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Retinal and Nonretinal Contributions to Extraclassical
Surround Suppression in the Lateral Geniculate Nucleus

Tucker G. Fisher, Henry J. Alitto,* and “W. Martin Usrey*

Center for Neuroscience, University of California, Davis, California 95618

Extraclassical surround suppression is a prominent receptive field property of neurons in the lateral geniculate nucleus (LGN) of the
dorsal thalamus, influencing stimulus size tuning, response gain control, and temporal features of visual responses. Despite evidence for
the involvement of both retinal and nonretinal circuits in the generation of extraclassical suppression, we lack an understanding of the
relative roles played by these pathways and how they interact during visual stimulation. To determine the contribution of retinal and
nonretinal mechanisms to extraclassical suppression in the feline, we made simultaneous single-unit recordings from synaptically
connected retinal ganglion cells and LGN neurons and measured the influence of stimulus size on the spiking activity of presynaptic and
postsynaptic neurons. Results show that extraclassical suppression is significantly stronger for LGN neurons than for their retinal inputs,
indicating a role for extraretinal mechanisms. Further analysis revealed that the enhanced suppression can be accounted for by mecha-
nisms that suppress the effectiveness of retinal inputs in evoking LGN spikes. Finally, an examination of the time course for the onset of
extraclassical suppression in the LGN and the size-dependent modulation of retinal spike efficacy suggests the early phase of augmented
suppression involves local thalamic circuits. Together, these results demonstrate that the LGN is much more than a simple relay for
retinal signals to cortex; it also filters retinal spikes dynamically on the basis of stimulus statistics to adjust the gain of visual signals
delivered to cortex.

Key words: corticogeniculate; receptive field; spatial; temporal; thalamus; V1

~

The lateral geniculate nucleus (LGN) is the gateway through which retinal information reaches the cerebral cortex. Within the
LGN, neuronal responses are often suppressed by stimuli that extend beyond the classical receptive field. This form of suppres-
sion, called extraclassical suppression, serves to adjust the size tuning, response gain, and temporal response properties of
neurons. Given the important influence of extraclassical suppression on visual signals delivered to cortex, we performed experi-
ments to determine the circuit mechanisms that contribute to extraclassical suppression in the LGN. Results show that suppres-
sion is augmented beyond that provided by direct retinal inputs and delayed, consistent with polysynaptic inhibition.
Importantly, these mechanisms influence the effectiveness of incoming retinal signals, thereby filtering the signals ultimately
conveyed to cortex. j

/Signiﬁcance Statement

retinal ganglion cells (RGCs) are the primary drivers of LGN
activity (Sherman and Guillery, 2009). Accordingly, it has been
suggested that nearly all LGN action potentials are triggered di-
rectly by retinal spikes (Kaplan and Shapley, 1984; Sincich et al.,
2007). The functional dominance of the retina on the LGN is
further indicated by the high degree of similarity between the
classical receptive fields of synaptically connected RGCs and LGN

Introduction

Visual information is transmitted from the retina to the cerebral
cortex via relay neurons in the lateral geniculate nucleus (LGN)
of the dorsal thalamus. Although the retina provides only 5-10%
of the synapses made with LGN neurons (Hamos et al., 1987),
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neurons (Usrey et al., 1999; Rathbun et al., 2010). With these
features of retinogeniculate communication in mind, it is impor-
tant to emphasize that not all retinal spikes are transmitted to
visual cortex because the LGN filters incoming spikes on the basis
of prior activity, statistics of the visual environment, and behav-
ioral state (Livingstone and Hubel, 1981; Mastronarde, 1987; Us-
rey et al.,, 1998; Lesica and Stanley, 2004; Alitto et al., 2005;
Denning and Reinagel, 2005; Rathbun et al., 2007, 2010; Weyand,
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Figure1. Receptivefields, cross-correlograms, and area summation response functions for two pairs of simultaneously recorded RGCs

and LGN neurons that met the criteria fora monosynaptic connection. 4, B, White noise receptive field maps on an off-center pair of cells (4)
and an on-center pair of cells (B). In both cases, receptive fields are extremely similar in their size and spatial location. In each receptive field
map, red codes for on responses and blue for offresponses; pixel brightnessindicates the strength of response. Scale barindicates 1° of visual
angle. ¢, D, Cross-correlograms showing the relationship in spiking activity between the cells shown in A and B during visual stimulation
with a drifting sinusoidal grating (see Materials and Methods). Retinal spikes are set to time 0 and data points show the occurrence of LGN
responses relative to retinal spikes. Unshuffled and shuffled correlations are indicated in black and red, respectively. The abrupt, short
latency peaks in the unshuffled cross-correlograms that rise above the shuffled correlogram indicates that the LGN neurons often fired a
spikein response to a retinal spike. E, F, Area summation response functions corresponding to the same pair of cells shown in the overlying
panels. Cells were excited with expanding patches of drifting gratings (see Materials and Methods). For both pair of cells, the LGN neuron
(black trace) shows greater extraclassical suppression tolarge stimuli than the does the simultaneously recorded RGC (gray trace). Error bars
indicate SEM.
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LGN is unclear because both retinal and
extraretinal inputs are reported to influ-
ence LGN extraclassical suppression (for
review, see Usrey and Alitto, 2015).
Understanding the mechanisms that
contribute to extraclassical suppression is
important because augmentation of sup-
pression within the LGN likely has signifi-
cant ramifications for downstream cortical
computations. For instance, because
geniculocortical convergence is ~6- to 10-
fold greater than retinogeniculate conver-
gence (Reid and Usrey, 2004), enhanced
spatially expansive gain control in the
geniculocortical pathway could serve as a
mechanism to limit the amount of excit-
atory drive onto cortical target neurons.
Further, whereas the classical receptive field
centers of synaptically connected RGCs and
LGN neurons are approximately equal in
size (Usrey et al., 1999), V1 receptive fields
are ~3X larger (Reid and Alonso, 1995;
Alonso et al., 2001). Therefore, enhanced
gain-control mechanisms that extend be-
yond the classical receptive fields of LGN
neurons could contribute to the contrast-
invariant response properties of target cor-
tical neurons (Priebe and Ferster, 2008).
To determine the contribution of retinal
mechanisms to LGN extraclassical suppres-
sion, we made simultaneous recordings of
monosynaptically connected RGCs and
LGN neurons in the cat and compared neu-
ronal responses with stimuli of various sizes.
Our results show that extraclassical suppres-
sion is significantly stronger for LGN neu-
rons than for their retinal inputs, indicating
that suppression is augmented by extrareti-
nal mechanisms. Moreover, the enhanced
suppression evident in LGN neurons can be
accounted for by mechanisms that suppress
the communication of retinal spikes to the
LGN. Along these lines, an analysis of the
time course of size-dependent modulation
of retinogeniculate communication shows
that retinal spike efficacy is reduced within
~7 ms of the onset of visual responses in the
LGN, suggesting that the earliest augmenta-
tion of suppression in the LGN relies on
inhibition supplied by short-latency sub-
cortical circuits. Together, these results are

2007; Chen et al., 2008; Uglesich et al., 2009; Bereshpolova et al.,
2011; Moore et al., 2014; Stoelzel et al., 2015).

In addition to their classical center/surround receptive fields,
RGCs and LGN neurons have a nonlinear extraclassical suppres-
sive field that overlaps and extends beyond the classical receptive
field and plays an important role in size tuning and adjusting the
gain of visual responses (Jones et al., 2000; Solomon et al., 2002;
Bonin et al., 2005; Alitto and Usrey, 2008; Mante et al., 2008;
Alitto and Usrey, 2015a). Although extraclassical suppression is
evident in the visual responses of RGCs (Solomon et al., 2006;
Nolt et al., 2007; Alitto and Usrey, 2008, 2015a), the contribution
of direct retinal connections to extraclassical suppression in the

consistent with previous reports indicating that thalamic inhibition
plays a critical role in processing sensory information (Butts et al.,
2011; Crandall et al., 2015; Hirsch et al., 2015; Wimmer et al., 2015)
and demonstrate that the LGN is a dynamic filter of retinal spikes
capable of adjusting rapidly the gain of visual signals en route from
retina to cortex.

Materials and Methods

Surgery and preparation

All surgical and experimental procedures were approved by the Animal
Care and Use Committee at the University of California at Davis. As
described previously, adult cats of both sexes were initially anesthetized
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with ketamine (10 mg/kg) and maintained with isoflurane (0.7-2%).
ECG, EEG, and expired CO, were monitored for the duration of the
experiment. If physiological monitoring indicated a decrease in the level
of anesthesia, the amount of isoflurane delivered was increased. Animals
were placed in a stereotaxic apparatus and mechanically respired. All
wound margins were infused with lidocaine. A craniotomy was made
above the LGN and the dura was reflected. The underlying brain was
protected with a layer of agarose. The lateral margin of each eye was glued
to a ring mounted to the stereotaxic frame to minimize eye movements
and an intraocular guide tube was inserted through the ring to facilitate
the insertion of an intraocular electrode. Once all surgical procedures
were complete, animals were paralyzed with gallium triethiodide (6—8
mg/kg/h). The pupils were dilated and maintained with 1% atropine
sulfate and flurbiprofen sodium (1.5 mg/h) and the nictitating mem-
branes were retracted with 10% phenylephrine. The eyes were fitted with
contact lenses and focused on a monitor 1.4 m in front of the animal.

Electrophysiological recordings and visual stimuli

As described previously (Rathbun et al., 2010), simultaneous single-unit
extracellular recordings were made from RGCs and LGN neurons
with overlapping receptive fields. Retinal recordings were made with
parylene-insulated tungsten electrodes (AM Systems) and LGN record-
ings were made with a seven-channel multielectrode array (Thomas Re-
cording). Retinal electrodes were inserted into the posterior chamber of
the eye through a guide tube attached to a custom-made manipulator.
Neuronal activity was amplified, filtered (AM Systems and Thomas Re-
cording) and sent to oscilloscopes, speakers, and a computer equipped
with a 1401 data acquisition interface and the Spike 2 software package
(Cambridge Electronic Design).

Visual stimuli were created with a VSG 2/5 visual stimulus generator
(Cambridge Research Systems) and presented on a gamma-calibrated
Sony monitor with a mean luminance of 38 cd/m 2. Once neurons in the
retina and LGN with overlapping receptive fields were identified, recep-
tive field maps were made using a binary white noise stimulus consisting
ofa 16 X 16 grid of squares in which each square flickered independently
between black and white according to an “m-sequence” (Reid et al., 1997,
See Usrey et al., 1999). The frame rate of the monitor was 140 Hz and
stimuli were updated with each monitor frame for 2'°-1 frames. To
assess the influence of stimulus size on neuronal responses, drifting sine-
wave gratings (optimal spatial frequency, 100% contrast, 4 Hz) that dif-
fered in aperture size (i.e., diameter; range: 0.1-15.0 degrees; =4
complete sets, randomized presentation) were centered and presented
over the receptive fields of recorded neurons. Grating stimuli were shown
for 4 s, followed by 4 s of mean gray.

Data analysis

Identifying and quantifying monosynaptic, retinogeniculate connections.
Cross-correlation analysis was used to assess connectivity between simul-
taneously recorded neurons in the retina and LGN (Levick et al., 1972;
Usrey et al.,, 1998). Using a bin width of 0.25 ms, resulting cross-
correlograms show the occurrence and timing of LGN spikes relative to
each retinal spike (retinal spikes set to time 0). Following previously
established criteria (Mastronarde, 1987; Usrey et al., 1999; Rathbun et al.,
2010), pairs of neurons were considered to be monosynaptically con-
nected when their cross-correlogram contained an abrupt and narrow
peak (<2 ms) that was displaced 2—6 ms to the right of zero and persisted
after a shuffle correction. The shuffle correction, which quantifies
stimulus-dependent correlations, was generated by temporally shifting
LGN spike times by a multiple of the sine-wave cycle duration (e.g., 250
ms for 4 Hz temporal frequency) and calculating a shuffle correlogram
from the shifted data. The statistical significance of each monosynaptic
peak was determined relative to the baseline mean, which was calculated
using bins from 30—50 ms on either side of the peak bin. Because each
count in the cross-correlogram peak represents a single retinal spike
relayed by the LGN neuron to the cortex, these retinal spikes were con-
sidered to be relayed spikes, whereas the remaining retinal spikes were
considered to be nonrelayed. Following this logic, we calculated two
values to quantify retinogeniculate communication: efficacy and contri-
bution (Levick et al., 1972; Mastronarde, 1987; Usrey et al., 1999), where
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Figure 2.  Extraclassical surround suppression is stronger in LGN neurons than in the RGCs
that supply them. 4, B, Histograms showing the distribution of Sl values for the simultaneously
RGCs and LGN neurons that met the criteria for monosynaptic connections (see Materials and
Methods). Larger values indicate greater suppression. SI values were significantly greater for
LGN neurons than for RGCs (SI: LGN neurons = 0.31 == 0.05; RGCs = 0.14 = 0.02; p < 0.002,
unpaired Student’s  test). Dashed red lines indicate mean values. €, Scatterplot showing the
relationship between Sl values for each of the 15 simultaneously recorded cell pairs. Red “X” and
dashed red line indicate mean values.

efficacy is the percentage of retinal spikes that triggered LGN action
potentials and contribution is the percentage of LGN action potentials
that were triggered by the recorded RGC.

Area summation and extraclassical suppression. To determine the
amount of extraclassical suppression exhibited by RGCs and LGN neu-
rons, drifting sine-wave gratings (4 Hz, preferred spatial frequency) of
various diameters (15-20 sizes, logarithmically spaced between 0.1° and
15°) were presented centered over the RGC and LGN receptive fields
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ron will display little or no linear suppression
when stimulated with a sine-wave grating of
the preferred spatial frequency (Alitto and Us-
rey, 2015a). To determine the contribution of
linear mechanisms (i.e., classical surround) to
our measures of extraclassical suppression, we
first created a linear model for each retinal and
LGN receptive field by fitting the respective
neuron’s spatial frequency response function
with a frequency domain difference of Gauss-
ians equation (DOGy) (So and Shapley, 1981;
Alitto and Usrey, 2008, 2015a):
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where K_ and K| are the amplitudes of the
classical center and surround, respectively,
and r. and r, are the radii of the classical
center and surround, respectively. The best-
fitting DOG spatial filter was then convolved
with the visual stimulus used to calculate the
area summation response function predicted
solely on the classical receptive field. Given
that the DOG model is a good fit for RGC
and LGN classical receptive fields, this anal-
ysis provides estimates for the strength of the
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Figure3.

LGN response when evoked by a large stimulus compared with an optimal size stimulus.

(described above). To reduce the influence of response variability, the
area summation data were fit to a difference of Gaussians equation (Sce-
niak etal., 2001; Andolina et al., 2013; Alitto and Usrey, 2015a) as follows:

x/2 x/2

R(x) = K_ * 2/2 exp(—(2 * x/r)* — K, * 2/2 exp(—(2 * x/1,)?)

where R(x) is the response evoked by diameter x, K_ is amplitude of the
center subunit, r_ is the radius of the center subunit, K| is the amplitude of
the surround subunit, and r; is the radius of the surround subunit. The
surround subunit radius was taken to be the spatial extent of the extra-
classical receptive field. From the fitted data, we quantified the strength
of extraclassical suppression using a suppression index (SI) as follows:

Response to large grating
(i.e. plateau of DOG fit)

Response to opt. size grating
(i.e. peak of DOG fit)

Suppression Index = 1 —

Classical versus extraclassical suppression. Depending on the experi-
mental design and the nature of the visual stimulus, surround suppres-
sion in the retina and LGN can be triggered by either the linear
mechanisms of the classical receptive field and/or the nonlinear mecha-
nisms of the extraclassical receptive field (Bonin et al., 2005; Alitto and
Usrey, 2008, 2015a). Linear suppression will occur when there is a mis-
match between the visual stimulus and the polarity of the classical recep-
tive field. For example, an on-center/off-surround neuron will display
linear suppression when a white spot extends beyond the balance point of
the classical center and the classical surround. In contrast, the same neu-

10.0
Retinal ISI (ms)

Influence of stimulus size on retinal spike efficacy. A, B, Plots showing the relationship between stimulus size and the
efficacy of retinogeniculate communication (black traces), where efficacy is the percentage of retinal spikes that evoked an LGN
spike, for two representative pairs of RGCs and LGN neurons. For both cell pairs, efficacy peaks rapidly and then decreases as stimuli
extended into the extraclassical receptive field. For reference, the area summation response functions of the LGN neurons are
represented as gray traces. C, Scatterplot showing the relationship between efficacy values calculated when cells were excited with
an optimal size stimulus and a large stimulus extending into the extraclassical surround. On average, efficacy decreased with large
stimuli. D, IS! efficacy functions for optimal and large stimulus responses. For each IS, retinal spikes are less effective in evoking an

surround suppression that would be present
if the recorded neurons were simple, linear
filters. Consistent with previous reports (Al-
itto and Usrey, 2008, 2015a), the linear
model of LGN and RGC neurons predicted
an average suppression index of 0.017 *
0.008 and 0.008 = 0.003, respectively. By
comparing this value with measured values
(reported below), ~5% of the measured sur-
round suppression in the retina and LGN can
be accounted for by linear mechanisms, in-
dicating that extraclassical suppression un-
derlies 95% of the suppression reported.

Temporal dynamics of extraclassical suppres-
sion. To determine the temporal dynamics of
extraclassical suppression in the retina and
LGN, we analyzed the neuronal responses evoked during the first stim-
ulus cycle of each trial in the area summation experiments (4 Hz drifting
gratings, described above). For this analysis, the spike trains from cell
pairs in which the LGN cell had a suppression index >0.2 (n = 11 pairs)
were collapsed into population retinal and LGN spike trains. A jackknife
analysis was then used to determine significance and confidence intervals
for retinal and geniculate response latencies and suppression latencies.
Retinal and geniculate response latencies were calculated from the activ-
ity evoked from the optimal sized stimulus, as determined from the LGN
area summation response functions, and were defined as the earliest time
the activity exceeded the baseline (500 ms before stimulus onset) by 3
SDs. Suppression latency was defined as the time relative to response
latency that the large-grating response first became significantly less than
the optimal size grating response (Welches  test).

Modeling the influence of retinal interspike interval on extraclassical
suppression in the LGN. Surround suppression in the retina not only
decreases retinal firing rate, but also shifts the distribution of interspike
intervals (ISIs) toward longer values. Because past work has shown that
retinal spikes after longer ISIs are less effective in evoking a geniculate
response (Mastronarde, 1987; Usrey et al., 1998; Levine and Cleland,
2001; Sincich et al., 2007; Weyand, 2007; Rathbun et al., 2010), an ISI-
dependent mechanism can augment suppression between the retina and
LGN (Alitto and Usrey, 2015a). To estimate the contribution of retinal
ISI to LGN surround suppression in the current study, we generated ISI
efficacy functions for each retinogeniculate cell pair (Usrey et al., 1998).
We then used these functions to model LGN spike trains by weighting
each retinal spike by the average efficacy for spikes with the same ISI.

100.0
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Modeled LGN firing rates were then calculated for each stimulus diam-
eter and predicted suppression indices were calculated as described
above.

Results

We made simultaneous single-unit recordings from 15 pairs (1
X-cell pair, 14 Y-cell pairs) of monosynaptically connected RGCs
and LGN neurons in the feline to determine the contribution of
retinal and nonretinal mechanisms to extraclassical suppression
in the LGN and the influence of stimulus size on retinogeniculate
communication. Receptive fields were mapped and characterized
using white noise stimuli and drifting and static sinusoidal grat-
ings; connectivity was assessed using cross-correlation analysis
on the simultaneously recorded spike trains (Usrey et al., 1998,
1999; see Materials and Methods). RGCs and LGN neurons were
considered to be synaptically connected when their cross-
correlograms contained an abrupt, short-latency, statistically sig-
nificant peak. This peak indicates that action potentials from the
RGC had a high probability of evoking a postsynaptic spike in the
LGN neuron. Receptive field maps and cross-correlograms for
two representative cell pairs (one on-center pair, one off-center
pair) are shown in Figure 1, A—D. Consistent with previous re-
ports, monosynaptic connections were only identified between
cell pairs with highly overlapping receptive fields (Usrey et al.,
1998, 1999; Rathbun et al., 2010).

To determine the influence of direct retinal inputs on extra-
classical surround suppression in LGN target neurons, we com-
pared area summation response functions for each of the retinal/
LGN cell pairs in our sample. Figure 1, E and F, shows response
functions for the two pairs of cells described above. The functions
illustrate the responses of each neuron to an increasing aperture
(0.1-15.0° diameter) of drifting sinusoidal grating (100% con-
trast, 4 Hz, optimal spatial frequency) on a mean gray back-
ground. In both cases, the response functions have highly
overlapping rising phases, indicating that the stimulus was cen-
tered appropriately for both the RGC and the LGN neuron. More
importantly, the LGN cells show significantly more suppression
in their responses to large stimuli than do the RGCs (p < 0.001,
paired £ test). This effect was seen consistently across the sample
of cell pairs. Indeed, SI values were approximately double, on
average, for LGN cells compared with their simultaneously re-
corded RGCs (Fig. 2; SI: RGCs = 0.14 = 0.02, LGN neurons =
0.31 = 0.05; p < 0.002, unpaired Student’s t test).

Extraclassical suppression shifts the distribution of RGC ISIs
toward longer values that are less effective in evoking LGN re-
sponses (Mastronarde, 1987; Usrey et al., 1998; Weyand, 2007,
Rathbun et al., 2010). Because this ISI shift can serve to augment
suppression between the retina and LGN (Alitto and Usrey,
2015a), we modeled area summation response functions based
on the ISIs measured from each RGC and calculated SI values
from these functions. Consistent with previous results (Alitto and
Usrey, 2015a), we found a small but significant amount of sup-
pression that is predicted from the size-dependent shift in the
distribution of ISIs (predicted SI = 0.03 = 0.02; p < 0.01, paired
ttest). Although significant, this increase represents just 17.6% of
the difference between SI values calculated from synaptically con-
nected RGCs and LGN neurons. Therefore, whereas extraclassi-
cal suppression in the feline LGN partially reflects suppression
present in the retina that is augmented by mechanisms related to
ISI and synaptic communication, additional nonretinal mecha-
nisms appear to play a substantial role.
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Figure4. Influence of stimulus size on retinal spike contribution. Plots show the relationship
between stimulus size and the contribution of retinal spikes in evoking an LGN response (black
traces), in which contribution is the percentage of LGN spikes that were evoked by the simulta-
neously recorded RGC. Cell pairs in A and B are the same as those in Figure 3, Aand B. The gray
traces show the area summation response function of the simultaneously recorded LGN neuron.
€, Unlike efficacy, contribution values remain constant as stimuli extend into the extraclassical
receptive field, an effect seen across cell pairs.

Retinogeniculate communication is modulated by

stimulus size

A potential mechanism for the enhanced size tuning of LGN
neurons involves inhibition supplied by extraretinal inputs. This
inhibition, activated by stimuli that extend into the extraclassical
surround, would serve to move the membrane potential of LGN
neurons away from the spike threshold, thereby decreasing the
likelihood that a retinal spike can generate a suprathreshold re-
sponse. To test this prediction, we examined the spike trains of
simultaneously recorded RGCs and LGN neurons and calculated
two values, efficacy and contribution, as a function of stimulus
size. In this analysis, efficacy is the percentage of retinal spikes
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Figure 5.

Extraclassical suppression in the LGN can be accounted for by a selective filtering of retinal spikes. 4, B, Normalized area summation response functions corresponding to different

categories of spikes produced by two representative pairs of synaptically connected RGCs and LGN neurons. The red, green, and dashed black traces show response functions calculated from all of the
RGC's spikes, only the retinal spikes that were successful (i.e., drivers) in evoking LGN responses, and all LGN spikes, respectively. For both pairs of cells, successful retinal spikes show the same degree
of extraclassical suppression as the postsynaptic LGN neuron. C, Scatterplot showing the similarity between Sl values for successful retinal spikes versus all LGN spikes for each cell pair in the sample.

The red “X” and dashed lines indicate mean values.

that evoke a spike in the LGN neuron and contribution is the
percentage of LGN spikes that were evoked from the RGC. As
shown in Figure 3, A and B, for two representative pairs of neu-
rons, communication between the retina and LGN was indeed
influenced by stimulus size. In particular, efficacy increased rap-
idly with stimulus size, reached a peak and then decreased for
larger stimuli. Moreover, the overall shape of the efficacy re-
sponse functions (black lines) resembled that of the LGN cells’
area summation response functions (dashed gray lines).

Across our sample of cell pairs, efficacy for large stimuli was
reduced to 66 * 7% of optimal size efficacy (Fig. 3C; p < 0.05,
paired £ test), supporting the view that inhibition filters retinal
spikes trains differentially and in a stimulus-dependent manner.
The suppressive influence of stimulus size on retinogeniculate
communications was also evident in ISI efficacy functions calcu-
lated from optimal and large stimulus responses. As shown in
Figure 3D, increasing stimulus diameter into the extraclassical
surround caused a marked downward shift in the ISI efficacy
curve, indicating that retinal spikes at a given ISI are less effective
in driving LGN responses. Unlike measures of efficacy, contribu-
tion response functions were essentially flat after the initial rise
(Fig. 4 A, B), indicating that the percentage of LGN spikes evoked
by the recorded RGC does not change as a function of size (Fig.
4C; p = 0.36, paired f test).

To determine the extent to which size tuning in the LGN can
be accounted for by the combination of two mechanisms, weak
tuning initially generated within the retina and the filtering of
retinal spikes by LGN neurons, we calculated area summation
response functions for each RGC in our sample using only the
subset of retinal spikes that directly evoked LGN responses (i.e.,
retinal spikes contributing to the peak of each pair’s cross-
correlogram) and compared these functions with those calcu-
lated using all of the spikes produced by the RGC and with all of
the spikes produced by the simultaneously recorded LGN neu-
ron. Figure 5, A and B, shows the results of this analysis for two
representative pairs of cells. In both cases, mechanisms within the
retina resulted in modest extraclassical suppression (red traces),
whereas mechanisms beyond the retina reduced the percentage
of relayed retinal spikes at large stimulus sizes (green traces).
Importantly, the area summation response functions calculated
from the successful (i.e., relayed) retinal spikes were similar to
those calculated from the spikes of the simultaneously recorded
LGN cell (black dashed traces). Accordingly, there was not a sig-

nificant difference between the suppression index values of the
LGN cells in our sample and the index values for the successful
retinal spikes supplied by the simultaneously recorded RGCs
(Fig. 5C, p = 0.77, paired t test). This result is striking given the
high likelihood that the LGN cells in the sample also received
input from other (nonrecorded) RGCs. This result is also consis-
tent with the view that the postsynaptic mechanism(s) governing
the filtering of retinal spikes has a similar influence on incoming
spikes regardless of the RGC that produced them.

Temporal dynamics of extraclassical suppression in the LGN
Polysynaptic circuits involving recurrent connections between the
LGN and the thalamic reticular nucleus and/or feedback from the
cortex have been proposed to influence extraclassical suppression in
the LGN (for review, see Sillito and Jones, 2002; Usrey and Alitto,
2015). If these circuits indeed have a role, then one would expect a
delay in suppression relative to the onset of the excitatory response,
as assessed by changes in firing rate and retinal spike efficacy (as
shown in Fig. 3). To test this prediction, as well as to place constraints
on the potential circuits involved, we measured the relative time
course of the excitatory and suppressive influences evoked by the
first cycle of the drifting sine-wave grating stimulus used in the ex-
periments described above. This analysis was performed on all
RGC-LGN cell pairs in which the suppression index for the LGN cell
was >0.2 (n = 11 pairs). Response latency was defined as the earliest
time after stimulus onset (optimal size grating) that activity exceeded
baseline levels (assessed during the 500 ms period before stimulus
presentation) by 3 SDs and suppression latency was defined as the
time relative to response latency that the large-grating response first
became significantly less than the optimal size grating response (p <
0.01, t test).

As expected, there was a significant difference between the re-
sponse latencies of RGCs and LGN neurons in our sample of mono-
synaptically connected cell pairs (mean response latency: RGCs =
14.7 = 0.3 ms; LGN neurons = 19.1 £ 0.7 ms, p < 106, t test).
More importantly, the temporal profiles of the responses to optimal
size and large-diameter gratings began to diverge for both the RGCs
and LGN neurons shortly after response onset (Fig. 6A,B). On av-
erage, RGC suppression latency was delayed by 5.0 = 0.2 ms relative
to the response onset of RGCs and LGN suppression latency was
delayed 8.0 = 0.5 ms relative to the response onset of LGN neurons
(Fig. 6C). It is worth noting that LGN suppression was preceded by a
brief period of response facilitation (large stimulus response > op-
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response latency for optimal size stimuli.

timal stimulus response). This facilitation appears to be caused by a
size-dependent phase advance that was present in the both the retina
and LGN, but was not measureable in the retina until the second
stimulus cycle (Fig. 6, right column). Although the mechanisms un-
derlying this phase advance are unknown, it is tempting to speculate
that they share features in common with those associated with con-
trast gain control and contrast-dependent phase advance (Shapley
and Victor, 1978; Rathbun et al., 2016).

In a final analysis, we examined the influence of stimulus size
on the temporal profile of retinal spike efficacy to determine

when augmented suppression is first evident as a reduction in the
communication of spikes between the retina and LGN. Given
that the magnitude of suppression in the LGN can be largely
accounted for by size-dependent changes in retinal spike efficacy
(Fig. 5C), we reasoned that retinal spike efficacy for large stimuli
should become less than that for optimal stimuli at a delay similar
to that identified from firing rate changes. As shown in Figure 7,
A and B, the efficacy of retinogeniculate communication was
indeed dynamic with respect to the onset of visual responses. The
earliest time retinal spike efficacy for large stimuli decreased sig-
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nificantly (p < 0.01, t test) below that for optimal size stimuli was
7.0 £ 0.8 ms with respect to the onset of visual responses in the
LGN. Results also identified a brief period of facilitation in retinal
spike efficacy with large stimuli that preceded suppression. In
summary, these findings indicate the involvement of extraretinal
mechanisms in modulating communication between the retina
and LGN and reveal that the early phase of augmented suppres-
sion in the LGN occurs with a short delay after the onset of visual
responses.

Discussion

The goal of this study was to determine the contribution of retinal
and nonretinal mechanisms to extraclassical suppression in the
feline LGN and the influence of stimulus size on retinogeniculate
communication. Although this nonlinear receptive field property
is present in both the retina and LGN (Levick et al., 1972; Murphy
and Sillito, 1987; Felisberti and Derrington, 1999; Przybyszewski
et al., 2000; Ruksenas et al., 2000; Girardin et al., 2002; Sillito and
Jones, 2002; Solomon et al., 2002, 2006; Webb et al., 2002, 2005;
Nolt et al., 2004, 2007; Alitto and Usrey, 2008, 2015a), little was
known about the extent to which extraclassical suppression in the
feline LGN is inherited from the retina. By simultaneously re-
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cording the spiking activity of monosynaptically connected
RGCs and LGN neurons, this study demonstrates that extraclas-
sical suppression is significantly stronger for LGN neurons than
for their retinal inputs. Results further show that the percentage
of retinal spikes that evoke LGN responses decreases as stimulus
size increases, suggesting that extraretinal mechanisms such as
thalamic inhibition filter retinal input in a stimulus-dependent
manner. In support of this view, an examination of area summa-
tion response functions generated only from the subset of retinal
spikes that evoke LGN responses reveals that extraclassical sup-
pression in the LGN can be fully accounted for by filtering the
incoming retinal spike train at the level of the LGN. Moreover,
the augmentation of LGN surround suppression occurs shortly
after the excitatory response onset in the LGN, leaving little time
for other, nonlocal circuits to be involved. Interestingly, this de-
gree of extraretinal influence on extraclassical suppression may
be a hallmark of the feline LGN because extraclassical suppres-
sion in the monkey LGN relies more heavily on retinal mecha-
nisms (Alitto and Usrey, 2008).

Because RGC synapses onto LGN neurons are strictly excit-
atory, the augmented extraclassical surrounds of LGN neurons
likely rely on polysynaptic circuits involving inhibitory neurons.
Along these lines, an analysis of the time course of size-dependent
modulation of retinal spike efficacy suggests that the early phase
of extraclassical suppression involves GABAergic local circuits
within the LGN or between the thalamic reticular nucleus (TRN)
and the LGN because the onset of suppression is typically too fast
(~7 ms delay) for polysynaptic circuits involving the cortex.
Moreover, because local interneurons and TRN neurons often
prefer stimuli comparable in size to stimuli that are optimal for
LGN relay cells (Wang et al., 2011; Vaingankar et al., 2012), the
augmented and nonlinear suppressive fields of LGN relay neu-
rons presumably result from convergent input from small en-
sembles of inhibitory neurons with overlapping and nearby
receptive fields.

Several lines of evidence indicate that corticogeniculate feed-
back neurons also play a role in extraclassical suppression in the
feline LGN (Murphy and Sillito, 1987; Sillito and Jones, 2002;
Webb et al., 2002; Nolt et al., 2007; Olsen et al., 2012). However,
given the relatively long visual response latencies of V1 neurons
compared with LGN neurons along with the time required for
action potentials to propagate from the cortex to the LGN and the
added time needed to engage polysynaptic circuits for inhibition
within the thalamus (Harvey, 1978; Tsumoto and Suda, 1980;
Hirsch et al., 1998; Usrey et al., 1999; Alonso et al., 2001; Briggs
and Usrey, 2005, 2009; Liang et al., 2008), it seems unlikely that
corticogeniculate feedback has much of an influence on the early
phase of extraclassical suppression in the LGN. With this in mind,
feedback could certainly contribute to later phases of suppres-
sion. If so, then the influence of feedback is likely to be complex
because feedback axons provide direct excitatory input onto LGN
relay neurons and input onto local interneurons and GABAergic
neurons in the reticular nucleus that in turn project onto relay
neurons (Jones, 2006; Ulrich et al., 2007; Sherman and Guillery,
2009; Cox, 2014). Moreover, synaptic communication at all of
these synapses, including retinogeniculate synapses, is dynamic
and dependent on the firing rate of presynaptic neurons (Cran-
dall et al., 2015; Alitto and Usrey, 2015a,2015b). Regardless of
when the inhibition arrives, results from the current study sug-
gest that the inhibition serves to reduce the efficacy of retinal
spikes in evoking LGN responses because extraclassical suppres-
sion in the LGN can be accounted for by a selective filtering of the
incoming retinal spike train. With that in mind, it is important to
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note that inhibition is not the only mechanism that serves to filter
retinal spikes because RGCs in the cat experience a modest
amount of extraclassical suppression that not only reduces the
firing rate of RGCs, but also shifts the distribution of ISIs in the
retinal spike train toward longer ISIs, thereby decreasing tempo-
ral summation in LGN cells and the likelihood of a postsynaptic
response (Usrey et al., 1998, Alitto and Usrey, 2015a).

Finally, given that the two sources of inhibition onto LGN
relays, local interneurons and TRN neurons, are likely to have
roles in both extraclassical suppression and state-dependent
changes in thalamocortical activity, it is interesting to consider
whether behavioral state has an influence on extraclassical sup-
pression. In support of this possibility, an examination of con-
trast response functions generated from LGN neurons in alert
and anesthetized animals indicates that anesthesia acts to scale
neuronal firing rate in a divisive fashion over a wide range of
contrasts (Alitto et al., 2011). Likewise, spatial attention has been
shown to augment LGN responses, presumably by decreasing
inhibition from the TRN (McAlonan et al., 2006, 2008). Because
thalamic inhibition is modulated by the brainstem, basal fore-
brain, and numerous cortical areas, extraclassical suppression
may be a dynamic property of LGN neurons that can be modu-
lated differentially by behavior and behavioral state to gate the
thalamocortical transmission of retinal information to cortex.
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