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ABSTRACT

Gain-control mechanisms adjust neuronal responses to accommodate the wide range of
stimulus conditions in the natural environment. Contrast gain control and extraclassical
surround suppression are two manifestations of gain control that govern the responses
of neurons in the early visual system. Understanding how these two forms of gain
control interact has important implications for the detection and discrimination of stimuli
across a range of contrast conditions. Here, we report that stimulus contrast affects
spatial integration in the lateral geniculate nucleus of alert macaque monkeys (male and
female), whereby neurons exhibit a reduction in the strength of extraclassical surround
suppression and an expansion in the preferred stimulus size with low-contrast stimuli
compared to high-contrast stimuli. Effects were greater for magnocellular neurons than
for parvocellular neurons, indicating stream-specific interactions between stimulus
contrast and stimulus size. Within the magnocellular pathway, contrast-dependent
effects were comparable for ON-center and OFF-center neurons, despite ON neurons
having larger receptive fields, less pronounced surround suppression, and more
pronounced contrast gain control than OFF neurons. Taken together, these findings
suggest that the parallel streams delivering visual information from retina to primary
visual cortex, serve not only to broaden the range of signals delivered to cortex, but also
to provide a substrate for differential interactions between stimulus contrast and
stimulus size that may serve to improve stimulus detection and stimulus discrimination

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

Stimulus contrast is a salient feature of visual scenes. Here we examine the influence of
stimulus contrast on spatial integration in the lateral geniculate nucleus (LGN). Our
results demonstrate that increases in contrast generally increase extraclassical
suppression and decrease the size of optimal stimuli, indicating a reduction in the extent
of visual space from which LGN neurons integrate signals. Differences between
magnocellular and parvocellular neurons are noteworthy and further demonstrate that
the feedforward parallel pathways to cortex increase the range of information conveyed
for downstream cortical processing, a range broadened by diversity in the ON and OFF
pathways. These results have important implications for more complex visual
processing that underly the detection and discrimination of stimuli under varying natural

conditions.
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INTRODUCTION

Visual features in the natural environment vary greatly in luminance contrast and size. To
encode these variations efficiently, visual neurons can adjust their responses according to the
statistics of the visual scene. Gain-control mechanisms play a prominent role in this process and
are evident at every stage in the visual system, often regulating neuronal responses to adjust

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

Two manifestations of gain control are contrast gain control and extraclassical
suppression. Contrast gain control is the phenomenon whereby visual responses are amplified
at low contrasts and compressed at high contrasts (Shapley and Victor, 1978; Enroth-Cugell
and Freeman, 1987; Victor, 1987; Benardete et al., 1992). Models of retinal mechanisms for
contrast gain control often include the combining of linear and nonlinear subunits that
dynamically adjust their gain to different contrasts (Shapley and Victor, 1978; Enroth-Cugell and
Freeman, 1987; Victor, 1987; Benardete et al., 1992; Chander and Chichilnisky, 2001; Kim and
Rieke, 2001). The combination of functional subunits is thought to span a region of visual space
that is as large as or larger than a neuron’s classical receptive field, thereby potentially
contributing to a second form of gain control known as extraclassical suppression (Bonin et al.,
2005), a phenomenon in which responses to stimuli within a neuron’s classical receptive are
suppressed by stimuli within the extraclassical surround (Allman et al., 1985; Sillito et al., 1993;
Jones et al., 2000; Solomon et al., 2002, 2006; Alitto and Usrey, 2008; Fisher et al., 2017). As
these two manifestations of gain control may include shared (Bonin et al., 2005) and/or distinct
retinal mechanisms (Rieke, 2001; Kim and Rieke, 2003; Zaghloul et al., 2007; Jarsky et al.,
2011; Weick and Demb, 2011; Greschner et al., 2016), as well as extraretinal mechanisms
affecting LGN responses (Sillito et al., 2002; Rathbun et al., 2016; Fisher et al., 2017), it is
important to know if and how they interact, as these interactions could have pronounced effects

on visual processing.
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The effect of stimulus contrast on extraclassical suppression could be distinct for
neurons in the parallel retino-geniculo-cortical pathways. In primates, two major pathways from
retina to cortex are the magnocellular and parvocellular pathways, which each include ON-
center and OFF-center streams. Compared to neurons in the parvocellular pathway, neurons in
the magnocellular pathway have larger receptive fields, shorter visual response latencies, and
more transient responses to visual stimuli (reviewed in Schiller and Logothetis, 1990; Merigan
and Maunsell, 1993; Usrey and Alitto, 2015). Magnocellular neurons also exhibit greater
contrast gain control and stronger extraclassical suppression than parvocellular neurons
(Solomon et al., 2002; Alitto and Usrey, 2008). Although contrast gain control and extraclassical
suppression are evident in the retinal ganglion cells (RGC) that innervate neurons in the lateral
geniculate nucleus (LGN) of the thalamus (Solomon et al., 2006; Alitto and Usrey, 2008),
reports indicate these forms of gain control are more pronounced in the LGN compared to the
retina (Rathbun et al., 2016; Fisher et al., 2017; but see Alitto and Usrey, 2008). Thus,
extraretinal mechanisms may influence interactions between stimulus contrast and stimulus size
along the retino-geniculo-cortical pathway, presumably to enhance visual processing in the

cortex and benefit visual behavior.

The goal of this study was to assess the influence of stimulus contrast on extraclassical
suppression and optimal stimulus size in LGN neurons of alert macague monkeys to avoid
potential confounds associated with anesthesia effects on visual responses (Alitto et al., 2011,
Vaiceliunaite et al., 2013) and to determine whether contrast-dependent changes in spatial
integration differ for LGN neurons relaying signals in the parallel visual pathways. Across cell-
types, the strength of extraclassical suppression typically increased as stimulus contrast
increased, and increased suppression was accompanied with shifts in the peak response to
smaller optimal-size stimuli, indicating a reduction in the spatial extent over which LGN neurons

integrate visual signals. Effects were most pronounced for magnocellular neurons compared to
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parvocellular neurons, and differences between ON-center and OFF-center magnocellular
neurons in spatial integration and contrast gain control were noteworthy. Taken together, these
findings demonstrate that stream-specific interactions between stimulus contrast and stimulus
size broaden the range of signals delivered to cortex. Moreover, the inverse relationship
between contrast and spatial integration and the diversity across cell types should have

functional consequences for stimulus detection and discrimination during natural vision.
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MATERIALS AND METHODS

Two adult rhesus monkeys (Macacca mulatta; one female and one male) were used for
electrophysiological recordings in this study. All experimental procedures conformed to NIH and
USDA guidelines and were approved by the Institutional Animal Care and Use Committee at the
University of California, Davis. Under full surgical anesthesia, the monkeys received a cranial
implant containing a head post for head stabilization. Animals were then trained to fixate on a
target dot for fluid reward while eye position was monitored with an ASL-6 infrared eye tracking
system (Applied Science Laboratories, Bedford, MA) with a sampling rate of 1000 Hz. Following
fixation training, a stainless-steel recording cylinder (Crist Instruments, Hagerstown, MD)
centered over the LGN (7 mm anterior to the interaural axis and 11 mm lateral from the midline)

was added to the implant.
Electrophysiological recordings and visual stimuli.

Single-unit recordings from LGN neurons were made using platinum-in-glass electrodes (1-2
MQ; Alpha Omega, Alpharetta, GA). Using a microdrive (40 mm MEM, Thomas Recording,
Giessen, Germany) mounted on the recording chamber, electrodes were advanced through a
stainless-steel guide tube to the LGN, approximately 23 mm below the cortex. Continuous
voltage signals containing the action potentials of single units were amplified (A-M Systems,
Sequim, WA), filtered (0.1-5 kHz), and recorded using a Micro1401 data acquisition system (28
kHz) and Spike2 software (CED, Cambridge, UK). Unit isolation was confirmed offline using
waveform analysis and the presence of a refractory period (Bishop and Evans, 1956), as

indicated in the autocorrelograms.

Visual stimuli were generated with a ViSaGe (Cambridge Research Systems, Rochester,
UK) and presented on a gamma-corrected CRT monitor (Sony or Mitsubishi) positioned in front
of the animal (at 65 and 80 cm for Monkeys 1 and 2, respectively); the display had a resolution

of 1024x768, a refresh rate of 140 Hz or 120 Hz, and a mean luminance of 38 cd/m?. At the



164  beginning of each recording session, eye position was calibrated by having the animal fixate
165 target points displayed at known eccentricities. Receptive field locations of recorded neurons
166  were determined manually using small spots and/or grating patches. Visual stimuli were

167  centered on the receptive fields of recorded cells. Importantly, centering was confirmed and
168 maintained throughout data collection. To minimize errors arising from eye movements, trials
169  were aborted if eye position deviated by > 0.35°, and data from trials with broken fixation were

170  discarded.

171 Visual stimuli appeared after 200 ms of fixation and were presented for 1.5 s during
172  which the animal was required to maintain fixation of a 0.2° target dot centered within a 0.5°
173  radius window for a fluid reward. Individual trials were presented in 3-7 blocks of randomly
174  interleaved stimulus diameters such that each stimulus diameter was presented once during
175 each block. A mean gray interstimulus interval of 1.5 s was interleaved between each stimulus

176  presentation during which animals could move their eyes freely.

177 We measured responses evoked by drifting sinusoidal gratings (temporal frequency, 4 or
178 5 Hz) to characterize receptive field response properties. We presented nine spatial frequencies
179  (100% contrast) in octave steps (ranging from 0.2 to 8 c/deg) to characterize the spatial

180 frequency tuning function. From the online spatial frequency response functions, we obtained
181 the frequency that gave the peak response (preferred spatial frequency) and used this spatial
182  frequency for all subsequent stimulus gratings. To measure responses as a function of stimulus
183  size, we presented gratings at nine stimulus diameters (ranging from 0.2°-5°). Contrast

184  response functions were made based on responses to nine luminance contrasts (ranging from 1
185 to 100% in logarithmic steps). To examine the effect of contrast on extraclassical suppression

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

187  Data analysis.
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LGN responses were analyzed using the first harmonic (F1) of spiking responses modulated at
the temporal frequency of the drifting sinusoidal grating. To find the model parameters that best
accounted for the measured responses, a constrained nonlinear least-squares optimization

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

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

Gaussians (DoG) function (Enroth-Cugell and Robson, 1966) with the following form:
R(wy) = K([exp — (wy /fc)z] — K[exp — (wx/fs)z])'

where ay is the spatial frequency, K is an overall scaling factor, f. is the characteristic spatial
frequency of the center Gaussian (frequency at which the response falls to 1/e of its maximum),
Ks is the integrated weight of the surround relative to the center, and fs is the characteristic

frequency of the surround Gaussian.
Contrast response functions.

Contrast response functions were made for a subset of neurons (n = 54). We fit contrast
responses with a hyperbolic ratio function (Naka and Rushton, 1966; Albrecht and Hamilton,

1982):
R(C) = k*C"/(C™ + CL) + b,

where C denotes the luminance contrast of the stimulus, k represents the maximum response,
the exponent n reflects the linearity of the response function, Csg refers to the semisaturation
contrast, and b is the baseline response of the cell. The hyperbolic ratio fits were very good in

most cases (mean R? = 0.93).
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From the hyperbolic ratio fits, we estimated the contrast required to evoke half of the
maximum response (Cs), a value which reflects the slope of the contrast response function,

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

To examine extraclassical suppression and optimal stimulus size across neurons, we
selected contrast levels above and below each cell’s Cs in the linear range of the contrast
response function (typically the C,5 and Css, assessed online) to generate area summation

response functions.
Size-tuning response functions.

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

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

R(d) = K [ exp(— [2y/0c]?) — K, []), exp(~[2y/as]?),

where d is the stimulus diameter in degrees, K. and o specify the amplitude and width of the
center Gaussian, and K and oy specify the amplitude and width of the surround Gaussian. The

only constraint imposed when fitting the data was o; < os.

From the DoG fits, we obtained the peak response and asymptotic response to estimate
the degree in which the extraclassical surround modulates the response of the classical center
(DeAngelis et al., 1994). Using these measures, we calculated the suppression index (SI),

defined as follows:

Sl = (Rpeak - Rasym)/(Rpeak + Rasym)v

where Rpeax reflects the maximum response across all stimulus diameters, and Rasym reflects the
asymptotic response to the largest stimulus diameter. Sl values are bound between 0 and 1:

with values near 0 representing weak suppression, and larger values representing strong

10
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suppression. We obtained the stimulus diameter eliciting the peak response to estimate the

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

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

index:

(Opt' Sizelow contrast Opt- Sizehigh contrast )/(Opt' Sizelow contrast + Opt- Sizehigh contrast)
Cell classification.

We classified cells as magnocellular or parvocellular using clustering analysis in Matlab.
Hierarchical clustering performed a weighted linkage algorithm based on the contrast evoking
half-maximum response (Cso) and the slope of the contrast response function for lower
contrasts (1.8% to 17.8%). Consistent with our previous findings (Alitto and Usrey, 2008), this
method generated clusters where cells with a Csq < 35% were classified as magnocellular (n =
35) and cells with a Cso > 35% were classified as parvocellular (n = 19). Because recording sites
were not confirmed with lesions and histology (not a feasible practice for data collected from
behaving animals), we consider the classification of cell types as putative magnocellular and

putative parvocellular.

Cells were further classified as ON-center or OFF-center based on their response to the
phase of the sinusoidal grating. Cells excited by the bright phase of the stimulus were classified
as ON cells, and cells excited by the dark phase were classified as OFF cells. Given the smaller
number of parvocellular cells (n = 19, total) did not allow for significant statistical analysis, we
restricted the ON-OFF analysis to our sample of magnocellular cells, as we had a sufficient

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

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

nonparametric Wilcoxon signed-rank test (MATLAB function: signrank) was used to evaluate the

11
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effect of stimulus contrast within a single cell and determine p values for all pair-wise statistical
tests. The nonparametric Wilcoxon rank sum test (MATLAB function: ranksum) was used to
compare measures of Sl, optimal size, Cso, response gain, and contrast-dependent changes

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

A Spearman (rank) correlation coefficient (MATLAB function: corr) was calculated to
guantify the relationship between measures of interest and determine significance. From
correlations, we calculated a Spearman (rank) partial correlation coefficient (MATLAB function:

partialcorr) as follows:

Tz = (ey = Taay2) N = 15)(1 = 15%)
to confirm the relationship between two measures of interest (x, y) while controlling for the effect
of a third measure (z) and determine significance.

For all comparisons, the mean and the standard error of the mean (SEM) are reported,
and the number of neurons in each group is presented as values for n. Probability values are
provided for all statistical comparisons, and probability values smaller than 0.001 are described

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

12
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RESULTS

Stimulus contrast and stimulus size are known to govern the responses of neurons in the lateral
geniculate nucleus (LGN) and, therefore, the visual signals relayed to cortex. We made single-
unit recordings from neurons (n = 75) in the LGN of 2 awake, fixating macaque monkeys to
determine how these stimulus features interact. For each neuron, we measured responses to
drifting sinusoidal gratings (optimal spatial frequency; temporal frequency, 4 or 5 Hz), that were
centered over the receptive field and varied in contrast and size (i.e., diameter of the grating

patch).

Figure 1A and B shows the spiking activity and firing rates of an example LGN neuron
for stimuli of different contrasts and sizes. The periodic spiking activity in the raster plots (Fig.
1A) reflects the phase and temporal frequency of the drifting sinusoidal grating. As expected,
the spiking activity of this neuron increases as stimulus contrast increases (5%, 8%, and 18%
contrast). Activity levels of this neuron are also affected by stimulus size, as illustrated with each
of the response curves in Figure 1B. Beginning with the smallest size stimuli, the initial increase
in the response function largely reflects the extent to which the stimulus fills the classical
receptive field of the neuron. The peak response (arrowheads) corresponds to the optimal
stimulus size, a value that approximates the size of the classical receptive field and marks the
border for response reinforcement, i.e., spatial integration (see Materials and Methods).
Consistent with the view that the extraclassical receptive field overlaps and extends beyond the
classical receptive field, stimulus sizes larger than the optimal size suppress the firing rate of the
neuron as suppression increases at a faster pace than excitation until a plateau response is
reached, at which point the stimulus extends beyond the size of the extraclassical surround.
This example neuron exhibits substantial extraclassical suppression for higher contrast stimuli

(18% contrast) and less suppression for lower contrast stimuli (5% contrast). Additionally, the

13
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rightward shift in the size-tuning response curves with lower contrasts reveals an inverse

relationship between stimulus contrast and preferred stimulus size.

To examine the effect of contrast on extraclassical surround suppression across the
sample of LGN neurons, we calculated a bounded suppression index (Sl; the difference
between the peak response and asymptote response divided by the sum of these responses;
Fig. 1C; see Materials and Methods). For the example LGN neuron in Figure 1, increases in
stimulus contrast increased the cell’s peak response (Fig. 1D), decreased the optimal size for

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

Similar to the example neuron in Figure 1, contrast had a prounounced influence on
extraclassical suppression (Fig. 2A) and size tuning (Fig. 2B) across our sample of LGN
neurons (n = 75). Using a wide range of stimulus contrasts (mean high contrast used = 54.9% +
3.9%; mean low contrast used = 17.7% * 1.6%), the Sl was significantly increased as the
stimulus contrast was increased (Wilcoxon signed-rank test; p < 0.001). Overall, suppression
indices were ~44% greater for stimuli at higher contrasts (mean Sl 0.23 £ 0.01) compared to
lower contrasts (mean Sl: 0.16 + 0.01; p < 0.001, Wilcoxon rank sum test). Stimulus contrast
also affected the size of the preferred stimulus. Across LGN neurons, optimal sizes were ~20%
larger for stimuli at lower contrasts (mean optimal size: 0.96° + 0.04°) compared with higher
contrasts (mean optimal size: 0.80° + 0.04°, p = 0.004, Wilcoxon rank sum test). Taken
together, the increase in optimal stimulus size and the reduction in extraclassical suppression
are consistent with results from cortical neurons showing an increase in the extent of spatial
integration at low contrast compared with high contrast (Levitt and Lund, 1997; Kapadia et al.,
1999; Sceniak et al., 1999; Shushruth et al., 2009); however, not all cells displayed similar
effects from contrast, we therefore examined the influence of stimulus contrast on a subset of

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

Magnocellular and parvocellular responses to stimulus contrast

14
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Magnocellular and parvocellular LGN neurons have distinct response profiles for stimuli that
vary in stimulus contrast (Reviewed in Schiller and Logothetis, 1990; Merigan and Maunsell,
1993). Figure 3 shows the contrast response functions of an example parvocellular and
magnocellular neuron. As is typical for these cell types, the magnocellular neuron is more
sensitive to low-contrast stimuli compared to the parvocellular neuron. For the example
magnocellular neuron (Fig. 3A), response rates increase relatively linearly over a contrast range
of ~2 — 25%, at which point, responses begin to saturate. The contrast required to evoke half of
the cell’s maximum response (Csxo) is approximately 13%. For the parvocellular neuron (Fig. 3B),
response rates are substantially more linear over a broader range, from ~15 — 80% contrast,
and the Cs is higher, approximately 38%. In the following sections we examine the influence of
stimulus contrast on extraclassical suppression and optimal size for a subset of neurons that
were identified as magnocellular (n = 35) or parvocellular (n = 19; see Materials and Methods).
For each neuron, we determined the contrast levels within the linear range of the responses,
and we selected contrasts near the high and low ends of this range (above and below the Cso;

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

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

neurons than in parvocellular neurons

As an initial analysis, we compared the strength of extraclassical suppression between
magnocellular and parvocellular neurons. Magnocellular neurons displayed significantly
stronger extraclassical suppression than parvocellular neurons when shown higher contrast
stimuli (Fig. 4A; p = 0.003, Wilcoxon rank sum test). A similar relationship was also evident with
lower contrast stimuli; however, the difference between magnocellular and parvocellular
neurons did not reach significance (Fig. 4A; p = 0.09, Wilcoxon rank sum test). Thus, cell-type

differences in extraclassical suppression were contingent on contrast.

15
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Among magnocellular neurons, suppression indices were ~60% greater for stimuli at
higher contrast than at lower contrast (Fig. 4B; mean Sl: high contrast = 0.29 + 0.02; low

contrast = 0.18 + 0.01; p < 0.001, Wilcoxon rank sum test; mean high contrast used = 27.0% +
2.7%, mean effective contrast (i.e. % of maximum response) = 71.3% + 2.2%); mean low
contrast used = 9.0% + 0.7%, mean effective contrast = 37.4% + 2.3%). This effect was typical
of magnocellular neurons, with 91% (32 of 35) of magnocellular neurons showing an increase in
surround suppression at higher contrasts compared to lower contrasts (p < 0.001, Wilcoxon
signed rank test). For the parvocellular neurons in our sample, we did not see a significant
influence of stimulus contrast on extraclassical suppression (Fig. 4C; mean Sl: high contrast =
0.19 £ 0.02; low contrast = 0.16 + 0.04; p = 0.13, Wilcoxon signed-rank test; mean high contrast
used = 56.5% + 3.6%, mean effective contrast = 60.5% = 4.3%; mean low contrast used =
30.8% * 2.9%, mean effective contrast = 17.1% + 3.5%); however, we cannot rule out the
possibility that a significant, albeit small, difference might have been detected with a larger
sample size. Nevertheless, compared to parvocellular neurons (mean change in SI = 0.03 +
0.02), magnocellular neurons (mean change in SI = 0.11 + 0.02) had a significantly greater
contrast-dependent effect on extraclassical surround suppression (Fig. 4D; p = 0.001, Wilcoxon

rank sum test).

We also observed differences between magnocellular and parvocellular neurons when
comparing optimal stimulus size. With lower contrast stimuli, magnocellular neurons preferred
significantly larger stimuli than did parvocellular neurons (Fig. 4E; p < 0.001, Wilcoxon rank
sum test). Notably, this difference was not significant in response to higher-contrast stimuli (Fig.
4E; p = 0.13, Wilcoxon rank sum test). Thus, cell-type differences in optimal stimulus size also

depended on contrast.
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Among the magnocellular neurons, optimal sizes were ~28% larger for lower-contrast
stimuli compared to higher-contrast stimuli (Fig. 4F; mean optimal size: low contrast = 1.10° +
0.06°; high contrast = 0.86° + 0.05°, respectively; p = 0.006, Wilcoxon rank sum test). This effect
was typical for magnocellular neurons, with 91% (32 of 35) of magnocellular neurons showing
an expansion in optimal stimulus size at lower contrasts compared to higher contrasts (p <
0.001, Wilcoxon signed-rank test). As with cell-type-specific differences in extraclassical
suppression, stimulus contrast did not have a significant effect on optimal stimulus size for the
parvocellular neurons in our sample (Fig. 4G; mean optimal size: low contrast = 0.78° + 0.06°;
high contrast = 0.73°+ 0.06°; p = 0.15, Wilcoxon signed-rank test). Thus, compared to
parvocellular neurons (mean change for optimal size = 0.05° + 0.03°; bounded index = 0.03 +
0.02; see Materials and Methods), magnocellular neurons (mean change for optimal size =
0.24° + 0.03%; bounded index = 0.14 + 0.02; see Materials and Methods) exhibited significantly
greater contrast-dependent changes in the spatial extent of the receptive field (Fig. 4H; p =

0.001, Wilcoxon rank sum test).

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

magnocellular pathway

Together, these results show that magnocellular, but not parvocellular neurons exhibit contrast-
dependent changes in spatial integration, and spatial asymmetries between magnocellular and
parvocellular neurons were contingent on contrast. In the sections below, we examine whether
these effects of contrast further differentiate for the ON and OFF streams within the

magnocellular pathway.

We first compared extraclassical suppression between our sample of ON-center and
OFF-center magnocellular neurons (n = 16 and n = 19, respectively). Comparisons revealed a
significant difference for higher-contrast stimuli (Fig. 5A; mean SlI: OFF cells = 0.33 £ 0.03; ON

cells = 0.24 £ 0.01; p = 0.006, Wilcoxon rank sum test), although the difference did not quite
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reach significance for lower contrast stimuli (mean Sl: OFF cells = 0.20 + 0.02; ON cells = 0.15
+0.01; p = 0.10, Wilcoxon rank sum test). Nevertheless, for both the ON cells and the OFF
cells, extraclassical suppression significantly increased in response to higher-contrast stimuli
compared with lower contrast stimuli (Fig. 5B; p < 0.001, Wilcoxon signed-rank test), and the
contrast-dependent changes in suppression indices between the two cell types were not
significantly different (Fig. 5C; mean change Sl: ON cells = 0.09 + 0.01; OFF cells = 0.13 + 0.03;

p = 0.23, Wilcoxon rank sum test).

Previous studies have reported asymmetries in the size of receptive fields between ON
and OFF cells in the macaque retina, with ON cells having larger receptive fields (Chichilnisky
and Kalmar, 2002; see Ravi et al., 2018). Thus, we next compared optimal stimulus size
between our sample of ON-center and the OFF-center magnocellular neurons. We found that
optimal sizes were larger for ON cells than OFF cells, regardless of contrast, as these
differences were significant for both the higher contrast stimuli (Fig. 5D; mean optimal size: ON
cells = 1.03° + 0.07°; OFF cells = 0.72° + 0.07°; p = 0.003, Wilcoxon rank sum test; mean
effective contrast (i.e. % of maximal response) used for comparison: ON cells = 71.5% + 2.3%;
Off cells, 71.1% + 3.7%; p = 0.68, Wilcoxon rank sum test) and the lower contrast stimuli (Fig.
5D; mean optimal size: ON cells = 1.30° + 0.09° OFF cells = 0.93° + 0.06°; p = 0.001, Wilcoxon
rank sum test; mean contrast used for comparison = ON cells, 8.4% + 1.2%; OFF cells, 9.5% *
0.8%; p = 0.17, Wilcoxon rank sum test). Furthermore, both ON and OFF cells exhibited
significant increases in optimal stimulus size in response to lower contrast stimuli compared with
higher contrast stimuli (Fig. 5E; p < 0.001, Wilcoxon signed-rank test), and the contrast-
dependent changes were not significantly different for the two types of cells (Fig. 5F; p = 0.56,
Wilcoxon rank sum test). Thus, these comparisons in extraclassical suppression strength and
optimal stimulus size suggest that there are notable differences in spatial integration between

ON and OFF magnocellular neurons.
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Because receptive-field size is known to increase with eccentricity (Derrington and
Lennie, 1984; Croner and Kaplan, 1995; Kremers and Weiss, 1997; Usrey and Reid, 2000;
Solomon et al., 2002), we next tested whether these ON-OFF differences in optimal stimulus
size observed in our sample of magnocellular neurons might be due to sampling differentially
from cells at small and large eccentricities. As shown in Figure 6, optimal size indeed increased
as a function of receptive-field eccentricity across magnocellular cells (r = 0.59, p < 0.001), an
effect evident for both the ON cells (r = 0.51, p = 0.003) and the OFF cells (r = 0.49, p = 0.002);
however, the pool of ON cells did not differ significantly from the OFF cells in their eccentricity (p
= 0.18, Wilcoxon rank sum test). More importantly, at any given eccentricity optimal size was, on
average, larger for ON cells compared to OFF cells. Similar to the results obtained in the retina
(Chichilnisky and Kalmar, 2002), across our sample of LGN magnocellular neurons, ON cells

preferred larger size stimuli than OFF cells.

We next asked how features of spatial integration are related to each other. To address
this question, we compared suppression-index values and optimal-stimulus sizes across our
sample of ON and OFF magnocellular neurons. As shown in Figure 7A, there was a negative
correlation between these two values (r = -0.46, p < 0.001; ON cells: r =-0.43, p = 0.01; OFF
cells: r =-0.35, p = 0.03). That is, cells that preferred smaller stimuli typically exhibited stronger
extraclassical suppression compared with cells that preferred larger stimuli. To confirm the
relationship between surround suppression (SI) and optimal size (RF), we computed an optimal
size partial correlation while controlling for Csq (rsire.cso = -0.40, p < 0.001). Together, these
results suggest that ON cells integrate signals over larger regions of visual space compared

with OFF cells.

Previous studies in the macaque retina have also noted ON-OFF asymmetries in
contrast response functions, with ON cells showing higher contrast sensitivity (Chander and

Chichilnisky, 2001; Chichilnisky and Kalmar, 2002). To test whether these asymmetries are also
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present in the macaque LGN, we compared contrast gain control between ON and OFF
magnocellular neurons using the Cso as a measure for contrast gain control (the lower the Cs,
the greater the contrast gain control). As illustrated in Figure 7B, Cso values were significantly
lower for ON cells compared with OFF cells (mean Cs: ON cells = 10.6% * 1.1%; OFF cells =
21.8% + 1.3%; p < 0.001, Wilcoxon rank sum test), indicating ON magnocellular cells exhibit

more pronounced contrast gain control compared with OFF magnocellular cells.

Given the differences in spatial integration and contrast gain control that we observed for
magnocellular ON and OFF cells, we tested whether variations in the contrast-dependent
strength of surround suppression correlated with the distribution of Cs values. As shown in
Figure 7C, there was a positive correlation between these two values (r = 0.39, p < 0.001),
indicating an inverse relationship between these forms of gain control. That is, cells with higher
suppression indices (stronger surround suppression) had higher Csy values (less contrast gain
control). Thus, cells in the magnocellular pathway that exhibited stronger surround suppression
exhibited less pronounced contrast gain control. Moreover, controlling for optimal stimulus size
(RF) did not lower the strength of the relationship between extraclassical suppression (Sl) and
Cso by that much when we computed a partial correlation (rsicso.rr = 0.35, p = 0.003, see
Methods), indicating optimal stimulus size does not account for the inverse relationship. Taken
together, these findings indicate manifestations of gain-control mechanisms that regulate
neuronal responsiveness in the macaque LGN differentiate between the ON and OFF streams

within the magnocellular pathway.
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DISCUSSION

Our results demonstrate spatial integration in LGN neurons is regulated in a contrast-dependent
manner and differentiates across parallel visual pathways — having implications for downstream
visual processing and perception (Nirenberg et al., 2010; Jiang et al., 2015). Most LGN neurons
exhibited an increase in extraclassical suppression strength and a constriction in the optimal
stimulus size in response to higher contrast stimuli, indicating a reduction in spatial integration,
as reported for V1 neurons (Levitt and Lund, 1997; Kapadia et al., 1999; Sceniak et al., 1999;
Shushruth et al., 2009). Some neurons, notably those in the parvocellular pathway, did not
exhibit these changes with contrast. Within the magnocellular pathway, ON and OFF neurons
exhibited similar changes with contrast, despite ON neurons exhibiting broader spatial
integration than OFF neurons. These findings demonstrate that the spatial dimensions of
geniculate receptive fields are dynamic and support the notion that stimulus-evoked changes in
the integration field are due to shifts in the balance between excitation and inhibition (Levitt and
Lund, 1997; Kapadia et al., 1999; Cavanaugh et al., 2002); thus, providing a way for the visual
system to adjust the extent of spatial integration needed to accommodate for changes in the
visual environment.

Previous studies reported extraclassical suppression in the retina is stronger for
magnocellular-projecting compared to parvocellular-projecting RGCs (Solomon et al., 2006;
Alitto and Usrey, 2008). Moreover, among magnocellular-projecting RGCs, contrast affects both
surround suppression and optimal stimulus size (Solomon et al., 2006). Our results from LGN
neurons therefore presumably include a retinal contribution; however, extraretinal mechanisms
are also indicated, as extraclassical suppression and contrast gain control are augmented in the
LGN (Rathbun et al., 2016; Fisher et al., 2017; but see Alitto and Usrey, 2008). Thus,

mechanisms underlying the dynamic changes between excitation and inhibition likely rely on
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multiple circuits, including input from the retina, thalamic inhibition, and feedback from primary
visual cortex (V1).

LGN relay cells integrate driving input that is stream-specific from RGCs and modulatory
inputs from a variety of feedforward and feedback sources. Feedback from V1 provides
extensive modulatory input to the LGN that aligns with the feedforward parallel pathways
(Briggs and Usrey, 2009). Synapses from corticogeniculate neurons are glutamatergic;
however, their associated EPSPs are smaller compared with those from RGCs (Bloomfield and
Sherman, 1988; Paulsen and Heggelund, 1994; Granseth and Lindstrom, 2003). The
corticogeniculate feedback pathway also includes disynaptic inhibition onto relay cells, via local
interneurons (Wilson, 1989) and neurons in the thalamic reticular nucleus (TRN; Bragg et al.,
2017). Inactivation studies indicate a role for corticogeniculate feedback in extraclassical
suppression (Murphy and Sillito, 1987; Sillito and Jones, 2002; Andolina et al., 2013) and
support the idea that feedback may contribute to contrast-dependent modulation of size-tuning
in the LGN (Sceniak et al., 2006). Importantly, local interneurons integrate retinal and
corticogeniculate inputs, whereas TRN neurons integrate geniculocortical and corticogeniculate
inputs; thereby providing the opportunity for gain modulation to occur in a feedforward and/or
feedback manner (Vaingankar et al., 2012; Soto-Sanchez et al., 2017). The influence of
extraretinal mechanisms also depends on where synapses are made on the dendrites of relay
cells. RGCs and LGN interneurons preferentially target proximal dendrites (Wilson, 1989),
corticogeniculate cells target distal dendrites (Wilson, 1989), and TRN neurons target both
proximal and distal dendrites with a preference for more distal dendrites (Cucchiaro et al., 1991;
Wang et al., 2001). Taken together, the different sources for inhibition and segregation of
synaptic inputs onto different dendritic regions provide an opportunity for dynamic postsynaptic
interactions. Although the details of these interactions remain undetermined, our results suggest

they occur in a stream-specific fashion.
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Our results demonstrate diversity in the spatial extent over which magnocellular and
parvocellular neurons integrate visual signals. At high contrast, magnocellular neurons exhibited
stronger extraclassical suppression and comparable optimal stimulus sizes with parvocellular
neurons, whereas at low contrast, magnocellular neurons preferred larger stimulus sizes and
comparable extraclassical suppression with parvocellular neurons. Under lower contrasts, our
results support the generally accepted view that magnocellular neurons have larger receptive
fields than parvocellular neurons. Interestingly, some past studies using high-contrast stimuli
reported no differences between magnocellular and parvocellular neurons in receptive-field size
(Levitt et al., 2001), consistent with our results under higher contrasts. Taken together, results
from this study demonstrate magnocellular neurons integrate over a larger visual field than
parvocellular neurons at lower contrasts, but not higher contrasts.

To facilitate comparisons between magnocellular and parvocellular neurons, we selected
contrast levels within the linear portion of the cell’'s contrast-response function. Our goal was to
use contrast levels that would generate relatively similar responses (with respect to each cell’s
maximum response) across cells; however, the effective contrasts selected (i.e. % of maximum
response) for the low-contrast condition was higher for the magnocellular neurons. With this
incongruity noted, it seems unlikely the difference in effective contrasts would account for the
contrast-dependent spatial asymmetries we observed between magnocellular and parvocellular
neurons, because magnocellular neurons exhibited a larger, not smaller, dynamic range in
spatial integration than parvocellular neurons.

Comparisons between magnocellular ON and OFF neurons uncovered differences in
surround suppression and receptive-field size indicating ON neurons integrate over a larger
visual field than OFF neurons regardless of contrast. The ON and OFF pathways are
established in the retina and separately convey increments and decrements in light intensity to
cortex (Werblin and Dowling, 1969; Schiller et al., 1986; Schiller, 1992). The ON and OFF

pathways extend the dynamic range of operation and are generally considered symmetric
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systems that are opposite in sign. Nevertheless, ON-OFF asymmetries in dendritic-field size
(Peichl et al., 1987; Peichl, 1989; Tauchi et al., 1992; Manookin et al., 2008; Ratliffe et al.,
2010), receptive-field size (Chichilnisky and Kalmar, 2002; Ravi et al., 2018), contrast sensitivity
(Chander and Chichilnisky, 2001; Chichilnisky and Kalmar, 2002; Zaghloul et al., 2003), spatial
integration (Turner and Rieke, 2016; Ravi et al., 2018), and temporal integration (Chichilnisky
and Kalmar, 2002; Pandarinath et al., 2010; Ravi et al., 2018) have been reported in the retina
for a range of species, suggesting these functional differences are optimized for encoding
sensory information efficiently (Gjorgjieva et al., 2014). The ON-OFF asymmetries in spatial
integration reported here for LGN neurons may also influence the capacity for encoding global
and local features in a visual scene, as reported for V1 responses to lights and darks (Mazade
etal., 2019).

Diversity in the expression of gain control across ON and OFF magnocellular neurons
may also be optimal for encoding and integrating a range of visual signals efficiently (Zaghloul
et al., 2003; Nirenberg et al., 2010). Contrast gain control amplifies response gain at low
contrast — optimizing signal-to-noise and reducing the loss of weak signals; at high contrast,
response gain is compressed and integration time is shortened — protecting against saturation
(Shapley and Victor, 1978, 1981; Victor, 1987). Thus, neurons expressing more pronounced
contrast gain control should exhibit shorter integration times. Moreover, given previous studies
have reported an inverse relationship between temporal integration and spatial integration
(Frishman et al., 1987; Lee, 1996; Troy and Shou, 2002; Alitto and Usrey, 2015) — a shorter
integration time implies larger spatial integration (Ravi et al., 2018) — neurons exhibiting more
pronounced contrast gain control should also exhibit larger spatial integration. This prediction is
consistent with the differences reported here for magnocellular neurons; ON neurons exhibited
larger spatial integration and more pronounced contrast gain control than OFF neurons.
Together, these results suggest differences in the expression of gain control across parallel

visual pathways in the macaque LGN reflect how the visual system exploits functional
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asymmetries, thereby extending the dynamic range of operation to compensate for limitations in
signaling capacity and to optimize visual encoding (Nirenberg et al., 2010).

Gain-control mechanisms operate at every stage in the visual system and adjust how
visual neurons respond to different stimulus conditions in the natural environment. Similar to
how the pupil constricts in response to light and dilates in response to dark, the spatial extent of
the receptive field is dynamic, exhibiting constriction and expansion in response to changes in
stimulus contrast. These dynamic changes likely optimize the capacity to integrate a range of
visual signals and have perceptual consequences. At lower contrasts, expansion of the
receptive field and less pronounced surround suppression enhance sensitivity as signals are
integrated over larger regions of visual space, thus providing a substrate for improved stimulus
detection. Whereas at higher contrasts, constriction of the receptive field and more pronounced
surround suppression sharpens spatial boundaries, thus providing a substrate for improved
stimulus discrimination. Taken together, these findings suggest diversity across the parallel
visual pathways provides a functional benefit for downstream visual processing and perception

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

Figure 1. Stimulus contrast and size affect LGN responses. A, Raster plot of responses (tick
marks) from an example LGN (magnocellular) neuron to drifting sinusoidal gratings varying in
stimulus diameter (rows) and stimulus contrast (panels) across time. B, Area summation
responses for the same neuron at different stimulus contrasts fit with a difference of Gaussian
function indicated with solid lines. Closed circles and error bars represent the mean + SEM. C,
lllustration of area summation response curve and parameters of interest. D-F Peak response,
optimal size, and suppression index measured at 3 levels of contrast for the example LGN

neuron.

Figure 2. Contrast dependence of spatial integration. A, Scatter plot of the suppression
index at high and low contrast conditions across our sample of LGN neurons (n = 75). The
distributions are histograms of suppression index values at high contrast and low contrast, the
dashed lines indicate the mean for each contrast condition. B, Scatter plot of the optimal size at
high and low contrast conditions across our sample of LGN neurons (n = 75). The distributions
are histograms of optimal size values at high contrast and low contrast, the dashed lines

indicate the mean for each contrast condition.

Figure 3. Variations in how cells respond to changes in stimulus contrast. A, Contrast
response function for an example LGN magnocellular neuron. B, Contrast response function for
an example LGN parvocellular neuron. Solid lines indicate the hyperbolic ratio function fit.
Closed circles and error bars indicate the mean £+ SEM. Dotted lines indicate the contrast to

evoke a half-maximum response (Cs).
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Figure 4. Influence of contrast on suppression and size preferences of cells in the
magnocellular and parvocellular pathways. A, Box plots showing the distribution of
suppression index values under high and low contrast conditions for magnocellular cells (n =
35) and parvocellular cells (n = 19). The red horizontal lines within each box represent the
median values, and the notches indicate the 95% confidence interval for the median. Edges of
the boxes represent the 25" and 75" percentiles, and the whisker bars extending beyond the
box correspond to the data range, excluding outlying data points that are shown individually (red
crosses). Superimposed circles and error bars indicate the mean + SEM. B, Scatter plot of the
suppression index at high and low contrast conditions for magnocellular cells, indicating an
increase in suppression strength at high contrast as shown by the data above the unity line. C,
Scatter plot of the suppression index at high and low contrast conditions for parvocellular cells.
D, Distributions of contrast-dependent changes in the suppression index for magnocellular cells
and parvocellular cells. E, Distributions of optimal size values under high and low contrast
conditions for magnocellular cells (n = 35) and parvocellular cells (n = 19). F, Scatter plot of the
optimal stimulus size at high and low contrast conditions for magnocellular cells, indicating an
increase in the optimal size at low contrast as shown by the data below the unity line. G,
Scatter plot of the optimal size at high and low contrast conditions for parvocellular cells. H,
Distributions of contrast-dependent changes in optimal size (bounded index, see Materials and

Methods) for magnocellular cells and parvocellular cells.

Figure 5. Asymmetries in suppression and size preference ON and OFF cells in the
magnocellular pathway. A, Box plots showing the distribution of suppression index values
under high and low contrast conditions for magnocellular OFF cells (n = 19) and ON cells (n =
16). Box plot conventions as described for Figure 4A. B, Scatter plot of the suppression index at
high and low contrast conditions for magnocellular OFF and ON cells. C, Distributions of

contrast-dependent changes in the suppression index for magnocellular OFF cells and ON cells.
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D, Distributions of optimal size values under high and low contrast conditions for magnocellular
OFF cells (n = 19) and ON cells (n = 16). E, Scatter plot of the optimal size at high and low
contrast conditions for magnocellular OFF cells and ON cells. F, Distributions of contrast-
dependent changes in optimal size (bounded index, see Materials and Methods) for

magnocellular OFF cells and ON cells.

Figure 6. Optimal size as a function of eccentricity for OFF and ON cells in the
magnocellular pathway. Scatter plot of the optimal size pooled across conditions of high and
low contrast against eccentricity, illustrating a significant positive correlation for both

magnocellular OFF cells and ON cells.

Figure 7. Functional asymmetries in forms of gain control across cells in the
magnocellular pathway. A, Scatter plot of the suppression index against optimal size pooled
across conditions of high and low contrast. B, Distributions of the Cs, for magnocellular OFF
cells (n =19) and ON cells (n = 16). C, Scatter plot of the suppression index pooled across

conditions of high and low contrast against the Cs
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