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Abstract37 

Extraclassical surround suppression is a prominent receptive field property of neurons in the 38 

lateral geniculate nucleus (LGN) of the dorsal thalamus, influencing stimulus size tuning,39 

response gain control, and temporal features of visual responses. Despite evidence for the 40 

involvement of both retinal and non-retinal circuits in the generation of extraclassical 41 

suppression, we lack an understanding of the relative roles played by these pathways and how 42 

they interact during visual stimulation. To determine the contribution of retinal and non-retinal 43 

mechanisms to extraclassical suppression in the feline, we made simultaneous single-unit 44 

recordings from synaptically connected retinal ganglion cells and LGN neurons and measured45 

the influence of stimulus size on the spiking activity of pre- and postsynaptic neurons. Results 46 

show that extraclassical suppression is significantly stronger for LGN neurons than for their 47 

retinal inputs, indicating a role for extra-retinal mechanisms. Further analysis reveals that the 48 

enhanced suppression can be accounted for by mechanisms that suppress the effectiveness of 49 

retinal inputs in evoking LGN spikes. Finally, an examination of the time course for the onset of 50 

extraclassical suppression in the LGN and the size-dependent modulation of retinal spike 51 

efficacy suggests the early phase of augmented suppression involves local thalamic circuits. 52 

Taken together, these results demonstrate that the LGN is much more than a simple relay for 53 

retinal signals to cortex; it dynamically filters retinal spikes on the basis of stimulus statistics to 54 

adjust the gain of visual signals delivered to cortex.55 

Significance56 

The lateral geniculate nucleus (LGN) is the gateway through which retinal information reaches 57 

the cerebral cortex. Within the LGN, neuronal responses are often suppressed by stimuli that 58 

extend beyond the classical receptive field. This form of suppression, called extraclassical 59 

suppression serves to adjust the size tuning, response gain, and temporal response properties 60 

of neurons. Given the important influence of extraclassical suppression on visual signals 61 



delivered to cortex, we performed experiments to determine the circuit mechanisms that 62 

contribute to extraclassical suppression in the LGN. Results show that suppression is 63 

augmented beyond that provided by direct retinal inputs and delayed, consistent with64 

polysynaptic inhibition. Importantly, these mechanisms influence the effectiveness of incoming 65 

retinal signals, thereby filtering the signals ultimately conveyed to cortex.66 



Introduction67 

Visual information is transmitted from the retina to the cerebral cortex via relay neurons in the 68 

lateral geniculate nucleus (LGN) of the dorsal thalamus. Although the retina provides only 5-69 

10% of the synapses made with LGN neurons (Hamos et al., 1987), retinal ganglion cells 70 

(RGCs) are the primary drivers of LGN activity (Sherman and Guillery, 2009). Accordingly, it has 71 

been suggested that nearly all LGN action potentials are directly triggered by retinal spikes72 

(Kaplan and Shapley, 1984; Sincich et al, 2007). The functional dominance of the retina on the 73 

LGN is further indicated by the high-degree of similarity between the classical receptive fields of 74 

synaptically connected RGCs and LGN neurons (Usrey et al, 1999; Rathbun et al., 2010). With 75 

these features of retinogeniculate communication in mind, it is important to emphasize that not 76 

all retinal spikes are transmitted to visual cortex, as the LGN filters incoming spikes on the basis 77 

of prior activity, statistics of the visual environment, and behavioral state (Mastronarde, 1987; 78 

Livingstone and Hubel, 1981; Usrey et al., 1998; Lesica and Stanley, 2004; Denning and 79 

Reinagel, 2005; Alitto et al., 2005; Rathbun et al., 2007, 2010; Weyand et al., 2007; Chen et al., 80 

2008; Uglesich et al., 2009; Bereshpolova et al., 2011; Moore et al., 2014; Stoezel et al., 2015).81 

In addition to their classical center/surround receptive fields, RGCs and LGN neurons 82 

have a nonlinear extraclassical suppressive field that overlaps and extends beyond the classical 83 

receptive field and plays an important role in size tuning and adjusting the gain of visual 84 

responses (Jones et al., 2000; Solomon et al., 2002; Bonin et al., 2005; Alitto and Usrey, 2008; 85 

Mante et al., 2008; Alitto and Usrey, 2015a). Although extraclassical suppression is evident in 86 

the visual responses of RGCs (Solomon et al., 2006; Nolt et al., 2007; Alitto and Usrey, 2008,87 

2015), the contribution of direct retinal connections to extraclassical suppression in the LGN is 88 

unclear, as both retinal and extraretinal inputs are reported to influence LGN extraclassical 89 

suppression (reviewed in Usrey and Alitto, 2015).90 



Understanding the mechanisms that contribute to extraclassical suppression is 91 

important, as augmentation of suppression within the LGN likely has significant ramifications for 92 

downstream cortical computations. For instance, because geniculocortical convergence is 93 

approximately 6-10 fold greater than retinogeniculate convergence (Reid and Usrey, 2004),94 

enhanced spatially expansive gain control in the geniculocortical pathway could serve as a 95 

mechanism to limit the amount of excitatory drive onto cortical target neurons. Further, while the 96 

classical receptive field centers of synaptically connected RGCs and LGN neurons are97 

approximately equal in size (Usrey et al., 1999), V1 receptive fields are approximately 3x larger98 

(Reid and Alonso, 1995; Alonso et al., 2001). Thus, enhanced gain-control mechanisms that 99 

extend beyond the classical receptive fields of LGN neurons could contribute to the contrast-100 

invariant response properties of target cortical neurons (Priebe and Ferster, 2008).101 

To determine the contribution of retinal mechanisms to LGN extraclassical suppression,102 

we made simultaneous recordings of monosynaptically connected RGCs and LGN neurons in 103 

the cat and compared neuronal responses to stimuli of various sizes. Results show that104 

extraclassical suppression is significantly stronger for LGN neurons than for their retinal inputs,105 

indicating that suppression is augmented by extra-retinal mechanisms. Moreover, the enhanced 106 

suppression evident in LGN neurons can be accounted for by mechanisms that suppress the 107 

communication of retinal spikes to the LGN. Along these lines, an analysis of the time course of 108 

size-dependent modulation of retinogeniculate communication shows that retinal spike efficacy 109 

is reduced within ~7 ms of the onset of visual responses in the LGN, suggesting that the earliest 110 

augmentation of suppression in the LGN relies on inhibition supplied by short-latency 111 

subcortical circuits. Taken together, these results are consistent with previous reports indicating112 

thalamic inhibition plays a critical role in processing sensory information (Butts et al, 2011; 113 

Crandall et al, 2015; Hirsch et al, 2015; Wimmer et al, 2015) and demonstrate that the LGN is a 114 



dynamic filter of retinal spikes, capable of rapidly adjusting the gain of visual signals en route 115 

from retina to cortex.116 

117 



Materials and Methods118 

Surgery and preparation119 

All surgical and experimental procedures were approved by the Animal Care and Use 120 

Committee at the University of California at Davis. As described previously, adult cats, both 121 

sexes, were initially anesthetized with ketamine (10mg/kg) and maintained with Isoflurane (0.7-122 

2%). The electrocardiogram (ECG), electroencephalogram (EEG) and expired CO2 were 123 

monitored for the duration of the experiment. If physiological monitoring indicated a decrease in 124 

the level of anesthesia, the amount of isoflurane delivered was increased. Animals were placed 125 

in a stereotaxic apparatus and mechanically respired. All wound margins were infused with 126 

lidocaine. A craniotomy was made above the LGN and the dura was reflected. The underlying 127 

brain was protected with a layer of agarose. The lateral margin of each eye was glued to a ring 128 

mounted to the stereotaxic frame to minimize eye movements, and an intraocular guide tube 129 

was inserted through the ring to facilitate the insertion of an intraocular electrode. Once all 130 

surgical procedures were complete, animals were paralyzed with gallium triethiodide (6-8131 

mg/kg/hr). The pupils were dilated and maintained with 1% atropine sulfate and flurbiprofen 132 

sodium (1.5 mg/hr), and the nictitating membranes were retracted with 10% phenylephrine. The 133 

eyes were fitted with contact lenses and focused on a monitor 1.4 meters in front of the animal.134 

Electrophysiological recordings and visual stimuli135 

As described previously (Rathbun et al., 2010), simultaneous single-unit extracellular recordings 136 

were made from RGCs and LGN neurons with overlapping receptive fields. Retinal recordings 137 

were made with parylene insulated tungsten electrodes (AM Systems; Sequim, WA) and LGN 138 

recordings were made with a seven-channel multi-electrode array (Thomas Recording;139 

Marburg, Germany). Retinal electrodes were inserted into the posterior chamber of the eye 140 

through a guide tube attached to a custom-made manipulator. Neuronal activity was amplified,141 

filtered (AM Systems and Thomas Recording), and sent to oscilloscopes, speakers, and a142 



computer equipped with a 1401 data acquisition interface and the Spike 2 software package 143 

(Cambridge Electronic Design Limited; Cambridge, UK). 144 

Visual stimuli were created with a VSG 2/5 visual stimulus generator (Cambridge 145 

Research Systems, Rochester, UK) and presented on a gamma-calibrated Sony monitor with a146 

mean luminance of 38 cd/m2. Once neurons in the retina and LGN with overlapping receptive 147 

fields were identified, receptive field maps were made using a binary white-noise stimulus 148 

consisting of a 16x16 grid of squares, where each square flickered independently between black 149 

and white according to an ‘m-sequence’ (Reid et al., 1997, See Usrey et al 1999). The frame 150 

rate of the monitor was 140 Hz, and stimuli were updated with each monitor frame for 215 -1151 

frames. To assess the influence of stimulus size on neuronal responses, drifting sine-wave 152 

gratings (optimal spatial frequency, 100% contrast, 4 Hz) that differed in aperture size (i.e. 153 

diameter; range: 0.1-15.0 degrees; 4 complete sets, randomized presentation) were centered 154 

and presented over the receptive fields of recorded neurons. Grating stimuli were shown for 4 155 

seconds, followed by 4 seconds of mean gray.156 

Data analysis157 

Identifying and quantifying monosynaptic, retinogeniculate connections158 

Cross-correlation analysis was used to assess connectivity between simultaneously recorded 159 

neurons in the retina and LGN (Levick et al., 1972; Usrey et al., 1998). Using a bin width of 0.25 160 

ms, resulting cross correlograms show the occurrence and timing of LGN spikes relative to each 161 

retinal spike (retinal spikes set to time zero). Following previously established criteria 162 

(Mastronarde, 1987; Usrey et al., 1999; Rathbun et al., 2010), pairs of neurons were considered 163 

to be monosynaptically connected when their cross correlogram contained an abrupt and164 

narrow peak (<2 ms) that was displaced 2-6 ms to the right of zero and persisted following a 165 

shuffle correction. The shuffle correction, which quantifies stimulus-dependent correlations, was 166 

generated by temporally shifting LGN spike times by a multiple of the sine-wave cycle duration 167 



(e.g., 250 ms for 4 Hz temporal frequency) and calculating a shuffle correlogram from the 168 

shifted data. The statistical significance of each monosynaptic peak was determined relative to 169 

the baseline mean, which was calculated using bins from 30 to 50 ms on either side of the peak 170 

bin. Because each count in the cross-correlogram peak represents a single retinal spike relayed 171 

by the LGN neuron to the cortex, these retinal spikes were considered to be relayed spikes 172 

whereas the remaining retinal spikes were considered to be non-relayed. Following this logic, 173 

we calculated two values to quantify retinogeniculate communication: efficacy and contribution174 

(Levick et al., 1972; Mastronarde 1987; Usrey et al., 1999), where efficacy is the percentage of 175 

retinal spikes that triggered LGN action potentials, and contribution is the percentage of LGN 176 

action potentials that were triggered by the recorded RGC.177 

Area summation and extraclassical suppression178 

To determine the amount of extraclassical suppression exhibited by RGCs and LGN neurons, 179 

drifting sine-wave gratings (4 Hz, preferred spatial frequency) of various diameters (15-20 sizes, 180 

logarithmically spaced between 0.1° and 15°) were presented centered over the RGC and LGN 181 

receptive fields (described above). To reduce the influence of response variability, the area 182 

summation data were fit to a difference of Gaussians equation (Sceniak et al., 2001; Andolina et 183 

al., 2013; Alitto and Usrey, 2015a).184 

185 

where R(x) is the response evoked by diameter x, Kc is amplitude of the center subunit, rc is the 186 

radius of the center subunit, Ks is the amplitude of the surround subunit, and rs is the radius of 187 

the surround subunit. The surround subunit radius was taken to be the spatial extent of the 188 

extraclassical receptive field. From the fitted data, we quantified the strength of extraclassical 189 

suppression using a suppression index (SI):190 



191 

Classical vs. extraclassical suppression192 

Depending on the experimental design and the nature of the visual stimulus, surround 193 

suppression in the retina and LGN can be triggered by either the linear mechanisms of the 194 

classical receptive field and/or the nonlinear mechanisms of the extraclassical receptive field 195 

(Bonin et al, 2005; Alitto and Usrey, 2008, 2015a). Linear suppression will occur when there is a 196 

mismatch between the visual stimulus and the polarity of the classical receptive field. For 197 

example, an on-center/off-surround neuron will display linear suppression when a white spot 198 

extends beyond the balance point of the classical center and the classical surround. By 199 

contrast, the same neuron will display little or no linear suppression when stimulated with a sine-200 

wave grating of the preferred spatial frequency (Alitto and Usrey 2015). To determine the 201 

contribution of linear mechanisms (i.e. classical surround) to our measures of extraclassical 202 

suppression, we first created a linear model for each retinal and LGN receptive field by fitting 203 

the respective neuron’s spatial frequency response function with a frequency domain difference 204 

of Gaussians equation (DOGf, So and Shapley, 1981; Alitto and Usrey, 2008, 2015a):205 

SF(x) = Kc*exp(-1*(pi*rc*x)2) – Ks*exp(-1(pi*rs*x)2)206

where, Kc and Ks are the amplitudes of the classical center and surround, respectively, and rc207 

and rs are the radii of the classical center and surround, respectively. The best fitting DOG 208 

spatial filter was then convolved with the visual stimulus used to calculate the area summation 209 

response function predicted solely on the classical receptive field. Given that the DOG model is 210 

a good fit for RGC and LGN classical receptive fields, this analysis provides estimates for the 211 

strength of the surround suppression that would be present if the recorded neurons were 212

simple, linear filters. Consistent with previous reports (Alitto and Usrey, 2008, 2015a), the linear 213 



model of LGN and RGC neurons predicted an average suppression index of 0.017+/-0.008 and 214 

0.008+/-0.003, respectively. By comparing this value to measured values (reported below), ~5% 215 

of the measured surround suppression in the retina and LGN can be accounted for by linear 216 

mechanisms, indicating that extraclassical suppression underlies 95% of the suppression 217 

reported.218 

Temporal dynamics of extraclassical suppression219 

To determine the temporal dynamics of extraclassical suppression in the retina and LGN, we 220 

analyzed the neuronal responses evoked during the first stimulus cycle of each trial in the area 221 

summation experiments (4-Hz drifting gratings, described above). For this analysis, the spike 222 

trains from cell pairs in which the LGN cell had a suppression index > 0.2 (n=11 pairs) were223 

collapsed into population retinal and LGN spike trains. A jackknife analysis was then used to 224 

determine significance and confidence intervals for retinal and geniculate response latencies 225 

and suppression latencies. Retinal and geniculate response latencies were calculated from the 226 

activity evoked from the optimal sized stimulus, as determined from the LGN area summation 227 

response functions, and were defined as the earliest time the activity exceeded the baseline 228 

(500 ms prior to stimulus onset) by 3 standard deviations. Suppression latency was defined as 229 

the time relative to response latency that the large-grating response first became significantly 230 

less than the optimal size grating response (Welches T-test).231 

Modeling the influence of retinal interspike interval on extraclassical suppression in the LGN232 

Surround suppression in the retina not only decreases retinal firing rate, but also shifts the 233 

distribution of interspike intervals (ISIs) towards longer values. Because past work has shown 234 

that retinal spikes following longer ISIs are less effective in evoking a geniculate response 235 

(Mastronarde, 1987; Usrey et al., 1998; Levine and Cleland, 2001; Sincich et al., 2007; Weyand, 236 

2007; Rathbun et al., 2010), an ISI-dependent mechanism can augment suppression between 237 

the retina and LGN (Alitto and Usrey, 2015). To estimate the contribution of retinal ISI to LGN 238 



surround suppression in the current study, we generated ISI efficacy functions for each 239 

retinogeniculate cell pair (Usrey et al.,1998). We then used these functions to model LGN spike 240 

trains by weighting each retinal spike by the average efficacy for spikes with the same ISI.241 

Modeled LGN firing rates were then calculated for each stimulus diameter and predicted 242 

suppression indices were calculated as described above.243 



Results244 

We made simultaneous single-unit recordings from 15 pairs (1 X-cell pair, 14 Y-cell pairs) of 245 

monosynaptically connected RGCs and LGN neurons in the feline in order to determine (i) the 246 

contribution of retinal and non-retinal mechanisms to extraclassical suppression in the LGN and 247 

(ii) the influence of stimulus size on retinogeniculate communication. Receptive fields were 248 

mapped and characterized using white-noise stimuli and drifting and static sinusoidal gratings; 249 

connectivity was assessed using cross-correlation analysis on the simultaneously recorded 250 

spike trains (Usrey et al., 1998, 1999; see Materials and Methods). RGCs and LGN neurons 251 

were considered to be synaptically connected when their cross-correlograms contained an 252 

abrupt, short-latency and statistically significant peak. This peak indicates that action potentials 253 

from the RGC had a high probability of evoking a postsynaptic spike in the LGN neuron.254 

Receptive field maps and cross-correlograms for two representative cell pairs (1 on-center pair, 255 

1 off-center pair) are shown in Figure 1A-D. Consistent with previous reports, monosynaptic 256 

connections were only identified between cell pairs with highly overlapping receptive fields257 

(Usrey et al., 1998, 1999; Rathbun et al., 2010).258 

To determine the influence of direct retinal inputs on extraclassical surround suppression 259 

in LGN target neurons, we compared area summation response functions for each of the 260 

retinal/LGN cell pairs in our sample. Figure 1E and F shows response functions for the two pairs 261 

of cells described above. The functions illustrate the responses of each neuron to an increasing 262 

aperture (0.1-15.0 degrees diameter) of drifting sinusoidal grating (100% contrast, 4 Hz, optimal 263 

spatial frequency) on a mean gray background. In both cases, the response functions have 264 

highly overlapping rising phases, indicating that the stimulus was centered appropriately for both 265 

the RGC and the LGN neuron. More importantly, the LGN cells show significantly more 266 

suppression in their responses to large stimuli than do the RGCs (p < 0.001, paired t-test). This 267 

effect was seen consistently across the sample of cell pairs. Indeed, suppression index (SI) 268 



values were approximately double, on average, for LGN cells compared to their simultaneously 269 

recorded RGCs (Figure 2; SI: RGCs = 0.14 +/- 0.02, LGN neurons =0.31 +/- 0.05; p < 0.002,270 

unpaired Student’s t-test).271 

Extraclassical suppression shifts the distribution of RGC interspike intervals (ISIs) 272 

towards longer values that are less effective in evoking LGN responses (Mastronarde, 1987; 273 

Usrey et al., 1998; Weyand, 2007, Rathbun et al., 2010). Because this ISI shift can serve to 274 

augment suppression between the retina and LGN (Alitto and Usrey, 2015), we modeled area 275 

summation response functions based on the ISIs measured from each RGC and calculated SI 276 

values from these functions. Consistent with previous results (Alitto and Usrey, 2015), we found277 

a small, but significant, amount of suppression that is predicted from the size-dependent shift in 278 

the distribution of ISIs (predicted SI = 0.03 +/-0.02; p<0.01, paired t-test). Although significant,                 279 

this increase represents just 17.6% of the difference between SI values calculated from 280 

synaptically connected RGCs and LGN neurons. Thus, while extraclassical suppression in the 281 

feline LGN partially reflects suppression present in the retina that is augmented by mechanisms 282 

related to ISI and synaptic communication, additional non-retinal mechanisms appear to play a 283 

substantial role.284 

Retinogeniculate communication is modulated by stimulus size285 

A potential mechanism for the enhanced size tuning of LGN neurons involves inhibition supplied 286 

by extraretinal inputs. This inhibition, activated by stimuli that extend into the extraclassical 287 

surround, would serve to move the membrane potential of LGN neurons away from spike 288 

threshold, thereby decreasing the likelihood that a retinal spike can generate a suprathreshold 289 

response. To test this prediction, we examined the spike trains of simultaneously recorded 290 

RGCs and LGN neurons and calculated two values, efficacy and contribution, as a function of 291 

stimulus size. In this analysis, efficacy is the percentage of retinal spikes that evoke a spike in 292 

the LGN neuron, and contribution is the percentage of LGN spikes that were evoked from the 293 



RGC. As shown in Figure 3A and B for two representative pairs of neurons, communication 294 

between the retina and LGN was indeed influenced by stimulus size. In particular, efficacy 295 

increased rapidly with stimulus size, reached a peak, and then decreased for larger stimuli. 296 

Moreover, the overall shape of the efficacy response functions (black lines) resembled that of 297 

the LGN cells’ area summation response functions (dashed gray lines). 298 

Across our sample of cell pairs, efficacy for large stimuli was reduced to 66 +/-7% of 299 

optimal-size efficacy (Figure 3C; p<0.05, paired t-test), supporting the view that inhibition 300 

differentially filters retinal spikes trains in a stimulus-dependent manner. The suppressive 301 

influence of stimulus size on retinogeniculate communications was also evident in ISI efficacy 302 

functions calculated from optimal and large stimulus responses. As shown in Figure 3D, 303 

increasing stimulus diameter into the extraclassical surround caused a marked downward shift 304 

in the ISI efficacy curve, indicating that retinal spikes at a given ISI are less effective in driving 305 

LGN responses. Unlike measures of efficacy, contribution response functions were essentially 306 

flat following the initial rise (Figures 4A and B), indicating that the percentage of LGN spikes 307 

evoked by the recorded RGC does not change as a function of size (Figure 4C; p=0.36, paired 308 

t-test). 309 

To determine the extent to which size tuning in the LGN can be accounted for by the 310 

combination of two mechanisms, (1) weak tuning initially generated within the retina and (2) the 311 

filtering of retinal spikes by LGN neurons, we calculated area summation response functions for 312 

each RGC in our sample using only the subset of retinal spikes that directly evoked LGN 313 

responses (i.e. retinal spikes contributing to the peak of each pair’s cross correlogram) and314 

compared these functions to those calculated using all of the spikes produced by the RGC as 315 

well as to all of the spikes produced by the simultaneously recorded LGN neuron. Figure 5A and316 

B show results of this analysis for 2 representative pairs of cells. In both cases, mechanisms 317 

within the retina resulted in modest extraclassical suppression (red traces), while mechanisms 318 



beyond the retina reduced the percentage of relayed retinal spikes at large stimulus sizes 319 

(green traces). Importantly, the area summation response functions calculated from the320 

successful (i.e. relayed) retinal spikes were similar to those calculated from the spikes of the 321 

simultaneously recorded LGN cell (black dashed traces). Accordingly, there was not a 322 

significant difference between the suppression index values of the LGN cells in our sample and 323 

the index values for the successful retinal spikes supplied by the simultaneously recorded RGC 324 

(Figure 5C, p=0.77, paired t-test). This result is striking given the high likelihood that the LGN 325 

cells in the sample also received input from other (non-recorded) RGCs. This result is also 326 

consistent with the view that the postsynaptic mechanism(s) governing the filtering of retinal 327 

spikes has a similar influence on incoming spikes, regardless of the RGC that produced them.328 

Temporal Dynamics of extraclassical suppression in the LGN329 

Polysynaptic circuits involving recurrent connections between the LGN and the thalamic 330 

reticular nucleus and/or feedback from the cortex have been proposed to influence 331 

extraclassical suppression in the LGN (reviewed in Sillito and Jones, 2002; Usrey and Alitto, 332 

2015). If these circuits indeed have a role, then one would expect a delay in suppression333 

relative to the onset of the excitatory response, as assessed by changes in firing rate and 334 

retinal spike efficacy (as shown in Figure 3). To test this prediction, as well as to place 335 

constraints on the potential circuits involved, measured the relative time course of the excitatory 336 

and suppressive influences evoked by the first cycle of the drifting sine-wave grating stimulus 337 

used in the experiments described above. This analysis was performed on all RGC-LGN cell 338 

pairs in which the suppression index for the LGN cell was greater than 0.2 (n=11 pairs). 339 

Response latency was defined as the earliest time following stimulus onset (optimal size 340 

grating) that activity exceeded baseline levels (assessed during the 500 ms period prior to 341 

stimulus presentation), by 3 standard deviations, and suppression latency was defined as the 342 



time relative to response latency that the large-grating response first became significantly less 343 

than the optimal size grating response (p<0.01, t-test).344 

As expected, there was a significant difference between the response latencies of RGCs 345 

and LGN neurons in our sample of monosynaptically connected cell pairs (mean response 346 

latency: RGCs = 14.7+/-0.3 ms; LGN neurons = 19.1+/-0.7ms, p<10-6, t-test). More importantly, 347 

the temporal profiles of the responses to optimal size and large-diameter gratings began to 348 

diverge for both the RGCs and LGN neurons shortly after response onset (Figure 6A and B). On 349 

average, RGC suppression latency was delayed by 5.0+/-0.2 ms relative to the response onset 350 

of RGCs, and LGN suppression latency was delayed 8.0+/-0.5 ms relative to the response 351 

onset of LGN neurons (Figure 6C). It is worth noting that LGN suppression was preceded by a352 

brief period of response facilitation (large stimulus response > optimal stimulus response). This 353 

facilitation appears to be caused by a size-dependent phase advance that was present in the 354 

both the retina and LGN, but was not measureable in the retina until the second stimulus cycle 355 

(Figure 6, right column). Although the mechanisms underlying this phase advance are unknown, 356 

it is tempting to speculate that they share features in common with those associated with 357 

contrast gain control and contrast-dependent phase advance (Shapley and Victor, 1978; 358 

Rathbun et al., 2016).359 

In a final analysis, we examined the influence of stimulus size on the temporal profile of 360 

retinal spike efficacy to determine when augmented suppression is first evident as a reduction in 361 

the communication of spikes between the retina and LGN. Given that the magnitude of 362 

suppression in the LGN can be largely accounted for by size-dependent changes in retinal spike 363 

efficacy (Figure 5C), we reasoned that retinal spike efficacy for large stimuli should become less 364 

than that for optimal stimuli at a delay similar to that identified from firing rate changes. As 365 

shown in Figures 7A and B, the efficacy of retinogeniculate communication was indeed dynamic 366 

with respect to the onset of visual responses. The earliest time retinal spike efficacy for large 367 



stimuli decreased significantly (p<0.01, t-test) below that for optimal size stimuli was 7.0+/-0.8 368 

ms with respect to the onset of visual responses in the LGN. Results also identified a brief 369 

period of facilitation in retinal spike efficacy with large stimuli that preceded suppression. In 370 

summary, these findings indicate the involvement of extraretinal mechanisms in modulating371 

communication between the retina and LGN and reveal that the early phase of augmented 372 

suppression in the LGN occurs with a short delay following the onset of visual responses.373 



Discussion374 

The goal of this study was to determine the contribution of retinal and non-retinal mechanisms 375 

to extraclassical suppression in the feline LGN and the influence of stimulus size on 376 

retinogeniculate communication. Although this nonlinear receptive field property is present in 377 

both the retina and LGN (Levick et al., 1972; Murphy and Sillito, 1987; Felisberti and Derrington, 378 

1999; Przybyszewski et al., 2000; Ruksenas et al., 2000; Girardin et al., 2002; Sillito and Jones, 379 

2002; Solomon et al., 2002, 2006; Webb et al., 2002, 2005; Nolt et al., 2004, 2007; Alitto and 380 

Usrey, 2008, 2015), little was known about the extent to which extraclassical suppression in the 381 

feline LGN is inherited from the retina. By simultaneously recording the spiking activity of 382 

monosynaptically connected RGCs and LGN neurons, this study demonstrates that383 

extraclassical suppression is significantly stronger for LGN neurons than for their retinal inputs.384 

Results further show that the percentage of retinal spikes that evoke LGN responses decreases 385 

as stimulus size increases, suggesting that extraretinal mechanisms, such as thalamic 386 

inhibition, filter retinal input in a stimulus-dependent manner. In support of this view, an387 

examination of area summation response functions generated only from the subset of retinal 388 

spikes that evoke LGN responses reveals that extraclassical suppression in the LGN can be 389 

fully accounted for by filtering the incoming retinal spike train at the level of the LGN. Moreover,390 

the augmentation of LGN surround suppression occurs shortly after the excitatory response 391 

onset in the LGN, leaving little time for other, nonlocal circuits to be involved. Interestingly, this 392 

degree of extraretinal influence on extraclassical suppression may be a hallmark of the feline 393 

LGN, as extraclassical suppression in the monkey LGN relies more heavily on retinal 394 

mechanisms (Alitto and Usrey, 2008).395 

Since RGC synapses onto LGN neurons are strictly excitatory, the augmented396 

extraclassical surrounds of LGN neurons likely rely on polysynaptic circuits involving inhibitory 397 

neurons. Along these lines, an analysis of the time course of size-dependent modulation of 398 



retinal spike efficacy suggests that the early phase of extraclassical suppression involves399 

GABAergic local circuits within the LGN or between the thalamic reticular nucleus (TRN) and 400 

the LGN, as the onset of suppression is typically too fast (~7 ms delay) for polysynaptic circuits 401 

involving the cortex. Moreover, because local interneurons and TRN neurons often prefer stimuli 402 

comparable in size to stimuli that are optimal for LGN relay cells (Wang et al., 2011; Vaingankar 403 

et al., 2012), the augmented and non-linear suppressive fields of LGN relay neurons 404 

presumably result from convergent input from small ensembles of inhibitory neurons with 405 

overlapping and nearby receptive fields.406 

Several lines of evidence indicate corticogeniculate feedback neurons also play a role in 407 

extraclassical suppression in the feline LGN (Murphy and Sillito, 1987; Sillito and Jones, 2002; 408 

Webb et al., 2002; Nolt et al., 2007; Olsen et al., 2012). However, given the relatively long visual 409 

response latencies of V1 neurons compared to LGN neurons along with the time required for 410 

action potentials to propagate from the cortex to the LGN and the added time needed to engage 411 

polysynaptic circuits for inhibition within the thalamus (Harvey 1978; Tsumoto and Suda, 1980; 412 

Hirsch et al., 1998; Usrey et al., 1999; Alonso et al., 2002; Briggs and Usrey, 2005, 2009; Liang 413 

et al., 2008), it seems unlikely that corticogeniculate feedback has much of an influence on the 414 

early phase of extraclassical suppression in the LGN. With this in mind, feedback could certainly 415 

contribute to later phases of suppression. If so, then the influence of feedback is likely to be 416 

complex, as feedback axons provide direct excitatory input onto LGN relay neurons as well as 417 

input onto local interneurons and GABAergic neurons in the reticular nucleus that, in turn,418 

project onto relay neurons (Jones 2006; Sherman and Guillery, 2009; Ulrich et al, 2007; Cox 419 

2014). Moreover, synaptic communication at all of these synapses, including retinogeniculate 420 

synapses, is dynamic and dependent on the firing rate of presynaptic neurons (Crandall et al., 421 

2015; Alitto and Usrey, 2015a,b). Regardless of when the inhibition arrives, results from the 422 

current study suggest that the inhibition serves to reduce the efficacy of retinal spikes in evoking 423 



LGN responses, as extraclassical suppression in the LGN can be accounted for by a selective424 

filtering of the incoming retinal spike train. With that in mind, it is important to note that inhibition 425 

is not the only mechanism that serves to filter retinal spikes, as RGCs in the cat experience a 426 

modest amount of extraclassical suppression that not only reduces the firing rate of RGCs, but 427 

also shifts the distribution of interspike intervals (ISIs) in the retinal spike train toward longer 428 

ISIs, thereby decreasing temporal summation in LGN cells and the likelihood of a postsynaptic 429 

response (Usrey et al., 1998, Alitto and Usrey, 2015a).430 

Finally, given the two sources of inhibition onto LGN relays—local interneurons and TRN 431 

neurons—are likely to have roles in both extraclassical suppression and state-dependent 432 

changes in thalamocortical activity, it is interesting to consider whether behavioral state has an 433 

influence on extraclassical suppression. In support of this possibility, an examination of contrast 434 

response functions generated from LGN neurons in alert and anesthetized animals indicates 435 

anesthesia acts to scale neuronal firing rate in a divisive fashion over a wide range of contrasts436 

(Alitto et al., 2011). Likewise, spatial attention has been shown to augment LGN responses, 437 

presumably by decreasing inhibition from the TRN (McAlonan et al., 2006, 2008). Because438 

thalamic inhibition is modulated by the brainstem, basal forebrain, and numerous cortical areas,439 

extraclassical suppression may be a dynamic property of LGN neurons that can be differentially 440 

modulated by behavior and behavioral state in order to gate the thalamocortical transmission of 441 

retinal information to cortex.442 



References443 

Alitto HJ, Usrey WM (2008) Origin and dynamics of extraclassical suppression in the lateral 444 

geniculate nucleus of the macaque monkey. Neuron 57:135-146.445 

Alitto HJ, and Usrey WM (2015a) Surround suppression and temporal processing of visual 446 

signals. J Neurophysiol 113:2605-2617.447 

Alitto HJ, and Usrey WM (2015b) Dissecting the dynamics of corticothalamic feedback. Neuron 448 

86:605-607.449 

Alitto HJ, Weyand TG, Usrey WM (2005) Distinct properties of stimulus-evoked bursts in the 450 

lateral geniculate nucleus. J Neurosci 25:514-523.451 

Alitto HJ, Moore BD 3rd, Rathbun DL, Usrey WM (2011) A comparison of visual responses in 452 

the lateral geniculate nucleus of alert and anaesthetized macaque monkeys. J Physiol 453 

589:87-99.454 

Alonso J-M, Usrey WM, Reid RC (2001) Rules of connection for neurons in the lateral 455 

geniculate nucleus and visual cortex. J Neurosci 21:4002-4015. 456 

Andolina IM, Jones HE, Sillito AM (2013) Effects of cortical feedback on the spatial properties of 457 

relay cells in the lateral geniculate nucleus. J Neurophysiol 109:889-899.458 

Bereshpolova Y, Stoelzel CR, Zhuang J, Amitai Y, Alonso JM, Swadlow HA (2011) Getting 459 

drowsy? Alert/nonalert transitions and visual thalamocortical network dynamics. J 460 

Neurosci 31:17480–17487.461 

Bonin V, Mante V, Carandini M (2005) The suppressive field of neurons in lateral geniculate 462 

nucleus. J Neurosci 25:10844-10856.463 

Briggs F, Usrey WM (2005) Temporal properties of feedforward and feedback pathways 464 

between the thalamus and visual cortex in the ferret. Thalamus and Related Systems 465 

3:133-139.466 



Briggs F, Usrey WM (2009) Parallel processing in the corticogeniculate pathway of the macaque 467 

monkey. Neuron 62:135-146.468 

Butts DA, Weng C, Jin J, Alonso JM, Paninski L (2011) Temporal precision in the visual 469 

pathway through the interplay of excitation and stimulus-driven suppression. J Neurosci 470 

31:11313-27.471 

Chen Y, Martinez-Conde S, Macknik SL, Bereshpolova Y, Swadlow HA, Alonso JM (2008) Task 472 

difficulty modulates the activity of specific neuronal populations in primary visual cortex.473 

Nat Neurosci 11:974-982.474 

Cox CL (2014) Complex regulation of dendritic transmitter release from thalamic interneurons. 475 

Curr Opin Neurobiol 29:126-132.476 

Crandall SR, Cruikshank SJ, Connors BW (2015) A corticothalamic switch: controlling the 477 

thalamus with dynamic synapses. Neuron 86:768-782.478 

Denning KS, Reinagel P (2005) Visual control of burst priming in the anesthetized lateral 479 

geniculate nucleus. J Neurosci 25:3531-3538.480 

Felisberti F, Derrington AM (1999) Long-range interactions modulate the contrast gain in the 481 

lateral geniculate nucleus of cats. Vis Neurosci 16:943-956.482 

Girardin CC, Kiper DC, Martin KA (2002) The effect of moving textures on the responses of cells 483 

in the cat's dorsal lateral geniculate nucleus. Eur J Neurosci16:2149-2156.484 

Hamos JE, Van Horn SC, Raczkowski D, Sherman SM (1987) Synaptic Circuits Involving an 485 

Individual Retinogeniculate Axon in the Cat. J Comp Neurol 259:165-192.486 

Harvey AR (1978) Characteristics of corticothalamic neurons in area 17 of the cat. Neurosci 487 

Letters 7:177-181.488 

Hirsch JA, Alonso JM, Reid RC, Martinez LM (1998) Synaptic integration in striate cortical 489 

simple cells. J Neurosci 18:9517-9528.490 

Hirsch JA, Wang X, Sommer FT, Martinez LM (2015) How inhibitory circuits in the thalamus 491 

serve vision. Annu Rev Neurosci 38:309-29.492 



Jones EG: The Thalamus, 2nd Edition. Cambridge: Cambridge University Press, 2006.493 

Jones HE, Andolina IM, Oakely NM, Murphy PC, Sillito AM (2000) Spatial summation in lateral 494 

geniculate nucleus and visual cortex. Exp Brain Res 135:279-284.495 

Kaplan E, Shapley RM (1984) The origin of the S (slow) potential in the mammalian lateral 496 

geniculate nucleus. Exp Brain Res 55:111-116.497 

Lesica NA, Stanley GB (2004) Encoding of natural scene movies by tonic and burst spikes in 498 

the lateral geniculate nucleus. J Neurosci 24:10731-10740.499 

Levick WR, Cleland BG, Dubin MW (1972) Lateral Geniculate Neurons of Cat: Retinal Inputs 500 

and Physiology. Invest Ophthalmol Vis Sci 11:302-311.501 

Levine MW, Cleland BG (2001) An analysis of the effect of retinal ganglion cell impulses upon 502 

the firing probability of neurons in the dorsal lateral geniculate nucleus of the cat. Brain 503 

Res 902:244-254.504 

Liang Z, Shen W, Sun C, Shou T (2008) Comparative study on the offset responses of simple 505 

cells and complex cells in the primary visual cortex of the cat. Neurosci 156:365-373.506 

Livingstone MS, Hubel DH (1981) Effects of sleep and arousal on the processing of visual 507 

information in the cat. Nature 291:554-561.508 

Mante V, Bonin V, Carandini M (2008) Functional mechanisms shaping lateral geniculate 509 

responses to artificial and natural stimuli. Neuron 58:625-638.510 

Mastronarde DN (1987) Two classes of single-input X-cells in cat lateral geniculate nucleus. II. 511 

Retinal inputs and the generation of receptive-field properties. J Neurophysiol 57:381-512 

413.513 

McAlonan K, Cavanaugh J, Wurtz RH (2006) Attentional modulation of thalamic reticular 514 

neurons. J Neurosci 26:4444-4450.515 

McAlonan K, Cavanaugh J, Wurtz RH (2008) Guarding the gateway to cortex with attention in 516 

visual thalamus. Nature 456:391-394.517 



Moore BD 3rd, Rathbun DL, Usrey WM, and Freeman RD. (2014) Spatiotemporal flow of 518 

information in the early visual pathway. Eur J Neurosci 39:593-601.519 

Murphy PC, Sillito AM (1987) Corticofugal feedback influences the generation of length tuning in 520 

the visual pathway. Nature 329:727-729.521 

Nolt MJ, Kumbhani RD, Palmer LA (2004) Contrast-dependent spatial summation in the lateral 522 

geniculate nucleus and retina of the cat. J Neurophysiol 92:1708-17017.523 

Nolt MJ, Kumbhani RD, Palmer LA (2007) Suppression at high spatial frequencies in the lateral 524 

geniculate nucleus of the cat. J Neurophysiol 98:1167-1180.525 

Olsen SR, Bortone DS, Adesnik H, Scanziani M (2012) Gain control by layer six in cortical 526 

circuits of vision. Nature 483:47-52.527 

Priebe NJ, Ferster D (2008) Inhibition, spike threshold, and stimulus selectivity in primary visual 528 

cortex. Neuron 57:482-497.529 

Przybyszewski AW, Gaska JP, Foote W, Pollen DA (2000) Striate cortex increases contrast 530 

gain of macaque LGN neurons. Vis Neurosci 17:485-494.531 

Rathbun DL, Alitto HJ, Warland DK, Usrey WM (2016) Stimulus Contrast and Retinogeniculate 532 

Signal Processing. Front Neural Circuits. 10:8. doi: 10.3389/fncir.2016.00008.533 

Rathbun DL, Alitto HJ, Weyand TG, Usrey WM (2007) Interspike interval analysis of retinal 534 

ganglion cell receptive fields. J Neurophysiol 98:911-919.535 

Rathbun DL, Warland DK, Usrey WM (2010) Spike timing and information transmission at 536 

retinogeniculate synapses. J Neurosci 30:13558-13566.537 

Reid RC, Alonso JM (1995) Specificity of monosynaptic connections from thalamus to visual 538 

cortex. Nature 378:281-284.539 

Reid RC, Usrey WM (2004) Functional connectivity in the pathway from retina to striate cortex. 540 

In: The Visual Neurosciences (Chalupa LM, Werner JS, eds), pp 673-679. Cambridge, 541 

MA: The MIT Press.542 



Reid RC, Victor JD, Shapley RM (1997) The use of m-sequences in the analysis of visual 543 

neurons: linear receptive field properties. Vis Neurosci 16:1015-1027.544 

Ruksenas O, Fjeld IT, Heggelund P (2000) Spatial summation and center-surround antagonism 545 

in the receptive field of single units in the dorsal lateral geniculate nucleus of cat: 546 

comparison with retinal input. Vis Neurosci 17:855-870.547 

Sceniak MP, Hawken MJ, Shapley R (2001) Visual spatial characterization of macaque V1 548 

neurons. J Neurophysiol 85:1873-1887.549 

Shapley R, Victor J (1978) The effect of contrast on the transfer properties of cat retinal 550 

ganglion cells. J Physiol 285:275-298.551 

Sherman SM, Guillery RW (2009) Exploring the Thalamus and its Role in Cortical Function, 552 

second edition. Cambridge, MA: MIT Press.553 

Sillito AM, Jones HE (2002) Corticothalamic interactions in the transfer of visual information. 554 

Philos Trans R Soc Lond B Biol Sci 357:1739-1752.555 

Sincich LC, Adams DL, Economides JR, Horton JC (2007) Transmission of Spike Trains at the 556 

Retinogeniculate Synapse. J Neurosci 27:2683-2692.557 

Solomon SG, White AJ, Martin PR (2002) Extraclassical receptive field properties of 558 

parvocellular, magnocellular, and koniocellular cells in the primate lateral geniculate 559 

nucleus. J Neurosci 22:338-349.560 

Solomon SG, Lee BB, Sun H (2006) Suppressive surrounds and contrast gain in magnocellular-561 

pathway retinal ganglion cells of macaque. J Neurosci 26:8715-8726.562 

Stoelzel CR, Huff JM, Bereshpolova Y, Zhuang J, Hei X, Alonso JM, Swadlow HA (2015) Hour-563 

long adaptation in the awake early visual system. J Neurophysiol 114:1172-1182.564 

Tsumoto T & Suda K (1980) Three groups of cortico-geniculate neurons and their distribution in 565 

binocular and monocular segments of cat striate cortex. J Comp Neurol 193:223-236.566 

Uglesich R, Casti A, Hayot F, and Kaplan E (2009) Stimulus size dependence of information 567 

transfer from retina to thalamus. Front Syst Neurosci. 3:10.568 



Ulrich D, Besseyrias V, Bettler B (2007) Functional mapping of GABA(B)-receptor subtypes in 569 

the thalamus. J Neurophysiol 98:3791-3795.570 

Usrey WM, and Alitto HJ (2015) Visual functions of the thalamus. Ann Rev Vision Science. 571 

1:351-371.572 

Usrey WM, Reppas JB, Reid RC (1998) Paired-spike interactions and synaptic efficacy of retinal 573 

inputs to the thalamus. Nature 395:384-387.574 

Usrey WM, Reppas JB, Reid RC (1999) Specificity and strength of retinogeniculate 575 

connections. J Neurophysiol 82:3527-3540.576 

Vaingankar V, Soto-Sanchez C, Wang X, Sommer FT, Hirsch JA (2012) Neurons in the 577 

thalamic reticular nucleus are selective for diverse and complex visual features. Front 578 

Integr Neurosci 6:118.579 

Wang X, Vaingankar V, Soto Sanchez C, Sommer FT, Hirsch JA (2011) Thalamic interneurons 580 

and relay cells use complementary synaptic mechanisms for visual processing. Nat 581 

Neurosci 14:224-231.582 

Webb BS, Tinsley CJ, Barraclough NE, Easton A, Parker A, Derrington AM (2002) Feedback 583 

from V1 and inhibition from beyond the classical receptive field modulates the responses 584 

of neurons in the primate lateral geniculate nucleus. Vis Neurosci 19:583-592.585 

Webb BS, Tinsley CJ, Vincent CJ, Derrington AM (2005) Spatial distribution of suppressive 586 

signals outside the classical receptive field in lateral geniculate nucleus. J Neurophysiol 587 

94:1789-1797.588 

Weyand TG (2007) Retinogeniculate transmission in wakefulness. J Neurophysiol 98:769-785.589 

Wimmer RD, Schmitt LI, Davidson TJ, Nakajima M, Deisseroth K, Halassa MM1 (2015) 590 

Thalamic control of sensory selection in divided attention. Nature 526:705-709.591 



Figure Legends592 

Figure 1. Receptive fields, cross correlograms, and area summation response functions 593 

for 2 pairs simultaneously recorded retinal ganglion cells and LGN neurons that met the 594 

criteria for a monosynaptic connection. A,B, White-noise receptive field maps on an off-595 

center pair of cells (A) and an on-center pair of cells (B). In both cases, receptive fields are 596 

extremely similar in their size and spatial location. In each receptive field map, red codes for on 597 

responses and blue for off responses; pixel brightness indicates the strength of response. Scale 598 

bar indicates 1° of visual angle. C, D, Cross correlograms showing the relationship in spiking 599 

activity between the cells shown in (A,B) during visual stimulation with a drifting sinusoidal 600 

grating (see Materials and Methods). Retinal spikes are set to time zero and data points show 601 

the occurrence of LGN responses relative to retinal spikes. Unshuffled and shuffled correlations 602 

are indicated in black and red, respectively. The abrupt, short latency peaks in the un-shuffled 603 

cross-correlograms that rise above the shuffled correlogram indicates that the LGN neurons604 

often fired a spike in response to a retinal spike. E,F, Area summation response functions 605 

corresponding to the same pair of cells shown in the overlying panels. Cells were excited with 606 

expanding patches of drifting gratings (see Materials and Methods). For both pair of cells, the 607 

LGN neuron (black trace) shows greater extraclassical suppression to large stimuli than the 608 

does the simultaneously recorded RGC (gray trace). Error bars indicate s.e.m..609 

610 

Figure 2. Extraclassical surround suppression is stronger in LGN neurons than in the 611 

RGCs that supply them. A,B, Histograms showing the distribution of suppression index (SI)612 

values for the simultaneously RGCs and LGN neurons that met the criteria for monosynaptic 613 

connections (see Materials and Methods). Larger values indicate greater suppression. SI values 614 

were significantly greater for LGN neurons than for RGCs (SI: LGN neurons = 0.31 +/- 0.05;615 

RGCs = 0.14 +/- 0.02; p < 0.002, unpaired Student’s t-test). Dashed red lines indicates mean 616 



values. C, Scatterplot showing the relationship between SI values for each of the 15 617 

simultaneously recorded cell pairs. Red “X” and dashed red line indicate mean values. 618 

619 

Figure 3. Influence of stimulus size on retinal spike efficacy. A,B, Plots showing the 620 

relationship between stimulus size and the efficacy of retinogeniculate communication (black 621 

traces)—where efficacy is the percentage of retinal spikes that evoked an LGN spike—for two 622 

representative pairs of RGCs and LGN neurons. For both cell pairs, efficacy rapidly peaks and 623 

then decreases as stimuli extended into the extraclassical receptive field. For reference, the 624 

area summation response functions of the LGN neurons are represented as gray traces. C,625 

Scatterplot showing the relationship between efficacy values calculated when cells were excited 626 

with an optimal size stimulus and a large stimulus extending into the extraclassical surround. On 627 

average, efficacy decreased with large stimuli. D, ISI-efficacy functions for optimal and large 628 

stimulus responses. For each ISI, retinal spikes are less effective in evoking an LGN response 629 

when evoked by a large stimulus compared to an optimal size stimulus. 630 

631 

Figure 4. Influence of stimulus size on retinal spike contribution. Plots showing the 632 

relationship between stimulus size and the contribution of retinal spikes in evoking an LGN 633 

response (black traces)—where contribution is the percentage of LGN spikes that were evoked 634 

by the simultaneously recorded RGC. Cell pairs in A and B are the same as those in Figure 3A635 

and B. The gray traces show the area summation response function of the simultaneously 636 

recorded LGN neuron. C, Unlike efficacy, contribution values remain constant as stimuli extend 637 

into the extraclassical receptive field, an effect seen across cell pairs.638 

639 



Figure 5. Extraclassical suppression in the LGN can be accounted for by a selective 640 

filtering of retinal spikes. A,B, Normalized area summation response functions corresponding 641 

to different categories of spikes produced by two representative pairs of synaptically connected 642 

RGCs and LGN neurons. The red, green and dashed black traces show response functions 643 

calculated from all of the RGC’s spikes, only the retinal spikes that were successful (i.e. drivers)644 

in evoking LGN responses, and all LGN spikes, respectively. For both pairs of cells, successful 645 

retinal spikes show the same degree of extraclassical suppression as the postsynaptic LGN 646 

neuron. C, Scatterplot showing the similarity between SI values for successful retinal spikes 647 

versus all LGN spikes for each cell pair in the sample. The red X and dashed lines indicate 648 

mean values.649 

650 

Figure 6. Extraclassical suppression emerges early in retinal and geniculate responses.651 

A, Population RGC temporal response profile calculated from the first cycle of a 4-Hz drifting 652 

sine-wave grating (starting phase set to each cell’s preferred phase). Red curve shows the time 653 

course of responses to an optimal size grating stimulus, blue curve shows the time course of 654 

responses to a large grating stimulus. The timing of responses is shown relative to t0, which is 655 

the response latency of the RGCs when stimulated with an optimal size stimulus. RGC656 

response latency was calculated separately for each cell. Shaded area corresponds to 95% 657 

confidence intervals. B, Population LGN temporal response profile (details the same as in A). T0658 

is the LGN response latency of the LGN cells to an optimal size stimulus. C, Difference curves 659 

(optimal – large) for the RGCs (red) and LGN neurons (green). Stars indicate the suppression 660 

latencies for the RGCs and LGN neurons. T0 is the LGN response latency for optimal size 661 

stimuli.662 

663 



Figure 7. Temporal dynamics of retinal spike efficacy illustrate the augmentation of 664 

extraclassical suppression in the LGN. A, Retinal spike efficacy as a function of time. Data 665 

points correspond to the time of individual retinal spikes relative to t0, which represents LGN666 

response latency to an optimal size stimulus. Efficacy values were normalized to the mean 667 

value separately for each RGC and then averaged to yield population curves. Red curve 668 

corresponds to the efficacy values of cell pairs stimulated with an optimal size stimulus; blue 669 

curve correspond to the efficacy values of cell pairs stimulated with a large stimulus. B, Size-670 

dependent efficacy differences as a function of time (optimal size efficacy – large size efficacy).671 

Star indicates the earliest time following response onset that retinal spike efficacy is significantly 672 

less for large size stimuli compared to optimal size stimuli.673 
















