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SUMMARY

Our understanding of nervous system function is limited by our ability to identify and manipulate neuronal
subtypes within intact circuits. We show that the Gbx2CERT2-IRES-EGFP 64 se line labels two amacrine cell
(AC) subtypes in the mouse retina that have distinct morphological, physiological, and molecular properties.
Using a combination of RNA-seq, genetic labeling, and patch clamp recordings, we show that one subtype is
GABAergic that receives excitatory input from On bipolar cells. The other population is a non-GABAergic,
non-glycinergic (nGnG) AC subtype that lacks the expression of standard neurotransmitter markers.
Gbx2* nGnG ACs have smaller, asymmetric dendritic arbors that receive excitatory input from both On
and Off bipolar cells. Gbx2* nGnG ACs also exhibit spatially restricted tracer coupling to bipolar cells

(BCs) through gap junctions. This study identifies a genetic tool for investigating the two distinct AC sub-

types, and it provides a model for studying synaptic communication and visual circuit function.

INTRODUCTION

The mammalian nervous system comprises hundreds of distinct
neuronal subtypes that form precise connections with one
another. Neuronal subtypes can be defined by a combination
of their morphological, physiological, and molecular properties
(Zeng and Sanes, 2017). Recent single-cell RNA sequencing
(scRNA-seq) approaches have greatly expanded the catalog of
neuronal subtypes based on transcriptional profiles (Macosko
et al., 2015; Saunders et al., 2018; Tasic et al., 2018). However,
linking the morphological and physiological properties of
neuronal subtypes to their molecular profile and identifying their
function within neural circuits remains a major challenge.
Theretina is an ideal system to address such questions. It con-
tains a complete neural circuit organized in a highly stereotyped
manner within a compact space. Three classes of excitatory
neurons, photoreceptors, bipolar cells (BCs), and retinal gan-
glion cells (RGCs), connect in sequence to sense light and trans-
mit this sensory information to the brain. Two classes of inhibi-
tory neurons, horizontal cells and amacrine cells, increase the
feature selectivity of these sensory signals by providing spatial
and temporal regulation of excitatory cell activity (Diamond,
2017). Within these 5 classes, there are >120 distinct neuronal
subtypes (Macosko et al., 2015; Rheaume et al., 2018; Sanes
and Masland, 2015; Shekhar et al., 2016; Tran et al., 2019; Yan
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et al., 2020). This high level of diversity reflects the enormous
amount of computation necessary to encode up to 40 distinct
representations of the visual field (Baden et al., 2016).
Amacrine cells (ACs) exhibit the greatest diversity in number
and variance between subtypes. Morphological analysis of
ACs predicts there are ~45 AC subtypes (Badea and Nathans,
2004; Helmstaedter et al., 2013; Lin and Masland, 2006; MacNeil
et al., 1999), while recent single-cell transcriptomic analysis pre-
dicts >60 distinct AC types (Peng et al., 2019; Yan et al., 2020).
The data from these scRNA-seq studies can provide potential
markers for identifying neuronal subtypes in mouse (Macosko
et al., 2015; Rheaume et al., 2018; Shekhar et al., 2016; Tran
et al., 2019) and primate retinas (Peng et al., 2019). AC subtypes
display characteristic specializations evident in their selective
synaptic connectivity and neurotransmitter release. The den-
dritic morphology and stratification of an AC subtype determines
its receptive field size and dictates the potential pre- and post-
synaptic partners within the inner plexiform layer (Diamond,
2017; MacNeil and Masland, 1998). Two broad groups of AC
subtypes are defined by their expression of either glycine or
GABA. In addition to the inhibitory neurotransmitter, some AC
subtypes co-release an excitatory neurotransmitter—for
example, glycine and glutamate (Haverkamp and Wassle,
2004; Johnson et al., 2004; Lee et al., 2014) or GABA and acetyl-
choline (Brecha et al., 1988; Vaney and Young, 1988). Other ACs
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also release neuromodulators such as dopamine (Newkirk et al.,
2013) or neuropeptides (Zalutsky and Miller, 1990). Furthermore,
in addition to neurochemical signaling, AC subtypes can form
electrical synapses via gap junctions with BCs, RGCs, and other
ACs (Bloomfield and Vdlgyi, 2009; Vaney and Weiler, 2000).
Despite this broad functional and morphological diversity,
most AC subtypes have not been thoroughly characterized
due to alack of genetic tools to prospectively identify and manip-
ulate them.

Here, we identify two AC subtypes that are genetically labeled
by a mouse line expressing tamoxifen-inducible Cre recombi-
nase from the endogenous locus of the transcription factor
Gbx2 (Gbx2CreERT2IRES-EGFPy '\\e use this genetic tool to define
the distinct morphological, physiological, and molecular proper-
ties of the two AC subtypes. S5-Gbx2* ACs have larger dendritic
arbors that stratify in S5, receive inputs exclusively from On type
BCs, and are GABAergic. In contrast, S3-Gbx2" ACs have
smaller, dense, asymmetric dendritic arbors that stratify in S3,
receive input from both On and Off BCs, and are non-GABAergic
non-glycinergic (hGnG) ACs. S3-Gbx2" AC subtypes also exhibit
exclusively heterotypic tracer coupling to BCs, suggesting that
they communicate in part through electrical synapses.

RESULTS

Gbx2CreERT2-IRES-EGFP parks Two Distinct AC Subtypes
To begin unraveling the neuronal subtype complexity in the retina,
we sought to identify Cre or CreERT2 mouse lines that could be
used as genetic tools to selectively label and manipulate single
neuronal subtypes in the retina. Using scRNA-seq datasets and
transgenic mouse databases as a guide (Macosko et al., 2015;
Siegert et al., 2009), we identified Gbx2CeERT2HRES-EGFP a9 g
mouse line predicted to label a sparse population of neurons in
the retina (Chen et al., 2009). Since the CreERT2-IRES-EGFP
cassette is knocked into the Gbx2 locus, labeled neurons are ex-
pected to faithfully recapitulate its endogenous expression
pattern. Crossing the Gbx2CTeERT2IRES-EGFP jing to multiple Cre-
dependent reporter lines labeled neurons in the inner nuclear
layer (INL; Figure 1A) and the ganglion cell layer (GCL; Figure 1B).
Low doses of tamoxifen (<0.02 mg) labeled neurons in both the
INL and GCL with dendrites that selectively stratify in sublamina
3 (S3) of the inner plexiform layer (IPL). When we used a saturating
dose of tamoxifen (2.0 mg/day for 2 days; Figures S1D-S1l), we
labeled a second neuronal subtype with dendrites that stratify
in sublamina 5 (S5) of the IPL (Figures 1C and 1G). Importantly,
the same two neuronal populations were labeled whether tamox-
ifen was administered at embryonic (E16), postnatal (P0-P2), or
adult (P28) ages (Figures S1A-S1C), demonstrating that the
Gbx2CreERT2-IRES-EGFP |ing provides a consistent and stable tool
for genetically labeling the same neuronal populations from em-
bryonic to adult stages.

Both the S3- and S5-stratifying Gbx2* populations colocalized
with pan-AC markers TFAP2 and Pax6 (Figures 1D, 1H, and S2A)
and lacked expression of the retinal ganglion cell marker RBPMS
and BC marker Chx10 (Figure 1H, S2B, and S2C). GFP expres-
sion could be detected in 55.3% of the total Gbx2/tdTomato™*
population (Figures 1E and 1l). A second marker, calretinin,
labeled 53.6% of the total Gbx2* ACs (Figures 1F and 1l), and
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nearly all (94.9%) of the GFP* Gbx2* ACs were co-labeled by
calretinin (Figure 1J). Both GFP and calretinin label the S3 subla-
mina of the IPL, whereas S5 is negative for both GFP and calre-
tinin (Figures 1E-1G). Some retinal neuron subtypes, such as
starburst ACs, organize in regularly spaced mosaics, while
many others do not (Keeley et al., 2020). Both S3- and S5-strat-
ifying Gbx2* populations fall into this latter category, forming
irregular mosaics in the INL and GCL (Figures S3A-S3K). The
GFP*/calretinin* S3-stratifying subtype was present at a slightly
higher density than the GFP~/calretinin™ S5-stratifying subtype
(Figure S3I). The cell density of both subtypes was consistent
across the different areas of the retina (Figures S3L-S3N). These
data suggest that Gbx2CeERT2IRES-GFP |apels two distinct AC
subtypes: a GFP*/calretinin® population that stratifies in S3
and a GFP/calretinin™ population that stratifies in S5 of the IPL.

S$3- and S5-Gbx2*" ACs Have Distinct Molecular Profiles
The transcriptomic profiles of related neuronal subtypes can
provide clues to the molecular basis of the morphology, develop-
ment, and function, as well as identify markers for distinguishing
individual subtypes. We used genetic labeling with the
Gbx2CreERT2-IRES-EGFP |ine to identify the molecular differences
between S3- and S5-Gbx2* ACs by performing bulk RNA-seq
on Gbx2* ACs isolated from P8 retinas of Gbx2C eERT2-IRES-EGFP.
R26-SttdTemato mice administered 25 pg tamoxifen at P1. We
used fluorescence-activated cell sorting (FACS) to separate the
S3-Gbx2*" AC (GFP*/tdTomato*) and S5-Gbx2" AC (GFP~/tdTo-
mato*) populations (Figure S4). RNA-seq was performed on these
isolated populations and identified 18 and 67 differentially ex-
pressed genes (DEGs) enriched in S3- and S5-Gbx2* ACs,
respectively (Figure 2A) (GEO: GSE157271). Gbx2 was expressed
13-fold higher in the S3-Gbx2* ACs versus the S5-Gbx2* ACs
(Figure 2B). Consistent with this result, GFP (driven from the
endogenous Gbx2 locus) was expressed 10-fold higher in the
S3-Gbx2* ACs compared to the S5 subtype (Figure 2B). Calretinin
(Calb2), which distinguishes S3- and S5-Gbx2* ACs by immuno-
histochemistry (Figures 1F-1J), was expressed 19-fold higher in
S3-Gbx2* ACs (Figure 2B).

The majority of AC subtypes are categorized by their neuro-
transmitter profile as either GABAergic or glycinergic (Kay
et al., 2011). Based on the RNA-seq results, the GABAergic en-
zymes Gad1 and Gad2 are highly expressed in S5-Gbx2* ACs
(Figure 2C). In contrast, S3-Gbx2* ACs were negative for all of
the standard neurotransmitter markers, including the
GABAergic markers Gad1 and Gad2 and the glycinergic markers
Slc6a9 and Sic6a5 (Figure 2C). Both S3 and S5 subtypes ex-
pressed low levels of the glutamatergic markerSic17a7; howev-
er, this is likely due to photoreceptor contamination. The neuro-
peptides Tachykinin1 (Tac1) and Corticotropin-releasing
hormone (Crh) were highly expressed in the S3- and S5-Gbx2*
subtypes, respectively (Figure 2C).

To gain additional insight into the differences between S3- and
S5-Gbx2* ACs, we expanded our analysis to include transcrip-
tion factors (Figure 2D), cell adhesion and axon guidance recep-
tors (Figure 2E), and neurotransmitter receptors and ion chan-
nels (Figure 2F). The S3-Gbx2* AC subtype expressed the
transcription factors Gbx2 and Zfhx3 significantly higher than in
the S5 subtype, whereas the S5 subtype selectively expressed
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Figure 1. Gbx2CreERT2-IRES-EGFP gg|actively Labels a Subtype of Amacrine Cells (ACs) in the Mouse Retina

(A and B) Left: cross-sections of adult retinas from a Gbx2C eERT2-IRES-EGFP. TyGRETIT2L-GFP-ICLATAZ g se labeling single Gbx2* ACs (low-TM, 0.02 mg tamoxifen)
in the (A) INL and (B) GCL. Right: merged image, choline acetyltransferase (ChAT; magenta, S2, S4), Gbx2-GFP (green, S3).

(C) Cross-sections of an adult retina from a Gbx2°"°ERT2; Rosa26-S--d7emate moyse labeling the total Gbx2* AC population (high-TM, 2.0 mg tamoxifen). Right:
merged image, ChAT (magenta) and Gbx2-tdTom (green, S3 and S5).

(D-F) Left, retinal sections from a Gbx2CreERT2-IRES-EGFP, posg06LSt-tdTomato mase immunolabeled with (D) an AC marker TFAP2, (E) GFP, and (F) calretinin co-
labeled with Gbx2* tdTomato* retinal neurons (green, right).

(G) Fluorescent intensity plotted in IPL depth using ChAT bands in S2 and S4 as reference points. Magenta: Gbx2* ACs detected by EGFP immunohistochemistry
(n = 6 measurements, 3 retinas); green: Gbx2* ACs detected by tdTomato labeling (n = 6 measurements, 3 retinas).

(H) Quantification of the percentage of tdTomato™* cell co-labeling with AC markers Pax6 and TFAP2, retinal ganglion cell marker RBPMS, and bipolar cell maker
Chx10.

(I) Percentage of tdTomato™ cells co-labeling with GFP or calretinin.

(J) Percentage of GFP* cells co-labeling with calretinin.

n = 4 measurements, 3 animals for each experiment in (H)-(J). Data represented as means + SEMs. Scale bar, 25 um.

See also Figures S1-S3.

Id4, Lmo4, Tfap2c, Eomes, and Maf (Figure 2D). Both S3 and S5-
Gbx2* AC subtypes expressed high levels of the transcription
factors Pax6, Meis2, Cux1, and Lhx9 (Figure 2D). The cell adhe-
sion molecule Pcdh8 was expressed significantly higher in the
S3-Gbx2" ACs, whereas Pcdh19, Alcam, Lrrtm1, and Tenm1
were higher in the S5 subtype (Figure 2E). Both shared high

expression of the adhesion receptor genes Cistn1, Cadm1,
Ncam1, Ptprs, Nrxn3, and Robo2 (Figure 2E). Unlike transcrip-
tion factors and adhesion receptors, neurotransmitter receptors
and ion channels showed little difference in expression between
the two subtypes, with the exception of Cacng3, Grm8, and
Chrna2 genes showing significant enrichment in the S5 subtype

Cell Reports 33, 108382, November 17, 2020 3
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Figure 2. Transcriptomic Profiling of S3- and S5-Stratifying Gbx2* AC Subtypes Identifies Molecular Differences

(A) Differentially expressed genes (DEGs) identified by RNA-seq between S3- and S5-Gbx2* ACs are displayed in a volcano plot (negative fold change, S3
enriched; positive fold change, S5 enriched). The blue points represent genes that have significant differences in between the S3- and S5- Gbx2* AC subtypes
(p < 0.05, false discovery rate [FDR], gray line).

(B) Fold change in expression determined by RNA-seq for known S3-specific markers in S3 (blue bars) and S5 (white bars) Gbx2* AC subtypes. Each point (black
diamond) represents a single sample/animal.

(C) The mean expression of neurotransmitter markers from RNA-seq between S3- and S5-Gbx2* ACs displayed in a heatmap. Neurotransmitter markers are
subdivided into GABA synthesis (Gad1, Gad2, Abat, Aldh1a1), GABA transport (S/lc32a1, Sic6at), glycine transport (Slc6a9, Slc6a5), glutamate transport
(Slc17a7, Sic17a6, Sic17a8, Slc17a5), cholinergic synthesis and transport (Chat, Sic5a7), catecholamine synthesis (Th, Dbh, Pnmt), serotonin synthesis (Tph1,
Tph2), histamine synthesis (Hdc), monoamine transport (Slc18a1, Slc18a2), and neuropeptides (Tac7, Crh).

(D and E) Heatmaps comparing the mean expression of highly and differentially expressed (D) transcription factors, (E) cell adhesion and axon guidance re-

ceptors, and (F) neurotransmitter receptors and ion channels. Cpm, counts per million reads.

The data are represented as means.
See also Figure S4.

(Figure 2F). These differentially expressed genes identify
markers to distinguish the two Gbx2" AC subtypes, and provide
insight into the function of these cells, particularly with respect to
neurotransmitter release.

S$3-Gbx2* ACs Are Non-GABAergic, Non-glycinergic
(nGnG)

The majority of ACs (~85%) release either GABA or glycine to
inhibit downstream postsynaptic neurons (Kay et al., 2011).
Based on the RNA-seq results, S5-Gbx2*" ACs express both
Gad1 and Gad2 and are therefore GABAergic (Figure 2C). We
confirmed this with immunohistochemistry, which showed that
28.4% of Gbx2" ACs in the INL co-labeled with the GABAergic
marker GAD67, while the remaining Gbx2" ACs were negative
for GAD67 (Figures 3A-3C, and 3H). The GAD67*/Gbx2* ACs
are likely S5-Gbx2* ACs, as ~37% of all Gbx2* ACs in the INL
are the S5 subtype (calretinin”/GFP™) (Figure S3). Neither
Gbx2* AC subtype colocalized with the glycinergic marker

4 Cell Reports 33, 108382, November 17, 2020

GlyT1/2 (Figures 3D, 3E, and 3H). Therefore, S3-Gbx2* ACs
are a subtype of non-glycinergic, non-GABAergic (nGnG) AC.
These results are consistent with a previous scRNA-seq analysis
that showed that a cluster of ACs identified by their expression of
Gbx2 lacked the expression of SIc6a9 or Gad1/2 (Miacosko et al.,
2015; Yan et al., 2020). When we examined other neurotrans-
mitter markers known to be expressed in specific AC subtypes,
we found little (<1%) or no co-localization with Gbx2* ACs (Fig-
ures 3H and S5), consistent with our RNA-seq results (Figure 2C).

Previous studies have hinted at the presence of at least two
nGnG AC subtypes (Cherry et al., 2009; Macosko et al., 2015;
Yan et al., 2020). One nGnG AC subtype is defined by the
expression of the transcription factor NeuroD6 (Kay et al.,
2011). NeuroD6" nGnG ACs have a narrow dendritic arbor that
stratifies diffusely through multiple layers of the IPL, in contrast
to the dendritic arbors of S3-Gbx2* ACs, which have a me-
dium-size arbor that is monostratified. To confirm that Gbx2
and NeuroD6 label different populations of nGnG ACs, we
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mice and found no overlap between the NeuroD6* (tdTomato*)
and Gbx2* (GFP*) AC subtypes (Figures 3F and 3G). Therefore,
S3-Gbx2* ACs are a distinct subtype of the nGnG AC.
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Figure 3. S3-Gbx2* Neurons Are a Subtype
of non-GABAergic Non-glycinergic ACs

(A) Inner nuclear layer of an adult retina en face from
a Gbx2CeERT2; Rog!SL-tdTom mose immunolabeled
for tdTomato (green) and GAD67 (magenta).

(B and C) Magnified images of Gbx2* ACs from (A)
that do not colocalize with GAD67 (B-B’) and
GABAergic Gbx2* ACs that colocalize with GAD67
(C-C).

(D and E) A retinal cross-section from a
Gbx2CrERT2; RogtSL-dTom moyse shows no coloc-
~ alization between Gbx2* ACs with GlyT1/2.

(F) Gbx2* ACs (GFP, green) do not colocalize with
NeuroD6* nGnG ACs (tdTom, magenta) in retinal
sections from a Gbx2CeER-es-EGFP. NauroD6C™;
Rosa26-St-aTomto maoyse,

(G) Magnified image from (F) labeled with GFP
(Gbx2, left), tdTomato (NeuroD6, center), and a
merge image (right).

(H) Quantification of the percentage of tdTomato™
cells that colocalize with neurotransmitter markers.
GADG67 quantification was performed in INL only. n
> 125 neurons and 3 mice for each condition.

The data represented are as means + SEMs. Scale
bar, 25 um in (A), (D), and (F), 10 um in (B), (C), (E),
and (G).

See also Figure S5.

Merge

83- and S$5-Gbx2 ACs Have Distinct
Morphological Properties

The dendritic morphology of a neuronal
subtype is directly related to its function
(Lefebvre et al., 2015). Dendritic shape
and size are particularly important for
the computations performed by AC sub-
types, as dendrites contain both pre-
and postsynaptic sites. We used the
Gbx2CTeERT2IRES-EGFP |ing to define the
morphological properties of S3- and
S5-stratifying Gbx2* ACs by 2 different
sparse-labeling techniques: a genetic
approach using low-dose tamoxifen
(0.05 mg) or single-cell fills of Gbx2*
ACs with neurobiotin (Figures 4A-4D).
S3-Gbx2* ACs had an average dendritic
arbor area of 10,331 + 629 um2 and a
total dendrite length of 1,766 + 109 um.
S5-Gbx2* ACs had  significantly
larger dendritic arbors, with an area of
44,643 + 11,699 um? and length of
2,800 + 401 pum (Figures 4E and S6A).
S3-Gbx2 ACs had a significantly higher
average dendrite and branch density of
117.8 + 16.9 branches/100 pm?
compared to 34.3 + 12.9 in S5-Gbx2*
ACs (Figures 4F and 4G). We did not observe any difference
between S3- and S5-Gbx2" ACs in total number of branches
(Figure S6B), branch crossovers (Figure S6C), or coverage
factor (Figure S6D).

Cell Reports 33, 108382, November 17, 2020 5
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Figure 4. Distinct Morphological Features
of S3- and S5-Gbx2* ACs

(A and B) Single-cell labeling of (A) S3 stratifying
and (B) S5 stratifying Gbx2* ACs using a
GbX2CreEF?T2-IF(’ES-EGFP; TIGRETITZL-GFP—ICL-tTAZ
mouse and neurobiotin cell fill.

(C and D) Dendrite morphology traces constructed
using the Filaments plugin in Imaris software for
the Gbx2* ACs in (A) and (B), respectively. Below
are the traces in the orthogonal view to display the
stratifications of each neuron in the IPL.

(E-G) S3- and S5-Gbx2" AC morphology in (E)
dendrite area (p = 0.0003), (F) dendrite density (p =

0.0015), and (G) branchpoint density (p = 0.0009).
Morphological data were collected from 15 S3-
Gbx2" ACs (3 animals) and 7 S5-Gbx2* ACs (4
animals).

(H) Gbx2* ACs sparsely labeled in a flat-mounted P21
retinaina GbX2CIeERT2—IFiES—EGFP; TIG HE'HTZL—GFP—ICL—!TAZ
mouse.

() Quantification of dendritic arbor symmetry between
S3- and S5-stratifying ACs (p = 0.0039).

(J) A polar plot of dendrite orientation of S3-targeting
Gbx2* ACs; black trace represents the mean and
colored dashed traces represent neurons quantified

from a single retina (n > 20 neurons per retina, n = 4
retinas). The concentric gray rings represent the
average percentage of neurons with dendrites ex-
tending in the specific orientation (outermost ring =
100%, 20% increments).

The data are represented as means + SEMs. *p < 0.05
by anunpaired t test with Welch’s correction. Scale bar,
20 umin (C) and (D), 50 um in (G).

. See also Figure S6.

dendrite asymmetry and orientation of
S3-Gbx2* ACs were consistent across all
quadrants of the retina (Figures S6E and
S6F and S6G-S6J, respectively). Overall,
these data show that S3- and S5-Gbx2*
ACs exhibit significantly different morpho-
D logical features, supporting the hypothesis
that they are distinct subtypes.

S$3-Gbx2* ACs Are Tracer Coupled

N to Bipolar Cells
Many ACs show selective electrical
coupling to other neurons, including bipo-
lar cells (BCs), ganglion cells, and other
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Sparse labeling revealed that the dendritic arbors of S3-Gbx2*
ACs exhibited a clear asymmetry, with the arbor rarely exceeding
180° (Figure 4H). As a population, S3-Gbx2* ACs had a signifi-
cantly lower symmetry index than S5-Gbx2* ACs (Figure 4l). We
analyzed the dendrite orientation of S3-Gbx2* ACs at a population
level and found that their asymmetric dendrites were consistently
oriented in a dorsal-temporal direction (Figure 4J). Both the
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v ACs (Bloomfield and Vo6lgyi, 2009). Electri-
cal synapses play a major role in the trans-
mission of visual information in the retina
(O’Brien and Bloomfield, 2018) and are

typically revealed by filling cells with neurobiotin, a small tracer
molecule that is permeable through most gap junctions (Vaney,
1991). When we filled genetically labeled S3-Gbx2* AC somas
in the ganglion cell layer with neurobiotin, we found that the tracer
spread into a sparse number of neighboring retinal neurons with
somas in the INL (Figures 5A and 5B). The coupled cells could
be identified as BCs based on their morphology in orthogonal
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Figure 5. Gbx2" ACs Are Electrically Coupled to Neighboring Bipolar Cells
(A-F) Neurobiotin-filled S3-stratifying Gbx2* AC (arrows, cell bodies) incubated in (A-C) vehicle and (D-F) D1 receptor inhibitor, 50 uM SCH23390, in flat-mounted
retinas. (A and D) Z projection through the entire retina. (B and E) Z projection through the INL only. (C and F) Merged Z projection with neurobiotin (green) and

Gbx2* ACs (magenta).

(G) Orthogonal view of neurobiotin-filled Gbx2* AC (arrow) and dye-coupled BCs.
(H) Magnified image (box in A) of bipolar cell (BC) axon terminals (circle) colocalizing with a dendritic branch of neurobiotin-filled Gbx2* ACs.
(Iand J) Mean number of neurons dye coupled to a single (I) S3- and (J) S5-stratifying Gbx2* AC (S3-vehicle, n = 6 cell-fills; S3-D1R inhibitor [Inh.], n = 8; S3-D1R

Inh. + MFA, n = 7; S5-vehicle, n = 2; S5-D1R Inh., n = 3; Welch’s t test).

(K) The spatial distribution of dye-coupled cells to a single S3-stratifying Gbx2* AC along its dendritic arbor. *p < 0.05 calculated by a 2-way ANOVA with multiple

comparisons.

The data are represented as means + SEMs. Scale bar, 50 um in (A)-(G), 10 um in (H).

optical sections (Figure 5G). At higher magnification, we also
observed tracer-filled BC axon terminals overlapping S3-Gbx2*
AC dendrites in the same optical section en face (Figure 5H). In
contrast to the S3-Gbx2 ACs, S5-Gbx2* ACs did not show consis-
tent tracer coupling with other retinal cells (Figure 5J).

The extent and strength of coupling in the retina is linked to the
ambient light level through the release of the neuromodulator
dopamine. Dopamine release increases as the background light
level increases (Hampson et al., 1992). The increased concentra-

tion of dopamine activates D1 receptors in all All ACs, reducing
their coupling to BCs. To determine whether S3-Gbx2* AC to BC
coupling is also modulated by dopamine, we measured coupling
in the presence of the D1 receptor antagonist SCH23390
(50 puM). The inhibition of D1 receptors dramatically increased
coupling to BCs in 3 of 8 S3-Gbx2* ACs, while coupling in the re-
maining S3-Gbx2" ACs was unaffected (Figures 5D-5I). The
specificity of tracer coupling was confirmed by bath application
of the gap junction antagonist meclofenamic acid (MFA,
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100 uM), which blocked coupling in both baseline and D1 recep-
tor antagonist conditions (Figure 5I).

The coupling between S3-Gbx2* ACs and BCs shows unusual
spatial features. In other ACs, coupling typically occurs homo-
typically and spreads laterally to serve a signal averaging func-
tion (Bloomfield and Volgyi, 2009). In contrast, we never
observed S3-Gbx2* ACs coupled to neighboring S3-Gbx2*
ACs, and their coupling to BCs appeared to be spatially selec-
tive. BCs coupled to S3-Gbx2* ACs were clustered toward the
center of the dendritic arbor (Figure 5K). Even with the addition
of the D1R antagonist, BC coupling to Gbx2" ACs never
extended into the distal 20% of the dendrite arbor (Figure 5J). In-
hibition of the D1 receptors did not unmask coupling between
the S5-Gbx2* ACs and other retinal neurons (Figure 5J).

Input Differences between S3- and S5-Gbx2* ACs

We next sought to characterize the intrinsic physiological prop-
erties of S3- and S5-Gbx2* ACs. S3-Gbx2* ACs cells stratify at
the border between the On and Off sublamina of the IPL and
thus potentially receive input from both On- and Off-type BCs.
The S5-Gbx2* ACs cells stratify within the On-sublamina, and
are therefore likely to receive input from On-type BCs. To test
these predictions, we recorded light-evoked postsynaptic po-
tentials (PSPs) from S3- and S5-Gbx2* ACs. Genetically labeled
Gbx2* Acs were stimulated with light spots of 50% to 80%
contrast, square-wave modulated at 2 Hz, centered on the
receptive field. The background intensity was set at a photopic
level (10° photons/um?/s). Consistent with the stratification
levels of their dendrites, S3-Gbx2" ACs cells showed strong de-
polarization during both the On phase (increase in luminance)
and the Off phase (decrease in luminance) of the stimulus (black
trace, Figure 6A, left). In contrast, S5-Gbx2* ACs cells were de-
polarized only during the On phase and are hyperpolarized dur-
ing the Off phase (black trace, Figure 6A, right). Thus, the phys-
iological inputs are consistent with the stratification level of the
dendrites for both S3- and S5-Gbx2" ACs.

$3- and S5-Gbx2" ACs Receive Center and Surround
Inhibition

In many retinal neurons, the spatial structure of the receptive
field is shaped by center/surround organization, in which illumi-
nation outside the excitatory center receptive field of a neuron
elicits an antagonistic response. We presented spots with a
range of diameters to test for differences between the spatial
extent of the receptive fields of the two cell types. The largest
spots suppressed center responses in both cell types. For S3-
Gbx2* ACs, maximal surround stimulation suppressed On and
Off PSPs equally by 86% (Figures 6A and 6B, left), whereas sur-
round suppression was weaker in the S5-Gbx2* ACs, reducing
center PSPs by ~53% (Figures 6A and 6B, right). Activation of
the surround had little effect on the amplitude of the hyperpolar-
ization evoked during the Off phase of the stimulus (Figure 6B,
left, filled symbols). The spatial extent of the center and surround
were estimated at fixed time points during the On and Off phases
of the stimulus by fitting a difference of Gaussians (DOG) function
to the amplitude of the responses. The On and Off responses of
the S3 ACs showed essentially identical spatial tuning profiles,
with the extent of the surround being ~2.5-fold wider than the
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center (Figure 6B, left). The maximum dendritic diameter aver-
aged 181 + 8 um (n = 17), as estimated from the morphological
analysis, which compares well with the physiological center
size of ~145 pum, estimated as the space constant from the
DOG fit. The S5 ACs were more divergent. The maximum den-
dritic diameter averaged 258 + 12 um (n = 27), while the physio-
logical center size estimated during the On phase was only
~110 um (Figure 6B, right), and was smaller than the center
size measured during the Off phase (~180 um). A similar differ-
ence was apparent in a previous study (Park et al., 2018).

To examine the potential synaptic mechanisms providing sur-
round antagonism, we recorded light-evoked postsynaptic cur-
rents (PSCs) in response to center-only and full-field visual stim-
uli, and calculated the component excitatory and inhibitory
inputs (Figures 6C-6E). Excitation and inhibition were activated
during the On and Off phases of the stimulus for S3-Gbx2*
ACs and appeared to have very similar temporal dynamics (Fig-
ure 6E, left). The S5 ACs showed a similar pattern, with excitation
and inhibition showing similar temporal waveforms. However,
while inhibition was slow to turn off during the Off phase, excita-
tion declined more rapidly and dipped below zero (Figure 6E,
right), presumably driving the hyperpolarization seen during the
Off phase in Figure 6A. Comparison of the center-only and full-
field responses provides insight into the mechanisms of sur-
round antagonism. For the S3 ACs, excitation was suppressed
and inhibition enhanced for full-field stimuli relative center-only
stimuli (Figure 6E, red versus black, left), suggesting that the
antagonistic surround shown in Figure 6A results from comple-
mentary changes in both excitation and inhibition. For S5 ACs,
by contrast, activation of the surround suppressed only the exci-
tation, and had no significant effect on the inhibitory input (Fig-
ure 6E, red versus black, right).

S$3- and S5-Gbx2* ACs Receive Distinct On and Off
Pathway Excitation and Inhibition

These data suggest that excitation and inhibition may arise
through both the On and Off pathways for S3-Gbx2* ACs, but
only the On pathway for S5-Gbx2* ACs. Consistent with this hy-
pothesis, when the On pathway signaling was blocked by using
mGIuR6 agonist L-AP4 to prevent depolarization of On BCs,
light-evoked synaptic input to S5-Gbx2* ACs was abolished
(Figure 7A, right). In contrast, the light-evoked synaptic inputs
to S3-Gbx2* ACs during the On phase of the stimulus were
strongly suppressed, while the Off pathway excitation and inhibi-
tion were largely unaffected. (Figure 7A, left). Inhibition is in-
phase with excitation during On and Off responses in S3-
Gbx2* ACs and during On responses in S5-Gbx2* ACs, suggest-
ing that it could serve to regulate the gain of signaling by counter-
balancing excitation.

The S3- and S5-Gbx2" ACs show distinct neurobiotin-
coupling patterns to peri-somatic BCs (Figure 5). To test whether
these gap junction connections support significant, light-evoked
electrical synaptic input to the ACs, we blocked glutamatergic in-
puts using a cocktail of antagonists, including the NMDA recep-
tor antagonist D-AP5 (50 um), and the AMPA and kainate recep-
tor antagonists ACET and GYKI (1 and 50 uM). Under these
conditions, mGluR6-mediated transmission in On-type BCs is
preserved, and if gap junctions mediate electrical transmission
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Figure 7. S3- and S5-Gbx2* AC Subtypes
Have Distinct Excitatory and Inhibitory Inputs
(A) Conductance measurements from (n = 7) S3 (left)
and S5 (right) cells in response to a center spot
stimulus in the presence (green) or absence (black)
of mGIuR6 receptor agonist 10 pM L-AP4 (On
pathway block).

(B) Conductance measurements from (n = 6) S3 and
S5 cells in response to a center spot stimulus in the

iGIuR block

to S3- or S5-Gbx2* ACs, excitatory On responses in these cells
should also be preserved. However, light-evoked responses us-
ing stimulus spots large enough to activate all of the coupled BCs
are almost completely blocked (Figure 7B, magenta traces), sug-
gesting that excitatory drive through any electrical synapses
from the coupled BCs is functionally insignificant under these
recording conditions. These experiments do not rule out the
possible presence of functionally significant electrical synapses
between Off BCs and S3-Gbx2* ACs because AMPA/kainate an-
tagonists block cone input to Off BCs. However, current-voltage
relations of excitatory synaptic inputs during light-off responses,
recorded with inhibition blocked, were linear and reversed near
0 mV, which is inconsistent with a major input through gap junc-
tions (data not shown).

DISCUSSION

We have identified the Gbx2CeERT2-IRES-EGFP g se line as a tool
that can be used to genetically label two AC subtypes in the
mouse retina that are morphologically, physiologically, and
molecularly distinct from each other. S3-Gbx2* ACs are On-
Off-type cells (Figure 5), have smaller, asymmetric dendrites
that stratify in sublamina 3 of the IPL (Figure 4), and exhibit het-
erotypic gap junction coupling (Figure 6). S5-Gbx2* ACs are On-
type cells, have larger, more symmetric dendrites that stratify in
sublamina 5 of the IPL, and lack consistent gap junction
coupling. S3-Gbx2* ACs lack expression of any of the standard
inhibitory or excitatory neurotransmitters, identifying them as a
subtype of nGnG ACs, whereas the S5-Gbx2* ACs are
GABAergic. RNA-seq revealed the distinct molecular profiles
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presence (magenta) or absence (black) of a cocktail
of iGIuR receptor agonists: 1 uM ACET, 20 uM
GYKI, and 50 pM D-APS5.

The traces represent the average responses. The
shading represents SEM. Blue traces indicate sig-
nificant differences (paired t test) between the drug
and control conditions. p values indicated on
graphs (p < 0.05).

of these two Gbx2* AC subtypes, which
confirms their identification as separate
subtypes and informs future analyses of
the cell-specific mechanisms that underlie
their distinct morphology and physiolog-
ical features.

Categorization of AC Subtypes
Previous studies have used Golgi staining,
cell fills, and sparse genetic labeling to
categorize many AC subtypes based on their morphology (Ba-
dea and Nathans, 2004; Lin and Masland, 2006; MacNeil et al.,
1999). Reconstruction of a 114 x 80-um volume of mouse retina
by serial block-face electron microscopy indicated the presence
of >40 subtypes of ACs (Helmstaedter et al., 2013). However,
these approaches may undersample rare neurons, and do not
provide a means to prospectively identify and manipulate indi-
vidual subtypes. A recent single-cell transcriptomic study pro-
vides evidence for the existence of 63 molecularly distinct sub-
types, indicating that there is greater subtype diversity than
previously predicted (Yan et al., 2020). One of the challenges
going forward will be to match these molecularly defined sub-
types with their morphological counterparts and begin to tease
out their connectivity patterns with visual circuits.

Single-cell transcriptomic studies of AC subtypes initially iden-
tified two different nGnG AC subtypes, one that is molecularly
similar to glycinergic ACs and one that is similar to GABAergic
ACs (Cherry et al., 2009; Macosko et al., 2015). The glyciner-
gic-like nGnG AC subtype is marked by the specific expression
of NeuroD6 (Kay et al., 2011). A recent study identified two addi-
tional nGnG subtypes closely related to NeuroD6* nGnG ACs
(Yan et al., 2020). In contrast, the S3-Gbx2" AC subtype is the
“GABAergic-like” nGnG subtype cluster 4 in the Macosko data-
set (Macosko et al., 2015) and nGnG 4, cluster 36 in the Yan da-
taset (Yan et al., 2020). S3-Gbx2" nGnG ACs appear to be
conserved in primates based on cross-species analysis of sin-
gle-cell transcriptomics (Peng et al., 2019).

S5-Gbx2" ACs closely resemble cluster 7 from the Macosko
study based on the selective expression of Maf, Cxcl14, 1d4,
and Lmo4 in both transcriptomic datasets (Figure 2A). S5-Gbx2*
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ACs also share morphological, molecular, and physiological prop-
erties with the previously described CRH-1 AC (Jacoby et al.,
2015; Park et al., 2018; Zhu et al., 2014). S5-Gbx2* ACs and
CRH-1 ACs have dendritic arbors of a similar size and shape
that stratify in S5 of the IPL, they both express the neuropeptide
Crh, and have similar physiological properties in response to On
light stimuli (Jacoby et al., 2015; Park et al., 2018). The CRH-
IRES-Cre line used in these studies labels at least three different
AC subtypes, which can be distinguished based on their morpho-
logical differences. An intersectional approach pairing the
Gbx2CeERTZIRES-EGFP \yith 3 recently developed Crh-IRES-FlpO
line (Jackson Labs strain 031559) and a dual-recombinase re-
porter line should selectively label S5-Gbx2* ACs and allow the
direct testing of whether they are the same subtype as CRH-1
ACs.

Dendrite Morphology and Gbx2* AC Function

The receptive field properties of ACs are dependent on the mor-
phologies of their dendritic arbors. By using a combination of ge-
netic labeling and electrophysiological recordings, we show that
the morphologies and the spatial receptive field properties of the
S3- and S5-Gbx2* ACs are quite different from one another (Fig-
ures 6A and 6B). Although both cells display a center/surround
organization, with fairly similar center diameters, the extent of
the surround is much smaller for the S3 than for the S5 cells.
For S3-Gbx2* ACs, responses during both the On and Off
phases of the stimulus were strongly suppressed by the sur-
round, with space constants of ~350 um (Figure 6B). The S5-
Gbx2* ACs showed much weaker surround suppression, with
a space constant exceeding 650 um. With stronger surround
suppression, activated with a shorter space constant, the S3
cells will be tuned to higher spatial frequencies than the S5 cells.
It seems likely that the narrow surround inhibition of the S3 cells
arises in the IPL, while the broader surround of the S5 ACs prob-
ably reflects, at least in part, the center-surround organization of
the cone photoreceptor output, generated by horizontal cell
feedback in the OPL. The lack of any surround suppression dur-
ing the Off phase of the response (Figure 6B) is expected if the
response were produced by turning off presynaptic On BCs
that provide a tonic excitatory input to the S5 ACs. The disparity
in the center size estimates for the On and Off phases of the stim-
ulus may be explained by inputs from two populations of On BCs
with different spatial distributions across the dendritic arbor.
Further work will be required to test this hypothesis. Unlike S5
ACs, CRH-1 ACs have been shown to lack any surround sup-
pression during the On phase of the response (compare Figure 3
of Park et al., 2018 with Figure 6A). This discrepancy probably re-
flects differences in the physiological conditions of the prepara-
tions rather than evidence that S5 Gbx2* ACs and CRH-1 ACs
are different subtypes.

Unlike the S5-Gbx2* ACs, the dendritic arbors of the S3-
Gbx2* ACs are asymmetric along the dorsal-temporal axis,
with the soma offset relative to the dendritic arbor. Such asym-
metries can influence the response properties of neurons. For
example, J-RGCs display a similar asymmetry, which appears
to enhance directional responses to ventral motion (Kim et al.,
2008; Liu and Sanes, 2017). Examples of functional asymmetry
are also found outside the retina, such as in Drosophila proprio-
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ceptors, which are spatially tuned for the direction of muscle
movement (He et al., 2019). It remains to be determined whether
the asymmetric dendrites of S3-Gbx2* ACs result in anisotropic
physiological receptive field structure. The developmental
mechanisms that instruct dendrite asymmetry and orientation
are poorly understood, but likely involve a combination of selec-
tive directional growth and pruning of developing arbors (Liu and
Sanes, 2017).

As a transcription factor, Gbx2 is poised to regulate the cellular
identity and development of Gbx2" ACs. Subtype-specific tran-
scription factors in retinal neurons have an important role estab-
lishing correct cell body location, dendrite morphology, and syn-
aptic connectivity (Kay et al., 2011; Liu et al., 2018; Peng et al.,
2017, 2020; Whitney et al., 2014). Gbx2 regulates the specifica-
tion, migration, and axon guidance of several neuronal popula-
tions in the brain and spinal cord (Chatterjee et al., 2012; Chen
et al.,, 2010; Luu et al., 2011; Mallika et al., 2015). Therefore,
Gbx2 may regulate the development of Gbx2* ACs through the
regulation of effector genes specific to this AC subtype, but its
exact function in AC identity and development remains to be
determined.

Modes of Neurotransmission in $S3-Gbx2* ACs

Without GABA, glycine, and other chemical neurotransmitters,
how do S3-Gbx2* ACs communicate with other neurons? One
possibility is that these neurons are in fact GABAergic, and the
very low levels of Gad1 and Gad? in these cells is sufficient for
low levels of GABA synthesis. There are also non-canonical
pathways for GABA synthesis, although S3-Gbx2* ACs do not
express appreciable levels of Abat (GABA transaminase) or
Aldh1a1 (aldehyde dehydrogenase 1at), the enzymes required
for these pathways (Kim et al., 2015; Tritsch et al., 2012, 2014).
Alternatively, S3-Gbx2* ACs could release GABA without de
novo synthesis. Midbrain dopaminergic lack expression of
Gad1 and Gad2 expression, yet release GABA that is taken up
from the extracellular environment by plasma membrane
GABA transporters (Tritsch et al., 2014). $S3-Gbx2" ACs express
relatively high levels of Slc6a1, which encodes the plasma mem-
brane GABA transporter Gat1 (Figure 2C).

In addition to chemical neurotransmitters, many retinal neu-
rons also express neuromodulators and neuropeptides. Our
RNA-seq results revealed that the S3-Gbx2" ACs highly express
the neuropeptide gene Tachykinin1 (Tac1), that encodes several
neuropeptides, the most common one being substance P (Fig-
ure 2C). Release of substance P from ACs can modulate the
excitability of downstream retinal ganglion cells, at a slower
timescale than most neurotransmitters, however (Zalutsky and
Miller, 1990). The genetic identity of substance P-releasing
ACs in the mouse retina is unknown, and several other AC sub-
types also express Tac1 in addition to S3-Gbx2* ACs (Yan et al.,
2020). Ultimately, directly testing whether S3-Gbx2* ACs use
standard chemical neurotransmitters and/or neuromodulators
will require identifying their downstream synaptic partners.

Many ACs exhibit homotypic coupling with neighboring ACs of
the same subtype, as seen with All and neuronal nitric oxide syn-
thase-2 (hNOS-2) AC subtypes (Jacoby and Schwartz, 2018; Va-
ney, 1991). Coupling can spread signals laterally and may serve
a “signal averaging” function in coupled cells. However, such
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signal averaging seems unlikely in S3-Gbx2* ACs because we
never observed homotypic coupling despite significant overlap
in their dendritic arbors (Figure 7C). Rather, S3-Gbx2* ACs are
heterotypically coupled with neighboring BCs. Heterotypic
coupling between ACs and BCs has been previously observed
in glycinergic All and A8 ACs with cone BCs (Vaney, 1991; Yadav
et al., 2019). The spatial pattern of the S3-Gbx2* AC:BC tracer
coupling is unusual, as it never extends beyond the central
80% of the dendritic arbor of the S3-Gbx2* AC. Although the
physiological recordings (Figure 7B) indicate that electrical syn-
apses contribute minimal excitatory input to S3-Gbx2* ACs at
photopic light levels, it remains possible that signaling between
S3-Gbx2* ACs and cone BCs through electrical synapses could
become prominent under specific conditions. Tracer coupling to
BCs increased in a subset of S3-Gbx2* ACs during the applica-
tion of a D1 receptor antagonist, which mimics low dopamine
release that occurs under scotopic conditions (Figures 5D-5F
and 5I). These results demonstrate that tracer coupling can be
modulated and suggest that the physiological role of gap junc-
tions may depend on the adaptation level. It is also possible
that gap junction connections may mediate S3-Gbx2* AC to
excite ganglion cells indirectly by depolarizing BCs. In this situa-
tion, electrical synapses could amplify local signaling between
S3-Gbx2™ ACs and BCs. While the BC subtype coupled to S3-
Gbx2* ACs is unknown, based on the stratification of coupled-
BC axon terminals in the IPL, it is likely to include type 5 and
possibly types 6 and 7a BCs (Ghosh et al., 2004). Future studies
should be able to determine this connectivity with a combination
of immunohistochemistry or genetic markers for BC subtypes. In
addition, the identity of the connexins that mediate coupling be-
tween S3-Gbx2" ACs and BC remains unknown. In our RNA-seq
data, Gjd2 (Cx36), Gjc1 (Cx45), and Gje1 (Cx23) are expressed in
S3-Gbx2* ACs, implicating a number of potential targets.

Potential Visual Modalities Requiring Gbx2* ACs

What are the functions of Gbx2" ACs in the retina? While this re-
mains an open question, the stratification pattern of Gbx2* AC
dendrites to specific lamina in the IPL restricts their potential
synaptic partners and allows for some speculation. Each subla-
mina in the IPL contains the dendrites of a specific subset of
RGC subtypes and responds to a specific set of visual modalities
(Roska and Werblin, 2001). If S5-Gbx2 ACs are the CRH-1 sub-
type, as hypothesized above, we would expect that they provide
inhibition onto “sustained” suppressed-by-contrast (SbC) RGCs
and On «RGCs (also known as the M4 subtype of intrinsically
photosensitive RGCs [ipRGCs]) (Estevez et al., 2012; Jacoby
and Schwartz, 2018; Jacoby et al., 2015; Park et al., 2018). Sub-
lamina 5 also contains the dendrites of the M2, M3, and M5 sub-
types of ipRGCs, which are involved in visual modalities involved
in light avoidance, pupillary reflex, and circadian rhythm behav-
iors (Schmidt et al., 2011; Sonoda et al., 2020).

In contrast to the S5-Gbx2* ACs, the S3-Gbx2* ACs do not
resemble any previously described AC subtype. With dendrites
that ramify in sublamina 3 of the IPL (Figure 1), the S3-Gbx2*
ACs could be connected to W3B RGCs that are involved in ob-
ject motion detection (Krishnaswamy et al., 2015; Zhang et al.,
2012) or other small-field RGCs involved in spatial vision (Jacoby
and Schwartz, 2018). However, it is important to note that not all
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ACs and RGCs that co-stratify in an IPL sublamina are synapti-
cally connected (Krishnaswamy et al., 2015). Furthermore, we
currently lack a complete accounting of the dendritic stratifica-
tion of the >40 RGC subtypes that have been defined molecu-
larly, suggesting that there are other potential synaptic partners
(Rheaumeetal., 2018; Tran et al., 2019). Ultimately, the presence
of functional connections between S3- and S5-Gbx2* ACs and
their potential postsynaptic targets will require paired record-
ings, which should be feasible now that we have genetic tools
to prospectively identify Gbx2* ACs.

Over the past few years, single-cell transcriptomics has greatly
increased the cellular inventory of molecularly distinct neuronal
subtypes. Going forward, we will need genetic tools to interrogate
specific neuronal subtypes within a given neural circuit, as we
have done in this study. The Gbx2CeERTZ-IRES-EGFP |ing has al-
lowed us to define the molecular, morphological, and physiolog-
ical properties of two AC subtypes. In particular, the unusual
properties of the S3-Gbx2* AC subtype raise a number of
intriguing questions about their form and function within the retina
for future studies.
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Fisher Scientific
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Critical Commercial Assays

Absolutely RNA Nanoprep Kit Agilent Cat# 400753
SMART-Seq Ultra Low Input RNA Kit Takara Cat# 634888

Experimental Models: Organisms/Strains

Mouse: G bXZCreERTZ—IRES—EGFP

Mouse: TIGRE-S-SFP (Ai140D, TIT2L-GFP-
ICL-tTA2)

Mouse: Rosa26-S-tdTomato (ajg)
Mouse: NeuroD6°™ (NEXCTe)

Jackson Laboratory
Jackson Laboratory

Jackson Laboratory
(Schwab et al., 2000)

JAX: 022135, MGIl: 3840448
JAX: 030220, MGl: 5904001

JAX: 007909, MGlI: 3809523
MGl: 2668659

Deposited Data

RNA-sequencing data

This manuscript

GEO (https://www.ncbi.nlm.nih.gov/geo/)
Accession number: GSE157271

Software/Algorithms

ZEN Blue Zeiss RRID: SCR_013672

ImagedJ/FIJI (Schindelin et al., 2012) https://fiji.sc/; RRID: SCR_002285

WinDRP (Rodieck, 1991) N/A

Imaris Bitplane RRID: SCR_007370

Prism 8 Graphpad Software, Inc. RRID: SCR_002798

Igor Pro 8.02 WaveMetrics, Inc. RRID: SCR_000325

FastQC Simon Andrews (Babraham Institute) https://www.bioinformatics.babraham.ac.
uk/projects/fastqc/; RRID: SCR_014583

MultiQC (Ewels et al., 2016) https://multigc.info/; RRID: SCR_014982
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Trimmomatic (Bolger et al., 2014) https://github.com/timflutre/trimmomatic
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STAR (v2.7.3a) (Dobin et al., 2013) RRID: SCR_015899

RNA-SeQC (Deluca et al., 2012) RRID: SCR_005120
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Lead Contact
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Materials Availability
No mice or reagents were generated in this study. The mouse lines used in the study will be provided with permission from the inves-
tigator that generated them (see Key Resources Table). Questions and inquiries should be directed to the Lead Contact.

Data and Code Availability
RNA-sequencing data generated in this manuscript are available at Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/),
GEO accession number: GSE157271. No new code was generated in this study.

EXPERIMENTAL MODEL AND SUJECT DETAILS

Animals and Animal Procedures

Gbx2CreERTZ-IRES-EGFP (Ghen et al., 2009), NeuroD6°™® (NEXC™) (Schwab et al., 2000), Ai9/Rosa26-St-19Tmato (\jadisen et al., 2010),
and Ai140D/TIGRETRE?-LSL-GFP, CAG-LSL-TAZ (aigle et al., 2018) mice were maintained on a C57BL/6J background. Mice of both
sexes were used for all experiments. Tamoxifen was administered at E16, PO, and adults (> P28) ages. For E16 time points,
200uL of 5mg/mL tamoxifen and 2.5mg/mL progesterone dissolved in sunflower seed oil was administered to pregnant dam by
oral gavage. Pregnancies were timed by the presence of a vaginal plug marked as E0.5. At PO time points, 50 pL of 0.5mg/mL tamox-
ifen was injected with into the milk pouch of the mouse pups, as previously described (Pitulescu et al., 2010). At adult ages, 200uL of
5mg/mL tamoxifen was administered by oral gavage for at least two consecutive days to ensure complete recombination of the Cre-
dependent reporter (Figure S1). All animal procedures were approved by Oregon Health and Science University Institutional Animal
Care and Use Committee, the Institutional Animal Care and Use Committee of University of California (Berkeley, CA), and conformed
to the National Institutes of Health’s Guide for the Care and Use of Laboratory Animals.

METHOD DETAILS

Immunohistochemistry

Adult retinas were prepared forimmunolabeling by removing the eyes from the head of a recently euthanized mouse. The cornea was
removed and the eyes were fixed in 4% EM-grade paraformaldehyde (PFA) for 30 min at room temperature. Eyes were washed in
PBS for 30 min post-fixation. Tissue for cryosections was cryo-protected in 10% and then 20% sucrose in PBS for 1 h each at
4°C. The lenses were removed and the eye cups were placed in cryomold with Optimal Cutting Temperature media and frozen. Ret-
inas were sectioned at 20um using a cryostat. Slide mounted retinal sections were washed for 10 mins in PBS and blocked with 2%
normal donkey serum, 0.2% Triton X-100 in PBS for 30 mins. Sections were incubated in primary antibody in blocking buffer over-
night at 4°C. Primary antibodies were used at the dilutions listed in the Key Resources Table. Sections were washed 3 times for
10 mins in PBS and incubated in secondary antibodies in blocking buffer for 2 hr at room temperature. All secondary antibodies
were used at a 1:500 dilution. Retinal sections were washed three times in PBS for 10 mins with DAPI (1:5000) included in the first
wash step. Tissue was mounted in Fluoromount-G (Southern Biotech) and coverslipped for imaging.

Retina flat-mounts were fixed and washed as described above. The retinas were isolated from the eye cup and flattened by making
3-4 equally spaced incisions from the edge of the retina. Retina flat-mounts were post-fixed in 4% PFA in PBS for 10 min to help
maintain their shape. Retinas were washed in blocking buffer (4% normal donkey serum, 0.2% Triton X-100) 3 times for 30 min. Ret-
inas were incubated in primary antibody in blocking buffer for 3 days at room temperature. Following incubation of primary antibody,
retinas were washed 3 times for 30 min in blocking buffer. Retinas were then incubated in secondary antibody overnight at room tem-
perature. Next, retinas were washed in PBS three times for 30 min, flattened on slides, and coverslipped in Fluoromount-G for
imaging.
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Fluorescence Image Acquisition

All retinal sections were imaged on a Zeiss Axio Imager M2 upright microscope equipped with an ApoTome2 using a 20x objective.
Retinal flatmounts for mosaic analysis, single-cell morphology, and tracer coupling experiments were imaged on a Zeiss LSM 880
confocal microscope using a 40x objective. Images were acquired using the Zeiss Zen Imaging software for both microscopes.

Electrophysiology

Adult mice of either sex were dark adapted for 1-2 h. Animals were anesthetized with isoflurane before being euthanized via cervical
dislocation. Subsequent to enucleation, all procedures were performed under infrared illumination. The retina and attached pigment
epithelium were dissected free from the sclera and placed in a recording chamber under a microscope and continuously perfused
(5ml/min) with Ames medium maintained at 34°C. Cells were visualized though a 40x water-immersion objective and Dodt contrast
illumination. Fluorescent Gbx2+ ACs were targeted under 2-photon guidance (excitation wavelength: 920 nm) with a Ti:sapphire laser
(Chameleon ultra Il; Coherent). Correct targeting was confirmed by visualizing the Alexa dye in intracellular solution fill the soma and
processes of the target cell.

Patch electrodes were pulled from borosilicate glass to a final resistance of 8-12 MQ. For voltage-clamp recordings, pipettes were
filled with an intracellular solution containing the following (in mM): 125 Cs-methanesulphonate, 7 CsCl, 10 Na-HEPES, 3 phospho-
creatine-Na,, 1 EGTA, 2 Mg-ATP, 1 Na-GTP, 0.1 Alexa Fluor 488 hydrazide, and 3 QX-314 chloride. The solution was adjusted to pH
7.35 using CsOH. Cesium was included in place of potassium to block voltage-gated potassium currents, thereby improving the
voltage clamp at positive potentials. QX-314 was included to block voltage-gated sodium channels. For current-clamp recordings,
all solution components were the same except potassium was used in place of cesium, and QX-314 was not included. Currents were
sampled at 10 kHz and filtered at 2 kHz through the four-pole Bessel filter in an EPC-10 patch clamp amplifier (HEKA). Voltages were
corrected for a liquid junction potential of —10mV.

Visual stimuli were produced using custom software based on PsychoPy routines (Peirce, 2007). The stimuli, generated on a Texas
Instruments digital light projector (DLP; Lightcrafter 4500), were projected onto the photoreceptor layer through a 10x water immer-
sion objective (0.3 NA, Olympus). The DLP intensity was linearized using a calibrated lookup table. DLP intensity was attenuated us-
ing neutral density filters to produce a gray adapting background flux of ~3.4 x 10° photons/um?/s. Stimuli were first aligned to the
receptive field center of each cell using a series of 100 x 1000 um vertical and horizontal bars to locate the cell’s maximal response.
All subsequent stimuli were centered on the coordinate of maximum response. Receptive field sizes were estimated from area-
response data and fit to a difference of Gaussians function:

\/ R=K,e(d/5) — Ke(d/oc)?

where R is the peak response evoked by a stimulus of diameter d, K. and K; are the amplitudes of the excitatory and inhibitory com-
ponents, respectively, and o, and o5 are their space constants.

Pharmacological Agents

Drugs were added to the perfusion solution. The following agents were used: L-(+)-2-amino-4-phophonobutyric acid (L-AP4; 20 uM;
Tocris Bioscience, catalog #0103), D-(-)-2-amino-5-phophonopentanoic acid (D-AP5; 50 puM; Abcam Biochemicals, catalog
#120003), 1-(4-aminophenyl)-3-methylcarbamyl-4-methyl-3,4-dihydro-7,8-meth- ylenedioxy-5H-2,3-benzodiazepine hydrochloride
[GYKI-53655 (GYKI); 50 uM;Tocris Bioscience catalog #2555), (S)-1-(2-Amino-2-carboxyethyl)-3-(2-carboxy-5-phenylthiophene-3-
yl-methyl)-5-methylpyrimidine-2,4-dione (ACET; 1 uM; Tocris Bioscience, catalog #2728).

Data Analysis

Light-evoked synaptic conductances were calculated as described previously (Taylor and Vaney, 2002). Briefly, current-voltage (I-V)
relations were measured at 10 ms intervals over a range of voltage steps from —90 +50 mV in 20mV increments. The total light-evoked
conductance was calculated as the difference between the |-V relation at each time point and the “leak” I-V relation measured just
before the onset of the light stimulus. To avoid errors in calculating the net light-evoked currents due to a sloping baseline during
positive voltage steps, a single exponential trend was subtracted from the current traces for each voltage step before t. he leak sub-
traction. The excitatory and inhibitory conductances could then be calculated at each time point using the observed |-V reversal po-
tential along with the cation and chloride reversal potentials.

Tracer Coupling

Gbx2CreERT2-IRES-EGFP. posqpElSL-tdTomato mice were used to target tdTomato positive neurons in the GCL for electroporation of Neu-
robiotin, as previously described (Kanjhan and Vaney, 2008; Sivyer and Vaney, 2010) . In isolated preparations of retina bathed in
Ames medium at room temperature, tdTomato positive neurons were lose seal patched with an intracellular solution containing
(in mM): 120 K-gluconoate; 6 KCI;10 HEPES Na;10 Phosphocreatine-Nay; 60 Neurobiotin-Cl; 2 ATP; 0.5 GTP pH balanced to 7.2
with KOH. Once a seal was established the HEKA EPC-800 amplifier was switched to current clamp mode and ACs were electro-
porated by applying 0.5-1nA pulses for 0.5 s at 1 Hz. Following electroporation, retinae were incubated in Ames medium
for 45 mins at 35 C before being transferred to room temperature Ames, mounted on nitrocellulose filter paper and fixed in cold
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paraformaldehyde in PBS for 30 mins. Retinas were then wash twice with 0.2% Triton in 1 x PBS and incubated with 10 ng/mL Strep-
tavidin Alexa Fluor 488 (Thermo Fisher) at room temperature overnight. Before imaging, stained retinas were washed three times in
1% PBS before being mounted on a glass coverslip.

Retina Dissociation and FACS

Retinas from P6 or P7 mouse pups were dissected and isolated in 1x Hank’s Balanced Salt Solution (HBSS). Cells were dissociated
into a single-cell suspension by incubating the retinas in 1mL of HBSS containing 10U of papain (Roche) and 200uM cysteine. Retinal
tissue was incubated at 37°C for 30 mins. After papain incubation, the tissue was pelleted using a bench top microfuge and washed
twice with 1mL of HBSS. Cells were gently dissociated in 500uL of HBSS by flicking the tube. Dissociated cells were passed through
a cell strainer (35um nylon mesh) to remove any cell aggregates. DNase was added to the solution and the samples were placed on
ice until sorted. Gbx2+ amacrine cells were sorted into two groups S3-cells that were both GFP+ and tdTomato+ and S5-cells that
were only tdTomato+. All fluorescence activated cell sorting (FACS) was completed in the OHSU Flow Cytometry Core using a BD
InFlux equipped with 488nm and 561nm laser lines. All cells were sorted directly into cell lysis buffer and RNA was isolated with Agi-
lent Absolutely RNA Nanoprep Kit.

RNaseq Library Preparation and Sequencing

The cDNA libraries for used for sequencing of 4 total RNA samples were synthesized using a SMART-Seq Ultra Low Input RNA kit
(Takara) in the OHSU Massively Parallel Sequencing Shared Resource Core Facility. Two of the cDNA libraries contained tdTomato+/
GFP+ cells (S3-Gbx2+ ACs) and two samples contained the cDNA libraries for tdTomato+ only cells (S5-Gbx2+ ACs). Quality and
quantity of the cDNA libraries was determined on a Bioanalyzer. For multiplex sequencing, all four cDNA sampile libraries were loaded
on a single lane on a HiSeq 2500 sequencer (lllumina). Libraries were sequenced to a depth of 45-55 million reads per sample. Align-
ment rate of total reads was >97% across all samples.

QUANTIFICATION AND STATISTICAL ANALYSIS

Co-localization Analysis

All co-localization experiments used retinal sections from the Gbx2CeERT2IRES-EGFP. poggoptSL-tdTomato mase line. Co-localization
was determined by antibody labeling within the soma of the Gbx2+ amacrine cell bodies. Images were collected and analyzed as z
stacks to confirm the antibody labeling was within the soma of the correct z-depth. Offline analysis was completed using FIJI (Schin-
delin et al., 2012).

Mosaic Cell Spacing Analysis

To analyze cell density and mosaic cell spacing, we used a 500um x 500um area of tissue from 4-8 locations within a single retina.
Retina orientation was maintained to make spatial measurements in dorsal, ventral, temporal, and nasal areas of the retina. In addi-
tion, measurements in the peripheral and central regions of the retina made in ROIs ~200um from the peripheral edge or optic nerve
head respectively. Cell counts and X-Y coordinates were measured offline in FIJI (Schindelin et al., 2012) and density recovery pro-
files were obtained by analysis completed in WinDRP (Rodieck, 1991).

Neuron Morphology Analysis

For analysis of dendrite stratification in cross-section, we made measurements of fluorescent intensity along IPL depth using FIJI.
These values were binned into 5% increments along the IPL depth using the FIJI plugin, IPLaminator (Li et al., 2016). For analysis
of dendritic arbor morphology in retinal flatmounts we analyzed isolated single cells labeled using either sparse expression in
Gbx2CreERTZ-IRES-EGFP. TjqrgtSL-GFP mice or by targeted cell fills using Alexa Fluor 488 hydrazide (Fisher Scientific). Offline tracing
and analysis of dendritic arbors were made using the Filaments plugin in Imaris (Bitplane). Dendrite density (L/A) was calculated
by dividing dendrite length (L) over dendrite area (A). Coverage factor was calculated by dividing the dendrite area over the cell den-
sity of Gbx2+ ACs in the INL and GCL for each subtype. Symmetry Index was calculated by subtracting the sums of missing dendrite
coverage from 360 and then divided by 360, as previously described (Sun et al., 2013). Dendrite orientation was determined by the
direction of the longest dendritic branch of a single cell and values were binned into 8 different groups based on the cardinal
directions.

RNA-seq Analysis

Differential expression analysis was performed by the ONPRC Bioinformatics and Biostatistics Core. The quality of the raw
sequencing files was evaluated using FastQC combined with MultiQC (https://multigc.info/) (Ewels et al., 2016). Trimmomatic was
used to remove any remaining lllumina adapters (Bolger et al., 2014). Reads were aligned to Ensembl’s GRCm38 along with its cor-
responding annotation, release 99. The program STAR (v2.7.3a) was used to align the reads to the genome (Dobin et al., 2013). STAR
has been shown to perform well compared to other RNA-seq aligners (Engstrom et al., 2013). Since STAR utilizes the gene annotation
file, it also calculated the number of reads aligned to each gene. RNA-SeQC (Deluca et al., 2012) and another round of MultiQC were
utilized to ensure alignments were of sufficient quality.
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Gene-level differential expression analysis was performed in open source software R (R Core Team, https://www.R-project.org/).
Gene-level raw counts were filtered to remove genes with extremely low counts in many samples following the published guidelines
(Chen et al., 2016), normalized using the trimmed mean of M-values method (TMM) (Oshlack et al., 2010), and transformed to log-
counts per million with associated sample wise quality weight and observational precision weights using voom method (Law et al.,
2014). Gene-wise linear models comparing the cell types (tdTom+ versus GFP+/tdTom+) were employed for differential expression
analyses using limma with empirical Bayes moderation (Ritchie et al., 2015) and false discovery rate (FDR) adjustment (Benjamini and
Hochberg, 1995).

RNaseq datasets were organized and displayed into gene families with R Studio and the START app (Nelson et al., 2017); and using
the reference gene groups determined by the HUGO Gene Nomenclature Committee at the European Bioinformatics Institute
(https://www.genenames.org). All graphs displaying RNaseq data were made using the Prism 8 Software (Graphpad Software, Inc.).

Statistics

For each experiment and time point a minimum of 3 retinas from three different mice were analyzed. For analysis of neuron
morphology and tracer coupling, at least 5 neurons were analyzed from at least 3 animals. For all datasets, the variance was reported
as mean + SEM. Each dataset was first tested for normality. Analysis between two groups was completed by using unpaired Stu-
dent’s t test (parametric) or Mann-Whitney U test (nonparametric). For analysis between more than two groups, we used either a
one-way analysis of variance (ANOVA) with Tukey’s multiple comparison test (parametric) or Kruskal-Wallis with Dunn’s multiple
comparison test (nonparametric). All statistical significance tests were completed using Prism 8 Software (Graphpad Software,
Inc.) and Igor Pro 8.02 (WaveMetrics, Inc.) for electrophysiological analyses.
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Inner nuclear layer

Ganglion cell layer

Figure S1. Ghx2CreERT2-IRES-EGFP expression is consistent throughout the mouse
development and adulthood. Related to Figure 1.

(A-C) Adult (P35) Retinal cross-sections from Ghx2CreERT2-IRES-EGFP. R2GLSL-tdTom mjce
dosed with of Tamoxifen (60mg/kg) at (A) E16, (B) PO, (C) P28. (D-I) Z-projections
through the cell bodies of the inner nuclear layer (D-F) and ganglion cell layer (G-I) from
retinal flatmounts of Gbx2CreERT2-IRES-EGFP- R2GLSL-tdTom mjce administered 2.0mg/day
tamoxifen for (D, G) 1 day (dose), (E, H) 2 days, (F-I) 3 days. Scale bar, 25um in (A)
and (D).



Figure S2. Gbx2+ retinal neurons are amacrine cells. Related to Figure 1.
Cross-sections of an adult retina from a Gbx2CreERT2-IRES-EGFP- Ra5q26LSL1dTom moyse
labeling the total Gbx2+ AC population. Left: Neurotransmitter markers, (A) Pax6, (B)
RBPMS, and (C) Chx10, label amacrine cells, retinal ganglion cells, and bipolar cells in
the inner nuclear layer and ganglion cell layer, respectively. Right: Merged images
showing both the select neurotransmitter marker (magenta) and Gbx2+ ACs (green).
Arrows denote colocalization between the cell marker and Gbx2+ ACs, and arrowheads
denote Gbx2+ ACs that do not colocalize with the specific cell marker. Scale bar, 25
pm.
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Figure S3. Gbx2+ AC subpopulations have consistent density and spacing across
the retina. Related to Figure 1. (A)Tdtomato expressing Gbx2+ ACs in the ganglion
cell layer (GCL) in a retina flatmount from a Gbx2C"¢ER; R26SL-tdTomato mgyse. (B)
Gbx2+ ACs (green) immunolabeled for calretinin (Calr, magenta) in the GCL. (C-D)
Masked image of cell bodies of Gbx2+ neurons (C) Calretinin+ and (D) Calretinin- from
the image in (B). (E) TdTomato expressing Gbx2+ ACs in the inner nuclear layer (INL).
(F) Gbx2+ ACs (green) immunolabeled for calretinin (magenta) in the INL. (G-H)
Masked image of cell bodies of Gbx2+ neurons (C) Calr+ and (D) Calr- from the image
in (F). (I-K) Z-projection through the GCL and INL (pseudocolored green and magenta,
respectively) for (1) all Gbx2+ ACs, (J) Calr+ Gbx2+ ACs, and (K) Calr- Gbx2+ ACs. (I)
Quantification of the cell density of Calr+ and Calr- Gbx2+ ACs in the GCL and INL (n=
24 measurements from 4 mice). (M-N) The density recovery profile (DRP) of Calr+ and
Calr- Gbx2 ACs in the (M) GCL and (N) INL (n= 32 measurements from 4 mice,
respectively). (O-Q) The cell densities in the four quadrants of the retina of Gbx2+ AC in
the (O) GCL and (P) INL (n= 32 measurements from 4 mice, respectively). (Q The cell
density of Gbx2+ AC populations in the central and peripheral retina (n= 32
measurements from 4 mice, respectively). Data represented as mean + SEM. Scale
bar, 50 ym in (A).
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Figure S4. Flow cytometry plot of dissociated retinal neurons isolated from a
Gbx 2CreERT2-IRES-EGFP: Rosg26-SktdTomato moyse, Related to Figure 2.

Using fluorescence-activated cell sorting, Gbx2+ ACs (tdTomato+) from P8 retina were
isolated and separated into the S5-Gbx2+ ACs (tdTomato+, EGFP'*%) and the S3-
Gbx2+ ACs (tdTomato+, EGFP"9") groups for bulk RNA sequencing.
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Figure S5. Gbx2+ ACs do not colocalize with many canonical neurotransmitter
cell markers. Related to Figures 2 and 3.

Cross-sections of an adult retina from a Gbx2C"¢ERT2-IRES-EGFP: Rosg26L-SL1dTom moyse
labeling the total Gbx2+ AC population (high-TM, 2.0mg tamoxifen). Left: Left, retinal
sections from a Gbx2CreERT2-IRES-EGFP- Rogq26LSH-tdTom moyse immunolabeled with (A)
neuronal nitric oxide synthase (nNNOS), (B) vesicular glutamate transporter 3 (Vglut3),
(C) choline acetyl transferase transporter (ChAT), and (D) tyrosine hydroxylase (TH).
Right: Merged images of Gbx2+ ACs (green) and the neurotransmitter marker
(magenta). Arrows denote colocalization between the cell marker and Gbx2+ ACs, and
arrowheads denote Gbx2+ ACs that do not colocalize with the specific cell marker.
Scale bar, 25 pym.
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Figure S6. Dendritic morphology and orientation of Gbx2+ ACs by retina location.
Related to Figure 4.

(A-C) S3- and S5-Gbx2+ AC morphology in (A) total dendrite length, (B) humber of
branches, (C) dendrite branch self-crossover. n=15, 7 cells for S3 and S5 respectively.
(D, E) S3-stratifying Gbx2+ ACs show a similar dendrite asymmetry in (D) each retinal
guadrant (n=3-5 retinas per quadrant) and (E) between central and peripheral retina
(n=4, 9 retinas respectively). (F-1) A polar plot of dendrite orientation of S3-targeting
Gbx2+ ACs in each retinal quadrant; black trace represents the mean and colored
traces represent neurons quantified from a single retina (n >20 neurons per retina, n= 4
retinas). D, dorsal; V, ventral; N, nasal; T, temporal. Data represented as mean + SEM.
*p<0.05 by an unpaired t-test with a Welch’s correction.
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