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SUMMARY
In the mouse visual system, multiple types of retinal ganglion cells (RGCs) each encode distinct features of
the visual space. A clear understanding of how this information is parsed in their downstream target, the dor-
sal lateral geniculate nucleus (dLGN), remains elusive. Here, we characterized retinogeniculate connectivity
in Cart-IRES2-Cre-D and BD-CreER2 mice, which labels subsets of on-off direction-selective ganglion cells
(ooDSGCs) tuned to the vertical directions and to only ventral motion, respectively. Our immunohistochem-
ical, electrophysiological, and optogenetic experiments reveal that only a small fraction (<15%) of thalamo-
cortical (TC) neurons in the dLGN receives primary retinal drive from these subtypes of ooDSGCs. The ma-
jority of the functionally identifiable ooDSGC inputs in the dLGN are weak and converge together with inputs
from other RGC types. Yet our modeling indicates that this mixing is not random: BD-CreER+ ooDSGC inputs
converge less frequently with ooDSGCs tuned to the opposite direction than with non-CART-Cre+ RGC
types. Taken together, these results indicate that convergence of distinct information lines in dLGN follows
specific rules of organization.
INTRODUCTION

Understanding the circuit mechanisms underlying the integration

of information in the central nervous system has been key to

progress in neuroscience. An emerging experimental model for

studying this question is the mouse retinogeniculate synapse:

the connection between retinal ganglion cells (RGCs) in the eye

and thalamocortical (TC) relay neurons in the visual thalamus.

In mice, at least 40 distinct types of RGCs encoding different

visual features have been described based on their unique com-

bination of morphological, genetic, and physiological proper-

ties.1–7 One prominent feature of the mouse retina is the on-off

direction-selective circuit in which the output neurons, the on-

off direction-selective ganglion cells (ooDSGCs), respond to

both increments and decrements of light and fire maximally to

motion along one particular direction. ooDSGCs comprise about

15% of the total RGC population8,9 and can be classified into 4

subtypes, each tuned to one of four cardinal axes: dorsal (down-

ward in visual field), ventral (upward), nasal (posterior), or tempo-

ral (anterior).3,9–12 ooDSGCs play a fundamental role in detecting

alterations in light intensity and stimulus motion that is critical for

behavior.4,13

In mice, ooDSGCs project to the dorsal lateral geniculate nu-

cleus (dLGN) in the image-forming pathway, raising questions
of whether and how this information is parsed on its way to the

cortex. The traditional view is that visual information is relayed

from retina to cortex along ‘‘labeled lines,’’ such that the feature

selectivity of an RGC typematches that of the TC neuron it inner-

vates.14,15 However, recent studies have shown that RGC inputs

with different features can converge onto the same TC neuron,

implying a greater degree of integration in this thalamic ‘‘relay

station’’ than previously recognized.16–19 Little is known of how

the synaptic organization of ooDSGCs in the dLGN maps onto

these two opposing schema: evidence that ooDSGC signals

can both occupy distinct ‘‘labeled lines’’ and integrate with other

retinal information streams has been reported.16,19 However,

these studies focused on presynaptic activity or rabies virus la-

beling, rather than directly assessing synaptic function. Here,

we took advantage of available genetic tools to examine both

the anatomical and functional relevance and the relative preva-

lence of these two schema using optogenetics to identify

ooDSGC inputs.

To determine whether inputs that are tuned to different direc-

tions exhibit similar synaptic properties and weights, we take

advantage of two Cre-expressing transgenic mouse lines that

identify different subtypes of ooDSGCs, one a subset of the

other. The cocaine- and amphetamine-regulated transcript neu-

ropeptide (CART; gene symbolCartpt) is selectively expressed in
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three ooDSGC subtypes tuned to dorsal, ventral, or nasal mo-

tion.8,20 The Cart-IRES2-Cre-D mouse line was therefore used

to simultaneously label multiple subtypes of ooDSGCs.12 The

BD-CreER mouse is a tamoxifen-dependent line that labels

one subtype of this population: ooDSGCs tuned to ventral mo-

tion in the retina. In this study, we characterize and compare

the anatomical and synaptic properties of these two sets of

ooDSGCs in the dLGN. Axon labeling analysis and electrophys-

iological studies reveal that these two sets make functional con-

nections in the same region of the dLGN. However, BD-CreER+

inputs tend not to converge onto the same post-synaptic TC

neurons with the other (oppositely tuned) CART-Cre+ ooDSGC

inputs. Instead, CART-Cre+ or BD-CreER+ ooDSGC inputs pref-

erentially convergewith other RGC-type inputs. Moreover, only a

small fraction of TC neurons receive more than 50%of their drive

from BD-CreER+ or CART-Cre+ inputs. Our findings suggest that

there are specific rules for the convergence of information lines

coding distinct aspects of the visual space.

RESULTS

Specific expression of ChR2 in CART+ RGCs
To assess the functional contributions of distinct ooDSGCs in the

dLGN, we aimed to selectively label axons of RGC subsets tuned

to different directions.2,8 Of the different available Cart-Cre

mouse lines, we characterized Cart-IRES2-Cre-D (‘‘Cart-Cre’’)

by crossing the line with Cre-dependent GCaMP6f mice

(Ai95D). Calcium responses to bars moving along eight direc-

tions were recorded from CART-Cre+ RGCs expressing

GCaMP6f (Figure 1A; STAR Methods). Cart-Cre mainly label

ooDSGCs tuned to the vertical directions with 50.6% preferring

dorsal and 49.4% preferring ventral motion (Figures 1B and S1).

By contrast, BD-CreER+ RGCs have been previously character-

ized as labeling just one CART+ RGC subtype, tuned to ventral

motion.8,21 We therefore chose these two lines for further

studies.

We next assessed channelrhodopsin-2 (ChR2) expression in

retinas of P30 Cart-Cre or BD-CreER mice crossed with Cre-

dependent ChR2-EYFP-expressing mice, Ai32 (termed

‘‘Cart;ChR2’’ and ‘‘BD;ChR2’’ mice, respectively). Consistent

with previous reports, immunostaining demonstrated labeling

of assorted retinal cells, including RGCs, glial cells, and putative

amacrine cells, in the Cart;ChR2 retinas (Figure 1C1, left).
2,22 As

only RGCs project out of the retina to the dLGN, we focused on

the specificity of the Cart;ChR2 RGC-type labeling, using

RBPMS to identify RGCs. In Cart;ChR2 mice, 91.46% ± 2.33%

of GFP+ (CART-Cre+) RGCs in the ganglion cell layer co-immu-

nostained with CART (n = 4 mice), demonstrating a high degree

of specificity of ChR2 labeling (Figure 1C2, left). However, only

approximately half (53.92% ± 1.07%) of CART-immunoreactive

(CART+) RGCs (RBPMS+) expressed GFP (Figure 1C2, right),

consistent with our finding that Cart;ChR2 labels only the sub-

types of CART-expressing ooDSGCs preferring vertical motion

(Figure 1B) and that dorsally and ventrally tuned ooDSGCs

comprise �50% of all CART+ RGCs.12

A similar analysis in the retina ofBD;ChR2mice revealed a high

proportion of GFP+ (BD-CreER+) RGCs that expressed CART

(93.82% ± 1.84%, n = 5mice) (Figures 1D1 and 1D2, left), consis-

tent with BD RGCs being a subtype of CART ooDSGCs. Among
2 Current Biology 32, 1–11, July 25, 2022
the CART+ RGCs, 34.59% ± 3.72% expressed GFP in the retina

of BD;ChR2 mice (Figure 1D2, right). Due to a lack of antibodies

specific for labeling BD RGCs, we were not able to quantify the

efficiency of ChR2 labeling in BD RGCs. Overall, these data

demonstrated that ChR2 expression among axons leaving the

retina in both mouse lines is largely restricted to ooDSGCs.

To discern labeling of retinal projections from other potential

sources, we examined co-localization of ChR2-tagged GFP

and VGluT2 (a presynaptic marker for RGC inputs23) in the

dLGN. In both mouse lines, GFP+ axonal boutons exhibit a

high degree of overlap with VGluT2 immunostaining (Figure 1E).

Furthermore, binocular enucleation completely removed ChR2

labeling from dLGN for both mouse lines (Figure 1F), indicating

that the retina is its sole source. Together, these data support

the use of Cart;ChR2 and BD;ChR2 mice to selectively label,

activate, and compare the TC neuron response to these two

sets of CART+ ooDSGCs inputs.
Anatomical organization of CART-Cre+ and BD-CreER+

inputs in the dLGN
We next compared RGC axonal territories in the dLGN of the two

mouse lines. In coronal sections of the dLGN of Cart;ChR2mice,

GFP+ RGC axons could be observed to terminate densely in the

dorsal aspect bordering the ventricle and to extend deeper into

the nucleus when moving along the anterior-posterior axis (Fig-

ure 2A, left). The axonal labeling of GFP+ RGCs from BD;ChR2

mice overlapped largely with the territory of CART-Cre+ termi-

nals with the exception of themost dorsal edge of the dLGN (Fig-

ure 2A, right). To compare the spatial distribution of terminal end-

ings between CART-Cre+ and BD-CreER+ axons, we collapsed

the two-dimensional dLGN area into a one-dimensional line

plot by summing the signals of maximal intensity projections

along the lateral-to-medial axis of the coronal slice (Figure S2B,

top; STAR Methods). The line plots confirmed the overlap of

spatial territory between CART-Cre+ and BD-CreER+ inputs in

a deeper area of dLGN, as expected, given that BD-CreER+

RGCs comprise a subset of CART-Cre+ ooDSGCs (Figure S2B,

bottom). Taken together, when compared with the distribution

of axonal terminals in Cart;ChR2 mice, BD-CreER+ inputs were

sparser and concentrated in a subregion of the occupied

territory.
Functional organization of CART-Cre+ and BD-CreER+

inputs in dLGN
Our Figure 2 and published2,8,26–29 data indicate that both CART

and BD RGCs preferentially project to dLGN ‘‘shell’’ region.

Since retinal inputs synapse on the proximal dendrites of TC

neurons,17,30–35 the anatomical distribution of RGC axons in

dLGN should map well with the distribution of functional inputs

onto TC neurons. Thus, we examined the functional connectivity

of CART-Cre+ and BD-CreER+ ooDSGCs in their overlapping ter-

ritory in the dLGN. To assess the strength and spatial distribution

of retinogeniculate drive from CART-Cre+ and BD-CreER+

RGCs, we used an established parasagittal slice preparation of

the dLGN (STAR Methods), optimized for physiology because

it preserves the retinal axon arbors.36–38 We first compared

the expression of ChR2 from this parasagittal view and

found that BD-CreER+ terminals overlap with a subset of
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Figure 1. Specific expression of ChR2 in CART+ RGCs

(A) Representative example of calcium responses to moving bars along 8 directions from one CART-Cre+ RGC tuned to dorsal motion. Inset: polar plot.

(B) Tuning distribution of CART-Cre+ ooDSGCs (n = 246 cells from 12 retinas, 8 mice). Left: normalized frequency distribution, fit by a mixture of two Gaussian

distributions (black line). Right: polar plot distribution showing that labeled RGCs are mainly tuned to dorsal and ventral motions. See also Figure S1.

(C) Representative images from the RGC layer of Cart;ChR2 mouse retina immunostained for GFP (green, ChR2-EYFP), RBPMS (blue, RGCs), and CART (red,

ooDSRGCs) (n = 4 mice). (C1) Left: glial cells are labeled in the Cart;ChR2mouse. Right: subsets of RGCs also express ChR2. (C2) Left: CART immunostaining in

ChR2-expressing RGCs. Right: ChR2 expression in CART+ RGCs.

(D) As in (C) but for BD;ChR2 mouse retina (n = 5 mice).

(E) Confocal images of ChR2-expressing axonal boutons in the dLGN co-immunostained for GFP and vGluT2 in Cart;ChR2 (top) and BD;ChR2 (bottom) mice.

(F) ChR2-expressing axonal boutons in the dLGN of enucleated mice. Left: normally reared mice. Right: bilaterally enucleated mice (STAR Methods) from

Cart;ChR2 (top, n = 3) and BD;ChR2 mice (bottom, n = 3).

Scale bars, 100 mm in (C) and (D), 5 mm in (E), and 200 mm in (F).
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CART-Cre+ terminals in the ventral-posterior territory (Figures 2B

and S2C; STAR Methods).

Then we performed whole-cell patch-clamp recordings of

randomly sampled TC neurons from the ventral-posterior area

(Figure 2B, lateral and middle sections). We recorded maximal
excitatory post-synaptic currents, optically evoked using full-

field blue light illumination (oEPSCs) (Figure 3A) and by adding

bicuculline (GABAAR antagonist), CGP55845 (GABABR antago-

nist), DPCPX (antagonist of A1 adenosine receptors), and

LY341495 (antagonist of presynaptic group II mGluRs) in the
Current Biology 32, 1–11, July 25, 2022 3
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Figure 2. Distinct terminal labeling of CART-Cre+ and BD-CreER+ RGC axons in the dLGN

(A) Distribution of ChR2-expressing axons in coronal dLGN sections. Top: schematic for coronal slices (from Scalable Brain Atlas;24,25 STAR Methods). Bottom:

coronal slices from anterior, middle, and posterior dLGN of Cart;ChR2 (left, n = 3 mice) and BD;ChR2 (right, n = 3) mice.

(B) Like (A) but from parasagittal sections from lateral, middle, and medial dLGN (n = 3 mice each for Cart;ChR2 and BD;ChR2 mice).

Scale bars, 200 mm. See also Figure S2 and STAR Methods.
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bath solution (STAR Methods).39,40 The ratio of AMPA receptor

(AMPAR)/NMDA receptor (NMDAR) currents between CART-

Cre+ and BD-CreER+ inputs did not differ (CART, 1.15 ± 0.09,

n = 61; BD, 1.36 ± 0.11, n = 52; Mann-Whitney test, p = 0.054),

indicating comparable developmental maturation of RGC inputs

labeled by the two mouse lines. Nor did tamoxifen injections in

BD;ChR2 significantly alter the function or development of the

retinogeniculate synapse (Figure S3B; STAR Methods).

TC neurons can receive inputs from multiple different types of

RGCs.16,17,41,42 To begin to understand how the diversity of

ooDSGCsmaps onto these convergence patterns, we examined

the amplitude of oEPSCs resulting from the activation of CART-

Cre+ or BD-CreER+ RGCs. In our recording conditions, peak

AMPAR currents smaller than 600 pA cannot drive the firing of

TC neurons alone in response to a single stimulus.43 We there-

fore used this amplitude threshold to sort the oEPSCs we re-

corded into ‘‘weak’’ (<600 pA) and ‘‘strong’’ (>600 pA) inputs.
4 Current Biology 32, 1–11, July 25, 2022
We further categorized ‘‘strong’’ inputs that were greater than

2,000 pA as "dominant" inputs since our previously published

study showed that simultaneous activation of all retinal inputs

generally evokes oEPSCs that exceed this value in Chx10;ChR2

mice41 (Chx10 is expressed in all RGCs; Figures 3B and 3D). Re-

cordings do not distinguish oEPSCs elicited from single versus

multiple contributing RGCs. Therefore, oEPSCs correspond to

the maximal summed responses of all ChR2+ CART or BD

RGCs synapsing onto an individual TC neuron. Most of these

maximal responses were weaker than 600 pA for both CART-

Cre+ (69.59% ± 7.35%, n = 74 cells from 9 mice) and BD-

CreER+ inputs (62.44% ± 7.11%, n = 60 cells from 35 mice)

(Figures 3C and 3E).

We next asked whether or not CART-Cre+ and BD-CreER+ in-

puts drive spatially distinct populations of TC neurons within this

area or whether weak versus strong inputs are spatially segre-

gated. We superimposed a grid over the parasagittal slice of
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Figure 3. Synaptic properties and spatial distribution of CART-Cre+ and BD-CreER+ inputs

(A) Experimental protocol. Left: schematic diagram of oEPSC recordings obtained from TC neurons located in ventral-posterior region outlined by dashed curve.

Right: example traces of maximal AMPAR and NMDAR oEPSC (holding potential �70 and +40 mV, respectively).

(B) Example traces of maximal CART-Cre+ oEPSCs classified in three groups based on amplitude: less than 600 pA, large amplitude between 600 and 2,000 pA,

and dominant inputs larger than 2,000 pA. The traces are color coded for classification in (C) and (G).

(C) Distribution of CART-Cre+ AMPAR oEPSC amplitudes (n = 74 cells from 9 mice).

(D and E) Same as (B) and (C) for maximal BD-CreER+ oEPSCs (n = 60 cells from 35 mice).

(F) Grid superimposed over dLGN image allows mapping of the approximate location of recorded neurons. Scale bars, 200 mm.

(G and H) Spatial distribution of CART-Cre+ (n = 93 cells) and BD-Cre+ responses (n = 318 cells).

See also Figure S3 and STAR Methods.
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the dLGN as a reference (Figure 3F) and tabulated the approxi-

mate location of each recorded TC neuron while color coding

the strength of their AMPAR oEPSC (Figures 3G and 3H). Unre-

sponsive neurons (those without a measurable oEPSC) were

also annotated. In the region of axonal overlap from the two

mouse lines, we found no discernable spatial pattern in TC neu-

rons based on their responsiveness or oEPSC strength in

Cart;ChR2 mice (Figures 3G, S3D, and S3E, left; two-way

ANOVA, p = 0.64). Moreover, TC neurons driven by BD-

CreER+ RGCs are not spatially segregated from those by

CART-Cre+ RGCs within the ventral-posterior territory

(Figures 3H and S3E, right; two-way ANOVA, p = 0.71).

Our finding of distinct regions in the dLGN that appear to

receive BD-CreER+ inputs and/or CART-Cre+ raised the
question of whether ooDSGC-preferring dorsal motion (labeled

by Cart;ChR2 but not BD;ChR2 mice) exclusively innervate

dLGN regions distinct from those preferring ventral motion

ooDSGCs (labeled by BD;ChR2 mice).44 However, this scenario

could not explain our findings in Figures 3G and 3H. Far more

sampled TC neurons were innervated by CART-Cre+ inputs

(�89%) than by BD-CreER+ inputs (�24%) (Figures 3G and

3H). This difference cannot be simply explained by inefficient la-

beling in BD;ChR2 mice, since BD-CreER+ RGCs and CART-

Cre+ RGCs comprise �35% and �54% of CART+ RGCs,

respectively, in the retina (Figures 1C2 and 1D2, right). Taken

together, our findings suggest that CART-Cre+ inputs terminat-

ing in the ventral-posterior area of dLGN cannot arise just from

ooDSGCs tuned to ventral motion, but that CART-Cre+ inputs
Current Biology 32, 1–11, July 25, 2022 5
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Figure 4. Contribution of CART-Cre+ and BD-CreER+ inputs to total retinal drive

(A) Recording of maximal oEPSCs and electrical EPSCs (eEPSCs). (A1) Schematic diagram. (A2) Example traces of maximal oEPSC and eEPSC from the same

cell.

(B and C) Comparison of maximal AMPAR oEPSCs to eEPSCs from the same TC neuron for CART-Cre+ inputs (n = 30 cells, 9 mice) and BD-CreER+ inputs (n = 33

cells, 19 mice). ***p < 0.001, Wilcoxon matched-pairs signed-rank test.

(D and E) Median distribution of oEPSC/eEPSC ratio in the two mouse lines. Left: violin plot of oEPSC/eEPSC ratio, with median indicated by solid line and

quartiles by dashed lines. Right: cumulative probability distribution of oEPSC/eEPSC ratio, where primary drivers are defined as inputs with oEPSC/eEPSC >1

(vertical dashed line: ratio = 1).
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tuned to both ventral and dorsal motions must co-innervate this

region. Therefore, axons from ooDSGCs tuned to two opposite

directions appear broadly distributed across the same area.

Contribution of CART-Cre+ and BD-CreER+ RGCs to the
total retinal drive of TC neurons
We next estimated the contribution of CART-Cre+ or BD-CreER+

inputs to the total retinal drive by comparing maximal amplitudes

of CART/BD oEPSCs to electrical EPSCs (eEPSCs) from the

same TC neuron (Figure 4A). The eEPSC reflects the synaptic

response to the stimulation of axons from a mixed set of RGC

types. In both Cart;ChR2 and BD;ChR2 mice, the amplitude of

oEPSCs was substantially smaller than that of eEPSCs (CART,

n = 30 cells, p < 0.001; BD, n = 33 cells, p < 0.001; non-para-

metric Wilcoxon matched-pairs signed-rank test; Figures 4B

and 4C). The median ratios of oEPSC to eEPSC amplitude

were 0.075 (IQR: 0.297) for CART-Cre+ inputs and 0.057 (IQR:

0.38) for BD-CreER+ inputs (Figures 4D and 4E, left). Factoring

in the loss of axonal continuity in the slice preparation (ratio of

Chx10;ChR2 evoked oEPSC/eEPSC = �2),41 we defined

CART+/BD+ inputs as primary drivers when the inputs contribute

to more than 50% of total retinal drive, that is, when oEPSC/

eEPSC ratio is equal to or greater than 1 (STAR Methods). Using
6 Current Biology 32, 1–11, July 25, 2022
this criterion, we observed that the majority of TC neurons

receive only weak ooDSGC innervation (CART, 96.67%; BD,

84.85%; Figures 4D and 4E, right). These data suggest that

CART-Cre+ and BD-CreER+ inputs most frequently converge

onto TC neurons in which the majority of their additional inputs

are from other RGC types.

Role of ChR2-expression efficiency in convergence
analyses
We remained concerned that the small amplitude of most

ooDSGCs inputs might reflect insufficient penetrance of

ChR2 expression in the two ooDSGC populations. To test

this possibility, we compared the cumulative probability distri-

butions of CART-Cre+ or BD-CreER+ oEPSCs with eEPSCs

amplitudes, with each curve normalized to its respective pop-

ulation maximal oEPSC or eEPSC current. We reasoned that,

even if only a small subset of vertical ooDSGC axons can be

activated optogenetically, the overall cumulative distribution

of optically driven responses should resemble that of eEPSCs

and should align when normalized. In fact, these normalized

plots showed that the distribution of CART-Cre+ and BD-

CreER+ oEPSCs was shifted to the left and had a different

shape when compared with that of eEPSCs (Figures 5A and
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Figure 5. Comparison of amplitude distributions for different RGC inputs

Cumulative probability distribution of oEPSC and eEPSC amplitudes (normalized to themaximal current in each respective group) for CART-Cre+ (A) (n = 30 cells),

BD-CreER+ (B) (n = 33 cells), andChx10-Cre+ (C) (n = 58 cells, fromdata obtained from Litvina andChen41). Right: expanded amplitude scale corresponding to the

box in the left panel. ***p < 0.001; n.s., p = 0.65; Kolmogorov-Smirnov test.

ll

Please cite this article in press as: Jiang et al., Functional convergence of on-off direction-selective ganglion cells in the visual thalamus, Current
Biology (2022), https://doi.org/10.1016/j.cub.2022.06.023

Article
5B; Kolmogorov-Smimov [K-S] test, p < 0.001). By contrast,

the curve of the responses to bulk optogenetic stimulation

of retinal inputs (Chx10;ChR2; previously published41) is very

similar to that of the eEPSC (Figure 5C; K-S test, p = 0.65).

These results indicate non-uniform contributions of ooDSGC

inputs across the population of TC neurons and support the

idea that, for the majority of TC neurons, retinal inputs re-

cruited by electrical stimulation are not all drawn from a pop-

ulation of CART-Cre+ or BD-CreER+ RGCs inputs; in fact, they

rather suggest an integration between ooDSGC and non-

ooDSGC inputs.

Logic for wiring on-off directional inputs in the dLGN
At the level of an individual TC neuron dendrite, retinal boutons

preferentially cluster together when their preferred directions

are very similar and, more rarely, opposite to one another.19

Here, we asked whether synapses of ventral-preferring BD

RGCs converge onto a given TC neuron with those of CART

RGCs tuned to the opposite direction. To begin to address this

question, we explored models of two opposite potential wiring

patterns between the two CART-Cre+ ooDSGC subsets and

TC neurons: (1) TC neurons are innervated by convergent

CART-Cre+ RGC subsets that code for two different directions

(model A, Figure 6A1) or (2) TC neurons exclusively receive inputs

from one CART-Cre+ RGC subset that codes for a specific direc-

tion (model B, Figure 6A2). Accordingly, the inputs from each

subset and total CART-Cre+ RGCs were simulated based on

these twomodels (STARMethods).We assumed that cumulative

amplitude histograms of ooDSGCs preferring ventral versus dor-

sal motion are very similar and can be represented by that for

BD-CreER+ inputs. Model A predicts that the cumulative curve

of CART inputs will be significantly shifted to the right of that of

BD inputs (Figure 6B1; K-S test, p < 0.001). In model B, each in-

dividual TC neuron receives inputs from only one subtype of

ooDSGCs; thus, the distribution of synaptic responses to

CART-Cre+ ooDSGC inputs would be very similar to that of the

ooDSGC subtype tuned to ventral motion. Our experimental

data were more consistent with model B as the distributions

from the two lines were statistically indistinguishable (Figure 6C).

Moreover, the distribution of CART-Cre+ inputs predicted by

model A (but not model B) significantly differs from that of

experimental CART-Cre+ responses (versus data: model A,
p < 0.0005; model B, p = 0.67; K-S test with Bonferroni

correction).

We also modeled the impact of possible contamination of the

oEPSCs in Cart-Cre with other RGC types (Figure S1C; 27%

non-specifically labeled RGCs that may or may not also project

to the sampled dLGN region). For model A, the non-ooDSGC

RGCs labeled in Cart;ChR2 mice may converge with both

CART-Cre+ ooDSGC subtypes (Figure S4A1) or target a distinct

set of TC neurons (Figure S4B1). Simulations of these scenarios

yielded significantly different cumulative distribution curves be-

tween CART and BD inputs (Figures 6A2 and 6B2; K-S test,

p < 0.001). Similarly, for model B, labeled non-ooDSGCs may

mix with both subtypes of vertically tuned ooDSGCs (Fig-

ure S4C1) or innervate a distinct group of TC neurons, compared

with CART-Cre+ ooDSGCs (Figure S4D1). Our simulation for the

former still predicts a shift in the distribution of CART-Cre+ inputs

when compared with BD inputs (Figure 6C2; K-S test, p < 0.001).

On the contrary, the latter yielded a similar cumulative distribu-

tion between vertically tuned ooDSGC inputs and ventral mo-

tion-preferring inputs (Figure 6D2), consistent with functional re-

cordings. Taken together, our data argue that the likelihood of

BD-CreER+ inputs converging onto the same TC neuron with

the ooDSGCs preferring the opposite direction (dorsal) appears

to be low.

DISCUSSION

In mice, neurons tuned to motion information are found in the

retina, dLGN, and V1.28,45–51 Additionally, direction and orienta-

tion selectivity have been shown to be computed de novo in the

visual cortex. How these different streams of information interact

is a subject of active investigation.50–52 To address this question,

a basic understanding of how motion information from the retina

is parsed in dLGN is essential. Motion selectivity in TC neurons

could be inherited from the eye, consistent with a labeled line

model and observations in superior colliculus,53 or computed

de novo in the dLGN. Consistent with the latter, different informa-

tion streams can converge onto the same TC neuron.16,18,19 The

logic of which RGC types do or do not converge and the relative

strengths of these inputs are still unclear. Here, we took advan-

tage of two Cremouse lines, one labeling a subset population of

the other, to identify and drive ooDSGCs inputs tuned to ventral
Current Biology 32, 1–11, July 25, 2022 7
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Figure 6. Modeling convergence of CART-Cre+ and BD-CreER+ inputs in the dLGN

(A) Possible models of innervation by two CART-Cre+ RGC subsets onto TC neurons. (A1) TC neurons receive convergent inputs from CART+ RGCs tuned to two

opposite directions (model A). (A2) TC neurons are innervated by CART+ RGCs tuned for a specific direction (model B).

(B) Simulated normalized cumulative probability curves based on model A (B1) or model B (B2) (STAR Methods).

(C) Comparison of normalized cumulative probability distribution from our experimental (expt) data (BDexpt, n = 60 cells; CARTexpt, n = 74 cells). This dataset

includes cells from Figure 4 as well as those acquired in experiments without paired eEPSC measurements. ***p < 0.001, K-S test.

See also Figure S4 and STAR Methods.
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motion direction (BD-CreER) and two opposite cardinal direc-

tions (dorsal and ventral, Cart-Cre). Our results showed the

following: (1) in themajority of TC neurons recorded, ooDSGC in-

puts contribute a small portion of total retinal drive, consistent

with substantial convergence of ooDSGC inputs with other

RGC types; (2) only a small fraction of TC neurons receive pri-

mary drive from CART-Cre+ or BD-CreER+ inputs, as would be

expected in a labeled line model; and (3) an analysis of our

normalized cumulative probability distributions of CART-Cre+

and BD-CreER+ inputs suggests that subtypes of ooDSGCs

tuned to dorsal and ventral motion tend not to converge onto

the same TC neurons.

Convergence of directional information with other
retinal inputs
Our findings indicate that most CART-Cre+ and BD-CreER+ in-

puts converge with other RGC types. We base our conclusion

on the comparisons of absolute amplitudes (Figure 4) and

normalized cumulative probability distributions (Figure 5) of

ooDSGC-driven oEPSC versus eEPSC from the same cells.

Even though the amplitude distributions of CART-Cre+ and

BD-CreER+ inputs are comparable, they are strikingly different

from that of input strengths obtained when we activate all

convergent inputs onto a TC neuron (Figure 5). This cannot be

explained simply by differences in the method of activation or

ChR2 expression efficiency. First, the concentration of ChR2 in

retinal axons likely reaches levels that reliably trigger action
8 Current Biology 32, 1–11, July 25, 2022
potential firing by P28, based on our previous experiments

comparing oEPSC and eEPSC amplitudes in Chx10;ChR2

mice (described in Figure S4 of Litvina and Chen41; see also

STAR Methods). Second, as previously published,41 normalized

distributions of both Chx10;ChR2 oEPSCs (labeling the majority

of RGCs with ChR2) and eEPSCs from the same cells yielded

similar cumulative probability curves (Figure 5C), despite large

differences in the overall amplitude of oEPSCs and eEPSCs

attributable to axon severing in slice preparation. This aligned

with the basic premise that both oEPSCs and eEPSCs in

Chx10;ChR2mice drew on the same overall population of inputs.

Taken together, these data suggest that the majority of TC neu-

rons receiving on-off directional information are also innervated

by other RGC types.16,18,19 Our previous study visualizing retinal

axon bouton response properties and distribution suggests that

these other typesmay include those tuned to the axis in the same

direction or those that differ in their response to luminance (on or

off).19

A small fraction of sampled cells did, however, have a large

oEPSC/eEPSC ratio, consistent with a strong ooDSGC drive

that can evoke spiking. Less than 15%of responsive TC neurons

received primary drive from BD-CreER+ or CART-Cre+ inputs,

despite the axons from both of these RGC subtypes fully

covering the recording area. Thus, a small fraction of TC neurons

may conduct ‘‘labeled line’’ transmission of ooDSGC informa-

tion.16,18,19 Future studies should investigate the relationship be-

tween the tuning properties of the pre- and post-synaptic
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neurons in the dLGN and determine the functional relevance of

‘‘labeled line’’ convergence compared with convergent weak,

nondominant heterogeneous inputs that persist even in the

mature circuit.

Models of convergence of ooDSGCs
We find that ooDSGC inputs mix with other RGC types—but

how often do subtypes of ooDSGCs tuned to different direc-

tions converge onto the same relay neuron? To better address

this question, we tested two simple models of convergence

among different subtypes of ooDSGCs. Model A represents

one end of a spectrum of connectivity patterns, where CART

ooDSGCs of two opposite directions can converge onto the

same TC neuron; functionally, this may correspond to a vector

sum of their relative weights that contribute to the final direction

that the relay neuron is tuned to. On the opposite end of the

spectrum, model B proposes that ooDSGC subtypes avoid

converging onto the same TC neuron. Several predictions arise

from these two models, which we compared with our acquired

data.

If we assume that the distribution of peak AMPAR amplitudes

of oEPSCs from ooDSGCs tuned to the dorsal direction is similar

to that of the ventral (BD) direction, models A and B predict

distinct cumulative distributions (Figure 6B). The maximal

oEPSC amplitude distribution for CART inputs would be shifted

to the right relative to that of BD inputs if all ooDSGCs converge

onto a relay neuron (model A). By contrast, if ooDSGCs selective

for vertically opposite directions avoid converging together onto

the same TC neurons (model B), wewould predict that the cumu-

lative histograms would be more similar between CART and BD.

Our results show that the cumulative amplitude distribution is

similar between CART-Cre+ and BD-CreER+ RGCs, consistent

with the prediction of model B rather than model A. A caveat to

these simulations is that they would not detect differences in

the cumulative curves if contributions from one ooDSGC sub-

type are less than 10% of total CART-Cre+—this delineates the

limitations to our conclusions.

Previous studies have proposed that direction-selective RGCs

tuned to opposite directions may converge onto TC neurons to

create orientation selectivity.19,45,54 Our data and modeling did

not identify this as a common convergence pattern for vertically

tuned ooDSGCs, as BD-CreER+ inputs, representing ventral mo-

tion in the retina, tend not to converge with the other CART-Cre+

ooDSGCs tuned to dorsal motion. However, this conclusion

does not preclude the possibility that opposite direction conver-

gence may occur with relatively low frequency (<10%), as

observedwith presynaptic calcium imaging19 or with other direc-

tion-selective ganglion cells.

How does the logic of retinal convergence emerge over devel-

opment? Scenarios include molecular cues, activity-dependent

refinement, or mundane sparsity of subtype inputs from the

same retinotopic location as might occur toward the periphery

of the visual field.12 The latter scenario would not explain all of

our findings, as we record from a region of the dLGN that repre-

sents the central and ventral area of the visual space in the azi-

muth and elevation axes, respectively.46 Taken together, our

data suggest that whereas RGC inputs tuned to different fea-

tures of the visual space can converge onto common TC neu-

rons, this mixing does not apply for subtypes of ooDSGCs tuned
to opposite directions of motion. Overall, our findings point to a

greater complexity in the rules governing convergence of

different types versus subtypes of RGCs than previously

understood.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
All animal procedures were in compliance with the NIH Guide for the Care and Use of Laboratory Animals and approved by the Insti-
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mice (Jackson Laboratory). Mice of ages P19-P33 of either sex were used. To drive the expression of ChR2 expression in RGCs,

Cart-IRES2-Cre-D, BD-CreER (obtained from Joshua Sanes Lab),21 and Chx10-Cremice (JAX 005105)57 were crossed with fluores-

cently-tagged Cre-dependent ChR2-EYFP expressing mice (homozygous Ai32mice, JAX 012569),58 respectively, yielding progeny

expressing ChR2 and EYFP in the retina. We refer to the resulting crosses as ‘‘Cart;ChR2’’, ‘‘BD;ChR2’’, and ‘‘Chx10;ChR2’’, respec-

tively. Tamoxifen (200 mg, Sigma) was intraperitoneally injected at P0 or P1 to BD;ChR2 mice for labeling of BD+ RGCs, or to

Chx10;ChR2 mice to elaborate the effect of tamoxifen on functional synaptic connectivity. Data from BD;ChR2 mice with fewer

than 200 EYFP+ RGCs were excluded from analysis (Figure S2A). Male and female animals aged P27-34 were employed.

METHOD DETAILS

Tamoxifen control experiments
Since expression of ChR2 in BD;ChR2mice was dependent on binding of the estrogen receptor, we asked whether the presence of

tamoxifen may disrupt maturation of retinogeniculate synapses. We injected tamoxifen into Chx10;ChR2 mice, which label all

RGCs,41 with the same dosing as our experiments with BD;ChR2 mice. Both oEPSCs and electrically stimulated EPSCs (eEPSCs)

exhibited similar average amplitude in tamoxifen-injected mice when compared to those without the drug injection (Figure S3B).

These results alleviate concerns of deleterious effects of tamoxifen on retinogeniculate connectivity.

Two-photon calcium imaging of CART-Cre+ RGCs
Whole-mount retina preparation

After dark adaptation for > 30 mins, mice were anesthetized with isoflurane and euthanized by decapitation. Retinas were isolated

from the pigment epithelium under infrared illumination at room temperature in oxygenated Ames’ medium (Sigma-Aldrich, St. Louis,

MO). Retinas were cut into dorsal and ventral halves using scleral marks as identified inWei et al.59 andmounted on top of a 3-4 mm2

hole in a small piece of filter paper with ganglion-cell-layer-up on top (Millipore, Billerica, MA). Themounted retinas were kept in dark-

ness at room temperature in Ames’ medium bubbled with 95% O2/5% CO2 until use (0-8 hr).

Visual stimulation

A white organic light-emitting display (OLEDXL, eMagin, Bellevue, WA; 8003 600 pixel resolution, 60 Hz refresh rate) was controlled

by an Intel Core Duo computer with a Windows 7 operating system and was presented to the retina at a resolution of 1.1 mm/pixel.

Moving bar stimuli were generated by MATLAB and the Psychophysics Toolbox,60 and projected through the condenser lens of the

two-photon microscope onto the photoreceptor layer. For the moving bar stimulus, a positive-contrast bar (275 mm wide, 660 mm

long) moved along the long axis in 8 pseudo-randomly chosen directions at a speed of 550 mm/sec over a 660mm-diameter field

on the retina; and four trials were recorded for each direction.

Calcium imaging of GCaMP6f fluorescence

GCaMP6f fluorescence of isolated retinas in oxygenated Ames at 32-33�C was imaged in a customized two-photon laser scanning

fluorescence microscope (Bruker Nano Surfaces Division). GCaMP6f was excited by a Ti:sapphire laser (Coherent, Chameleon Ultra

II, Santa Clara, CA) tuned to 920 nm, and the laser power was adjusted to avoid saturation of the fluorescent signal. Onset of laser

scanning induces a transient two-photon response that adapts to the baseline in�3 s. Therefore, to ensure the complete adaptation

of this laser-induced response and a stable baseline, visual stimuli were given after 20 s of continuous laser scanning. To separate the

visual stimulus fromGCaMP6f fluorescence, a band-pass filter (Semrock, Rochester, MA) was placed on the OLED to pass blue light
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peaked at 470 nm, while two notched filters (Bruker Nano Surfaces Division) were placed before the photomultiplier tubes to block

light of the same wavelength. The objective was a water immersion objective (20x, Olympus). Time series of each imaging window

were collected at 17 Hz or higher.

Enucleation
To detect whether there are other sources of CART-Cre+ or BD-CreER+ inputs in the dLGN ofCart-IRES2-Cre-D andBD-CreERmice

apart from the retina,Cart;ChR2 andBD;ChR2mice were enucleated from both eyes at P20-24, and sacrificed after 8 days of enucle-

ation. The distribution of GFP labeling in the dLGN was then analyzed and compared to control animals housed in normal light-dark

cycle area and with both eyes present.

Tissue preparation and immunohistochemistry
Mice were anesthetized with 50mg/kg pentobarbital and transcardially perfused with 0.1M phosphate buffered saline (PBS) imme-

diately followed by 4% w/v paraformaldehyde (PFA) in PBS. Retinas were dissected and post-fixed in 4% PFA for 30 min, and

restored in PBS before immunostaining. Brains were post-fixed overnight in 4%PFA at 4�C and rinsed in PBS. Brain slices containing

dLGNwere coronally sectioned through Leica VT1000 vibratome with thickness of 60 mm. Following in vitro electrophysiology exper-

iments, retinas and parasagittally sectioned brain slices (250 mm) were also collected, incubated in 4% PFA for 20 min, and stored in

PBS until immunostaining, to confirm the density and specificity of labeling after each experiment.

In whole-mount retinas, we identified RGCs by the expression of RBPMS,55 and immunostained for CART and GFP (Figures 1C1

and D1). For retinal staining, dissected whole mount retinas were blocked in PBS containing 5% normal goat serum (NGS) and 0.1%

Triton X-100 at room temperature for 1 hr. Then primary antibodies were applied in PBS containing 0.5 % Trition and 2% NGS:

chicken anti-GFP (1:1000; GFP-1020, AVES Labs), rabbit anti-CART (1:2000; H-003-62, Phoenix Pharmaceuticals), guinea pig

anti-RBPMS (1:1000; a gift from from Zhigang He’s lab56) at 4�C for 2-3 days. After rinsing with 0.1% Triton/PBS, retinas were incu-

bated 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), and goat anti-guinea pig 405 (1:1000; ab175678, Abcam). Ret-

inas were then mounted and cover-slipped with Vectashield (VectorLabs H-1000).

Brain slices containing dLGN were stained with GFP and vesicular glutamate transporter (VGluT2) by incubating with rabbit anti-

GFP (1:2000; ab290, Abcam) and guinea pig polyclonal anti-VGluT2 (1:2000; ab2251-I, Millipore), followed by secondary antibody

incubation with goat anti-rabbit 488 (1:1000; a32731, Invitrogen) and goat anti-guinea pig 555 (1:1000; a21435, Invitrogen).

Microscopy
Tomeasure the specificity of marker expression in CART-Cre+ or BD-CreER+ RGCs, images of the retina (12 fields of view taken from

3Cart;ChR2 orBD;ChR2mice each) were acquiredwith Zeiss LSM700 using a 20x objective to detect the signals of GFP, CART, and

RBPMS. Quantification was performed manually using ImageJ. To check the reliability of ChR2 expression in Cart;ChR2 and

BD;ChR2 mice used for in vitro electrophysiology studies, retinas from these animals were collected, flat-mounted, and tile-imaged

on the Nikon 80i epifluorescent scope using 10x or 20x objective. The images were then reassembled in Photoshop (Adobe), and the

number of GFP+ RGCs was quantified manually using ImageJ. To assess the colocalization of GFP and VGluT2 in the dLGN, brain

slices containing dLGN were imaged with Zeiss LSM 700 or 710 confocal microscopes (Zeiss, Olympus) equipped with 5x-60x ob-

jectives and Leica TCS SP8 Laser Scanning Confocal (STEDOne) with 100x objective. Z-stack and tiling were automated with built-in

functions in Zeiss imaging software on the LSM 710.

Electrophysiology
Brain slices containing the optic tracts (OTs) and dLGN were prepared as previously described.41 Briefly, mice were anesthetized

using isoflurane and decapitated into oxygenated (95% O2/5% CO2) ice-cold cutting solution (in mM): 130 K-gluconate, 15 KCl,

0.05 EGTA, 20 HEPES, and 25 glucose (pH 7.4 adjusted with NaOH, 310-315 mOsm).61 The brain was then removed quickly and

immersed in the ice-cold cutting solution for 60 seconds. To obtain slicesmaintaining continuity of retinogeniculate fiber inputs, para-

sagittal sectioning was conducted as previously described.38 The brain was cut with a steel razor blade, then sectioned into 250 mm-

thick slices in the oxygenated ice-cold cutting solution using a sapphire blade (Delaware Diamond Knives, Wilmington, DE) on a vi-

bratome (VT1200S; Leica, Deerfield, IL). The slices containing dLGN and OTs were allowed to recover at 30�C for 20 minutes in

oxygenated saline solution (in mM): 125 NaCl, 26 NaHCO3, 1.25 NaH2PO4, 2.5 KCl, 1.0 MgCl2, 2.0 CaCl2, and 25 glucose (pH

7.4, 310-315 mOsm).

Whole-cell patch clampwas conducted on TC neurons located in the ventral posterior region of the dLGN under room temperature

(lateral or middle section in Figure 2B). Cells were visualized through a monitor with projection from the camera of a DIC-equipped

microscope (Olympus). Glass pipettes (Drummond Scientific) were pulled on Sutter p87 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 (pH7.3, 290–300 mOsm) to optimize the pipette resistance to be 1.5-2.0 MOhm. Patch recordings

were performed using aMultiClamp 700B (Axon Instruments, Foster City, CA), filtered at 1kHz, and digitized at 4-50 kHz with an ITC-

18 interface (Instrutech). To detect potential differences in the maturation of the synaptic inputs, both AMPA and NMDA receptor

(AMPAR and NMDAR)-mediated currents were obtained by holding the membrane potential of recorded cells at -70 and +40 mV

(Figure 3A right), respectively, since the ratio of these currents can provide information on the degree of maturation of the synapse.36
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Intertrial intervals were kept at 30 seconds. Since NMDAR currents are easily saturated, only AMPAR oEPSCs were analyzed for the

following study. Access resistance wasmonitored throughout the experiment and evaluated in offline analysis. Experiments with ac-

cess resistance changing over 20%were removed from analysis. To isolate excitatory synaptic currents, cells were recorded at room

temperature in oxygenated saline solution containing 20 mM of bicuculline (GABAAR antagonist), 2 mM of CGP55845 (GABABR

blocker), 10 mM of DPCPX (antagonist of A1 adenosine receptors), and 50 mM of LY341495 (blocker of presynaptic group II

mGluRs),39,62–65 to block inhibitory circuits and neurotransmitter receptors that modulate retinogeniculate transmission.39,40

To obtain ChR2-evoked EPSC (referred to as ‘‘oEPSC’’), recorded slices received a single pulse of full-field illumination of blue light

through a water immersion 60x objective (Olympus LUMplanFL N 60x/1.00W), which was set at the distance where the cells and

labeled axons could be visualized clearly. The blue light (470 nm, 83 mW/mm2) was supplied by a CoolLED pE unit, lasting for

0.2 msec at highest power (100%, 83 mW/mm2) to obtain maximal oEPSC. To assess whether the post-synaptic responses can

be saturated under the highest power, responses evoked by different light power were normalized to the maximal amplitude from

each animal and averaged and then plotted as a function of light intensity (Figure S3A, left).

To obtain electrical stimulated EPSC (referred to as ‘‘eEPSC’’), a pair of electrodes were filledwith saline solution, and lowered onto

the slices. One of the electrodes was inserted into the OTs to electrically stimulate the retinogeniculate inputs. The other electrode

was immersed in the bath but did not touch the brain slice, serving as the ground. Electrical stimuli were supplied by a stimulus

isolator (WPI A365) delivering a 0.2 msec pulse with 200 mA for maximal eEPSC. Maximal eEPSC amplitude was determined from

the average of 3-5 trials. All eEPSCs reached a saturating response whenR 200 mA of electrical stimulation was applied (Figure S3A,

right).

QUANTIFICATION AND STATISTICAL ANALYSIS

Calcium imaging analysis
Analysis was performed using ImageJ and MATLAB. Raw frames were uploaded onto ImageJ software in which regions of interest

(ROIs) were manually drawn to enclose the soma of each GCaMP6f expressing cell and for a background region where there was no

detectable GCaMP6f expression. These manually selected ROIs were then imported into MATLAB, where custom written scripts

were used to calculate the average intensity over time for all ROIs. In MATLAB, the background trace was subtracted from the light

responsive somatic traces to remove noise. Background subtracted traces were smoothed using an averaging sliding window of 3

datapoints (approximately 90-150 ms depending on framerate). We then fitted the baseline fluorescence over time to single or two-

term exponential decay function using datapoints corresponding to the time between eachmoving bar sweep (4 seconds). Using the

fitted F0 traces, raw fluorescence data was transformed to DF/F0 = (F�F0)/F0. Traces were then resampled to 75 Hz through boxcar

method and smoothed using an average sliding window of 5 data points (� 67 ms). DF/F0 traces were then clipped, sorted by visual

stimulus direction, and averaged over the 4 trials.

Prior to further analysis, traces were subjected to a response quality test QI = Var
�
CTrialD41

�
time

=CVarðTrialÞtimeD
4
1 to ensure consis-

tency across trials.3 If all trials are identical such that the mean response is a perfect representative of the response, QI is equal to 1.

On the other hand, if all trials are completely random with fixed variance (so that the mean response is not informative about the in-

dividual trial responses), QI falls towards ð1 =num: trialsÞ. We implemented a quality threshold of QI 0.40 for the response from a given

cell to be considered for further analysis.

The 660 mm long bar allows for clear separation between responses to the leading and trailing edge of the moving bar. Cells

showing responses to the leading edge were classified as ON, cells showing responses to the trailing edge were classified as

OFF, and cells showing responses to both leading and trailing edges were classified as ON-OFF. Tuning curves were plotted using

the average DF/F0 for each direction.

For each cell, we calculated DSI = ðRPref � RNullÞ=ðRPref + RNullÞ, where Rpref is the cell’s response at the preferred direction (i.e.,

maximal response), andRNull is the cell’s response to the direction opposite to the preferred one. Cells with DSIR 0.4 were identified

as direction selective. Additionally, gDSI or vector sum was calculated as gDSI =
P

Rqe
iq�P

Rq
and the preferred direction was

determined as the angle of the vector sum 4 = argðPRqe
iqÞ. Similarly, orientation selectivity was tested using OSI = ðPRPref �P

RNullÞ=ð
P

RPref +
P

RNullÞ, where RPref and RNull correspond to responses along the preferred and null axes. gOSI was calculated

as gOSI =
P

Rqe
i2q�P

Rq
. Cells with OSI R 0.4 were identified as orientation selective. Cells with DSI < 0.4 and OSI < 0.4 were

classified as broadly tuned. Lastly, cells with negative-going DF/F0 responses during the duration of the moving bar stimulus

were identified as suppressed-by-contrast.

To determine which subtypes of ooDSGCs (nasal-, temporal-, ventral-, and/or dorsal-preferring) are represented in the Cart-

IRES2-Cre-D mouse line, we used a similar clustering algorithm described in previous studies.66,67 In short, K-means clustering

was used to group the preferred directions of identified ooDSGCs (by criteria described above) into predetermined number of clus-

ters (n = 2-6 clusters). This technique assigns each datapoint to a given based on the nearest centroid, or mean value of a cluster.

Then, the fitness of the number of clusters was determined by silhouette value (SV) analysis:

SVðiÞ =
ðbðiÞ � aðiÞÞ

maxðaðiÞ; bðiÞÞ;
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where a(i) is the average angular distance between datapoint i and all other datapoints in the same cluster and b(i) is the

average angular distance between datapoint i and all other datapoints in the nearest cluster. The SV values for all datapoint

were averaged for all conditions (k-means clustering with n = 2-6 clusters). An average SV value approaching 1 suggests

that the data is perfectly clustered; whereas, an average SV value approaching 0 suggests the presence of clusters is

ambiguous. The optimal number of clusters was determined by the largest positive difference compared to a random dis-

tribution of preferred directions.

Axonal distribution analysis
Coronal and parasagittal brain slices containing dLGN were collected from P30 mice (n = 3 mice per group). For coronal

analysis, three images representative of anterior, middle, and posterior area of dLGN along the anterior-posterior axis,

respectively, were selected from each mouse and stained with VGluT2 and GFP. VGluT2 signals were used to demarcate

the boundaries of dLGN, allowing masking of neighboring thalamic regions in ImageJ. dLGN images showing expression of

GFP were superimposed over three mice and shown as Figure 2A. To assess the distribution of GFP+ axons at different

depths, dLGN images were re-oriented to align the ventricular surface to vertical line (Figure S2B top). Signals in the

dLGN were subtracted by the averaged pixel value in the neighboring posterior thalamic nuclear group which was used

as background control. Every pixel remaining that was greater than 0 was binarized as 1, while those <= 0 were assigned

as 0. The sum of these pixel values along the vertical line (lateral-to-medial axis) was calculated in MATLAB as cumulative

GFP+ signals at different depths (Figure S2B bottom), and binned with 2x2 mm2 pixels. To compare the depth distributions

of CART-Cre+ and BD-CreER+ inputs, the summed pixel values were graphed against the distance away from the ventricular

surface as dLGN depth (Figure S2B bottom).

To align with functional recordings of dLGN neurons from parasagittal slices, the distribution of CART-Cre+ and BD-

CreER+ inputs were also analyzed from parasagittal aspect. Three images representative of lateral, middle, and medial

area of dLGN along the lateral-medial axis, respectively, were selected from each mouse. dLGN images showing expression

of GFP were superimposed over three mice and shown as Figure 2B. For analysis of the distribution of GFP+ axons, every

pixel within the dLGN was analyzed in the same way as the coronal sections except using the thalamic reticular nucleus as

background control. CART-Cre+ terminals spanned across the lateral region of dLGN, with increasing density in ventral-pos-

terior areas when moving to medial side of the nucleus (Figure 2B left). BD-CreER+ axons were sparser but also terminated

in the ventral-posterior region of dLGN across lateral-to-medial sections (Figures 2B and S2C). Similar to the analysis in the

coronal orientation, one-dimensional line plots were made by calculating vertical maximal projection as summed pixels

(2x2 mm2 bins) from anterior-to-posterior of dLGN (Figure S2C top). The sum of these pixel values along dorsal-ventral

axis were graphed against the distance away from the dorsal surface of dLGN (Figure S2C bottom).

Simulation of ooDSGCs innervation
Two models of CART+ ooDSGC subtype innervation patterns were simulated using MATLAB. In Model A, all TC neurons

received inputs of varying strengths from ooDSGCs subtypes tuned to two vertical directions (dorsal and ventral motion).

In Model B, TC neurons received inputs of varying strengths from just one of the two ooDSGC subtypes. We assumed

that the expression of ChR2 was not biased by the strength of a RGC input (and vice versa) and that the responses of

TC neurons to the inputs from the two ooDSGC subtypes shared similar cumulative amplitude distribution as those to

BD-Cre+ inputs at P30. In each simulation for a given TC neuron, the AMPAR amplitude from one (Model B) or from

two (Model A) different subtypes of ooDSGCs was randomly chosen from the respective cumulative distribution of BD-

Cre+ inputs. The simulation was repeated 1000 times. The sum of the AMPAR amplitude of all CART ooDSGC was then

tabulated and compared to that of BD ooDSGCs for each model. Simulation with 10,000 repeats yielded the same results

in the comparison of cumulative distribution between CART and BD inputs. In other words, for Model A, responses to each

ooDSGC subtype were randomly assigned to one TC neuron and summed to obtain the CART AMPAR amplitude, while in

Model B, only an input from one of the two subtypes was randomly assigned to the TC neuron. Relevant codes are avail-

able (see https://github.com/CClabmembers/2022_CurrentBiology.git).

Rationale for oEPSC/eEPSC classification
We defined primary drivers of TC neuron firing based on the threshold of oEPSC/eEPSC >1 for the following reasons. If an individual

TC neuron only or mainly receives retinal inputs from CART-Cre+ RGCs as primary drivers (R 50% of contribution), one would es-

timate that the ratio of oEPSC to total retinal drive should be equal to or greater than 0.5. However, we had previously made a similar

comparison of the amplitude of oEPSC to eEPSC (optic nerve stimulation) in mice expressing ChR2 in all RGC inputs to dLGN

(Chx10;ChR2). We found that the peak oEPSC amplitudes are approximately two times greater than eEPSC amplitudes (ratio of

oEPSC/eEPSC >1),41 consistent with the idea that electrical stimulation in dLGN brain slices underestimates the overall retinal drive

due to transected axons. Therefore, we assume the peak eEPSC amplitude represents the lower bound (half) estimate of overall

retinal drive onto a TC neuron.
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Data analysis and statistics
Electrophysiological data acquisition and offline analysis were performed using custom software in IgorPro (Wave-Metrics, Portland,

OR). oEPSC and eEPSC amplitudes were obtained from average traces of 3-5 trials. Data calculation and statistical analysis were

conducted using Prism (GraphPad Software), JMP (SAS Institute), and Excel (Microsoft, Redmond,WA). All data sets were evaluated

for normality using the Kolmogorov-Smirnov (K-S) test. For nonparametric distributions, the Mann-Whitney or Wilcoxon signed rank

test were used for unpaired or paired comparison. For normally distributed data sets, the Student’s t test was used. K-S test was also

used for comparison of distribution curves with (multiple populations) or without (two populations) Bonferroni correction. Box

plots indicate the median (line within box), 25-75% quartile range (box), and 10-90% range (whiskers). In violin plots, median is

indicated by solid line and quartiles are marked by dashed lines. All data in bar and line graphs were represented as mean ±

SEM. For all figures, *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure S1. Labelling of ooDSGCs in the retina of Cart-Cre mice, related to Figure 1. 
(A) Cumulative frequency distribution of direction-selective index (DSI, magenta) and global DSI 
(gDSI, black). (B) Silhouette analysis for CART-Cre+ ooDSGCs. Left: Silhouette value (SV) of 
recorded CART-Cre+ RGCs (solid black line) vs. random distribution (grey dashed line) against 
the number of clusters. Classification by two clusters gives the largest increase in clustering 
fitness compared to random distribution (*** p < 0.001 unpaired t-test). Right: Two clusters of 
CART-Cre+ ooDSGCs could be clearly identified that are tuned to dorsal (blue) and ventral (red) 
motion, respectively. Each line represents vector sum indicating the preferred direction for On-Off 
cells with DSI ≥ 0.4. The length of each line represents the value of gDSI. (C) Summary of different 
RGC types labelled by CART-Cre+ RGCs. The majority (73%) of CART-Cre+ labeled RGCs were 
ooDSGCs (n=246 cells from 12 retinas, 8 mice). The remaining 27% of CART-Cre+ RGCs 
responded to other visual stimuli, including 9.3% of suppressed-by-contrast (SbC) RGCs, 4.5% 
of Off broadly-tuned cells (Off Broad), 6.0% of On-Off broadly-tuned cells (On-Off Broad), and 
3.5% of Off direction selective (Off DS) cells. Direction selective RGCs are defined as those with 
DSI ≥ 0.4, and broadly-tuned cells as those with DSI < 0.4 and OSI < 0.4 (see STAR Methods). 
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Figure S2. Axonal distribution pattern of CART-Cre+ and BD-CreER+ inputs in the dLGN, 
related to Figure 2 and STAR Methods.  
(A) Average number of BD-Cre+ RGCs labelled in the whole-mount retinas of BD;ChR2 mice at 
P30 (n = 7 mice). (B) Distribution of CART-Cre+/BD-CreER+ signals summed along the lateral(L)-
to-medial(M) axis as a function of distance away from ventricular surface in coronal slices (see 
STAR Methods). Top: Schematic showing re-orientation of dLGN images to align ventricular 
surface to vertical line. GFP+ signals were calculated by summing up pixels along vertical line 
(lateral-to-medial axis) to compare peak distribution across the dLGN at different depths along 
the dorsal-ventral axis. Bottom: Line plots of total labeled pixels as a function of dLGN depth from 
ventricular surface. (C) Same as in B, but for CART-Cre+/BD-CreER+ signals summed along the 
anterior(A)-to-posterior(P) projections as a function of distance away from dorsal margin in 
parasagittal slices. Top: Schematic showing summed GFP+ signals along A-to-P axis as a function 
of distance along the dorsal-ventral axis in the dLGN. Bottom: Line plots of total pixels labeled 
plotted against dLGN depth from the dorsal margin. 
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Figure S3. Whole-cell patch clamp recordings in the dLGN, related to Figure 3 and STAR 
Methods. 
(A) Amplitude of AMPAR oEPSC (left, n = 6 cells from Cart;ChR2 mice; n = 4 cells from BD;ChR2 
mice) and eEPSC (right, n = 10 cells in a separate set of experiments) as a function of light power 
or electrical stimulation intensity. oEPSC were obtained by activating CART-Cre+ (red) or BD-
CreER+ (blue) inputs with full field light stimulation. (B) Summary of maximum amplitude of 
AMPAR oEPSCs (left) or eEPSCs (right) recorded from Chx10;ChR2 mice with or without 
injection of tamoxifen (TMX) at P0-1. Left: oEPSCs were obtained by stimulating Chx10-Cre+ 
inputs. There is no difference in the average amplitude of oEPSC in mice that received TMX 
injection (Control (Ctrl): n = 42 cells; TMX: n = 39 cells; Unpaired t test, p = 0.29). Right: eEPSCs 
amplitudes are not altered in mice that received TMX injection (Ctrl: n = 30 cells; TMX: n = 21 
cells; Mann Whitney test, p = 0.91). (C) Fiber fraction of Chx10-Cre+ inputs with or without injection 
of TMX at P0-1. The fiber fraction of Chx10-Cre+ inputs after TMX injection was not significantly 
different from controls (control: 0.13±0.05, n=23; TMX: 0.19±0.07, n=13; Mann-Whitney test, p = 
0.15). (D) Grid map for parasagittal dLGN. The ventral-posterior region of dLGN containing all the 
recorded neurons was partitioned into 12 grid sections labeled #1-12. (E) Frequency distribution 
of responsive and non-responsive neurons to CART-Cre+ (n=93 cells, left) or BD-CreER+ inputs 
(n=318 cells, right) in the 12 grids. Left: p = 0.64 Two-way ANOVA; Right: p = 0.71 Two-way 
ANOVA.  
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Figure S4. Non-specific labeling of CART-Cre+ inputs does not affect simulation results, 
related to Figure 6 and STAR Methods. 
(A1-D1) Four simulation models for wiring patterns derived from Figure 6A that consider the label 
of non-ooDSGC in the CART-Cre+ line. A1-B1: as in Model A but with CART-Cre+ non-ooDSGCs 
inputs mixing (A1) or not mixing (B1) with ooDSGCs; C1-D1: as in Model B but with CART-Cre+ 
non-ooDSGCs inputs mixing (C1) or not mixing (D1) with ooDSGCs. (A2-D2) Simulated normalized 
cumulative probability curves based on A1-D1 models.  *** p < 0.001, Kolmogorov-Smirnov test. 
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