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ABSTRACT 48 

Gain-control mechanisms adjust neuronal responses to accommodate the wide range of 49 

stimulus conditions in the natural environment. Contrast gain control and extraclassical 50 

surround suppression are two manifestations of gain control that govern the responses 51 

of neurons in the early visual system. Understanding how these two forms of gain 52 

control interact has important implications for the detection and discrimination of stimuli 53 

across a range of contrast conditions. Here, we report that stimulus contrast affects 54 

spatial integration in the lateral geniculate nucleus of alert macaque monkeys (male and 55 

female), whereby neurons exhibit a reduction in the strength of extraclassical surround 56 

suppression and an expansion in the preferred stimulus size with low-contrast stimuli 57 

compared to high-contrast stimuli. Effects were greater for magnocellular neurons than 58 

for parvocellular neurons, indicating stream-specific interactions between stimulus 59 

contrast and stimulus size. Within the magnocellular pathway, contrast-dependent 60 

effects were comparable for ON-center and OFF-center neurons, despite ON neurons 61 

having larger receptive fields, less pronounced surround suppression, and more 62 

pronounced contrast gain control than OFF neurons. Taken together, these findings 63 

suggest that the parallel streams delivering visual information from retina to primary 64 

visual cortex, serve not only to broaden the range of signals delivered to cortex, but also 65 

to provide a substrate for differential interactions between stimulus contrast and 66 

stimulus size that may serve to improve stimulus detection and stimulus discrimination 67 

under pathway-specific lower and higher contrast conditions, respectively.  68 

  69 
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SIGNIFICANCE 70 

Stimulus contrast is a salient feature of visual scenes. Here we examine the influence of 71 

stimulus contrast on spatial integration in the lateral geniculate nucleus (LGN). Our 72 

results demonstrate that increases in contrast generally increase extraclassical 73 

suppression and decrease the size of optimal stimuli, indicating a reduction in the extent 74 

of visual space from which LGN neurons integrate signals. Differences between 75 

magnocellular and parvocellular neurons are noteworthy and further demonstrate that 76 

the feedforward parallel pathways to cortex increase the range of information conveyed 77 

for downstream cortical processing, a range broadened by diversity in the ON and OFF 78 

pathways. These results have important implications for more complex visual 79 

processing that underly the detection and discrimination of stimuli under varying natural 80 

conditions.  81 
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INTRODUCTION  82 

Visual features in the natural environment vary greatly in luminance contrast and size. To 83 

encode these variations efficiently, visual neurons can adjust their responses according to the 84 

statistics of the visual scene. Gain-control mechanisms play a prominent role in this process and 85 

are evident at every stage in the visual system, often regulating neuronal responses to adjust 86 

the sensitivity for stimuli and/or the operating range for processing sensory signals.  87 

Two manifestations of gain control are contrast gain control and extraclassical 88 

suppression. Contrast gain control is the phenomenon whereby visual responses are amplified 89 

at low contrasts and compressed at high contrasts (Shapley and Victor, 1978; Enroth-Cugell 90 

and Freeman, 1987; Victor, 1987; Benardete et al., 1992). Models of retinal mechanisms for 91 

contrast gain control often include the combining of linear and nonlinear subunits that 92 

dynamically adjust their gain to different contrasts (Shapley and Victor, 1978; Enroth-Cugell and 93 

Freeman, 1987; Victor, 1987; Benardete et al., 1992; Chander and Chichilnisky, 2001; Kim and 94 

Rieke, 2001). The combination of functional subunits is thought to span a region of visual space 95 

that is as large as or larger than a neuron’s classical receptive field, thereby potentially 96 

contributing to a second form of gain control known as extraclassical suppression (Bonin et al., 97 

2005), a phenomenon in which responses to stimuli within a neuron’s classical receptive are 98 

suppressed by stimuli within the extraclassical surround (Allman et al., 1985; Sillito et al., 1993; 99 

Jones et al., 2000; Solomon et al., 2002, 2006; Alitto and Usrey, 2008; Fisher et al., 2017). As 100 

these two manifestations of gain control may include shared (Bonin et al., 2005) and/or distinct 101 

retinal mechanisms (Rieke, 2001; Kim and Rieke, 2003; Zaghloul et al., 2007; Jarsky et al., 102 

2011; Weick and Demb, 2011; Greschner et al., 2016), as well as extraretinal mechanisms 103 

affecting LGN responses (Sillito et al., 2002; Rathbun et al., 2016; Fisher et al., 2017), it is 104 

important to know if and how they interact, as these interactions could have pronounced effects 105 

on visual processing. 106 
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The effect of stimulus contrast on extraclassical suppression could be distinct for 107 

neurons in the parallel retino-geniculo-cortical pathways. In primates, two major pathways from 108 

retina to cortex are the magnocellular and parvocellular pathways, which each include ON-109 

center and OFF-center streams. Compared to neurons in the parvocellular pathway, neurons in 110 

the magnocellular pathway have larger receptive fields, shorter visual response latencies, and 111 

more transient responses to visual stimuli (reviewed in Schiller and Logothetis, 1990; Merigan 112 

and Maunsell, 1993; Usrey and Alitto, 2015). Magnocellular neurons also exhibit greater 113 

contrast gain control and stronger extraclassical suppression than parvocellular neurons 114 

(Solomon et al., 2002; Alitto and Usrey, 2008). Although contrast gain control and extraclassical 115 

suppression are evident in the retinal ganglion cells (RGC) that innervate neurons in the lateral 116 

geniculate nucleus (LGN) of the thalamus (Solomon et al., 2006; Alitto and Usrey, 2008), 117 

reports indicate these forms of gain control are more pronounced in the LGN compared to the 118 

retina (Rathbun et al., 2016; Fisher et al., 2017; but see Alitto and Usrey, 2008). Thus, 119 

extraretinal mechanisms may influence interactions between stimulus contrast and stimulus size 120 

along the retino-geniculo-cortical pathway, presumably to enhance visual processing in the 121 

cortex and benefit visual behavior.  122 

The goal of this study was to assess the influence of stimulus contrast on extraclassical 123 

suppression and optimal stimulus size in LGN neurons of alert macaque monkeys to avoid 124 

potential confounds associated with anesthesia effects on visual responses (Alitto et al., 2011; 125 

Vaiceliunaite et al., 2013) and to determine whether contrast-dependent changes in spatial 126 

integration differ for LGN neurons relaying signals in the parallel visual pathways. Across cell-127 

types, the strength of extraclassical suppression typically increased as stimulus contrast 128 

increased, and increased suppression was accompanied with shifts in the peak response to 129 

smaller optimal-size stimuli, indicating a reduction in the spatial extent over which LGN neurons 130 

integrate visual signals. Effects were most pronounced for magnocellular neurons compared to 131 
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parvocellular neurons, and differences between ON-center and OFF-center magnocellular 132 

neurons in spatial integration and contrast gain control were noteworthy. Taken together, these 133 

findings demonstrate that stream-specific interactions between stimulus contrast and stimulus 134 

size broaden the range of signals delivered to cortex. Moreover, the inverse relationship 135 

between contrast and spatial integration and the diversity across cell types should have 136 

functional consequences for stimulus detection and discrimination during natural vision.  137 

  138 
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MATERIALS AND METHODS 139 

Two adult rhesus monkeys (Macacca mulatta; one female and one male) were used for 140 

electrophysiological recordings in this study. All experimental procedures conformed to NIH and 141 

USDA guidelines and were approved by the Institutional Animal Care and Use Committee at the 142 

University of California, Davis. Under full surgical anesthesia, the monkeys received a cranial 143 

implant containing a head post for head stabilization. Animals were then trained to fixate on a 144 

target dot for fluid reward while eye position was monitored with an ASL-6 infrared eye tracking 145 

system (Applied Science Laboratories, Bedford, MA) with a sampling rate of 1000 Hz. Following 146 

fixation training, a stainless-steel recording cylinder (Crist Instruments, Hagerstown, MD) 147 

centered over the LGN (7 mm anterior to the interaural axis and 11 mm lateral from the midline) 148 

was added to the implant. 149 

Electrophysiological recordings and visual stimuli.  150 

Single-unit recordings from LGN neurons were made using platinum-in-glass electrodes (1-2 151 

M; Alpha Omega, Alpharetta, GA). Using a microdrive (40 mm MEM, Thomas Recording, 152 

Giessen, Germany) mounted on the recording chamber, electrodes were advanced through a 153 

stainless-steel guide tube to the LGN, approximately 23 mm below the cortex. Continuous 154 

voltage signals containing the action potentials of single units were amplified (A-M Systems, 155 

Sequim, WA), filtered (0.1–5 kHz), and recorded using a Micro1401 data acquisition system (28 156 

kHz) and Spike2 software (CED, Cambridge, UK). Unit isolation was confirmed offline using 157 

waveform analysis and the presence of a refractory period (Bishop and Evans, 1956), as 158 

indicated in the autocorrelograms. 159 

Visual stimuli were generated with a ViSaGe (Cambridge Research Systems, Rochester, 160 

UK) and presented on a gamma-corrected CRT monitor (Sony or Mitsubishi) positioned in front 161 

of the animal (at 65 and 80 cm for Monkeys 1 and 2, respectively); the display had a resolution 162 

of 1024x768, a refresh rate of 140 Hz or 120 Hz, and a mean luminance of 38 cd/m2. At the 163 
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beginning of each recording session, eye position was calibrated by having the animal fixate 164 

target points displayed at known eccentricities. Receptive field locations of recorded neurons 165 

were determined manually using small spots and/or grating patches. Visual stimuli were 166 

centered on the receptive fields of recorded cells. Importantly, centering was confirmed and 167 

maintained throughout data collection. To minimize errors arising from eye movements, trials 168 

were aborted if eye position deviated by > 0.35º, and data from trials with broken fixation were 169 

discarded. 170 

Visual stimuli appeared after 200 ms of fixation and were presented for 1.5 s during 171 

which the animal was required to maintain fixation of a 0.2° target dot centered within a 0.5° 172 

radius window for a fluid reward. Individual trials were presented in 3-7 blocks of randomly 173 

interleaved stimulus diameters such that each stimulus diameter was presented once during 174 

each block. A mean gray interstimulus interval of 1.5 s was interleaved between each stimulus 175 

presentation during which animals could move their eyes freely. 176 

We measured responses evoked by drifting sinusoidal gratings (temporal frequency, 4 or 177 

5 Hz) to characterize receptive field response properties. We presented nine spatial frequencies 178 

(100% contrast) in octave steps (ranging from 0.2 to 8 c/deg) to characterize the spatial 179 

frequency tuning function. From the online spatial frequency response functions, we obtained 180 

the frequency that gave the peak response (preferred spatial frequency) and used this spatial 181 

frequency for all subsequent stimulus gratings. To measure responses as a function of stimulus 182 

size, we presented gratings at nine stimulus diameters (ranging from 0.2º–5º). Contrast 183 

response functions were made based on responses to nine luminance contrasts (ranging from 1 184 

to 100% in logarithmic steps). To examine the effect of contrast on extraclassical suppression 185 

and optimal stimulus size, we measured size-tuning responses at high and low contrasts. 186 

Data analysis.  187 
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LGN responses were analyzed using the first harmonic (F1) of spiking responses modulated at 188 

the temporal frequency of the drifting sinusoidal grating. To find the model parameters that best 189 

accounted for the measured responses, a constrained nonlinear least-squares optimization 190 

routine, implemented in MATLAB (fmincon), was used when fitting response functions.  191 

Spatial frequency response functions.  192 

We fit responses to stimuli that varied in spatial frequency with a frequency domain difference of 193 

Gaussians (DoG) function (Enroth-Cugell and Robson, 1966) with the following form:  194 

              𝑅(𝜔𝑥) = 𝐾([𝑒𝑥𝑝 − (𝜔𝑥  /𝑓𝑐)2] − 𝐾𝑠[𝑒𝑥𝑝 − (𝜔𝑥/𝑓𝑠)2]), 

where x is the spatial frequency, K is an overall scaling factor, fc is the characteristic spatial 195 

frequency of the center Gaussian (frequency at which the response falls to 1/e of its maximum), 196 

Ks is the integrated weight of the surround relative to the center, and fs is the characteristic 197 

frequency of the surround Gaussian.  198 

Contrast response functions.  199 

Contrast response functions were made for a subset of neurons (n = 54). We fit contrast 200 

responses with a hyperbolic ratio function (Naka and Rushton, 1966; Albrecht and Hamilton, 201 

1982):  202 

𝑅(𝐶) =  𝑘 ∗ 𝐶𝑛/(𝐶𝑛 + 𝐶50
𝑛 ) + 𝑏,

        
203 

where C denotes the luminance contrast of the stimulus, k represents the maximum response, 204 

the exponent n reflects the linearity of the response function, C50 refers to the semisaturation 205 

contrast, and b is the baseline response of the cell. The hyperbolic ratio fits were very good in 206 

most cases (mean R2 = 0.93). 207 
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From the hyperbolic ratio fits, we estimated the contrast required to evoke half of the 208 

maximum response (C50), a value which reflects the slope of the contrast response function, 209 

and we used this measure to quantify the contrast gain for a given cell.  210 

To examine extraclassical suppression and optimal stimulus size across neurons, we 211 

selected contrast levels above and below each cell’s C50 in the linear range of the contrast 212 

response function (typically the C25 and C75, assessed online) to generate area summation 213 

response functions. 214 

Size-tuning response functions.  215 

We fit responses to stimulus diameter with a spatial domain difference of Gaussians (DOG) 216 

function (Sceniak et al., 1999) with the following form: 217 

𝑅(𝑑) =  𝐾𝑐 ∫ exp (
𝑑/2

−𝑑/2
− [2𝑦/𝜎𝑐]2)  − 𝐾𝑠 ∫ exp (−[2𝑦/𝜎𝑠]2)

𝑑/2

−𝑑/2
, 218 

where d is the stimulus diameter in degrees, Kc and c specify the amplitude and width of the 219 

center Gaussian, and Ks and s specify the amplitude and width of the surround Gaussian. The 220 

only constraint imposed when fitting the data was c < s.  221 

From the DoG fits, we obtained the peak response and asymptotic response to estimate 222 

the degree in which the extraclassical surround modulates the response of the classical center 223 

(DeAngelis et al., 1994). Using these measures, we calculated the suppression index (SI), 224 

defined as follows:  225 

𝑆𝐼 = (𝑅𝑝𝑒𝑎𝑘 − 𝑅𝑎𝑠𝑦𝑚)/(𝑅𝑝𝑒𝑎𝑘 + 𝑅𝑎𝑠𝑦𝑚), 226 

where Rpeak reflects the maximum response across all stimulus diameters, and Rasym reflects the 227 

asymptotic response to the largest stimulus diameter. SI values are bound between 0 and 1: 228 

with values near 0 representing weak suppression, and larger values representing strong 229 
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suppression. We obtained the stimulus diameter eliciting the peak response to estimate the 230 

optimal stimulus size, a value that approximates the size of the classical receptive field. 231 

Changes in the optimal stimulus size as a function of contrast were quantified using a bounded 232 

index: 233 

(𝑂𝑝𝑡. 𝑠𝑖𝑧𝑒𝑙𝑜𝑤 𝑐𝑜𝑛𝑡𝑟𝑎𝑠𝑡  −  𝑂𝑝𝑡. 𝑠𝑖𝑧𝑒ℎ𝑖𝑔ℎ 𝑐𝑜𝑛𝑡𝑟𝑎𝑠𝑡 )/(𝑂𝑝𝑡. 𝑠𝑖𝑧𝑒𝑙𝑜𝑤 𝑐𝑜𝑛𝑡𝑟𝑎𝑠𝑡 +  𝑂𝑝𝑡. 𝑠𝑖𝑧𝑒ℎ𝑖𝑔ℎ 𝑐𝑜𝑛𝑡𝑟𝑎𝑠𝑡) 

Cell classification.  234 

We classified cells as magnocellular or parvocellular using clustering analysis in Matlab. 235 

Hierarchical clustering performed a weighted linkage algorithm based on the contrast evoking 236 

half-maximum response (C50) and the slope of the contrast response function for lower 237 

contrasts (1.8% to 17.8%). Consistent with our previous findings (Alitto and Usrey, 2008), this 238 

method generated clusters where cells with a C50 < 35% were classified as magnocellular (n = 239 

35) and cells with a C50 > 35% were classified as parvocellular (n = 19). Because recording sites 240 

were not confirmed with lesions and histology (not a feasible practice for data collected from 241 

behaving animals), we consider the classification of cell types as putative magnocellular and 242 

putative parvocellular.  243 

Cells were further classified as ON-center or OFF-center based on their response to the 244 

phase of the sinusoidal grating. Cells excited by the bright phase of the stimulus were classified 245 

as ON cells, and cells excited by the dark phase were classified as OFF cells. Given the smaller 246 

number of parvocellular cells (n = 19, total) did not allow for significant statistical analysis, we 247 

restricted the ON-OFF analysis to our sample of magnocellular cells, as we had a sufficient 248 

sample size of both cell types (n = 19 and n = 16 for OFF and ON cells, respectively). 249 

Statistics.  250 

All analyses were performed using built-in MATLAB functions and custom scripts. The 251 

nonparametric Wilcoxon signed-rank test (MATLAB function: signrank) was used to evaluate the 252 
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effect of stimulus contrast within a single cell and determine p values for all pair-wise statistical 253 

tests. The nonparametric Wilcoxon rank sum test (MATLAB function: ranksum) was used to 254 

compare measures of SI, optimal size, C50, response gain, and contrast-dependent changes 255 

between cell-type groups and determine p values for statistical tests. 256 

A Spearman (rank) correlation coefficient (MATLAB function: corr) was calculated to 257 

quantify the relationship between measures of interest and determine significance. From 258 

correlations, we calculated a Spearman (rank) partial correlation coefficient (MATLAB function: 259 

partialcorr) as follows:  260 

𝑟𝑥𝑦.𝑧 = (𝑟𝑥𝑦 – 𝑟𝑥𝑧𝑟𝑦𝑧) /√(1 − 𝑟𝑥𝑧
2 )(1 − 𝑟𝑦𝑧

2 )  261 

to confirm the relationship between two measures of interest (x, y) while controlling for the effect 262 

of a third measure (z) and determine significance. 263 

For all comparisons, the mean and the standard error of the mean (SEM) are reported, 264 

and the number of neurons in each group is presented as values for n. Probability values are 265 

provided for all statistical comparisons, and probability values smaller than 0.001 are described 266 

as p < 0.001. All statistical methods were two-sided.   267 
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RESULTS 268 

Stimulus contrast and stimulus size are known to govern the responses of neurons in the lateral 269 

geniculate nucleus (LGN) and, therefore, the visual signals relayed to cortex. We made single-270 

unit recordings from neurons (n = 75) in the LGN of 2 awake, fixating macaque monkeys to 271 

determine how these stimulus features interact. For each neuron, we measured responses to 272 

drifting sinusoidal gratings (optimal spatial frequency; temporal frequency, 4 or 5 Hz), that were 273 

centered over the receptive field and varied in contrast and size (i.e., diameter of the grating 274 

patch).  275 

Figure 1A and B shows the spiking activity and firing rates of an example LGN neuron 276 

for stimuli of different contrasts and sizes. The periodic spiking activity in the raster plots (Fig. 277 

1A) reflects the phase and temporal frequency of the drifting sinusoidal grating. As expected, 278 

the spiking activity of this neuron increases as stimulus contrast increases (5%, 8%, and 18% 279 

contrast). Activity levels of this neuron are also affected by stimulus size, as illustrated with each 280 

of the response curves in Figure 1B. Beginning with the smallest size stimuli, the initial increase 281 

in the response function largely reflects the extent to which the stimulus fills the classical 282 

receptive field of the neuron. The peak response (arrowheads) corresponds to the optimal 283 

stimulus size, a value that approximates the size of the classical receptive field and marks the 284 

border for response reinforcement, i.e., spatial integration (see Materials and Methods). 285 

Consistent with the view that the extraclassical receptive field overlaps and extends beyond the 286 

classical receptive field, stimulus sizes larger than the optimal size suppress the firing rate of the 287 

neuron as suppression increases at a faster pace than excitation until a plateau response is 288 

reached, at which point the stimulus extends beyond the size of the extraclassical surround. 289 

This example neuron exhibits substantial extraclassical suppression for higher contrast stimuli 290 

(18% contrast) and less suppression for lower contrast stimuli (5% contrast). Additionally, the 291 
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rightward shift in the size-tuning response curves with lower contrasts reveals an inverse 292 

relationship between stimulus contrast and preferred stimulus size. 293 

To examine the effect of contrast on extraclassical surround suppression across the 294 

sample of LGN neurons, we calculated a bounded suppression index (SI; the difference 295 

between the peak response and asymptote response divided by the sum of these responses; 296 

Fig. 1C; see Materials and Methods). For the example LGN neuron in Figure 1, increases in 297 

stimulus contrast increased the cell’s peak response (Fig. 1D), decreased the optimal size for 298 

peak response (Fig. 1E), and increased the suppression index (Fig. 1F). 299 

 Similar to the example neuron in Figure 1, contrast had a prounounced influence on 300 

extraclassical suppression (Fig. 2A) and size tuning (Fig. 2B) across our sample of LGN 301 

neurons (n = 75). Using a wide range of stimulus contrasts (mean high contrast used = 54.9% ± 302 

3.9%; mean low contrast used = 17.7% ± 1.6%), the SI was significantly increased as the 303 

stimulus contrast was increased (Wilcoxon signed-rank test; p < 0.001). Overall, suppression 304 

indices were ~44% greater for stimuli at higher contrasts (mean SI: 0.23 ± 0.01) compared to 305 

lower contrasts (mean SI: 0.16 ± 0.01; p < 0.001, Wilcoxon rank sum test). Stimulus contrast 306 

also affected the size of the preferred stimulus. Across LGN neurons, optimal sizes were ~20% 307 

larger for stimuli at lower contrasts (mean optimal size: 0.96 ± 0.04) compared with higher 308 

contrasts (mean optimal size: 0.80 ± 0.04, p = 0.004, Wilcoxon rank sum test). Taken 309 

together, the increase in optimal stimulus size and the reduction in extraclassical suppression 310 

are consistent with results from cortical neurons showing an increase in the extent of spatial 311 

integration at low contrast compared with high contrast (Levitt and Lund, 1997; Kapadia et al., 312 

1999; Sceniak et al., 1999; Shushruth et al., 2009); however, not all cells displayed similar 313 

effects from contrast, we therefore examined the influence of stimulus contrast on a subset of 314 

LGN neurons in our sample with clear cell-class identity (below). 315 

Magnocellular and parvocellular responses to stimulus contrast 316 
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Magnocellular and parvocellular LGN neurons have distinct response profiles for stimuli that 317 

vary in stimulus contrast (Reviewed in Schiller and Logothetis, 1990; Merigan and Maunsell, 318 

1993). Figure 3 shows the contrast response functions of an example parvocellular and 319 

magnocellular neuron. As is typical for these cell types, the magnocellular neuron is more 320 

sensitive to low-contrast stimuli compared to the parvocellular neuron. For the example 321 

magnocellular neuron (Fig. 3A), response rates increase relatively linearly over a contrast range 322 

of ~2 – 25%, at which point, responses begin to saturate. The contrast required to evoke half of 323 

the cell’s maximum response (C50) is approximately 13%. For the parvocellular neuron (Fig. 3B), 324 

response rates are substantially more linear over a broader range, from ~15 – 80% contrast, 325 

and the C50 is higher, approximately 38%. In the following sections we examine the influence of 326 

stimulus contrast on extraclassical suppression and optimal size for a subset of neurons that 327 

were identified as magnocellular (n = 35) or parvocellular (n = 19; see Materials and Methods). 328 

For each neuron, we determined the contrast levels within the linear range of the responses, 329 

and we selected contrasts near the high and low ends of this range (above and below the C50; 330 

assessed online) for subsequent evaluation of contrast-dependent changes between cell types. 331 

Contrast-dependent effects on suppression and optimal size are greater in magnocellular 332 

neurons than in parvocellular neurons 333 

As an initial analysis, we compared the strength of extraclassical suppression between 334 

magnocellular and parvocellular neurons. Magnocellular neurons displayed significantly 335 

stronger extraclassical suppression than parvocellular neurons when shown higher contrast 336 

stimuli (Fig. 4A; p = 0.003, Wilcoxon rank sum test). A similar relationship was also evident with 337 

lower contrast stimuli; however, the difference between magnocellular and parvocellular 338 

neurons did not reach significance (Fig. 4A; p = 0.09, Wilcoxon rank sum test). Thus, cell-type 339 

differences in extraclassical suppression were contingent on contrast. 340 
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Among magnocellular neurons, suppression indices were ~60% greater for stimuli at 341 

higher contrast than at lower contrast (Fig. 4B; mean SI: high contrast = 0.29 ± 0.02; low 342 

contrast = 0.18 ± 0.01; p < 0.001, Wilcoxon rank sum test; mean high contrast used = 27.0% ± 343 

2.7%, mean effective contrast (i.e. % of maximum response) = 71.3%  2.2%); mean low 344 

contrast used = 9.0% ± 0.7%, mean effective contrast = 37.4%  2.3%). This effect was typical 345 

of magnocellular neurons, with 91% (32 of 35) of magnocellular neurons showing an increase in 346 

surround suppression at higher contrasts compared to lower contrasts (p < 0.001, Wilcoxon 347 

signed rank test). For the parvocellular neurons in our sample, we did not see a significant 348 

influence of stimulus contrast on extraclassical suppression (Fig. 4C; mean SI: high contrast = 349 

0.19 ± 0.02; low contrast = 0.16 ± 0.04; p = 0.13, Wilcoxon signed-rank test; mean high contrast 350 

used = 56.5% ± 3.6%, mean effective contrast = 60.5%  4.3%; mean low contrast used = 351 

30.8% ± 2.9%, mean effective contrast = 17.1%  3.5%); however, we cannot rule out the 352 

possibility that a significant, albeit small, difference might have been detected with a larger 353 

sample size. Nevertheless, compared to parvocellular neurons (mean change in SI = 0.03 ± 354 

0.02), magnocellular neurons (mean change in SI = 0.11 ± 0.02) had a significantly greater 355 

contrast-dependent effect on extraclassical surround suppression (Fig. 4D; p = 0.001, Wilcoxon 356 

rank sum test).  357 

We also observed differences between magnocellular and parvocellular neurons when 358 

comparing optimal stimulus size. With lower contrast stimuli, magnocellular neurons preferred 359 

significantly larger stimuli than did parvocellular neurons (Fig. 4E; p < 0.001, Wilcoxon rank 360 

sum test). Notably, this difference was not significant in response to higher-contrast stimuli (Fig. 361 

4E; p = 0.13, Wilcoxon rank sum test). Thus, cell-type differences in optimal stimulus size also 362 

depended on contrast. 363 
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Among the magnocellular neurons, optimal sizes were ~28% larger for lower-contrast 364 

stimuli compared to higher-contrast stimuli (Fig. 4F; mean optimal size: low contrast = 1.10º ± 365 

0.06º; high contrast = 0.86º ± 0.05º, respectively; p = 0.006, Wilcoxon rank sum test). This effect 366 

was typical for magnocellular neurons, with 91% (32 of 35) of magnocellular neurons showing 367 

an expansion in optimal stimulus size at lower contrasts compared to higher contrasts (p < 368 

0.001, Wilcoxon signed-rank test). As with cell-type-specific differences in extraclassical 369 

suppression, stimulus contrast did not have a significant effect on optimal stimulus size for the 370 

parvocellular neurons in our sample (Fig. 4G; mean optimal size: low contrast = 0.78º ± 0.06º; 371 

high contrast = 0.73º ± 0.06º; p = 0.15, Wilcoxon signed-rank test). Thus, compared to 372 

parvocellular neurons (mean change for optimal size = 0.05º ± 0.03º; bounded index = 0.03 ± 373 

0.02; see Materials and Methods), magnocellular neurons (mean change for optimal size = 374 

0.24º ± 0.03º; bounded index = 0.14 ± 0.02; see Materials and Methods) exhibited significantly 375 

greater contrast-dependent changes in the spatial extent of the receptive field (Fig. 4H; p = 376 

0.001, Wilcoxon rank sum test).  377 

ON-OFF asymmetries in spatial integration and contrast gain control for cells in the 378 

magnocellular pathway 379 

Together, these results show that magnocellular, but not parvocellular neurons exhibit contrast-380 

dependent changes in spatial integration, and spatial asymmetries between magnocellular and 381 

parvocellular neurons were contingent on contrast. In the sections below, we examine whether 382 

these effects of contrast further differentiate for the ON and OFF streams within the 383 

magnocellular pathway.  384 

We first compared extraclassical suppression between our sample of ON-center and 385 

OFF-center magnocellular neurons (n = 16 and n = 19, respectively). Comparisons revealed a 386 

significant difference for higher-contrast stimuli (Fig. 5A; mean SI: OFF cells =  0.33  0.03; ON 387 

cells = 0.24  0.01; p = 0.006, Wilcoxon rank sum test), although the difference did not quite 388 
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reach significance for lower contrast stimuli (mean SI: OFF cells = 0.20  0.02; ON cells = 0.15 389 

 0.01; p = 0.10, Wilcoxon rank sum test). Nevertheless, for both the ON cells and the OFF 390 

cells, extraclassical suppression significantly increased in response to higher-contrast stimuli 391 

compared with lower contrast stimuli (Fig. 5B; p < 0.001, Wilcoxon signed-rank test), and the 392 

contrast-dependent changes in suppression indices between the two cell types were not 393 

significantly different (Fig. 5C; mean change SI: ON cells = 0.09 ± 0.01; OFF cells = 0.13 ± 0.03; 394 

p = 0.23, Wilcoxon rank sum test). 395 

  Previous studies have reported asymmetries in the size of receptive fields between ON 396 

and OFF cells in the macaque retina, with ON cells having larger receptive fields (Chichilnisky 397 

and Kalmar, 2002; see Ravi et al., 2018). Thus, we next compared optimal stimulus size 398 

between our sample of ON-center and the OFF-center magnocellular neurons. We found that 399 

optimal sizes were larger for ON cells than OFF cells, regardless of contrast, as these 400 

differences were significant for both the higher contrast stimuli (Fig. 5D; mean optimal size: ON 401 

cells = 1.03º  0.07º; OFF cells = 0.72º  0.07º; p = 0.003, Wilcoxon rank sum test; mean 402 

effective contrast (i.e. % of maximal response) used for comparison: ON cells = 71.5% ± 2.3%; 403 

Off cells, 71.1% ± 3.7%; p = 0.68, Wilcoxon rank sum test) and the lower contrast stimuli (Fig. 404 

5D; mean optimal size: ON cells = 1.30º  0.09º; OFF cells = 0.93º  0.06º; p = 0.001, Wilcoxon 405 

rank sum test; mean contrast used for comparison = ON cells, 8.4% ± 1.2%; OFF cells, 9.5% ± 406 

0.8%; p = 0.17, Wilcoxon rank sum test). Furthermore, both ON and OFF cells exhibited 407 

significant increases in optimal stimulus size in response to lower contrast stimuli compared with 408 

higher contrast stimuli (Fig. 5E; p < 0.001, Wilcoxon signed-rank test), and the contrast-409 

dependent changes were not significantly different for the two types of cells (Fig. 5F; p = 0.56, 410 

Wilcoxon rank sum test). Thus, these comparisons in extraclassical suppression strength and 411 

optimal stimulus size suggest that there are notable differences in spatial integration between 412 

ON and OFF magnocellular neurons. 413 
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Because receptive-field size is known to increase with eccentricity (Derrington and 414 

Lennie, 1984; Croner and Kaplan, 1995; Kremers and Weiss, 1997; Usrey and Reid, 2000; 415 

Solomon et al., 2002), we next tested whether these ON-OFF differences in optimal stimulus 416 

size observed in our sample of magnocellular neurons might be due to sampling differentially 417 

from cells at small and large eccentricities. As shown in Figure 6, optimal size indeed increased 418 

as a function of receptive-field eccentricity across magnocellular cells (r = 0.59, p < 0.001), an 419 

effect evident for both the ON cells (r = 0.51, p = 0.003) and the OFF cells (r = 0.49, p = 0.002); 420 

however, the pool of ON cells did not differ significantly from the OFF cells in their eccentricity (p 421 

= 0.18, Wilcoxon rank sum test). More importantly, at any given eccentricity optimal size was, on 422 

average, larger for ON cells compared to OFF cells. Similar to the results obtained in the retina 423 

(Chichilnisky and Kalmar, 2002), across our sample of LGN magnocellular neurons, ON cells 424 

preferred larger size stimuli than OFF cells.  425 

 We next asked how features of spatial integration are related to each other. To address 426 

this question, we compared suppression-index values and optimal-stimulus sizes across our 427 

sample of ON and OFF magnocellular neurons. As shown in Figure 7A, there was a negative 428 

correlation between these two values (r = -0.46, p < 0.001; ON cells: r = -0.43, p = 0.01; OFF 429 

cells: r = -0.35, p = 0.03). That is, cells that preferred smaller stimuli typically exhibited stronger 430 

extraclassical suppression compared with cells that preferred larger stimuli. To confirm the 431 

relationship between surround suppression (SI) and optimal size (RF), we computed an optimal 432 

size partial correlation while controlling for C50 (rSIRF.C50 = -0.40, p < 0.001). Together, these 433 

results suggest that ON cells integrate signals over larger regions of visual space compared 434 

with OFF cells.  435 

Previous studies in the macaque retina have also noted ON-OFF asymmetries in 436 

contrast response functions, with ON cells showing higher contrast sensitivity (Chander and 437 

Chichilnisky, 2001; Chichilnisky and Kalmar, 2002). To test whether these asymmetries are also 438 
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present in the macaque LGN, we compared contrast gain control between ON and OFF 439 

magnocellular neurons using the C50 as a measure for contrast gain control (the lower the C50, 440 

the greater the contrast gain control). As illustrated in Figure 7B, C50 values were significantly 441 

lower for ON cells compared with OFF cells (mean C50: ON cells = 10.6% ± 1.1%; OFF cells = 442 

21.8% ± 1.3%; p < 0.001, Wilcoxon rank sum test), indicating ON magnocellular cells exhibit 443 

more pronounced contrast gain control compared with OFF magnocellular cells.  444 

Given the differences in spatial integration and contrast gain control that we observed for 445 

magnocellular ON and OFF cells, we tested whether variations in the contrast-dependent 446 

strength of surround suppression correlated with the distribution of C50 values. As shown in 447 

Figure 7C, there was a positive correlation between these two values (r = 0.39, p < 0.001), 448 

indicating an inverse relationship between these forms of gain control. That is, cells with higher 449 

suppression indices (stronger surround suppression) had higher C50 values (less contrast gain 450 

control). Thus, cells in the magnocellular pathway that exhibited stronger surround suppression 451 

exhibited less pronounced contrast gain control. Moreover, controlling for optimal stimulus size 452 

(RF) did not lower the strength of the relationship between extraclassical suppression (SI) and 453 

C50 by that much when we computed a partial correlation (rSIC50.RF = 0.35, p = 0.003, see 454 

Methods), indicating optimal stimulus size does not account for the inverse relationship. Taken 455 

together, these findings indicate manifestations of gain-control mechanisms that regulate 456 

neuronal responsiveness in the macaque LGN differentiate between the ON and OFF streams 457 

within the magnocellular pathway. 458 

  459 
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DISCUSSION  460 

Our results demonstrate spatial integration in LGN neurons is regulated in a contrast-dependent 461 

manner and differentiates across parallel visual pathways – having implications for downstream 462 

visual processing and perception (Nirenberg et al., 2010; Jiang et al., 2015). Most LGN neurons 463 

exhibited an increase in extraclassical suppression strength and a constriction in the optimal 464 

stimulus size in response to higher contrast stimuli, indicating a reduction in spatial integration, 465 

as reported for V1 neurons (Levitt and Lund, 1997; Kapadia et al., 1999; Sceniak et al., 1999; 466 

Shushruth et al., 2009). Some neurons, notably those in the parvocellular pathway, did not 467 

exhibit these changes with contrast. Within the magnocellular pathway, ON and OFF neurons 468 

exhibited similar changes with contrast, despite ON neurons exhibiting broader spatial 469 

integration than OFF neurons. These findings demonstrate that the spatial dimensions of 470 

geniculate receptive fields are dynamic and support the notion that stimulus-evoked changes in 471 

the integration field are due to shifts in the balance between excitation and inhibition (Levitt and 472 

Lund, 1997; Kapadia et al., 1999; Cavanaugh et al., 2002); thus, providing a way for the visual 473 

system to adjust the extent of spatial integration needed to accommodate for changes in the 474 

visual environment.  475 

 Previous studies reported extraclassical suppression in the retina is stronger for 476 

magnocellular-projecting compared to parvocellular-projecting RGCs (Solomon et al., 2006; 477 

Alitto and Usrey, 2008). Moreover, among magnocellular-projecting RGCs, contrast affects both 478 

surround suppression and optimal stimulus size (Solomon et al., 2006). Our results from LGN 479 

neurons therefore presumably include a retinal contribution; however, extraretinal mechanisms 480 

are also indicated, as extraclassical suppression and contrast gain control are augmented in the 481 

LGN (Rathbun et al., 2016; Fisher et al., 2017; but see Alitto and Usrey, 2008). Thus, 482 

mechanisms underlying the dynamic changes between excitation and inhibition likely rely on 483 
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multiple circuits, including input from the retina, thalamic inhibition, and feedback from primary 484 

visual cortex (V1). 485 

LGN relay cells integrate driving input that is stream-specific from RGCs and modulatory 486 

inputs from a variety of feedforward and feedback sources. Feedback from V1 provides 487 

extensive modulatory input to the LGN that aligns with the feedforward parallel pathways 488 

(Briggs and Usrey, 2009). Synapses from corticogeniculate neurons are glutamatergic; 489 

however, their associated EPSPs are smaller compared with those from RGCs (Bloomfield and 490 

Sherman, 1988; Paulsen and Heggelund, 1994; Granseth and Lindström, 2003). The 491 

corticogeniculate feedback pathway also includes disynaptic inhibition onto relay cells, via local 492 

interneurons (Wilson, 1989) and neurons in the thalamic reticular nucleus (TRN; Bragg et al., 493 

2017). Inactivation studies indicate a role for corticogeniculate feedback in extraclassical 494 

suppression (Murphy and Sillito, 1987; Sillito and Jones, 2002; Andolina et al., 2013) and 495 

support the idea that feedback may contribute to contrast-dependent modulation of size-tuning 496 

in the LGN (Sceniak et al., 2006). Importantly, local interneurons integrate retinal and 497 

corticogeniculate inputs, whereas TRN neurons integrate geniculocortical and corticogeniculate 498 

inputs; thereby providing the opportunity for gain modulation to occur in a feedforward and/or 499 

feedback manner (Vaingankar et al., 2012; Soto-Sanchez et al., 2017). The influence of 500 

extraretinal mechanisms also depends on where synapses are made on the dendrites of relay 501 

cells. RGCs and LGN interneurons preferentially target proximal dendrites (Wilson, 1989), 502 

corticogeniculate cells target distal dendrites (Wilson, 1989), and TRN neurons target both 503 

proximal and distal dendrites with a preference for more distal dendrites (Cucchiaro et al., 1991; 504 

Wang et al., 2001). Taken together, the different sources for inhibition and segregation of 505 

synaptic inputs onto different dendritic regions provide an opportunity for dynamic postsynaptic 506 

interactions. Although the details of these interactions remain undetermined, our results suggest 507 

they occur in a stream-specific fashion. 508 
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Our results demonstrate diversity in the spatial extent over which magnocellular and 509 

parvocellular neurons integrate visual signals. At high contrast, magnocellular neurons exhibited 510 

stronger extraclassical suppression and comparable optimal stimulus sizes with parvocellular 511 

neurons, whereas at low contrast, magnocellular neurons preferred larger stimulus sizes and 512 

comparable extraclassical suppression with parvocellular neurons. Under lower contrasts, our 513 

results support the generally accepted view that magnocellular neurons have larger receptive 514 

fields than parvocellular neurons. Interestingly, some past studies using high-contrast stimuli 515 

reported no differences between magnocellular and parvocellular neurons in receptive-field size 516 

(Levitt et al., 2001), consistent with our results under higher contrasts. Taken together, results 517 

from this study demonstrate magnocellular neurons integrate over a larger visual field than 518 

parvocellular neurons at lower contrasts, but not higher contrasts. 519 

To facilitate comparisons between magnocellular and parvocellular neurons, we selected 520 

contrast levels within the linear portion of the cell’s contrast-response function. Our goal was to 521 

use contrast levels that would generate relatively similar responses (with respect to each cell’s 522 

maximum response) across cells; however, the effective contrasts selected (i.e. % of maximum 523 

response) for the low-contrast condition was higher for the magnocellular neurons. With this 524 

incongruity noted, it seems unlikely the difference in effective contrasts would account for the 525 

contrast-dependent spatial asymmetries we observed between magnocellular and parvocellular 526 

neurons, because magnocellular neurons exhibited a larger, not smaller, dynamic range in 527 

spatial integration than parvocellular neurons.  528 

Comparisons between magnocellular ON and OFF neurons uncovered differences in 529 

surround suppression and receptive-field size indicating ON neurons integrate over a larger 530 

visual field than OFF neurons regardless of contrast. The ON and OFF pathways are 531 

established in the retina and separately convey increments and decrements in light intensity to 532 

cortex (Werblin and Dowling, 1969; Schiller et al., 1986; Schiller, 1992). The ON and OFF 533 

pathways extend the dynamic range of operation and are generally considered symmetric 534 
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systems that are opposite in sign. Nevertheless, ON-OFF asymmetries in dendritic-field size 535 

(Peichl et al., 1987; Peichl, 1989; Tauchi et al., 1992; Manookin et al., 2008; Ratliffe et al., 536 

2010), receptive-field size (Chichilnisky and Kalmar, 2002; Ravi et al., 2018), contrast sensitivity 537 

(Chander and Chichilnisky, 2001; Chichilnisky and Kalmar, 2002; Zaghloul et al., 2003), spatial 538 

integration (Turner and Rieke, 2016; Ravi et al., 2018), and temporal integration (Chichilnisky 539 

and Kalmar, 2002; Pandarinath et al., 2010; Ravi et al., 2018) have been reported in the retina 540 

for a range of species, suggesting these functional differences are optimized for encoding 541 

sensory information efficiently (Gjorgjieva et al., 2014). The ON-OFF asymmetries in spatial 542 

integration reported here for LGN neurons may also influence the capacity for encoding global 543 

and local features in a visual scene, as reported for V1 responses to lights and darks (Mazade 544 

et al., 2019). 545 

Diversity in the expression of gain control across ON and OFF magnocellular neurons 546 

may also be optimal for encoding and integrating a range of visual signals efficiently (Zaghloul 547 

et al., 2003; Nirenberg et al., 2010). Contrast gain control amplifies response gain at low 548 

contrast – optimizing signal-to-noise and reducing the loss of weak signals; at high contrast, 549 

response gain is compressed and integration time is shortened – protecting against saturation 550 

(Shapley and Victor, 1978, 1981; Victor, 1987). Thus, neurons expressing more pronounced 551 

contrast gain control should exhibit shorter integration times. Moreover, given previous studies 552 

have reported an inverse relationship between temporal integration and spatial integration 553 

(Frishman et al., 1987; Lee, 1996; Troy and Shou, 2002; Alitto and Usrey, 2015) – a shorter 554 

integration time implies larger spatial integration (Ravi et al.,  2018) – neurons exhibiting more 555 

pronounced contrast gain control should also exhibit larger spatial integration. This prediction is 556 

consistent with the differences reported here for magnocellular neurons; ON neurons exhibited 557 

larger spatial integration and more pronounced contrast gain control than OFF neurons. 558 

Together, these results suggest differences in the expression of gain control across parallel 559 

visual pathways in the macaque LGN reflect how the visual system exploits functional 560 
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asymmetries, thereby extending the dynamic range of operation to compensate for limitations in 561 

signaling capacity and to optimize visual encoding (Nirenberg et al., 2010). 562 

  Gain-control mechanisms operate at every stage in the visual system and adjust how 563 

visual neurons respond to different stimulus conditions in the natural environment. Similar to 564 

how the pupil constricts in response to light and dilates in response to dark, the spatial extent of 565 

the receptive field is dynamic, exhibiting constriction and expansion in response to changes in 566 

stimulus contrast. These dynamic changes likely optimize the capacity to integrate a range of 567 

visual signals and have perceptual consequences. At lower contrasts, expansion of the 568 

receptive field and less pronounced surround suppression enhance sensitivity as signals are 569 

integrated over larger regions of visual space, thus providing a substrate for improved stimulus 570 

detection. Whereas at higher contrasts, constriction of the receptive field and more pronounced 571 

surround suppression sharpens spatial boundaries, thus providing a substrate for improved 572 

stimulus discrimination. Taken together, these findings suggest diversity across the parallel 573 

visual pathways provides a functional benefit for downstream visual processing and perception 574 

by optimizing transmission of information about a visual scene in an efficient manner.  575 
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FIGURE LEGENDS  748 

Figure 1. Stimulus contrast and size affect LGN responses. A, Raster plot of responses (tick 749 

marks) from an example LGN (magnocellular) neuron to drifting sinusoidal gratings varying in 750 

stimulus diameter (rows) and stimulus contrast (panels) across time. B, Area summation 751 

responses for the same neuron at different stimulus contrasts fit with a difference of Gaussian 752 

function indicated with solid lines. Closed circles and error bars represent the mean ± SEM. C, 753 

Illustration of area summation response curve and parameters of interest. D-F Peak response, 754 

optimal size, and suppression index measured at 3 levels of contrast for the example LGN 755 

neuron.  756 

 757 

Figure 2. Contrast dependence of spatial integration. A, Scatter plot of the suppression 758 

index at high and low contrast conditions across our sample of LGN neurons (n = 75). The 759 

distributions are histograms of suppression index values at high contrast and low contrast, the 760 

dashed lines indicate the mean for each contrast condition. B, Scatter plot of the optimal size at 761 

high and low contrast conditions across our sample of LGN neurons (n = 75). The distributions 762 

are histograms of optimal size values at high contrast and low contrast, the dashed lines 763 

indicate the mean for each contrast condition. 764 

 765 

Figure 3. Variations in how cells respond to changes in stimulus contrast.  A, Contrast 766 

response function for an example LGN magnocellular neuron. B, Contrast response function for 767 

an example LGN parvocellular neuron. Solid lines indicate the hyperbolic ratio function fit. 768 

Closed circles and error bars indicate the mean ± SEM. Dotted lines indicate the contrast to 769 

evoke a half-maximum response (C50). 770 

 771 
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Figure 4. Influence of contrast on suppression and size preferences of cells in the 772 

magnocellular and parvocellular pathways. A, Box plots showing the distribution of 773 

suppression index values under high and low contrast conditions for magnocellular cells (n = 774 

35) and parvocellular cells (n = 19). The red horizontal lines within each box represent the 775 

median values, and the notches indicate the 95% confidence interval for the median. Edges of 776 

the boxes represent the 25th and 75th percentiles, and the whisker bars extending beyond the 777 

box correspond to the data range, excluding outlying data points that are shown individually (red 778 

crosses). Superimposed circles and error bars indicate the mean ± SEM. B, Scatter plot of the 779 

suppression index at high and low contrast conditions for magnocellular cells, indicating an 780 

increase in suppression strength at high contrast as shown by the data above the unity line. C, 781 

Scatter plot of the suppression index at high and low contrast conditions for parvocellular cells. 782 

D, Distributions of contrast-dependent changes in the suppression index for magnocellular cells 783 

and parvocellular cells. E, Distributions of optimal size values under high and low contrast 784 

conditions for magnocellular cells (n = 35) and parvocellular cells (n = 19). F, Scatter plot of the 785 

optimal stimulus size at high and low contrast conditions for magnocellular cells, indicating an 786 

increase in the optimal size at low contrast as shown by the data below the unity line.  G, 787 

Scatter plot of the optimal size at high and low contrast conditions for parvocellular cells. H, 788 

Distributions of contrast-dependent changes in optimal size (bounded index, see Materials and 789 

Methods) for magnocellular cells and parvocellular cells. 790 

 791 

Figure 5. Asymmetries in suppression and size preference ON and OFF cells in the 792 

magnocellular pathway. A, Box plots showing the distribution of suppression index values 793 

under high and low contrast conditions for magnocellular OFF cells (n = 19) and ON cells (n = 794 

16). Box plot conventions as described for Figure 4A. B, Scatter plot of the suppression index at 795 

high and low contrast conditions for magnocellular OFF and ON cells. C, Distributions of 796 

contrast-dependent changes in the suppression index for magnocellular OFF cells and ON cells. 797 
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D, Distributions of optimal size values under high and low contrast conditions for magnocellular 798 

OFF cells (n = 19) and ON cells (n = 16). E, Scatter plot of the optimal size at high and low 799 

contrast conditions for magnocellular OFF cells and ON cells. F, Distributions of contrast-800 

dependent changes in optimal size (bounded index, see Materials and Methods) for 801 

magnocellular OFF cells and ON cells.  802 

 803 

Figure 6. Optimal size as a function of eccentricity for OFF and ON cells in the 804 

magnocellular pathway. Scatter plot of the optimal size pooled across conditions of high and 805 

low contrast against eccentricity, illustrating a significant positive correlation for both 806 

magnocellular OFF cells and ON cells.  807 

 808 

Figure 7. Functional asymmetries in forms of gain control across cells in the 809 

magnocellular pathway. A, Scatter plot of the suppression index against optimal size pooled 810 

across conditions of high and low contrast. B, Distributions of the C50 for magnocellular OFF 811 

cells (n = 19) and ON cells (n = 16). C, Scatter plot of the suppression index pooled across 812 

conditions of high and low contrast against the C50. 813 
















