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ABSTRACT 34 

 35 

In amblyopia, abnormal visual experience leads to an extreme form of eye dominance, in which 36 

vision through the non-dominant eye is degraded. A key aspect of this disorder is perceptual 37 

suppression: The image seen by the stronger eye often dominates during binocular viewing, 38 

blocking the weaker eye’s image from reaching awareness. Interocular suppression is the focus 39 

of ongoing work aimed at understanding and treating amblyopia, yet its physiological basis 40 

remains unknown. We measured binocular interactions in visual cortex of anesthetized 41 

amblyopic monkeys (female Macaca nemestrina), using 96-channel ‘Utah’ arrays to record from 42 

populations of neurons in V1 and V2. In an experiment reported recently (Hallum et al., under 43 

review), we found that reduced excitatory input from the amblyopic eye revealed a form of 44 

balanced binocular suppression that is unaltered in amblyopia. In this paper we report on the 45 

modulation of the gain of excitatory signals from the amblyopic eye (AE) by signals from its 46 

dominant fellow eye (FE). Using a dichoptic masking technique, we found that AE responses to 47 

grating stimuli were attenuated by presentation of a noise mask to the FE, as in a normal control 48 

animal. Responses to FE stimuli, by contrast, could not be masked from the AE. We conclude 49 

that a weakened ability of the amblyopic eye to modulate cortical response gain creates an 50 

imbalance of suppression that favors the dominant eye.  51 

  52 
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SIGNIFICANCE STATEMENT 53 

 54 

In amblyopia, vision in one eye is impaired as a result of abnormal early visual experience. 55 

Behavioral observations in human amblyopes suggest that much of their visual loss is due to 56 

active suppression of their amblyopic eye. Here we describe experiments in which we studied 57 

binocular interactions in macaques with experimentally induced amblyopia. In normal monkeys, 58 

the gain of neuronal response to stimulation of one eye is modulated by contrast in the other 59 

eye, but in amblyopic monkeys the balance of gain modulation is altered so that the weaker, 60 

amblyopic eye has little effect while the stronger fellow eye has a strong effect. This asymmetric 61 

suppression may be a key component of the perceptual losses in amblyopia.  62 
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INTRODUCTION 63 

 64 

Amblyopia is a disorder of development resulting from abnormal binocular visual experience. 65 

Incorrect eye alignment (strabismus), or an interocular difference in refractive power 66 

(anisometropia), can cause one eye to become dominant, while vision through the non-67 

dominant eye develops abnormally. This results in poor vision through the weak, or amblyopic, 68 

eye under monocular conditions. Additionally, during normal binocular viewing, information from 69 

the amblyopic eye is suppressed, while the stronger eye dominates perception (Hess, 70 

Thompson, & Baker 2014). Interocular suppression correlates with the severity of monocular 71 

deficits across individuals (Li et al. 2011), and may be the primary factor limiting normal 72 

development of amblyopic-eye function (Sireteanu & Fronius 1981). Clinical therapies that aim 73 

to manipulate interocular suppression have shown promise in treating amblyopia in adults, 74 

suggesting that binocular neural pathways remain modifiable into adulthood (Hess et al. 2010; 75 

Li et al. 2013; Ding & Levi 2014).  76 

 77 

Recent findings suggest that amblyopic suppression involves an imbalance in an early binocular 78 

gain control mechanism, which normally facilitates binocular combination through mutual 79 

inhibition between the eyes. In amblyopes, dichoptic masking is asymmetric: masking of the 80 

dominant eye by the amblyopic eye is weak in comparison to masking in the opposite direction 81 

(Harrad & Hess 1992; Baker et al. 2008). The results of Baker et al. (2008) suggest that an early 82 

attenuation of the amblyopic eye’s signal, together with normally functioning interocular gain 83 

control, creates this imbalance favoring the dominant eye. Studies of suprathreshold binocular 84 

combination also suggest a link between binocular gain control and amblyopic suppression. 85 

Dichoptic gratings presented with mismatched contrast or phase evoke a binocular percept 86 

biased toward the dominant eye’s image (Huang et al. 2009, 2011, Ding et al. 2013). This 87 

asymmetry can be explained by a disrupted gain control, in which the amblyopic eye’s ability to 88 

modulate the dominant eye is weakened. Thus amblyopia might not involve abnormal 89 

suppression. Rather, a weakening of the amblyopic eye’s influence tips the balance of mutual 90 

inhibition in favor of the dominant eye. 91 

 92 

In primary visual cortex of experimentally amblyopic monkeys, reduced binocular convergence 93 

leads to a larger proportion of monocular neurons (Kiorpes & Movshon 1998, 2003; Shooner et 94 

al. 2015) and reduced neuronal sensitivity to retinal disparity (Smith et al. 1997; Bi et al. 2011). 95 

Amblyopic V1 also contains more neurons exhibiting purely suppressive binocular interactions 96 
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(Sengpiel et al. 1994; Smith et al. 1997; Kumagami et al. 2000; Mori et al. 2002; Bi et al. 2011). 97 

These cells respond to monocular stimulation only through one eye, but this response is 98 

suppressed by stimulation of the other. This ‘silent’ suppression is observed when excitatory 99 

convergence is absent, raising the question of whether suppression itself is abnormal, or a 100 

normally functioning suppressive mechanism is revealed by the absence of excitation.  101 

 102 

Little is known of how interocular suppression shapes the responses of neurons that receive 103 

excitatory inputs from both eyes. The behavioral and modeling results discussed above suggest 104 

that amblyopic-eye signals might be more susceptible to interocular gain modulation than 105 

signals from the fellow eye, but this prediction has not been tested. We therefore revisited the 106 

question of amblyopic suppression in experimentally amblyopic macaque monkeys. We have 107 

characterized the binocular receptive fields of neurons in early visual cortex (Hallum et al., 108 

under review). Using a novel method that isolated the excitatory and suppressive contributions 109 

of each eye, we found that a large number of seemingly monocular multiunit sites were 110 

suppressed by amblyopic-eye stimulation. This form of binocular suppression was unaltered in 111 

amblyopes, but was more apparent in the presence of reduced excitation. Here, in the same 112 

neural populations, we measured interocular modulation of excitatory signals. Amblyopic-eye 113 

responses were attenuated by a noise mask presented to the fellow eye, while fellow-eye 114 

responses were immune to interocular masking by the amblyopic eye. This asymmetric 115 

modulation was independent of the directly suppressive effects described by Hallum et al., and 116 

represents a form of abnormal binocular combination not previously observed in amblyopia. 117 
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METHODS 118 

 119 

Methods for behavioral testing and physiological recordings are described in Shooner et al. 120 

(2015). We studied 5 amblyopic macaque monkeys (female Macaca nemestrina) and one 121 

normal female control. Amblyopia was caused in 2 monkeys by experimentally induced 122 

strabismus (esotropia); 3 others were raised with unilateral blur as a model of anisometropia. 123 

We measured contrast sensitivity as a function of spatial frequency, monocularly in both eyes of 124 

amblyopic animals and binocularly in the control animal, and fit each sensitivity function with a 125 

descriptive model. The relative difference in sensitivity between the two eyes across all spatial 126 

frequencies was quantified using fitted curves and served as a measure of the depth of 127 

amblyopia. An amblyopia index (AI) (Kiorpes et al. 1998) was computed for each animal, which 128 

could vary between zero (no visual deficit) and 1 (total blindness in the amblyopic eye). We 129 

ranked subjects by AI and label them accordingly: Subject 1 had the least severe visual deficit 130 

(AI=0.21), while Subject 6 showed severe amblyopia (AI=0.91). These labels were defined in a 131 

previous publication (Shooner et al. 2015), which included one amblyope not used in this study 132 

(Subject 5). All animal care and experimental procedures were performed in accordance with 133 

protocols approved by the New York University Animal Welfare Committee and conformed to 134 

the NIH Guide for the Care and Use of Laboratory Animals. 135 

 136 

Surgical preparation and recording 137 

Preparation for acute recording followed standard protocols described previously (Cavanaugh, 138 

Bair, & Movshon 2002; Graf et al. 2011). Animals were anesthetized using continuous 139 

intravenous infusion of the opiate sufentanil citrate (6 μg/kg/h, initial dose). Muscle paralysis by 140 

infusion of vecuronium bromide (100 μg/kg/h) ensured stable position of the eyes. The eyes 141 

were treated with topical atropine sulfate to dilate the pupils, and protected with gas-permeable 142 

contact lenses. We implanted a 96-electrode ‘‘Utah’’ array (Blackrock Systems) over the 143 

estimated border between primary visual cortex (V1) and V2. Electrodes in the arrays were 1 144 

mm long, 400 μm apart, and formed a regular, rectangular grid parallel to the cortical surface. 145 

We pneumatically inserted the array to a depth of 0.5-1.0 mm. After the initial recording, the 146 

array was removed and either a new array or the same array was implanted at a different border 147 

location. In each animal, we performed 2 implantations in each cortical hemisphere: one medial, 148 

in cortex representing the parafoveal visual field, and one lateral, close to the cortical 149 

representation of the fovea. Raw voltage signals were bandpass filtered between 300 and 6000 150 

Hz and then squared to obtain a measure of instantaneous power. The response of a multiunit 151 
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cluster on a single trial was defined as the instantaneous power averaged over an 800 ms 152 

window aligned to stimulus onset. Figure 1 shows the time relationship between stimulus and 153 

response. Power measurements were converted to normalized units by comparison to 154 

spontaneous activity, measured while both eyes viewed a gray screen: deviations from baseline 155 

were divided by the magnitude of spontaneous power to convert all measurements to units of 156 

fractional increase above baseline. 157 

 158 

 159 

 160 

Visual stimulation 161 

We estimated refractive error and determined direction of gaze using direct ophthalmoscopy. 162 

Appropriate lenses were used to make the retinas conjugate with stimuli presented on a 163 

gamma-corrected cathode ray tube (CRT) monitor (Eizo T966), with spatial resolution 1280 x 164 

960 pixels, temporal resolution 120 Hz, and mean luminance 35 cd/m2 . Viewing distance was 165 

1.14 m or 2.28 m, at which distances the screen subtended 21° x 16° or 10.5° x 8°. A binocular 166 

mirror system allowed independent alignment of each eye’s fovea to any point on the display. 167 

We placed the foveas so that receptive fields of neurons driven by each eye were separated by 168 

at least half the screen’s width and stimuli placed on one eye’s receptive fields were remote 169 

from the other’s. We generated stimuli using an Apple Macintosh computer running Expo. 170 

Stimuli were large patches of sinusoidal grating or filtered visual noise. Sixteen gratings were 171 

tested, varying in orientation (0, 45, 90, and 135 degrees), spatial frequency, and contrast (15% 172 

and 30%). Two spatial frequencies were tested in each recording session, and chosen to span 173 

the range of sensitivity of neurons tested (usually 1 and 4 c/deg for parafoveal stimuli, 2 and 8 174 

c/deg for foveal stimuli). Horizontal gratings drifted downward (0 deg) and vertical gratings 175 

rightward (90 deg), at a rate of 2 Hz. Noise stimuli were samples of spatiotemporal bandpass 176 

filtered noise, created by passing a large array of Gaussian random pixel values (512 x 512 177 

pixels x 64 frames) through a spatiotemporal filter, bandpass in spatial frequency (Butterworth, 178 

0.5-8 or 1-16 c/deg) and temporal frequency (2-8 Hz). The resulting noise samples were 179 

individually scaled to have an RMS contrast of 33%.  All stimuli were vignetted by a large (4 or 8 180 

deg) circular aperture with smoothed edges (Cavanaugh, Bair, & Movshon 2002). Trials were 181 

0.8 s in duration and separated by a 0.2 s interval. For each eye and each grating type, we 182 

measured responses to (1) monocular grating in the tested eye, (2) monocular noise in the other 183 

eye, and (3) the dichoptic superposition of grating and noise. Sixty repeats of each trial type 184 

were randomly interleaved. Example stimuli are shown in Figure 1. 185 
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Experimental design and statistical analyses 186 

Amblyopes vary widely in the strength of their visual deficits, and our sample size of 6 subjects 187 

was necessary to span the range from mild to severe amblyopia. In each subject, we sought to 188 

maximize the number of multiunit sites characterized, and found 4 array penetrations per animal 189 

to be an upper limit given the geometry of our placement on the V1/V2 border and need for 190 

careful histological reconstruction of each recorded site. 191 

 192 

Our design did not require statistical hypothesis testing or between-subject comparison. Our aim 193 

instead was to obtain a reliable estimate of effect size within each subject individually. We used 194 

a nonparametric bootstrap analysis to estimate the central tendency and dispersion of a 195 

distribution, whether of multiunit responses over many trials or of derived measures over many 196 

multiunit sites. In each case, we resampled from an empirical distribution randomly, with 197 

replacement, 100 times, computing the mean of each random sample. We report the average of 198 

these 100 values, as well as the 95% confidence interval derived from the distribution of mean 199 

estimates. Bootstrap estimates of mean spontaneous activity were additionally used to identify 200 

significantly positive responses: stimulus conditions whose mean fell significantly (p<0.05) 201 

outside the the distribution of mean spontaneous activity levels. Conditions in which a grating 202 

significantly increased activity above the monocular response to noise were identified in the 203 

same way, comparing mean dichoptic response to a distribution of noise-only responses. 204 

  205 
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RESULTS 206 

 207 

We used multielectrode arrays implanted in visual cortex to measure the strength of dichoptic 208 

masking between the eyes of normal and amblyopic monkeys. This method allowed us to 209 

measure a form of interocular supression even when both eyes drove excitatory responses. 210 

When the response to a dichoptic stimulus was less than predicted from the sum of monocular 211 

responses, this sublinear summation revealed an interocular influence on cortical gain. In a 212 

control animal, we found that neural responses to monocular grating stimuli were reduced when 213 

broadband noise was presented simultaneously to the other eye. Figure 2A plots multiunit 214 

responses recorded on 96 electrodes of one array in the control animal: A grating presented to 215 

the left eye elicited smaller responses in the dichoptic condition (vertical axis) than when 216 

presented monocularly (horizontal axis). In the reverse dichoptic condition, gratings presented 217 

to the right eye suffered similar masking from noise presented to the left eye (Figure 2B). Note 218 

that we define the response to a grating in the presence of a mask as the change in neural 219 

activity caused by the addition of the grating, on top of any activity driven by the mask alone. 220 

 221 

We interpret this bidirectional masking as evidence of a balanced binocular gain control 222 

mechanism, with which each eye modulates the responsivity of the other. In amblyopic subjects, 223 

this ocular balance was severely disrupted. We observed normal dichoptic masking of 224 

amblyopic-eye responses by noise presented to the fellow eye, but no masking in the opposite 225 

direction. Figure 2C-D plot data from a severe amblyope (Subject 6) in the same format as 2A-226 

B. Responses to gratings in the amblyopic eye were reduced in the presence of a dichoptic 227 

noise mask (2C), but noise presented to the amblyopic eye failed to reduce the responsivity of 228 

the fellow eye (2D), and in many cases led to response facilitation.  229 

 230 

Grating stimuli that did not drive any monocular response often had a suppressive effect when 231 

presented in the dichoptic condition, reducing responses to the noise mask (points below the 232 

origin in Figure 2). We characterized this form of interocular suppression using a separate 233 

experiment on the same multiunit sites, described in a recent publication (Hallum et al., under 234 

review) and discussed further below. We focus here on how suprathreshold visual responses 235 

are modulated by binocular interaction, and include in our analysis only conditions in which 236 

responses to gratings were significantly positive in both the monocular and dichoptic conditions, 237 

as determined by a nonparametric bootstrap analysis (see Methods).  238 

 239 
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We measured dichoptic masking as a gain change caused by the noise mask. We computed 240 

the ratio of masked to unmasked response (axes of Figure 2) separately for each multiunit site 241 

and each eye, and for each grating stimulus driving a significant response. This measure 242 

provides an estimate of the relative gain applied to visual signals driven by the test grating in the 243 

presence of the mask, compared to gain in the monocular condition. To summarize masking 244 

strength for a multiunit cluster, we computed the geometric mean of this gain measure across 4 245 

grating orientations, 2 spatial frequencies, and 2 contrasts (15% and 30%). 246 

 247 

Dichoptic gain varied among multiunit sites from approximately 0.3 (strong gain reduction) to 2 248 

(gain enhancement), with a mode near 0.7 in the control animal. Figure 3A plots dichoptic gain 249 

for each multiunit site recorded in the control, separately for each eye. Because the noise 250 

typically had a direct excitatory effect on neural responses in addition to its modulatory role, 251 

dichoptic gain is plotted with respect to responses to the noise, measured monocularly. In the 252 

control animal, the magnitude of excitatory response to the noise did not strongly predict its 253 

effectiveness as a dichoptic mask: Significant masking was observed even when the noise 254 

drove only weak responses. A running mean (solid curves) shows that dichoptic masking was of 255 

similar strength through either eye over the range of observed noise-response amplitudes.  256 

 257 

Broadband noise presented to the fellow eye of amblyopic subjects had an effect similar to that 258 

observed in the control, both in driving excitatory responses and modulating the responsivity of 259 

the amblyopic eye. Figure 3B plots data from a severe amblyope (Subject 6) in the same format 260 

as 3A, with open symbols representing this dichoptic condition. In contrast, noise presented 261 

alone to the amblyopic eye (filled symbols) drove excitation at fewer multiunit sites, and in many 262 

cases caused a suppression of spontaneous activity. This pattern of monocular responses is 263 

consistent with previous measurements made from the same neural population (Shooner et al. 264 

2015; Hallum et al. under review). In the dichoptic condition, noise in the amblyopic eye failed to 265 

reduce the responsivity of the fellow eye, leading to dichoptic gain values of 1 and greater. This 266 

was true when the monocular responses to noise were suppressive, but also when noise drove 267 

excitatory responses in the range typical of the control animal (approximately 0 to 0.5). 268 

 269 

To summarize masking effects across many multiunit sites in each animal, we consider only 270 

those cases where the noise stimulus drove at least a minimal excitatory response when 271 

presented in isolation (excluding, for example, the gray points in Figure 3B, based on the 272 

bootstrap procedure described in Methods). This conservative choice underestimates the total 273 
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difference between the eyes, but allows comparison of the modulatory effect of a dichoptic mask 274 

in either eye, while approximately controlling for its direct excitatory or suppressive effect.  275 

 276 

We observed a large asymmetry in dichoptic masking in the three most severely amblyopic 277 

subjects tested (2 anisometropic, 1 strabismic). Figure 4 plots distributions of dichoptic gain for 278 

each animal, separately for each eye. Figure 5 plots the geometric means of these distributions 279 

with respect to a behaviorally measured Amblyopia Index (AI). In all subjects, noise presented 280 

to the fellow eye reduced the responsivity to amblyopic-eye stimulation, by an amount similar to 281 

that observed in the control. In amblyopes, noise presented to the amblyopic eye caused no 282 

reduction in fellow-eye responsivity (dichoptic gain = 1), and in some cases caused facilitation 283 

(gain > 1). 284 

 285 

Spatial frequency and contrast 286 

The imbalance in binocular gain control described above did not depend strongly on the spatial 287 

frequency or contrast of the gratings used as test stimuli. For each array recording we chose 288 

two spatial frequencies approximately spanning the range of selectivity of the neurons tested 289 

(usually 1 and 4 or 2 and 8 c/deg). On average, we found that responses to higher spatial 290 

frequencies suffered more dichoptic masking, in both normal and amblyopic subjects. Figure 6 291 

plots distributions of dichoptic gain as in Figure 4, but averaged over orientation and contrast, 292 

separately for high and low spatial frequency. At both spatial frequencies tested, masking of the 293 

amblyopic eye resembled the control, while masking of the fellow eye was weaker. This is 294 

shown for Subject 6 only, but we found no evidence of other frequency-dependant effects in any 295 

subject. The relative insensitivity of the amblyopic eye to the higher spatial frequency (Kiorpes 296 

et al. 1998; Shooner et al. 2015) led to fewer significant responses in this condition, preventing 297 

in-depth analysis across subjects. 298 

 299 

Masking strength varied with the contrast of the test grating, but this effect was also small 300 

compared with the asymmetry between eyes. Figure 7A and B plot mean dichoptic gain with 301 

respect to amblyopia index in the same format as Figure 5. Figure 7C directly compares 302 

masking strength between the two contrast conditions. The most common effect in both normal 303 

and amblyopic animals was weaker dichoptic masking of the lower contrast (15%) than the 304 

higher contrast (30%) grating (points above the diagonal in Figure 7C). In one severe amblyope, 305 

the opposite was true for one dichoptic condition: lower contrast gratings presented to the 306 
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amblyopic eye were more strongly masked than higher contrasts. Masking of low contrasts in 307 

this case was also significantly stronger than in the control (see Figure 7B).  308 

 309 

Comparison with binocular suppression 310 

In a separate experiment, reported in Hallum et al. (under review) and described in Discussion, 311 

we characterized the binocular receptive field of each multiunit site, using a novel method to 312 

distinguish excitatory and suppressive inputs. We found that in the control animal, both eyes 313 

often contributed both excitation and suppression. In amblyopes, many sites received little or no 314 

excitatory input from the amblyopic eye, while suppressive inputs remained intact. The effect of 315 

amblyopic-eye stimulation on many cortical sites was therefore to suppress responses driven by 316 

the fellow eye.  317 

 318 

To distinguish between this form of suppression and the abnormal binocular gain control 319 

described above, we compared our dichoptic gain measurement to the excitation index (EI) 320 

defined in Hallum et al. This measure, computed separately for each eye and each multiunit 321 

site, is zero when excitation and suppression are balanced, and positive or negative when one 322 

or the other dominates. Figure 8 plots this comparison for the right eye of the control animal (A) 323 

and the amblyopic eye of Subject 6 (B). Most multiunit sites in the control had positive EI values: 324 

excitatory input from the right eye was accompanied by weaker suppression. The dichoptic gain 325 

measure shows that noise presented to the right eye had a normal masking effect, reducing the 326 

response to left-eye stimuli.  327 

 328 

In the amblyope, many sites had negative EI values: The amblyopic eye contributed strong 329 

suppressive input and little excitation. Surprisingly, at these amblyopic-eye-suppressed sites, 330 

noise presented to the amblyopic eye failed to mask fellow-eye responses, leading to dichoptic 331 

gain values of 1 and greater. These results highlight the distinction between changes in gain 332 

modulation and changes in direct suppression that we observed in these animals. The opposite 333 

effects of amblyopia on the two kinds of dichoptic interaction suggest that they might be 334 

mediated by two distinct mechanisms. Most sites showing direct suppression were excluded 335 

from our summary of masking results, which included only cases where the mask drove a 336 

significant positive response. Sites included in this summary (black symbols in Figure 8) showed 337 

normally balanced excitation and suppression from the amblyopic eye by the measure of Hallum 338 

et al. (EI>0), yet on average showed the same failure to mask fellow eye responses (see Figure 339 

5).  340 
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DISCUSSION 341 

 342 

We used a dichoptic masking technique to measure interocular modulation of neural 343 

responsivity. In a normal control animal, we observed balanced, bidirectional masking: grating 344 

stimuli presented to either eye elicited smaller response increments in the presence of a 345 

dichoptic noise mask than when presented alone. In amblyopes, masking was consistently 346 

asymmetric: masking of the amblyopic eye by the fellow eye appeared normal, while the fellow 347 

eye was immune to masking by the amblyopic eye. We interpret these results in terms of a 348 

binocular gain control mechanism, whereby signals from the two eyes modulate each other via 349 

mutual inhibition. A weakened contribution to such a mechanism from the amblyopic eye would 350 

create an imbalance in favor of the fellow eye, supporting its perceptual dominance during 351 

binocular viewing.  352 

 353 

By measuring changes in gain caused by a dichoptic mask, we characterized a form of 354 

interocular suppression even at cortical sites receiving excitatory input from both eyes: At many 355 

sites, our noise stimulus elicited a significant response when presented alone, and the dichoptic 356 

addition of a test grating further increased this response. When this increase was smaller than 357 

the response elicited by the grating monocularly, we infer that the mask reduced the gain 358 

applied to signals driven by the grating. In this way, our approach differs from previous binocular 359 

experiments that have focused on ‘purely’ suppressive effects: conditions where addition of a 360 

dichoptic stimulus led to decreases in firing rate. 361 

 362 

Previous studies have documented interocular suppression in visual cortex of strabismic cats 363 

(Sengpiel et al. 1994) and amblyopic monkeys (Smith et al., 1997; Kumagami et al., 2000; Mori 364 

et al., 2002; Bi et al., 2011). In these animals, most neurons lacked normal excitatory binocular 365 

convergence and disparity tuning. Many monocularly excited cells were also strongly 366 

suppressed by dichoptic stimulation of the non-preferred eye. The authors concluded that while 367 

these suppressive effects were unusually common in amblyopes, they may reflect a normally 368 

functioning suppressive mechanism, uncovered by the absence of excitation in the amblyopic 369 

eye.  370 

 371 

We recently reported the results of a binocular experiment (Hallum et al., under review), which 372 

expanded on these findings to clarify the relationship between altered excitation and binocular 373 

suppression. For the same neural populations described in this study, we characterized 374 
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binocular receptive fields using a novel method that modulated the contrast seen by each eye at 375 

a different temporal frequency. This ‘frequency tagging’ method allowed the isolation of each 376 

eye’s contribution to the summed binocular response. By also modulating contrast over space, 377 

and applying a simple receptive field model, we estimated the excitatory and suppressive 378 

contribution of each eye to each multiunit site. Receptive fields characterized in the control 379 

animal typically received excitatory and suppressive inputs from both eyes. In amblyopes, 380 

excitation from the amblyopic eye was reduced or absent, while binocular suppression remained 381 

intact. We conclude that this form of interocular suppression is unaltered in amblyopia, but a 382 

disrupted balance between suppression and excitation leads, in many cases, to an abnormal 383 

suppressive effect of amblyopic-eye stimulation. 384 

 385 

A comparison of the current results to those of Hallum et al. suggests that multiple interocular 386 

suppressive mechanisms are involved in amblyopia. Binocular suppression (Hallum et al.) and 387 

interocular gain modulation were both abnormal in our amblyopic subjects, but were unbalanced 388 

in opposite directions: Where the direct suppressive influence of the amblyopic eye appeared 389 

abnormally strong (due to reduced excitation), its ability to mask fellow-eye responses was 390 

abnormally weak. This was true for neural populations on average, and also for individual 391 

multiunit sites (Figure 8). We also observed weakened dichoptic masking at sites which, by the 392 

measure of Hallum et al., received normally balanced excitation and suppression from the 393 

amblyopic eye.  394 

 395 

The neural circuitry supporting these interocular effects is not well understood. Sengpiel and 396 

Blakemore (1996) proposed that normal inhibitory connections between cortical ocular 397 

dominance columns may be relatively diffuse, compared to more precisely wired excitatory 398 

connections. The development of excitatory pathways may then depend more critically on 399 

congruent binocular input. These connections are lost in amblyopia while diffuse interocular 400 

inhibition is maintained. The persistence of a bidirectional inhibitory pathway may account for 401 

our finding of unaltered binocular suppression (Hallum et al., under review), but not the 402 

observed asymmetry in dichoptic masking. Signals responsible for interocular gain changes 403 

may instead be carried by excitatory intercolumnar projections, that then synapse onto local 404 

inhibitory circuits. This model is consistent with our findings that the amblyopic eye is weakened 405 

both in its ability to drive excitatory responses (Shooner et al. 2015, Hallum et al. under review) 406 

and its ability to modulate cortical responsivity. From a computational perspective, we might 407 

expect the summed activity of a pool of excitatory neurons to provide the relevant signal for 408 
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purposes of gain control, namely an estimate of average contrast energy seen by the amblyopic 409 

eye (Heeger 1992; Carandini, Heeger, & Movshon 1997). 410 

 411 

Relationship to human psychophysical studies 412 

Imbalanced binocular gain control provides a possible neural basis for a variety of 413 

psychophysical findings. The studies of Harrad and Hess (1992) and Baker et al. (2008) both 414 

found asymmetric dichoptic masking in human amblyopic subjects. A pedestal mask in the 415 

dominant eye elevated amblyopic-eye thresholds more than a mask of the same absolute 416 

contrast in the reverse condition. This observation is consistent with our finding that the same 417 

noise mask can attenuate neural responses when presented to the fellow eye but not when 418 

presented to the amblyopic eye. A secondary question, which has been answered less 419 

consistently, is whether this asymmetry persists when stimuli are described on threshold-420 

normalized axes to control for interocular differences in sensitivity. We cannot address this 421 

question directly with our current data. All stimuli in this study were suprathreshold for both eyes 422 

(with the possible exception of high-frequency, low-contrast gratings in severe amblyopes), and 423 

our test contrasts spanned a small range (1 octave) compared with differences in behavioral 424 

detection thresholds (Shooner et al. 2015). An avenue for future work is to more closely 425 

replicate psychophysical experiments by systematically varying mask and test contrasts. This 426 

will allow us to determine whether a simple attenuation of amblyopic-eye signals can account for 427 

both sensitivity loss and asymmetric masking, as proposed by Baker et al. (2008), or whether 428 

abnormal masking implies an additional deficit beyond those limiting detection (Harrad & Hess 429 

1992). 430 

 431 

Studies of binocular combination in human amblyopes have found that the fusion of a dichoptic 432 

pair of gratings evokes a percept that is biased toward the dominant eye’s image (Huang et al. 433 

2009, 2011, Ding et al. 2013). This asymmetry is also attributed to an imbalanced binocular gain 434 

control system, in which the amblyopic eye suffers reduced influence over fellow-eye signals. 435 

These studies also report abnormal interocular gain enhancement (Ding et al. 2013), cases 436 

where increasing amblyopic-eye contrast paradoxically increased the fellow eye’s perceptual 437 

dominance. A transition from gain reduction to gain enhancement with amblyopia was also a 438 

prominent feature of our data (Figure 4), providing evidence in support of models containing an 439 

active form of binocular cooperation, balanced with interocular competition (Ding et al. 2013). 440 

The fact that we observed gain enhancement when the direct effect of the noise mask was 441 

suppressive (Figures 3 and 8) argues against alternative models that account for supralinear 442 
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binocular combination using an expansive nonlinearity (Meese et al. 2006; Baker et al. 2008; 443 

Moradi & Heeger 2009). 444 

 445 

Our findings support recent suggestions that manipulating interocular suppression might prove 446 

to be an effective amblyopia therapy (Hess et al. 2010; Li et al. 2013; Ding & Levi 2014). 447 

Moreover, we provide the first physiological evidence that the plasticity required for restoration 448 

of normal binocular function need not include a weakening of amblyopic-eye suppression, but 449 

rather a strengthening of the amblyopic eye’s suppressive influence over the dominant eye. The 450 

strengthening of connections that synapse onto dominant-eye neurons may require those 451 

postsynaptic neurons to be active, and silencing these cells by patching the dominant eye 452 

prevents the necessary synaptic changes. From this perspective, a weak but visible stimulus 453 

presented to the dominant eye might provide the necessary target signal for modulation by the 454 

amblyopic eye, while avoiding the reciprocal suppression that normally overpowers the 455 

amblyopic eye’s signals in cortex. 456 

  457 
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FIGURE CAPTIONS 551 

 552 

Figure 1: 553 

For 8 consecutive trials, stimuli presented to the amblyopic (AE) and fellow eye (FE) are shown 554 

(with higher contrast and lower spatial frequency relative to size for visibility). Monocular and 555 

dichoptic trials were randomly interleaved. Stimuli were 800ms in duration with 200ms 556 

interstimulus intervals and presented in 8-degree circular apertures. Gratings varied in spatial 557 

frequency, orientation, and contrast; dynamic noise was bandpass in spatial frequency (0.5-8 558 

c/deg) and temporal frequency (2-8 Hz). Multielectrode arrays were used to record multiunit 559 

activity on 96 electrodes placed across the V1/V2 border. Raw voltage signals were bandpass-560 

filtered (300-6000 Hz) and squared to measure instantaneous power, which was averaged over 561 

800ms windows aligned to stimulus onset to derive a mean response of each electrode on each 562 

trial. 563 
 564 

Figure 2: 565 

Multiunit responses to a grating stimulus (1 c/deg, 30% contrast) in the presence of a dichoptic 566 

noise mask are plotted with respect to monocular grating responses. Units are fractional 567 

increase above baseline, derived by subtracting and dividing by an estimate of spontaneous 568 

activity. Responses to gratings under dichoptic conditions were derived by subtracting the 569 

response to the mask (measured monocularly) from the response to the dichoptic superposition. 570 

Purely monocular sites where the mask drove no response are shaded light gray in all panels. 571 

A: For an example array placement in the control animal, left-eye (LE) responses to gratings 572 

were reduced by a mask in the right eye (RE). Each point represents the bootstrapped mean 573 

responses recorded on one electrode over 60 trials. B: For the same multiunit sites, a LE mask 574 

similarly attenuated RE grating responses. C: In a severe amblyope (S6), amblyopic-eye (AE) 575 

responses were masked normally by noise in the fellow-eye (FE). D: Grating responses in the 576 

FE were not attenuated by an AE mask, which instead caused response facilitation.  577 
 578 

Figure 3: 579 

Relative dichoptic gain for grating stimuli is plotted with respect to monocular responses to the 580 

noise mask, for every multiunit site characterized in the control and one amblyope (S6). A: In 581 

the control animal, dichoptic gain values were less than 1, implying a gain reduction, even when 582 

excitatory responses to the noise were small. Running geometric means (solid lines) show that 583 

masking was of similar strength through either eye. B: Noise presented to the fellow eye of an 584 
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amblyope had an effect similar to the control (open symbols). Noise in the amblyopic eye drove 585 

fewer excitatory responses, and often suppressed spontaneous activity. At sites that did 586 

respond to the mask, relative gain remained near unity, implying no modulation of fellow-eye 587 

grating responses. We focused further analysis only on sites responding significantly to the 588 

noise mask; sites not meeting this criterion are shaded light gray. 589 
 590 

Figure 4: 591 

For each animal (ordered by severity of behavioral deficit), distributions of relative gain for 592 

grating stimuli (dichoptic/monocular) are shown separately for gratings tested in each eye. Gain 593 

was geometrically averaged across all grating types eliciting significant positive responses both 594 

monocularly and dichoptically. The control animal exhibited symmetric dichoptic masking, and 595 

values from both eyes are centered below 1, implying gain reduction. In the most severe 596 

amblyopes, masking of amblyopic-eye (AE) responses by noise in the fellow eye (FE) appeared 597 

normal (open bars), while distributions of dichoptic gain for the reverse dichoptic condition (filled 598 

bars) are shifted to higher values, showing a failure of the AE mask to reduce FE gain, and a 599 

transition to gain enhancement. Distributions include all multiunit sites where monocular 600 

response to noise alone was significantly positive (evaluated separately for each eye). 601 
 602 

Figure 5:  603 

Dichoptic gain was geometrically averaged over multiunit sites using a bootstrap procedure. 604 

Mean gain is plotted with respect to the behaviorally derived Amblyopia Index (Shooner et al. 605 

2015). Masking of the amblyopic eye by the fellow eye was normal across all subjects (open 606 

symbols), while the amblyopic eye's ability to attenuate fellow-eye gain (closed symbols) was 607 

reduced in the more severe amblyopes. 608 
 609 

Figure 6: 610 

Responses to higher spatial frequency test gratings were more strongly masked in both the 611 

control and amblyopes. A-B: Distributions of dichoptic gain are plotted for each eye of the 612 

control animal in the same format as Figure 4, after averaging over orientation and contrast, 613 

separately for the two tested spatial frequencies. C-D: As in A and B, but for a severe amblyope 614 

(S6). For both spatial frequencies, masking of the amblyopic eye appeared normal, while 615 

masking of the fellow eye was weaker. Arrows mark bootstrap estimates of geometric mean 616 

gain. 617 
 618 
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Figure 7: 619 

Mean dichoptic gain is plotted with respect to Amblyopia Index as in Figure 5, separately for 620 

higher (A) and lower (B) contrast test gratings. C: Data from A and B are replotted, comparing 621 

dichoptic gain between the two contrast conditions. Gray lines connect points representing the 622 

two eyes of the same animal. Differences between low and high contrast (deviations from the 623 

diagonal) were small compared with differences between the eyes of amblyopes (distance 624 

between connected pairs). 625 
 626 

Figure 8: 627 

Dichoptic gain is plotted with respect to the Excitation Index (EI) derived from a separate 628 

experiment (Hallum et al., under review). This index describes the balance between excitatory 629 

and suppressive input from one eye to one multiunit site -- positive and negative values imply 630 

that excitation or suppression, respectively, was stronger than the other. A: For the right eye 631 

(RE) of the control animal, EI values were positive (excitation from the RE dominated 632 

suppression from the RE) and dichoptic gain values were less than 1 (noise in the RE masked 633 

LE responses normally). B: In a severe amblyope (S6), EI values for the amblyopic eye (AE) 634 

were negative for many sites receiving weak excitation but strong suppressive AE input. At 635 

these same sites, dichoptic gain values were greater than 1: noise presented to the AE 636 

facilitated fellow-eye grating responses. Points are shaded as in Figure 3 to identify sites 637 

included in our summary of masking results: Black symbols in B are represented in Figures 4 638 

and 5. 639 
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