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Interocular Suppression in the Visual Cortex of Strabismic Cats
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Strabismic humans usually experience powerful suppres-
sion of vision in the nonfixating eye. In an attempt to dem-
onstrate physiological correlates of such suppression, we
recorded from the primary visual cortex of cats with surgi-
cally induced squint and studied the responses of neurons
to drifting gratings of different orientation, spatial frequency,
and contrast in the two eyes. Only 1 of 50 apparently mo-
nocular cells showed any evidence of remaining, subliminal
excitatory input from the “silent’” eye when the two eyes
were stimulated with gratings of similar orientation, and even
among the small proportion of cells that remained binocularly
driven, very few exhibited facilitation when stimulated bin-
ocularly. The majority of cells from both exotropes and eso-
tropes, even those that could be independently driven through
either eye, displayed nonspecific interocular suppression:
stimulation of the nondominant eye with a drifting grating of
any orientation depressed the response to an optimal grating
being presented to the dominant eye. This phenomenon ex-
hibited a gross nonlinearity in that it was dependent on the
temporal sequence of stimulus presentation: stimulation of
the nondominant eye caused significant suppression only if
the neuron was aiready responding to an appropriate stim-
ulus in the dominant eye, but not when onset of stimulation
in the two eyes was simultaneous. Interocular suppression
was always independent of the relative spatial phase of the
two grating stimuli, and usually broadly tuned for the spatial
frequency of the suppressive stimulus. Suppression may
depend on inhibitory interaction between neighboring ocular
dominance columns, combined with the loss of conventional
disparity-selective binocular interactions for matched stimuli
in the two eyes. The similarity of interocular suppression in
strabismic cats and that caused by orthogonal gratings in
the two eyes in normal cats (Sengpiel and Blakemore, 1994;
Sengpiel et al., 1994) suggests that strabismic suppression
and binocular rivalry depend on similar neural mechanisms.
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Strabismus, or misalignment of the visual axes of the two eyes,
is a common visual disorder in humans and also in monkeys
reared in captivity (Kiorpes and Boothe, 1981). Most humans
who develop strabismus at an early age do not complain of
obvious double vision (diplopia) despite the fact that the images
of each feature in the visual scene fall on geometrically non-
corresponding points in the two retinas. In rare cases, single
vision in strabismus is attributed to the phenomenon of har-
monious anomalous retinal correspondence (ARC), in which
functional correspondence is shifted to match the angle of squint.
The two images of an object give rise to a single sensation of
visual direction despite the misalignment of the eyes, and there
is even rudimentary stereoscopic vision (for review, see Schor,
1991). Much more commonly, double vision is obviated through
partial or global suppression of information from one eye.

In the past 30 years much has been learned about the anom-
alies of binocular vision associated with strabismus, from both
psychophysical and neurophysiological studies. Since the pio-
neering work of Hubel and Wiesel (1965), artificially induced
strabismus has been widely investigated and has provided an
increasingly convincing animal model of certain kinds of human
squint. Different forms of experimental strabismus, including
surgically induced and optically induced squint, have yielded a
variety of results with respect to the responses of neurons in the
primary visual pathway, prevailing fixation patterns, and the
occurrence of reduced acuity through the squinting eye (stra-
bismic amblyopia) (for review, see Mitchell, 1988). There is
general agreement that strabismus, whether convergent (esotro-
pia) or divergent (exotropia), leads to a marked reduction in the
proportion of neurons in the primary visual cortex that are
directly excitable through either eye (e.g., Hubel and Wiesel,
1965; Yinon et al., 1975; Blakemore, 1976; Singer et al., 1980;
Van Sluyters and Levitt, 1980; Mower et al., 1982; Tremain
and Ikeda, 1982; Crewther and Crewther, 1990). This loss of
binocularity has been taken to underlie the defects of binocular
summation and stereopsis in strabismic animals (von Griinau,
1979) and humans (Lema and Blake, 1977; Levi et al., 1979).

There is a little neurophysiological evidence concerning the
possible basis of the harmonious anomalous correspondence
and residual stereopsis observed in some strabismic humans.
After rearing with optically induced vertical or rotational mis-
alignment of the eyes, Shlaer (1971), Shinkman and Bruce (1977),
and Diirsteler and von der Heydt (1983) reported some degree
of compensation in the positional or orientational disparity of
the receptive fields of surviving binocular cells in kitten striate
cortex. In area 18 (Cynader et al., 1984) and in the lateral su-
prasylvian cortex of strabismic cats (Sireteanu and Best, 1992),
some binocular neurons also appear to have receptive fields in
anomalously corresponding retinal positions, which might allow
registration of the images seen by the two eyes.
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In the majority of cases of strabismus in humans, diplopia
and confusion are avoided through suppression of vision in one
eye, especially in the central visual field (Sireteanu and Fronius,
1981; Sireteanu, 1982). In people who alternate fixation, such
interocular suppression also switches from eye to eye, depending
on which eye is currently being used for fixation. In those who
habitually fixate with one eye, the other, deviating eye, which
commonly suffers strabismic amblyopia, is usually permanently
suppressed when both eyes are open. Little is known of the site
and nature of the suppressive mechanism, which results in vir-
tual blanking of vision in the nonfixating eye, although psycho-
physical evidence points to a cortical origin (Blake and
Lehmkuhle, 1976; Hess, 1991). Analysis of visual evoked po-
tentials in cats (Sclar et al., 1986) and of the responses of striate
neurons (Xue et al., 1987) suggests that binocular summation
is generally lost in long-term esotropic cats, while some bin-
ocular interactions are retained in the apparently monocularly
driven cells found in exotropes (see also Cynader et al., 1984).
Interocular inhibition, as assessed by visually stimulating cells
through one eye while electrically stimulating the optic nerve
of the other side, showed asymmetries in esotropes but not in
exotropes (Freeman and Tsumoto, 1983): responses through the
deviating eye were more efficiently suppressed by the nondev-
iating eye than vice versa. Only one very recent study has em-
ployed true binocular stimulation, of the kind that actually leads
to suppression in humans, to investigate the neural mechanism
of suppression in amblyopic cats: detailed analysis of responses
of a few binocular units in area 17 showed some disinhibition
of the responses through the deviating eye under monocular
rather than binocular stimulation (Crewther and Crewther, 1993).

Here, we present electrophysiological evidence that surgically
induced strabismus (both exotropia and esotropia) virtually
abolishes the disparity-specific binocular interactions that are
such a distinctive features of normal striate neurons, but leaves
pronounced, nonspecific intetocular suppression in the majority
of cells.

Parts of the data have been published previously (Sengpiel
and Blakemore, 1993, 1994; Sengpiel et al., 1993).

Materials and Methods

Animals. Data were obtained from five strabismic cats bred in a lab-
oratory colony. For comparison, data are presented from five normal
mature cats, in which 76 cells in the striate cortex were studied under
identical conditions (cf. Sengpiel et al., 1992, 1994),

Surgical strabismus was induced on postnatal day 10, that is, just
after eye opening. In two cats, the right eye was made exotropic under
ketamine hydrochloride general anesthesia and with topical anesthetic
(Amethocaine) instilled in the conjunctival sac. Through a small incision
in the conjunctiva, the medial rectus muscle was secured with a muscle
hook and it was disinserted from its attachment to the globe (tenotomy).
In three other animals, esotropia was induced by tenotomy of the lateral
rectus of the right eye. Recovery was rapid, with no evidence of pain
or distress. The animals were checked frequently for the first few days
after surgery, to be sure that the lids of the operated eye remained open,
and thereafter to ensure that the operated eye did not return to its normal
position (a not uncommon occurrence after simple tenotomy). All stra-
bismic animals were reared in an open colony room until at least I year
of age.

Prior to the electrophysiological experiments, the fixation patterns of
four cats (DS2, CS1, CS2, and CS3) were assessed by means of the cover
tests (Duke-Elder, 1973). The animal was held facing the observer, who
attracted its attention to his face by making movements and noises with
his mouth. A window behind the observer provided a distinct reflection
in the cat’s corneas, which aided judgement of eye movement. A piece
of card was then used to cover and uncover one eye at a time, or was

moved quickly from eye to eye, and the resulting patterns of fixation
and refixation were judged. Even for the animal with the smallest squint
(CS1), we were fairly confident that this procedure established whether.
the cat habitually fixated with the nonoperated eye (monocular squint)
or whether it could hold fixation with either eye (alternating squint).
The fifth animal (DS1) had a very large-angle exotropia, and it was
evident from the orientation of its head during locomotion and active
exploration of moving objects that it habitually employed the nons-
quinting eye for fixation. Table 1 summarizes the test results and gives
the angle of squint for each cat, estimated from the separation of the
projections of the areae centrales during the recording experiment (see
below). Values were corrected for the average divergence (4°) of the
visual axes observed in normal paralysed cats (Nikara et al., 1968).
Although it is difficult to estimate the angle of strabismus accurately in
awake cats, we had the feeling that it was usually larger than the value
seen under paralysis.

Observation of reflex eye movements during rotation of the head and
spontaneous changes of fixation suggested that, in four of the animals,
the operated eye was quite mobile and movements were roughly con-
Jugate, except in extreme duction toward the tenotomized muscle. Only
in CS2, which had an esotropia of very large angle (Table 1), were
movements of the deviating eye much more restricted.

Preparation for recording. Standard electrophysiological techniques
for single-cell recording were employed (see Blakemore and Price, 1987).
Anesthesia was induced with ketamine hydrochloride (30 mg/kg) and
maintained with alphaxalone/alphadolone (Saffan, Pitman-Moore) in-
travenously during tracheal cannulation and the exposure of cerebral
cortex via a very small craniotomy and durotomy. During recording
the animal was anesthetized and paralyzed with a continuous intrave-
nous infusion of sodium pentobarbitone (1-2 mg/kg/hr, as needed to
maintain anesthesia) and gallamine triethiodide (10 mg/kg/hr) in glu-
cose-saline. EEG and ECG were constantly recorded to monitor the
state of anesthesia. The animal was artificially hyperventilated with
room air plus carbon dioxide (CO,), which was adjusted to maintain
end-tidal CO, at 4.5-5.0%. Body temperature was kept at 38°C by means
of a feedback-controlled heating-pad.

The pupils were dilated with atropine hydrochloride, and the lids and
nictitating membrane retracted with phenylephrine. Zero-power contact
lenses were fitted and 3 mm artificial pupils were placed in front of the
eyes, as well as additional lenses for correction of refractive errors, which
were assessed by objective ophthalmoscopy and by adjusting the lenses
to optimize the spatial resolution of individual neurons responding to
drifting gratings (see below).

Recording and visual stimulation. Tungsten-in-glass microelectrodes
(1.5-2.5 M@ at 1 kHz) were advanced, by means of a stepping-motor
microdrive, at stereotaxic coordinates corresponding to the represen-
tation of the center of the visual field in the primary visual cortex, area
17, of the left hemisphere (P5, L1.5).

In each animal, two to four vertical penetrations were made, and units
were recorded from all layers of the primary visual cortex, usually at
intervals of about 100 pm. They were characterized qualitatively with
moving and stationary, flashed bars, or spots of light of medium con-
trast, back-projected by means of an overhead projector on to a trans-
lucent tangent screen. Receptive fields were plotted on a reflected image
of the tangent screen, on which the projections of the areae centrales
and the optic disks were also mapped by means of a reversible oph-
thalmoscope. Neurons were classified as simple or complex, according
to Blakemore and Price’s (1987) description of Hubel and Wiesel’s
(1962) original criteria. The ocular dominance (OD) of cortical neurons
was classified on the seven-point scale of Hubel and Wiesel (1962).

For quantitative tests, the two eyes were stimulated independently
by means of two high-resolution display screens (Tektronix 608) viewed
at a distance of 57 cm via front-silvered mirrors. The total display area
on each screen consisted of a circular region subtending 10° of visual
angle in diameter. The screens were adjusted in position to bring the
receptive fields to the centers of the displays. In case of monocular units,
the display for the “‘silent” eye was centered on the appropriate position,
determined by mapping background activity or by prior recording from
neighboring cells dominated by that eye.

Drifting, sinusoidally modulated gratings that filled the entire display
area (mean luminance of 17.5 cd/m?) were generated by a picasso (In-
nisfree, Cambridge, MA) image synthesizer. External control of the
PICAssO as well as data acquisition and analysis were performed by a
VISUAL STIMULATION software package (vs, Cambridge Electronic De-
sign, Cambridge, UK). This package allows the pseudorandom inter-



leaving of a variety of different stimuli, including a blank stimulus with
no modulated pattern on the screen. Responses were averaged over a
number of presentations of each individual stimulus included in the
sequence. Directions, and hence orientations, were specified according
to a sign convention in which zero corresponds to rightward motion of
a vertical grating, upward drift of a horizontal grating is 90°, leftward
movement of a vertical grating is 180°, and downward motion of a
horizontal grating is 270°.

Cells were first stimulated monocularly with gratings, drifting at a
temporal frequency optimized by ear, to determine “tuning curves” for
orientation, direction, and spatial frequency. During these trials, a uni-
form field of the same space-averaged luminance was presented to the
corresponding region of the visual field of the other eye. Each individual
presentation lasted 1.25 sec, while the blank periods between presen-
tations lasted 1 sec.

Binocular interactions were then tested by constantly stimulating the
dominant eye with a full-field (10° diameter) drifting grating (the “con-
ditioning” stimulus) of optimum orientation and spatial frequency and
medium contrast [0.18-0.35, where contrast = (maximum — minimum
luminance)/(2 x mean luminance)], and intermittently presenting to
the other eye drifting gratings varying in orientation, spatial frequency,
or contrast. In some experiments, the spatial offset (phase of the trig-
gering point) of the grating shown to the nondominant eye was varied
while holding the relative phase of the “conditioning” (dominant-eye)
grating constant. When both stimuli are optimally oriented, such a
spatial offset corresponds to relative interocular phase disparity (Ohzawa
and Freeman, 1986a). The two gratings always drifted at the same
temporal frequency—either 2 or 4 Hz. Each epoch of binocular stim-
ulation lasted 5 sec and the periods of monocular stimulation between
also lasted 5 sec, unless specified otherwise.

Mean discharge rates and standard errors of the mean were calculated
from at least four trials with each condition. Tuning curves of interaction
were obtained by relating the mean response for each particular bin-
ocular presentation to the mean response during the immediately pre-
ceding periods of monocular stimulation. A cell was considered to show
binocular interaction if the response during binocular stimulation dif-
fered significantly (in a two-tailed ! test) in strength from that for stim-
ulation of the dominant eye alone. In some cases, peristimulus time
histograms (PSTHs) were accumulated and averaged in order to examine
in detail the pattern of response during the introduction of a grating to
the nondominant eye while the cell was responding to an optimum
“conditioning™ stimulus in the other eye.

In four cells that showed clear interocular suppression in the standard
procedure (but which were not exceptional in any other way), the effects
of different temporal sequences of presentation were studied in detail.
The response was averaged over a 5 sec period of binocular stimulation
with gratings of identical orientation and spatial frequency (optimal for
the dominant eye), preceded by either (1) a blank screen of the same
mean luminance presented to both eyes, (2) the grating presented alone
to the nondominant eye alone, or (3) the “conditioning” grating shown
to the dominant eye alone.

Histology. Electrode tracks were marked with small electrolytic le-
sions made at intervals during withdrawal of the electrode. Animals
were given an overdose of pentobarbitone and perfused transcardially
with phosphate-buffered saline followed by 4% paraformaldehyde. Elec-
trode tracks were reconstructed from 50 um coronal sections stained
with cresyl violet.

Resuits

In the two exotropic animals we recorded from 87 cells in the
striate cortex, 38 of which (11 simple, 27 complex) were quan-
titatively tested for binocular interaction, after initial monocular
characterization. In the three esotropic animals, 112 units were
recorded and 47 were tested binocularly (12 simple, 35 com-
plex). The receptive field centers of all cells were within 4° of
the area centralis.

Stimulation of the nondominant eye significantly affected the
response to stimulation through the dominant eye in some way
for 28 cells from exotropic animals (74% of the total of 38
quantitatively analyzed units) and for 30 cells (64% of the total
of 47) recorded from esotropic cats.
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Table 1. Direction and angle of squint, estimated from the
separation of the visual axes under paralysis

Direction and

Animal angle of squint Fixation pattern

DSl1 exo 30° nonoperated eye only
DS2 exo 8° alternating

CS1 eso 4° nonoperated eye only
CS2 eso 34° nonoperated eye only
CS3 eso 10° nonoperated eye only

In general, the angle of strabismus appeared larger in the awake animal. The
fixation patterns of the cats were judged from cover tests, except for DS1 (see
Materials and Methods). DS, divergent strabismus; CS, convergent strabismus.

Monocular response properties

As expected, the fraction of striate neurons receiving supra-
threshold excitatory inputs from both eyes was distinctly lower
in all the strabismic animals than in normal cats. In only 62
cells (31%) of the total of 199 units, responses could be elicited
through stimulation of either eye alone (‘binocular” cells), com-
pared to 91% in the sample of 76 units recorded from five normal
animals under identical conditions. These values are in good
agreement with the results of previous studies, which have shown
between 15% and 31% binocular units in squinting cats and
from 80% to 91% in normal animals studied with similar tech-
niques (e.g., Hubel and Wiesel, 1962, 1965; Blakemore, 1976;
Van Sluyters and Levitt, 1980; Mower et al., 1982; Crewther
and Crewther, 1990). For the individual strabismic animals, the
fraction of neurons that were exclusively driven through one
eye [ocular dominance (OD) groups 1 or 7; Hubel and Wiesel,
1962] varied between 56% (in cat CS2) and 76% (in CS3). Only
3% of all cells were equally well driven through the two eyes
(OD group 4), compared to 26% in the normal animals. OD
distributions for each of the five strabismic cats, as well as an
accumulated histogram of the data from the five normal ani-
mals, are shown in Figure 1. Four of the five strabismic animals
showed no obvious bias in the OD distribution toward either
eye. Only in CS1 (4° of esotropia) was the histogram apparently
skewed toward the nondeviating eye. However, the 46 units
from this animal were recorded along three electrode tracks
angled almost perpendicular to the cortical surface; therefore,
the nominally statistically significant skewing of the OD distri-
bution (x? test, p < 0.005) might have been produced by uneven
sampling across the OD columnar pattern of the cortex. On the
other hand, it must be said that similar biases, and always to-
ward the nonsquinting eye, have been reported by others for
esotropic cats with definite amblyopia in the deviating eye
(Mower et al., 1982; Tremain and Ikeda, 1982), although others
have failed to confirm such a shift in OD (Crewther and Crewth-
er, 1990). Certainly there was no consistent difference between
the form of the OD distribution in the animals that habitually
fixated with their nonoperated eye and the one animal (DS2)
with alternating fixation (which presumably did not have severe
amblyopia).

Apart from the breakdown of binocularity, cells recorded in
the strabismic cats did not show any obvious abnormalities,
irrespective of whether they were dominated by the normal or
the operated eye. We saw neither unusual scatter of receptive
field positions in the operated eye (cf. Yinon et al., 1975) nor
any evidence of a shift of correspondence to compensate for the
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Figure 1. Ocular dominance (OD) distributions of cells recorded from normal and strabismic cats. The top left histogram (NORMAL) shows

accumulated data from five normal animals, while the remaining histograms represent individual OD distributions for each of the five strabismic
animals, subdivided into exotropes (one, DS2, being the only animal with alternating fixation) and esotropes. Animal identification (see Table 1)
and the total number of cells recorded are given at the top of each histogram. Neurons were classified in one of seven ocular dominance groups
followed the scheme devised by Hubel and Wiesel (1962): cells in groups 1 and 7 were monocularly driven by the contralateral and ipsilateral eye,
respectively; cells in group 4 are equally responsive through the two eyes. Since recordings in the squinting animals were taken from the hemisphere
contralateral to the operated eye, OD group 1 (arrows) signifies complete dominance by the operated eye, while OD group 7 represents cells

exclusively driven through the nonoperated eye.

squint [as reported by Shlaer et al. (1971), Cynader et al. (1984),
and by Sireteanu and Best (1992), for some neurons in area 17,
area 18, and the lateral suprasylvian cortex, respectively]. In
each penetration, all the receptive fields encountered, of both
monocular and binocular cells, were in roughly corresponding
points in the two eyes (relative to the projections of the areae
centrales). However, the large angles of strabismus in all animals
but CS1 might have precluded compensatory shifts in receptive-
field disparity.

The sharpness of orientational tuning was quantitatively as-
sessed, for a sample of cells dominated by each eye in all stra-
bismic cats, by performing a Fourier analysis of the responses
to drifting gratings varied pseudorandomly in drift direction
(see Worgbtter et al., 1990). Curves were fitted to the data points,
taking into account the 0-8th order Fourier components, and
tuning widths were calculated. For 33 cells dominated by the
operated eye, the mean half-width at half-height was 24.4 +
8.3° (+SD). For 48 cells dominated by the nondeviated eye,
mean half-width at half-height was 21.3 + 8.4°, and for 44 cells

recorded from normal animals the mean value was 22.2° + 7.0°,
similar to that reported by others (e.g., Henry et al., 1974; Rose
and Blakemore, 1974). Thus, in accordance with the majority
of previous studies (e.g., Hubel and Wiesel, 1965; Freeman and
Tsumoto, 1983; Kalil et al., 1984; but see Chino et al., 1983),
the narrowness of orientational tuning seemed unaffected by
strabismus, even for cells driven by the operated eye.
Although the precision of orientational selectivity of cells
dominated by the squinting eye appeared unimpaired, the dis-
tribution of preferred orientations of cells recorded from stra-
bismic cats differed markedly from that found in the normal
control animals (Fig. 2). While in the latter all orientations were
roughly equally represented, neurons from the squinting cats
showed a clear bias toward vertical preferred orientations, ir-
respective of whether cells were dominated by the operated or
the nonoperated eye, and whether they were monocularly or
binocularly driven: the proportion of binocular cells with pre-
ferred orientations near vertical (+22.5°) was only slightly lower
(42%) than that of the total population (50%). While confirming



a study by Kalil et al. (1984), these findings contrast with those
reported by Singer et al. (1979, 1980) and Cynader et al. (1984)
of an underrepresentation of vertical orientation preferences in
areas 17 and 18, respectively, of strabismic cats. The inconsis-
tency of these studies could simply be the result of biases in the
sampling across orientation columns.

Tuning curves for spatial frequency were determined by mea-
suring responses to gratings of optimal orientation and direction
of motion, all drifting at the same temporal frequency but vary-
ing pseudorandomly in spatial frequency from presentation to
presentation. The value of spatial frequency at which the re-
sponse of the cell fell to the spontaneous level, on the high-
frequency side of the tuning curve, was taken as the “neural
acuity” or cutoff spatial frequency of the cell. Although the
sample of quantitatively analyzed cells dominated by the op-
erated eye was relatively small, in none of the five strabismic
cats were cutoff frequencies significantly lower for cells domi-
nated by the operated eye than for those dominated by the
nonoperated eye of the same animal, although a minor (non-
significant) difference, by an average of 0.3 cycle/degree, was
found in esotropic cat CS1. This confirms results of Blakemore
and Eggers (1978) from three exo- and three esotropic animals
with tenotomy-induced squint. However, we did not system-
atically test acuity in binocular cells, in particular, those dom-
inated by the nonsquinting eye, for which Crewther and Crewth-
er (1990) have reported small differences in the mean acuity
through the two eyes correlated with the presence of amblyopia.

Strabismus virtually eliminates orientation-dependent
binocular facilitation

For disparity-selective cells in area 17 of normal cats (e.g., Bar-
low et al., 1967; Nikara et al., 1968; Ohzawa and Freeman,
1986a,b), including a proportion of those that appear to be
monocularly driven (Kato et al., 1981), simultaneous stimula-
tion of both eyes with iso-oriented gratings produces facilitation
or summation at one relative interocular phase and often yields
occlusion when the gratings are out of phase in the two eyes).
We studied binocular interaction by presenting a sequence of
stimuli to the cell’s nondominant eye while continuously stim-
ulating the dominant eye with an optimum drifting grating. In
order to search for conventional disparity-selective interactions,
the gratings were of identical orientation, direction, and spatial
and temporal frequency (optimum for the dominant eye) in the
two eyes but their relative spatial phase (or disparity) was changed
pseudorandomly from exposure to exposure.

Table 2 summarizes results on binocular interaction, sepa-
rately for cells dominated by the nonoperated eye, cells domi-
nated by the operated eye, and those with equal excitatory input
from the two eyes (OD group 4). Of 85 cells tested in all five
strabismic animals, only eight (9%) showed any enhancement
of the monocular response when a grating of the same orien-
tation was introduced into the other eye, whatever its spatial
phase, and only five exhibited genuine facilitation in the sense
that the binocular response was more than the sum of the mo-
nocular responses (see Fig. 34 for an example). All but one of
the eight neurons demonstrating some degree of binocular en-
hancement (which were encountered in all layers of the cortex)
were initially classified as binocularly driven (i.e., responsive
through either eye alone) and they included all four cells of OD
group 4 (see Table 2) and three of the eight cells that were only
slightly dominated by one eye (OD groups 3 and 5). For these
cells, the amount of summation (or facilitation) did not vary
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Figure 2. Distribution of preferred orientation for 96 cells recorded
from V1 in six normal cats (4) and 199 cells from five strabismic cats
(B). Numbers of cells are plotted against orientation preference, clas-
sified into one of four bins of +22.5°, corresponding to near-vertical,
near-horizontal, and near-oblique (indicated by bars below histograms).
The shaded bars in B represent binocular cells (OD groups 2-6).

significantly with the relative interocular phase (disparity) of
iso-oriented gratings, with one exception (Fig. 4): the only simple
cell in this group (recorded from CS1, with small-angle esotro-
pia) showed a weak cyclical variation of the strength of facili-
tation (but no occlusion), indicative of rudimentary disparity
sensitivity.

We have recently shown that the majority of binocular neu-
rons in the striate cortex of normal cats show interocular sup-
pression when stimulated with gratings of very different orien-
tation in the two eyes, under conditions identical to those used
in this study (Sengpiel et al., 1992, 1994; Sengpiel and Blake-
more, 1994).

Among the seven binocular cells in strabismic animals that
exhibited binocular summation or facilitation for matched grat-
ings, five showed varying degrees of suppression when the grat-
ing in the nondominant eye was orthogonal or near-orthogonal
to the “conditioning™ grating being presented in the dominant
eye. Figure 5 illustrates such interocular interactions for a com-
plex cell in exotrope DS!. Polar plots in Figure 54 represent
direction/orientation tuning obtained through each eye. In Fig-
ure 5B, the dominant (operated) eye was continuously stimu-
lated with an optimally oriented, drifting grating, while gratings
of various directions of drift (and therefore different orienta-
tions) were presented intermittently, in pseudorandom se-
quence, to the corresponding region of the visual field in the
other (normal) eye. Solid circles plot responses during these
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Figure 3. Peristimulus time histograms (PSTHs) chosen to represent the variety of responses observed during binocular stimulation in strabismic
cat cortex. PSTHs were accumulated over 6-10 trials; bin width, 125 msec. Each cell was initially stimulated with a grating of optimal orientation
and spatial frequency (contrast = 0.35) through the dominant eye alone (indicated by an open horizontal bar above the histogram). After 5 sec
(marked with an arrow) a grating of the same spatial frequency (contrast = 0.7) and either the same orientation (indicated as two short vertical bars
above PSTH) or orthogonal orientation (short vertical and horizontal bars) appeared in the nondominant eye. Binocular exposure continued for
the 5 sec period marked by the solid bar. A, Complex cell from exotrope DS1, slightly dominated by the operated eye (OD group 3), displaying
close-to-normal tonic facilitation for iso-oriented gratings. B, Complex cell from esotrope CS1, exclusively driven through the operated eye (OD
group 1). This was the only apparently monocular cell that exhibited some excitatory binocular interaction, in the abnormal form of a clear but
transient augmentation of the response (lasting for only about 0.6 sec) immediately after the appearance of the grating in the silent eye. This effect
was seen for gratings of any orientation, even orthogonal to optimum, presented to the silent eye. The tonic discharge over the remainder of the 5
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Figure 4. Binocular responses for a simple cell, recorded in esotrope
CS1, which was equally responsive through either eye alone (OD group
4). The triggering point of the optimally oriented drifting grating pre-
sented to the operated eye (contrast = (0.35; spatial frequency = 0.56
cycle/degree, i.e., cycles per degree of visual angle) was fixed at an
arbitrary value, while that of the iso-oriented grating presented to the
other eye was varied in phase. Mean responses in spikes/sec (+SEM, n
= 4 presentations per data point) are plotted against the relative spatial
phase or phase angle between the two gratings. Open circles plot the
control values during preceding periods of monocular stimulation.

binocular presentations as a function of interocular difference
in orientation, while the corresponding open circle at each po-
sition on the abscissa plots the mean discharge during the pe-
riods of monocular stimulation immediately preceding binoc-
ular presentations with that particular combination of
orientations.

To our surprise, 28 of the 35 binocularly driven cells tested
(80%) did not show any augmentation of the response to a
grating in the dominant eye alone when an identical grating was
added to the nondominant eye, whatever its relative spatial
phase, despite the fact that the latter stimulus would make the
cell respond when presented on its own.

Apart from one unit that displayed a transient augmentation
of response (Fig. 3B), none of the remaining 49 apparently mon-
ocularly driven units tested showed any increase in response
during binocular stimulation, whatever the relative orientation
and spatial phase of the gratings. Indeed, 30 of them (60%)
exhibited consistent interocular suppression, whatever the stim-
ulus in the silent eye (see below and Table 2).

Orientation-independent interocular suppression

The majority of all cells, even 17 of the 35 that responded to
stimulation of either eye alone, were profoundly suppressed
when the nondominant eye was stimulated while the cell was
responding to an optimal grating in the dominant eye: the level
of response was reduced by up to 90% compared to that elicited
monocularly through the dominant eye. Unlike in normal an-
imals (Sengpiel et al., 1992, 1994; Sengpiel and Blakemore,
1994), this interocular suppression was usually virtually inde-

—
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Figure 5. Orientation dependence of binocular interactions in a layer

5 complex cell from exotrope DS1. This cell (the same as in Fig, 34)
was slightly dominated by the operated eye (OD group 3). 4, Polar plot
of monocular orientation tuning through the deviating (dominant) eye
(solid lines) and the normal (nondominant) eye (dotted lines). Mean
responses (£SEM, n = 4) are plotted as a function of the direction of
drift of a grating (contrast = 0.7) of optimal spatial frequency (0.56
cycle/degree) presented to one eye alone. The dashed circle in the center
indicates the mean level of spontaneous discharge. B, Results of the
binocular interaction protocol. The dominant eye was continuously
stimulated with a “‘conditioning” stimulus whose direction of drift was
180°, corresponding to the optimum obtained from the polar plot in 4
(contrast = 0.18; spatial frequency = 0.56 cycle/degree). The abscissa
indicates the difference in orientation between the stimuli shown to the
two eyes. Gratings (contrast = 0.7, spatial frequency = 0.56 cycle/degree)
were presented to the nondominant (normal) eye at five different ori-
entations, over a 90° range, clockwise from the orientation of the optimal
“conditioning” stimulus. Each solid circle (+1 SEM, n = 6; joined by
solid lines) plots the mean firing rate during the periods of binocular
stimulation with gratings differing in orientation (and direction of drift)
in the two eyes by the angle shown on the abscissa. Each open circle
(x£1 SEM, n = 6; linked by dashed lines) plots mean responses during
the periods of monocular stimulation preceding those presentations with
the particular combination of gratings plotted on the abscissa. The arrow
indicates the mean level of spontaneous discharge, measured during
blank presentations.

sec period of binocular stimulation did not differ from the dominant eye response alone. C and D, Complex cell from esotrope CS2, excitable only
through the nonoperated eye (OD group 7). For this cell, the latency of orientation-independent suppression was around 375 msec for both iso-
oriented (C) and orthogonally oriented gratings (D). E, Complex cell from exotrope DS1, dominated by the deviated eye (OD group 1). This cell
exhibited interocular suppression, with relatively rapid onset, irrespective of interocular orientation difference.
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Table 2. Occurrence of orientation-dependent summation (or facilitation) and orientation-independent
suppression in area 17 of strabismic cats

Depth of suppression
(mean + SD) for

Eye dominant Total Suppres-

Cat® for cell tested Summation sion AOr = (¢ AOr = 90°

DS1 Normal 11(8) 0 9(7) 67 + 16% 60 + 14%
Exo 9(3) 1 6(2) 51 + 26% 58 + 32%
OD group 4 0 0 0 - -

DS2 (alternator) Normal 9(5) 0 5(3) 56 £ 21% 45 + 33%
Exo 74 0 4(2) 46 + 4% 48 + 16%
OD group 4 2 2 0 - —

CSl1 Normal 10 (6) 0 6(3) 47 + 20% 44 + 8%
Eso 6 (3) 1(1) 0 — -
OD group 4 1 1 0 - -

CS2 Normal 11 (6) 2 54) 60 + 16% 55 + 14%
Eso 7(5) 0 53) 55+ 9% 44 + 12%
OD group 4 1 1 0 - -

CS3 Normal 8(7) 0 7 (6) 48 + 27% 45 + 16%
Eso 3(3) 0 0 - -
OD group 4 0 0 0 — —

Numbers in parentheses refer to strictly monocular units (OD group 1 or 7). The final two columns give the average
percentage suppression, below the monocular level, caused by an iso-oriented grating (AOr = 0°) and an orthogonally
oriented grating (AOr = 90°) presented to the nondominant eye, for all cells judged to show suppression independent of
orientation. There were no obvious differences between strabismic animals (whether esotropic or exotropic, alternators
or nonalternators) in the proportion of cells showing binocular summation. It is worth noting that the mean depth of
suppression was stronger, though only slightly, in the animals with large-angle squints (DS1, CS2) than in the others.

2 See Table 1.

pendent of the orientation of gratings shown to the nondominant
eye (see Fig. 3C,D), whatever the relative spatial phase. This
was the case for 24 units (63% of the total) from exotropic
animals as well as for 23 units (49% of the total) from the
esotropes (see Table 2).

Figure 6 shows an example of a monocularly driven complex
cell, recorded in the large-angle esotropic cat, CS2. Figure 64
is a polar plot showing the orientation tuning of this neuron for
stimulation through the dominant, nondeviating eye. Figure 68
illustrates binocular interactions in the same manner as Figure
5B, plotting the binocular response (solid circles) against the
difference in orientation between the optimum grating being
presented in the dominant eye and the gratings of various ori-
entations shown to the silent (deviating) eye. To take account
of any chance fluctuations in responsiveness, as indicated by
variation in the monocular control values (open circles), the
level of response during binocular stimulation was calculated
as a percentage of the corresponding monocular response: [(bin-
ocular response — monocular response)/(monocular response
— spontaneous discharge)] x 100%. Figure 6C plots these values
as a binocular interaction function: interocular suppression (about
75% reduction in response for this cell) was essentially inde-
pendent of the orientation of the grating shown to the silent eye,
Further examples of nonselective suppression are shown for two
simple cells recorded in exotropic animals, one dominated by
the nonoperated eye of the nonalternator, DS1 (Fig. 7), the other
dominated by the operated eye of the alternator, DS2 (Fig. 8).

Orientation-independent suppression was seen for cells in all
cortical layers but was more frequent among neurons from su-
pragranular layers (33 of 51 units) and infragranular layers (8
of 12) than those recorded in layer 4 (6 of 22).

Suppression depends on the sequence of stimulus presentation

The strong interocular suppression that we saw in such a large
proportion of neurons from strabismic animals might be thought
to contradict the preliminary observations of Xue et al. (1987),
who reported that long-term squint results in a complete loss
of binocular interaction. However, Sengpiel and Blakemore
(1994) have recently shown that interocular suppression in the
cortex of both normal and strabismic cats is strong only when
the suppressive stimulus in one eye is introduced against a pre-
existing background response to an optimal stimulus in the other
eye. As Figure 9 shows, for a typical monocularly driven com-
plex cell from esotrope CS2, binocular stimulation with simul-
taneous onset in the two eyes (as employed by Xue et al., 1987)
does not lead to suppression, while staggered onset does.

For the PSTHs in Figure 94-C, spikes were accumulated over
10 sec stimulus presentations, the second half of which always
consisted of simultaneous stimulation of both eyes with gratings
of identical orientation, optimal for the dominant eye. The only
difference between these experimental runs was the nature of
stimulation during the 5 sec period immediately preceding each
binocular presentation, which was (A) a blank screen of the same
mean luminance presented to both eyes, (B) the grating shown
alone to the nondominant eye, or (C) the optimum grating pre-
sented alone to the dominant eye. For further control data, we
also examined the response as a function of contrast during 5
sec presentations of the optimal grating to the dominant eye
alone with the other eye viewing only a blank screen, preceded
by either (I) a blank screen to both eyes, or (II) an initial 5 sec
period of stimulation of the dominant eye.

Comparison of these five conditions (Fig. 9D) reveals no sig-
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Figure 6. Orientation tuning of binocular interactions in a layer 2/3
complex cell recorded in esotropic cat CS2, which was monocularly
driven through the normal (ipsilateral) eye (OD group 7). 4, Mean
response (+SEM, n = 4) is plotted on polar coordinates as a function
of the direction of drift of a grating (contrast = 0.7; spatial frequency
= (.56 cycle/degree) presented to the dominant (normal) eye alone. B,
Results of the binocular interaction protocol, as in Figure 5B. The
dominant eye was continuously stimulated with a “conditioning” stim-
ulus whose direction of drift was 202.5°, corresponding to the optimum
obtained from the polar plot in 4 (contrast = 0.35; spatial frequency =
0.56 cycle/degree). The abscissa indicates the difference in orientation
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nificant difference in the magnitude of the response during the
second 5 sec epoch of each condition, except for condition C,
where the sudden introduction of a stimulus in the “silent” eye
while the cell is already responding through the dominant eye
results in dramatic suppression.

Suppression results from a reduction in contrast gain

The decrease in response during suppression could be due to
either a shift of the threshold of the cell to higher contrasts
without a change in contrast gain (response vs contrast), or to
a decrease of the slope of the contrast gain function. Sengpiel
and Blakemore (1994) have suggested that there is a change in
slope with little shift in threshold. We examined this question
for three apparently monocular cells and one weakly binocular
neuron that showed clear suppression but were not distinctive
in any other way. Stimuli were presented according to the pro-
cedure described above for Figure 9. In each run, the contrast
of the suppressive grating in the nondominant eye was fixed at
0.7 but that in the dominant eye was varied from trial to trial,
providing data for the construction of contrast gain functions
for each of the five experimental and control conditions (see
above). For each cell, these functions were very similar for all
control and experimental conditions except for condition C,
which results in suppression.

In Figure 10, average firing rate over the second S sec period
in each trial is plotted against the contrast of the grating in the
dominant eye. Open circles plot results for the control condition
II (stimulation through the dominant eye alone), while solid
circles show responses in the suppressed state [condition C].
Figure 104 shows results for the same cell as for Figure 9, while
Figure 10B-D summarizes the results for three more fully an-
alyzed cells. The pattern was similar for all four cells: the re-
duction in response was greater the higher the contrast of the
stimulus in the dominant eye (with contrast in the “suppressing
eye” being fixed), and the control and suppressed curves meet
very close to the level of background activity. In other words,
suppression results from a reduction in the slope of the contrast—
response curve (contrast gain). Although we did not systemat-
ically measure the contrast thresholds of cells in the suppressed
and unsuppressed states, extrapolation of the gain curves back
to the level of background activity in each part of Figure 10
suggests that there is little difference in threshold.

Suppression in exotropic and esotropic animals

For all animals, the incidence and magnitude of interocular
suppression are summarized in Table 2. In both exotropic an-

—

between the stimuli shown to the two eyes. Gratings (contrast = 0.7;
spatial frequency = 0.8 cycle/degree) were presented to the silent (de-
viated) eye at five different orientations, over a 90° range, clockwise
from the orientation of the optimal “conditioning” stimulus. Solid cir-
cles (£1 SEM, n = 8) plot the mean firing rate during binocular stim-
ulation with gratings differing in orientation in the two eyes by the angle
shown on the abscissa. Each open circle (+1 SEM, n = 8) plots mean
responses during the periods of monocular stimulation preceding those
presentations with the particular combination of gratings plotted on the
abscissa. The arrow indicates the mean level of spontaneous discharge.
Note that even identically oriented gratings (zero on the abscissa) pro-
duced strong suppression. C, Binocular interaction function, plotting
the response during binocular stimulation, expressed as a percentage of
the corresponding monocular response (see text), at each interocular
orientation difference. Strength of suppression was constant (about 75%
of the monocular responses) over the range of orientation differences
tested.
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Figure 7. Orientation-independent interocular suppression in a layer
2/3 simple cell from exotrope DS1, exclusively driven through the nor-
mal (ipsilateral) eye (OD group 7). A, Polar plot of orientation tuning
curve for monocular stimulation through the dominant eye, with grat-
ings of 0.7 contrast and a spatial frequency of 0.56 cycle/degree (n =
5). B, Result of the binocular interaction protocol, as in Figure 5B. A
drifting “conditioning” grating of optimal orientation (direction = 180°,
spatial frequency = 0.56 cycle/degree; contrast = 0.35) was presented
continuously to the dominant, ipsilateral eye and gratings of various
orientations (same spatial frequency, contrast = 0.7) were shown inter-
mittently to the contralateral eye (n = 8). C, Binocular interaction func-

imals, for all cells that showed clear interocular suppression
except one (see below), the suppression was essentially inde-
pendent of orientation, whichever eye dominated the cell. This
was also true in the esotropes for cells dominated by the nons-
quinting eye. In one of the three esotropic animals (CS2, with
a very large squint), this nonselective suppression was also seen
in cells dominated by the deviating eye. In another esotrope,
CS3, none of only three cells tested that were dominated by the
deviating eye showed any significant binocular interaction. In
the third esotrope (CS1, with a small-angle squint) just one of
six apparently monocular cells that were dominated by the op-
erated eye displayed interocular suppression but only for grat-
ings of orthogonal or near-orthogonal orientation in the nono-
perated eye.

Selective iso-orientational binocular suppression

In contrast to the prevailing nonselective suppression, just two
units displayed clear interocular suppression only when the ori-
entation of the grating presented to the nondominant eye was
similar to the optimal orientation of the “conditioning” stimulus
in the dominant eye and not at all when it was orthogonal. This
selective iso-orientational suppression was again independent
of relative interocular phase (disparity). One of these cells was
a simple cell dominated by the deviating eye in the large-angle
exotrope, DS1; the other was a complex cell dominated by the
nonoperated eye in the large-angle esotrope, CS2 (see Fig. 11).

Influence of spatial phase and spatial frequency on suppression

We tested all cells that were significantly suppressed by iso-
oriented gratings to see whether this effect was dependent on
the relative spatial phase between the two eyes; in no case was
there significant modulation of the depth of suppression with
interocular phase (Fig. 12). This held for both complex and
simple cells.

In 28 cells with clear interocular suppression, we further de-
termined the spatial-frequency tuning of the suppressive signal.
With the “conditioning” grating presented to the dominant eye
always at the optimal spatial frequency, we presented drifting
gratings of the same orientation to the other eye and varied the
spatial frequency in pseudorandom sequence across presenta-
tions. The strongest suppression was invariably produced by
gratings of spatial frequency similar to the optimum for exci-
tation in the dominant eye (Fig. 13). However, in most cells,
suppression was elicited over a range of spatial frequencies
broader than the spatial-frequency tuning for excitation, and
never over a narrower range (see Fig. 13). Gratings of =1 octave
around the optimum spatial frequency caused roughly equal
suppression in 17 of the 28 cells tested. Figure 13 shows the
spatial frequency tuning of suppression for the simple cell il-
lustrated in Figures 7 and 12. This unit, like several others tested,
was strongly suppressed by gratings of a spatial frequency too
high to elicit a significant response in the dominant eye alone.

Time course of suppression

To judge the latency of onset and consistency over time of
interocular suppression, we examined accumulated peristimulus
time histograms (PSTHs) during the sudden introduction of a

—

tion, plotting the response difference (see Fig. 6C) as a function of the
interocular difference in orientation.
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Figure 8. Orientation-independent interocular suppression in a layer
2/3 simple cell from exotrope DS2, strongly dominated by the operated
(contralateral) eye (OD group 2). 4, Polar plot of orientation tuning
curve for monocular, stimulation through the dominant eye, with grat-
ings of 0.7 contrast and a spatial frequency of 0.8 cycle/degree (n = 5).
The dashed circle in the center indicates the mean level of spontaneous
discharge. B, Result of the binocular interaction protocol, as in Figure
5B. A drifting “conditioning” grating of optimal orientation (direction
= 292.5; spatial frequency = 0.8 cycle/degree; contrast = 0.35) was
presented continuously to the dominant, contralateral eye and gratings
of various orientations (same spatial frequency, contrast = 0.7) were
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suppressive, iso-oriented grating to the silent (or nondominant)
eye, while the cell was responding to a “conditioning” stimulus
in the other eye. For most of the 29 cells studied, suppression
commenced quite sharply, 100-200 msec after the onset of bin-
ocular stimulation, and built up in strength over about 200 msec
thereafter (see Fig. 3C);, however, for six cells, the latency of
onset of suppression was as long as 400-800 msec (Fig. 3D,E).
Suppression was generally strongest in the first second after the
onset, followed by a slight recovery, but was always sustained
at a significant tonic level throughout the 5 sec period tested
(Fig. 3C-F).

Discussion

In normal cats, most binocular neurons show distinct binocular
summation, and often facilitation, when both eyes are stimu-
lated at the appropriate retinal disparity (e.g., Barlow et al.,
1967; Nikara et al., 1968; Freeman and Ohzawa, 1986), as long
as the stimuli are roughly matched in orientation (Blakemore
etal., 1972; Nelson et al., 1977). Even the majority of apparently
monocular cells (except in layer 4 itself, Sengpiel et al., 1994)
receive subliminal excitatory input from the silent eye, which
can be revealed by the effects of binocular stimulation (Kato et
al., 1981). Previous studies (Cynader et al., 1984; Xue et al.,
1987) have shown that such binocular interactions are reduced
or absent for monocular cells in strabismic cats. We, too, found
only one monocular unit of 50 that showed any evidence of
excitatory interaction during binocular stimulation, and that
took the very unusual form of a transient facilitation at the onset
of the stimulus in the silent eye (see Fig. 3B).

On the other hand, our results establish that the majority of
apparently monocular neurons in strabismic animals do receive
significant input from the silent eye, but its net effect is pow-
erfully inhibitory. Moreover, by contrast with binocular inter-
actions in normal cats (Blakemore et al., 1972; Nelson et al.,
1977; Sengpiel et al., 1992, 1994), the interactions in strabismic
cats are largely independent of the orientation and relative spa-
tial phase of the stimulus presented to the nondominant eye.
Suppression with iso-oriented gratings, independent of spatial
phase, similar to the interactions we saw, was also seen by
Freeman and Ohzawa (1988) in a small proportion of apparently
monocular cells in monocularly deprived cats.

Just 5 of the 85 cells studied in strabismic animals showed
iso-orientational facilitation and cross-orientational suppres-
sion (see Fig. 5) similar to that seen in the majority of cells in
normal cats (Sengpiel et al., 1992, 1994). However, none of
these cells exhibited normal disparity selectivity, and even among
the 35 binocular cells tested, 28 (80%) showed no evidence of
binocular summation. There were no obvious differences be-
tween esotropic and exotropic, or between alternating and non-
alternating animals in the fraction of cells showing binocular
summation. Together, these findings might well account for the
failure of binocular summation at threshold or subthreshold
contrast levels in strabismic humans (Levi et al., 1979), as well
as the loss of stereopsis and the lack of interocular transfer of
visual aftereffects in most strabismic patients (e.g., Movshon et
al., 1972; Ware and Mitchell, 1974; Mitchell et al., 1975). It is

-

shown intermittently to the ipsilateral eye (n = 7). C, Binocular inter-
aplion function, plotting the response difference (see Fig. 6C) as a func-
tion of the interocular difference in orientation.



6866 Sengpiel et al. « Interocular Suppression in Strabismus

_ A
A D
. |
% 804 604 I ]
3}
= ——
i3 S } | I
- @ |
4 aof :
Q = 40+
& o
W @2
T w
{ )
Oo * 10 2
TIME (sec) o] ]
-+ i
3 - _ % 20
11}
o
8 80t
@
£ 0
a A A n o) °
w STIMULUS CONDITION
@ 40f
)
i
[72]
w
c
O
Oo + 10
TIME (sec)
[— . —
C
o
$ 80}
[7:]
2
2
®
9 401
o)
o
v
ul
o
Go + 1'0

TIME (sec)

Figure 9. Dependence of response on the temporal sequence of stimulation for the monocularly driven layer 2/3 complex cell shown in Figures
3, D and E, and 6. Three experimental conditions were tested, in each of which drifting gratings (0.7 contrast) of identical orientation, optimum
for the dominant eye, were simultaneously presented to both eyes during the second half of a 10 sec period. The only difference between these
three conditions was the nature of stimulation during the 5 sec period immediately preceding this binocular exposure. Solid triangle, Condition A:
blank screen presented to both eyes for the first 5 sec, with simultaneous onset in the two eyes at the start of the period of binocular stimulation.
Solid square, Condition B: grating presented alone to the silent eye with the dominant eye viewing a blank screen for the first 5 sec. Solid circle,
Condition C: optimal grating presented alone to the dominant eye during the initial 5 sec. 4—~C, PSTHs (each the average of five 10 sec presentations;
bin width, 250 msec) of responses in the three experimental conditions A, B, and C above. The solid and open bars above each PSTH indicate the
periods of stimulation of the silent and the dominant eye, respectively. When the stimulus appears in the silent eye (arrow) while the cell is already
responding through the dominant eye (C), there is strong suppression during the period of binocular stimulation. D, Histogram comparing responses
(mean + SEM, n = 5) under the three experimental conditions A, B, and C described above and two further controls: open triangle, conditon I:
the dominant eye alone was stimulated for the second 5 sec, preceded by 5 sec of presentation of a blank screen of the same mean luminance. open
circle, Condition II: the dominant eye was stimulated for the entire 10 sec period and the response was measured during the latter 5 sec of each
presentation, in order to control for adaptation or “fatigue” under experimental condition C above. In both cases, the nondominant eye viewed a
blank screen. Only when the cell was already responding, because of prior presentation of the optimal grating to the dominant eye, did the grating
in the other eye cause consistent suppression.

worth noting that some strabismic observers do exhibit residual
binocular interactions (Hess, 1978; Anderson et al., 1980); such
capacities may depend on the proportion of cortical cells still The neural origin of the profound interocular suppression ex-
showing positive binocular interaction. perienced by strabismic observers has been a matter of specu-

Site and nature of interocular suppression
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that were fully tested. The contrast of the grating shown to the dominant (nondeviating) eye was pseudorandomly varied in an interleaved series
under each condition to provide the data for these functions. Mean responses in spikes/sec (£ SEM; for 4, n = 5 presentations per data point; for
B-D, n = 6) are plotted against the contrast of the optimally oriented drifting grating shown to the dominant eye (the nondeviating eye for all four
cells). The dashed lines indicate the mean level of spontaneous discharge measured during blank presentations with no pattern presented to either
eye. A depicts responses from the monocularly driven complex cell of Figure 9. B and D show results from two apparently monocular simple cells
recorded from the small-angle esotrope CS1. Contrast-response functions in C were obtained from a complex cell that was dominated by the
nonoperated eye but clearly responded to stimulation of the operated eye alone, in the alternator DS2.

lation for some time (e.g., Blake and Lehmkuhle, 1976; Hess,
1991). Psychophysical investigations have utilized the phenom-
enon of perceptual adaptation caused by prolonged exposure to
high-contrast gratings (Blakemore and Campbell, 1969), which
is, because of its orientation-dependence, thought to depend on
neural effects in the visual cortex. Blake and Lehmkuhle (1976)
reported that a grating presented to one eye of a strabismic
alternator causes adaptation, that is, results in an elevation of
contrast threshold, even if the eye viewing it is perceptually
suppressed at the time. If the site of suppression were at or prior
to that of the neural change underlying adaptation, any afteref-
fect should be diminished or absent. Blake and Lehmkuhle (1976)
concluded that suppression occurs affer the site of grating ad-
aptation, which is assumed to be the primary visual cortex. In
contrast, Hess (1991) found that strabismic amblyopes, who
show grating adaptation when viewing monocularly with their

amblyopic eyes, do not exhibit threshold elevation through the
amblyopic eye after adapting under binocular viewing condi-
tions. Hess’s data suggest that, at least for strabismic amblyopes,
suppression takes place at the site of adaptation, probably in
V1. Physiological data presented here provide strong support
for the notion that the primary visual cortex is indeed the site
of interocular suppression in strabismus. Our results suggest no
difference in that respect between alternating and unilaterally
fixating animals, or between exotropes and esotropes. The sup-
pressive interactions seen at the neuronal level clearly resemble
pathological suppression in strabismic humans in their relative
independence of stimulus parameters, in particular the virtual
absence of selectivity for orientation (see Holopigian et al., 1988).

Inhibitory interocular interactions that are independent of
relative orientation are seen in the lateral geniculate nucleus
(LGN) of normal animals (Moore et al., 1992; Sengpiel et al.,
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Figure 11. Orientation dependence of interocular suppression in a

layer 2/3 complex cell from esotrope CS2. This cell was strongly dom-
inated by the operated eye (OD group 2). Results of the binocular in-
teraction protocol are shown, as in Figure 5B. A drifting “conditioning”
grating of optimal orientation (direction = 202.5°% spatial frequency =
0.56 cycle/degree; contrast = 0.35) was presented continuously to the
dominant, contralateral eye and gratings of various orientations (same
spatial frequency, contrast = 0.7) were shown intermittently to the ip-
silateral eye (n = 8). In this cell, suppression operated only at relatively
small interocular orientation differences.

1992, 1994). One might then argue that the interocular sup-
pression seen in the cortex of strabismic animals is simply due
to the loss of excitatory binocular interactions in the cortex itself,
revealing nonspecific interactions actually taking place in the
LGN. For several reasons we believe that this is not the case.
For one thing, interactions at the subcortical level are usually
much weaker than those seen in the cortex. Second, interocular
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Figure 12. Binocular responses of the simple cell shown in Figure 7
as a function of the spatial phase of the grating in the silent (deviated)
eye relative to that of the stimulus in the dominant eye. The triggering
point of the optimally oriented drifting grating presented to the domi-
nant eye (contrast = 0.35; spatial frequency = 0.56 cycle/degree) was
fixed at an arbitrary value, while that of the grating presented to the
other eye was varied in phase from presentation to presentation. The
relative spatial phase between the two gratings is plotted on the abscissa.
Solid circles show the results for iso-oriented gratings, while the open
circles plot the control values during preceding periods of monocular
stimulation. Solid and open squares plot comparable data for orthog-
onally oriented gratings. Note that even for iso-oriented gratings sup-
pression was independent of relative interocular phase.
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Figure 13. Spatial frequency dependence of suppression in a layer 2/3
simple cell (same cell as for Figs. 7 and 12). 4, Spatial frequency tuning
of monocular responses obtained through the dominant (normal) eye
(solid circles; +1 SEM, n = 5). The arrow indicates the spontaneous
discharge. B, Binocular responses as a function of the spatial frequency
of the grating in the silent (deviated) eye. The dominant eye was con-
tinuously stimulated with an optimally oriented grating of optimal spa-
tial frequency (0.56 cycle/degree), while the nondominant eye was in-
termittently stimulated with gratings whose spatial frequency varied in
pseudorandom sequence. Solid circles show the results for iso-oriented
gratings, while the open circles plot the control values during preceding
periods of monocular stimulation (n = 6). Solid and open squares plot
comparable data for orthogonally oriented gratings (n = 6).

suppression in the LGN, unlike that in the cortex, does not
appear to depend on the temporal sequence of stimulus presen-
tation: it occurs with simultaneous onset of stimulation in the
two eyes (Moore et al., 1992) as well as during binocular stim-
ulation following stimulation of the dominant eye alone (Seng-
piel et al., 1992, 1994). Third, the occasional occurrence of
orientation-dependent interocular suppression (see Fig. 11) could
be explained by these inhibitory inputs deriving from oriented
cortical units; the interaction might then be nonselective in most
cells in strabismic animals because of convergence of inputs
tuned to different orientations. Finally, interocular suppression
in the cortex of strabismic cats is clearly less prominent in layer
4, which receives the main geniculate input, than in supra- and
infragranular layers (where it reached significance for two-thirds
of all cells studied).



Given current knowledge of the microcircuitry of the primary
visual cortex (see Douglas et al., 1989; Douglas and Martin,
1991; Nicoll and Blakemore, 1993), it seems likely that intra-
cortical inhibitory connections, mainly within cortical layers
2/3, form the substrate for interocular suppression in strabis-
mus, which is then fed down to infragranular layers. However,
there is also the possibility that suppressive effects observed in
area 17 are partly due to feedback inhibition from extrastriate
visual cortical areas, especially when the latencies of onset of
suppression are unusually long (see Fig. 3C, D).

In view of the fact that suppression in strabismic cats is largely
independent of the orientation and spatial phase of the sup-
pressive stimulus and occurs for a wide range of spatial fre-
quencies, the inhibitory inputs responsible are likely to derive
from a pool of cells with somewhat scattered receptive fields
and a wide range of preferred orientations and spatial frequen-
cies. It is tempting to speculate that the suppressive mechanism
is based upon reciprocal inhibitory connections between neigh-
boring OD columns dominated by the right and left eyes. At
first thought, this hypothesis seems to be at odds with a recent
anatomical study showing that intrinsic horizontal connections
between OD columns are selectively lost in V1 of strabismic
kittens: following cortical injections of fluorescent beads into
one OD column, clusters of retrogradely labeled cells were pre-
dominantly found in territories activated by the sameeye (Lowel
and Singer, 1992; see also Tychsen and Burkhalter, 1992, for a
similar finding in the monkey). However, these clusters of cells
probably mainly indicate regions sending excitatory projections
to the injection site, since inhibitory connections form only a
small fraction of all intrinsic projections in V1 (see Kisvarday
et al., 1986) and they are more uniform in their distribution
(Somogyi et al., 1983; Albus et al., 1991). It is therefore con-
ceivable that the reduction in horizontal connectivity between
columns of opposite eye dominance observed in strabismic an-
imals is due to a selective loss of excitatory but not inhibitory
connections (see Levi et al., 1979). This notion receives further
support from the finding that synchronization of neuronal re-
sponses in V1 of strabismic cats is reduced between cells dom-
inated by different eyes, again reflecting a lack of long-range
excitatory interactions (Konig et al., 1993).

Contrast gain control and alternation of suppression

Interocular suppression in the cortex of strabismic cats exhibits
a gross nonlinearity in that it depends critically on the imme-
diate history of visual stimulation (Sengpiel and Blakemore,
1994; see also Fig. 9). A neuron is switched into the suppressed
mode only when the monocular suppressive stimulus appears
while the cell is already being activated through the other eye.
To some extent, there is a perceptual parallel of this nonlinearity
in that perceptual suppression also does not occur when stimuli
are briefly presented simultaneously to the two eyes of strabis-
mic amblyopes: both are seen, “falsely fused” (Wolfe, 1986).
Moreover, our data suggest that the percentage suppression of
response is largely independent of the contrast of the suppressed
stimulus (see Fig. 10). This suggests that, if suppression results
from interocular inhibition, then inhibition may be divisive
rather than subtractive, in contrast with reductions in the re-
sponse to a grating caused by the addition of an iso-oriented
“masking” grating in the same eye, which are characterized by
an elevation of threshold contrast and a rightward shift of the
contrast gain function without a change in slope (Morrone et
al., 1987).
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The interocular control of contrast gain in strabismic sup-
pression clearly resembles that seen in normal cat cortex (Seng-
piel and Blakemore, 1993, 1994). Since the majority of excit-
atory synapses on neurons in area 17 derive from closely
neighboring cells rather than from thalamic afferents (Kisvarday
et al., 1986; Douglas and Martin, 1991) the responsiveness of
cortical neurons is likely to depend crucially on “amplification”
performed by local excitatory circuitry within the same OD
column (Douglas et al., 1989; Nicoll and Blakemore, 1993). The
intrinsic excitatory circuitry mediating this local amplification
may indeed be unaffected by squint (Léwel and Singer, 1992;
Konig et al., 1993). Perhaps surviving inhibitory connections
between adjacent OD columns modulate the gain of this local
intrinsic excitation. The very long latencies of suppression ob-
served for some neurons in this study (Fig. 3D,E) may reflect
a slow buildup in the attenuation of the excitatory amplifier.
The alternations in eye dominance experienced by many stra-
bismic subjects (those without deep amblyopia) might either be
triggered by visual stimuli appearing in the fovea of one eye, or
occur spontaneously, possibly due to adaptation or fatigue of
the inhibitory neurons responsible (Lehky, 1988). Such fatigue
might also explain why interocular suppression is seen only with
staggered but not with simultaneous binocular stimulus presen-
tation: preliminary stimulation through one eye alone could
cause fatigue of inhibitory interneurons in that eye’s OD col-
umns, so that when the other eye is subsequently stimulated,
inhibition from its columns exceeds that in the reverse direction,
leading to suppression.

Suppression and amblyopia

Recently, Harrad and Hess (1992a) found that strabismic sup-
pression (determined as the elevation of contrast threshold in
the amblyopic eye caused by a masking grating in the normal
eye) is more powerful in strabismic amblyopia than in many
cases of anisometropic amblyopia, suggesting that the relation-
ship between suppression and amblyopia is not straightforward
(cf. Schor, 1991). Harrad and Hess (1992b) proposed that the
nature of suppression is different for different types of ambly-
opia, and that the depth of suppression is inversely related to
the degree of binocularity, that is, the percentage of surviving
binocular neurons (see Blake, 1989). This notion is supported
by our finding that, in strabismic cats, striate neurons with more
or less balanced inputs from the two eyes show binocular in-
teractions closest to normal (Sengpiel et al., 1992, 1994) at least
in terms of their orientation selectivity, whereas the majority
of cells with weak or no direct input from one eye exhibit pro-
found suppression.

Our results further suggest that neural suppression of either
eye in alternators (like cat DS2) as well as of the fixating eye in
nonalternating animals is of roughly the same strength, that is,
not obviously dependent on angle of squint or state of fixation.
However, contrary to what one might expect, no suppression
was seen among cells dominated by the deviating eye in two
convergent strabismic cats. In one cat (CS3), the small number
of cells studied does not allow any firm conclusions. The other
(CS1) was characterized by small-angle esotropia, an apparent
shift in OD toward the nonoperated (fixating) eye, and perhaps
even a slight neural acuity deficit in the deviating eye. This
animal seemed the most likely among the cats included in this
study to have developed amblyopia in the central part of the
visual field of the deviating eye. The finding that, in this animal,
cells with receptive fields in the area centralis of the deviating
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eye were not suppressed by stimuli in the other eye is reminiscent
of the inverse correlation between the strengths of amblyopia
and suppression in strabismic humans (Holopigian et al., 1988).
Suppression appears to decrease once deep amblyopia is estab-
lished, as if there were no longer a “need” for strong suppression
of the amblyopic eye to eliminate double vision. The relation-
ship between the degree of interocular suppression and the angle
of squint, mobility of the eye, and presence of amblyopia de-
serves further examination,

Suppression in strabismus and in binocular rivalry

Apart from the fact that interocular suppression in the cortex
of strabismic cats is usually independent of relative orientation,
it is remarkably similar in its characteristics to the suppression
produced by binocular gratings of differing orientation in normal
cat cortex (Sengpiel et al., 1992, 1994). Both phenomena show
broad spatial frequency tuning and are independent of relative
spatial phase (even for iso-oriented binocular stimuli in the case
of strabismic animals). Strabismic suppression and rivalrous
suppression are of roughly equal strength (about 50% of mo-
nocular responses). Finally, and most importantly, both phe-
nomena exhibit the same dynamics of interocular gain control.
These similarities suggest that, even in normal animals, sup-
pression is essentially nonselective for orientation but is swamped
by powerful facilitation for matching stimuli.

Our results strongly support the view that the neural mech-
anisms underpinning suppression in binocular rivalry and stra-
bismus, respectively, are similar if not identical. Psychophysical
investigations have also revealed similarities between rivalry
and strabismic suppression. Most notably, the two phenomena
build up with similar “rise times” after an initial period of
perceptual fusion (Wolfe, 1986). Moreover, if stimuli in the two
eyes of a strabismic amblyope are made equally visible by at-
tenuating the stimulus in the dominant eye, alternating sup-
pression occurs, similar to binocular rivalry in normal subjects
(Leonards and Sireteanu, 1993). However, threshold elevation
in strabismic suppression (although varying among subjects) is
usually much greater than in binocular rivalry (Holopigian et
al., 1988). Also, rivalry suppression is more affected by inter-
ocular spatial frequency differences than is strabismic suppres-
sion (Schor, 1977) and appears more strongly to reduce the
visibility of short-wavelength stimuli (Smith et al., 1985). It is
conceivable that these differences between the two phenomena
reflect minor modifications of the underlying neural network.
The greater depth of suppression in strabismics may, for in-
stance, simply be due to a higher number of cells involved in
reciprocal inhibition rather than to a fundamental difference in
the neural mechanism itself (see Blake, 1989). On balance, there
is reason to believe that the pathological suppression associated
with strabismus evolves from the same neural circuitry that
produces alternating suppression in normal binocular rivalry,
and that both are due to inhibitory interaction between OD
columns in the striate cortex.
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