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 46 

ABSTRACT 47 

 48 

 People with strabismus acquired during childhood do not experience diplopia (double 49 

vision).  To investigate how perception of the duplicate image is suppressed, we raised two male 50 

monkeys with alternating exotropia by disinserting the medial rectus muscle in each eye at age 4 51 

weeks.  Once the animals were mature, they were brought to the laboratory and trained to fixate 52 

a small spot while recordings were made in V1.  Drifting gratings were presented to the receptive 53 

fields of 500 single neurons for 8 interleaved conditions: 1) right eye monocular, 2) left eye 54 

monocular, 3) right eye’s field, right eye fixating, 4) right eye’s field, left eye fixating, 5) left 55 

eye’s field, right eye fixating, 6) left eye’s field, left eye fixating, 7) both eyes’ fields, right eye 56 

fixating, 8) both eyes’ fields, left eye fixating.  As expected, ocular dominance histograms 57 

showed a monocular bias compared with normal animals, but many cells could still be driven via 58 

both eyes.  Overall, neuronal responses were not affected by switches in ocular fixation.  59 

Individual neurons exhibited binocular interactions, but mean population indices indicated no net 60 

interocular suppression or facilitation.  Even neurons located in cortex with reduced cytochrome 61 

oxidase activity – representing portions of the nasal visual field where perception is suppressed 62 

during binocular viewing – showed no net inhibition.  These data indicate that V1 neurons do not 63 

appear to reflect strabismic suppression and therefore the elimination of diplopia is likely to be 64 

mediated at a higher cortical level.    65 

  66 
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SIGNIFICANCE STATEMENT 67 

 68 

 69 

    In patients with strabismus, images fall on non-corresponding points in the two retinas.  Only 70 

one image is perceived, because signals emanating from the other eye that convey the duplicate 71 

image are suppressed.  The benefit is that diplopia is prevented, but the penalty is that the visual 72 

feedback required to adjust eye muscle tone to realign the globes is eliminated.  Here we report 73 

the first electrophysiological recordings from the primary visual cortex in awake monkeys raised 74 

with strabismus.  The experiments were designed to reveal how perception of double images is 75 

avoided. 76 

  77 
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 78 

INTRODUCTION 79 

 80 

Misalignment of the eyes gives rise to diplopia because images fall on non-corresponding 81 

loci in the two retinas (von Gräfe, 1854).  Visual suppression averts diplopia, but also breaks the 82 

feedback loop that normally would prompt adjustment of extraocular muscle tone to restore 83 

ocular alignment (Tychsen, 1992).  Consequently, suppression allows strabismus to persist, and 84 

in some cases leads to amblyopia (Hallum et al., 2017).  We have investigated the responses of 85 

single cells to binocular stimulation in striate cortex of awake, strabismic macaques in the hope 86 

of uncovering the neural mechanism of visual suppression.   87 

  88 

In exotropia, an outwards deviation of the eyes, an image that falls on the fovea in one 89 

eye lands on the temporal retina in the other eye at a site known as the diplopia point (Fig. 1A).  90 

Perception of the diplopia point is robustly suppressed to avoid double vision (Hatt et al., 2009).  91 

Although textbooks typically describe the single diplopia point aligned with the fovea, in fact 92 

wherever the visual fields overlap the signals from one retina must be inhibited in favor of the 93 

other retina at some level in the visual system.  Perception from a large expanse of temporal 94 

retina is suppressed in favor of nasal retina in the other eye.  In this sense, there are myriad 95 

diplopia points, each matching a retinal locus that is perceived via the fellow eye.  The 96 

aggregation of diplopia points gives rise to a suppression scotoma in each eye’s nasal visual field 97 

where perception is blocked, but only during binocular viewing (Fig. 1B)(Das, 2016).  It is worth 98 

noting that spatial resolution at the diplopia point (if perception were not suppressed) is always 99 

lower than at the matching locus that is perceived in the other eye.  100 

 101 
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In exotropia, different portions of the visual scene impinge on corresponding loci in the 102 

two retinas, potentially giving rise to visual confusion.  For example, one image falls on the left 103 

fovea while a separate image lands on the right fovea (Fig. 1A).  This perceptual dilemma is 104 

resolved by shifting the spatial localization of one retina with respect to the other, a phenomenon 105 

known as anomalous retinal correspondence (Wong et al., 2000).   106 

 107 

A clue to the mechanism of visual suppression has come from histochemical studies of 108 

the mitochondrial enzyme, cytochrome oxidase (CO).  In strabismic monkeys a novel pattern of 109 

alternating pale and dark CO stripes is present in striate cortex (Tychsen and Burkhalter, 1997; 110 

Horton et al., 1999; Fenstemaker et al., 2001).  In exotropia, CO activity in each hemisphere is 111 

reduced in the ocular dominance columns supplied by the ipsilateral eye’s peripheral temporal 112 

retina (Adams et al., 2013).  This pattern of reduced cortical metabolism matches the location of 113 

nasal suppression scotomas in the visual field of each eye mapped in humans with exotropia 114 

(Cooper and Record, 1986; Herzau, 1996; Joosse et al., 1999; Economides et al., 2012).  This 115 

correspondence suggests that diplopia is avoided by suppression of neural activity driven by each 116 

temporal retina.  The present study explores this hypothesis through single cell recordings in 117 

striate cortex. 118 

 119 

Previous investigators have searched for interocular suppression in strabismic animals 120 

under anesthesia by recording neurons in the primary visual cortex and comparing responses to 121 

stimulation of the receptive field in one eye or both eyes (Sengpiel and Blakemore, 1994; 122 

Sengpiel et al., 1994; Smith et al., 1997; Zhang et al., 2005; Sengpiel et al., 2006).  Display of 123 

the same stimulus to corresponding retinal loci does not accurately replicate the conditions that 124 
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arise in strabismus.  One must stimulate non-corresponding retinal loci, displaced by the 125 

magnitude of the ocular deviation (Fig. 1C).  This response must be compared to the response 126 

generated with the fellow eye occluded to address the potential impact of strabismic suppression 127 

(Fig. 1B).  This is difficult to accomplish in anesthetized animals, because the deviation angle 128 

(horizontal, vertical, and torsional) differs from that present in the awake state.  Experiments in 129 

anesthetized animals are also problematic because strabismic suppression is a phenomenon that 130 

may occur only in conscious subjects.  For these reasons, we have taken the approach of 131 

recording in awake, strabismic animals.   132 

  133 
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 134 

METHODS 135 

Experimental Design: 136 

 137 
An alternating exotropia was generated in two male Rhesus monkeys by tenotomy of the 138 

medial rectus muscle in each eye at age 4 weeks (Economides et al. 2007).  The muscles 139 

reattached spontaneously to the globe, with partial restoration of adduction, but persistence of 140 

strabismus (Adams et al., 2018).  The animals were raised at the California National Primate 141 

Research Center and transferred to our laboratory at age 3 years. 142 

 143 

A titanium headpost and recording chamber were implanted (Adams et al., 2007; Adams 144 

et al., 2011).  The chamber had a 19 mm internal diameter and was centered 12 mm from the 145 

midline over the right primary visual cortex in each animal.  It was positioned as far posterior as 146 

the nuchal ridge would permit, with one footplate bent sharply to cross the lambdoid suture.  147 

Accurate placement over striate cortex was confirmed by drying the dura after bone removal, 148 

rendering it semi-transparent.  The lunate sulcus, a landmark marking the edge of the operculum, 149 

was visible a few millimeters from the anterior wall of the chamber.  All surgical and 150 

experimental procedures were approved by the Institutional Animal Care and Use Committee at 151 

the University of California San Francisco (UCSF).  Buprenorphine was administered for 152 

analgesia for at least 2 days after surgery. 153 

 154 

 Testing in each monkey was performed with optical correction for distance, 155 

determined by cycloplegic refraction.  Monkey 1 had an exotropia of 15-20°.  There was a 2-3 156 
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Hz vertical pendular nystagmus with a mean amplitude of 0.6°.  Monkey 2 had an exotropia 157 

measuring 10-15°, which increased slightly in upgaze.  In both animals the acuity of each eye 158 

was measured through performance of a two-alternative discrimination task (Kiorpes, 1992; 159 

Kiorpes et al., 1993).  A Dell P1130 monitor incorporating a Sony Trinitron cathode ray tube 160 

was positioned at 2 m.  Each trial commenced with fixation of a central spot.  This triggered 161 

display of a flanking pair of equiluminant patches measuring 3° × 7° and simultaneous extinction 162 

of the fixation spot.  The animal signaled which patch contained a grating by making a saccade 163 

to a spot located near the lateral edge of each patch.  An interleaved staircase procedure was used 164 

to determine the contrast threshold at 7 spatial frequencies (16, 8, 4, 2, 1, 0.5, 0.25 165 

cycles/degree).  The criterion for decreasing the contrast at each spatial frequency was 2 166 

consecutive correct responses; 3 consecutive incorrect responses increased the contrast.  167 

Threshold was defined by 7 reversals in contrast.  After the animals mastered the task, data were 168 

acquired over several sessions.  169 

Eye Tracking: 170 

 171 
Monkeys were seated comfortably in a primate chair with the head fixed to record eye 172 

movements with video-oculography.  Dual independent infrared trackers, sampling at 60 Hz, 173 

recorded horizontal and vertical components of each eye’s position (SensoMotoric Instruments, 174 

Teltow, Germany).  The trackers and infrared light sources were positioned eccentrically to 175 

allow accurate tracking of each eye from 30° nasally to 60° temporally.  Gain and offset were 176 

calibrated for each eye while the fellow eye was occluded with a filter, which could be moved 177 

into position by a pneumatic piston under computer control.  The filter transmitted infrared 178 

wavelengths so that the eye’s position could still be recorded when it was covered.  Eye and 179 
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stimulus positions were sampled at 120 Hz by a Power1401 data acquisition and control system 180 

(Cambridge Electronics Design, Cambridge, England).  The monkey was rewarded for sustained 181 

fixation with a puree of blended biscuits, fruit, and juice. 182 

 183 

 184 

Neuronal Recording: 185 

 186 

Platinum/tungsten tetrodes sheathed in quartz glass (0.5 – 1.0 MΩ) controlled with a Mini 187 

Matrix microdrive system (Thomas Recording, Giessen, Germany) were used to record from the 188 

occipital operculum and buried calcarine cortex.  The tetrode fiber (100 μm diameter) was 189 

passed through the dura without inserting a guide tube to avoid cortical damage (Adams et al., 190 

2011).  The tetrode channels were recorded digitally at 25 kHz and saved to disk for off-line 191 

spike sorting to identify single units (Spike 2 software, Cambridge Electronics Design, 192 

Cambridge, England). 193 

 194 

Each monkey was trained to fixate a 0.25° spot at 57 cm rear-projected onto a large 195 

tangent screen.  The fixation spot could appear at either of two positions, straddling the midline, 196 

separated by the magnitude of the strabismic deviation.  The monkeys used their left eye to fixate 197 

when the spot appeared on the left and the right eye when on the right (Economides et al., 2007; 198 

Das, 2009).  Consequently, only a small corrective eye movement was needed to alternate 199 

fixation when the spot shifted from one side to the other.  This eye movement was important, 200 

because it confirmed that the monkey indeed had switched fixation.  201 

 202 
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The tetrode was advanced until a well-isolated, responsive cell was encountered.  The 203 

size and location of the receptive field were mapped manually.  Responses were then tested to 204 

stimuli consisting of achromatic sine-wave gratings, nominally 100% contrast, moving in 8 205 

different directions at 4 deg/s.  Either a single grating, or a pair of gratings, was displayed.  They 206 

appeared within a circular aperture with a diameter of 2-10°, depending on the size of the cell’s 207 

receptive field.  Gratings frequencies were 1 cycle/deg for cells on the operculum (0 - 8° 208 

eccentricity) and 0.5 cycles/deg for cells in calcarine cortex (> 8° eccentricity).  Each trial 209 

consisted of 250 ms of full field gray, followed by 250 ms of drifting grating, followed by 250 210 

ms of full field gray.  The mean luminance of the grating was equal to that of the gray 211 

background.  If the monkey maintained fixation during the entire 750 ms period a pulse of puree 212 

reward was supplied.  Intertrial interval was variable but lasted at least 250 ms.  213 

 214 

 215 

Pitfalls of Recording in Awake, Strabismic Monkeys: 216 

 217 

 Single unit recordings in awake, strabismic monkeys pose problems that deserve special 218 

consideration.  These issues can make it difficult to stimulate accurately the receptive fields of 219 

V1 cells, owing to their very small size. 220 

 221 

 The first problem is that video eye tracking systems are not as accurate or rapid as scleral 222 

search coils (Kimmel et al., 2012).  Despite these disadvantages, video eye trackers were chosen 223 

for this project because implantation of scleral search coils posed a risk of altering the strabismus 224 

angle that had been induced in each monkey postnatally.  Video trackers have an accuracy no 225 
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better than 0.5 - 1.0° (van der Geest and Frens, 2002; Traisk et al., 2007; Choe et al., 2016; 226 

Hooge et al., 2016).  We have recorded a positional accuracy of ± 0.75° within 15° of primary 227 

gaze during tracking in strabismic monkeys (Economides et al., 2007).  Higher gaze angles 228 

produce even more error.  Our approach of having fixation targets straddle the midline kept each 229 

eye within 15° of primary gaze, and hence improved tracker fidelity.   230 

 231 

 The second problem is that the eyes are inherently unstable in strabismus (Pirdankar and 232 

Das, 2016).  Some subjects, like Monkey 1, have nystagmus.  Even in subjects without 233 

nystagmus, the fixating eye in strabismus is less stable in position than either eye of a normal 234 

subject with bifoveal fixation (Economides et al., 2016).  The deviating eye’s position is even 235 

more unstable, constantly shifting location during binocular viewing (Economides et al., 2007).  236 

A plot of the fixating eye’s position at the start of each trial forms a cloud spanning several 237 

degrees, and the deviating eye’s positions are even more dispersed (Fig. 2A).  To mitigate this 238 

instability, foveal position recorded 50 ms prior to grating display was used to update receptive 239 

field location on the tangent screen for each eye.  This feedback improved the accuracy of 240 

stimulus placement by partially offsetting trial-to-trial variation in eye positions.  However, after 241 

onset of the grating stimulus, small uncorrected movements continued to occur in both eyes, 242 

especially in the deviating eye.  These movements shifted the relative positions of the eyes 243 

during the 250 ms grating display by a median absolute value of 0.54° (Fig. 2B).    244 

 245 

 Some cells in strabismic monkeys have been reported to retain sensitivity to retinal 246 

disparity (Smith et al., 1997; Kumagami et al., 2000; Mori et al., 2002).  In these studies, 247 

recordings were made in animals under general anesthesia with the eyes immobilized by 248 
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neuromuscular blockade.  This made it possible to control precisely the phase of the grating 249 

presented to each eye.  In our experiments the positions of the eyes were too unstable, relative to 250 

the width of the test grating, to allow measurement of sensitivity to retinal disparity (Fig. 2C).  In 251 

fact, the relative movements of the eyes meant that, by chance, all phase relationships were 252 

tested.   253 

 254 

 The third problem is that animals with strabismus may have ocular cyclorotation.  The 255 

development of cyclorotation is unpredictable.  In a previous study two animals underwent 256 

bilateral medial rectus muscle tenotomy to induce exotropia (Economides et al., 2018).  257 

Although the surgery was identical, one animal developed a relative incyclotorsion of 20° while 258 

the other animal had no significant cyclotorsion.  When cyclorotation is present, its magnitude 259 

can change with gaze angle.  Gaze angle was held nearly constant in our experiments, but the 260 

globes could still potentially cyclorotate back and forth as fixation switched between the eyes 261 

(Guyton, 2008).  This phenomenon could induce a shift in the polar angle of receptive field 262 

locations with changes in eye of fixation.   Our video eye trackers are not capable of detecting 263 

globe cyclorotation, so it was important to determine whether it was present.  V1 receptive fields 264 

for 6 binocular units were mapped using reverse correlation of a sparse noise stimulus comprised 265 

of 1° elements as each monkey alternated fixation (Fig. 3) (Economides et al., 2018).  Relative 266 

cyclorotation in each animal measured less than 1.5°, allaying this concern.     267 

 268 

 Eye tracker inaccuracy, imprecise fixation, nystagmus, fluctuating ocular deviation, and 269 

imperfect hand mapping of receptive fields each contribute to the risk that grating stimuli might 270 

be incorrectly placed, especially in the deviating eye.  This risk is heightened by the fact that 271 
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most units in strabismic animals respond well to only one eye, making it difficult to pinpoint the 272 

location of the receptive field in the other eye.  Misplacement of the grating displayed to the 273 

“silent” eye could confound assessment of interocular suppression.  To reduce this hazard, we 274 

used gratings that were at least twice the diameter of the hand-mapped, classical receptive field.  275 

The diameter of most gratings was 4-8°, and none measured less than 2°.  The drawback was that 276 

inclusion of the non-classical surround tends to reduce firing rates (Gilbert and Wiesel, 1990; 277 

Zipser et al., 1996; Levitt and Lund, 2002).  For each cell, we selected a stimulus that was large 278 

enough to be sure that it landed on the receptive field, but small enough not to reduce excessively 279 

the cell’s firing rate (Xing et al., 2005).   280 

 281 

Data Quantification and Statistical Analysis 282 

 283 
For each neuron a peristimulus time histogram with 5 ms bins was computed for each 284 

presentation condition.  The baseline firing rate was derived from the 100 ms period prior to 285 

stimulus onset.  The neuronal response (R) was defined as the mean firing rate following 286 

stimulus presentation minus the baseline firing rate.  For neurons with a substantial transient and 287 

sustained response, the mean firing rate was calculated for 50 to 400 ms after stimulus onset.  288 

For neurons with a weak sustained response (mean firing rate from 100 to 400 ms after stimulus 289 

onset ≤ 1.5 times baseline firing rate), only the transient component from 50 to 100 ms after 290 

stimulus onset was used.  This avoided the problem, encountered for some highly transient units 291 

with a relatively high background firing rate, of spurious index values caused by averaging of the 292 

transient response over an excessively long time interval. 293 

 294 
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Five indices were computed for each unit to compare responses under different stimulus 295 

conditions.  In the Results section each index is diagrammed and explained, along with details 296 

regarding statistical design and analysis, but formal definitions are provided here.  Each index 297 

could span a value from 0 to 1: 298 

 299 

1)  Ocular dominance index (ODI).  It compares the ability to drive a neuron by 300 

stimulation of the contralateral (left) versus the ipsilateral (right) eye.  For these trials the fellow 301 

eye was occluded.   302 

ODI =    +   303 

 304 

The firing rate during stimulation of the non-dominant eye sometimes dipped slightly 305 

below the background firing rate.  This could result in an ODI < 0 or > 1.  In these cases, the 306 

ODI was rounded to 0 (total left eye dominance) or to 1 (total right eye dominance).  The ODI 307 

was divided evenly to form a traditional 7-bin ocular dominance histogram (bin 1 = 0.000 – 308 

0.143, bin 2 = 0.143 – 0.286, etc.).   309 

 310 

2)  Receptive field interaction index (RFII).  It compares the response to stimulation of 311 

the receptive field in the dominant eye (Rbest) to the response to simultaneous stimulation of the 312 

receptive fields in both eyes (Rbinocular).  Under both stimulus conditions, both eyes were open 313 

while the dominant eye fixated.  In this context, “dominant” refers to the eye that drove the cell 314 

most effectively, not to the eye the animal preferred to acquire targets with during free viewing. 315 

 316 
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=    +  317 

 318 

 The RFII revealed interocular receptive field interactions, ranging from maximally 319 

suppressive (RFII = 0), to absent (RFII = 0.5) to maximally faciliatory (RFII = 1).   320 

 321 

3)  Ocular fixation index, both fields (OFIboth fields).  It compares the response to 322 

simultaneous stimulation of the receptive fields in both eyes during trials of right eye fixation 323 

versus left eye fixation. 324 

 =  (   ) (   ) +  (   ) 325 

The index is 0 for neurons that responded only during left eye fixation and it is 1 for 326 

those that responded only during right eye fixation.  It equals 0.5 if eye of fixation had no 327 

impact. 328 

 329 

4)  Peripheral retina interaction index (PRII).   It compares the best monocular 330 

response with the other eye occluded (Rbest monocular) to the response to the same stimulus with the 331 

other eye open (Rbest).   332 

 333 

=   +   334 

 335 

The purpose of this index was to examine the impact of a stimulus falling on the 336 

peripheral temporal retina of the deviating eye, by comparing trials of the response in the 337 

dominant eye with the deviating eye either open or occluded.  For all trials, the dominant eye 338 
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foveated the fixation spot.  The PRII is 0 for maximal suppression, 0.5 for no effect, and 1 for 339 

maximal facilitation.  340 

 341 

5)  Ocular fixation index, single field (OFIsingle field).  It compares the response with both 342 

eyes open to stimulation of the dominant eye’s receptive field during trials of dominant eye 343 

fixation (Rbest) versus fellow eye fixation (Rsame field, fellow eye fixation). 344 

 = +  ,       345 

 346 

This index equals 0 if fixation by the dominant eye suppressed the response in the 347 

dominant eye.  It equals 1 if fixation by the fellow eye suppressed the response in the dominant 348 

eye.  It is 0.5 if eye of fixation made no difference.   349 

 350 

 351 

Histological Correlation 352 

 353 

The primary visual cortex was examined in each monkey to reveal the pattern of CO 354 

activity.  For the last recording session, the tetrode was coated with a fluorescent tracer, FM 1-355 

43FX (ThermoFisher Life Technologies) (Simmons et al., 2020).  The monkeys received a lethal 356 

injection of pentobarbital and were then perfused with 1 L normal saline followed by 1 L of 357 

0.5% paraformaldehyde in 0.1 M phosphate buffer.  The primary visual cortex was unfolded, 358 

flat-mounted, and sectioned tangentially at 60 μm with a freezing microtome (Horton and 359 
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Hocking, 1996).  After drying on a slide, each section was processed for CO histochemistry 360 

(Wong-Riley, 1989) and FM 1-43FX was visualized using appropriate filters.  Optical density of 361 

CO reaction product was quantified as described previously (Horton and Hocking, 1998). 362 

  363 
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RESULTS 364 

 365 

 366 

Alternating Exotropia without Amblyopia 367 

  368 

 Monkeys with exotropia induced by eye muscle surgery usually alternate fixation freely 369 

and hence develop normal acuity in each eye.   We have raised 8 monkeys with surgical 370 

exotropia over 15 years.  Only one has become amblyopic (Adams et al., 2015).  This single 371 

exception, nonetheless, compelled us to test the acuity of the two monkeys used in this study 372 

before commencing recordings.  373 

 374 

 Figure 4 shows plots of contrast sensitivity as a function of spatial frequency for each 375 

eye.   Neither animal showed any difference between the eyes in contrast sensitivity.  The plots 376 

were similar to those reported in normal animals (Harwerth et al., 1983; Kiorpes et al., 1987; 377 

Kiper and Kiorpes, 1994; Kiorpes et al., 1998).  The finding of normal acuity in each eye was 378 

welcome, because it allowed us to study the mechanism of suppression without the potentially 379 

confounding issue of amblyopia. 380 

 381 

 382 

Recordings in V1 383 

 384 

Electrode penetrations were oriented using a grid inserted inside the chamber during 385 

recordings (Fig. 5A).  In the beginning, recordings were confined to the operculum (2 - 8°), 386 
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avoiding the anterior 4 grid rows to make sure that tetrodes did not enter V2.  In later recordings 387 

we targeted calcarine cortex (8 - 40°).  Penetrations were made through posterior rows to avoid 388 

traversing extrastriate cortex at the bottom of the lunate sulcus.  Figure 5B shows the penetration 389 

marked by coating the electrode with a fluorescent dye for the last recording session in Monkey 390 

1.  It passed through opercular cortex and then through 3 sites in calcarine cortex.  Because each 391 

grid hole was associated with a different trajectory through primary visual cortex, receptive 392 

fields were widely scattered in the contralateral visual field (Fig. 5C).  It was important that 393 

many eccentricities were sampled, because suppression involves only a portion of the visual field 394 

in each eye.  Although the upper visual quadrant was not explored, suppression scotomas in 395 

exotropia have vertically oriented borders, involving upper and lower visual quadrants 396 

symmetrically (Cooper and Feldman, 1979; Economides et al., 2012). 397 

 398 

 399 

Ocular Dominance Profile of Cortical Cells  400 

  401 

 389 cells were recorded in Monkey 1 and 111 cells in Monkey 2.  Although more cells 402 

were recorded in Monkey 1, their data are merged because the two animals yielded very similar 403 

findings.  404 

 405 

An ocular dominance histogram revealed loss of cells that responded to stimulation of 406 

both eyes (Fig. 6) (Hubel and Wiesel, 1965; Wiesel, 1982).  The impact of strabismus was 407 

striking, but most cells could still be driven via both eyes.  Of the 298 cells in category 1 and 7, 408 

131 responded weakly to the non-dominant eye.  Categories 2 – 6 comprised 202 cells.  409 
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Therefore, 333/500 (67%) cells were binocular.  The presence of preserved binocular interactions 410 

in the majority of cells was auspicious, because it increased the likelihood of detecting 411 

interocular suppression or facilitation in these strabismic monkeys. 412 

             413 

 414 

Typical V1 Responses to Stimulus Conditions in Strabismus 415 

 416 

 For each isolated single neuron the responses were recorded for 8 different trial types 417 

while the monkey fixated a small spot.  The neuron in Figure 7 was typical of the great majority 418 

of cells.  With either eye occluded, monocular trials (Fig. 7A, E) showed that it was strongly 419 

dominated by one eye.  In this case it was the right eye, corresponding to an ODI of 0.88 420 

(category 7).   421 

 422 

  With both eyes open and the right eye fixating, stimulation of the right eye’s receptive 423 

field (Fig. 7B) versus both eyes’ receptive fields (Fig. 7C) made little difference.  The RFII, a 424 

measure of this binocular interaction, was 0.55.  During trials when gratings were displayed to 425 

both eyes’ receptive fields, responses were similar for right eye fixation (Fig. 7C) versus left eye 426 

fixation (Fig. 7G), as reflected by an OFIboth fields equal to 0.46.   427 

 428 

 As explained in Figure 1, the most interesting trials relevant to the potential mechanism 429 

of diplopia suppression were those comparing stimulation of the dominant right eye under 430 

conditions where the fellow eye was either occluded (Fig. 7A) or open (Fig. 7B).  With both 431 

eyes open, the grating landed on the right eye’s receptive field and the left eye’s temporal retina 432 
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(at the diplopia point).  This cell had a PRII of 0.51, indicating no impact from uncovering the 433 

left eye.  Concomitant stimulation of the left eye did not reduce the response driven by the right 434 

eye, as one might expect if such inhibition were the cortical mechanism for preventing diplopia. 435 

 436 

It also made no difference whether the right eye was fixating (Fig. 7B) or the left eye was 437 

fixating (Fig. 7F) while the dominant right eye’s receptive field was being stimulated.  The 438 

OFIsingle field was 0.47, signifying a nearly equal response during right eye and left eye fixation 439 

trials. 440 

 441 

 442 

Stimulation of One Eye’s versus Both Eyes’ Receptive Fields (RFII) 443 

 444 

 While the dominant eye fixated, the response was compared to stimulation of its 445 

receptive field versus stimulation of both eye’s receptive fields for all 500 cells (Fig. 8).  In 446 

normal animals, binocular stimulation commonly enhances the firing rate of V1 neurons.  The 447 

mean RFII was 0.50 ± 0.13, indicating no net facilitation or suppression from binocular 448 

stimulation in these strabismic monkeys.  449 

 450 

  451 

Stimulation of One Eye’s Receptive Field, Monocular versus Binocular Viewing (PRII) 452 

 453 

 The PRII compared stimulation of the dominant eye’s receptive field, with the fellow eye 454 

occluded versus open (Fig. 9).  The latter condition recapitulates the conditions that give rise to 455 
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diplopia, namely, a given stimulus landing on non-corresponding points in the two retinas.  We 456 

anticipated that for many cells, opening the fellow eye might suppress the monocular response.  457 

In fact, the mean PRII was 0.51 ± 0.12, which was not statistically different (P = 0.19, two-tailed 458 

t-test) from an ideal population of 500 neurons with equal variance having no facilitation or 459 

suppression (PRII = 0.50).  Unexpectedly, there was no overall tendency for stimulation of the 460 

diplopia point in the deviating eye to cause suppression of V1 neurons.  461 

 462 

 463 

No Effect of Ocular Fixation 464 

 465 

It is commonly believed that in strabismus, signals emanating from the deviating eye are 466 

more likely to be suppressed.  If so, one might expect to find that suppressive effects correlate 467 

with eye of fixation.  Two indices addressed this question.  The OFIboth fields compared neurons’ 468 

responses to stimulation of both eyes’ receptive fields under conditions of fixation by the right 469 

eye versus the left eye.  For the 500 cell population, the mean OFIboth fields was 0.50 ± 0.14, 470 

indicating that it made no overall difference which eye fixated during testing (Fig. 10).  It seems 471 

unlikely that eye of fixation is encoded in V1 because few cells showed robust modulation of 472 

their response when the eyes swapped fixation.   473 

 474 

 The OFIsingle field compared the response to stimulation of just the dominant eye’s 475 

receptive field under binocular viewing conditions during fixation by the dominant eye versus 476 

the fellow eye.  The mean OFIsingle field was 0.52 ± 0.15, indicating no overall reduction in the 477 
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response generated via the dominant eye when the non-dominant eye is engaged in fixation (Fig. 478 

11).   479 

 480 

The values of these two indices indicate that for the great majority of V1 cells, eye of 481 

fixation is irrelevant to neuronal responses in strabismic subjects.  This finding is consistent with 482 

the observation that suppression scotomas do not shift location in the visual field with switches 483 

in ocular fixation (Economides et al., 2014, see Fig. 9.)  484 

 485 

 486 

Reduced CO Activity in Ocular Dominance Columns Driven by Ipsilateral Peripheral Retina 487 

 488 

Figure 12A shows a flatmount section from Monkey 2 passing mostly through layer 4.  489 

In unfolded calcarine cortex, representing peripheral visual field, alternating light and dark 490 

columns of CO activity were present.  Optical density was sampled at 85 sites in light columns 491 

and 85 sites in dark columns.  The mean optical density was 0.31 ± 0.08 for light columns and 492 

0.34 ± 0.09 for dark columns.  In layers 2/3 rows of CO patches appeared light or dark, in 493 

register with the columns in layer 4.  Previously, it was established by correlation with 494 

[3H]proline autoradiography that the pale columns are supplied transneuronally by the temporal 495 

retina of the ipsilateral eye (Adams et al., 2013).  Consistent with that finding, the monocular 496 

crescent representation appeared dark and the blind spot representation was light (Fig. 12A).  In 497 

these locations CO columns were absent. 498 

 499 
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 The reduction of metabolic activity in ocular dominance columns serving the peripheral 500 

temporal retina has been shown to correspond to the location of nasal suppression scotomas in 501 

each eye in subjects with alternating exotropia (Economides et al., 2012).  Accordingly, one 502 

would predict that ipsi-eye dominated neurons with receptive fields located in peripheral nasal 503 

visual field would show the strongest interocular suppression (Fig. 1).  Such suppression might 504 

explain the pale CO columns in the peripheral cortex.   505 

 506 

 Pale ocular dominance columns were present in striate cortex representing eccentricities 507 

from 10° to the monocular crescent in Monkey 1 and from 5° to the monocular crescent in 508 

Monkey 2.  A combined total of 94 right-eye dominant neurons (ODI > 0.5) was recorded in 509 

these regions (Fig. 12B).  Presumably, most of these neurons were situated in pale ocular 510 

dominance columns.  Their mean PRII was 0.50 ± 0.09 (95% CI 0.48 – 0.51)(Fig. 12C).  There 511 

were 98 left-eye dominant neurons (ODI < 0.5) recorded in peripheral cortex containing CO 512 

columns.  Their PRII was 0.50 ± 0.13 (95% CI 0.48 – 0.53).  The lack of any difference in mean 513 

PRII indicated that neurons located in pale CO columns were no more likely to be suppressed 514 

during binocular viewing than neurons recorded in dark columns.   515 

  516 

 It is possible that comparing the PRII for all neurons recorded within cortical zones 517 

containing CO columns diluted an effect present only in those neurons most strongly dominated 518 

by one eye.  We therefore compared neurons just in category 1 versus 7 (Fig. 12B).  The PRII for 519 

the 59 category 1 neurons was 0.48 ± 0.10 (95% CI 0.45 – 0.51) and the PRII for the 56 category 520 

7 neurons was 0.50 ± 0.09 (95% CI 0.47 – 0.52).  Even for those neurons driven almost 521 
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exclusively by the right eye, there was no net suppressive effect compared to neurons favoring 522 

the left eye.     523 

 524 

 The pale CO columns in peripheral cortex might be explained by an absolute difference 525 

in neuronal activity driven by each eye.  For the 94 neurons dominated by the right eye the mean 526 

background firing rate was 16.8 ± 16.7 spikes/s (95% CI 15.4 – 18.2).  For the 98 neurons 527 

dominated by the left eye the mean background firing rate was 15.4 ± 16.5 spikes/s (95% CI 14.0 528 

– 16.7).  For the right eye neurons, Rbest (response to stimulation of the eye’s receptive field 529 

under binocular viewing conditions) was 52.0 ± 45.2 spikes/s (95% CI 42.7 – 61.3).  For the left 530 

eye neurons, Rbest was 45.5 ± 37.2 spikes/s (95% CI 38.0 – 52.9).  There was no significant 531 

difference in either background or stimulus-driven spike rates between neurons preferring the 532 

right eye or the left eye. 533 

 534 

The mean OFIsingle field for the 94 peripheral right-eye dominant neurons was 0.51 ± 0.12 535 

(95% CI 0.48 – 0.53)(Fig. 12D).  This value indicated a lack of net suppression in this 536 

subpopulation, regardless which eye fixated during binocular viewing.   537 

 538 

 539 

 540 

  541 
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DISCUSSION 542 

 543 

 Every person has a phoria, or tendency for the eyes to drift out of alignment.  It is 544 

overcome by an innate drive to overlap corresponding retinal images into a single percept.  When 545 

the eyes become misaligned, the sensation of diplopia induces a change in the tension exerted by 546 

the extraocular eye muscles.  The eyes are brought back into register, restoring fusion and 547 

stereopsis.  In strabismus, this corrective sensory feedback loop fails because one image is 548 

suppressed.  Failure to appreciate diplopia is one reason that eye muscle surgery is often 549 

unsuccessful at restoring ocular alignment in children with strabismus (Wan et al., 2018; 550 

Chougule and Kekunnaya, 2019).  The goal of this study was to uncover the cortical mechanism 551 

of visual suppression, with the aim of improving treatment for strabismus.  It seemed sensible to 552 

begin the search in V1, because it is the first place in the visual sensory pathway where ocular 553 

inputs are brought together.  It is also the last place where they are partly segregated, potentially 554 

allowing signals from one eye to inhibit transmission of those from the other eye.   555 

 556 

 As expected, strabismus reduced the number of cells that could be driven by monocular 557 

stimulation of both the right eye and the left eye (Fig. 6).  In their pioneering study in kittens 558 

with exotropia, Hubel and Wiesel (1965) reported that the percentage of binocular cells fell from 559 

80% to 20%.  We found a higher percentage of cells (67%) with retained binocularity.  Other 560 

investigators have also reported better preservation of binocularity (Crawford and von Noorden, 561 

1980; Freeman and Tsumoto, 1983; Chino et al., 1994; Sengpiel et al., 1994; Smith et al., 1997; 562 

Kumagami et al., 2000; Mori et al., 2002; Scholl et al., 2013).  Of course, the exact percentage of 563 
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binocular cells depends on many factors, such as the species, the age of strabismus onset, and the 564 

threshold for defining a response as binocular. 565 

 566 

 A more striking effect from strabismus was the lack of any net facilitation or inhibition 567 

from stimulation of both eyes’ receptive fields (Fig. 8).  In our recordings, the response to a 568 

grating presented to the receptive field in one versus both eyes yielded a mean RFII of exactly 569 

0.50.  In normal animals, stimuli presented simultaneously to both eyes’ receptive fields evoke a 570 

different response than do stimuli presented monocularly.   Depending on the cell’s disparity 571 

tuning, the response may be augmented or reduced (Poggio and Fischer, 1977; Poggio et al., 572 

1988; DeAngelis et al., 1991; Prince et al., 2002; Dougherty et al., 2019).  In general, cells have 573 

a maximal binocular response that is greater than the strongest monocular response.  For 574 

example, Smith et al (1997) reported that the response to stimuli presented at the optimal retinal 575 

disparity had a peak binocular amplitude that was 38% greater for simple cells and 55% greater 576 

for complex cells than the monocular response in the dominant eye.  In prism-reared monkeys, 577 

simple cells showed only 18% binocular facilitation and complex cells actually showed 5% 578 

binocular inhibition.  The facilitation they observed in simple cells may have been due to 579 

residual sensitivity to retinal disparity, a property we could not assess in awake, strabismic 580 

monkeys.  Otherwise, our data are in close agreement.  They are also in accord with a study in 581 

strabismic cats that found no binocular modulation of the best monocular response when stimuli 582 

were displayed simultaneously to cells’ receptive fields (Sengpiel and Blakemore, 1994; 583 

Sengpiel et al., 1994). 584 

 585 
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 In strabismus identical stimuli do not fall on corresponding points in the two retinas.  586 

Objects in the visual scene that land on corresponding points are always different, which creates 587 

the potential for visual confusion.  Therefore, comparison of the response to stimulation of the 588 

receptive field in one eye versus both eyes – using stimuli that are identical – fails to model 589 

accurately the conditions in strabismus.  In our recordings, the absence of binocular facilitation 590 

under these conditions was anticipated, given the animals’ history of strabismus.  The lack of 591 

binocular inhibition was also no surprise.  Visual confusion is resolved in exotropia not by 592 

inhibition, but through a phenomenon termed “anomalous retinal correspondence” (Cooper and 593 

Feldman, 1979; Herzau, 1996; Serrano-Pedraza et al., 2011; Economides et al., 2012).  In 594 

subjects with anomalous retinal correspondence, the spatial registration of one retina is shifted 595 

laterally relative to the other.  In exotropia, this remapping eliminates the visual confusion that 596 

would otherwise occur when dissimilar elements of the visual scene impinge on corresponding 597 

retinal loci.  It also results in an expansion of the horizontal range of the binocular visual field, 598 

enlarging it compared to normal individuals.  The physiological basis of anomalous retinal 599 

correspondence is still unknown but it presumably involves an altered body-centered frame of 600 

reference, rather than suppression of signals from the deviated eye (Grant and Berman, 1991; 601 

Sun and Goldberg, 2016). 602 

 603 

 Diplopia arises because identical images fall on non-corresponding retinal loci.  To test 604 

this scenario, one must stimulate a cell’s receptive field in the dominant eye and the diplopia 605 

point in the other eye (Fig 1).  This approach has not been employed in previous strabismus 606 

studies.  Our recordings yielded a mean PRII of 0.51 (Fig. 9), indicating that for the overall 607 

neuronal population, responses driven by the dominant eye were not inhibited by concomitant 608 
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stimulation of the diplopia point in the deviated eye.  For many neurons, the lack of inhibition 609 

was expected.  For example, if a neuron responds best to the left eye, and its receptive field is 610 

located in a portion of the visual field perceived by the left eye during binocular viewing, one 611 

would predict no reduction in firing from stimulation of the diplopia point in the right eye.  On 612 

the other hand, a neuron dominated by the right eye with its receptive field at the diplopia point 613 

should be expected to show inhibition upon uncovering of the left eye. 614 

 615 

This example highlights a crucial point: inhibition is expected only for certain neurons, 616 

namely, those with receptive fields located within a suppression scotoma.  In exotropia, a 617 

suppression scotoma is present in the peripheral nasal visual field of each eye (Economides et al., 618 

2012; Agaoglu et al., 2014).  There is corresponding loss of CO activity in the ocular dominance 619 

columns serving the peripheral temporal retina (Adams et al., 2013, see their Fig. 1), suggesting 620 

that signals from the ipsilateral eye are chronically inhibited.  We calculated the PRII for only 621 

those neurons dominated by the ipsilateral right eye, with receptive fields at eccentricities 622 

corresponding to cortex where CO histochemistry revealed pale ocular dominance columns (Fig. 623 

12).  Even for this subset of neurons, selected because their receptive fields were located in a 624 

suppression scotoma, there was no net inhibition from stimulation of the other eye (mean PRII = 625 

0.50).   626 

 627 

The PRII is a relative measure, comparing discharge rates under conditions of monocular 628 

versus binocular viewing.  An absolute reduction under both conditions in neuronal activity 629 

driven by the right eye might account for the pale CO columns in peripheral cortex.  This 630 

explanation was ruled out, however, by the finding that peripheral neurons dominated by the 631 
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right eye had mean baseline firing rates and responses to visual stimulation equal to those of the 632 

left eye.  Moreover, neurons favoring the right eye (n = 94) versus the left eye (n = 98) were 633 

encountered with equal probability. 634 

 635 

The appearance of the dark and pale CO columns present in these two strabismic 636 

monkeys was similar to that observed previously in exotropia (Horton et al., 1999; Adams et al., 637 

2013).  The contrast in CO staining was subtle, amounting to a difference of 0.03 in optical 638 

density, equivalent to a 3% difference in light transmittance.  The difference in neuronal spike 639 

rates corresponding to this difference in metabolic activity is unknown (DeYoe et al., 1995).  It 640 

might be quite small, perhaps undetectable in our limited sample of 192 cells in peripheral 641 

cortex.  In rebuttal, we note that eyelid suture also produces CO columns that are faint, with a 642 

difference of only 3% in transmittance between dark and pale columns (Horton and Hocking, 643 

1998).  Nonetheless, eyelid closure has a dramatic effect on neuronal firing, showing that modest 644 

differences in relative CO levels, at least under some circumstances, can reflect substantial 645 

differences in neuronal firing rates.   646 

 647 

We knew before starting these recordings that CO activity is reduced in columns serving 648 

the peripheral temporal retina (Adams et al., 2013).  Consequently, we fully expected to find 649 

inhibition of neurons dominated by the ipsilateral eye when recording from cortex representing 650 

the peripheral nasal visual field.  Such a discovery would have provided a neurophysiological 651 

mechanism for the suppression of diplopia and accounted for the loss of CO activity in ipsi-eye 652 

columns.  Our negative results constitute a perplexing setback.  653 

 654 
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Although ray diagrams focus on a single point (Fig. 1A), signals from many diplopia 655 

points comprising vast regions of temporal retina are suppressed to avoid diplopia in exotropia.  656 

The eye engaged in perception of a given segment of the visual scene is believed to mediate 657 

suppression of the duplicate image in the other eye.  It seems unlikely this process occurs 658 

entirely within V1.  In a subject with a 25° exotropia, for example, it would require neurons 659 

driven by the dominant eye in cortex representing the central visual field to inhibit cells driven 660 

by the deviated eye at the diplopia point 25° away – a distance of many centimeters (Tychsen, 661 

2005).  An even greater challenge is posed by the portion of the visual scene situated between the 662 

fixation point of the right eye and the left eye, because the diplopia point is represented in the 663 

opposite brain hemisphere (Fig. 1).  In V1, few inhibitory projections extend beyond the width of 664 

a few ocular dominance columns, and none over a distance of centimeters (Sengpiel et al., 2006; 665 

D'Souza and Burkhalter, 2017).  Moreover, intracortical projections to cells dominated by the 666 

other eye break down in strabismus (Tychsen et al., 2004; Schmidt and Lowel, 2008).  While one 667 

cannot rule out transmission of inhibitory signals through a series of multiple short projections 668 

confined to V1, it is more probable that higher cortical areas feed back inhibitory signals to the 669 

diplopia point in V1 (Romeo et al., 2012; Markov et al., 2014).  It shall remain for future 670 

investigators to determine why such inhibition depresses CO activity within columns serving the 671 

suppressed eye at the diplopia point, but apparently does not reduce neuronal firing rates. 672 

  673 
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 674 

FIGURE LEGENDS 675 

 676 

 677 

Fig. 1)  Suppression in strabismus.  (A) In exotropia separate portions of the visual scene are 678 

perceived either via the left eye (blue) or the right eye (red).  Different images fall on the fovea 679 

of the left (O) and right eye (X).  An image projecting on the fovea of one eye also falls at a site 680 

(“diplopia point”) in the peripheral temporal retina of the other eye, where it must be suppressed 681 

to prevent diplopia.  Much of the peripheral temporal retina in each eye is suppressed (gray 682 

shading); the exact amount depends on the magnitude of the ocular deviation.  (B) With one eye 683 

occluded, there is no interocular suppression.  Perception occurs throughout the visual field of 684 

the open eye.  Here, a grating is used to stimulate a neuron that responds best to stimulation of 685 

the right eye.  The receptive field is at about 25° in the nasal field, just below the horizontal 686 

meridian.  (C)  Under binocular viewing conditions, this neuron’s receptive field falls into a 687 

region of visual space dominated perceptually by the left eye, and hence, one predicts that its 688 

response to the grating should be inhibited when the left eye is uncovered.  Presumably, 689 

suppression is driven by the stimulus, which impinges on a non-corresponding, perceived locus 690 

in the temporal retina (black circles) of the left eye.      691 

 692 

Fig. 2)  Ocular deviation is unstable during each trial.  (A) Positions of the left eye (blue circles) 693 

and right eye (red circles) at the start of each trial (n = 33).  In this example conditions were: left 694 

eye fixating/both eyes’ receptive fields stimulated.  (B)  Positions of the fixating left eye and 695 

deviating right eye at the end of each trial.  During each trial each eye shifts position, altering the 696 

clusters of points.  (C)  Absolute value of the change in the ocular deviation occurring over the 697 
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course of each trial (purple circles).  The change in the ocular deviation (median = 0.54°, mean 698 

0.74°) during each trial was large, relative to the stimulus (1 cycle/deg sine wave), shown in the 699 

background.  This precludes measurement of retinal disparity tuning.    700 

 701 

   702 

Fig. 3)  Sparse noise mapping  of V1 receptive fields to measure relative globe cyclorotation 703 

during epochs with the (A) left eye fixating and the (B) right eye fixating in Monkey 1.  Images 704 

represent the spike-triggered average stimulus generated from a sparse noise pattern comprised 705 

of 35 randomly distributed white squares (1° side) per frame (15 Hz) displayed against a dark 706 

background.  Yellow lines represent the vector between mean eye positions (blue cluster = left 707 

eye, red cluster = right eye) and receptive field centers which were located at 10.1° eccentricity.  708 

Numbers denote the polar angle measured for each vector (horizontal meridian = 0°).  The 709 

relative globe cyclorotation, and the change in cyclorotation that occurred with a fixation switch, 710 

were ≤ 1.5°.   711 

 712 

 713 

Fig. 4)  Contrast sensitivity versus spatial frequency plotted for the left eye (blue) and right eye 714 

(red) in (A) Monkey 1 and (B) Monkey 2 showing similar acuity in the eyes. 715 

 716 

 717 

Fig. 5)  Recording sites and receptive field locations.  (A) Diagram of holes in a Delrin® grid 718 

through which tetrode penetrations were made in both monkeys.  The anterior 4 rows were 719 

avoided to insure that opercular recordings were made in V1.  Holes near the grid periphery were 720 



34 
 

 34 

seldom used because of bony ingrowth.   (B)  CO flatmount section from Monkey 1 imaged with 721 

a Zeiss LSM900 microscope to show fluorescent FM 1-43FX label from the last electrode 722 

penetration.  The electrode passed through the right primary visual cortex on the operculum (hole 723 

coordinate: -2, -4) and at 3 additional sites in the folded calcarine fissure, the last along the 724 

V1/V2 border.  Each penetration hole in the grid was associated with a different constellation of 725 

peripheral recording sites.  Dashed line = V1/V2 border.  (C)  Receptive field locations in the left 726 

lower visual quadrant for the 500 cells recorded in Monkey 1 (green) and Monkey 2 (orange), 727 

corrected for display on a tangent screen.  The receptive fields of 3 units are not plotted because 728 

they were located in the far periphery.  Cells beyond an eccentricity of 10° (green arrow) in 729 

Monkey 1 and 5° in Monkey 2 (orange arrow) in Monkey 2 were located in cortex containing 730 

CO columns, and hence, might be expected to show suppression if dominated by the right eye. 731 

 732 

 733 

Fig. 6)  Ocular dominance Index (ODI) shows loss of binocularity in strabismus.  Histogram of 734 

the ODI showing the relative strength of the response to stimulation of the receptive field in the 735 

left (contra) eye versus the right (ipsi) eye for all 500 cells.  Compared with normal monkeys 736 

(Hubel and Wiesel, 1977) a higher proportion of cells were dominated by one eye, but most cells 737 

were still binocular. In cartoons, green cross indicates fixation spot’s position, blue dot is left 738 

eye’s position, red dot is right eye’s position, gray shading denotes occlusion, grating represents 739 

stimulus on cell’s receptive field.    740 

 741 

Fig. 7)  Raster plots and peri-stimulus time histograms of a representative neuron’s responses 742 

recorded in Monkey 1 to about 35 presentations of the 8 stimulus conditions.  The receptive field 743 
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was centered at 12.5° left and 9.5° below each fovea.  The grating was 1 cycle/deg and 5° in 744 

diameter.  (A – D) Top row shows right eye fixation conditions and (E – H) bottom row shows 745 

left eye fixation conditions.   Like most units, this cell showed no facilitation, suppression, or 746 

change in firing with fixation switch.  Rf = receptive field. 747 

 748 

 749 

Fig. 8)  Receptive field interaction index (RFII).  This index compares stimulation of the 750 

receptive field in the dominant eye to stimulation of the receptive fields in both eyes.  As shown 751 

in the cartoon, both eyes viewed while the dominant eye fixated.  Each circle represents data 752 

from a single cell (green = Monkey 1; orange = Monkey 2).  There is no net suppression or 753 

facilitation. 754 

 755 

 756 

Fig. 9)  Peripheral retina interaction index (PRII).  This index compares stimulation of the 757 

dominant eye’s receptive field with the fellow eye occluded versus open (green = Monkey 1; 758 

orange = Monkey 2).  The mean PRII was 0.51 ± 0.12, reflecting no suppression or facilitation 759 

for the neuronal population.   760 

 761 

 762 

Fig. 10)  Ocular fixation index, both fields (OFIboth fields).  This index compares the neuronal 763 

response to stimulation of both eyes’ receptive fields during trials of right eye fixation versus left 764 

eye fixation.  Each circle represents data from a single cell (green = Monkey 1; orange = 765 

Monkey 2).  The mean OFIboth fields was 0.50 ± 0.14, indicating that neuronal responses showed 766 
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no net modulation with eye of fixation.  A bimodal distribution would have suggested a 767 

correlation between eye of fixation and neuronal activity.   768 

 769 

 770 

Fig. 11)  Ocular fixation index, single field (OFIsingle field).  This index compares the neuronal 771 

response to stimulation of the dominant eye’s receptive field, with both eyes viewing, during 772 

epochs of fixation by the dominant eye versus with fellow eye.  Each circle represents data from 773 

a single cell (green = Monkey 1; orange = Monkey 2).  The mean OFIsingle field was 0.52 ± 0.15.  774 

The response in the dominant eye was not reduced, except in a handful of cells, when the other 775 

eye fixated.   776 

 777 

 778 

 779 

Fig. 12)  Sub-analysis of cells dominated by the right eye that were recorded in cortex with 780 

reduced CO activity in the right eye’s ocular dominance columns.  (A)  CO flatmount section 781 

from the right V1 on Monkey 2 passing mostly through layer 4C.  Sectioning difficulties resulted 782 

in loss of the lower portion of the tissue section.  Alternating pale and dark columns are visible in 783 

the periphery, but not on the operculum.  mc = monocular crescent; oval dashed line = probable 784 

location of blind spot representation.  (B)  ODI of 192 cells recorded in both monkeys with 785 

receptive fields located at eccentricity > 10° in Monkey 1 and > 5° in Monkey 2.  There were 94 786 

cells dominated by the right eye (dark bars).  (C)  PRII for cells dominated by the right eye 787 

(green = Monkey 1; orange = Monkey 2).  As for the entire population of cells (Fig. 8), most 788 

cells showed little facilitation or suppression when the occluder was removed from the fellow 789 
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eye.  (D)  OFIsingle field for the 94 right eye dominant cells showed that the response to stimulation 790 

of the right eye’s receptive field was not affected by which eye engaged in fixation.   791 

 792 

 793 

 794 

 795 

 796 

 797 

  798 

  799 
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