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SUMMARY

There are two broad modes of information transfer in the brain: the labeled line model, where neurons
relay inputs they receive, and the mixed tuning model, where neurons transform different inputs. In the
visual pathway, information transfer between retinal ganglion cells (RGCs) and dorsal lateral geniculate
nucleus (dLGN) neurons is viewed as a labeled line. However, recent work in mice demonstrated that
different RGC types, encoding distinct visual features, converge onto a dLGN neuron, raising the ques-
tion of how the dLGN transforms visual information. Using optogenetics, we activated distinct RGC pop-
ulations and measured dLGN neuron spiking in vivo. We found that visual response properties of strongly
driven dLGN neurons largely match properties of the activated RGC population. While in vitro dual-opsin
experiments demonstrate that strong functional convergence from distinct RGC types does occur at
modest frequencies, our data largely support a labeled line model of retinogeniculate information transfer

in mice.

INTRODUCTION

In the primary pathway mediating visual perception, retinal gan-
glion cells (RGCs, see Table S1 for all abbreviations) synapse
onto thalamocortical (TC) neurons in the dorsal lateral geniculate
nucleus (dLGN), which then transmit information to the primary
visual cortex (V1)."™ Classic functional studies in the cat
visual system demonstrated that TC neurons receive strong
“driver-like” inputs from a few RGCs that are capable of evoking
spiking.” ! These findings have established the prevailing view
that TC neurons function as simple relays of retinal input. How-
ever, several of these studies also noted the presence of weak
connections, indicating that TC neurons can receive weak func-
tional inputs from numerous RGCs.””'%'?7'5 |n fact, most con-
nected RGC-TC neuron pairs do not exhibit a 1:1 relationship
in terms of spiking, as would be predicted by a simple labeled
line model.>”° Therefore, these studies raised the intriguing
possibility that signals from multiple RGCs are combined in
the dLGN.

Recent work in the mouse visual system has reignited interest
in the idea that TC neurons might function as integrators rather
than simple relays of RGC input. Studies examining the RGC in-
puts onto dLGN neurons have shown that more than 10 RGCs
can innervate a single dLGN neuron'®"'® and that these RGCs
can consist of different types.'®' These studies have been in-
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terpreted by many as evidence that mouse visual processing is
significantly different from that of higher mammals. Indeed,
extensive work has revealed important species differences,
including the relative abundance of RGC types, lamination pat-
terns in the dLGN, and receptive field properties in mice
compared with higher mammals.*?*** However, there has
been a fundamental difference in the approaches used to under-
stand visual processing in different species. For example, sem-
inal cat and primate studies largely focused on dLGN neuron
spiking responses using in vivo recording approaches,®"*>?
whereas work in mice has taken advantage of genetic tools
and other modern approaches with higher resolution, sensitivity,
and specificity. Therefore, conclusions drawn about different
species could largely be a product of the levels of analyses
used to study visual processing.

To narrow the gap between approaches used between spe-
cies, we assessed the contribution of distinct RGC types to the
spiking output of dLGN neurons in mice. We utilized optoge-
netics to activate subsets of RGCs in vivo and recorded resulting
spiking activity in postsynaptic dLGN neurons. We found that the
visual response properties of dLGN neurons that reliably spiked
in response to optogenetic stimulation matched the properties of
the RGC population being activated. Our findings suggest that
despite the convergence of multiple RGC types onto a dLGN
neuron, one type tends to dominate the postsynaptic spiking
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Figure 1. Measuring visual responses and functional inputs from RGCs simultaneously in dLGN neurons in vivo

(A) In vivo extracellular dLGN recordings were performed in Chx10-Cre; ChR2 mice in which all retinal cells, including RGCs, express ChR2. The axons of RGCs
expressing ChR2 were optogenetically activated using silicon probes with optical fibers attached (optoelectrodes). This approach enabled simultaneous
recording of dLGN neuron responses to visual stimuli and optogenetic activation of RGC axons in vivo.

(B) Coronal brain section collected from a Chx10-Cre; ChR2 mouse after in vivo dLGN recording. Green signals are RGC axons labeled in Chx10-Cre; ChR2 mice.

The electrode tract trajectory was labeled with Dil (red).

(C) Raster plot of responses to drifting gratings from an example dLGN neuron. Drifting gratings stimuli were presented before and after optogenetic stimulation

trials (blue) to ensure recording stability.

(D) Responses of the same dLGN neuron in (C) to 1 ms optogenetic stimulation of RGC axons. The top raster plot shows spiking responses over a 20 ms window,
with time 0 indicating the onset of the light pulse. The bottom plot is a peristimulus time histogram of spiking activity in 0.5 ms bins. This neuron exhibited an opto-

spike efficiency of 50% with a latency of 4 ms.

response. We also examined functional convergence of two
distinct RGC types in vitro using a dual-opsin approach. When
comparing synaptic strengths of the two distinct RGC types
onto a given TC neuron, the likelihood of a cell receiving strong
inputs from both populations is low, consistent with a labeled
line model. Our results suggest that despite species differences,
the principles underlying information transfer in the retinogenicu-
late pathway remain largely conserved. They also show that con-
clusions drawn about neural circuits can vastly differ depending
on the level of analysis and emphasize the importance of inter-
preting anatomy with function. Taken together with other pub-
lished studies, our study raises future questions regarding the
purpose of the weak convergent RGC inputs.

RESULTS

Optogenetic stimulation of RGC axons in the dLGN

in vivo

We first sought to examine connections between specific RGC
populations and dLGN neurons by utilizing optogenetics in vivo.
This approach involved measuring responses of the same dLGN
neurons to (1) drifting sine-wave gratings and (2) optogenetic
activation of a subset of RGC axons (Figure 1A)—enabling us
to functionally classify dLGN neurons that receive driving input
from specific RGC populations. We validated this approach
by making in vivo dLGN recordings in anesthetized Chx10-Cre;
ChR2 mice: a mouse line in which all RGCs express
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channelrhodopsin-2 (ChR2)'"*" (Figures 1A and 1B). Multisite
silicon probes with an attached optical fiber (optoelectrodes)
were used to make in vivo extracellular recordings from dLGN
neurons while optogenetically activating RGC axons expressing
ChR2 (Figure 1A). Gratings were presented before and after a
block of optogenetic trials to ensure that responses to optoge-
netic stimulation were not due to unstable recording conditions
(Figure 1C). Only units that exhibited reliable visual responses
before and after optogenetic stimulation were included for anal-
ysis (see STAR Methods).

During optogenetic stimulation trials, we activated RGC axons
by delivering 1 ms light pulses at 5 Hz while animals viewed a
dark screen. We quantified the extent to which spiking was
evoked in postsynaptic LGN neurons in response to RGC
axon stimulation by binning spiking responses to optogenetic
stimulation into 0.5 ms intervals to create a peristimulus time
histogram (Figure 1D). We defined opto-spike efficiency by sum-
ming the spikes in the peak interval with spikes in the two adja-
cent intervals, dividing this number by the total number of
light pulses delivered, and multiplying by 100 to convert to a
percentage.

On average, the first pulse of the 5 Hz pulse train elicited the
most reliable spiking with an opto-spike efficiency of 38.8% +
30.4% (mean = SD, n = 52 visually responsive units) and delay
of 4.4 + 0.9 ms (Figure S1A), consistent with a monosynaptic
response.® No spiking was elicited in response to optical stimu-
lation in Cre-negative ChR2 animals (n = 7 units; Figure S1B).
Opto-spike efficiency was not significantly different in units re-
corded in the superficial versus deeper half of dLGN, indicating
effective stimulation spread of RGC axons across the entire
depth of dLGN (Figures S1C and S1D). These experiments
demonstrate the feasibility of measuring responses to visual
stimuli and optogenetic activation of RGC axons in the same
dLGN neuron in vivo.

Optogenetic activation of ooDSGCs elicits robust
spiking in a subset of DS dLGN neurons

We next investigated the extent to which activation of a single
RGC population can drive spiking in postsynaptic dLGN neu-
rons in vivo. We utilized Cart-IRES2-Cre mice crossed to Ai32
mice (Cart-Cre; ChR2) to express ChR2 in on-off direction-se-
lective RGCs (00DSGCs). We have previously shown that this
cross specifically labels 0oDSGC inputs to the dLGN.?° We
broadly categorized the visual responses of dLGN neurons to
drifting sine-wave gratings as broadly tuned (BrT, 296/456 of
visually responsive units), axis selective (AS, 111/456 units), di-
rection selective (DS, 30/456 units), or suppressed by contrast
(Sbc, 19/456) (Figure 2A). BrT neurons respond equally to
gratings moving in all directions, AS neurons respond to grat-
ings moving along a specific axis of motion, DS neurons
respond to gratings moving in a specific direction, and Sbc
neurons suppress their baseline firing in response to gratings
(Figure 2A). The proportions of these functional categories
were largely consistent with those reported by previous studies
recording dLGN responses in similar conditions.”®° DS dLGN
neurons were defined as units exhibiting a direction-selectivity
index (DSI) > 0.33, and AS neurons were defined as units ex-
hibiting a DSI < 0.33 and an axis-selectivity index (ASI) > 0.33
(Figure 2C) (see STAR Methods).
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Optogenetic activation of Cart-Cre* axons in the dLGN elicited
robust spiking, defined as an opto-spike efficiency greater than
40% (Figures 2B and 2D), in only a small subset of dLGN units
(8.5%). Among these, 75% were DS (Figures 2A-2D and S2B).
We selected the 40% cutoff because DS neurons showed a
clear divergence in opto-spike efficiency at this cutoff. Lowering
the opto-spike efficiency cutoff incrementally from 40% to 10%
increased the proportion of BrT neurons, potentially suggesting
weaker inputs from o00DSGCs to BrT dLGN neurons
(Figure S2B). However, these findings can also be explained by
non-selective labeling, as the Cart-Cre line also labels a small
fraction of other RGC types.”® Importantly, DS dLGN neurons
were significantly more responsive to Cart-Cre* inputs than
other RGC-driven dLGN neurons, regardless of the opto-spike
efficiency threshold used to define reliably driven neurons
(Figure S2A). This specificity for DS dLGN neurons also did not
depend on the DSI cutoff used for classifying DS dLGN neurons
(0.33) (Figure 2E). These results suggest a high degree of spec-
ificity in retinogeniculate connectivity when examined at the level
of functional connections capable of driving spiking in vivo.

Functional properties of DS neurons in the dLGN

Our results also show that there are DS dLGN neurons that do
not respond to Cart-Cre* input activation (Figure 2D), raising
the question of what properties differentiate DS neurons that
are reliably driven by Cart-Cre* inputs from those that are not.
In our experiments, we measured dLGN neuron responses to
two sets of drifting grating stimuli with different spatial fre-
quencies: the first set of gratings being coarser (0.04 cycles/de-
gree) and the other finer (0.16 cycles/degree). The temporal fre-
quency of both sets of gratings was fixed at 2 cycles/s; therefore,
coarser gratings also moved faster than finer gratings (50 de-
grees/s versus 12.5 degrees/s). Notably, DS dLGN neurons
could be subdivided by their preference for these two sets of
gratings (Figure 3A). We computed a gratings preference index
to quantify the preference of each DS unit for these two sets of
gratings. The gratings preference index ranges from —1 to 1,
with values closer to —1 indicating a stronger preference for
fast, coarse gratings, while values closer to 1 indicate a stronger
preference for slow, fine gratings (Figure 3C) (see STAR
Methods). DS dLGN neurons exhibited a bimodal distribution
in gratings preference index (Figure 3C; Hall and York calibration
of Silverman’s test, p = 0.008), while BrT and AS dLGN neurons
exhibited broader, unimodal distributions favoring fast, coarse
gratings (Figure S3; Hall and York calibration of Silverman’s
test, p = 0.582 for BrT and p = 0.356 for AS).

DS dLGN neurons that prefer slower, finer gratings
(gratings preference index > 0), which we termed type 1 DS, re-
sponded robustly to optogenetic activation of Cart-Cre* inputs
(Figures 3B and 3D) and primarily resided in the superficial half
of dLGN (Figures S4A-S4C). Conversely, DS dLGN neurons
that preferred faster, coarser gratings (gratings preference in-
dex < 0), termed type 2 DS, did not respond to optogenetic acti-
vation of Cart-Cre* input (Figures 3B and 3D). The spatial fre-
quency and speed preferences of type 1 DS dLGN neurons
are consistent with responses of coDSGCs described previ-
ously.®"*? We directly confirmed this by imaging calcium re-
sponses of 0oDSGCs of the retinas of Cart-Cre; GCaMP6f
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Figure 2. Visual responses of dLGN neurons receiving driving inputs from Cart-Cre* RGCs

(A) Example responses of broadly tuned (BrT), axis-selective (AS), direction-selective (DS), and suppressed by contrast (Sbc) dLGN neurons to drifting gratings.
Polar plots in the center represent average firing rate in response to gratings moving in 8 different directions. Raster plots surrounding each polar plot each show
spiking activity in response to drifting gratings moving in a single direction across multiple trials. Time 0 denotes the onset of the drifting grating stimulus. Re-
sponses to gratings moving in a single direction are displayed for the Sbc dLGN neuron. A, anterior; P, posterior.

(B) Responses of the same neurons in (A) to optogenetic activation of Cart-Cre* RGC inputs. The top raster plots show spiking responses to 1 ms light pulses over
a 20 ms window. Open circles represent spikes. The onset of optogenetic stimulation occurs at time 0 and is represented by the solid blue box. The insets
surrounded by dotted boxes are the average spike waveforms of each example neuron recorded across multiple recording sites on the multielectrode array. The
bottom plots are peristimulus time histograms of spiking activity in 0.5 ms bins.

(C) Scatter plot of ASI and DSI plotted for every visually responsive dLGN neuron with reliable spiking across trials, excluding Sbc neurons. BrT neurons (gray)
were classified as cells with DSI < 0.33 and ASI < 0.33, AS neurons (blue) were classified as cells with ASI > 0.33 and DSI < 0.33, and DS (pink) neurons were
classified as cells with DSI > 0.33.

(D) Max opto-spike efficiency of different functional classes in response to optogenetic activation of Cart-Cre* RGC input. Data are from single units pooled from
49 Cart-Cre; ChR2 animals. Bar plots and error bars represent mean + SD.

(E) Max opto-spike efficiency as a function of DSI. The dotted vertical line depicts the DSI cutoff used to classify DS neurons in this study (0.33).

mice to the same drifting gratings stimuli (Figure 4A). ooDSGCs  genetic activation of Cart-Cre* RGCs (Figure 4). Additionally, the
exhibited the same preference for slower, finer (0.16 cycles/de-  direction preferences of type 1 DS dLGN neurons strongly driven
gree) gratings (Figures 4B and 4C)—matching the preference of by Cart-Cre* inputs largely conformed to the vertical axis
postsynaptic DS dLGN neurons that are strongly driven by opto-  (Figure S5), consistent with our previous study showing that
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Figure 3. Cart-Cre" inputs onto different types of DS neurons in the mouse dLGN

(A) Example responses of DS dLGN neurons to two types of gratings. The left panels show responses to fast, coarse gratings, and the right panels show re-
sponses to slow, fine gratings. The top panels are example responses of a DS dLGN neuron that prefers slow, fine gratings (type 1). The bottom panels show
responses of a DS dLGN neuron that prefers fast, coarse gratings (type 2).

(B) Raster plots showing responses of the same dLGN neuron in (A) to 1 ms optogenetic stimulation of RGC axons. Time 0 marks the onset of optogenetic
stimulation. The insets surrounded by dotted boxes are the average spike waveforms of each neuron recorded across multiple recording sites on the multi-
electrode array.

(C) Histogram of gratings preference index plotted for DS dLGN neurons recorded in Cart-Cre; ChR2 mice. Gratings preference index was computed by taking the
difference between responses to the two different gratings divided by the sum of the responses (see STAR Methods). Values ranging from 0 to —1 indicate a
preference for fast, coarse gratings, and values ranging from 0 to 1 indicate a preference for slow, fine gratings. The distribution of gratings preference index was
significantly multimodal (Hall and York calibration of Silverman’s critical bandwidth test, p = 0.008). Units with a gratings preference index greater than 0 were
classified as type 1 DS, and units with a gratings preference index less than 0 were classified as type 2 DS.

(D) Max opto-spike efficiency as a function of gratings preference index. Note that units strongly driven by Cart-Cre™* inputs exhibited gratings preference indexes
greater than O (i.e., they are type 1 DS).
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Figure 4. Responses of 00DSGCs to drifting gratings of different spatial frequencies

(A) Example calcium responses of an 0oDSGC labeled in Cart-Cre; GCaMP6f mice. The cell was presented with bars and drifting gratings moving in different
directions. Black lines represent the mean response averaged across 4 trials, and the gray lines represent standard error. Polar plots to the right are peak AF/Fq
responses to stimuli moving in different directions. Note lower response amplitudes in response to faster, coarser-grating stimuli.

(B) Grouped data of peak AF/F (top) and DSI (bottom) to different visual stimuli. 0coDSGCs exhibited significantly larger responses to finer 0.16 cycles/degree
gratings, like type 1 DS dLGN neurons (Figure 3). n = 38 cells. Bar plots and error bars represent mean + SD. **p < 0.001, paired t test.
(C) Histogram of gratings preference index plotted for coDSGCs labeled in Cart-Cre; GCaMP6f mice.

(D) Working model showing how type 1 DS dLGN neurons receive strong inputs from ooDSGCs.

00DSGCs labeled in Cart-Cre* animals largely preferred vertical Optogenetic activation of a-RGCs elicits reliable spiking
(upward and downward) motion.?° These results support the in broadly tuned dLGN neurons

idea that cooDSGC responses are largely inherited by a subset  Our results suggest that DS inputs to the dLGN exhibit a high de-
of dLGN neurons (Figure 4D). gree of specificity. But does this specificity generalize to other
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Figure 5. Visual responses of dLGN neurons receiving driving inputs from Kcng4-Cre* RGCs

(A) ChRger2, a ChR variant, was expressed in a-RGCs by injecting AAVs into Kcng4-Cre mice. The top plots are responses of a broadly tuned dLGN neuron to
drifting gratings moving in 8 directions. The bottom raster plot shows spiking responses of the same neuron in the top panel to optogenetic activation of Kcng4-
Cre* RGC input over a 20 ms window. The onset of optogenetic stimulation occurs at time 0 and is represented by the solid blue box.

(B) Max opto-spike efficiency of different functional classes in response to optogenetic activation of Kcng4-Cre* RGC input. Bar plots and error bars represent
mean = SD. BrT dLGN neurons are the primary population of dLGN neurons to receive driving input from Kcng-Cre* RGCs (see also Figure S2).

(C) Histogram of max opto-spike efficiency of BrT units recorded in Kcng4-Cre mice. Data are the same as those plotted for BrT units from in (B). The distribution
was significantly multimodal (Hall and York calibration of Silverman’s critical bandwidth test, p < 0.001).

(D) Histogram of on-off index measured in response to 1 s full-field flashes. Data are from BrT dLGN units that received strong Kcng4-Cre™ inputs (opto-spike

efficiency > 40%) (n = 21 units).

istogram of gratings preference index plotted for Br units that received strong Kcng4-Cre™ inputs (same units as those plotted in D).
E) Hist: f grati f ind lotted for BrT dLGN units that ived st Keng4-Cre* input it th lotted in D

RGC types? To address this, we utilized Kcng4-Cre mice to label
a-RGCs, which are BrT.*>**° We targeted Kcng4-Cre* RGCs by
making eye injections of adeno-associated virus (AAV)-CAG-
DIO-ChRger2-YFP, which drives Cre-dependent expression of
a ChR variant, ChRger2,%° between P20 and P30, and performed
in vivo recordings between P60 and P120. We performed eye in-
jections of AAVs instead of crossing to ChR2 reporter mice
because this cross results in labeling of dLGN neurons (data
not shown). BrT dLGN neurons were significantly more reliably
driven compared with other functional types in response to opto-
genetic activation of Kcng4-Cre* inputs (Figures 5A, 5B, S2C,
and S2D).

Further analysis of BrT neurons that were reliably driven by
Kcng4-Cre* RGCs, defined as exhibiting an opto-spike effi-
ciency of greater than 40%, showed clear ON or OFF re-
sponses to full-field luminance flashes (Figure 5D). Only 1 of
21 neurons that were responsive to full-field flashes had an
ON-OFF response, as defined as exhibiting responses
with an on-off index between —0.33 and 0.33 (see STAR
Methods) (Figure 5D). Because a-RGCs consist of only ON
and OFF types,®*®” these results suggest that there is no
strong functional convergence of ON and OFF a-RGC inputs

3266 Neuron 113, 3260-3274, October 1, 2025

onto a single dLGN neuron and that information encoded by
a-RGCs is also relayed to the visual cortex. Additionally, BrT
dLGN neurons that reliably spiked in response to Kcng4-
Cre* RGC activation also exhibited a stronger preference for
fast, coarse gratings (Figure 5E), consistent with responses
of a-RGCs to drifting gratings.®® Thus, when examined at
the level of inputs capable of driving spiking in vivo, the mouse
retinogeniculate synapse exhibits a high degree of specificity
similar to higher mammals.

Examining functional convergence of a-RGC and
00DSGC inputs in vitro

Our in vivo experiments show that activating functionally defined
populations of RGCs elicits reliable spiking in a small subset of
dLGN neurons, the majority of which match functional properties
of the optogenetically activated RGC population. These results
largely support a model where dLGN neurons inherit retinal tun-
ing features. However, it is unclear whether dLGN neurons are
capable of being driven by multiple distinct RGC types. There-
fore, we sought to directly measure convergent inputs from
different RGC types onto a single dLGN neuron using a dual-
opsin strategy, which involves independently activating two
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distinct RGC populations and measuring their maximal synaptic
drive onto the same dLGN neurons.

We expressed a red-shifted opsin in a-RGCs by eye injection
of Kcng4-Cre mice with AAVs that drive Cre-dependent expres-
sion of ChrimsonR-tdTomato®® (Figure 6A). To label an RGC
population distinct from «-RGCs, we co-injected AAVs that
drive expression of a blue-shifted opsin, CatCh,*® in 0oDSGCs
under the control of the ProD1 promoter (Figure 6A). ProD1 is a
synthetic promoter that targets expression to a subset of
00DSGCs.*" Importantly, most CatCh-GFP* RGCs (termed
“ProD1*,” 98%) exhibit no overlap with ChrimsonR-tdTomato*
RGCs (termed “Kcng4-Cre*”) (Figures 6B and 6C). Co-immuno-
staining for cocaine- and amphetamine-regulated transcript
neuropeptide (CART), a marker of 0oDSGCs,***® shows that
the majority (72%) of ProD1-labeled RGCs are CART immunore-
active (CART-IR) and that 27% of CART-IR RGCs are ProD1*
(Figures 6C and 6D). Therefore, while ProD1* RGCs primarily
represent a subset of 0oDSGCs and are not entirely pure, they
are a distinct RGC population from Kcng4-Cre* RGCs, providing
a useful tool to study the convergence of distinct RGC popula-
tions onto single LGN neurons.

Inthe dLGN, the axons of Kcng4-Cre* and ProD1* RGCs exhibit
distinct projection patterns in coronal sections (Figures 6E and 6F).
In anterior coronal sections, ProD1* axons localize to the superfi-
cial region of dLGN (within 100 pm away from the optic tract) and
extend to deeper portions (<400 pm) in more posterior sections
(Figures 6E and 6F). Kcng4-Cre* inputs are not prominent but
are still observed in the superficial region across the anterior-pos-
terior axis and overlap with ProD1* axons over a more expanded
areain posterior coronal sections (Figures 6E and 6F). These termi-
nation patterns are consistent with previous studies of 0oDSGCs
and a-RGCs?>**~*® and show that there are regions in the dLGN
that receive inputs from both populations.

To preserve the integrity of the optic tract, we utilized parasa-
gittal slices for voltage clamp recordings.*” In parasagittal slices,
the terminal endings of ProD1* and Kcng4-Cre* RGC axons
overlap in the ventral-posterior area (Figure 6G;). Higher resolu-
tion images of this area reveal intermingling of ProD1* and
Kcng4-Cre* boutons (Figure 6G;;i), raising the possibility that
these two different RGC types might converge onto the same
dLGN neurons. We thus targeted TC neurons in the ventral-pos-
terior area of dLGN for patch clamp recording (Figure 7A). Alexa
Fluor 647 (Alexa 647) was added to the internal solution to fill the
neurons for post hoc morphological analysis. 3D reconstructions
revealed the proximity of both Kcng4-Cre* and ProD1* axonal
terminals to the proximal dendrites of postsynaptic dLGN neu-
rons (Figures 7A and S6).

We then measured the optically evoked excitatory postsyn-
aptic currents (0EPSCs) in response to activation of two
distinct RGC populations by using different light wavelengths
(Figure 7B). As CatCh can be activated by blue light (470 nm)
and ChrimsonR is sensitive to both orange (>600 nm) and blue
light, synaptic responses from Kcng4-Cre™ inputs were evoked
by a pulse of orange light (Figure 7C;; see STAR Methods). Pro-
longed stimulation of orange light will drive ChrimsonR into the
desensitized state, rendering it transiently unresponsive to blue
light.”* We took advantage of this property to obtain the
response to ProD1* inputs by delivering blue light stimulation
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immediately following 250 ms of orange light illumination
(Figures 7B and 7C; see STAR Methods). The amplitude of
blue light-evoked currents is comparable to that of summed re-
sponses to Keng4-Cre* and ProD1™" inputs obtained with a de-
sensitizing orange light prepulse (Figure S7A; p = 0.53, Wilcoxon
matched-pairs signed rank test), suggesting that this approach
is reliable in quantifying the synaptic strengths from the two
distinct RGC populations. Moreover, the average amplitude of
the oEPSCs did not significantly differ when comparing Kcng4-
Cre™ and ProD1* input-evoked responses for each cell across
the entire population (Figure S7B; p = 0.57, paired t test), indi-
cating that this approach is reliable in quantifying the synaptic
strengths from the two distinct RGC populations.

A total of 54 TC neurons were recorded from 20 mice for dual-
opsin recordings. Examination of individual TC neurons showed
that TC neurons can receive a wide range of input amplitudes
(0-6 nA; Figure 7D), in agreement with previous work using elec-
trical and optical stimulation of RGC inputs.'”*?*° This is unlikely
to be attributed to differential labeling of these two populations in
the retina, since relative proportions of virally labeled Kcng4-Cre*
and ProD1* RGCs were consistent across animals (Figure S7C).
To quantify the extent to which each RGC population contributes
to the summed synaptic response, we computed a contribution
index (Cl) for cells with detectable functional input (51/54 cells).
Cl is defined as the ratio of the difference between the responses
of the two RGC populations (Rprop1 — Rkengs) t0 their summed
response (Rprop1 + Rkenga) (Figure 7E). A Cl of 0 indicates equal in-
puts from both RGC types, whereas values close to —1 or 1 reflect
a predominance in Kcng4-Cre* or ProD1* RGC inputs, respec-
tively (see STAR Methods). The distribution of Cl shows that the
majority of TC neurons (70.6%, 36/51 cells) exhibited Cl values
below -0.9 or above 0.9, indicating that one RGC population ac-
counted for more than 95% of the summed response
(Figure 7E). These results indicate that even in regions innervated
by both RGC populations, most TC neurons receive a summed
contribution of inputs from predominantly one population.

We then focused on the subset of TC neurons receiving strong
inputs, defined as those with at least one RGC population contrib-
uting to a synaptic response exceeding 0.6 nA—a threshold pre-
viously shown to drive spiking in vitro.>" In this subset of TC neu-
rons (11/51 cells), the Cl distribution was similar to that observed
for the overall population: 8 of 11 cells (72.7%) had Cl values
below —0.9 or above 0.9, whereas 3 of 11 (27.3%) displayed rela-
tively balanced input strength from both RGC populations
(Figures 8A and 8B). Notably, the 3 cells with Cl between -0.9
and 0.9 received strong inputs (>0.6 nA) from both populations
(Figure 8C), indicating they can be driven by distinct RGC
populations.

Given that factors such as brain state and neuromodulation may
alter the EPSC amplitude threshold required for spiking,®'**> we
further examined how the proportion of cells receiving strong,
suprathreshold inputs from both populations changes with varying
amplitude thresholds for a “strong” input (Figure 8D). These ana-
lyses revealed that the proportion of TC neurons that receive
strong inputs from both populations does not change dramatically
with different thresholds (Figure 8D). Thus, when analyzing synap-
tic inputs from two populations of RGCs, we find functionally rele-
vant mixing of RGC inputs in a few but appreciable proportion of
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Figure 6. Viral strategy for simultaneously labeling a-RGCs and 0oDSGCs in the retina

(A) Strategy and experimental timeline for labeling Kcng4-Cre* and ProD1* RGCs in the retina. ~P20 Kcng4-Cre mice were eye injected with viruses that drive
Cre-dependent expression of ChrimsonR-tdTomato and Cre-independent ProD1 promoter-driven expression of CatCh-GFP to label a-RGCs and 0oDSGCs,
respectively. Histology and in vitro slice recordings were performed between P50 and P100.

(B) Images of Kcng4-Cre* and ProD1* RGCs labeled in the retina. (B Low-magnification image of a whole-mount retina with Kcng4-Cre* and ProD1* RGCs
labeled. Scale bar, 200 pm. (B;) High-magnification image of the ganglion cell layer (GCL) of the retina showing ProD1* (green) and Kcng4-Cre* (magenta) RGCs
exhibiting no overlap. Scale bar, 50 pm. (B;;) High-magnification image of the GCL showing a high degree of overlap between ProD1* and CART-immunoreactive
(CART-IR) RGCs (a marker of 0oDSGCs). Scale bar, 50 pm.

(C) Proportion of ProD1* RGCs that co-localize with Kcng4-Cre* or CART-IR RGCs. The majority of ProD1* RGCs (72%) are CART-IR and exhibit minimal overlap
with Kcng4-Cre* RGCs (2.5%).

(D) Proportion of CART-IR RGCs labeled by ProD1-promoter-driven viral expression of CatCh-GFP. (C and D) n = 12 mice.

(E) Coronal brain sections of the dLGN taken at different levels along the anterior-posterior axis. L, lateral); V, ventral. Scale bar, 200 pm.

(F) Distribution of Kcng4-Cre™ and ProD1* signals summed along the medial-dorsal to lateral-ventral axis as a function of distance away from the optic tract (OT).
Left: schematic for the measurement of summed pixels. The vertical teal area shows accumulated pixels along the binned line parallel to the OT at a distance
(orange arrow) from the OT. Right: distribution of Kcng4-Cre* and ProD1* signals from representative anterior, mid, and posterior regions of dLGN.

(G) Axonal terminations of Kcng4-Cre™ and ProD1* RGCs in a parasagittal dLGN section used for in vitro slice physiology recordings. (G;) Low-magnification
image of the parasagittal dLGN with Kcng4-Cre* and ProD1* inputs labeled. Scale bar, 500 pm. (G;) High-magnification overlay of Kcng4-Cre* and ProD1*
boutons in ventral-posterior area of dLGN. Scale bar, 20 pm. (G;;) Potential clusters containing both Kcng4-Cre* and ProD1* boutons. Images were taken from
areas indicated by dashed line boxes in (G;). Scale bar, 5 pm.

3268 Neuron 113, 3260-3274, October 1, 2025



Neuron ¢ CellPress

A Kcn4-Cre ProD1 1647 c i . i . iii
Kcng4-Cre Optic SN Pa. % ProD1 only | Kcng4-Cre only | Kcng4-Cre + ProD1
ProD1 tract inputs 1 inputs 1 inputs
[ I | 1 [ I | 1 [ |
1 I 1
1 1
deNm o ! - !
1 1
\ 1 1
PV ! !
Recording ! !
electrode : :
1 1
1 — 1
B == ! ! L
1 1
| 1 1
— 1 1
—< 1 1
— 4 4 1nAl 1 500 pA 1 1nA|
—d 4 Activated inputs 1 1
1 1
< Non-activated inputs ! ! 1 ! ! 1 ! '
| Kcng4-Cre inputs : : F
4 ProD1 inputs 1 1 |
—4‘ 1 1
— 4 1 1
— 4 200ms 1 1
D OEPSC amplitude (nA) 0EPSC amplitude (nA)
4 2 0 2 4 6 02 01 00 01 02 E 30
Kcng4-Cre ProD1
|
35.2%
|?| »
[ 5 20 Reropi - RKcng4
I _
il ; Cl= ———
ﬁl c (Rpront * Rienga)
q 2
| -
Kl 42.6% 4
|
il
Bl
||§_
1 0,
i 16.7% 1.0 0.5 0.0 05 1.0
Keng4-Cre  Ii  ProD1 5.56% Contribution index

Figure 7. Skewed dLGN neuron responses to optogenetic activation of Kcng4-Cre* and ProD1* RGC inputs

(A) Recording from TC neurons in ventral-posterior dLGN. Left: schematic showing recording configuration used for optical stimulation of Keng4-Cre* and ProD1*
inputs. Parasagittal sections of dLGN were prepared for patch clamp recording. Blue (470 nm) and orange (>600 nm) full-field light stimulations were used for
optogenetic activation. P, posterior; V, ventral. Right: image showing an example TC neuron filled with Alexa Fluor 647 (Alexa647) to visualize dendritic
morphology. Proximal dendrites were in close proximity to Kcng4-Cre* and ProD1* terminals. Scale bar, 20 pm. See also Figure S6.

(B) Schematic depicting activation of Kcng4-Cre* and ProD1* inputs with different wavelengths of light. Filled triangles represent activated terminals, while open
triangles represent non-activated terminals. CatCh is expressed in ProD1* axons (green) and can be activated by blue light (470 nm). ChrimsonR is expressed in
Kcng4-Cre* axons (magenta) and is activated by both orange (>600 nm) and blue light.

(C) Examples of TC neurons that receive ProD1* only input (C;), Kcng4-Cre™ only input (C;), and both Keng4-Cre* and ProD1* inputs (C;;). To isolate the synaptic
responses from the two populations of inputs, Kcng4-Cre* inputs were evoked by a pulse of orange light (1 ms). Because blue light activates both inputs, 250 ms
of orange light illumination was first delivered to desensitize ChrimsonR in Kcng4-Cre™ axons, rendering them transiently insensitive to optostim, followed by a
0.2 ms of blue light pulse to isolate the synaptic response from ProD1* inputs.

(D) Paired responses to activation of Kcng4-Cre* (negative, magenta) and ProD17 (positive, green) RGC inputs. Right: expanded view of dashed blue line box from
the left for inputs smaller than 0.2 nA. n = 54 cells, 20 mice. Of all recorded neurons, 35.2% (19/54) responded to activation of both inputs, 42.6% (23/54) only to
activation of Kcng4-Cre* inputs, 16.7% (9/54) only to activation of ProD1" RGCs, and 5.56% (3/54) did not respond to either population.

(E) Frequency distribution of contribution index (Cl). The majority of TC neurons (70.6%, 36/51 cells) receive selective input from Kcng4-Cre* or ProD1* RGCs
(cll > 0.9).

TC neurons (20%-30%). However, the majority of TC neurons s significant mixing of retinal signals in the mouse dLGN. How-

exhibit functional selectivity for one RGC population. ever, whether this anatomical convergence results in meaningful
functional transformation remains unclear. While functional and
DISCUSSION modeling approaches'®'"?%:53 suggested that only 1-3 of these

many RGC inputs are strong enough to influence postsynaptic
Previous studies using serial electron microscopy (EM),'®"® sin-  spiking, our study is the first to directly assess information trans-
gle-rabies tracing, ' and presynaptic imaging®’ suggested there  fer in the dLGN by simultaneously measuring functional
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connectivity and dLGN neuron spiking output in the same prep-
aration. We focused on strong functional connections that elicit
spiking, as has been the convention in functional studies of
higher mammals. We report that at this level of analysis, the
mouse retinogeniculate pathway is more consistent with a
labeled line model in which the dLGN relays retinal signals to
V1. Therefore, our findings bring the field back into alignment
with prior work in other species and provide clarity about the
role of the thalamus in visual processing. These findings should
not diminish the contribution of convergent inputs to visual pro-
cessing but prompt further questions regarding their purpose.
Broadly, our results underscore the importance of interpreting
cutting-edge approaches, such as rabies tracing and 3D EM
reconstruction, in the context of function.

The mouse dLGN transmits information in a labeled

line model

Our previous dLGN slice recordings in Cart-Cre; ChR2 mice
showed that while 79.6% (74/93 cells) of TC neurons receive
functional Cart-Cre* RGC input, only 24.3% (18/74 cells) of these
cells receive strong inputs capable of driving spiking.?° It was un-
clear whether these strong inputs dominate the postsynaptic
response and result in DS being relayed to the visual cortex.
This was not feasible to directly test in slice due to the lack of mo-
lecular or morphological markers to identify functional dLGN
neuron types. In this study, we use an in vivo approach to directly
measure the functional output of dLGN neurons that receive
strong inputs from Cart-Cre* RGCs. If dLGN neurons receive
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Threshold EPSC amplitude for
classifying strong inputs (nA)

we expect the visual responses of dLGN
neurons driven by Cart-Cre* RGC inputs
to be complex. However, we found that
the primary population of dLGN neurons that are driven by
Cart-Cre* inputs, the type 1 DS neurons, share functional prop-
erties with DS Cart-Cre* RGCs (Figures 2, 3, 4, and S5). Despite
the variability in the preferred directions of type 1 DS neurons
corresponding to downward motion (Figure S5), they are largely
consistent with those of Cart-Cre* RGCs.?° This variability in
preferred directions likely reflects alignment of 0oDSGC
preferred directions with translatory optic flow fields, which
vary by retinotopic location.”® Taken together, our results sug-
gest that RGCs of the same type provide strong inputs to
dLGN neurons, which then relay these signals to the visual
Cortex.44,54—57

We observed a population of DS dLGN neurons that appear to
lack a strong driver input from Cart-Cre* RGCs (“type 2 DS,”
Figure 3). The fact that these type 2 DS dLGN neurons do not
spike in response to Cart-Cre* input activation is consistent
with their distinct stimulus preferences for gratings that do not
optimally activate ooDSGCs (Figure 4). However, we cannot
rule out the possibility that the excitability of Cart-Cre* RGC
axons innervating type 2 DS dLGN neurons has different
anatomical or electrical properties that make them less excitable
by optogenetic stimulation. Regardless, these results raise the
question of how DS is computed or refined in type 2 DS dLGN
neurons. It is possible that DS is driven by other DS RGC types,
such as F-mini RGCs or ON-DSGCs; although, the speed tuning
of F-mini and ON-DS RGCs suggests that this is unlikely.®'-**°
Another possibility is that type 2 DS responses are computed
locally via a disynaptic pathway involving interneurons. The
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existence of distinct populations of DS dLGN neurons indicates
the dLGN may send multiple forms of DS signals to the visual
cortex, as suggested by a previous study.®’

We conducted experiments in Kcng4-Cre mice to determine
whether our results in Cart-Cre; ChR2 animals generalize to
inputs from other RGC types. Kcng4-Cre mice primarily label a--
RGCs, which are BrT. Importantly, we find that the primary pop-
ulation of dLGN neurons that are driven by activation of Kcng4-
Cre* inputs are also BrT (Figure 5), further generalizing the
labeled line model for retinogeniculate processing to other
RGC types. Moreover, Kcng4-Cre* inputs primarily target the
“core” region of the dLGN, while Cart-Cre* inputs primarily
innervate more superficial regions (Figure 6). This suggests
that our results are applicable to both regions of the dLGN. As
more genetic tools are developed to manipulate specific RGC
types, it will be important to explore how information encoded
by other RGC types shapes visual responses of dLGN neurons.

Signal transformation in the dLGN

Our results generally support a labeled line model for transmis-
sion of retinal signals to the visual cortex. However, they leave
room for the possibility that certain TC neurons transmit more
than one line of information. Results from this and previous
studies'”?° indicate that most RGC inputs to TC neurons are
subthreshold and not capable of driving spiking in mice. How-
ever, recent studies have highlighted that factors such as arousal
and brain state differentially alter the calcium responses of
axonal boutons of specific RGC types in the dLGN.®>®® Thus,
we speculate that with changes in the relative weights of conver-
gent RGC inputs, the response properties of TC neurons may
change. Furthermore, neuromodulators such as serotonin can
have opposing effects on presynaptic RGC terminals and post-
synaptic TC neuron excitability, where it suppresses specific
RGC types coupled with TC neuron depolarization.®*®* These
changes could lead to transmission of information from unsup-
pressed RGC types, resulting in weaker inputs becoming more
prominent in different contexts or brain state.®>°® In vivo record-
ings in this study, like those in cats, were conducted in anesthe-
tized animals, limiting the influence of behavioral states on
spiking output in our studies. An interesting avenue for future
research will be to understand how specific connections are
altered in different contexts.

Importantly, weak connections between RGCs and dLGN
neurons are not a feature specific to the mouse retinogeniculate
system, as these inputs have been described both at the func-
tional and anatomical level in cats and primates.”’ %% Mixed
convergent RGC inputs have also been observed, albeit infre-
quently.”"®? In the cat visual system, divergent retinal signals
have been shown to provide inputs of varying strengths to TC
neurons, which may function to create more continuous repre-
sentations of visual space'®’%"" and serve as a mechanism for
creating ensembles of TC neurons that can reliably influence
cortical spiking in response to certain visual stimuli.>'® Weak
inputs have also been hypothesized to be important sites of plas-
ticity that can be strengthened when a dLGN neuron loses its
dominant RGC input’® or in response to salient environmental
features.”® Further work is needed to understand the complex
functions and computations that weak inputs may facilitate.
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Limitations of the study

This study employed both in vivo and in vitro approaches to mea-
sure functional connections between RGCs and dLGN neurons.
While both approaches directly assess functional connectivity,
comparisons between them should be interpreted with caution
due to differences in opsins expressed in RGCs, optical stimulation
efficiency, axonal viability between preparations, contributions
from inhibitory circuits, and dLGN locations sampled. In particular,
in vivo recordings spanned the entire depth of the dLGN, while
in vitro slice recordings selectively sampled the ventro-posterior
region of LGN (Figure 6G), making it difficult to directly compare
proportions of neurons that receive strong functional inputs. Addi-
tionally, in vitro recordings were selectively made from TC neu-
rons,”* whereas in vivo recordings include responses from both
TC neurons and interneurons, which cannot be distinguished by
extracellular spike waveform.”*”’” However, as interneurons
constitute roughly 10% of dLGN neurons,”® the vast majority of
in vivo recordings likely reflect TC neuron activity.

It is also important to note that in this study, entire populations
of RGCs were simultaneously activated using optogenetics,
rather than single RGC axons. As a result, we were not able to
estimate divergence of single RGC inputs onto dLGN neurons
as has been previously done using simultaneous recordings
from RGCs and dLGN neurons in cats.>" %% Moreover, our
approach cannot distinguish whether reliably driven cells were
innervated by many weak inputs of the same RGC type or
whether a single RGC provided a strong input. Despite these lim-
itations, our study shows that principles governing circuit func-
tion in the dLGN are remarkably conserved across species.
Our results also point to the potential for flexibility in visual pro-
cessing that can be the focus of future investigation.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Chicken anti-GFP Abcam Cat# ab13970; RRID: AB_300798
Rabbit anti-RFP Rockland Cat# 600-401-379; RRID: AB_2209751
Rabbit anti-CART Phoenix Pharmaceuticals Cat# H-003-62; RRID: AB_2313614
Goat anti-chicken IgY (H+L) (Alexa Invitrogen Cat# A11039; RRID: AB_2534096
Fluor 488)

Goat anti-rabbit IgG (H+L) (Alexa Fluor Invitrogen Cat# A32732; RRID: AB_2633281

Plus 555)

Bacterial and virus strains

AAV2/7m8-CAG-DIO-ChRger2-YFP BCH Viral Core N/A
AAV2/7m8-hSyn-DIO-ChrimsonR- BCH Viral Core N/A
tdTomato

AAV2/7m8-ProD1-CatCh-GFP BCH Viral Core N/A
Chemicals, peptides, and recombinant proteins

Dil Invitrogen Cat# V22885
Alexa Fluor 647 Hydrazide Thermo Fisher Cat# A20502
(+)-Bicuculline Tocris Cat# 0130
CGP 55845 hydrochloride Tocris Cat# 1248
DPCPX Tocris Cat# 0439
LY341495 Tocris Cat# 1209

Experimental models: Organisms/strains

Mouse: Chx10-Cre
Mouse: Cart-IRES2-Cre-D
Mouse: Ai32

Mouse: Kcng4-Cre
Mouse: Ai95D

The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory

Cat# 005105; RRID: IMSR_JAX:005105
Cat# 028533; RRID: IMSR_JAX:028533
Cat# 012569; RRID: IMSR_JAX:012569
Cat# 029414; RRID: IMSR_JAX:029414
Cat# 028865; RRID: IMSR_JAX:028865

Recombinant DNA

pAAV-CAG-DIO(ChRger2-TS-YFP) Addgene Cat# 127239; RRID: Addgene_127239

PAAV-Syn-FLEX-rc[ChrimsonR-tdTomato] Addgene Cat# 62723; RRID: Addgene_62723

198_pAAV-ProD1-CatCh-GFP-WPRE Addgene Cat# 125977; RRID: Addgene_125977

Software and algorithms

MATLAB 2019b MathWorks https://www.mathworks.com/products/
matlab.html; RRID: SCR_001622

ImagedJ (Fiji) NIH - public domain https://imagej.net/Fiji; RRID: SCR_002285

Prism 8 Graphpad https://www.graphpad.com/ scientific-
software/prism/; RRID: SCR_005375

Kilosort2 Pachitariu et al.”® RRID: SCR_016422

Psychophysics Toolbox Brainard®° RRID: SCR_002881

Synapse Tucker-Davis Technologies https://www.tdt.com/component/synapse-
software/

Igor Pro WaveMetrics https://www.wavemetrics.com/products/
igorpro; RRID: SCR_000325

Other

32-channel silicon probe
32-channel silicon probe
Nanoject llI

Cambridge Neurotech
NeuroNexus
Drummond Scientific

Cat#: ASSY-37-H7b
Cat#: A1x32-5mm-25-177
Cat#: 3-000-207
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

All procedures complied with the NIH Guide for the Care and Use of Laboratory Animals and were approved by the Institutional An-
imal Care and Use Committee (IACUC) at Boston Children’s Hospital. Both male and female mice were used, all on a C57 BL/6J back-
ground (Jackson Laboratories strain #000664). To express channelrhodopsin-2 (ChR2) in all RGCs, Chx10-Cre (JAX Strain
#005105)'"**” mice were crossed to Ai32 (JAX Strain #012569).5" To express ChR2 in on-off direction selective RGCs (0oDSGCs)
for in vivo recording experiments, Cart-IRES2-Cre-D (JAX Strain #028533) mice were crossed to Ai32 mice. To detect the tuning
properties of 0oDSGCs in the retina, Cart-IRES2-Cre-D mice were crossed to Ai95D floxed GCaMP6f mice (JAX Strain #028865).
For labeling and activating a-RGCs, Kcng4-Cre (JAX Strain #029414)*® mice were used for both in vivo and dual-opsin slice record-
ings with intravitreal injection of adeno-associated viruses (see below).

METHOD DETAILS

Intravitreal injection of adeno-associated viruses (AAVs)

Intravitreal injections of AAVs were performed in Kcng4-Cre mice for both in vivo electrophysiology (Figure 5) and dual-opsin in vitro
slice experiments (Figures 6, 7, and 8). Mice were initially anesthetized in an isoflurane chamber (3.5% in oxygen) and isoflurane levels
were typically maintained at ~1.5% isoflurane in oxygen delivered through a nose cone. For in vivo recording experiments, the left eye
was injected with 800 nL-1 pL of AAV2/7m8-CAG-DIO-ChRger2-YFP (1.38 x 10" viral particles/mL, Addgene Plasmid #127239
packaged by BCH viral core). For dual-opsin experiments, the left eye was injected with 1 pL of a 1:1 mixture of AAV2/7m8-hSyn-
DIO-ChrimsonR-tdTomato (2.96 x 10" viral particles/mL, Addgene Plasmid #62723 packaged by BCH viral core) and AAV2/7m8-
ProD1-CatCh-GFP (2.25 x 10'° viral particles/mL, Addgene Plasmid #125977 packaged by BCH viral core). Injections were made
with a sharp glass pipette attached to either a 10 uL Hamilton syringe or a Nanoject Il microinjector (Drummond Scientific). Intravitreal
injections were performed between postnatal day 20 (P20) and P30. Following virus injection, Kcng4-Cre mice were housed under a
standard 12:12 light dark cycle until experiments were performed between P50 and P100.

Perfusion and immunohistochemical staining

For sampling of retinas or brain tissues to detect the expression of ChrimsonR-tdTomato and CatCh-GFP for dual-opsin experi-
ments, mice were euthanized with 10% pentobarbital and transcardially perfused with 0.1 M phosphate buffered saline (PBS) imme-
diately followed by 4% w/v paraformaldehyde (PFA) in PBS. Eyes were removed and post-fixed in 4% PFA for 1 h. Retinas were then
dissected and rinsed in PBS before immunostaining. Brains were post-fixed overnight in 4% PFA at 4°C and rinsed in PBS. Brain
slices containing dLGN were coronally sectioned on a Leica VT1000 vibratome with a thickness of 60 um. Following in vitro electro-
physiological experiments, parasagittal brain slices (250 pm) were collected, incubated in 4% PFA for 1 h, and kept in PBS until
immunostaining.

For whole-mount retina staining, retinas were blocked in PBS containing 5% normal goat serum (NGS) and 0.1% Triton X-100 at
room temperature for 1 h. Then primary antibodies were applied in PBS containing 0.3% Triton and 2% NGS: chicken anti-GFP
(1:1000; ab13970, Abcam), rabbit anti-RFP (1:1000; 600-401-379, Rockland) or rabbit anti-CART (1:1000; H-003-62, Phoenix Phar-
maceuticals), at 4°C for 2-3 days. After rinsing with 0.1% Triton/PBS, retinas were incubated with secondary antibodies at 4°C for
another 2-3 days: goat anti-chicken antibody conjugated to Alexa Fluor 488 (1:1000; A11039, Invitrogen), goat anti-rabbit 555
(1:1000; A32732, Invitrogen) or goat anti-rabbit 647 (1:1000; A21245, Invitrogen). Retinas were then mounted and cover-slipped
with Vectashield (H-1000, VectorLabs).

Coronal brain slices containing dLGN were stained with GFP and RFP overnight to label the axonal terminals from the dual-opsin-
labeled RGCs, followed by secondary antibody incubation for 2 h at room temperature. In electrophysiological experiments, patched
cells were filled with Alexa Fluor 647 Hydrazide (1 mg/mL; A20502, Thermo Fisher). These parasagittal slices after patching were
collected, stained with GFP and RFP following similar procedures to coronal brain slice staining, except that the incubation of primary
and secondary antibodies was conducted at 4°C for 2-3 days each.

Confocal microscopy

Whole-mount retina images were taken using Zeiss Axio Imager.Z2 epifluorescence microscope or Leica TCS SP8 Laser Scanning
Confocal. To detect the expression of dual opsins in the retina of recorded mice, total numbers of GFP- and RFP-stained RGCs were
counted from each retina manually using Imaged. To quantify the colocalization of Kcng4-Cre* and ProD1* RGCs, or CART-IR and
ProD1* RGCs, images of the retina (12 fields of view from each mouse) were acquired through Zeiss LSM710 Multiphoton Confocal
using a 20x Olympus objective to detect GFP, RFP or CART signals. Quantification was performed manually using Imaged. Z-stack
and tile scan imaging of the whole dLGN was performed using a Zeiss LSM980 Confocal with a 10x objective. To examine potential
convergence of Kcng4-Cre™ and ProD1* boutons and their interaction with filled postsynaptic neurons in the dLGN, higher resolution
Z-stacks were taken under a 63x objective. Volumetric reconstructions of TC neurons, Kcng4-Cre*, and ProD1* terminals were
generated using the “surface” function in Imaris 10.1.1 (Bitplane). To visualize the interaction between the retinal inputs and post-
synaptic dendrites, the “surface” of retinal terminals was filtered based on the distance to the TC dendrites (Shortest Distance to

e2 Neuron 713, 3260-3274.e1-e5, October 1, 2025



Neuron ¢? CellPress

Surfaces = 0) to generate new reconstructions of the three components (Figure S6). The total area of contacts with the TC neuron was
measured by using “Surface-Surface Contact Area” tool between the channels of TC neuron and Kcng4-Cre* terminals, or between
the channels of TC neuron and ProD1* terminals.

In vivo electrophysiology
Surgeries were performed in animals anesthetized with isoflurane (4% for induction and 2% for maintenance). Previous studies have
shown that anesthesia does not substantially alter axis- and direction-selectivity in the mouse dLGN, therefore we opted to perform
recordings in anesthetized animals for recording stability.?*** 2.5 mg/kg dexamethasone was injected subcutaneously to prevent
edema and eyes were lubricated with silicone oil to prevent drying. A 2-3 mm diameter craniotomy was performed and was centered
~1.5 mm anterior and ~2.5 mm lateral from the lambda suture. The dLGN was targeted using stereotaxic coordinates 0.7 - 1.4 mm
anterior and 2.10 - 2.45 mm lateral from the lambda suture. Up to 2 penetrations were made per animal and penetrations were spaced
at least 0.2 mm apart in cartesian coordinates. Recordings were made from the right dLGN and the ipsilateral eye was covered during
recordings.

32-channel silicon probes with an attached optical fiber were advanced slowly (<1 pm/s) until the entire dorsal-ventral limits of
dLGN were included within the boundaries of the electrode array. Two probe configurations were used in this study: 1) probes
with recording sites arranged in a linear configuration with an attached 50 pm diameter optical fiber (Neuronexus, A1x32-5mm-
25-177-OA32LP) and 2) probes with recording sites arranged in a staggered configuration with an attached 0.9 mm tapered fiber
(Cambridge Neurotech, ASSY-37-H7b). Data were acquired using a PZ5 digitizer with RZ5P processor with Synapse software
running on a Workstation 8 computer (Tucker-Davis Technologies). Signals were sampled at 24414 Hz and filtered between
300 Hz and 5 kHz to isolate single units.

Visual stimuli and optogenetic stimulation in vivo

Visual stimuli were displayed on a 21 x 12-inch LED monitor, covering approximately 100° x 70° of the visual field. The screen was
positioned 22 cm away from the animal’s left eye and was offset at a 45° angle relative to the mouse’s anteroposterior axis. The
screen had a mean luminance of 20 lux. Visual stimuli were gamma corrected and generated using Psychophysics toolbox®® in
MATLAB (MathWorks).

To classify AS and DS dLGN neurons, full-field drifting sine-wave gratings moving in 8 directions were presented. These gratings
consisted of 2 spatial frequencies (0.04 and 0.16 cycles/degree) with a temporal frequency of 2 Hz. Gratings were presented for 2 s
with an interstimulus interval of 0.5 s. Unique spatial frequency and direction combinations were presented in pseudorandom order
over 12 trials and a blank gray screen condition was included to measure spontaneous activity. Following these trials, a second set of
gratings with identical parameters was presented after optogenetic stimulation. 20 trials of 1 s full-field luminance flashes were pre-
sented to measure ON-OFF responses.

In vivo optogenetic stimulation was delivered using a fiber-coupled 473 nm DPSS laser (Laserglow). During optogenetic stimulation
trials, animals viewed a dark screen while 5 Hz pulse trains (each pulse lasting 1 ms, 8-12 mW) were delivered to activate RGC axons
in the dLGN. 50 pulse trains were delivered during each recording session. To minimize confounding effects of ChR2 desensitiza-
tion,"”*® there was a 10 s interval between each pulse train.

In vitro slice electrophysiology

Brain slices containing the optic tract (OT) and dLGN were prepared as previously described.'”° Briefly, mice were anesthetized
using isoflurane and decapitated into oxygenated (95% O.; 5% CO,) ice-cold cutting solution (in mM): 130 K-gluconate, 15 KClI,
0.05 EGTA, 20 HEPES, and 25 glucose (pH 7.4 adjusted with NaOH, 310-315 mOsm).®® The brain was then removed quickly and
immersed in the ice-cold cutting solution for 60 s. To obtain slices maintaining continuity of retinogeniculate fiber inputs, parasagittal
sections were cut as previously described.*”*° The brain was cut with a steel razor blade, then sectioned into 250 pm-thick slices in
oxygenated, ice-cold cutting solution using a sapphire blade (Delaware Diamond Knives) on a vibratome (VT1200S; Leica). Slices
containing the dLGN and OT were allowed to recover at 30°C for 15 min in oxygenated saline solution (in mM): 125 NaCl, 26
NaHCOg3, 1.25 NaH,POy, 2.5 KCI, 1.0 MgCl,, 2.0 CaCl,, and 25 glucose (pH 7.4, 310-315 mOsm).

To examine potential convergence of Kcng4-Cre* and ProD1™ inputs in the dLGN, TC neurons from the ventral-posterior region
were sampled for whole-cell patch clamp recording. Recordings were performed using a MultiClamp 700B (Axon Instruments),
filtered at 1 kHz, and digitized at 20-50 kHz with an ITC-18 interface (Instrutech). Glass pipettes (Drummond Scientific) were pulled
on Sutter P-97 Flaming/Brown micropipette puller (Sutter Instruments) and filled with internal solution containing (in mM): 35 CsF, 100
CsCl, 10 EGTA, 10 HEPES, and L-type calcium channel antagonist 0.1 methoxyverapamil (pH 7.3, 290-300 mOsm). The pipette resis-
tance was between 1.5 and 2.0 MOhm. To isolate excitatory synaptic currents, cells were recorded at room temperature in saline
solution containing 20 uM of bicuculline (GABAAR antagonist; 0130, Tocris), 2 pM of CGP55845 (GABAgR blocker; 1248, Tocris),
10 pM of DPCPX (antagonist of A1 adenosine receptors; 0439, Tocris), and 50 pM of LY341495 (blocker of presynaptic group Il
mGIuRs; 1209, Tocris),”*#*~®" to block inhibitory circuits and presynaptic neurotransmitter receptors that modulate retinogeniculate
release.®*®® The data acquisition and offline analysis were performed using custom software in IgorPro 8 (Wave-Metrics). Recordings
were excluded if access resistance was larger than 10 MOhm or if access resistance changed by more than 20% during a recording.
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Dual-opsin stimulation

To obtain the responses to two distinct RGC populations (Kcng4-Cre* and ProD1* RGCs) expressing different opsins, ChrimsonR
and CatCh, different wavelengths of light (blue and orange light) were applied to evoke the excitatory postsynaptic currents (0EPSCs)
in TC neurons. The blue light (peak at 470 nm, 83 mW/mm?) and orange light (a wide band ranging between 500 and 700 nm with a
high-pass cutoff at 600 nm, 102.4 mW/mm?) were supplied by a CoolLED pE-300" unit through a 60x objective (Olympus
LUMplanFL N 60x/1.00W). As an average 20% of light intensity can induce maximal oEPSCs, 100% of light intensity was used to
saturate the responses to ensure maximal oEPSCs for both inputs. CatCh can be activated by blue light and ChrimsonR is sensitive
to both orange and blue light, therefore, synaptic responses to ChrimsonR were evoked by a single pulse of orange light (1 ms) with
full-field illumination through the 60x objective. We found that prolonged stimulation of orange light drives ChrimsonR into the desen-
sitized state and causes depolarization block of the pre-synaptic terminals, rendering it transiently unresponsive to blue light.*®
Therefore, the response to CatCh was obtained by delivering blue light stimulation (0.2 ms) immediately following 250 ms of orange
light illumination. oEPSC amplitudes were obtained from average traces of 3-5 trials.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of in vivo electrophysiology data

Spike sorting was performed using default parameters in Kilosort2.”® Kilosort outputs were manually curated in Phy (github.com/
kwikteam/phy). Single unit responses to gratings were quantified by measuring the mean firing rate (FO) in response to all unique
combinations of spatial frequency and direction. To determine if units were visually responsive, responses to blank gray screen trials
were compared with responses from the spatial frequency/direction combination that elicited the largest response. A Mann-Whitney
test was performed on responses to blank trials and preferred trials and units were classified as visual if p < 0.01. The preferred spatial
frequency was determined by first measuring the direction that elicited the largest response. The spatial frequency that elicited the
largest responses at the preferred direction was used as the preferred spatial frequency for each unit.®”

To determine response reliability, a quality index (Qi) was computed as previously described.?® Spiking responses were
segmented into 0.1 s bins to form a Trial x Response matrix, representing responses to the optimal frequency/direction gratings
for each unit over multiple trials. Qi was calculated by dividing the variance of the mean response by the mean variance across trials.
Units with a Qi less than 0.25 were excluded.

To assess unit stability before and after optogenetic stimulation trials, FO responses from the preferred spatial frequency/direction
combination were compared using a Mann-Whitney test. Units were excluded if FO responses significantly differed (p < 0.05) after
optogenetic stimulation trials. Additionally, Qi was measured by combining trials before and after optogenetic stimulation trials.
Therefore, units that had significantly different responses after optogenetic stimulation were also excluded based on Qi (see above).

To estimate the depths of specific recording sites within the dLGN, animals were presented with contrast modulated white noise
movies.”®"® Spike triggered averaging was performed on frames of the movie that occurred 50 ms prior for every multi-unit spike
recorded on each recording site. Because multi-unit receptive fields shift along the ventral-dorsal axis of the electrode tract in
dLGN, sites with clearly defined receptive fields were used to determine the normalized depth of each recording site within the dLGN.

Axis-selectivity index (ASI) was computed as (Rpreferred = Rorthogonal) / (Rpreferred + Rorthogonal)s Where Rpreterred iS the mean response
to gratings moving along the cell’s preferred axis. Ronnogonal iS the mean response to gratings moving along the axis orthogonal to
Rpreferrea- Direction-selectivity index (DSI) was computed as (Rpreferred = Ropposite) / (Rpreferred + Ropposite)- Rpreferred i the mean
response to gratings moving in the cell’s preferred direction (i.e. the direction that elicits the largest response). Ropposite iS the
response to gratings moving in the opposite of Rpreferres. Units with an ASI > 0.33 and DS < 0.33 were classified as AS; units with
DSI > 0.33 were classified as DS; and units with DSI < 0.33 and ASI < 0.33 were classified as broadly-tuned. Units that exhibited
responses that were significantly reduced by gratings were classified as Sbc.

ON-OFF index of units in response to full-field flashes was computed as follows: (Ron - Rorr) / (Ron + Rorr)- Ron and Rogr repre-
sent the mean firing rate of each unit calculated during the first 400 ms following light onset (Ron) and offset (Rorr). Units with an ON-
OFF index greater than 0.33 were classified as ON; units with an ON-OFF index less than -0.33 were classified as OFF; and units with
an ON-OFF index between -0.33 and 0.33 were classified as ON-OFF. Gratings Preference Index was computed using the equation:
(Rfine, slow = Rcoarse, fast) / (Rfine, slow + Rcoarse, fast)- Rfine, slow and Rcoarse, fast represent the mean f”’lng rate of each unit in response to
0.16 c/d and 0.04 c/d, respectively.

Tests of multimodality were performed using the Hall and York calibration of Silverman’s critical bandwidth test where the null hy-
pothesis is that the distribution has a single mode and the alternative is there is more than 1 mode. Each test used 5000 bootstrap
samples from the sample data and calculated the critical parameter h. The p value was approximated by comparing the bootstrap
results to a 500 sample Monte-Carlo simulation where each sample was taken from a normal distribution and 5000 bootstrap sam-
ples were taken from each of those samples.

To quantify responses to optogenetic activation of RGC axons, we binned spiking responses to optogenetic stimulation into 0.5 ms
intervals to create a peristimulus time histogram. The interval with the highest number of spikes within 10 ms of the optogenetic stim-
ulus onset was used to measure synaptic delay. To calculate opto-spike efficiency, we summed the number of spikes in the peak
interval with those in the adjacent intervals, divided this sum by the total number of light pulses (50), and multiplied by 100 to convert
to a percentage. This analysis was performed for each pulse in the 5 Hz pulse train, and the pulse with the highest opto-spike
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efficiency was used to determine the opto-spike efficiency for each unit (referred to as “max opto-spike efficiency). Typically, the first
pulse in the 5 Hz pulse train elicited the most reliable spiking (Figure S1).

Two-photon calcium imaging of 0oDSGCs

Analysis of 00oDSGC responses to drifting gratings was performed on retinas used in our previously published dataset characterizing
RGC types labeled in Cart-IRES2-Cre mice.® A subset of 00DSGCs from this dataset were presented with both moving bars and
drifting grating stimuli matching those used for in vivo dLGN recordings. Full-field drifting gratings moving in 8 different directions
were presented for 4 s with an interstimulus interval of 5 s. Drifting gratings consisted of two different spatial frequencies (0.04
and 0.16 cycles/degree) with a temporal frequency of 2 Hz. Each unique direction and spatial frequency combination was presented
4times in pseudorandom order. Of the 246 0oDSGCs that were classified using moving bars in our previous study, 38 were presented
with drifting gratings. Responses of these cells were further analyzed.

DSI was computed using the same equation used for dLGN neuron responses: (Rpreferred = Ropposite) / (Rpreferred + Ropposite) With
Reoreferred DeINg the mean response to gratings moving in the cell’s preferred direction and Ropposite beiNg the response to gratings
moving in the opposite of Ryeterred- Max responses in response to each stimulus are the peak AF/F to bars or gratings moving in
the preferred direction for each cell.

Quantification of axonal projection patterns in the dLGN

Maximum intensity projection images of dLGN sections were outlined in Imaged using the Kcng4-Cre labeled signal as a reference.
The images were then rotated so that the intergeniculate leaflet lay horizontal. The projection images were subtracted by the pixel
value three standard deviations above the mean pixel value in the posterior thalamic nucleus. A median filter with a radius of 1 pixel
was applied to remove noise. The image was then binarized, assigning a value of 1 to any remaining pixel with a value greater than 0.
The reoriented dLGN was then bounded by two curved lines drawn on the dorsal and ventral borders of the dLGN, with the dorsal line
excluding the optic tract. Pixels with equal horizontal distance to the drawn dorsal border were summed, sampling every fourth row to
avoid overcounting large structures. Rows shorter than 250 pm were excluded to minimize skew for distances near the dorsal border.
The resulting sums were averaged from two images each from five animals, for anterior, mid, and posterior sections, respectively,
and plotted as a function of distance from the dorsal border.

Analysis of slice electrophysiology data
Contribution index (Cl) is calculated by dividing the difference between the responses of Kcng4-Cre™ and ProD1* inputs to their
summed response: (Rprop1 = Rkenga) 7 (Rpropt + Rkenga) With Rpropt and Rkenga representing the peak amplitude of AMPAR oEPSCs
evoked by ProD1* and Kcng4-Cre* inputs, respectively. Values larger than 0.9 or smaller than -0.9 identify predominant (95%) contri-
bution from ProD1* or Kcng4-Cre* RGC inputs, respectively.

Data calculation and statistical analysis were conducted using Graphpad Prism. All data sets were evaluated for normality using
the Kolmogorov-Smirnov test. For nonparametric distributions, the two-sided Wilcoxon signed rank test were used for paired com-
parison. For normally distributed data sets, the paired two-sided t test was used. For all figures, *p < 0.05; **p < 0.01; **p < 0.001.
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