registering changes that were not detected on
the 2125 in. wide rail. ¢

(2) The improvements seen in performance capability after

) . ‘
vision reversal are similar to results obtained from a recent series

of Skylab orbiting spage missionsg (Homick,_ﬁéschke and Miller, 1974).

In the 2nd, 3rd and 4th flights," crewman were exposéﬁNEB“wéightlessness

"

fbf/ZS, 59 and 84 days respectively. In the pre and post~flight
periods, they were tested on a modified Qersion of the quaniitative

‘ataxia -test battery (Graybiel and Fregly, 1966). The tests consisted

of standing with eyes open and closed either on rails of various

widths, or on the floor (the latter only in the 28 day mission).

.

The post~-flight data Indicated moderate decrements in postidral
equilibriym in, the eyes open tests for only 3 of the 9 crewmen. In

the eyes closed condition all crewnmen showed a considerable decrease

¢

. v [
in ability to maintain balance, with recovery taking up to 2 weeks.

The zero "g' condition encountered in thé space environment

probably causes functichal alterations in the interaction of

S o
[

vestibular, visual and kinesthetic mechanismsz much like those «

a
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] ° .
s "
. .

observed in the present experiment, so that functional impairment
-was to be expected. However, it seems that by not utilising some

form of walkigg test, Homick et al (1974) have omitted what the -

present experiments have shown to be the most sensitive indicator
~ : . '
of functional impairment. Inclusion of the walking teat in future

flights may allow for a more precise indication of overall impairment,

as well as time course of recovery. ‘
[ ® Q '
In addition to these objective tests, subjective reports and

observation bf the astronauts has shown that in the post-fiight
- v 1 t
period they experience an almost identical shuffliné gait, inability

I
to turn-.corners,--and vertigo during the first several days.
' : ’
(3) A complete ataxia test battery has been performed on several

groups of normal subjects who were rotated for 12 day in a slow

rotation room or SRR (Graybiel et al, 1965). Comparison of pre, and

.~
&

immediate post—teﬁts on the g%ils;ﬁgpowed in all instances a—severe

13

decline in performance, with recovery in 24 to 72 hours for all save
the standing, eyes tlosed test. In fact, walking and standing with
eyes open tests had actually improved, leading the authors to éonclude

that non—visually”influééced standing, eyes clo§ed, was more
sensitive tokthe influences of proionged rotation. }milar results ‘
were obtained with subje;té undergoing a day of sevefre sea conditions
) off'the Canadian coast (Graybiel and fpegly, ;?66). -

| ’Apart Erom Skylab, the experiments in the SRR are probabiy

the closest parallel of the present experimentts, in that both cases

involve functional rearrangements durfng the stimulus condition so

a



as to optimize for the new environment. This leaves the subject
with a functional impairment when returned to the normal environment.
r
L4
This -being the case, our results follow a very similar pat}ern.

The walking tests do prove to be a sensitive measure of improving
performance during vision reversal. Note that no balance tests

were performed during rotation in the SRR. In the post-vision reversal

o v

period of the present ex‘periments, performance on the walking

tests returned to normal within 3 to 5 days (1 to 3 days for the SRR),
=

¢

whereas the performance in the standing, eyes closed, test stayed

very low; in some cases up ‘to the last day of post-testing, weeks

%

later. r
\

The fairly rapid return to normal performance in the post-tests,

with eyes open, is probably due in great part to the stabilizing role
/played “by activecvisual fixation. With eyes closed, one is left with

a bilateral vestibular mechanism that is attempting to readjust to

3

normal. The varying rates of recovery of this bilateral system could
' ’ bl

account for an imbalance in its posture control, just as it probably

" '

is responsible for the ''directional preponderance' in nystagmus
(Gonshor and Melvill Jonesy, 1974c). ‘

(4Y 1In the first test pf wa}kir{g with eyes open (0.75 in. and

2:25 in. wide rails - Fig. 2), after removing the prisms, one sees
(] F2)
a dramatic drop in performance. This result could be explained by

-

the fact that in this case normal vision is incompatible with a
functtgnally reversed vestibulo-ocular response (Gonshor and Melviil

Jones, 1974c); this incompatibility being quite simiflar to what is

-
>
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b
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experienced in the initial period after donning the prisms.

¢
But this low performance improves very significantly by the next

test, one hour later. Tests of vestibulo-ocular reflex recovery

1

(Gonshor and Melvill Jones, 1974c) showed that phase returned in

a matter of hours to its normal relationship, whilst gain took
‘ ;

much longer. Therefore the reversed response is present in only

:

the first one or two tests, accounting for the initilal decrease

seen in Figures 2a and b.

Possible Mechanisms

In previous experiments (Gonshorm and Melvill Jones, 1974c;

)

Gonshor 1974a)it was proposed that gerebellar modification of the
basic disynaptic vestibulo-ocular reflex arc could be responsible
for the large changes observed in vestjbulo-ocular response. In
searching for possible centers that could play a role in the .changes
of postural equilibrium, one must again view the cerebellum as a
dprime candidate. It has been established for many years (Pollock
‘and Davis, 1927; Mussen, 1934; Hess, 1940), that one main function
of the.cerebellum is to co:;r?ir{ate labyrinthine with other postural
reflexes so as to maintain nérmai postural equilibrium and locomotory
! 5
actiYity. Disturbancé of ppstural equilibrium and righting reflexes
can be brought’ about by lesioning the fastigial nuclel (Moruﬂzzi
and Pompeiano,\ 1957a), the response having its oriogin in the vermis

and moving to the pons via the inferior peduncle (Mo?uzzi and

[
Pompeiano, 1957b). Many cerebellar fibers move down’(the vestibular
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nuclei either directly (Jansen and Brodal, 1958; Walberg and
d !

Jansen, 1964) or by way of the cerebellar nuclei (Brodal, Pompeiano, and
Walbe;&,l9§2), and from there vestibulo-spinal pathways lead to all
levels of the spinal cord, with afferent information returningﬂby

way of Ehe spinocerebellar tracts (Lundberg and Oscarsson, 1962).

This streong connection with the spinal cord, the vestibular system,

el

as well as the thalamus, red nucleus and reticular formation, gives ,

the cerebellum a powerful position for the control of postural

14

equilibrium,.

)
In addition to the cerebellum, recent experimental evidence
ES
indicates that the spinal. cord itself possesses great capacity for
¥

change. Lundberg and his colleagues (1966; 1967) have shown that

inhibitory interneurones 1n well known reflex arcs receive input -

from more than one primary afferent path as well as from descendfﬁg

pathways, so that every segmental pathway between primary af ferent ;? ‘

)

¢
fibers and motoneurones receives convergent input from-descending and

" other afferent systems. WHEse recently discovered pifterné of input

convergence, cross-connections, and feedback allow one to conceive

of a spiﬁ;l cord that can radiéally alter its control of flexor aﬁh

extensor muscles, if nét reverse its input to these muscles entirely.
Furthermore, this alteration could be brought about by a combination
of inputs from the vestibular, cerebellar, and retieular systems,

as well as from muscle, skin, and joint recéptors.

Thérefore, experiments such as the present vision reversal,

the Skylab space missions, or the SRR, all expose subjects to a
*




H

change in the normal interrelationship of kinesthetic, visual
v ¢

Y

and vestibular inputs. Further neurophysiological experiientation
will be necessary to determine if and how the spinal cord and -

cerebellum play a ?ole in the modification of postural response,

®
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CONCLUSIONS

3

In the Introduction chapter a series of questions were put
/

forth as the jproblem formulation for this thesis. In this
copcluding chapter what remains is to assess the degree to which

thése questions have been answered by the pmesent experiments, and

’

to provide a final overview of the entire study as a possible basis

for future research.
It seems that this thesis 1s a good example of how a very

specific topic in the initiaifstage can, in the end, develop into

a general and perhaps more basic conception of wpat underlying
principles and mechanisms are involved, .

The initial egpériment, concerniné habituation to oscillatory
rqtation in the dark, had its geeta;ion in the specific realm of

applied aviation experiments. The observation that vestibular response
2

declines during unidirectional rotations, such as those experienced

-

in the flight environment, led to the question of whether this would

‘appear with '"natural', sinusoidal stimulation. Why sinusoidal?
\ IJ
&

It seemed that at least iﬁ/tﬁf&human, observation alone shows that
a good part of one's head motion is of a sinusoidal nature. This
observational informgtion is borne out by the action of the vestibular
end organ, which responds most effectively to transient input, and

less so to those of a steady state nature, the latter creatéd by

unidirectional rotationg. The fact 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 ;ccurying in childhood. Not
withstandi&g the inherent experimental difficulties, it might

tFerefore be of interest to conduct f?rmal experiments in very /
young subjects to determine if a higher vestibulo-ocular gain

does 1in fact exist at that early stage of life, and if response

changes do occur during oscillatory stimulation per se. The results

\
of such experimentation may show that adult man's vestibular response

is inexorably set after what has been called the critical learning
time. Such a critica{ipoint 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 visioﬁlis permitted after that period
(Riesen, 1950). | g

The importance of the habituation brought on by conflicting =~ -
visual and vestibular st{muli in the éirror—reversed vision
experiment (Chapter 4), lay not so much in the discovery that the

vestibulo-ocular response to the previously non-habituating sinuscoidal
stimulus could now be attenuated, but rather in the formulation of
a more basic concept of physiological capability. Namely, that

the results obtained constitute a neurological remodelling of relevant

elements in prder to m-et the new stimulus-response optimisation

-criteria, no matter how radical the required change. In that light,

N




‘the definition of habituation, as attenuation in response to long-

term repetitive stimulus, must be broadened accordingly to encompass
the more general concept of optimisation. :

The long-term vision reversal experiments provided the
necessary condition for radical change, and Ehe resulting\changes
went far beyond mere ;ttenuation of the vestibulo-ocular response,
leading instead to the required optimisation; that of a functional
reversal of the vestibulo—ocular‘reflex, with accompanying optimisation
of postural equilibrium, percebtion, and visual-motor coordination.
However, the change in vestibulo-ocular response was not just to a
simplezhigh gain, though regérsed reflex, but rather to a much more
compleg, and yet étergotyped: pattern of chgnge in gain and phase of
vestibulo~ocular reflex reiﬁtive to stimulus condition.

To elucidate the nature of these stereotyped changes, some tentative
proposals have been made as to possible mechanisms at the neuro-
physiological level, which could be responsiﬁle. A tentative model
would cpnsist of the well known disynaptic vestibulo-ocu}ar reflex
arc'(Szentééothai, 1950) as the primary pathway, the secondary path
running via the vestigulo—cerebellar—vestibular nuclei relay (Brodal,
Pompeiano and Walberg, 1962; Precht and Baker, 1972), and possessing
an inhibitory influence on the vestibular sighals to the oculomotor
nuclei (Precht and Baker, 1972). The necessary visual influence could
be provided by a retinal-cerebellar pathway recently found to exist
in rabbits (Maekawa and Simpson, 1972; 1973). The retinal stimulation

has very recently been shown to cause short latency membrane potential




changes in the Purkinje cells of the flocculo-nodular node of

the cerebellum (Ito et al, 1874a,.b).
‘It seems, thereforé, that apart from the short "hard wired'
conncetions such as the vestibulo-ocular reflex are, there are .

| additional central elements, such as the! secondary pathway above,
‘ , .

that may be capable of directing®a high degree of goal—dlrécted

plasticity when functionally required.

X \ The present experiments have established that given an
- ¢

appropriate goal-directed need for change, the human central
nervous system is capable of phenomenal change, even at the level

of the simple two synapse reflex arc. This change is accompanied

' by functional impairments of visusl fixation and postural equilibrium

1
Q', N~
’ as well as fatigue, lack of motivation and malaise, and acute

» disorientation. The adaptab{;e changes aiso ryn a long and stereotyped
course of a month dﬁ more, with a similar period of time for the 1, .
readaptation to normal after vision removal is terminated.

Future animal experiments will hcpefully begin to exzamine whgt
mechanisms i% the central nervous'gystem are redgponsible for ;he

~

dramatic reorganisation of neural elements that must in turn be

the cause of the habituating process established in this thesis.

)

It would be of great interest to determine what pathways 2re involved
{

.

in the response changes, what drive is needed to force the process
to its limit., Perhaps such experimentation will lead to an under-

standing of the basic time course of a general habituating process

in the central nervous system.
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As a final remark, some applied considerations are
apropos. The recent Skylab astronauts, as well as pilgis and
geamen, have often suffered the malaise and nausea that comprise

*

the motion sickness syndrome, the latter being responsible for

impairment of performance and motivation. {The time coursge of

|
their symptoms is very similar to the induced motion sicknesé
of vision reversal. The prism-reversal may provide a simpl®
and Inexpensive method upon which to base the assessment of the
time course, the degree of impaired function, and the value of
thefapy in the treatment of the 'side effects of the habituating
process. In the case of astronauts the prisms may be a useful
tool in the habituating of individua} whilst still on the ground,
therefore increasing the valuable working time of the man in space.
Intriguing results from recent experiments employing vision reversal
(Taylor, 1962) have shown that by wearing reversing goggles fdr 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 enviromment. Could such training be applied to
astronauts, so as to éllow them to perform with the least amount of

& \
side effects both on earth and in their space environment?
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"Quantitative Ataxia Test Battery"

]

Test Battery (Short Version)

»

All the tests were performed with shoe%.on. Males wore flat

leather soled shoés, and the female subjects wore thin-soled flat f
shoes. Prior to ﬁesting, all subjects were given.the following !
instructions. y
- | N
Instructions

Test Sequence:
(a) ﬁglking wiLh eyes)&pen (E/0) on a 0.75 in. wide rail (8 ft. long)
(b) Standing with eyes open on a Q.75 in. wide rail ( " )
(g? Stanéingvgith eyes closed (E/C) on a 2.25 in. wide rail ( " ) p -
(d) Walkfﬁg Sith eyes open on a 2.25 iﬁ: wide rail ( " )
(e) Standing with eyes open on a 2.25 in. wide rail ( " )
(Note: (d) and, (e) were added to tests not included.{n the original
Pensacola tests. The rest of the instruction and procedure are
identical.) ‘

i

Body Position For All Tests:

Body erect or nearly erect
Arms folded against chest
Feet in heel-to-toe position (H/T) ) *2
Feet tandemly aIaned

2
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Scoring: The best 3 out of 5 trials constitutes the scoring procedure.
a. Walk BYT Lést - The first 2 steps, which are necessary for

/
- positionipg on the rail, are not scored. A trial begins when

the third\step is taken. v

b. Stand E/O est.—~T{ﬁing begins as soon as correct position
on the rail is assumed.

C. Stanh E/C Test -~ You may take unlimited time for positioning »
yourself on the rail, first with your eyes open. Timing will

begin as soon as you close your eyes. Examiner will observe

your eves carefully, so that signalling the examiner is unnecessary. .

General:
As there does not appear to be any single '"best method", you

must develop (rapidly) your own techniques. You may position your

head up or down and/or forward or backward; you may lean forward or =

backward slightly if you do not prefer a perfectly erect position;

between trials, alternation of the feet is permissible; you may R

place more weight on your front foot than on your rear :foot or vice

J
versa, or you may distribute your weight equally. However, a stooping

¢

position should be avoided. e |

t

Scoring Procedures

As with the Long Version, after 'subjects read instructions the
®xaminer demonstrated all procedures and answered all questions raised

about the performance procedures. Examiner gave two or three demonstrations

i . |
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.

of standing on each of the two rails. The scoring procedures were v

as follows: -

Walk H/T Test

a.

b'

Stand E/0 Test

Each correct step is scoreq\as one (step).
Maximum trial score equals five.(steps).
Maximum test score equals fifteen (steps), the sum of the

three best trials.

a.

Co

Stand E/C Test

\ N
Timing, to fhe nearest second, begins when subject assumes

0 4

correct and balanced position on the rail, and timing ends
at 60=seconds, or when subject violates his position, or
falls off the rail. . |

ﬁéxl&um tri;l score equals 60 (seconds).

Maximum_ test score equals 180 (seconds), the sum of the

three best trials. -

a.

‘position, or opened his eyes, or falls off the rail.

Timing begins as soon as positioned subject closes his eyes,

and timing ends at 60 seconds or when subject violates his

]

Maximum trial score equals 60 (seconds).

Maximuil "test-store equals 180 (seconds), the sum of the

three best trials.

N S
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A representation of the test battery - short
version (from Graybiel and Freély7’1966).

a. and b.,- walk H/T Test (on 0.75 in. wide rail).
“c. - Stand E/O Test (on 0.75 wide rail).

o d. and'e. Stand E/C Test (on 2.25 in. wide rail).







