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Strabismic
humans usually experience
powerful
suppression of vision in the nonfixating
eye. In an attempt to demonstrate physiological
correlates
of such suppression,
we
recorded
from the primary visual cortex of cats with surgically 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
monocular 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
binocularly. The majority of cells from both exotropes
and esotropes, 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
exhibited 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 already responding
to an appropriate
stimulus 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.
[Key words: strabismus,
interocular
suppression,
binocular rivalry, contrast gain control, striate cortex, cat]

received Mar. 2, 1994; revised May 2, 1994; accepted May 1 I, 1994.
This research was supported by a programme
grant (PG7900491)
from the
Medical Research Council. F.S. held the Michael Foster Scholarship at Linacre
College, Oxford (1990-1992),
and a studentship from the Oxford McDonnell-Pew
Centre for Cognitive Neuroscience (1992-1993).
We are grateful to Cambridge
Electronic Design, Ltd. for cooperating in the development of the VISUAL STIMULAT~ON (vs) software package.
Correspondence
should be addressed to Cohn Blakemore, University
Laboratory of Physiology, Parks Road, Oxford OX1 3PT, UK.
aPresent address: Section of Neurobiology,
Yale University School of Medicine,
New Haven, CT 065 10.
Copyright 0 1994 Society for Neuroscience
0270-6474/94/146855-17$05.00/O

Strabismus,or misalignmentof 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 strabismusat an early age do not complain of
obvious double vision (diplopia) despitethe fact that the images
of each feature in the visual scenefall on geometrically noncorresponding points in the two retinas. In rare cases,single
vision in strabismusis attributed to the phenomenonof harmonious anomalous retinal correspondence (ARC), in which
functional correspondenceis shifted to match the angleof squint.
The two imagesof an object give rise to a singlesensationof
visual direction despitethe misalignmentof the eyes,and there
is even rudimentary stereoscopicvision (for review, seeSchor,
1991). Much more commonly, doublevision is obviated through
partial or global suppression of information from one eye.
In the past 30 years much hasbeen learned about the anomalies of binocular vision associatedwith strabismus,from both
psychophysical and neurophysiological studies. Since the pioneering work of Hubel and Wiesel (1965) artificially induced
strabismushas been widely investigated and has provided an
increasinglyconvincing 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 resultswith respectto the responsesof neuronsin the
primary visual pathway, prevailing fixation patterns, and the
occurrence of reduced acuity through the squinting eye (strabismic amblyopia) (for review, see Mitchell, 1988). There is
generalagreementthat strabismus,whether convergent (esotropia) or divergent (exotropia), leadsto 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; Singeret al., 1980;
Van Sluyters and Levitt, 1980; Mower et al., 1982; Tremain
and Ikeda, 1982; Crewther and Crewther, 1990). This lossof
binocularity hasbeentaken to underlie the defectsof binocular
summation and stereopsisin strabismicanimals (von Grtinau,
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 stereopsisobserved in some strabismic humans.
After rearing with optically induced vertical or rotational misalignmentof the eyes,Shlaer(197l), Shinkmanand Bruce(1977),
and Dtirsteler and von der Heydt (1983) reported somedegree
of compensationin 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 suprasylvian cortex of strabismiccats (Sireteanuand Best, 1992)
somebinocular neurons alsoappear to have receptive fields in
anomalouslycorrespondingretinal positions,which might allow
registration of the imagesseenby 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,
198 1; Sireteanu, 1982). In people who alternate fixation, such
interocular suppression also switches from eye to eye, depending
on which eye is currently being usedfor fixation. In those who
habitually fixate with one eye, the other, deviating eye, which
commonly suffersstrabismicamblyopia, is usually permanently
suppressedwhen both eyesare open. Little is known of the site
and nature of the suppressivemechanism.which resultsin virtual blanking of vision in the nonfixating eye, although psychophysical evidence points to a cortical origin (Blake and
Lehmkuhle, 1976; Hess, 1991). Analysis of visual evoked potentials in cats (Sclar et al., 1986)and of the responsesof striate
neurons (Xue et al., 1987) suggeststhat binocular summation
is generally lost in long-term esotropic cats, while some binocular interactions are retained in the apparently monocularly
driven cells found in exotropes (seealso 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, showedasymmetriesin esotropesbut not in
exotropes(Freemanand Tsumoto, 1983):responses
through the
deviating eye were more efficiently suppressedby the nondeviating eye than vice versa. Only one very recent study hasemployed true binocular stimulation, of the kind that actually leads
to suppressionin humans,to investigate the neural mechanism
of suppressionin amblyopic cats: detailed analysisof responses
of a few binocular units in area 17 showedsomedisinhibition
of the responsesthrough the deviating eye under monocular
rather than binocular stimulation (Crewtherand Crewther, 1993).
Here, we presentelectrophysiologicalevidence that surgically
induced strabismus (both exotropia and esotropia) virtually
abolishesthe disparity-specific binocular interactions that are
sucha distinctive featuresof normal striate neurons,but leaves
pronounced,nonspecificinterocular suppressionin the majority
of cells.
Parts of the data have been published previously (Sengpiel
and Blakemore, 1993, 1994; Sengpielet al., 1993).

Materials

and Methods

Animals. Data wereobtainedfrom five strabismiccatsbredin a lab-

oratory colony.For comparison,dataare presented
from five normal
mature cats, in which 76 cells in the striate cortex were studied under
identical conditions (cf. Senaniel 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 ofthe 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,

andthereafterto ensurethat theoperatedeyedid not returnto itsnormal

position (a not uncommon occurrence after simple tenotomy). All strabismic 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, CS 1, 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

movedquickly from eyeto eye,and the resulting patterns of fixation
andrefixationwerejudged.Evenfor theanimalwith the smallest
squint
(CSl), we werefairly confidentthat thisprocedureestablished
whether,
the cat habituallyfixatedwith the nonoperated
eye(monocularsquint)
or whetherit could hold fixation with either eye (alternating squint).
The fifth animal (DSl) 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-

quintingeyefor fixation. Table 1 summarizes
the testresultsandgives
the angleof squintfor eachcat, estimatedfrom the separationof the
projections of the areae centrales during the recording experiment (see

below).Valueswerecorrectedfor the averagedivergence(49 of the

visual axes observed in normal paralysed cats (Nikara et al.; 1968).
Although it is difficult to estirnate 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
- _ conjugate, except in extreme duction toward the tenotomized muscle. Only
in CS2, which had an esotroda of verv lame anale (Table 1). were
movements of the deviating eye much more &t&ted.‘
”
Preparation for recording. Standardelectrophysiological
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) intravenously 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 intravenous infusion of sodium pentobarbitone (l-2 mg/kg/hr, as needed to
maintain anesthesia) and gallamine triethiodide (10 mg/kg/hr) in glucose-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 MQ at 1 kHz) were advanced, by means of a stepping-motor
microdrive, at stereotaxic coordinates corresponding to the representation of the center of the visual field in the primary visual cortex, area
17, of the left hemisphere (PS, 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 contrast, back-projected by means of an overhead projector on to a translucent 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 ophthalmoscope. Neurons were classified as simple or complex, according
to Blakemore and Price’s (1987) descrintion 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/m2) were generated by a PICASSO (Innisfree, Cambridge, MA) image synthesizer. External control of the
PICASSO
as well as data acquisition and analysis were performed by a
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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 tightward 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 uniform 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 set, while the blank periods between presentations lasted 1 sec.
Binocular interactions were then tested by constantly stimulating the
dominant eye with a full-field (10” diameter) drifting grating (the “conditioning” stimulus) of optimum orientation and spatial frequency and
medium contrast [O.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 triggering 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 interocularphasedisparity
(Ohzawa
and Freeman, 1986a). The two gratings always drifted at the same
temporal frequency-either
2 or 4 Hz. Each epoch of binocular stimulation lasted 5 set and the periods of monocular stimulation between
also lasted 5 set, 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 binocular presentation to the mean response during the immediately preceding periods of monocular stimulation. A cell was considered to show
binocular interaction if the response during binocular stimulation differed significantly (in a two-tailed t test) in strength from that for stimulation 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 set 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 lesions 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% parafonnaldehyde. Electrode tracks were reconstructed from 50 pm coronal sections stained
with cresyl violet.

Results
In the two exotropic animals we recorded from 87 cells in the
striate cortex, 38 of which (11 simple, 27 complex) were quantitatively 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 complex). 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.

Table 1.
separation

Animal
DSl
DS2
CSl
es2
cs3
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Direction
and angle of squint, estimated
of the visual axes under paralysis

1994,

from
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the

Direction and
angle of squint

Fixation pattern

exo
exo
es0
es0
es0

nonoperated
alternating
nonoperated
nonoperated
nonoperated

30”
8”
4”
34”
10”

14(11)

eye only
eye only
eye only
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 DSI (see
Materials and Methods). DS, divergent strabismus; CS, convergent strabismus.

Monocular
response properties
As expected, the fraction of striate neurons receiving suprathreshold excitatory inputs from both eyes was distinctly lower
in all the strabismic animals than in normal cats. In only 62
cells (3 1%) of the total of 199 units, responses could be elicited
through stimulation
of either eye alone (‘binocular”
cells), compared to 9 1% 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 9 1% in normal animals studied with similar techniques (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,
19621 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 animals, are shown in Figure 1. Four of the five strabismic animals
showed no obvious bias in the OD distribution
toward either
eye. Only in CS 1 (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 distribution (x2 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 toward 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 Crewther, 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 correspondenceto compensatefor the
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Figure 1. Ocular dominance(OD) distributionsof cellsrecordedfrom normaland strabismiccats.The top left histogram(NORMAL) shows

accumulated
datafrom five normalanimals,whilethe remaininghistograms
representindividualOD distributionsfor eachof the five strabismic
animals,subdividedinto exotropes(one,DS2,beingthe only animalwith alternatingfixation) andesotropes.
Animal identification(seeTable 1)
and the total numberof cellsrecordedaregiven at the top of eachhistogram.Neuronswereclassifiedin oneof sevenoculardominancegroups
followedthe schemedevisedby HubelandWiesel(l962):cellsin groups1and 7 weremonocularlydrivenby the contralateralandipsilateraleye,
respectively;cellsin group4 areequallyresponsive
throughthe two eyes.Sincerecordings
in thesquintinganimalsweretakenfromthe hemisphere
contralateralto the operatedeye,OD group 1 (arrows)signifiescompletedominanceby the operatedeye, while OD group 7 represents
cells
exclusivelydriven throughthe nonoperated
eye.

squint [asreported by Shlaeret al. (197l), Cynader et al. (1984),
and by Sireteanu and Best (1992), for someneuronsin 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 largeanglesof strabismusin all animals
but CS1 might have precludedcompensatoryshifts in receptivefield disparity.
The sharpnessof orientational tuning was quantitatively assessed,for a sampleof cellsdominated by each eye in all strabismic cats, by performing a Fourier analysisof the responses
to drifting gratings varied pseudorandomly in drift direction
(seeWijrgijtter et al., 1990).Curveswere 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 f
8.3” (&SD). For 48 cells dominated by the nondeviated eye,
meanhalf-width at half-height was2 1.3 f 8.4”, and for 44 cells

recordedfrom normal animalsthe meanvalue was22.2” * 7.0”,
similar to that reported by others (e.g., Henry et al., 1974;Rose
and Blakemore, 1974). Thus, in accordancewith the majority
of previous studies(e.g., Hubel and Wiesel, 1965; Freemanand
Tsumoto, 1983; Kalil et al., 1984; but seeChino et al., 1983),
the narrownessof orientational tuning seemedunaffected by
strabismus,even for cells driven by the operated eye.
Although the precision of orientational selectivity of cells
dominated by the squinting eye appearedunimpaired, the distribution of preferred orientations of cells recorded from strabismic 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, irrespective 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 preferred orientations near vertical (& 22.5“) wasonly slightly lower
(42%) than that of the total population (50%).While confirming
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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 inconsistency of these studies could simply be the result of biases in the
sampling across orientation columns.
Tuning curves for spatial frequency were determined by measuring responses to gratings of optimal orientation and direction
of motion, all drifting at the same temporal frequency but varying pseudorandomly in spatial frequency from presentation to
presentation. The value of spatial frequency at which the response of the cell fell to the spontaneous level, on the highfrequency 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 operated eye was relatively small, in none of the five strabismic
cats were cutoff frequencies significantly lower for cells dominated by the operated eye than for those dominated by the
nonoperated eye of the same animal, although a minor (nonsignificant) difference, by an average of 0.3 cycle/degree, was
found in esotropic cat CS 1. This confirms results of Blakemore
and Eggers (1978) from three exo- and three esotropic animals
with tenotomy-induced squint. However, we did not systematically test acuity in binocular cells, in particular, those dominated by the nonsquinting eye, for which Crewther and Crewther (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., Barlow 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., 198 l), simultaneous stimulation 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 stimulating 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, separately for cells dominated by the nonoperated eye, cells dominated 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 orientation 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 monocular responses (see Fig. 3A for an example). All but one of
the eight neurons demonstrating some degree of binocular enhancement (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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PREFERRED

ORIENTATION

PREFERRED

ORIENTATION

Figure 2. Distribution of preferred orientation for 96 cells recorded
from V 1 in six normal cats (A) and 199 cells from five strabismic cats
(B). Numbers of cells are plotted against orientation preference, classified 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-orientedgratings,with oneexception (Fig. 4): the only simple
cell in this group (recorded from CS1, with small-angleesotropia) showed a weak cyclical variation of the strength of facilitation (but no occlusion), indicative of rudimentary disparity
sensitivity.
We have recently shown that the majority of binocular neurons in the striate cortex of normal cats show interocular
suppressionwhen stimulated with gratings of very different orientation in the two eyes,under conditions identical to thoseused
in this study (Sengpielet al., 1992, 1994; Sengpieland Blakemore, 1994).
Among the seven binocular cells in strabismic animalsthat
exhibited binocular summation or facilitation for matchedgratings, five showedvarying degreesof suppressionwhen the grating in the nondominant

eye was orthogonal

or near-orthogonal

to the “conditioning” grating being presentedin the dominant
eye. Figure 5 illustrates suchinterocular interactions for a complex cell in exotrope DSI. Polar plots in Figure 5A represent
direction/orientation tuning obtained through each eye. In Figure 5B, the dominant (operated) eye was continuously stimulated with an optimally oriented, drifting grating, while gratings
of various directions of drift (and therefore different orientations)

were

presented

intermittently,

in pseudorandom

se-

quence, to the corresponding region of the visual field in the
other (normal) eye. Solid circles plot responsesduring 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 set
(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 set period marked by the solid bar. A, Complex cell from exotrope DS 1, slightly dominated by the operated eye (OD group 3), displaying
close-to-normal tonic facilitation for iso-oriented gratings. B, Complex cell from esotrope CSl, 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 set) 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
CSl, which was equally responsive through either eye alone (OD group
4). The triggering point of the optimally oriented drifting grating presented 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/set (+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 position on the abscissa plots the mean discharge during the periods of monocular
stimulation
immediately
preceding binocular 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 remaining49 apparently monocularly driven units tested showed any increasein response
during binocular stimulation, whatever the relative orientation
and spatial phase of the gratings. Indeed, 30 of them (60%)
exhibited consistentinterocular suppression,whatever the stimulus in the silent eye (see below

Orientation-independent

and Table 2).

interocular suppression

The majority of all cells, even 17 of the 35 that respondedto
stimulation

of either

eye alone,

were profoundly

suppressed

when the nondominant eye was stimulated while the cell was
respondingto an optimal grating in the dominant eye: the level
of responsewasreducedby up to 90% comparedto that elicited
monocularly

through

the dominant

eye. Unlike

in normal

an-

imals (Sengpiel et al., 1992, 1994; Sengpiel and Blakemore,
1994) this interocular suppressionwas usually virtually inde-

oJ 1
INTEROCULAR~~~RIENTATION

4
DGPFFERENCE (dii)

Figure 5. Orientation dependence of binocular interactions in a layer
5 complex cell from exotrope DSl. This cell (the same as in Fig. 3A)
was slightly dominated by the operated eye (OD group 3). A, 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 A
(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 orientations, over a 90” range, clockwise from the orientation ofthe 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
(+ 1 SEM, n = 6; linked by dashed lines) plots mean responses during
the periods of monocular stimulation preceding those presentations with
the particular combination ofgratings plotted on the abscissa. The arrow
indicates the mean level of spontaneous discharge, measured during
blank presentations.

set 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 isooriented (C) and orthogonally oriented gratings (D). E, Complex cell from exotrope DS 1, 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

summation (or facilitation)

of orientation-dependent
cats

and orientation-independent

suppression in area 17 of strabismic

CaP

Eye dominant
for cell

Total
tested

SuppresSummation sion

Depth of suppression
(mean t SD) for
AOr=0”
AOr = 90”

DSl

Normal
4

11 (8)
9(3)
0

0
1
0

9 (7)
6 (2)
0

67 zk 16Oh
51 +- 26%
-

60 + 14%
58 + 32%
-

4

9(5)
7 (4)
2

0
0
2

5 (3)
4 (2)
0

56 k 21%
46 k 4%
-

45 f 33%
48 + 16%
-

4

10 (6)
6 (3)
1

0
l(l)
1

6 (3)
0
0

47 + 20%
-

44 + 8%
-

4

11 (6)
7 (5)
1

2
0
1

5 (4)
5 (3)
0

60 + 16%
55 + 9%
-

55 k 14%
44 k 12%
-

8(7)
3(3)

0
0

7 (6)
0

48 + 27%
-

45 + 16Oh
-

0

0

0

-

-

Exo

ODgroup
DS2 (alternator)

Normal
Exo

ODgroup
CSl

Normal
Eso

ODgroup
cs2

Normal
Eso

ODgroup
cs3

Normal

Eso
ODgroup

4

Numbers in parenthesesrefer 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 = 9P) 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 (DS 1, CS2) than in the others.
a See Table 1.

pendentofthe orientation ofgratings shownto the nondominant
eye (seeFig. 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(seeTable 2).
Figure 6 showsan example of a monocularly driven complex
cell, recorded in the large-angleesotropic cat, CS2. Figure 6A
is a polar plot showingthe orientation tuning of this neuron for
stimulation through the dominant, nondeviating eye. Figure 68
illustrates binocular interactions in the samemanner as Figure
5B, plotting the binocular response(solid circles) against the
difference in orientation between the optimum grating being
presentedin the dominant eye and the gratingsof various orientations 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 responseduring binocular stimulation was calculated
asa percentageof the correspondingmonocular response:[(binocular response- monocular response)/(monocularresponse
- spontaneousdischarge)] x 100%.Figure 6Cplots thesevalues
asa binocular interactionfunction: interocular suppression(about
75% reduction in responsefor this cell) was essentially independentof the orientation of the grating shownto the silent eye.
Further examplesof nonselectivesuppressionare shownfor two
simple cells recorded in exotropic animals, one dominated by
the nonoperatedeyeof the nonalternator, DS 1(Fig. 7), the other
dominated by the operated eye of the alternator, DS2 (Fig. 8).
Orientation-independent suppressionwas seenfor cellsin all
cortical layers but was more frequent among neurons from supragranular layers (33 of 51 units) and infragranular layers (8
of 12) than those recorded in layer 4 (6 of 22).

Suppressiondependson the sequenceof stimuluspresentation
The strong interocular suppressionthat we saw in such a large
proportion of neuronsfrom strabismicanimalsmight be thought
to contradict the preliminary observationsof 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 suppressionin the
cortex of both normal and strabismic cats is strong only when
the suppressivestimulus in one eye is introduced againsta preexisting backgroundresponseto an optimal stimulusin the other
eye. As Figure 9 shows,for a typical monocularly driven complex cell from esotropeCS2, binocular stimulation with simultaneousonsetin the two eyes(asemployed by Xue et al., 1987)
does not lead to suppression,while staggeredonsetdoes.
For the PSTHs in Figure 9A-C, spikeswereaccumulatedover
10 set stimulus presentations,the secondhalf of which always
consistedof simultaneousstimulation of both eyeswith gratings
of identical orientation, optimal for the dominant eye. The only
difference between these experimental runs was the nature of
stimulation during the 5 set period immediately precedingeach
binocular presentation,which was(A) a blank screenof the same
mean luminance presentedto both eyes, (B) the grating shown
alone to the nondominant eye, or (C) the optimum grating presentedalone to the dominant eye. For further control data, we
also examined the responseas a function of contrast during 5
set presentationsof the optimal grating to the dominant eye
alone with the other eye viewing only a blank screen,preceded
by either (I) a blank screento both eyes,or (II) an initial 5 set
period of stimulation of the dominant eye.
Comparisonof thesefive conditions (Fig. 9D) revealsno sig-
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nificant difference in the magnitude of the responseduring the
second 5 set epoch of each condition, except for condition C,
where the suddenintroduction of a stimulusin the “silent” eye
while the cell is already respondingthrough the dominant eye
results in dramatic suppression.

ESOTROPE

2’0

of Neuroscience,

spikeshec

Suppressionresultsfrom a reduction in contrast gain
The decreasein responseduring suppressioncould be due to
either a shift of the threshold of the cell to higher contrasts
without a changein contrast gain (responsevs contrast), or to
a decreaseof the slope of the contrast gain function. Sengpiel
and Blakemore (1994) have suggestedthat there is a changein
slope with little shift in threshold. We examined this question
for three apparently monocular cells and one weakly binocular
neuron that showedclear suppressionbut were not distinctive
in any other way. Stimuli were presentedaccording to the procedure described above for Figure 9. In each run, the contrast
of the suppressivegrating in the nondominant eye wasfixed 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, averagefiring rate over the second5 set period
in eachtrial is plotted againstthe contrast of the grating in the
dominant eye. Open circlesplot resultsfor the control condition
II (stimulation through the dominant eye alone), while solid
circles show responsesin the suppressedstate [condition C].
Figure 1OA showsresultsfor the samecell asfor Figure 9, while
Figure lOB-D summarizesthe results for three more fully analyzed cells. The pattern was similar for all four cells: the reduction in responsewas greater the higher the contrast of the
stimulus in the dominant eye (with contrast in the “suppressing
eye” being fixed), and the control and suppressedcurves meet
very closeto the level of background activity. In other words,
suppressionresultsfrom a reduction in the slopeof the contrastresponsecurve (contrast gain). Although we did not systematically measurethe contrast thresholdsof cellsin the suppressed
and unsuppressedstates,extrapolation of the gain curves back
to the level of background activity in each part of Figure 10
suggeststhat there is little difference in threshold.
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Suppressionin exotropic and esotropicanimals
For all animals, the incidence and magnitude of interocular
suppressionare summarized in Table 2. In both exotropic ant
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Figure 6. Orientationtuningof binocularinteractionsin a layer 2/3

complexcell recordedin esotropiccat CS2,which wasmonocularly
driven throughthe normal(ipsilateral)eye(OD group 7). A, Mean
response
(HEM, n = 4) is plottedon polarcoordinatesasa function
of the directionof drift of a grating(contrast= 0.7; spatialfrequency
= 0.56 cycle/degree)
presented
to the dominant(normal)eyealone.B,
Resultsof the binocularinteractionprotocol, as in Figure 5B. The
dominanteyewascontinuouslystimulatedwith a “conditioning”stimuluswhosedirectionof drift was202.5”,corresponding
to the optimum
obtainedfrom the polarplot in A (contrast= 0.35;spatialfrequency=
0.56 cycle/degree).
The abscissa indicatesthe differencein orientation

betweenthe stimuli shownto the two eyes.Gratings(contrast= 0.7;
spatialfrequency= 0.8 cycle/degree)
werepresented
to the silent(deviated) eye at five differentorientations,over a 90” range,clockwise
from the orientationof the optimal“conditioning”stimulus.Solid circles(? 1 SEM, n = 8) plot the meanfiring rate duringbinocularstimulationwith gratingsdifferingin orientationin thetwo eyesby theangle
shownon the abscissa.
Eachopencircle(-f 1 SEM, n = 8) plotsmean
responses
duringthe periodsof monocularstimulationpreceding
those
presentations
with the particularcombinationof gratingsplottedon the
abscissa.
The arrow indicatesthe meanlevel of spontaneous
discharge.
Note that even identicallyorientedgratings(zero on the abscissa) producedstrongsuppression.
C, Binocularinteractionfunction, plotting
the response
duringbinocularstimulation,expressed
asa percentage
of
the corresponding
monocularresponse
(seetext), at eachinterocular
orientationdifference.Strengthof suppression
wasconstant(about75%
of the monocularresponses)
over the rangeof orientationdifferences
tested.
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Figure 7. Orientation-independent
interocularsuppression
in a layer

imals, for all cells that showed clear interocular suppression
except one (seebelow), the suppressionwas essentially independent of orientation, whichever eye dominated the cell. This
wasalso true in the esotropesfor cells dominated by the nonsquinting eye. In one of the three esotropic animals (CS2, with
a very largesquint), this nonselectivesuppressionwasalsoseen
in cells dominated by the deviating eye. In another esotrope,
CS3, none of only three cellstested that were dominated by the
deviating eye showedany significant binocular interaction. In
the third esotrope (CSl, with a small-anglesquint) just one of
six apparently monocular cells that were dominated by the operated eye displayed interocular suppressionbut only for gratings of orthogonal or near-orthogonal orientation in the nonoperated eye.
Selective iso-orientational binocular suppression
In contrast to the prevailing nonselectivesuppression,just two
units displayed clear interocular suppressiononly when the orientation of the grating presentedto the nondominant eye was
similar to the optimal orientation ofthe “conditioning” stimulus
in the dominant eye and not at all when it wasorthogonal. This
selective iso-orientational suppressionwas again independent
of relative interocular phase(disparity). One of thesecells was
a simple cell dominated by the deviating eye in the large-angle
exotrope, DSl; the other was a complex cell dominated by the
nonoperated eye in the large-angleesotrope, CS2 (seeFig. 11).
Influence of spatial phaseand spatialfrequency on suppression
We tested all cells that were significantly suppressedby isooriented gratings to see whether this effect was dependent on
the relative spatial phasebetweenthe two eyes;in no casewas
there significant modulation of the depth of suppressionwith
interocular phase (Fig. 12). This held for both complex and
simple cells.
In 28 cells with clear interocular suppression,we further determined the spatial-frequencytuning of the suppressivesignal.
With the “conditioning” grating presentedto the dominant eye
always at the optimal spatial frequency, we presenteddrifting
gratings of the sameorientation to the other eye and varied the
spatial frequency in pseudorandomsequenceacrosspresentations. The strongestsuppressionwas invariably produced by
gratings of spatial frequency similar to the optimum for excitation in the dominant eye (Fig. 13). However, in most cells,
suppressionwas elicited over a range of spatial frequencies
broader than the spatial-frequency tuning for excitation, and
never over a narrower range(seeFig. 13).Gratings of + 1 octave
around the optimum spatial frequency causedroughly equal
suppressionin 17 of the 28 cells tested. Figure 13 showsthe
spatial frequency tuning of suppressionfor the simple cell illustrated in Figures7 and 12.This unit, like severalotherstested,
was strongly suppressedby gratings of a spatial frequency too
high to elicit a significant responsein the dominant eye alone.

Time courseof suppression
2/3 simplecellfrom exotropeDS1,exclusivelydriven throughthenorTo judge the latency of onset and consistency over time of
mal (ipsilateral)eye(OD group7). A, Polarplot of orientationtuning
interocular suppression,we examinedaccumulatedperistimulus
curve for monocularstimulationthroughthe dominanteye,with gratingsof 0.7 contrastand a spatialfrequencyof 0.56 cycle/degree
(n =
time histograms(PSTHs) during the suddenintroduction of a
5). B, Resultof the binocularinteractionprotocol,asin Figure5B. A
drifting “conditioning”gratingof optimalorientation(direction= 180”;
spatialfrequency= 0.56cycle/degree;
contrast= 0.35)waspresented
continuouslyto the dominant,ipsilateraleyeand gratingsof various
orientations(samespatialfrequency,contrast= 0.7)wereshownintertion, plotting the response
difference(seeFig. 6C) asa functionof the
mittently to thecontralateraleye(n = 8). C, Binocularinteractionfuncinteroculardifferencein orientation.
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suppressive,iso-oriented grating to the silent (or nondominant)
eye, while the cell wasrespondingto a “conditioning” stimulus
in the other eye. For most of the 29 cells studied, suppression
commencedquite sharply, 100-200 msecafter the onsetof binocular stimulation, and built up in strengthover about 200 msec
thereafter (seeFig. 3C); however, for six cells, the latency of
onset of suppressionwas aslong as400-800 msec(Fig. 3&E).
Suppressionwasgenerally strongestin the first secondafter the
onset, followed by a slight recovery, but was always sustained
at a significant tonic level throughout the 5 set period tested
(Fig. 3C-E).

Discussion

b

1’0

20 spikeslsec

In normal cats, most binocular neuronsshowdistinct binocular
summation, and often facilitation, when both eyesare stimulated at the appropriate retinal disparity (e.g., Barlow et al.,
1967; Nikara et al., 1968; Freemanand Ohzawa, 1986),aslong
as the stimuli are roughly matched in orientation (Blakemore
et al., 1972;Nelsonet al., 1977).Even the majority ofapparently
monocular cells (except in layer 4 itselc Sengpielet 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 absentfor monocular cellsin strabismiccats.We, too, found
only one monocular unit of 50 that showed any evidence of
excitatory interaction during binocular stimulation, and that
took the very unusualform of a transient facilitation at the onset
of the stimulus in the silent eye (seeFig. 38).
On the other hand, our resultsestablishthat the majority of
apparently monocular neuronsin strabismicanimalsdo receive
significant input from the silent eye, but its net effect is powerfully inhibitory. Moreover, by contrast with binocular interactions in normal cats (Blakemore et al., 1972; Nelson et al.,
1977; Sengpielet al., 1992, 1994),the interactions in strabismic
cats are largely independentof the orientation and relative spatial phaseof the stimulus presented to the nondominant eye.
Suppressionwith iso-oriented gratings, independent of spatial
phase, similar to the interactions we saw, was also seenby
Freemanand Ohzawa (1988)in a smallproportion of apparently
monocular cellsin monocularly deprived cats.
Just 5 of the 85 cells studied in strabismic animals showed
iso-orientational facilitation and cross-orientational suppression (seeFig. 5) similar to that seenin the majority of cells in
normal cats (Sengpiel et al., 1992, 1994). However, none of
thesecellsexhibited normal disparity selectivity, and evenamong
the 35 binocular cells tested, 28 (80%) showedno evidence of
binocular summation. There were no obvious differencesbetween esotropic and exotropic, or betweenalternating and nonalternating animals in the fraction of cells showing binocular
summation. Together, thesefindings might well account for the
failure of binocular summation at threshold or subthreshold
contrast levels in strabismichumans(Levi et al., 1979) aswell
as the loss of stereopsisand 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
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Figure 8. Orientation-independent
interocularsuppression
in a layer

2/3 simplecellfrom exotropeDS2,stronglydominatedby theoperated
(contralateral)eye(OD group 2). A, Polar plot of orientationtuning
curve for monocular,stimulationthroughthedominanteye,with gratingsof 0.7 contrastanda spatialfrequencyof 0.8 cycle/degree
(n = 5).
The dashedcircle in the centerindicatesthe meanlevelof spontaneous
discharge.
B, Resultof the binocularinteractionprotocol,asin Figure
c
5B. A drining “conditioning”gratingof optimalorientation(direction
= 292.5; spatialfrequency= 0.8 cycle/degree;
contrast= 0.35) was shownintermittentlyto the ipsilateraleye(n = 7). C, Binocularinterpresented
continuouslyto the dominant,contralateraleyeandgratings actionfunction,plottingthe response
difference(seeFig. 6C)asa funcof variousorientations(samespatialfrequency,contrast= 0.7) were tion of the interoculardifferencein orientation.
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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 set period. The only difference between these
three conditions was the nature of stimulation during the 5 set period immediately preceding this binocular exposure. Solid triangle, Condition A:
blank screen presented to both eyes for the first 5 set, 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. A-C, PSTHs (each the average of five 10 set 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 set, preceded by 5 set of presentation of a blank screen of the same mean luminance. open
circle, Condition II: the dominant eye was stimulated for the entire 10 set period and the response was measured during the latter 5 set 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
showing positive binocular interaction.

Site and nature of interocular suppression
The neural origin of the profound
perienced by strabismic observers

interocular
suppression exhas been a matter of specu-
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Contrast-response
functionsfor experimentalconditionC, in whichbinocularstimulationis precededby presentation
of an optimal
gratingto the dominanteye(solid circles), andthe corresponding
control conditionII (opencircles; seeFig. 9 legend)areshownfor all four cells
that werefully tested.The contrastof the gratingshownto the dominant(nondeviating)eyewaspseudorandomly
varied in an interleavedseries
undereachconditionto providethe datafor thesefunctions.Meanresponses
in spikes/set
(*SEM; for A, n = 5 presentations
perdatapoint; for
B-D, n = 6) areplottedagainstthe contrastof the optimallyorienteddrifting gratingshownto the dominanteye(thenondeviatingeyefor all four
cells).The dashed lines indicatethe meanlevel of spontaneous
discharge
measured
duringblankpresentations
with no patternpresented
to either
eye.A depictsresponses
from the monocularlydriven complexcell of Figure9. B andD showresultsfrom two apparentlymonocularsimplecells
recordedfrom the small-angle
esotropeCS1. Contrast-response
functionsin C wereobtainedfrom a complexcell that wasdominatedby the
nonoperated
eyebut clearlyresponded
to stimulationof the operatedeyealone,in the alternatorDS2.
Figure 10.

lation for sometime (e.g., Blake and Lehmkuhle, 1976; Hess,
1991). Psychophysicalinvestigationshave utilized the phenomenon of perceptual adaptation causedby prolongedexposureto
high-contrast gratings(Blakemore and Campbell, 1969) which
is, becauseof its orientation-dependence,thought to dependon
neural effectsin the visual cortex. Blake and Lehmkuhle (1976)
reported that a grating presented to one eye of a strabismic
alternator causesadaptation, that is, results in an elevation of
contrast threshold, even if the eye viewing it is perceptually
suppressedat the time. If the site of suppressionwere at or prior
to that of the neural changeunderlying adaptation, any aftereffect shouldbe diminishedor absent.Blakeand Lehmkuhle(1976)
concluded that suppressionoccurs after the site of grating adaptation, which is assumedto 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 conditions. Hess’sdata suggestthat, at leastfor strabismicamblyopes,
suppressiontakes place at the site of adaptation, probably in
V 1. Physiological data presentedhere provide strong support
for the notion that the primary visual cortex is indeed the site
of interocular suppressionin strabismus.Our resultssuggestno
difference in that respect between alternating and unilaterally
fixating animals, or betweenexotropes and esotropes.The suppressiveinteractions seenat the neuronal level clearly resemble
pathological suppressionin strabismic humansin their relative
independenceof stimulus parameters,in particular the virtual
absenceof selectivity for orientation (seeHolopigianet al., 1988).
Inhibitory interocular interactions that are independent of
relative orientation are seenin the lateral geniculate nucleus
(LGN) of normal animals (Moore et al., 1992; Sengpielet al.,
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Figure I I. Orientation dependence of interocular suppression in a
layer 2/3 complex cell from esotrope CS2. This cell was strongly dominated by the operated eye (OD group 2). Results of the binocular interaction 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 ipsilateral eye (n = 8). In this cell, suppression operated only at relatively
small interocular orientation differences.
1992, 1994). One might then argue that the interocular suppression 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 reasonswe 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 13. Spatial frequency dependence of suppression in a layer 213
simple cell (same cell as for Figs. 7 and 12). A, Spatial frequency tuning
of monocular responses obtained through the dominant (normal) eye
(solid circles; k 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 continuously stimulated with an optimally oriented grating of optimal spatial frequency (0.56 cycle/degree), while the nondominant eye was intermittently 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).
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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 dominant 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 orthogonally oriented gratings. Note that even for iso-oriented gratings suppression was independent of relative interocular phase.

suppression
in the LGN, unlike that in the cortex, does not
appear to depend on the temporal sequence of stimulus presentation: it occurs with simultaneous
onset of stimulation
in the
two eyes (Moore et al., 1992) as well as during binocular stimulation following stimulation
of the dominant eye alone (Sengpie1 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 benonselectivein most
cells in strabismic animals because of convergence of inputs
tuned to different orientations.
Finally, interocular suppression
in the cortex of strabismiccats is clearly lessprominent in layer

4, which receivesthe main geniculateinput, than in supra- and
infragranular layers (whereit reachedsignificancefor two-thirds
of all cells studied).

The Journal

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 intracortical inhibitory connections, mainly within cortical layers
2/3, form the substrate for interocular suppression in strabismus, 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 suppressive stimulus and occurs for a wide range of spatial frequencies, 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 frequencies. It is tempting to speculate that the suppressive mechanism
is based upon reciprocal inhibitory connections between neighboring 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 Vl of strabismic
kittens: following cortical injections of fluorescent beads into
one OD column, clusters of retrogradely labeled cells were predominantly found in territories activated by the sameeye (Lowe1
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 Vl (see Kisvarday
et al., 1986) and they are more uniform in their distribution
(Somogyi et al., 1983; Albus et al., 1991). It is therefore conceivable that the reduction in horizontal connectivity between
columns of opposite eye dominance observed in strabismic animals 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 responses in V 1 of strabismic cats is reduced between cells dominated 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 immediate 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 ofthis nonlinearity
in that perceptual suppression also does not occur when stimuli
are briefly presented simultaneously to the two eyes of strabismic 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 response 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 suppression clearly resembles that seen in normal cat cortex (Sengpie1 and Blakemore, 1993, 1994). Since the majority of excitatory 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 (Lowe1 and Singer, 1992;
KGnig 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 observed for some neurons in this study (Fig. 3DJ) may reflect
a slow buildup in the attenuation of the excitatory amplifier.
The alternations in eye dominance experienced by many strabismic 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 presentation: preliminary stimulation through one eye alone could
cause fatigue of inhibitory interneurons in that eye’s OD columns, 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 suppression (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 relationship between suppression and amblyopia is not straightforward
(cf. Schor, 199 1). Harrad and Hess (1992b) proposed that the
nature of suppression is different for different types of amblyopia, 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 interactions 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 profound 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
(CSl) 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 established, as if there were no longer a “need” for strong suppression
of the amblyopic eye to eliminate double vision. The relationship between the degree of interocular suppression and the angle
of squint, mobility of the eye, and presence of amblyopia
de-

servesfurther examination,

Suooression
in strabismus and in binocular rivalry
..
Apart from the fact that interocular suppressionin the cortex
of strabismic catsis usually independentof relative orientation,
it is remarkably similar in its characteristicsto the suppression
producedby binocular gratingsof differing orientation in normal
cat cortex (Sengpielet al., 1992, 1994). Both phenomenashow
broad spatial frequency tuning and are independent of relative
spatial phase(even for iso-oriented binocular stimuli in the case
of strabismic animals). Strabismic suppressionand rivalrous
suppressionare of roughly equal strength (about 50% of monocular responses).Finally, and most importantly, both phenomena exhibit the samedynamics of interocular gain control.
These similarities suggestthat, even in normal animals, suppressionisessentiallynonselectivefor orientation but is swamped
by powerful facilitation for matching stimuli.
Our results strongly support the view that the neural mechanismsunderpinning suppressionin binocular rivalry and strabismus,respectively, are similar if not identical. Psychophysical
investigations have also revealed similarities between rivalry
and strabismicsuppression.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 attenuating the stimulus in the dominant eye, alternating suppressionoccurs, 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 suppressionis more affected by interocular spatial frequency differencesthan is strabismic suppression (Schor, 1977) and appearsmore strongly to reduce the
visibility

of short-wavelength

stimuli

(Smith

et al., 1985). It is

conceivable that thesedifferencesbetweenthe two phenomena
reflect minor modifications of the underlying neural network.
The greater depth of suppressionin strabismicsmay, for instance, simply be due to a higher number of cells involved in
reciprocal inhibition rather than to a fundamental difference in
the neural mechanismitself (seeBlake, 1989). On balance,there
is reasonto believe that the pathological suppressionassociated
with

strabismus

evolves

from the same neural

circuitry

that

produces alternating suppressionin normal binocular rivalry,
and that both are due to inhibitory interaction between OD
columns in the striate cortex.
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