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Abstract

VELOCITY STORAGE IN VERTICAL OPTOKINETIC AND VESTIBULAR NYSTAGMUS
AND VISUAL-VESTIBULAR INTERACTION
by
Victor Matsuo
Advisor: Professor Bernard Cohen

Vertical optokinetic and vestibular nystagmus were recorded in 9
monkeys. Eye movements were recorded using silver silver-chloride EOG
electrodes and direct coupled amplifiers. The EOG was electronically
differentiated and rectified to get slow phase velocities of nystagmus.
Monkeys were tested lying on their sides. Steps of full field
optokinefic and/or vestibular stimulation wefe given at velocities from
10 to 180 deg/sec.

Downward nystagmus was always more prominent than upward nystagmus.
Downward OKN reached higher velocities than upward OKN did, and downward
OKAN was more vigorous, saturating at about 45 deg/sec. Upward OKAN was
weak or absent, and éroup mean values did not exceed 10 deg/sec. Pealk
velocities of vertical vestibular nystagmus induced by rotation in
dgrkness were symmetrical, but time constants of downward nystagmus were
longer than those of upward nystagmus (12 to 16 sec vs 5 to 10 sec).

Exposure to a stationary surround (visual suppression) was less
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effective in suppressing downward vestibular nystagmus than upward
nystagmus. .Time constants of visual suppression of downward vestibular
nystagmus were about 8 see. This is in contrast to time constants of
visual suppression of upward nystagmus which were about 3.5 sec.

The asymmetry in vertical nystagmus was also Seeﬁ during visua;-
Vestibular.interactions. After rotation in light that evoked downward
nystagmus, animals were halted in darkness. Downward OKAN summed with
upward post rotatory nystagmus and cancelled the after response.” As a
result, little or no after nystagmus was seen. Rotation in the opposite
direction evoked upward OKN. Since upward OKAN was weak or absent,; at
the end of stimulation downward post rotatory nyvstagmus was unopposed
and was as strong as post rptatory nystagmus recorded after rotation in
‘darkness. When the optokinetic input was altered, the after responses
increased or decreased over a range that was limited only by the
saturation velocities of upward and downward CKAN. The results were
interpreted in terms of a model of optokinetic and vestibular nystagmus
generation that ineludes a velocity storage irntegrator. The degree of
veloéity storage during downward nystagmus was comparable to that during
horizontal nystégmus. In contrast, there was little or no evidence of

velocity storage during upward nystagmus.
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I. Introduction.

Movement of the head in light is normally accomplished without
blurring of yision. This‘is due to the action of 2 neural mechanism
that.moveS'the eyes in the piane of head rotation, at the same velocity
but in the opposite direction.-to head movement. These eye movements,
which compensate for head movements, are generated in the
vestibulo~ocular reflex (VOR). Both optokinetic and vestibular
information are used to produce the overall response. The description
of the time domain behavior of these complementary responses, and the
way that they combine to produce vertical nystagmus, is the focus of the

_present investigation.
Theoretical background.

A mathematical model of optokinetic and vestibular nystagmus
generation was formulated by Raphan and colleagues on the basis of data
from studies of horizontal OKM, OKAN, vestibular nystagmus and visual
vestibular interactions (Cohen, Matsuo and Raphan, 1977; Raphan,‘Matsuo
and Cohen, 1577, 1979). The model includes "direct" visuél and
vestibular pathways that carry information abou:t head or environmental
velocity, and an inﬁegrator, common to both visual and vestibular
‘pathways, that stores activity related to slow phase eye velocity. _The
sum of these elements provides the veloeity command to drive the eyes.
Since considerable emphasis will be placed on the integrator in this

thesis, its thecretical basis will be considered first.



The integrator referred to in this report is a neural network that
behaves like a nonideal, or "leaky," integrator (Raphan and Cohen,
1981). For a stepwise increase in input level, the state of a nonideal
integrator changes by rising exponentially to a new vglue. If the input
step 'is sufficiently long, a-saturation level is Eeached in the state of
the integrator that représents an equilibrium between the steadv state
input and the loss of charge on the integrator, i.e., the "leak." When
the input goes to zero, the state of the .integrator does not go‘to zZero
immediately, but approaches the zero level exponentially. In response
to an impulsive input, the state of the integrator increases with its
characteristic time constant and then starts to fall slowly after the
impulse is ovér. Because the state of a nonideal integfator returns to
.zero slowly after the input has gone to zero, it has stored information
related to the input. The rate of decay of the stored information
depends on the time constant of the integrator. 1In the Raphan model,
the input to the integrator is the velocity of the head or environment
derived from the end organs of the vestibular or visual system. Since
the integrator is postulated to store information related to the
velocity of thé head or visual surround, and since its output forms part
of the slow phase velocity command to drive the eyes, it has been
referred to as a "velocity storage integrator," and the information it
stores is referred to as "stored velocity." A more complete description
of the integrator appears elsewhere (Cohen, et al., 1977; Raphan et al.,
1977, 1979; Raphan and Cohen, 1980, 1981). |

Although "storagé of velocity" is a hypothetical concept, it

accounts for the characteristics of nystagmus slow phase velocity



observed in the course of the above investigations and iﬁ the present
experiments. It implicitly assumes that one or more neuronal networks
responsible for driving the eyes during slow phases of nystagmus is
activated during optokinetic and vestibular stimulation, and retains a
level of activity related to slow phase velocity. Although the
identification of cell groups and neural networks performing the
integration is incomplete, the concept has a phvsical reality since
evidence of stored velocity information is found in the firing rates of
cells in the vestibular nuclei (Waespe and Henn, 1977a,b, 1978a,b).
‘Several lines of evidence indicate that the state of the st&rage
integrator is intimately associated with the VOR (see below). Thus,
although the cellular basis for velocity storage is not vyet combletely
understood, it will be assumed that the integration is performed by

cellular groups within the VOR.
Rationale.

The present work was done to describe the characteristics of
~velocity storage related to vertical nystagmus. Preliminary results
have suggested that although horizontal velocity storage is left-right
symmetrical, vertical nystagmus is markedly asvmmetrical, there being
"considerably more velocity storaze during downward nystagmus than upward
nystagmus (Matsuq, Cohen, Raphan, de Jong and Henn, 1979). An asymmetry
in vertical OKN had been noted before in various studies (Krieger and
Bender, 1956; Pasik, Pasik and Bender 1969; Pasik, Pasik, Valciukas and

Bender, 1971; Koempf, Pasik, Pasik and Render, 1979). It had also been



seen during vestibular nystagmus (Mygind, i925; Money and Scott, 1962;
Collins and Guedry, 1967; Koempf et al., 1979), but these reports
deseribed the responses qualitatively. A parametric study of vertical
optokinetic responses was attempted by Takahashi and Igarashi (1977),
but OKAN wés only partially described. .

The fi;st goal of thié research was to determine whether there is
evidence for veloecity storage auring vertical vestibular and optokinetic
nystagmus (OKN), and if so, to measure it. In addition, it would be
useful to determine the dynamic characteristics of the stored activity
related to vertical eye velocity by measuring the time constants of
charge and discharge of the storage mechanism using techniques similar
to those used for horizontal nystagmus (Cohen et al., 1977; Réphan et
al., 1979). This would permit a comparison of the characteristies of
velocity storage in the horizontal and vertical planes. Finally,
visual-vestibular interaction in the vertical plane has not been
extensively tested yet, nor have the dynamic characteristics of velocity
storage during vertical nystagmus interactions been ascertained. These
data would be useful in formulating a model of vertical nystagmﬁs and
would help provide a further understanding of the organization of the

vestibular and oculomotor systems.
Background.
During head movement in light, as the head rmoves in one direction

there is relative motibn of the visv.il surround in the opposite

direction. If the image of the visual surround is held stationary on
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the retina, the surround is seen more clearly. This can.be accomplished
by moving the eyes in the direction of environmental motion at
approximately the velocity of field movement so as to compensate for
head movement. Compensatory eye movements are evoked during moveﬁent of
the head by activation of the vestibulo-ocular reflex (VOR) (Dodge,
1903, 1923; Dusser de Barenne, 1934), using both visual and vestibular
information. The vgstibular contribution to the horizontal VOR has been
studied in a wide variety of species. See Cohen (1971, 1974) and Wilson
and Melvill Jones (1979) for recent reviews. Less is known about the
vertical VOR although it also has been investigated in sevefal species
including rabbits (Barmack, in press), cats (Money and Scott, 1962;
Collins and Guedry, 1967), monkeys, (Evinger, Fuchs and Baker, 1977) and
humans (Melvill Jones, Barry and Kowalsky, 1964; Benson and Bodin, 1966;
Collins and Guedry, 1967; Guedry and Benson, 1971). The visual
contribution, expressed as optokinetic nystagmus (OKN), has also been
extensively studied in a wide range of species including monkeys (Ter
Braak, 1936; Krieger.and Bender, 1956; Pasik and Pasik, 1964;
Komatsuzaki, Harris, Alpert and Cohen, 1969; Koerner and Schiller, 1972;
~ Valeiukas, 1972; Cohen, Uemura and Takemori, 1973; Valciukas, Pasik and
Pasik, 1973; Buettner, Waespe and Henn, 1976; Takahashi and Igarashi,
1977; Takahashi, Igarashi and Homick, 1977; Waespe and Henn, 1977b;
Waespe and Henn, 1978a; Waespe, Henn and Isoviita, 1980), and humans
(Ohm, 1922; Foxland Dodge, 1929; Dodge, Travis and Fox, 1930; Gruettner,
1939; Jung, 1948; Collins et al., 1970; Honrubia, Downey, Mitchell and
Ward, 1968; Takahashi, Sakurai and Kanzaki, 1978). In this review the

origin and characteristics of vestibular and visuval activity used to



produce compensatory eyve movements will be briefly considered, along
with evidence that suggests that a storage mechanism located in the VOR.
contributes to the production of compensatory movements. The
vestibulo=-occular reflex are (VOR) is the term used to describe thev
neuronal subsy;tem that links the vestibular receptors and the

extraocular muscles (Lorente de No, 1933; Szentagothai, 1950).
Vestibular contributions to the VOR.

The semicircular canals respond to angular acceleration; but due to
the dynamics of the cupula and endolymph, there is a-mechanical
integration within the canal. Consequently, the frequency of firing in
the vestibular nerve is proportional to head angular veloecity, not to
angular acceleration, in the range of normal head movements (Adrian,
1943; Fernandez and Goldberg, 1971; Goldherg and Fernandez, 1971). The
head velocity signal coming from the canals is integrated twice more
before it reacﬁes eye muscle motoneurons. The first of these
integrations appears to be in the vestibular system, and causes
prolongation of the velocity signal coming from the vestibular end
organ. This integrator is also responsible for stcring activity during
OKN that is expressed as OKAN (Cohen et al., 1977; Raphan et al., 1977,
'1979; Raphan and Cohen, 1980, 1981). The other integrator is the
velocity to position integrator that converts the velociéy signal coming
from the vestibular system to a position signal to drive the eye muscle
motoneurons (Skavenski and Robinson, 1973; Robinson, 1974, 1975). The

neural integrator in this report refers to the velocity storage



integrator, not the velocity to position integrator.

The mechanical integration at the end organ is nonideal, that is,
the integrator has a continuous loss of charge during a steady input.
Consequently, activity in the vestibular nerve continuously declines
during rotatién at a constant velocity. The time constant of this
decline is about 5 sec in the monkey (Fernandez and Goldberg, 1971;
Fernandez and Goldberg, 1971). This results in an inappropriate signal
coming from the 1aby£inths during constant velocity rotation. If the
head moves at a constant rate, the semicircular canals indicate that
head velocity is declining, - and finally that it has stopped,'although it
is still in motion. The nervous system has several .ways to overcome
this apparent misinformation, utilizing both vestibular and visual
information.

In response to a step in veloeity, although the time constant of
activity in the vestbular nerve is 5 seconds, the time constant of
horizontal vestibular nystagmus in the dark is 15 to 30 sec (Cohen et
al., 1977; Raphan et él., 1977, 1979). The persistence of nystagmus
beyond the increase in activity in the VIIIth nerve appears to be due to
a central neural network that is charged by peripheral nerve activity.
It slowly dissipates its charge 2t the end of stimulation, producing
nystagmus with steadily diminishing velocity (Mowrer, 1934; Cohen et
" al., 1977; Raphan et al., 1977, 1979). This neural network that
functions as an imperfect integrator improves the low fréquency
characteristics éf the VOR by prolonging the time over which
vestibularly induced nystagmus is evoked during constant velocity

rotation (Robinson, 1976). Even with this "velocity storage"



integrator, however, rotation in darkness that lasts 1onger than 10 sec
evokes nystagmus that is not fully compensatory (Dodge, 1923; Raphan et
al., 1979). This is corrected by combining OKN with vestibular

nystagmus (Ter Braak, 1936; derer, 1937; Rademaker and Ter Braak, 1948;

Raphan et al., 1979; Matsuo et al., 1979).
Optokinetic contributions to the VOR.

The characteristics of optokinetic and vestibular nystagmus
complement ‘each other. Vestibular nystagmus responds quickiy to step
changes in head velocity but has a poor sustained response. Optokinetic
nystagmus has an effective sustained response to velocity step inputs
but does not immediately approximate the velocity of the moving
surround. During constant velocity rotations in light, the nystagmus
appears as though it were initiated by the vestibular response and
sustained by the optokinetic response (Dodge, 1923; Ter Braak, 1936;
Rademaker and Ter Braak, 1948; Raphan et al., 1979).

There are prominent after responses following both vestibular

stimulation in darkness and full field éptokinetic stimulation. These
responses are known as post rotatory nystagmus and op;okinetic after
nystagmus (OKAN). They have approximatelv the same duration but are in
" opposite directions. Vestibular post rotatorv nystagmus is initiatedlby
the deflection of the cupula during the impulse of accelération at the
end of the velocity step. OKAN is due to activity that is stored during
OKN and discharged after the end of stimulation (Cohen et al., 1977).

When an animal is stopped after rotating at a constant veloecity in



light, there is little or no after response that corresponds to OKAN or
_post rotatory nystagmus (Ter Braak, 1936; Mowrer, 1937; Rademaker ané
Ter Braak, 1948; Raphan et al., 1979; Matsuo et al., 1979). This result
can be explained by assuming that activity responsiblé for OKAN and post
rotatory n&stagmus, evoked.simultaneously at the end of rotation, héd
cancelled éach{other. Thus; élthough OKAN and post rotatory responses
‘appear to be anticompensatory because they are nystagmic eye movements
that occur when neither the head nor the field was moving any longer
(Dodge, 1923), they are functionally compensatory since they cancel each
other to reduce nystagmus at the end of rotation in light.

The present report is restricted to a description of primary OKAN,
‘which immediately‘follows the stimulation period and is in the same
direction as the preceding OKN Secdndary and tertiary OKXKAN have been
observed,iq monkeys (Buettner et al., 1976; Waespe and Henn, 1978a).
Thése periodically reversing intervals of after nystagmus are beyond the
scope of tﬁis report. They are also ﬁnaccounted for in models of

[y

optokinetic and vestibular nystagmus generation.

Organization of OKN, vestibular nystagmus and visual-vestibular

interaction.

The results described above can be modelled mathematically by
assuming that the visual and vestibular systems couple to the oculomotor
system by separate direct pathways and by a common indirect pathway that
contains the velocity storage mechanism (Cohen et al., 1977; Raphan et

al., 1977, 1979). The term "direct" is not meant to imply a

\Q



monosynaptic pathway but rather a quickly responding oligosynaptie
pathway that goes around the velocity storage integrator to influence
eye veloecity. The direct visual pathways are similar to Robinson's fast
optokinetic system (Robinson, 1975) and. are responsible for the répid
changes in eyé velocity at the beginning and end of OKN, and during
fixation suppression (Raphan et al., 1979). The location of the direct
visual oculomotor pathways is still largely unknown (see Henn et al.,
1980 for a review). The direct vestibular pathway has been extensively
studied (Lorente de No, 1933; Szentagothai, 1950; see Cohen, 1971, 1974
?nd Wilson and Melvill Jones, 1979 for review). It is compésed of
disynaptic and trisynaptic neuronal ares that extend through the medial
longitudinal fasciculus and across the floor of the brainstem to the eve
muscle motoneurons. It is responsible for the rapid rise in eye
velocity during steps of head velocity.

In contrast, the location of the storage mechanism or of the
indirect pathways is at present largely unknown. Stored activity is
most clearly seen duﬁing OKAN although it also contributes to the
production of OKN and vestibular nystagmus. The central cancellation of
' after responses after rotation in light are other manifestations of
stored velccity. The dynamiec characteristics of the pharge and
discharge have been extensivelv studied for nystagmus énd for
visual-vestibular interactions in the horizontal plane (Cohen et al.,
1977; Raphan et al., 1979), but little is known about vélocity storage
for nystagmus in the vertical plane.

Although the location of the velocity storage integrator is a

matter of conjecture, results of Henn and co-workers indicate that
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neurons in the vestibular nuclel have firing rates that reflect stored

. activity related to slow phase eye velocity (Henn, Young anq Finley,
1974 ; Waespe énd Henn, 1977a,b, 1978b). Vestibular nuclei units respond
to optokingtic stimulation}by increasing their acéivity over 10 to 13
sec to a steady state frequency of firing that is maintained for as long
as the stimulus lasts. Unit firing frequency declines during OKAN with
approximately the same time cdurse as slow phase velocity (Waesﬁe and
Henn, 1977a; Waespe, Henn and Miles, 1977). Firing frequency also
mimicks Slow phase velocities of horizontal vestibular nystagmus (Waespe
et al., 1977) by increasing and decreasing over the same time course as
the nystagmus. In the alert monkey, no vestibular nuclei neurons have
'the time constant of the aectivity coming from the peripheral end organ.
All units that increase their firing rates during optokinetiec stimuli in
-one direction also increase their firing rates during head rotation in
the opposite direction (Waespe et al.,1977). This shows that visual
information about surround movements is reflected in the vestibular
nuclei. During visual-vestibular interaction, vestibular nuclei unit
activity is moré closely related to nystagmus slow phase velocity than
to activity in the peripheral end organ. Units maintain a steady level
of discharge when animals are given constant velocity rotations in
'1ight. When animals are rotated in darkness unit firing frequency falls
over a much longer time course than the activity in the VIIIth nerve.
During visval vestibular conflict stimulation, that is, when the animal
and optokinetic drum ére rotated together, nystagmus is generally
suppressed, although unit activity is only partially attenuated. Firing

rates during OKAN have a similar time course as the nystagmus but firing



rates saturate at a lower velocity than peak OKAN slow phase'velocities.
Therefore, ﬁhile if appears that units in the vestibular nuclei have
access to stored activity related to slow phase velocity, it seems
unlikely at present that tﬁe velocity storage integrator is in thé

vestibular -nuclei.
Lesion data.

The close relationship between the veloecity storage mechanism and
the VOR is shown by lesions of the vestibular system. The periphefal
apparatus must be preserved for velocity storage to be present, since
Qestruction of the labyrinth not only abolishes vestibular nystagmus but
permanently abolishes OKAN (Uemura and Cohen, 1972; Cohen, Uemura and
Takemori, 1973; Collewijn, 1976; Zee, Yee and Robinson, 1976). In
addition, OKN is impaired by labyrinthectomy. The maximum slow phase
velocity of OKN in these animals is about 0.6 of normal, and is
irregular. OKN and OKAN are unaffected if the canals are disabled by
plugging, probably because the tonie activity of the vestibular nerve is
preserved (unpublished observations).

Vestibular afferents project to the cerehbellar flocculus, and
flocculectomized animals have impaired OKN but OKAN is present (Takemori
& Cohen, 1974). This suggests that the presence of the flocculus is not
essential in order to charge the velocity storage integrator. Visual
suppression of caloric nystagmus is severely impaired, however, after
flocculus destruction (Takemori znd Cohen, 1974). Lesions in nucleus

prepositus disrupt OKN and cause a2 permanent loss of OKAMN (Uemura and

12
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Cohen, 1973, 1975); midline section of the medulla also causes OKAN to
disappear (déJong,'Cohen, Matsuo & Uemura, 1980). Thus velocity storage
may be effected by neural groups in the region of the prepositus. This
would be consistent with tﬁe finding that neural activity in the region
of thé prepositus is related to stimulus and to slow phase eye velocity
(Blanks, Volkind, Precht and Baker, 1977), and receives visual and

vestibular afferents (Baker and Berthoz, 1975; Gresty and Baker, 1976).
Anatomic substrate for horizontal and vertical gaze.

Different brain structures are involved in horizontal and vertical
eye movements. The organization of structures responsible for
horizontal eye movements has been extensively studied and has been
recently reviewed (Raphan and Cohen, 1978; Bender, 1980). Briefly,
neural activity in the rostral paramedian zone of the pontine reticular
formation (PPRF) generates a burst or "pulse" of activity that initiates
saccades and quick phéses of nystagmus (Robinson, 1971). Direction,
duration and amplitude of eye movement are coded in this phasic activity
(Henn and Cohen, 1976). Activity in the caudal PPRT appears to have
integrated the information from the PPRF burst neurons to produce a
signal that is proportional to eye position and to slow phase velocity
during ocular pursuit and slow phases of nyvstazmus (Keller, 1974).

There are direct projections from the PPRF to ipsilateral abducens
motoneurons in monkey (Buettner-Ennever and Henn, 1976). 1In addition,
internuclear neurons in and around the abducens nucleus convey

excitatory information to contralateral medial rectus motoneurons via-
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the MLF (Baker & Highstein, 1975).

Structures involved in vertical gaze have been studied using
lesion, stimulation and recording techniques, as well as clinical
material and anatomical techniques (Smith, 1962; Pasik and Pasik, 1964 ;
Pasik et al.; 196%a,b; Pasik-et al., 1971; Pasik and Pasik, 1972;
Rosberg, Tos and Adser, 1972; Christoff, 1974; Zuettner, Hepp and Henn,
1977; Buettner, Buettner-Ennever and Henn, 1977; Ruettner-Ennever, 1977;
Graybiel, 1977; Evinger et al., 1977; King and Fuchs, 1977, 1979}
Buettner-Ennever and Buettner, 1978; Koempf et zl., 1079; Steiger and
Buettner-Ennever, 1979). The neuronal mechanisms that are involved in
the control of vertical eyve movements have been reviewed by Bender
(1960, 1980). There appears to be a separation of mechanisms for upward
.and downward movements. Isolated bilateral lesiéns in the pretectum
cause paralysis of upward gaze, and bilateral lesions in the
mesencephalic reticular formation (MRF) in the vicinity of the red
nucleus cause paralysis of downward gaze (Pasik et al., 1969; Koempf et
al., 1979). Units in the latter region, variouslv referred to as the
prerubral field, (Papez, 1942; Graybiel, 1977) or the rostral
interstitial nuéleus of the medial longitudinzl fasciculué (rostral
iMLF) (Buettner-Ennever, 1977), have activity that is related to
parameters of vertical saccades. Amplitude, direction and change of
position along a preferred plane of movement are ceded by information
contained in the burst of activity just prior to szccades (Buettner et
al., 1977; King and Fuchs, 1977, 1979). Cells in the rostral iMLF
receive afferents froﬁ the ipsilateral vestibular nuelei and PPRF, and

project to the ipsilateral oculomotor nucleus. They probably form the
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immediate premotor structure for vertical saccades., As yet,.the
premotor signal for eye positions in the verticazal plane and for pursuit

eyé movements have not been located.
Vertical OKN and the vertical VOR.

The asymmetry in vertical vestibular nystagmus and OKN has
previously been described in terms of frequency or duration of nystagmus
induced by step or sinusoidal velocity patterns. Vertical OKN was
studied by Ohm (1922), Stiefel and Smith (1962), Collins et al. (1§70),
Collewijn and Noorduin (1972), Takahashi and Igarashi (1977), Takahashi
et al. (1978), Dubois and Collewijn (1979a,b) and Erickson and Barmack
(1980). 1In particular, Takahashi and Igarashi (1977) noted that there
was little or no upward OKAN after upward OKN. Guedry and Benson (1970,
1971) reported that the gain of the vertical VOR in humans was
symmetrical, but downward time constants were slightlv longer. Theyv
noted that the frequency of downward nystagmus was 2 to 5 times higher
than that of upward nystagmus. Forizontal nystagmus was reported to be
longer lasting than vertical vestibular nystagmus (Melvill Jones, Rarry
and Kowalski, 1964; Benson and Bodin; 1966; Collirs and Guedry, 1967;
Cuedry and Benson, 1970; Benson and Guedry, 1971). Visual-vestibular
interaction in vertical nystagmus hés been studied in relation to visual
suppression of vertical nystagmus (Guedry, 1970; Guédry and Benson,
1970; Benson and Guedry, 1971; Guedry and Benson, 1971; Barnes, Benson
and Prior, 1978). These investigators found that downward beating

nystagmus induced by rotation in light was considerably more difficult
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to suppress visually than upward nystagmus was.

In sumﬁary, Horizontal and vertical eve movement related regions in
the brain are anatomically separate. Horizontal optokinetic and
vestibular nystagmus have‘been extensively studied but less is known
aboué vertical nystagmus. Tt would be instructivé to determine if .
horizontal and vertical eye movements are functionally different. This
work describes a striking asymmetry in velocity storage during vertical
nystagmus. Every measure of stored velocity indicated that the;e was
storage of activity related to slow phase eye velocity during downward

nystagmus but little or no storage during upward nystagmus.



17

JI. Methods.
Summary of techniques used.

Based on previous studies of horizontal nystagmus (Cohen et al.,
1977; Raphan et al., 1979), séveral_techniques were used to demonstrate
and quantify stored activity related to slow phase eye velocity during
vertical nystagmus. Peak velocities of OKAN and falling time constants
of OKAN and vestibular nystégmus were calculated. Brief periods of
optokinetic stimulation were given to reveal the charging time constant
of stored veloecity. The persistence of stored activity was examined by
’testing visual suppression of OKAN and vestibular nystagmus. Finally,
the presence or absence of velocity storage and its contribution to the
vertical VOR were tested by manipulating the relative velocity of the
environment and the head during rotation. Nystagmus direction refers to

the beating direction of the quick phase.
Subjects.

Five rhesus monkeys (Macaca mulatta), three cynomologous (Macaca
fascicularis) and one nemestrina (Macaca nemestrina) were used in this
'study. They were juvenile females weighing 2.0 to 3.5 Kg. No
consistent interspecies differences were observed, and their results are
considered together. Not all monkeys 1 re tested uﬁder every condition.
Table 1 shows which monkeys were used in the tests described in this

report. Monkeys were implanted under sodium pentobarbital (Nembutal)



M#

OKN

TABLE 1

Spc. Freg.  OKAN TC  OKN Ch.  OKAN V.S.  VOR  VOR T.C.  VOR V.S.  VVI  Tilt
991  Rh. H H H H H H H V,H

993  Rh. H V,H v

996  Rh. V,H V,H V,H V,H v
1101 cy. V,H V,H v V,H v v v,H

1103 ty. H 1

111 Nem. v \'f

1115  Rh. v v

1118 cy. v v v v
7-P  Rn. v v

V,H, vertical and horizontal trials
OKAN TC, VOR TC, timé constants of OKAN and VOR
OKN Ch., OKN charge '

OKAN V.S., VOR V.S., visual suppression of OKAN and vestibular nystagmus

VVI, visval-vestibular interaction

gl



anesthesia with non-polarizing silver silver-chloride electrodes (Bond
and Ho, 1970) and head restraint bolts. Electrodes were implanted in
the zygomatic process at the lateral margin of each orbit and in the
supra-orbital and infra-orbital ridge above and below each eye. 'The
leads were.péssed subcutaneously to a connector eﬁbedded in an acrylic
crown on the skull. Horizontal eye position was recorded using the two
lateral electrodes. Vertical eye movements were measured by bridging
the two supra-orbital and the two infra-orbital electrodes. This
minimizes the effect of symmetrical off-vertical electrode placement
(Young and Sheena, 1975). Figure 1 shows the placement of the
electrodes and the manner in which they were connected to the
amplifiers., When animals were not being tested the electrodes were

shorted together. This reduces drift and offset.
‘Eye movement recording.

The electro-oculogram (EOG) was used to determine eye position.
This technique makes use of the potential difference.between the front
and back of the eyeball (Mowrer, Puch and Miller, 1936; Marg, 1951;
Kris, 1958; Young, {970; Young and Sheena, 1975). The origin of this
potential is unclear although it is commonly referred to as the corneo-
retinal potential. 'This term may be misleading since the potential
returns in monkeys whose retinas and corneas are surgically removed
(Pasik, Pasik and Bender, 1965). The EOG was amplified by a low drift,
direct coupled amplifier with a fixed gain of 500 and a variable pass

band. The pass band was usually set a2t D.C. to 75 Hz. The EOG was .

19



Figure 1. EOG recording. Each symbol represents zn implanted silver
silver-chloride electrode. The horizontal EOG was recorded between the
two temporal.electrbdés and the vertical EOG was recorded between the
top and bottom pairs of electrodes. The reference electrode was in the

skull near the micdline.



electronically differentiated using an amplifier with a time constant of
3 msec and the differential was rectified to get slow phase eye
velocity. Horizontal and vertical EOG's, slow phase velocities,
photocell signals and voltages representing drum or turntable position
were written éut on a Beckman Type R Dynograph énd recorded on FM
magnetic tape (Honeywell 7600). A small general purpose computer (DEC

Lab 8/E) was programmed to plot the points of the ‘graphs below.

Alertness.

An intramuscular dose of amphetamine sulfate (0.5 mg/Kg) was given

30 minutes prior to testing to maintain a constant level of alertness.
Alertness maintains saccadic velocities along the "main sequence' of the
saccadic amplitude-velocity relationship (Rahill, Clark and Stark, 1975;

Bahill and Stark, 1975). Amphetamine sulfate does not markedly affect

saccadic velocities nor amplitude-duration relationships (Cohen, Alpert, .

Komatsuzaki and Hyams; 1969; Komatsuiaki, Harris, Alpert and Cohen,
1969). Figure 2 shows that the amplitude-velocity relationship of quick
‘phases of optokinetic nystagmus measured in one animal before and after
administration of a small dose of amphetamine were similar. It was
important that alterations in state of alertness not occur because they
" could cause variations in slow phase velocity that wefe unrelated to the
experimental conditions. The effect of drowsiness on slﬁw phase
velocity is shown in Figurel3 recorded during vestibular nystagmus.
Several times during this trial the animal became drowsy as shown by the

absence of rapid eye movements. At these times its slow phase velocity



Figure 2. Effect of amphetamine on quick phase amplitude-velocity
relatonship. A. Befére amphetamine, the amplitude-velocity
relationship is linear with a slope of about 35 deg/sec/deg. OQuick
phases in darkness had somewhat lower velocity. B. Thirty minutes
after the administration of amphetamine, the slope of the data is
approximately 30 deg/sec/deg. Ouick phases in darkness are still
somewhat slower than those in light, but not markedly so. These
velocities are somewhat lower than saccadic velocities reported bv Fuchs

(1967).
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Figure 3. Velocity profile of a sleepy monkey. Post rotatory response
of a monkey after a velocity step of 60 deg/sec. Three times during
this response the animal's eyes began moving slowly in association with
drowsiness. Rapid and slow phase velocities during these episodes fell
to zero. When the animal was zlerted by shoutinz (arrows), nvatagmus

reappeared and slow phase velocitv assumed its normal value,
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fell nearly to zero. When the animal was alerted by a sudden noise, eve
velocity immediately returned to the expected level along the slow phase
velocity envelope. This shows that central zctivity responsible for
slow phase velocity was still present and declining over its own time
course althouéh eve movements had disappeared. Slow phase velocities of
both vestibular nystagmus and OKN in alert animals were the same before

and after amphetamine.
Optokinetic and vestibular stimulation.

A turntable (Indﬁstrial Controls) was placed under the center of an
internally 1it optokinetic drum (Industrial Con%trols) that surrounded
the animal and filled its visual field. The turntable and drum are
represented in Fig 4. The drum was 90 cm in diameter and A0 em high.
The drum walls were made of translucent white plastic and had 3 deg
black stripes every U5 deg. A 75 watt enlarger bulb illuminated the
inside of the drum at photopic levels. A mirror placed under the
menkey's c¢hin in the upright position and under the monkey's cheek when
in the lateral bosition filled the visual field with moving contours
during optokinetic stimulation. This resulted in full-field optokinetic
stimulation which is most effective in evokinz optokinetic nystagmus
" (Cohen et al., 1977).

Both drum and turntable were rim driven and servo cbntrolled and
could be indepenéently driven in the same or copposite direction.

Stimuli consisted of steps of velocity from 10 deg/sec to 180 deg/sec of

platform rotation and up to 270 <eg/sec of drum rotation. Platform

26



Figure 4. bptokinetic and Qestihular stimuli. The drum and platform
were oriented concentrically and could be rotated independently in the
same or oposite direction and at the same or different velocitieé. Note
that clockwise movement of the drum and counterclockwise movement of the
platform both evoke nystagmus in the same direction. For vertical
testing the monkeys were put in the lateral peositicn with the interaural

axis in the axis of rotation.
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accelerations were approximately 100 deg/sec/sec and decelerations were
120 deg/sec/sec. For velocity steps of 200 deg/sec or less, these
values are sufficiently high to maximally excite the cupula (Goldherg
and Fernandez, 1971). Vertical optokinetic nvstagmus was induced in two
ways. The animal was rotated in darkness in the left or right lateral

position until the per rotatory nystagmus had subsided. Then the drum

light was switched on to give a relative step of optokinetic velocity in-

the opposite direction. Secondly, the optokinetic drum was rotated
around the animal while it was lyving in the left or right lateral
position. -Then the drum light was switched on. These stimuli are
theoretically equivalent and there vere no obvious differences in the
response to them. The first stimulus was used for most testing because
slightly moré of the visual field is filled during this stimulus. They
are considered together in the Results section.

Since vertical vestibular nystagmus was induced by rotating the
animal about an earth-vertical axis while lving on its side, the
anterior and posterio; semicircular canals, but not the otolith organs
were dynamically activated. This ereates a confliet between canal and
otolith organ information since the canals signal that the head is
moving in the vertical plane but there is no grzavity related change in
head position (Henn et al., 1980). However, vertical nystagmus induced
with the animal on its side without a rotating gravity vector is
analogous to horizontal nystagmus induced by rotation aSout a vertical
axis with the animal upright (yaw motion). Thus the two can be compared
using the same stimuli. Monkevs were also tested in an apparatus that

has recently become available for full field vertical OXM in the upright
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position. Vertical OKN was not different, althourh vertical OKAN was
affected. This is not the subject of this study but data from these

experiments are shown at the end of the Results section.
Electro-oculography.

D.C. electro-oculography (EOG) was used to record eye position
because it is simple; reliable and does not interfere with vision or eye
motility. With silver silver-chloride electrodes, drift was minimal
over the testing session of 3 hours. The eye position signal was
accurate to + or - 0.5 to 1.0 dez and was linear over a 30 deg range.
The sensitivity of this technique is lower in humans when surface
electrodes are used, being + or - 1.5 to 2.0 deg due to a lower signal
to noise ratio (Young and Sheena, 1975). Figure 5 shows eye positions
of a monkey that was trained to look at spots of light on a TV screen
for a water reward. The Wurtz (1969) paradigm was used. The computer
was programmed to present the spot at points on the screen in a
quasi-random order. Both horizontal and vertical EOG's varied linearly

with target position over the range of target presentations, which was
about + and - 10 deg. This provides evidence that the differences

observed between upward and downward nystagmus that will be deseribed

" were not due to nonlinearities in the vertical FEOG.

In light there are few chanzes in the gain of the EOCG over time,
EOG gain = change in eve position / change in EOG voltage.
However, if the animal is put in darkness the standing corneo-fundal

potential varies (Miles, 19U40; ¥ris, 1958; Arden and Kelsey, 1962;



Figure 5. EOG linearity. These are averaged EOG potentials of eye
.movements in the horizontal (A) and vertical (B) direction. Each symbol
represents the mean of 3 to 12 fixations. The animal was trained to
fixate spots of light that azppeared on a TV screen. Although the gains
of the horizontal and vertical EQG's were different, each was linear
over a twenty degree range. This shows that the asymmetries in gain in
vertical nystagmus reported below are not due to asymmetries 'in the

vertical EOG.
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Horsten, Philipszoon and Winkelman, 1963; Gonshor and Malcoim, 1971). -
The result is thaﬁ a given change in eye position results in a different
EOG voltage change. The gain change can amount to + or - 50%. Figure 6
shows the results of an ekperiment that was performed -to test BOGV
variﬁbility as a function of time in darkness. The response to a period
in darkness was a damped oscillation in EOG gain with peak to peak
amplitude decreasing over time. After 20 minutes of dark adaptation the
EOG gain changed by at least + or - 50% in the hour over which it was
measured. This graph closely resemhbles the curves published by Kris
(1958), (Figure 7), and Arden and Kelsey (1962). Shorter periods 6f
dark adaptation resulted in lesser peak to peak changes in gain, and
‘with 30 sec or less exposure to dark, EOG gain was unaffected. Based on
these data, observatioh times of per and post rotatory nystagmus and
OKAN in darkness were limited to approximately 30 to 45 seconds.

During blinks, the vertical EO0G is contaminated by an artifact that
is most likely caused by movement of the upper eyelid (Ford, 1950;
Melvill Jones and Barry, 1965). There is a sharp positive-negative
deflection in the EOG due to the upper lid moving rapidlv down and then
up. Eye position is obscured during blinks. Portions of the EOCG record
and slow phase velocity trace that contained blink artifacts were not

measured.
Calibrating slow phase velocities; normalizing responses.

Since the gain of the EOG czn vary, it was calibrated by rotating

the animal in light at 20 deg/sec¢ hefore each trial. This condition:
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Figure 6. Change in EOG gain after varying periods of preceding
darkness. A monkey was in darkness for the period of time indicated by
the symbols. It was then given 45 deg/sec optokinetic stimulation, and
the steady state level of OXN slow phase velocity was measured for up to
45 minutes afterwards. Changes in gain resembled 2 damped oscillation
that decreased over 75 sec. The amount of change increased with
increasing periods of dark adaptation. Note that when changes in light

[y

level are avoided (control) EOG gain changes are minimal.
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Figure 7.
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" combines op@okinetic and vestibular stimulation and constitutes a
maximal drive on the ocﬁlomotor system. A large body of evidence
indicates that the gain of the vestibulo-ocular reflex (VOR) is unity in
light.for velocity steps of 20 tc €0 deg/sec in primates, including
humans (Melvill Jones, 1966; Meiry, 1971; Robinson, 1976; Barr,
Schultheis and Robinson, 1976; Keller, 1978; Waespe, Henn and Isoviita,
1980). Regardless, all experimental values are expressed relative to
this calibrating slow phase velocity and are called normalized slow

phase velocity.
Experimental methods; measurement of time constants.

Time constants of decline, rather than duration of nystagmus were
used to describe the persistence of stored activity during OKAN and
vestibular nystagmus. They can be readily applied to models of the
oculomotor and vestibular systems. Time constants were determined using
a technique developed by Raphan fCohen et al., 1977). The aréa under
the slow phase velocity profile was. measured with a digital planimeter
(Numonicé) to get total slow phase eye deviation. This value was
divided by the peak value of the response. Time constanté of rising
funetions, viz., "charge" characteristies of OKN and OXAN, were
éstimated in a simiiar way except that the steady state velocity was
taken as the asvmptote. The mathemztical derivation of this technique
is given in Cohen et al., (1977).

Time constants of OKAN and vestibular nystagmus decrease with

repeated testing (Cohen et al., iS77) and longer durations of
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optokinetic stimulation (Buettner et al., 1976). Most animals used in
this study were tested when they were at an intermediate level of
adaptation. However, one animal (!4 991) had been extensively tested.
This animal had the shorteét time constants of decline. of OKAN and

vestibular nystagmus.
Charge characteristics of OKN and OKAN.

Brief periods of optokinetic stimulation were given to test the
dynamic characteristics of OKN and OKAN in the time domain. The |
technique is similar to that used to study horizontal OKN and OKAN
FCohen et al., 1977). From these dzta it was also possible to infer how
activity responsible for OKAN increased during the period of
stimulation. This was done by rotating the drum ir darkness and pulsing
on the light with é digital timer to give variable durations of
optokinetic stimulation. OKAN was recorded in darkness. Peak
velocities of OKN and OKAN were measured and normalized relative to a

calibration response.
Visual suppression.

Brief periods of vision during OKAN and post rotatory nystagmus
were given to determine how thev affected activity responsible for
inducing nystagmus. This is similzar to the technigue described
originally in our study of horizcntz) OKN and OKAN f(Cohen et al,, 1977).

QXN and OKAN were induced by U0 seconds of stimulztion. Three to five
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seconds after OKAN had begun, when the drum was stationary, a 75 watt
incandescent.enlarger bulb was turned on for periods from 100 msec to 30
sec using either a digital photographic timer (EPOI) or a triac circuit
that was gated by digitalAtiming modules (WPI). The rising time
constént of the light was 20 msec and the falling time constant was 40
msec. This illuminated the drum for a variable interval before turning
the light off again. Peak slow phase velocities of OKAN or vestibular
nystagmus just prior to the interval, and the peak "recovery" sl;w phase
velocity just after the interval, were measured. The result was
expressed as a ratio of "recovery" velocity divided by the

pre-suppression slow phase velocity.
Data measurement.

Pen deflections representing slow phase eye velocities and stimulus
variables were measured with calipers. Noise in the differentiated EOG
was reduced using a low pass filter (-3 dB at 22 Hz). At the: gain
settings used in these experiments the peak to péak noise on the slow
phase vélocity trace was between 5 aznd 109 of the slow phase velocity.
The error of measurement was greatest at low velocities.

Mean maximum slow phase velocity was used as the index of slow
phase velocity. This measurement waé an estimated value taken from a
portion of the record where the slow phase velocitv was stable,

Repeated measurements of the same data yielded similar results. The

data were entered into files on DECtzpes for later analysis by computer.
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III. Results.
Vertical OKN.

Typical examples of downward nystagmus in one animal (M 1101) are
shown in Figure 8. At the onset of stimulation there was a quick rise
in slow phase velocity to a value that was close to the maximum velocity
for the trial. For stimulus velocities below 50 to 60 deg/sec, eye
velocity was maintained at that level for the duration of stimulation.
Above 60 deé/sec there was a slow rise to a steadv state level. Slow
phase velocities—were well maintained up to 80 deg/éec. Above that they
became increasingly irregular.

Horizontal OKN of another monkey is shown in Fig. 9 for comparison.
There was a prominent rapid and slow rise in eve velocity and eye
velocities were well maintained up to 150 deg/sec. Otherwise, it was
similar to downward nystagmus. In contrast upward OKN was much weaker
and more irregular than either downward or horizontal OKN (Fig. 10).
Slow phase velocities were maintained only up to 20 deg/sec and above 40
"deg/sec were very irregular. There was no slow rise in slow phase
velocity after the initial rapid rise during upward 0K'l.

Peak slow phase velocity of OKN was measured and normalized
.relativé to a 20 deg/sec calibration response. Ten consecutive beats of
nystagmus were measured at a section of the record where it appeared
that the animal had reacﬁed the steadv state veloeity, or uvhere the
record appeared stable. Slow phase velocities for downward OKN in the

animal whose records are shown in Figures 8 and 10 increased linearly



Figure 8. Downward OKN and OKAN. The top two traces are vertical eve
position and slow phase velocity, respectively, of OKN and OKAN at 20
deg/sec. The other traces are rectified eye velocity traces showing
slow phase velocity. The numbers to the left of the traces refer to the
stimulus velocity in deg/sec. At the downward arrow the drum light was
turned out and downward OKAN was recorded for 20 to A0 sec. MNote that

above 80 deg/sec variability in slow phase velocity increased, and that

N ’

in this monkey the response was poor at 180 deg/sec.
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Figure 9. Horizontal OKN and OKAN, The top trace is horizontal eve
position. The remaining traces are the slow phase velocities of OKN and
OKAN. The numbers to the right of the traces indicate the stimulus

velocity in deg/sec.
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Eigure 10. :Upward OKN and OKAN. The top trace is vertical eye
position. The traces below aée slow phase velocities of upward OKN and
OKAN. The numbers to the left of the traces refer to the stimuius
velocity in deg/sec., Note that upward OKN was irregular and that upward
OKAN was weak or absent. The sharp deflections in the slow phase
velocity traces represent the high velocity of forward saccades and

blinks.
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Figure 11. 'Individual data'from M 1101. These data are normalized pealk
slow phase velocities from experiments similar to those in Figures 8-10.
The points are mean values and the bars represent one standard
deviation. They were calculated from 10 consecutive beats in three
periods of OKN. HNote that variability increases ahove G0 deg/sec for
downward OKN (A) and above €0 deg/sec for upward OKN (B). Horizontal
data are presented in (C). Note that the gain of horizontal OKN was
higher than that of vertical nystagmus, and that left and right OKN were

symmetrical.
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with a gain of about 1.0 for stimglus velocities to 90 deg/sec (Fig.
114). Slow phase velocity continued to increase at a sharﬁly lower gain
for stimuli up to 140 deg/sec and then fell at higher stimulus
velocities. There was a "soft" saturation level of 90 to 100 deg/sec.
That is, slow phase eye velocities did not reliably exceed 100 deg/sec
even though stimulus velocities increased to 180 deg/sec. Thus the
1imit»of unitary gaip of optokinetic following with upward slow phases
and downward quick phases in this animal was around 80 to 20 deg/sec,
although the eyes could momentarily attain higher slow phase velocities
for faster -stimuli. By contrast, slow phase velocities of ﬁpward OKN
were more irregular and did not compensate well for velocity steps of
full field stimulation above 40-50 deg/sec (Fig. 11B). They saturated
at about 60 deg/sec. Both upward and downward OKN velocities were less
than horizontal velocities that inecreased with unity gain to about 130

to 170 deg/sec (Fig. 11C).
OKN Group Data.

Normalized steady state velocities of M 1101 and three other
monkeys (Z-P, 996, 1115) were plotted against stimulus velocity in
Figures 12 and 13. The group data conform to the individual data shown
in Fig. 11. For downward nystagmus slow phase velocities increased
linearly with iqcreases in stimulus velocity to 60 deg/sec with a gain
of 0.90 to 0.96 (Fig. 124, 138). Above 70 deg/sec slow phase velocity
continued to increase up to a saturation velocity of 80 ‘and 100 deg/sec.

This saturation level is somewhat higher than that obtained by Takahashi



Figure 12. Vertical and horizontzl OKN, group data. Downward (A),
upward (B) and horizontal (C) normalized OKN slow phase velocities are
plotted versus stimulus veldcity. Each symbol represents the data from

one monkey. Note that the scatter of data is least below 60 deg/sec.
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Figure 13. Vertical and horizontal OKN, group means and standard
deviations. Means and standard deviations were calcﬁiated from the data
of Figure 12 and plotted as a function of stimulus velocity for downward

(A), upward (B) and horizontal (C) OXN.
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and Igarashi (1977). For upward nystagmus (Fig. 12B, 13B) mean slow
phase velocity had a unity gain only up to 20 deg/sec. Above this slow
phase eye velocity increased with stimulus velocity at a lower gain to
about 60 deg/sec with some individual variation. In contrast,
horizontal OK& slow phase velocities reached higher levels increasing
with a gain close to unity up to 120 deg/sec, saturating between 140 and
160 deg/sec (Fig. 12C, 13C). Individual animals were capable of

reaching levels as high as 180 deg/sec during horizontal OKN.
Frequency of vertical OKN.

Beat frequencies of nystagmus were measured over 10 second periods.
Frequency increased with increases in stimulus velocity. Generally
values for downward nystagmus were higher than those for either upward
or horiiontal nystagmus. Fig. 14 is taken from data similar to those
shown in Figs. 8-10. The beat frequency of upward nystagmus varied from
about 1.3 Hz at 10 deg/sec to 2.3 Hz at 100 deg/sec (Fig. 14B) whereas
the frequency of downward nystagmus varied from 2.3 Hz at 20 deg/sec to
4,2 Hz at 80 deg/sec (Fig. 14A). Peak beat frequency of downward OKN
occurred at the highest velocity that had low variabi}ity of slow phase
velocity. In comparison, beat frequencies of horizontal OKN were about
"1.8 Hz at 20 deg/sec and increased steadilv to a maximum frequency of
about 3.3 Hz at 160 deg/sec (Fig. 14C). Thus the asymmefry in vertical

OKN was reflected in its frequency as well as in slow phase velocitv.



Figure 14. Frequency of nystagmus. A. Beat frequenéies of downward
nystagmus plotted versus drum velocity. The function is an inve}ted U
with a peak of about U4 beats/sec at around 80 deé/sec. B. BReat
frequencies of upward nystagmus are plotted against stimuluz velocity.
Frequencies Qf upward OKN were always lover than those of dovmward OKN
at the same stimulus yelocity. C. Horizontal nvstagmus frequency for
comparison. It ranged from 2 to 3.5 beats/sec, inereasing with stimulus
velocity. MNote that there was no difference in frequency of left or
-right nystagmus. These nyvstagmus frequencies fell hetween Qalues for

downward and upward nystagmus freguency, up to ¢0 deg/sec.
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Vertical OKAN.

If an animal is put in darkness after optokinetic nystagmus, the
eyes continue to beat with decreasing velocity for a variable period of
time (Figures'8-10). This after response is referred to as optokinetic
after nystagmus (OKAN) (Ohm 1922, 1927; Ter Braak 1936; Krieger and
Bender, 1956). During downward OKAN following stimulation at 60 deg/sec
or less, slow phase Qelocity initiallv fell to 0.85 to 0.75 of the
steady state OKN velocity. After the ﬁapid drop there was a gradual,
approximately exponential, decline of slow phase velocity over 30 to 60
éec. The peak value of OKAN was used as a measure of the amount of
activity that had been stored during OKM; the time constant of decline
of slow phase velocity was used to characterize'the time course over
which this stored activity was dissipated (Cohen et al., 19277).

In monkey 1101 peak downward OXAN slow phase velocity increased
with stimulus velocity with a gain of about 0.75 to about 60 deg/sec
(Fig. 154). Thus, OKAN slow phase velocity saturated at about 45
deg/sec even though downward OKN could reach higher levels. This
saturation level was the point above which optokinetic élow phase
velocities became increasingly variable., This is consistent with the
interpretation that one effect of stored activity is éo smooth and
regularize the slow phase velocity of OKN (Cohen et al., 1977).
Horizontal OKAN in this animal saturated at about 70 deé/sec.

Unlike downﬁard or horizontal OKAN, upward OKAN was either weak or
absent regardless of stimulus veloecitv or OKN slow phase velocity (Fig.

10, 15B). When it occurred, upward OXAN had similar durations as



éigure 15. Vertical and horizontal OKAN. A and B show normalized peak
slow phase velocities of downward and upward OKAN, respectivelv, in M
1101. Peak velocities of downward OXAMN increased following stimulation
up to 80 deg/sec. Upward OKAN was weak. C shows means and standard
deviations of downward (circles) and upward (triangles) OKAM of 1101 and
three other monkeys. Note that the group data are similar to the
individual data. D shows horizontal OKAN group means and standard
deviations for comparison. DNote that horizontal OKAN was more v{gorous

than cdownward OXAN and saturated at a higher velocitv,
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downward or horizontal OKAN (compare OKAN after 20 deg/sec stimulation
in Fig. 8 and 10). This suggests that activity responsible for upward
OKAN was lost over a similar time course as that for downward or
horizontal OKAN. Group data from three other animals are presented in
Fig. 15C. They were the same as the individual data in Fig. 15 A,B.
Group data of horizontal OKAN are presented for comparison in Fig. 15D.
Horizontal OK!N reached higher velocities than downward OKAN.

In summary, downward OKAN is vigorous and increases with increasing
;timulus velocity to 60 to 70 deg/sec, whereas upward OKAN is weak or
absent and rarely increases above 10 deg/sec, regardless of the
preceding stimulus velocity (Fig. 15C). Horizontal OKAN is stronger
than downward OKAN and has maximum values between 70-90 deg/sec}(Fig.
15D). The functional significance of this is that there should be
different amounts of stored activity for participation in

visual-vestibular interactions for nystagmus in different planes.
Time constant of decay of vertiecal O0XAN.

To estimate the time constant of decline of OKAN! the area under
the OKAN response profile was integrated and divided by the starting
'lvelocity (see Methods section). For stimulus velocities from 20-160
deg/sec time constants of decline of downward OKAN were gbout 20 sec in
2 monkeys (996, 1101) (Fig. 16A) and about 10 sec in a third (3115)
(Fig. 16B). In monkey 996 time constants of horizontal OKAN were
similar to those of downward OKAN (squares, Fig. 16C). In these animals

OKAN time constants did not vary with stimulus velocity as in monkey 991



Figure 1€. :Time constgnts 6? downward and horizontal OKAN, Time
constants of the decline of slow phase velocity in dérkness are shown.

A shows the data of two animals vhose time constants of downward OKAN
were similar. The values were variable but ranged from 15 to 30 éec and
were not related to stimulus velocity. B shows results of another
animal with a time constant of ai»ut 10 sec. Here also, time constant
of decline did not change with stimulus velocity. C shows time
constants of horizontal OKAN for comparison. In one monkey (M 996) time
constants ranged from 15 to 30 sec and showed no effect of stimulus
‘veloeity. In another, extensivelv tested animal (M 901), time constants
appeared to decrease with increasing stimulus velocity. Further, time
constants of right OKAN (circles) were shorter than those of leftwvard

OKAN (crosses).
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(Fig. 16C). The time constant of decay of OKAN was affected by repeated
testing. Naive animals generally had the longest time constants, and
extensively tested animals (M 991) had the shortest time constants; peék
velocities of OKAN were not affected by adaptation. Upward OKAN was
generally so irregular in velocity that.accurate estimates of the time
constant of the responses were not possible although, as noted, when
upward OKAN appeared, its duration could be similar to that of downward

OKAN.
Charge characteristics of vertical OKN and OKAN.

Experiments were undertaken to measure the time course of tﬁe slow
rise in OKN and the time over which the slow phase eye velocity of OKAN
appeared. Brief periods of upward and downward OKN were given by
rotating the drum at Y45 deg/sec in darkness. The drum light was turned
on for varying periods from 0.1 to 10 sec. The peak velocity of OKN and
of OKAN induced by these periods of optokinetic stimulation was
measured. The paradigm is shown in Fig. 17. The animzl saw full field
movement at U5 deg/sec for 2 sec. OKN eye velocitv rose to 27 deg/sec.
' This is about 0.6 of the steadv state OKN velocity rezched during longer
periods of stimulation. At the end of stimulation, slow phase velocity
fell rapidly to 8 deg/sec or about 0.24 of the maximum steady state OKN
velocity. The large drop after shorter periods of OKN can be ccmpared
to the much smaller drop shown in-Fig. 8 when the stimuli lasted longer.

The effect of varving periods of stimulation zt U5 dep/sec in

inducing downward OKN and downward OXKAN is shown in Figure 18 A,B, in
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two monkeys (1111, 1118). The fast rise in slow phase velocityv at the
onset of downward OKN in both animals was 0.5 to 0.7 of the steadv state
velocity. Peak slow phase velocity of OKN increased gradually with
increasing stimulus durations over 6 to 7 seconds (Fig. ~1BA). OKN slow
phase'velociﬁy did not increase for periods of stiﬁulation greater than
8 seconds.

In response to these brief periods of stimulation the peak velocity
of the slow phases of OKAN also increased with increasing stimulgs
duration (Fig. 18B). The increase also took 7 or 8 sec to reach a
steady state level that was 0.5 to 0.6 of the steady state OKN 1evé1.
The time course of the rise of OKAN slow phase velocity was 3.7 sec.
This is the same as the time course of the slow rise in OKMN velocity.
This suggests that the same mechanism responsible for the slow rise in
OKN velocity is involved in producing OKAN.

One monkey (M 1118) had weak upward OKAMN. The charge
characteristices of upward OKN and OKAN were studied in this animal. As
with horizontal and downward OKN, there was a quick rise in slow phase
velocity to abopt 0.4 of the normalized downward response (Figure 18C,
circles). As the stimulus duration increased there was some evidence of
a gradual rise to a steady state level over the first 5 t6 5 sec. The
steady state level of upward OKN in this animal was about 0.6 of the
value reached during downward OKN for the same stimulus veloecity. If
the short pulse of upward optokinetic stimuli elicited upward OKAN, it
decayed rapidly in U to 5 sec or less. Nevertheless the peak value-of
upward OKAN was nermalized and ploited relative tc stimulus duration

(Figure 18, squares). As with downwzr»d OXAN there was a tendency for

N
N



Figure 18.-'Charge of downﬁard and upward OKN and OKAN by full field
rotation. A. Downward OKN charge. Each symbol represents a trial of
drum rotation for a stimulus duration lasting from 100 msec to iO sec.
The data form a slowly rising monotonic function that could be
approximated by an exponential with a time constant of 3.7 sec. B.
Peak velocity of downward OKAN slow phase velocities also increase with
increasing stimulus dgration, with a time constant of about 3.? sec,
The symbols represent different monkeys. C. Charge of upward OKM and
OKAN. The circies represent normalized peak velocities of OKN, and the

- squares represent normalized peak velocities of QYAY in one monkey.

Stimulus durations were from 1 to 10 sec. The data ferm a monotonically

rising function with ar estimated time constant cof 3.4 to 3.7 sec.
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normalized peak velocities of OKAN to increase as the duration of
stimulation inecreased, up to 6 to 7 sec. 'The time constants of rise of
upward OKN and the appearance of OKAN were similar, being 3.4 and 3.7
sec, respectively,

‘To permit a comparison'of charge characteriétics of vertical with
horizontal nystagmus, the time course of the slow rise in OKEN veloecity
is shown in Fig. 19 and the charge of OKAN of another-monkey (M 991) is
shown in Fig. 20. In each instance the time course of the slow.rise in
OKN and the charge of the OKAN mechanism was similar. As noted
previously, charge times increased somewhat with increases in slow phase
velocity (Cohen et al., 1977). The significance of this slight increase

in charge time dependent on velocity is unknown.
Visual suppression of OKAN.

If the stationary optokinetic drum is illuminated for brief periods
during OKAN, slow phase velocity drops and does not fully recover when
the animals are again in darkness. The effect of varying duration of
‘exposure to a étationary enviroﬁment on OKAN recovery velocity was
tested in 2 animals. Figure 21A shows'the experiment. The optokinetic
stimulus was a 40 deg/sec step of downward velocity. After stimulation,
.the animal was in darkness for 2 sec. Then the light was turned on for
4 sec exposing a stationary visuzl surround. Slow phase velocity fell
during the subpression interval (see arrow) hut rose again when the-

animal was in darkness. The effects of visual suppression could not be

tested during upward OKAN since it was either absent or too weak to



Figure 19. Charge of horizontal OKN. These data are presented for
comparison to vertical OKN charge data. Brief periods of optokinetice
stimuli from 30 to 105 deg/sec were given. FNorma2lized peak slow phase

velocity is plotted versus stimulus duration. Patz are from M 001,
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Figure 20. ICharge of horiz&ntal OKAll. These data are from the same
experiments as those in the Figure 19. After the drﬁm light was turned
off, peak OKAN values were normalized and plotted versus stimulus
duration. The charging time constants tended to increase with

inecreasing stimulus velocitv.
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Figure 21. “Visual suppression of downward OKAN. A. Experjﬁental
paradigm. Top trace is vertical EOG, middle trace is sléw phase
velcecity and bottom trace is photocell signal. Three seconds after the
end of optokinetic stimulation, the drum light was turned on for U sec
(dowmward arrow). Slow phase velocity decreased durine the period and
rose again slowly when the animal was in darkness (upward arrow), R,
The peak OKAN slow phase velocity just after the period of vision was
divided by the peak OKAN slow phase velocity just bhefore the period of
vision for intervals from 100 msec to 10 seec. This value is plotted
versus interval duration, and describes a monotoricallv declinine
function that could he approximated bv an exponential with a time

constsnt of 3 to U sec.
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measure.

Data from another animal for horizontal nyvstagmus are shown in Fig,
22A. Two differences were present in suppression of downward and
horizontal OKAN. First, slow phase velocity fell faster at the onset of
the period inilight for horizontal than for vertical nystagnus.
Secondly, the amount of activity that was lost after a Y4 second period
of suppression of downward nystagmus was about the same as for a 2
second period of suppression of horizontal nystagmus. This suggests™
that the suppression mechanism is more effective for horizontal than for
qownward nystagmus.

Effects of varying periods of visual suppression on downward
nystagmus on 2 animals are shown in Fig., 21B. In hoth animals slow
phase velocity decreased with increasing fixation duration falling to
zero over 8 to 10 sec. The data could he approximated by an exponential
with a time constant of 3 to 4 see. This is about 3 times as long as
the time constant of visual Suppression of horizontal OKAN (Fig. 22B).

In summary, theré is a marked asymmetry‘in upward and downward OKN
and OKAN in the monkey. Downward OKN and OKAM azre stronger than upward
_nystagmus. Downward and hérizontal D¥ and OKA&N were comparable.
Visual suppression was more effective in reducing stored activity of

horizontal than downward nystagmus.
Vestibular nystagmus.

Yhen animals were given a step of velocity zbout a verticeal

interaural axis in darkness, characteristic vestibular nystagmus was
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F}gure 22. "Visual suppression of horizontal OKAN. A, ExpeFimental
paradigm. After 60 deg/sec optokinetic stimulation,  OKAN was recorded
in darkness for about 2 sec. The drum light was turned on for 1.8 sec
and then turned off again. During the interval slow phase velocity
fell, but recovered when the animal was in darkness (arrow). The
recovery level was lower than the level of OKAN that would have been
seen had no suppression occurred (dotted line). B. Data from an
experiment similar to the one above. The ratio of the recovery velocity
to the velocity just before the period of vision is plotted versus
“interval duration. The time constant of decline of CXA! during visual

suppression was about 1.7 sec.
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Figure 23. Vertical VOR in darkness. These are typical exaﬁples of the
response to a step of velocity in darkness. The top trazce is the
vertical EOG. The traces below are the slow phase velocity of vértical
vestibular nvstagmus. The numbers in the right hand column refer to the
stimulus velocity. This figure shows that the peak gain of upward ang
downward nystagmus are about the same, excluding lid artifacts. The
duration of downward nvstagmus exceeds‘that of upward nystagmus., Note
the slight Yplateau" of slow phase velocity at £0 deg/sec (diagonal
arrow). Upward and downward arrows show the point of acceleration and
deceleration at the beginning and end of the velocitv step. Dotted line

points to the peak velocity.
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induced (Fig. 23). It was similar in many respects to horizontal
vestibular nystagmus (Fig. 24). At the onset of an upward or downward
velocity step in darkness the eves moved in the compensatory direction.
Peak velocity was usually'reached within severzl beats and then declined
graddally ovér 10 to 60 sec. There is a "plateau# of velocity in
horizontal vestibular nystagmus, that is a manifestation of stored
activity (Fig. 24 arrows) (Raphan et al., 1979). It was present during
downward nystagmus (Fig. 23, diagonal arrow), but was absent du;ing
upward nystagmus. A prominent difference between upward and downward
vestibular nystagmus was that upward nystagmus was considerably shérter
than downward nystagmus; its frequency was also lower.

After excluding blink artifacts peak slow phase velocities of
vertical vestibular nystagmus were measured and plotted as a function of
platform velocity. They increased linearly with increasing stimulus
velocity with a gain that was approximately 1.0 for stimulus velocities
from 10 to 150 deg/sec (Fig. 25A). Upward and downward peak velocities
were equal in magnitude and were similar in gain to velocities of
horizontal vestibular nystagmus (Fig. 25B).

.Normalized peak velocities‘of vertical per and post rotatory
nystagmus were neasured in three monkevs (2-P, ¢03, 1101) (Fig. 252).
Group means increased with increases in stimulus veleccity between 10 and
150 deg/sec with a gain of 0.99 (Fig. 25C). Upward and dowmward slow
phases reached similar velocities during the peaks of vestibular
nystagmus. Géins during vertical vestibular nystagrnus were similzr to
those during horizontal nystagmus (Fig. 258, D) with one.exception. At

s higher than.

m

the highest stimulus velocities, the horizontal gain w



Figure 2U4. Horizontal VOR in darkness. The top trace is the horizontal
EQCG, and the next four traces are the slow phase velocity. VNote that
peak slow phase velocity increased with increases in stimulus velocity.

Note also the prominent "plateau" at 51 deg/sec (diagonal arrows).
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Figure 25. .Vertical and horizontal VOR, group data. A,C. Vertical
VOR, grouped individuzl data and means and standard éeviations,
respectivelyv. Note that the gain of the vertical VOR is near 1 Qp to
140 deg/sec. B,D. Horizontal VOR, grouped dazta and means and standard
deviations of the grouped data, respectivelv., Note that except for the
highest stimulus velocity, the gains of the horizontal and vertical VOR

are similar.
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vertical gain.
Time constants of vertical vestibular nystagmus.

The asymﬁetry in vertical nvstagmus shown in Fig. 23 appears to bé
related to asymmetrical storage of zctivity related to slow phase
velocity during upward and downward nvstagmus. This is supported by
estimates of time coﬁstants. In two monkeys (996, 1101) time constants
of downward nystagmus (downwarq arrows) ranged from approximately 16 sec
at 20 deg/sec to about 12 sec at 180 deg/sec (Fig. 26). They were
consistently longer than those of upward nystagmus (upward arrows) which
ranged from about 10 sec at 20 dez/sec to 5 sec at 180 deg/sec. ' In the
monkey that received the most extensive vertical testing (1101) time
constants of upward vestibular nystagmus were approximately 5 sec for
all stimﬁlus velocities above 30 degz/sec. This value is'close to the
time constant of activity in the vestibular nerve in response to a
velocity step deflection of the cupula (Goldberg and Fernandez, 1971).
Since the time constants of downward nystagmus were comparable in
magnitude to those of horizontal nvstagmus (Fig. 26B) it indicates that
- both downward and horizontal nvstagmus are prolonged hevond the duration
of the VIIIth nerve activity inducad by the step of velocity whereas
" upward nystagmus is not. This suggests that storase of activitv related
to slow phase eve velocity has little influence in produétion of unpward

nystagnmus.



Figure 26. Time constants of vertical and horizontal VOR. A. Vertical
VOR time coﬁstants in two monkeys are plotted versus stimulus velocity.
Downward arrows refer to downward nvstagmus, upward.arrows to ugward
nystagmus. Note that time constants of downward nvstagmus are always
longer thanlthose for upward nystagrus. Downward time constants ranged
from 10 to 20 sec whereas upward time constants were frequently near &
sec. B. Time constants of horizontal VOR. Time constants in one
monkey (M 996) were 20 to 30 sec and showed no effect of stimulus
velocity. Time constants in another, extensively tested animal (M 901%1)
showed a strong influence of stimulus velocity on-VOR time constant,

"especially for rightward vestibular nystagmus {circles).
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Visual suppression of vertical vestibular nystagmus.

Visual suppression during vertical vestibular nystagmus was
investigated in two animals (993, 1101). Animals were given vertical
steps of velocity at 60 deg/sec in darkness. Vhen the per rotatory
response had subsided, the rotation was stopped. After a 2 to 3 second
period the lights were switched on to expose a stationary surround.
Whep this occurred, slow phase velocity declined suddenly for the
duration of the exposure. Provided the exposure duration was
sufficientiy short, slow pHase velocity rose when the animal was again
in darkness. The experimental paradigm is illustrated in Fig, 27. The
fixation period in both examples was 1 sec. There was asymmetr} in the
effects of visual suppression during upward (A) and downward (B)
vestibular nystagmus. This was a systematic effect (Fig. 28). 1In two
monkeys, exposure durations of 5 to 7 sec almost completely abolished
upward nystagmus (B, D), whereas 10 to 12 sec were needed fo suppress
downward nystagmus (A, C). Time constants of decline were 7 to 8 sec
for downward nystagmus, and about 3.5 sec for upward nystagmus in each
-monkey. This can be contrasted to similar data taken during horizontal
post rotatory nystagmus for another monkev (Fig. 29)., The curve of
decline in recovery velocity had a time constant of 3 seconds which is
similar to that of upward nystagmus. This is consistent with findings
during visual suppression of OKAN (Fig. 21). Suppression was less
effective for downward nyvstagmus, i.e., for nystagmus with upward slow
phases, than for horizontal nystazgnmus.

In sumnmary, velocity steps through an interaural, earth-vertical



Figure 27. Visual suppression of vestibular nystégmus, experimentai
paradigm. Visual suppression of upward (A) and downward (B) vestibular
pystagmus are showm for a 1 second period of light. During the interval
eve velocity'dropped, but recovered zagain when the animal was in
darkness. The drop was smaller and the recovery greater, for downward
vestibular nystagmus. The time course of vestibular nystagmus without

visual suppression is shown for comparison.
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Figure 28. ' Visual suppression of vertical vestihular nystagmus. Data
from experiments similar to the one in Figure 27 zre plotted for
downward (A,C) and upward (B,D) nystagrus in twe monkevs. Normalized
peak slow phase velocities were calculated as for OKAN., Note that
upward nystagmus is almost completely zbolished by 8 sec of vision,

vwhereas 12 sec or more are needed to suppress decwnward nystagmus.
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Figure 29. Visual suppression of horizontal vestibular nystagmus. A
shows the experimental paradigm, which is identical to the one in Figure
27. The top trace is horizontal eve position, the second trace is slow
phase velocity and the bottom trace is the photocell. The ratio of the
recovery velocity (arrow) to the slow phase velocity immediately before
suppression (dotted line) was plotted versus interval duration in B.
Note that the visual suppression of horizontal vestibular nystagmus is
similar to that of upward nystagmus and considerably more effective than
visual suppression during downward nvstagmus. Periods of €& see or
.longer completely abolished horizontzl vestibular nvstagmus in this

mnonkey .
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axis were shown to induce peak compensatory eye velocities tﬁat were
similar for ﬁpwardAand downward nvstagmus. These values were similar to
compensatory horizontal eye velocities induced by rotation in the
upright position about a vértical axis. Although ;he initial
compeﬁsatory upward and downwérd velocities were the same, the duration
of upward nystagmus was shorter than that of downward nystagmus and its
time constaﬁts of decline were in the range of activity generated in the
vestibular nerve by steps of velocity. Time constants of downward
nystagmus were longer, and were similar to those of horizontal
nystagmus. This suggests that there is stored activity related to-slow
phase eye velocity associated with downward but not with upward
nystagmus. In addition, visual suppression of nystagmus was shown to be

less effective for downward than upward nystagmus.
Visual-vestibular interaction in vertical nystagmus.

When an animal is rotated in a lighted structured environment, both
OKN and vestibular nystagmus are prcovoked. At the end of rotation post
rotatory nystagmus and optokinetic zfter nvstagmus are induced
simultaneously. As noted earlier the after responses are in opposite
directions and tend to cancel each other. This is demonstrated for
horizontal nystagmus'at 2 velocities, 60 and 180 deg/sec (Figs. 30C and
31C). If the interpretation of the after response as a summation of
OKAN and post rotatory nystagmus is correct, the asvmmetry in the
ability to store activity related ¢ slow phase velocity for vertical

nystagmus should materially affect the strength of the after response.



Figure 30. Characteristics of horizontal nystagnus at 60 deg/sec.
Vestibular (A), optokinetic (B) and visual-vestibular resvonses (C) are
shown in one monkey. Note that visuzl-vestibulzr respcnses reflect
attributes of vestibular and optokinetic nystagrus. The sharp rise in
slow phase velocity and maintained steady state veloecity for prolonged
stimulation are followed by almost complete suppressiorn of nystagmis at
the end of rotation. Note that the post rotatory respcnse and OXKAN are
almost equal in amplitude but opposite in sign. They cancel each other

at the end of stimulation.
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Figufe 31. Characteristics4of horizontal nystagmus at 180 deg/sec.
Except for an increase in stimulus velocity, the traces are the same as
in Figure 30. Note that OKAN has saturated (B), although the peak
velocity of post rotatory nystagmus has not (A). Therefore, when the
animal was stopped in darkness, post rotatory nystaszmus appeared (C)

that was only partially reduced by OKAN.
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This was tested systematically using the experimental paradigm shown in
in Figs. 324, B.

This idea proved to be correct. Post rotatory upward nystagmus was
weak after rotation that had induced downward vestibular nystagmus and
OKN (Fig. 32A5. In contrast, post rotatory downward nystagmus was
strong after upward vestibular nystagmus and OKN were elicited (Fig.
32B). In Figs. 32C, D, the upward and downward peak post rotatory
nystagmus velocity after rotation in darkness are shown by the
triangles. They increased linearly with stimulus velocity to 180
deg/sec, with a response gain of about 0.98. Thus the streﬁgth of the
post rotatory upward and downward nvstagmus was the.same. The post
rotatory responses after rotation in light were quite different;
however. After downward per rotatory nystagmué in light the upward post
rotatory nystagmus was suppressed or greatly reduced for stimulus
velocities up to A0 deg/sec (Fig. 32C, circles). Above this velocity
slow phase velocity of the post rotatory responses increased with
increasing stimulus velocities with a gain of about 0.95. In contrast
in the same animal after upward rotation in light there was no
measurable attenuation of the post rotatory response (?ig. 32D,
circles). This shows that there had been no suppression or cancellation
of the downward post rotatory rotatory nystagmus by preceding upward
OKN.

Two other animals (991, 996) were tested for vertiéal visual
vestibular interéction. .The data are presented in Fig. 33. Pest
rotatory responses were almost entirely suppressed after rotations up to

60 deg/sec (Fig. 33B, C). Ahove this velocity, post rotatory nvstagmus

100
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Figure 32. Vertical visual-vestibular interaction. A and B are similar
to Figures 30C and 31C. A shows downward rotation in light followéd bv
a stop in darkness, and B shows upward rotation in iight followed- by a
stop in darkness. Note that in A, upward post rotatory nystagmus is
éuppressed to some extent, whereas in B, downward post rotatory
nystagmus is not suppressed. C and D show the‘relative degree of post
rotatory suppression as a function of rotational velocity. UHNote that in
C, upward post rotatory nystagmus after rotation in light (ecirecles) is
suppressed after rotations up to about 60 deg/sec. Post rotatery
nystagmus after rotation in darkness (triangles) is shown to demonstrate
the degree of suppression. Note also that ahove A0 deg/sec, the two
responses have approximately the sare gain. D sbows that "dounward post
rotatory nystagmus after rotation in light (ecircles) is not attenuated
?elative to post rotatory nystag&us after rotation in darkness

(triangles).
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Figure 33. Effects of
interaction. Separate
nystagmus in light (&)
in darkness (B). Note
60 deg/sec. Means and

plotted together in C.

stored velocity on vertical visual-vestibular
plots of group data from downward per rotatory
and the subsequent upward post rotatory nystagmus
that post rotatory responses are suppressed below
standard deviations of the data ir A and B are

The amount of nystagmus suppression was

determined by subtracting post rotatory responses from per rotatory

responses (squares, D).

Group means and standard deviations (circles)

are plotted on the same axes and overlay the derived data. This

supports the idea that

suppression of nystagmus zt the end of rotation
P 3

is due to the summation of stored veloecity and pecst rotatory nystagmus.
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increased gradually to 180 deg/sec. The extent of suppression of the
post rotatory upwabd responses was determined bv subtracting the post
rotatory upward response from upward per rotatory response. This is
shown in Fig. 33D by the dpen squares. These values lay close to those -
for dbwnwanleKAN elicited by surround rotation at'these same velocities
(Fig. 33D, circles). This provides strong evidence for the hyvpothesis
that OKAN that was induced during rotation in light had summed with and
cancelled or reduced the oppositely directed post rotatory respogse.
Similar data for horizontal nystazmus are shown in Fig. 34, In three
animals there was a close correlation between reduction in post roéatory
nystagmus after rotation in light and the amount of OXAN elicited by
surround rotation at that velocity.

Three monkeys were rotated in light to evoke upward nystagmus (991,
996, 1101). Normalized peak slow phase veiocities of upward per and
post rotatory responses are shown in Fig. 354, B. VWhen the animals were
stopped in darkness, downward post rotatory nystagmus resulted. The
post rotatory responses recorded in darkness (Fig. 35C, triangles) was
scarcely diminished relative to the per rotatory response after rotation
in dark (circles). The degree of post rotatory surppression was measured
by subtracting the mean peak post rotatory response frcm the mean peak
per rotatory response. The results are shown by the open squares in
Fig. 35D. These values were similar to the mean values of upward OKAN
(cirecles). The correlation between lack of suppression of the post
rotatory nystaémus and paucity of upward QKAN is evident. There waé
little or no reduction of the post rotatory response after upward

rotation in light; neither was there significant upward OKAN following



Figure 34, Visual-vestibular interaction in horizontal nystagmus. .A
shows group data of horizontal rotatior in light (upper curve). and the
suppressed post rotatory nystagmus irn darkness (lower curve). 'B shows
the means and standard deviations of the data in A plotted versus
rotational velocity. C shows the degree of suppressed nvstagmus
(squares) determined by suhtractirg post rotatory from per rotatory
nystagmus. The group data of horizontal OKAN (circles) overlay the

derived data, and indicate that in hcrizontal nystagmus as in wertical

nystagmus, the suppression of nyvstagrus is due to the summation of post

rotatory nystagmus with OKAMN,
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Figure 35. Vertical visual-vestibular interaction, upward rotation. A
and B show ghe group per and'post rotatory responses in light and
darkness, respectively. Note that downward post rotétory nystagmus is
not attenuated. C shows means and standard deviztions of the data in A
and B, DNote that they are nearly superimposed. '™en post rotatory
responses were subtracted from per rotatory respcnses (D, squares),
virtually no suppression was evident. Occasionallv post rotatory
responses were greater than per rotatory responses {divided squares).
Group means and standard deviations of upward OKAN (circles) are plotted
on the same axes. The similarity of the data indicztes that when there

wes no OKLN, post rotatorv nystagrus was not suppressed.



NORM. SLOW PHASE VELOCITY

NORM. SLOW PHASE VELOCITY

. VERTICAL VVI
- _perys, light
= . Q

’ (m]
3 a D§ 0 o
o C; O _o00
: oo C?Oo (o]
o -

L @6

0O 30 60 S0 20 1BO 180
STIMULUS VELOCITY (deg/sec)

S
o9l
956
ol

— N WD OO N DO
i

o
e
o

VERTICAL VVI
post s, dark oo
oy O
o of o
ng ° 4
C 5 o
O O g9l
o ° £ 996
Q o O 1ol

— N W hH oD

ﬁai L ] 1 i )
O 30 &0 90 120 150 180
_STIMULUS VELOCITY (deg/sec)

NORM. SLOW PHASE VELOCITY

NORM. SLOW PHASE VELOCITY

109

C
o . VERTICAL VVI
< " means £ | s.d.
8
7L col .
IS |
5 |- [ [ 1
a4l - .. E
3t { [L
2 F s f: * pert, light
I F . T "+ post i, dark
ﬁ! 1 { 1 1 |

O 30 60 90 120 150 180
STIMULUS VELOCITY (deg/sec)

9' .

8 I O  VERTICAL VVI
7k (per ¢ light - post + dark)
6 | @ negative value

St O UPWARD OKAN

4 F means + | s.d.

3 -

2 =

I i é 2

O 30 60 SO 120 150 180
STIVIULUS VELOCITY (deg/sec)




drum rotations of 10 to 180 deg/sec.

It is possible to change the strength of the optok etic
contribution to visual vestibular interactions by moving the visual
surround during platform rotation in light. If thre surround moves in
the directioﬁ opposite to the platferm, the relati?e velocity between
drum and platform is increased. If the surround roves in the same
direction as the platform, the relative velocity between drum and
surround is reduced or even reversed. In each of these situatiohs the
velocity of the eyes goes towards the relative velocity between the
platform and optokinetic drum (Raphan et al., 19079). At the end of
rotation, the amplitude and direction of the post rotatory response
reflect the difference between the stored velocity indurced by the
optokinetic stimulus and the vestibular response provoked by the sudden
stopping of the platform. Thus varying degrees of O¥N can be elicited
'to summate with per rotatory eve velocities and effects on post stimulus
nystagmus can be tested.

Examples of this experimental paradiegm are shown 3in Fig..36 for
horizontal nystagmus. The after responses (marked by the arrows) varied
according to the the vestibular post rotational veliocity and the amount
of OKAN induced by the relative velceity between the platform and the
optokinetic drum. Data from a similar experiment zre shown in Fig. 37.
The baseline stimulus was a horizontal rotation in light at 45 deg/sec.
Yhen the animal was halted in darkness, post rotatery nvstagmus was
almost compleﬁely absent (cress hzirs)., OKN cculd Ye enhancsqd, red&ced
or suppressed entirely by rotatinzg the drum in the opnosite or same

direction as the platform, resnectivelr {solid line, open triangles).
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Figure 36. .Horizontal visual-vestibulzr interaction; effects of
changing the visual input. A shows a “0 deg/sec rotation in light
followed by a halt in darkness. At th2 e 7 cf stimulation there was
about 10 deg/sec post rotatory nystazr.s arrow). When additional
visual velocity was given, the per rotztcmv response increzsed and the
post rotatory response was cancelled (2, arrow), or reversed (C,E).
When the velocity of the visual input was decreased, the per rotatory
response was diminished and the post rctatory nystagmus became more

prominent (D,F, arrows).
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F;gure 37. "Horizontal visual-vestibular interaction. Data from a
similar experiment to the one in Figure 30 are shown. The platform
velocity was Y45 deg/sec. When the animal was halted in darkness, post
rotatory nystagmus was nearly zero (cross hairs). Addition of
optokinetic stimulation increased the velocity of the per rotatory
response (open triangles, solid lines), and caused the post rotatory
response (filled triangles, dashed lines) to appear in the same
direction as OKAN. Cdnversely, rotating the drum in the opposite
direction reduced the per rotatory nvstagmus and caused the post
rotatory respcnse to appear in the cirection of normal nost rotatory

nystagmus.
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Figure 38. Vertical visual-vestibular interaction; effects of changing
the visual input. These data zre similar to those in Figure 37, except
that vertical nystagmis was tested. The platform velocity was 20
deg/sec, and upward and downward optolkinetie stimuli were superimposed
on the platform stimulus. The per rotatoryv response (triangles) was
linearly modulated over the range of optokinetic stimuli that were used.
Post rotatory responses (circles) were also modulated, bﬁt at a lower
gain, reflecting the lower gain of vertical OKAN. The changeé in post
rotatory responses saturated aé the extremes of the rargze of stimuli,

reflecting the comparatively low =aturation veleocityv of vertical OKAN.
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The level of the post rotatory response was also medulated by changing
the optokinetic input (dashed line, filled triangles). The slopes of
the lines were parallel and separated by about U5 deg/sec. This
indicates that stored velocity information was available to interact
with post rotétory veloeity over the range that was tested.

The same experimental paradigm was used to test vertical nystagmus.
in a monkey (M 1118) that had about 10 deg/sec of upward OKAN. Downward
nystagmus was inducea by rotation in light at 20 deg/sec. The
optokinetic drum was then rotated in the same or in the opposite
direction at velocities up to 60 deg/sec. At the end of the'velocity
step the platform was braked, and the light was extinguished
simultaneously. The experimental results are shown in Fig. 38. "

Drum rotations of -60 to -20 deg/sec reversed the nystagmus
direction, since the drum was moving in the same direction as the animal
but at higher velocities. This caused the eyes to beat upwards. Per
rotatory responses are shown by the triangles. Drum rotations at =20
deg/sec suppressed the per rotatory nystagmus, since the drum was
rotating in the same direction and at the same velocitv as the platform,
.and the animal saw a stationary visuval surround. .Drum rotations of 20
to 60 deg/sec systematically increased slow phase velocities of downward
per rotatory nystagmus. Thus per rotatory slow phase velocities were
" proportional to the relative velocity between the optokinetie stimulus
and the platform velocity over the range of velocities tﬁat were tested.

Post rotatofy responses in this stimulus parzdigm are shown in Fig.
38 by the circles. UWhen downward oxH was enhanced (positive values on

the abscissa) downward nystagmus zppeared in the post rotatorv period,
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growing at a rate that closelv approximated the slope of downward OKAN
(circles to the right of the cross hairs). 'Then downward OKN was
decreased during rotatory responses (negative values on the abscissa),
the amount of OKAN that could sum with gnd cancel the upward post
rotatory respénse was also reduced. As a consequence the post rotatory
response became stronger, rising to a peak value of about 20 deg/sec.
Unlike the data in Fig. 37 whose slopes are parallel, the data in Fig.
38 converge. This ié due to a saturation of the limited stored velocity
activity available during upward OKAN ;o interact with the upward post

rotatory response.
Effect of gravity on OKMY and OKAN.

Thé effect of head tilt on O¥N and OKAY was tested using equipment
that recently became available. The animal was placed at angles of tilt
in the roll axis from 0 (lateral position) to 00 degrees (upright) in 10
degree intervals and downward OKN was induced by full field rotation at
45 deg/sec. There were no apparent changes in steady state velocities
of OKN (Fig. 39), but time constants of OKAN were affected., Time

constants of downward OKAN are plotted versus anzle of tilt in Figure

40. They were shortest when the animal was upricght and longest when the

animal was on its side., Although the results are not conclusive, they
suggest that the time constant of vertical OKAN varies éccording to the

angle of head tilt.
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Figure 39. Effect of head tilt on vertical OKN and OKAN. Monkey 1118
was tilted in the roll axis at angles of zero to 90 degress and given
full field optokinetic stimulation at 45 deg/sec. The stick figures
show indicate the attitude of the animal, and the arrows indicate the
Idirection of field movement. MNote that OKN was unaffected, but OKAN
time constants of decline were longest when the animal was on its side.

4

Slow phase velocity traces are retouched.
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IV. Discussion.

- These ex] riments wsre undertaken to characterize vertical
nystagmus and visual-vestibular interaction in the vertical plane. The
results show that although horizontazl nystagmus is leflt-right
symmetrical, there are striking differences between upward and downward
nystagmus. Upward OKN is weaker than downward OKN, upward OKAN is weak
or absent, and upward vestibular nystagzmus is of shorter duration and
lower frequency than downward nystagmus. In ad<dition, upward per
rotatory nyétagmus in light.is irregular and is followed by strong
downward post rotatory nystagmus. In contrast, dcwdward per rotatory
nystagmus in light is followed by wezk upward pcst rotatory nyséagmus.
Post rotatory nystagmus could be increased, decreased or cancelled
altogether by varying the relative.velocity between the subject and the
surround during downward nystagmus. Such modifications had no effect
during upward nystagmgs.

A number of models of the optokinetic response have appeared in
recent years, beginning with the Collewijn (1972) analog simulation of
-the rabbit's optokinetic system. A review of current models for
visual-vestibular interaction appears in Raphan an4 Cohen (1978) and
Henn et al. (1980). The present results are Ziscussed in the context of
the Raphan model (Cohen et al., 1977; Baphan et =1., 1077, 1979). 1In
this scheme, horizontal OKN and OKAN, vestibular nvstagmus and

visual-vestibular interactions are mcdelled by assuming that there is

comnon indirect pathway that includes an integrztor that stores activity



related to slow phase eve velocity (Cohen et al., 1977; Raphan et al.,
1977, 1979). The.present results can be explained in the context of
this organization if the gain of the direct visual-oculomotor pathwavs
for dovnward slow phases or pursuit is low, and if there is little or no
capacity for storing activity related to downward slow phase eye

velocity during upward nystagmnus.
OKN and OKAN.

There are a number of indications that stored activity related to
siow phase velocity is weak or absent during upward OKM. OKN gain is
low and slow phase velocities are irregular. There is a rapid rise
during upward OKN at the onset of stimulation, but generally no
subsequent gradual rise in slow phase velocity to 2 stezdyv state level.
At the end of stimulation there is usually no upward OKiN., However,
when upward OKAN is present, a gradual rise in OKN is also seen,
although the responses have a much lower gain than downward OKM, (Fig.
18C).

The characteristics of ubward OXM, which in nermal animals is
éssentially produced without a contribution of stored velocity
infermation, are seen in horizontal OXN of animals afté" hilateral

-labyrinthectomy (Uemura and Cochen, 1073; Collewijn, 1974). Toniec

velocity storage integrator appears to be disabled and OWAN is no longer

produced. As a result there is onlv a rapid, not a slow rise in ORN,



and OXN slow phase velocities are irregular and only have a gain of
about 0.6. The absence of storage for upward nvstagmus is not due to an
absence of tonic activity in postericr or anterior canzl nerves, so that
if a neural integrator for upward nvstagmus exists at 2ll, either it
cannot be cha;ged to a high velocity or coupling to it from the visual
and vestibular systems must be weal,

If velocity storage for upward nvstagmus is minimal, then
upward OKN is probably produced mainlv by activation of direct
visual-oculomotor pathways. This implies that at least part of the
Qifference'in the rapid rise in velocity at the onset of upwérd and
downward OKN is due to a difference in gain of the direct pathways in
these animals. There are no studies that have directly tested this
postulate but there is fragmentary evidence that pursuit in downward and
upward directions may be asymmetrical in monkevs. The rapid rise in OKN
reaches higher levels at the onset of downward than upward OKN (Figs. 8,
10, 18). Visual suppression of nystagmus has been postulated to be sum
of the pursuit signal'in the direct visual pathwavs with the signal
generated in the VOR (Lisberger and Fuchs, 197&;'Rohinson, 1075).
.During visual suppression of downward nyétagmus, a retinal slip signal
in the opposite direction is generated by the velocity of the eves in
light. If the animals had a lower pursuit gain for dovnward than upward
' retinal -slip, i.e., for slow moverments in the downward than the upward
direction, they would be expected tc have difficulty in éuppressing
dounward nystagmus in light due to poor visual following of the relative
downward fileld motion. It was a gereral finding that the animals had

greater zbility to visually suppress upward than dounwzrd vestibular

121



nystagmus.

Asymmetry in pursuit gain in the vertical plane has been reported
in other species ineluding cats and humans. In trained cats
optokinetically-assisted upward pursuit reached higher velocities than
downward pursﬁit (6 deg/sec vs 2.5 deg/sec, respectively) (Evinger and
Fuchs, 1978). These animals also have an asvmmetry in vertical OKN with
upward OKN being weaker than downward OKN (Collins et al., 1970;
Vital-Durand and Jeaﬁnerod, 1974) .

In humans there is controversy as to whether vertical optokinetic
responses are symmetrical. - Horizontal OKN in humans is largély composed
of pursuit, and stored velocity information makes a relatively small
contribution to it (Cohen et al., 1981). Stiefel and Smith (1962) used
a small hand-held optokinetic drum to elicit vertical OKN, and measured
nystagmus frequency. They sugzested that upward nyvstagnus was somewhat
more vigorous, but Dubois and Collewijn (1979b) found symmetrical open
and closed loop gains of the vertical optokinetic response of humans.
Their stimulus field was restricted to 10 degrees and the stimulus
velocities were low, ranging from 0.016 to 16 deg/sec. Collins et al.
'(1970) used a full-field stimulus moving at 2% dea/sec. Thev also
reported no significant directional asvmmetry of vertical OKN, However,
Takahashi et al., (1978) found that humans had higher slow phase
" velocities of downward OKN thén upward OKN, but thev used a wide field
optokinetic stimulus and stimulu; velocities ahove 50 deg/sec. Thus, at
lower velooities‘and smaller field sizes, upwaré and downward OKN and/or
pursuit may be equal in humans, but at higher velocities-asymmetries are

present, similar to those found in monkeys. Fumzans also have poorer
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suppression of downward than upward nvystagmus (Guedry, 1970; Guerdry and
Benson, 1970; Benson and Guedry, 1971; Guedry and Benson, 1971; Barnes
et al., 1978). If a pursuit velocity is used to suppress the VOR, this
is consistent with the idea that the suhjects had asymmetry in vertical
pursuit. |

Storage of activity related to slow phase velocity is not only an
important determinant of the characteristics of OKN, OKAN, vestibular
nystagmus and visual vestibular interactions bu%f it also serves as the
focus for adaptive gain changes of the VOR. Lisberger, Miles, Optican
apd Eighmy (1980) have recently shown that when the gain of the monkey's
VOR was plastically adapted by either raising or lowering it, the rapid
rise at the onset of OKN did not change. Rather, the change in VOR gain
was directly related to the amount of stored activity, as manifested in
the saturation level of OKAN. During optokinetic testing in such
animals, if VOR gain was increased, the gain of the slow rise of steady
state OKN, and the peak veloecity of OKAN increased, and vice versa. The
gain of the rapid risé was markedly lowered by flocculectomy. After
flocculectomy, the gain of the slow rise of OXN was unchanged, although
.the charging time constant increased (Cptican, Z=2e, Miles and Lisherger,
1980). This suggests that when the gzain of the direc@ pathway is
reduced, the velocity storage integrztor can support cornstant velocity
' following, up to the saturation level of OKAN; Converselv, if the
velocity storage mechanism is absent and the gain of the'direct visual
oculomotor pathways is low, slow phase velocities of OKN are irrezular
and have a low gain. This is consistent with the idea stated above,

that the characteristics of upward O¥'Y are prohzhlv the result of a low
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gain in the direct pathwavs as well as the absence of stored.velocity.
Stored Qelociﬁy may also be related to the perception of motion,
and to Coriolis and pseudo-Coriolis effects that occur during horizontal
OKN and vestibular stimulation {Rrandt and Dichgans, 1072; Dichgans and
Brandf, 1972; Brapdt, Dichgané and Koenig, 1973; Dichgans and Brandt,
1973; Brandt, Dichgans and Buchele, 1974). In humans, circular vection
develops during OKN over approximately the same time course as stored
velocity did in the present study, and the sensation of circular vection
outlasts the optokinetic stimulus by about 10 sec. The sensation of
rotation after velocity steps in darkness also parallels the time dourse
of post rotatory nystagmus (Guedrv et al., 1961). During visual
suppression of vestibular nystazmus, circular vecetion was permanently
reduced, although there was recovery of nystasgmus when the subjects were
in darkness again (Guedry et al., 1061; Cohen et al., 1981), It is not
clear whether thefe is a similar relationship between stored velocity
and motion perception during vertical nystagmus. If velocity storage is
also related to circular vection in the vertical plane, one would expect
that downward apparent body motion corresponding to downward OKN should
be strong, and persist after the end of stimulation, whereas upward
vection might be more difficult to induce, and would not persist after
the end of stimulation. Young, rwan and Dichgans (1975) tested the
sensation of static head tilt induced bv upward and downward full field
optokinetic stimuli. The sensation of piteching dowvm, corresponding to
upward field motion and downward nystagmus, was much stronger than the
sensation of pitching up during an equal but cppositely directed

movement of the field.
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Vestibular nystagmus.

Peak velocities of horizontal and vertical vestibuiar nystagmus
gains were near unity over a wide range of stimuli, and peak velocities
in either direction were symmetrical. This is probably because the peak
velocities of vestibglar nystagmus are determined by the activity in the
vestibular nerve and the direct vestibular pathways. Goldberg and
Fernandez (1971) and Fernandez and Goldberg (1971) have shown that the
gctivity in. the vestibular nerve, which presumably reflects.the
deflection of the cupula, is essentially symmetrical, in the range of
velocities used in this study. This indicates that differences in time
constants of vertical nystagmus were not due to differences in end organ
activity.

Chafacteristics of horizontal and downward nystagmus were
comparable. In contrast, durations of upward vestibular nystagmus was
shorter than either downward or horizontal nystagmus. Similar
directional asymmetries were reported by Mygind (1925), Money and Sédtt
- (1962), Guedry and Benson (1270) and Koempf et al. (1978). Since the
asymnetry in vertical nystagmus is not due to an asymmetrical response
of the labyrinth or to an inabilitv to move the eves rapidly downvard
during slow phases of nystagmus, it is more likely to be a sign of
differences in tbe central neural organization of vertical nystagmus.
Time constants for upward nvstagous were frequently aﬁound 5 sec, the
time constant of canal related activitv in the vestibulza> nerve. This

indicates that neuronal signals relzted to upward vestibular nystagmus
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reached the eye muscle motoneurons without much further processing hy
the velocity storage integrator. This is consistent with the idea that
upward vestibular nystagmus is predominantly determined by direct
pathways around the integrator. .
As noted.above, the influence of the direct visual pathwavs is seen
in the rapid drop of slow phase velocity during visual suppression.
Declines of slow phase veloecity during visual suppression of vertiecal
nystagmus could be either gradual or abrupt, suggesting variability in
the effectiveness of the direct pathways to suppress vertical nystagmus.
Fixation suppression of downward vestibular nvstagmus requiréd longer
fixation periods than did horizontal or upward rvstagmus. This is
consistent with findings of psvchophysical investigations in humans.
Subjects who had to suppress vertical nystagmus so that they could read
a display were less able to do so during downward nystzqgrus than during
horizontal or upward nystagmus {(Guedry, 1970; Guedry and Benson, 1970;

Benson and Guedry, 1971; Guedry and Benson, 197%; 3arnes et al., 1978).

Visual-vestibular interaction.

L

The scheme for the summation of activity for vastibular and
optokinetiec nystagmus was first suggested by Ter Trazk (123%) and Mowrer
(1934, 1937). It was formalized in a model presented hv Raphan et al.
(1977, 1979). A similar model was also formulated by Ro;inson (1e77).
The key feature in each instance is that activitr stored 4during QKU

interacts with vestibular aectivity Lo caneel o~ reduce tr= pest rotztory

response; the after response is the sum of the pzal velociitv of OXAN and
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post rotatory nystagmus. After rotation in a stationarwv ligﬁted
environment,.the responses are nearly equal and in oppcsite directions.
As a result, the after response is frequently near zero. However it is
theoretically biased slighfly in favor of the post_rotatory response,
since.the gain of the direct.vestibular pathway is near unity but the
gain of the stored OKN velocity is only 0.6 to 0.85. &is a result, post
rotatory nystagmus usually occurs zfter rotation in light. However, as
shown in Fig. 36 A,B, it can be cancelled by increasing the velocity of
the optokinetic input. The finding that the amount of velocity storage
could be manipulated by adding or subtracting optokinetic velocity;
which in turn changed the post rotatoryv responses is strong sunport for
the idea of summation. As anticipated, velocity storaze was weak or
absent during upward nvstagmus and there was no canceliation of the

downward post rotatory response.
Functional significance of the asvmretry.

Several explanations of the asvmmetry in verticzl nvstagmus have
appeared, Igarashi et al. (1978) have suggested ihzti <ue to the
"peripheral ocular anatcmy", upward OXN is less easily prévoked than
downward OKN. Peak gains of upward znd downward ves<ibular nystagmus
were approximately équal, although the peal velocitv cf downward slow
phases was sustained for only a verv brief time. Therefcre it is
unlikely that the anatomy of the evs is responsihle Tfor the differences

in slow phase velocities of vestitular nvstazmus and TV that were

noted. BRenson and Guedrv (1071) have suggested trat -z directional:



asymmetry may serve to prevent or reduce nystagmus evoked by downward
moving visual stimuli when walking forward, a2nd is a product of training
or evolution {(Guedry and Benson, 1971). This suggests that the constani
movement of the environment in the lower visual field that occurs when
man and animals move forward, has produéed a highly adapted upward OKAN
with little velocity étorage. Consistent with %this notion, Dubois and
Collewijn (1979a) reported a marked asymmetry in horizontal nystagmus in
the rabbit. This animal, which is lateral eyed, has poor anterior
beating nystagmus and strong posterior beating nystagmus. It is
possible that the directional asymmetry has provided some unépecified
éﬁolutionar& advantage. In any event, it is clear that a satisfactory
explantation for the directional asymmetry in vertical nvstagmus has yet

to appear.
Effects of gravity on the vertical VOR.

Under natural circumstances, stimuli that evoke nystagmus must
involve a complex interaction of inputs from not only the visual
receptors and the semicircular canals, hut also from the otoliths and
.possibly cervical, scmatosensory and visceral recéptors. RPecentlyv, it
has been shown that the otoliths respond to a g.avity'vector rotating
. with regard to the head and have a powerful effect on inducing
horizontal nystagmus from the VOR (Rzphan et 21., 1081). Gravity has
also been shown to have a significan: influence on fhe direction and
frequency of flicker-induced nystagmus in monkewvs (Pasik, Valciukas and

Pasik, 1973). Flicker induced nvstazzmus and flieoker induced after
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nystagmus have characteristics that suggest that they maykbe mediated by
a similar integrator utilizing vestibular activity (Pasik, Pasik and
Valciukas, 1970; Pasik et al., 1973; Pasik and Pasik, 1975; Miller,
Pasik and Pasik, 1979).

It is pfobable that vertical nystagmus also is affected by changes
in head attitude with regard to gravity. Benson and Guedry (1971) found
that subjects became‘quite i1l when they were rotated in the lateral
position, exciting the vertical canals without activating the otoliths.
This was not the case when the same subjects were rotated in an upright
position around an earth-vertical axis. The position of the‘head during
vertical OKN may have modulatad the effectiveness of environmental
motion. Consistent with this, Young et al. (1975) reported that the
sensation pf pitching during vertical optokinetic stimulation was
strongly affected by changes in head position. When the head was tilted
25 degrees forward, pitch sensations were markedly reduced and only a
sensation of linear vection was reported. This effect may reflect the
saturation level of pitching sensation, however, since the mean pitch
angle evoked by optokinetic stimuli with the head erect did not exceed
25 to 30 degrees. VWhen subjects were tested in the lateral position,
the pitching sensation was markedly enhanced. Young et al. (1975)
attributed the effectiveness of head position on changing pitch
. sensation to a sensory conflict between visual stimuli associated with
vertical merment and a lack of confirming otolith input. With- the head
in the lateral position, the utricles were in the least sensitive
position with respect to changes in bodv positicn and subjects were

least able to suppress the sensation of pitch. When the head was tilted



25 degrees forward, the utricular raculae were nearly horizontal and
subjects could suppress the sensation of pitching, but not linear
vection. Thus, testing our animals in the lateral position may have
fortuitously revealed the maximum amount of stored velocity in the
vertical plane.

Full field visual stimulation usually occurs with head movement.
There is ordinarily a change in attitude with resard to gravity during
vertical head movements that does not usually occur during head
movements in the horizontal plane. Therefore, it might be expected that
the otolith.organs would have an effect on the vertical VOR énd veloecity
storage that would be different from any such effect on horizontal
nystagmus. There is some experimental evidence to support'this idea.
Barmack (in press) reported that during low frequency sinusoidal
rotation, the gain and phase characteristics of the vertical VOR in
rabbits were improved when the otoliths and semicircular canals acted
synergistically. Igarashi et al., (1978) severed the utricular nerves
and destroyed the sacéular maculae bilaterally. This enhanced slow
phase velocities of vertical OKN in hoth directions. Following
'destruction cf the otolith organs slow phase velocities of dovmnward QKN
were about the same as those in the present report, and slow phase
velocities of upward OKN were higher than those described here,

' Igarashi et al., (1978) also found that with the maculae pone, downward
OXAN was strongef and lasted longer, 2lthough upward OKAN was not
affected. Horizontal OKN and OFVAN were not affected bv otolith ablation
{Takahashi et 2l., 1977).

In the present results there ware no svstematic differences in



steadv state vertical OXN velocitv with the animal tilted‘at anzles of 0
to 90 deg, although OKAN was affeected. The time constants of decay
varied between these two positional extremes as a function of the angle
of tilt. This supports the notion that gravitational forces have an

important influence in modulating vertical nystagmus.
Summary.

The purpose of this research was to determine the degree of
vglocity storage during vértical nystagmus in monkevs., The Eesults were
compared to storage during horizontal nvstagmus. Unlike horizontal
nystagmus which was bilaterally svmmetrical, vertical nvstacmus was
asymmetrical. There was more velocitv storage during downward nvstagmus
than during upward nystagmus. This was seen in the following

characteristics of vertical nystagmus.

1. Downward OKN slow phase velocity increased in proportion to stimulus
veocity with a gain of 0.90 to 0.0A, for stimulus velocities of up to RO

deg/sec. Upward OKN gain was 0.6 to 0.7 for the same stimulus range.

ot

2. Downward OKAN slow phase velocities increzased following inereases in
'optokinetic stimulus velocities to 60 deg/sec, with a zzin of about 0.7.
OKAN slow phase velocity saturated at about U5 deg/sec. Upward OKAN was
not always elicited, and when it was present it had low peak velocities

and was usually brief. Regardless of the preceding stirulus or

optokinetic velocity, peak velocities of upward OKAN seldom exceeded 10
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to 20 deg/sec. Time constants of downward OKAN wvere 10 to 20 sec,

whereas time constants of upward OKAN were too short to be measured

accurately with the techniques employed in this study.

3. Gains of upward and downward vestibular nvstagmus in response to
steps of velocity were approximatelv equal, tut time constants of
decline of downward vestibular nystagris alwavs exceeded those of upward
nystagmus. Downward vestibular time constants ranged from 12 to 16 sec,

whereas upward time constants ranged from & to 10 sec.

4, Asymmetrical storage of activity related to slow phase veloecity was
also present in vertical visual-vestibular interactions. The pﬁesence
or absence of stored velocity information was reflected in the after
responses following vestibular velocity steps in light. The presence of
downward OKAN cancelled or reduced upward post rotzatory responses in
darkness, while weak upward OKAN had scarcely any effect on downward

post rotatoryv responses.

5. The charging time constants ¢ downward 0% and OXAN were estimated
to be 3.5 to 3.7 sec, using a technique deseribed in Cohen et al.

(1977). An animal with some upward O¥AN was tested in this series. The

4]

time constants of rise of upward OXY and OKAN were in the same range,
viz., 3.4 and 3.7 sec, respectivelv. The steziy state levels reached
during upward nystagmus were always considerably lower than those

reached during downwzard nystagmus.



6. Visual suppression was compared during upward and downward
vestibular nystagmus. Again 2 clear asymmetry was demonstrated.
Downward nystagmus was more persistent during and after visual
suppression than upward nystagmus was, .The time constant of decline of
downward vestibular nystagmus after visual suppression was 7 to 8 sec.
The time constant of decline of upward vestibular nvstagmus after visual

suppression of nystagmus was ahout 3.5 sec. The time constant of visual

suppression of downward OKAN was 3 to Y4 seec.

The reéults are summarized in Table 2. They were interpreted
within the framework of a model of optokinetic and vestibular nystagmus
generation developed by Raphan (Cohen et al., 1977; Raphan et al., 1977,
1979). In this model, optokinetic and vestibular nystagmus are the
result of combining "direct" visual and vestibular pathwavs that respond
quickly to changes in environmental or head velocitv, and "indirect"
pathways that go through a neural integrator that is responsible for
storage of activity related to slow phase velocitvy. The velocity
storage integrator serves to regularize slow phase velocities during CXVW
"and to improve the low frequencv characteristics of the vestibular
system. The asymmetry in vertical nystagmus was explained in terms of
the model bv proposing that the <irect visual oculomotor pathways, which
may subserve pursuit; have lower eains for downward than for upward
nystagmus. Further, the velocitv storaze integrator is strongly
activated during downward optokinetie and vestibular nvstagmus but
weakly or not at all during upward nvstagmus. The asvmmetry was not due

to an inability to move the eves downward at high velocities but rather

13F
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OKN
OKN (down)

OKN (up)

OKAN

OKAN (down)
OKAN (up)
VOR

VOR (down)

VOR (up)

Unity Gain

TABLE 2

Saturation
Velocity

Frequency (b/s)

Charge TC

]
120 deg/sec

140-160 deg/sec

1.8"'3.3

1
2.6-3.3 sec

60 deg/sec

80 deg/sec

2.3-,“.2

3.5 sec

20 deg/sec

50 deg/sec

1.3_2.3

3.5 sec

Saturation Time Conatant Time Constant
Velocity Gain of Decline Viaual Suppreasion
70-90 deg/sec 0.85 5-20 sec 1-1.1 see:
h5 deg/sec 0.6-0.7 10-20 sec 3-1 sec
10 deg/sec 0.2
12-28 sec 3 sec
12-16 7-8 sec
5%.10. sec 3.5 sec

LEL
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could be attributed to an inability of central neuronal mechanisms that
control vertical eye movements to maintain high levels of downward eye
velocities. The functional sisnificance of this asymmetrv is unknown.

Suggestions for future research.

1. A par%metric study of the effect of head position on velocity
storage would provide clues to the participation of graviception on the
VOR. In the present study, only changes in the roll axis were made,
over a 90 degree range, and‘only one optokinetic velocity was tested.
It would be interesting if, through some manipulation of the otoliths,

upward velocity storage could be improved.

2; Lesions that selectively disrupt horizontal or vertical storage
would provide evidence for whether there was more than one integrator,
i.e., one for horizontal nystagmus and one for vertical nvstagmus. It
is possible that there are more than two veloecitv storage mechanisms,
viz., one for each direction of horizontal and vertical nystagmus. One
. such lesion would be the selective section of the horizontal canal
nerves. This would probably disrupt horizontal velocity storage. If
vertical velqcity storage were left intact, it would implv a separate

storage mechanism for the two planes.

3. Fixation suppression has been shown to he affected bv flocculectomv.
So far the suppression has onlv been “ested for horizental nystagmus.

There is a topographical arrangement ¢ eve movements in the flocculus,



where stimulation of rostral or caudal portions of the flocculus
produced horizontal or vertical eye movements, respectively (Dufosse,
Ito and Miyashita, 1977). Fixation suppression of vertical nystagmus

before and after flocculectomy has not been reported.

4, Unit recordings of neurons in the vestibular nuclei show that these
neurons have activity. related to stored velocity in one plane. So far,
only the horiéontal plane has been extensively tested. Units that
responded to horizontal head movemenis or environmental movements did
not respond‘to movements in'the plane of the vertical canals. The
location and characteristics of verticzl movement seﬁsitive neurons that
show evidence of stored activity in the vestibular nueclei or elsewhere

would be important to know.

129



Bibliography.

Adrian, E. D. Discharges from vestihular receptors in the cat. J.
Physiol., 101, 1943, 3890-407.

Arden, G. B. and Xelsey, J. H. Changes produced by light in the
standing potential of the human eve. J. Physiol., 161, 1962, 180-204,

Baarsma, E. A., and Collewijn, H. Vestihulo-ocular and optokinetic
reactions to rotation and their interaction in “he rabbit. J.
Physiol., 238, 1974, 603-625.

Bahill, A. T., Clark, M. R. and Stark, L. The main sequence, a tool for
studying human eye mdvements. Math. Bioseci., 24, 1275, 191-204.

Bahill, A. T. and Stark, L. Heurological contrnl of horizontal and
vertical components of obligue saccadic eye movements. Math. PRiosei.,

Baker, R., and Berthoz, A. Is the prepositus hypoglossi the source of
another vestibulo-ocular pathway? Brain Res., 26, 1975, 121-127.

Baker, R., and Highstein, S. M. Physiological identification of
interneurons and motoneurons in %£he abducens nuecleus. Brain Res., 91,
1975, 292-298.

Barmack, N. H. A comparison of the horizontal and vertiecal vestibulo-
ocular reflexes of the rabbit. J. Physiol., ‘Lond.), in press.

Barnes, G. R., Benson, A. J. and Prior, A. P. J. Visual-vestibular
interaction in the control of eye movement. Aviat. Space Environ.
Med-, 1‘9, 1978, 557-56)4-

Barr, C. C., Schultheis, L. W, and Robinson, D. A. Voluntary non-visual
control of the human vestibulo-ocular reflex. %4cta oto-lar., 81, 1976,
365-375.

‘Barry, W., and Melvill Jones, G. Influence of eve 1id movement upan
electro-oculographic recordings of vertical eve movements. Aerospace
Med., 36, 1665, 855,

. Bender, M. B. Comments on the phvsiology and pzthelogy of eve movements
in the vertical plane. J. Nerv. Ment. Dis., 137, 1960, MSE-MGS.

Bender, M. B. Brain control of conjugate herizental and vertical eve
movements: A study of the structural and functionzl correlates. Brain,
103, 1980, 23-69. -

Bpncon, A, J., and Bodin M A. Comp rison of the effect of the
lerztion cn sost rotational responses
in yaw piteh and roll, Aerospsce Hed., 37, 1CGLE, R8¢-8097,



11

Benson, A. J. and Guedrv, F. E. Comparison of tracking task performance
and nystagmus during sinusoidal cscillation in vaw and pitch. Aerospace
Med., 42, 1971, 593-G01,

Blanks, R. H. I., Volkind, R., Precht, W. and Ba%er, R. Responses of
cat prepositus hypog10551, neurons to horizontal angular acceleration.
Neuroscience, 2, 1977, 391- 403-

Bond, H. V. and Ho, P. Solid miniature silver silver-chloride
electrodes for chronic implantation. Electroenceph. clin.
Neurophysiol., 28, 1970, 206-208.

Brandt, T., and Dichgans, J. Circularvektion, optische Pseudocoriolis~
effekte und optokinetischer Nachnvstagmus. Albrecht v. Graefes Arch.
klin. exp. Opthal., 184, 1972, 42-57.

Brandt, T., Dichgans, J. and Kcenig, E. Differential effects of central
versus peripheral vision on egocentric and exocentriec motion perception.
Exp. Brain Res., 16, 1973, 476-491.

Brandt, T., Dichgans, J. and Buchele, W. Motion habituation: inverted
self motion perception and optokinetic after-nystzzmus. Expn. Brain
Res., 21, 1974, 337-352.

Buettner, U., YWaespe, W. and Henn, V. Duration and direction of
optokinetic after nystagmus as a function of stimulus exposure time in
the monkey. Arch. Psychiat. Nervenkr., 222, 1075, 281-.201,

Buettner, U., Hepp, K. and Henn, V. HNeurons in the rostral
mesencephalic and paramedian pontine reticular formation generating fast
eye movements. In: Control of gaze by brainstem neurons. Eds. R.
Baker and A. Berthoz. Amsterdam: Flsevier, 1977, pp. 309-318.

Buettner, U,, Buettner-Ennever, J. i. 2nd Henn, V. Vertical eye
movement related unit activity in the rostral mesencephalie reticular
formation of the alert monkey. Prain Res., 130, 1977, 230-252,

Buettner-Ennever, J. A. and Henn, V. An autoradic;raphic~study of the
pathways from the pontine reticulzr formation involved in horizontal eve

13

movements. Brain Res., 108, 1976, 155-1064,

Buettner-Ennever, J. A. Pathways from the pontine reticulzar formation
to structures controlling borizontal znd vertical eve movements in the
monkey. In: Control of gaze by brainstem neurons. FEris, R. Baker and
A. Berthoz. Amsterdam: Elsevier, 1077, pp. 8¢-23,

Buettner-Ennever, J. A. and Buettner, U. A cell group associated with
vertical eye movements in the rostrzl mesencenhalic reticular formation
of the monkey. Brain Res., 151, 1272, 21-47.



142

Christoff, N. A clinicopathologiec study of vertical eye'movements.
Arch. Neurol., 31, 1974, 1-8.

Cohen, B. Vestibulo-ocular relations. In: The control of eye
movements. Eds. P. Bach-y-Rita, C. C. Collins and J. E. Hyde. New
York: Academic Press, 1971, pp. 105-148,

Cohen, B. The vestibulo-ncular reflex arc. In: Handbook of sensory
physiology, Vol, VI/I, Vestibular system, Part I: PRasic mechanisms.
Ed. H. H. Kornhuber. Berlin: Springer, 1974, op. A477-550.

Cohen, B., Alpert, J., Komatsuzaki, A, and Hyams, L. Effects of light
and amphetamine on horizontal saccadic eye movements of the rhesus
monkey. MNeurology, 12, 1069, 31€-317.

Cohen, B., Uemura, T., and Takemori, S. Effects of labyrinthectomy on
optokinetic nystagmus (OKN) and cptokinetic after-nystagmus (OKAN).
Equil. Res., 3, 1973, 88-93,

Cohen, B., Matsuo, V., and Raphan, T. Quantitative analysis of the
velocity characteristics of optokinetic nystagmus and optokinetie
after-nystagmus. J. Physiol., 270, 1977, 321-344,

Collewijn, H. An analog model of the rabbit's optokinetic system.
Brain Res., 36, 1972, 71-88.

Collewijn, H. Impairment of optokinetic (after) nystagmus by
labyrinthectomy in the rabbit. Exp. Neurol., 52, 1976, 146-156.

Collewijn, H. and Noorduin, H. Vertical and torsicnal optokinetic eye
movements in the rabbit. Prluegers Arch. ges. Physiol., 332, 1972,
87-95 .

Collins, W. E. and Guedry, F. E. Duration of angular acceleration and

ocular nystagmus from cat and man. 1. Responses from the lateral and

the vertical canals to two stimulus durations. Acta oto-lar., 64, 1067,
373-387.

Collins, ¥. E., Schroeder, D. J,, Rice, N., Mertens, R, A. and Kranz, G.
Some characteristics of optokinetic eye movement pattérns: a
comparative study. Aerospace lVed., 41, 1970, 1251-1262,

de Jong, J. M. B. V., Cohen, B., Matsuo, V. and Uemura, T. Midsagittal
pontomedullary brain stem section: Effects on ocular =2dduction and
nyvstagmus. Exp. Neurol., 68, 1980, 420-242,

Dichgans, J. and Brandt, .T. Visual-vestibular interaction and motion
perception. Bibl, Opthal., 82, 1272, 327-338.

Dichgans, J., and Brandt, T. Optokinetic motion siclness and pseudo-~
Coriolis effects induced by moving visual stimuli. Acta oto-lar., 76,
1973, 339-348.



Dodge, R. Five types of eye movement in the horizontal meridian plane
of the field of regard. American J. Physiol., 8, 1903, 307-320.

Dodge, R. Adequacy of reflex compensatory eye movements including the
effects of neural rivalry and competition. J. Exp. Psvchol., £, 1923,
169"181: N

Dodge, R., Travis, R. C. and Fox, J. C. Optic nystagmus. III.
Characteristics of the slow phase. Arch. Neurol. and Psychiat., 21,
1930, 21-34,

Donaghy, M. The cat's vestibulo-ocular reflex. J. Physiol., 300, 1980,
337-351. )

Dubois, M. F. W. and Collewijn, H. The optokinetic reactions of the
rabbit: relation to the visual strea%., Vision Res., 19, 1979z, 9-17.

Dubois, M. F. W. and Collewijn, H. Optokinetic reactions in man
elicited by localized retinal motion stimuli., Vision Res., 19, 1979b,
1105-1115. :

Dufosse, M., Ito, M. and Mivashita, Y. Functional localization in the
rabbit's cerebellar flocculus determined in relationship with eye
movements. Neuroscience Letters, 5, 1977, 273-277.

Dusser de Barenne, J. G. The labyrinthine and positional mechanisms.
In: A handbook of general experimental psycholecgy. Worcester, Mass.:
Clark Univ. Press, 1934, pp. 204-246,

Erickson, R. G. and Barmack, N. H. A comparison of the horizontal and
vertical optokinetic reflexes of the rabbit. " Exp. Brain Res., 10, 1980,
4u8-456, '

Evinger, C. and Fuchs, A. F. Saccadic, smooth pursuit, and optokinetic
eye movements of the trained cat. J. Phvsiol., 2085, 1678, 200-229.

Bvinger, L. C., Fuchs, A. F. and Baker, R, Rilateral lesicns of the
medial longitudinal fasciculus in monkeys: Effects on the horizontal
and vertical components of volunizry and vestibular induced eye
movements. Exp. Brazin Res., 28, 1277, 1-20.

Fernandez, C. and Goldberg, J. M. Phvsiologv of peripheral neurons
innervating semicircular canals of the squirrel monkey. II. Response
to sinusoidal stimulation and dynamies of peripheral vestibular system.
J. Neurophysiol., 34, 1971, GR1-674. ’

Ford, A. Significance of terminal transients in electrooculographic
recordings. AMA Arch. Opthal., &%, 1059, R20-.006,



100

Fox, J. C. and Dodge, R. Optic nystagmus. II. Variations in
nystagmographic records of eye movement. Arch. Neurol. and Psychiat.,
22, 1929, 55-74.

Fuehs, A. F. Saccadic and smooth pursuit eye movements in the monkey.
J. Physiol., 191, 1967, 609-631.

Gernahdt, B. E. Vestibular mechanisms. In: Handbook of physiology.
Washington, D. C.: American Physiological Society, 1959, pp.5U0-56U,

Goldberg, J. M. and Fernandez, C. Physiology of peripheral neurons
innervating semicircular canal of the squirrel monkey. I. Resting
discharge and response to constant angular acceleration. J.
Neurophysiol., 34, 1971, 635-660.

Gonshor, A. and Malcolm, R. Effect of changes in illumination level on
electro oculography. Aerospace Med., 41, 1972, 138-140,

Graybiel, A. M. Organization of oculomotor pathways in the cat and
rhesus monkey. In: Control of gaze by brainstem neurons. Eds. R.
Baker and A. Berthoz. Amsterdam: Elsevier, 1977, pp. 79-88.

Gresty, M. and Baker, R. UlMNeurcns with visual receptive field eye
movement and neck displacement senstivity within and around the
prepositus nucleus in the alert cat. Exp. Brain Res., 24, 1976,
420.-1433,

Gruettner, R. Experimentelle Untersuchungen ueber den optokinetischen
Nystagmus. 2. f. Sinnesphysiologie, 68, 1939, 1-48.

Guedry, F. E. Vision during angular acceleration considered in relation
to aerospace operations. In: Vestibular function on earth and in
space. Ed. J. Stahle, Oxford: Pergamon Press, 1970, pp. 27-34.

Guedry, F. E. and Benson, A. J. Tracking performance during sinusoidal
stimulation of the vertical and horizontal semicircular canals. In:
Recent advances in aerospace medicine. BEd. P, E. Eusbyv, Dordrecht, the
Netherlands: D. Reidel Publ. Co., 1970, pp. 275-288. :

Guedry, F. E. and Benson, A. J. Nystagmus and visual performance during
sinuscidal stimulation of the vertical semicircular canals. NAMRL-1131.
Pensacola, Fl.: Naval Aerospace Medical Research Laboratory, 1971.

Guedry, F. E., Collins, V. E. and Sheffey, P. L. Perceptual and
oculomotor reactions to interacting visual and vestibular stimulation.
Percept. Motor Skills, 12, 1961, 307-32Y4,

Henn, V. and Cohen, B, Coding of information ahcut rapid eve movements
in the pontine reticular formation of alert monkevs. Brain Res., 108,
1976, 307-325. '



145

Henn, V., Cohen, B. and Young, L. R. Visual-vestibular interaction in
motion perception and the generation of nystagmus. MNeurosciences Res.

Henn, V., Young, L. R, and Finlev, C. Vestibular nucleus units in alert
monkeys are also influenced by moving visual fields. Br: 'n Res., T1,
1974, 144149, ' :

Honrubia, V., Downey, W. L.,'Mitchell, B. A. and Ward, P. H.

Experimental studies on optokinetic nystagmus. II. Normal humans. Acta
oto-lar., 65, 1968, 441-448,

Honrubia, V., Katz, R. D., Strelieff, D. and Ward, P. H. Computer
analysis of induced vestibular nystagmus; rotatory stimulation of normal
cats. Annals of Otol. Rhinol. and Laryngol., 80, suppl. 3, 1971, T7-25.

Horsten, G. P. M., Philipszoon, A. J. and Winkelman, J. E. Influence of
dark adaptation on corneo-retinal potential difference (C.R.P.) in-
relation to the electro-retinogram (ERG); a method for measurement of
C.R.P. in rabhits. Opthalmologica (Basel), 145, 1963, 175-184,

Igarashi, M., Takahashi, M., Kubo, T., Levy, J. K. and Homiclk, J. L.
Effect of macular ablation on vertical optokinetic nystagmus in the
squirrel monkey. ORL, 40, 1978, 312-318,

Jung, R. Die Registierung des post-rotatorischen und optokinetischen
Nystagrus und die optisch-vestibulaere Integration beim Menschen. Acta
oto-lar., 3A, 1948, 190-202.

Keller, E. L. Participation of medial pontine reticular formation in
eye movement generation in monkey. J. Neurophysiol., 37, 1974, 316-332.

Keller, E. L. Gain of the vestibulo-ocular reflex in monkey at high
rotational frequencies. Vision FRes., 18, 1078, 311-315,

King, W, M. and Fuchs, A. F. Neuronal activitv in the mesencephalon
related to vertical eye novements. In: Control of gaze bv brainstem
neurons. Eds. R. Baker and A. Berthoz. Amsterdam: FElsevier, 1077, pp.

319-326.

King, W. M. and Fuchs, A. F. Reticular control of vertical saccadic eve
movements by mesencephalic hurst neurons. J. Neurophvsiol., U2, 1070,
861-876.

Koempf, D., Pasik, T., Pasik, P, znd Bender, M. B, Dlownward gaze in
monkeys: Stimulation and lesion studies. 3rain, 102, 1970, 527-558,

Koerner, F. and Schiller, P, H. The cptokinetic response under open-
and closed-loop conditions in menkev. Exp. Brain Fes., 18, 1072,
318-330.



146

Komatsuzaki, A., Harris, H. E., Alpert, J., and Cohen, R. Horizontal
nystagmus of rhesus monkeys. Acta oto-lar., 67, 1269, 535-551.

Krieger, H. P. and Bender, M. B. Optokinetic after-nystagmus in the
nonkey. Electroenceph. elin. Neurophysiol., 8, 1056, 97-106.

Kris, C. Corneo~-fundal potential variations during light and dark
adaptation. HNature (Lond.), 182, 19583, 1027-1028.

Lisberger, S. G. and Fuchs, A. F. Response of flocculus Purkinje cells
to adequate vestibular stimulation in the alert monkey: fixation versus
compensatory eye movements. Brain Res., €9, 1974, 347-353.

Lisherger, S. G., Miles, F. A., Optican, L. M. and Zighmy, B. B. Effect
of long-term changes in the vestibulo-ocular reflex (VOR) on optokinetic
responses (OKR) in monkey. Society for Neuroscience, Abstr. 158.3,
1980, u73. .

Lorente de No, R. Vestibulo-ocular reflex are. Arch Neurol. Psychiat.
(Chicago), 30, 1933, 245-291.

Marg, E. Development of electro-oculography. Standing potential of the
eye in registration of eye movements. Arch. Opth., U5, 1951, 169-185,

Matsuo, V., Cohen, B., Raphan, T., de Jong, V. and Henn, V. Asvmmetric
storage for upward and downward nystagmus. Brain Res., 176, 1970,
159‘16’4.

Meiry, J. L. Vestibular and proprioceptive stabilization of eye
movements. In: The control of eve movements. Eds. P. Bach-y-Rita, C.
C. Collins and J. E. Hyde. New York: Academic Press, 1971, pp.
483-496, ' .

Melvill Jones, G. Interactions between optokinetic and vestibulo-
ocular responses during head rotation in various planes. Aerospace
Med., 37, 1966, 172-177.

Melvill Jones, G. and Barry, W. Influence of eve lid movement upon
electro- oculographic recording of vertical eve movements. Aerospace
Med., 36, 1965, 855-898.

- Melvill Jones, G., Barry, G. W. and Kowalsky, N. Dvnamics of the
semicircular canals compared in yaw, pitch and roll. Aerospace Med.,
35, 1964, 984-989,

Miles, W. R. Modification of the human eye potential by dark and light
adaptation. Science, 91, 1940, U56,

Miller, M., Pasik, T. and Pasik, P. Fii

1 induced nystagmus in a
ganzfeld situation in monkeys. Exp. Heurol., €56

, 1979, 533-5U6,



17

Money, K. E. and Scott, J. ¥. Functions of separate sensory receptors
of nonauditory labyrinth of the cat. Amer. J. Physiol., 202, 1962,
1211-1220. '

Mowrer, O. H. The modification of vestibular nystagmus by means of
repeated elicitation. Comp. Psychol. Monogr., 9, 1934, 1-48,

Mowrer, 0. H. The influence of vision during bodily rotation upon the
duration of post-rotational vestibular nystagmus. Acta oto-lar., 25,
1937, 351-364.

Mowrer, 0. H., Rueh, T. C. and Miller, N. E. The corneo-retinal
potential difference as the basis of the galvanometric method of .
recording eye movements. Amer. J. Physiol., 114, 1936, u423-428,.

Mygind, S. H. Studies on the function of the labyrinth. II. The
semicircular canals. Acta oto-lar., 7, 1925, 279-287.

Ohm, J. Die klinische Bedeutung des optischen Drehnvstagmus. Klih.
Mbl. Augenheilk., 68, 1922, 323-355.

Ohm, J. Zur Augenzitterkunde. VII. Mitteilung. Der optische
Drehnystagmus. Albrecht v. Graefes Arch. Opthal., 118, 1927, 103-117.

Optican, L. M., Zee, D. S., Miles, F. A. and Lisberger, S. G.
Oculomotor deficits in monkeys with floccular lesions. Society for
Neuroscience, Abstr. 158.5, 1980, 474,

Papez, J. A summary of fiber connections of the basal ganglia with each
other and with other portions of the brain. Res. Publ. Ass. nerv. ment.
Dis., 21, 1942, 21-68.

Pasik, P. and Pasik, T. Contributions of the corpus callosum.and
posterior commissure to the physiology of vertical eye movements in
monkeys. In: Cerebral interhemispheric relations. Bratislava: Slovak
Acad. Sei., 1972, pp. 175-186.

Pasik, P. and Pasik, T. A comparison between two types of
visually-evoked nystagmus in the monkev. Acta oto-lar. Suppl. 330,
1975, 30-37

Pasik, P., Pasik, T. and Bender, !, B, Recovery of the electro-
oculogram after totdl ablation of the retina in monkeys. Electroenceph.
clin. Neurophysiol., 19, 1065, 221-297.

Pasik, P., Pasik, T. and Bender, . R. The pretectal svndrome in
monkevs. I. Disturbances of gzze znd body posture. Brain, 92, 1969,
521-543. ’

Pasik, P., Pasik, T., Valciukas, J. and Render, M. 3. Vertical
optokinetic nystagmus in the splif brain monkeyv. Exp. !"eurol., 30,
1071, 162-171.



148

Pasik, P., Valciukas, J. A. and Pasik, T. Effect of head and body tilt
on flicker-induced nystagmus in monkeys. Exp. Neurol., 41, 1973, 15-28.

Pasik, T. and Pasik, P, Optokinetic nystagmus: An unlearned response
altered by section of chiasma and corpus callosum in monkevs. HNature,
203, 1964, 609-611.

Pasik, T., Pasik, P. and Bender, M. B. The pretectal syndrome in
monkeys. II. Spontaneous and induced nystagmus and "lightning" eye
movements. Brain, 92, 1969, 871-88Y4,

Pasik, T., Pasik, P. and Valciukas, J. A. Nystagmus induced by
stationary repetitive light flashes in monkey. Brain Res., 19, 1970,
313-317. .

Rademaker, G. G. J. and Ter Braak, J. W. G. On the central mechanism of
some optic reations. Brain, 71, 1948, 48-76.

Raphan, T., and Cohen, B. Brainstem mechanisms for rapid and slow eye
movements. Ann, Rev. Physiol., 40, 1978, 527-552.

Raphan, T. and Cchen, B. Integration and its relation to ocular
compensatory movements. Mt. Sinai J. Med., 47, 1980, 410-U417,

Raphan, T. and Cohen, B. The role of integration in oculomotor control.
In: Models of oculomotor behavior and control. Ed. B. L. Zuber. Boea
Raton: CRC Press, 1981, in press.

Raphan, T., Cohen, B. and Henn, V. Effects of gravity on rotatory
nystagmus in monkeys. Annals N. Y. Acad. Sci., 1981, in press.

Raphan, T., Cohen, B. and Matsuo, V. A velocity storage mechanism
responsible for optokinetic nystagmus (OKN), optokinetic after-nystagmus
(OKAN) and vestibular nystagmus. In: Control of gaze by brain stem
neurons. Eds. R. Baker and A. Berthoz. Amsterdam: Elsevier, 1977,
pp. 37-,47 .

Raphan, T., Matsuo, V. and Cohen, B. Velocity storage in the vestibulo-
ocular reflex arc (VOR). Exp. Erain Res., 35, 1979, 229-248.

Robinson, D. A. Models of oculomotor organization. In: The control of
. eye movements. Eds., P, Bach-y-Rita, C. C. Collins and J. E. Hvde. WNew
York: Academic Press, 1973, pp. 519-538,

Robinson, D. A. The effect of cerebellectomv on the cat's vestibulo-
ocular integrator. Brain Res., 71, 1974, 195-207. )

Robinson, D. A. Oculomotor control signals. In: Basic mechanisms of
ocular motility and their clinical implications. Eds. G. Lennerstrand
and P. Bach-y-Rita. Oxford: Pergamon Press, 1975, 337-37L.



Robinson, D. A. Adaptive gain control of vestibulo-ocular reflex bv the
cerebellum. J. Neurophvsiol., 39, 1976, 954-960,

Robinson, D. A. Linear addition of optokinetic and vestibular signals
in the vestibular nucleus. Fxp. Brain Res., 30, 1977, 447-450,

Rosberg, J., Tos, T. and Adser, J. Vertical optokinetic nystagmus.
Acta neurol. scand., 48, 1972, 621-634. '

Skavenski,.A. A. and Robinson, D. A. Role of abducens neurons in
vestibuloocular reflex. J. Neurophysiol., 36, 1973, 72u4-738.

Smith, J. L. Vertical optokinetic nystagmus. Neurology, 12, 1262,
u8“52-

Steiger, H.-Jd. and Buettner-Ennever, J. A. Oculomotor nuecleus afferents
in the monkey demonstrated with horseradish peroxidase. Brain Res.,
160, 1979, 1-15-

Stiefel, J,..W. and Smith, J. L. Vertical optokinetic nystagmus.
Neurology (Minneap.), 12, 1962, 2u45-249,

Szentagothai, J. The elementary vestibulo-ocular reflex arc. J.
Neurophysiol., 13, 1950, 305-407. &

Takahashi, M., and Igaréshi, M. Comparision of vertical and herizontal
optokinetic nystagmus in the squirrel monkey. ORL, 39, 1977, 221-320,

Takahashi, M., Igarashi, M. and Homick, J. I. Effect of otolith end
organ on horizontal optokinetic nvstagmus, and optokinetie after-
nystagmus in the squirrel monkey. ORL, 39, 1977, 7i4-81.

Takahashi, M., Sakurai, S. and Xznzaki, J. Horizontal and vertical
optokinetic nystagmus in man. ORL, 40, 1978, 43-52.

Takemori, S. and Cohen, B. Loss of visual suppression of vestibular
rystagmus after flocculus lesions. Brain Res., 72, 1974, 213-22%4.

Ter Brazk, J. W. G. Untersuchunzen ueber optokinetischen-Nystagmus.
Arch. neerl. Physiol., 21, 1936, 309-376.

Uemura, T. and Cohen, B. Vestibulo-ocular reflexes: Effects of
vestibular nuclear lesions. In: Progress in brain research, Vol. 27.
Basic aspects of central vestibular mechanisms. Amsterdam: Elsevier,
1972, pp. 515-528.

Uemura, T. and Cohen, B, Effects of vestibular nuclei lesion
vestibulo-ocular reflexes and posture in monkeys. Acta oto-lar.
Suppl. 315, ta73.

149



Uemura, T. and Cohen, B. Loss of optokinetic after-nvstagmus (CKAN)
after dorsal medullary reticular formation (MedRF) lesions. Proceedings
of the Barany Society. International J. Equilibrium. Res., Suppl. 1,
1975, 101-105.

Valeciukas, J. A. Optokinetic thresholds in the normal monkev. Vision
Res., 12, 1972, 1397-1407.

Valciukas, J. A., Pasik, P. and Pasik, T. Frequency spectrum of
optokinetic nystagmus in the normal monkey. Vision Res., 13, 1973,
2361-2368,

Vital-Durand, F. and Jeannerod, . Maturation of the optokinetic
response: Genetic and environmental factors. Brain Res., 71, 1974,
249-257.

Waespe, W. and Henn, V. Vestibular nuclei activity during optokinetic
after-nystagmus (OKAN) in the alert monkey. Exp Brain Res., 30, 197T7a,
323-330. ' .

Waespe, W. and Henn, V. Neuronal activity in the vestibular nueclei of
the alert monkey during vestibular and optokinetic stimulation. Exp.
Brain Res., 27, 1977b, 523-538.

Waespe, W. and Henn, V. Reciprocal changes in primary and secondary
optokinetic after-nystagmus (OKAN) proceeded by repetitive optokinetic
stimulation in the monkey. Arch. Psychiat. Mervenkr.,, 225, 1973a,
23-30.

Waespe, W. and Henn, V. Conflicting visual-vestibular stimulation and
vestibular nucleus activity in alert monkeys. Exp. Brain Res. ‘33,
1978b, 203-211.

Waespe, W., Henn, V. and Isoviita, V. Nystagmus slow phase velocity
during vestibular, optokinetie, and combined stimulation in the monkey.
Arch. Psychiat. Nervenkr,, 228, 1980, 275-286.

'Waespe, W., Henn, V. and Miles, T. S. Activity in the vestibular nuclei
of the alert monkey during spontaneous eve movements and vestibular or
optokinetic stimulation. In: Control of gaze by brainstem neurons.
Eds. R. Baker and A. Berthoz. Amsterdam: Elsevier, 1977, pp. 260-278.

' Wilson, V. J. and Melvill Jones, G: Mammalian vestibular physiology.
New York: Plenum Press, 1679. S

Wurtz, R. H., Visual receptive fields of striate cortex neurons in awzke
monkeys. J. Neurophysiol., 32, 1969, 727-742.

Young, L. R. Recording eve position. In: PRiomedical ehgineering
systems Rds., M. Clynes and J. H. Milsum. WNew York: YecGraw-Hill, 1870,
pp. 1-20.

150



Young, L. R., Oman, C. M. and Dichgans, J. M. Influence of head
orientatiqnhgn visually induced piteh and roll sensation. Aviat. Space
- Environ. Med., 46, 1975, 264-258.

Young, L. R. and Sheena, D. Eve-movement measurement techniques.
American Psychologist, 30, 1975, 315-330.

Zee. D. 8., Yee, R, D. and Rebinson, D. A. Optokinetié responses in
labyrinthine-defective human beings. Brain Res. 113, 1976, 423-428,



