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Abstract

The superior colliculus (SC) is a midbrain center involved in controlling head and eye movements
in response to inputs from multiple sensory modalities. Visual inputs arise from both the retina and
visual cortex and converge onto the superficial layer of the SC (sSC). Neurons in sSC send
information to deeper layers of SC and to thalamic nuclei that modulate visually guided behaviors.
Presently, our understanding of sSC neurons is impeded by a lack of molecular markers that define
specific cell types. To better understand the identity and organization of sSC neurons, we took a
systematic approach to investigate gene expression within four molecular families: transcription
factors, cell adhesion molecules, neuropeptides and calcium binding proteins. Our analysis
revealed 12 molecules with distinct expression patterns in mouse sSC: cadherin 7, contactin 3,
netrin G2, cadherin 6, protocadherin 20, retinoid-related orphan receptor f3, brain-specific
homeobox/POU domain protein 3b, Ets variant gene 1, substance P, somatostatin, vasoactive
intestinal polypeptide and parvalbumin. Double labeling experiments, by either /n situ
hybridization or immunostaining, demonstrated that the 12 molecular markers collectively define
10 different sSC neuronal types. The characteristic positions of these cell types divide sSC into 4
distinct layers. The 12 markers identified here will serve as valuable tools to examine molecular
mechanisms that regulate development of sSC neuron types. These markers could also be used to
examine the connections between specific cell types that form retinocollicular, corticocollicular or
colliculothalamic pathways.
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Introduction

The superior colliculus (SC) is a midbrain center that controls orientating behaviors in
response to sensory stimulation (Wurtz and Goldberg, 1971 1972. Sparks, 1991. Isa and

Hall, 2009, Mysore and Knudsen, 2011. Krauzlis et al., 2013y For example, the SC

regulates gaze shifts that direct head and eye movements toward behaviorally relevant visual
stimuli such as moving objects (Munoz etal., 1991. Guitton, 1992y cjose topographic
correlation among visual, auditory and somatosensory inputs to the SC coordinates
behavioral responses toward spatial cues arising from multiple sensory modalities, and
visual inputs influence the spatial alignment of these signals (Prager and Hubel, 1975,
Meredith and Stein, 1983; King et al., 1988; Triplett et al., 2009; Stein et al., 2014)_
Morphological studies revealed that the SC is composed of a highly organized, six-layer
structure (MaY: 2006) The superficial layer of the SC (sSC) receives visual inputs from the
retina and cortex, and contains neurons that project to deeper layers of the SC and to several
areas including dorsal and ventral lateral geniculate nucleus, lateral posterior nucleus,
parabigeminal nucleus, lateral pontine nucleus and pretectum. Deeper SC layers are
interconnected with cortical and subcortical areas involved in auditory, somatosensory and
motor function.

Organization of the sSC has been characterized along multiple dimensions. First, the sSC is
organized retinotopically and also segregated into eye-specific regions (Constantine-Paton et
al., 1990. McLaughlin and O’Leary, 2005. Feldheim and O’Leary, 2010y The development
of both retinotopic and eye-specific organizations is regulated by a combination of molecular
and activity-dependent mechanisms. Second, limited data describe a vertical columnar
organization of sSC based on structural studies of retinal ganglion cell (RGC) axonal arbors
or functional studies of sSC neurons (Huberman etal., 2008; Hong et al., 2011; Feinberg
and Meister, 2015) | jttle is known about the developmental origin of this putative columnar
organization. Third, a horizontal laminar organization of sSC has been proposed based on
axonal projections of RGC types as well as cyto-and myeloarchitecture (Schs and
Schneider, 1984. Hofbauer and Drager, 1985. Edwards et al., 1986a 1986b; May, 2006)_
Such criteria divide sSC into 4 layers in the mouse: the stratum zonale (SZ), a thin layer
located just below the pial surface; the stratum griseum superficialis (SGS) where most RGC
axons arborize, and which can itself be further divided into upper (uSGS) and lower (ISGS)
sublayers; the stratum opticum (SO), where RGC axons enter the SC at a deep level relative
to the pial surface. However, the distinction between uSGS and ISGS depends on subjective
evaluation in the absence of objective reference markers. Fourth, electrical recording and

morphological studies characterize at least 6 different sSC neuronal types (-anger and Lund,
1974; Fukuda et al., 1978; Mooney et al., 1985; Wang et al., 2010; Gale and Murphy, 2014)_
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However, a systematic catalog of cell types has been impeded by a lack of corresponding
molecular markers that can distinguish the same types. By contrast, studies of retinal

neurons demonstrate the utility of combining molecular and physiological features to
facilitate cell type definitions (Hattar et al., 2002 Kim et al., 2008. Huberman et al., 2008.

Huberman et al., 2009; Kimetal., 2010; Zhang et al., 2012; Park et al., 2015).

Historically, molecular studies of the mammalian SC and avian or amphibian tectum have
focused on the development of retinotopic map formation or eye-specific segregation
(Constantine-Paton etal., 1990; McLaughlin and O’Leary, 2005; Feldheim and O’Leary,
2010). However, individual surveys of a small number of molecules produced only a limited
cell type classification (e.g., L@@mle and Feldman, 1985, Okamoto et al., 1990. Behan et al.,
1992; Mize et al., 1992; Ogawa-Meguro et al., 1992; Arai etal., 1993; Behan et al., 1993;
Cork et al., 1998. Corketal., 2000. Soares-Mota et al., 2001). Understanding the diversity

of sSC neurons requires a systematic analysis of multiple molecular families. Identifying
cell type-specific markers for sSC neurons could help us understand molecular mechanisms
that regulate development of sSC neuronal types, as well as specific neuronal connections
between sSC and retina, cortex or thalamus. The sSC neuron markers could also provide
genetic access to specific cell types, enabling systematic functional analysis.

Here we screened molecular markers that exhibit layer-restricted expression within the
mouse sSC and apparently label distinct sSC neuronal cell types. We surveyed diverse gene
families and focused on four functional classes based on their presumed importance in
neuronal development: 1) transcription factors, 2) cell adhesion molecules, 3) neuropeptides
and 4) calcium binding proteins. Initial screening identified 12 molecules with differential
expression. Double labeling, either by /n situhybridization or immunostaining, showed that
our markers divide sSC into 4 different layers and define at least 10 distinct sSC neuronal
types. Given that our markers labeled a small percentage of sSC neurons, we expect that the
total number of sSC neuronal types is much greater than 10. These results suggest an
unexpected degree of cell type diversity within the sSC.

Materials and Methods

Animals

All animal procedures were approved by the Institutional Animal Care and Use Committee
at Yale University and were in compliance with federal guidelines. Samples from 3-4 mice,
of either gender, were examined for each condition. Initial screening of molecular expression
was performed on a CD1 background (Charles River) at P10-P13 and P18-P20. Subsequent
experiments on cell type classification were mainly conducted on a C57/BL6 background
(Jackson Laboratory) at P10-P13. No obvious differences were noted between strains. We
used two mice, generated at the National Institute of Diabetes and Digestive and Kidney
Diseases (NIDDK), in which a reporter was knocked into a retinoid-related orphan receptor
B (Rorf) gene: Rorpl9’* and Rorp2Z/*- In the RorB19* mouse, the reading frame sequence of
green fluorescent protein (GFP) replaced the Rorf1 specific exon; whereas in the Rorp2Z/*
mouse, the reading frame sequence of $-galactosidase replaced the RorS2 specific exon (Liu
etal., 2013. Fuetal., 2014y | poth cases, we used heterozygotes in our analysis, so that

J Comp Neurol. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Byun et al. Page 4

Rorf1 and Rorf2 function is presumed to be normal. Indeed, no abnormalities were
observed in these heterozygotes.

In situ hybridization

In situ hybridization was performed to detect expression of candidate molecules in the sSC
at P10-P13 and P18-P20 following the method of Yamagata et al. (2002) priefly, each DNA
template amplified from P1 brain cDNA was subcloned into pGEM Teasy (Promega) or
pCR8/GW/TOPO TA vector (Invitrogen). We used the entire coding region of cadherin 7
(NCBI reference sequence: NM_172853), contactin 3(NM_008779), netrin G2
(NM_133500), cadherin 6 (NM_007666), protocadherin 20 (NM_178685), Rorf
(NM_146095), brain-specific homeobox/POU domain protein 3b (NM_138944), Ets variant
gene 1 (NM_007960), substance P(NM_009311), somatostatin (NM_009215) and
vasoactive intestinal polypeptide (NM_011702). Riboprobes (anti-sense) were synthesized
using either digoxigenin-or fluorescein-labeled UTP. For single labeling with one /n situ
probe, signals were detected by anti-digoxigenin antibody conjugated to alkaline
phosphatase. For double labeling with two /n situ probes, peroxidase conjugated antibodies
(either anti-digoxigenin-or anti-fluorescein-antibodies) were used and signals were detected
by the tyramide signal amplification system (TSA-Plus system, Perkin-Elmer Life Sciences).
For double labeling combined with GFP amplification, signals were first visualized by anti-
digoxigenin antibody and then developed with anti-GFP antibody. Two different GFP
antibodies (chicken and rabbit anti-GFP) were combined to increase detection sensitivity.

For /n situhybridization of Rorf mRNA, we followed instructions described within the
Allen Brain Atlas (RRID: nif-0000-00509) and used Rorf52as an in situ probe. We
amplified a complete reading frame of Rorf2 in our screening. The overall sequences of
Rorp1 and RorB2are identical except for short, unique 5 exons (LiU et al., 2013) ‘sych that
our /n situ probe detects MRNA for both Rorf1 and Ror2isoforms. The biochemical
properties of Rorp1 and Rorp2 are similar in transcriptional activation (Fu etal., 2014).
Using knockin reporter mice, strong signals were detected in the sSC in the Rorp19/* strain
but not in the Rorp2Z/* strain. Hence, in situ hybridization measures of Rorf3 expression
represent predominantly the Rorf1 isoform. For double labeling experiments, the Rorp in
situ probe did not work well, so we switched to analyze Rorf expression in the Rorpl9/*
mouse: GFP was visualized by immunostaining as a measure of Rorf1 expression. Below,
measures of Rorf expression based on /n situ hybridization refer collectively to Rorf1 and
Rorp2.

Immunohistochemistry

Mice were anesthetized by intraperitoneal injection of ketamine/xylazine and perfused
transcardially with 4% paraformaldehyde (PFA)/PBS. Following perfusion, brains were
dissected, post-fixed overnight at 4°C, incubated sequentially first with 15% sucrose/PBS
and then 30% sucrose/PBS overnight at 4°C, and parasagittally sectioned with a cryostat
(18-20 pm). For vibratome sections (50 um), tissues were kept in 4% PFA/PBS overnight at
4°C and washed with PBS before sectioning. For immunostaining, brain sections were
washed twice with PBS for 5 min each time at room temperature, blocked with 3% donkey
serum/0.3-0.5% Triton X-100/PBS for 30 min at room temperature, and incubated with the
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primary antibodies for 2—3 days at 4°C. Sections were incubated with the secondary
antibodies for 2 hr at room temperature. Primary antibodies are listed in Table 1. Secondary
antibodies were conjugated to AlexaFluor-488, Cy3 or Cy5 (Jackson Immuno Research
Laboratories) and diluted at 1:500.

Intraocular eye injection

Mice were anaesthetized by intraperitoneal injection of ketamine/xylazine. A small hole was
made in the eye with an insect pin to release intraocular pressure. Cholera toxin b subunit
conjugated to either Alexa Fluor-488 or 647 (1-2 pl of 1 mg/ml, Invitrogen) was injected
through the same hole using a pressure injector (Harvard Apparatus). After injection, mice
were observed to ensure proper recovery. Two to three days after injection, mice were
sacrificed by intraperitoneal injection of ketamine/xylazine and perfused transcardially with
4% PFA/PBS.

Image analysis and statistics

Images were acquired using a Zeiss Imager M2 fluorescent microscope and a Zeiss LSM5
Exciter confocal microscope. A z-stack was collected with 1-pm steps and a 20X objective
(NA =0.8). To ensure that analyses were conducted on similar regions, images were taken
from a central sSC area that spans ~200 um from the medial edge to ~200 um from the
lateral edge, and ~520 um from the rostral edge to ~600 um from the caudal edge. For cell
counting, images (~572 + 144 um from the rostral edge) were cropped to either 350 pm x
300 pm or 800 um x 800 pm (width x height), and image depth was collapsed over 10-11
um. Data were analyzed using Image J (RRID:nif-0000-30467, National Institutes of
Health). Cell numbers were obtained from 7-12 different sections in 3—4 different animals.
Data are reported as mean + SD.

Antibody characterization

Primary antibodies are listed in Table 1.

The goat brain-specific homeobox/POU domain protein 3b (Brn3b) antibody (Santa Cruz
Biotechnology, #sc-31989, RRID: AB_2167523) was generated against an internal region of
Brn3b of human origin. In western blots, the Brn3b antibody detects the expected size band
of 51kDa in mouse eye tissue (manufacturer’s specification). By immunohistochemistry, this
antibody labels retinal ganglion cells in mouse retina as expected (Nie et al., 2010. Nadal-
Nicolas et al., 2012 e detected similar expression patterns in sSC between in situ
hybridization, with a specific probe to Brn3b, and immunostaining with the Brn3b antibody.

The goat choline acetyltransferase (ChAT) antibody (Millipore, #AB144P, RRID:
AB_2079751) was generated against human placental ChAT. The staining specificity was
demonstrated by the absence of all ChAT staining after preabsorption of an antibody with
human placental ChAT (Kha etal., 2000y

The rabbit green fluorescent protein (GFP) antibody (Millipore, #AB3080P, RRID:
AB_91338) was generated against purified native GFP from Aequorea victoria. This
antibody produces no signals in tissues from wildtype mice (Hong etal., 2011y

J Comp Neurol. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Byun et al.

Page 6

The chicken GFP antibody (Aves Labs, #GFP-1020, RRID: AB_10000240) was generated
against purified recombinant GFP. Antibodies were analyzed by western blot analysis and
immunostaining using transgenic mice expressing the GFP gene product (manufacturer’s

specification). No signals were detected in either wildtype mice or in the absence of this
antibody (Gautron et al., 2010y

The rabbit Ets variant gene 1 (ETV1) antibody (Abcam, #ab36788, RRID: AB_732196) was
generated by a synthetic mouse C-terminal peptide sequence. The specificity of this
antibody was demonstrated by western blot in PC3 cells transfected with the sSiRNA (Vitari
etal, 2011). We detected similar expression patterns in sSC between /n situ hybridization,
with a specific probe to ETV1, and immunostaining with this antibody.

The rat myelin basic protein (MBP) antibody (Abcam, #ab7349, RRID: AB_305869) was
generated by a cow full-length protein and recognizes a single band of 19.2 kDa in western
blot (manufacturer’s specification). This antibody recognizes MBP present in the myelin

sheets of oligodendrocytes and exhibited the same staining pattern in two independent
studies (Yang etal., 2013. Sevc etal., 2014y

The mouse neuronal specific nuclear protein (NeuN) antibody (Millipore, #MAB377, RRID:
AB_2298772) recognizes a neuron-specific nuclear protein in many vertebrates. In western
blot, this antibody recognizes two to three bands in the 46-48 kDa range and possibly
another band of approximately 66 kDa (manufacturer’s specification). NeuN staining is

detected in neuronal but not in non-neuronal tissues (Mullen etal., 1992. Seelke et al.,
2013).

The rabbit parvalbumin (PV) antibody (Swant, #PV25, RRID: AB_10000344) was
generated against rat muscle PV and cross-reacts with many other species. This antibody
labels a subpopulation of neurons in the normal brain, but not in PV knockout mice

(manufacturer’s specification). PV staining patterns were consistent across studies (BUnce et
al., 2013, Cai etal., 2013y

The rat substance P (SP) antibody (Fitzgerald Industries International, #10-S15A, RRID:
AB_1288870) has no cross-reactivity with Let-or Met-enkephalin, somatostatin or [3-
endorphin (manufacturer’s specification). The specificity of this antibody (rat) was
demonstrated by showing complete overlap with a second antibody to SP (rabbit anti-SP,
#20064, Immunostar; RUss0 et al., 2010y The specificity of the second antibody was
confirmed by the absorption test.

The rabbit somatostatin (SST) antibody (BACHEM, #T-4103.0050, RRID: AB_518614) was
generated against a synthetic peptide (manufacturer’s specification). The specificity of this

antibody was determined by immunohistochemistry (i.e., lack of staining) in SST knockout
mice (Saito etal., 2005y

Nomenclature

Conventional nomenclature that refers to layer distinction within the sSC is, starting at the
pial surface: the stratum zonale (SZ), the stratum griseum superficialis (SGS) and the
stratum opticum (SO). In the mouse, the SZ is extremely thin and we did not attempt to
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distinguish it from the SGS. Hence, our reference to SGS includes the SZ. To visualize SGS
and SO layer boundaries, we injected cholera toxin b conjugated to Alexa Fluor dyes (CTB)
into an eye (Fig. 1A) and immunostained the contralateral SC with antibodies against
myelin-basic protein (MBP, Fig. 1B) and choline actetyltransferase (ChAT) (Fig. 1C). The
boundary between SGS and SO was visualized by either an intensity increase of myelinated-
fiber staining or by dense labeling of CTB (Fig. 1B). The lower boundary of SO was
visualized either by the absence of ChAT-enriched fiber staining or by the deepest retinal
fiber labeled by CTB (Fig. 1C). In subsequent experiments, we used CTB labeling to mark
the upper and lower boundaries of SO (Fig. 1D).

Cellular lamination by soma position in the mouse SC, at the time point when initial
screening was conducted (~P10 and ~P18), was less distinguishable by traditional
histological methods and became undetectable after /n situ hybridization. However, we
retrospectively indicated the boundary between putative SGS and putative SO in the initial
screening based on co-labeling with CTB and antibodies to the genes selected from our
screening. Later, when we conducted double /7 situ hybridization with molecules selected
from the screening, we referred to cellular lamination by a new system for describing
lamination composed of four layers, starting at the pial surface. We consider layer 1 as a
combination of SZ and upper SGS.

We classified sSC neurons into types according to the cell groups with the most unique
patterns of molecular expression. We recognize that these types can be further divided in the
future when additional molecular or physiological features can reasonably distinguish the
types described here.

Documentation of the screened genes

Results

The genes that were screened in our study, but not pursued below, are listed in
supplementary material (Suppl. table 1).

To systematically investigate molecular features of mouse superficial superior colliculus
(sSC) neurons, we surveyed diverse gene families. Candidate genes were selected using 3
approaches. First, we examined gene expression in public databases, including the Allen
Brain Atlas. Second, we considered genes with layer-specific expression patterns in the
cortex, on the assumption that the same or related genes would show layer-specific
expression in the sSC. Third, we screened cell surface genes, based on the assumption that
such molecules could be involved in intercellular interactions between sSC neurons and
retinal ganglion cells (RGCs), cortical neurons or thalamic neurons. Among the entire list of
genes, we narrowed down our analysis to 4 molecular families: 1) transcription factors, 2)
cell adhesion molecules, 3) neuropeptides and 4) calcium binding proteins.

Initial screening was conducted at P10-P13 (~P10) and P18-P20 (~P18). We expected that
overall development within the sSC would be nearly complete by ~P10 because: 1)
Neurogenesis is complete during the embryonic stage and the radial thickness of the sSC
reaches ~90% of its mature level by P10 (Edwards etal., 1986Dby. 2) | ayer-restricted axonal
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arborization of RGCs is complete around eye opening (P12-P14 in mouse; Kim etal., 2010y
and sSC neurons acquire adult-like morphology by P15 (arton and Jones, 1985. Sachs et
al., 1986). Expression patterns were examined by a combination of 7 situ hybridization
(ISH) and immunohistochemistry. We focused our analysis on a central sSC area to limit
positional variation between experiments (see Methods). We also qualitatively analyzed
expression through the entire sSC and found no obvious variation in most cases, with
exceptions noted below. The initial screening defined different layers of sSC using
traditional nomenclature. Subsequent studies incorporate a new system for defining layers,
based on molecular expression patterns (see Methods).

Molecular markers label subsets of sSC neurons

Transcription factors

Transcription factors could control the cell fate of specific sSSC neuronal types. We screened
expression of 10 candidate genes and found that three showed layer-specific expression
patterns. Retinoid-related orphan receptor 5 (Rorf3) was restricted to the superficial layer,
whereas expression of Brn3band ETV1 were absent from this layer (Fig. 2B-D). Brn3band
ETVIwere each expressed within two bands (Fig. 2C-D, respectively). In both cases, these
bands were more obvious in the lateral sSC (Fig. 2C-D) relative to the medial sSC (data not
shown). The upper band of E7VI+ cells was very sparse, whereas the lower band of cells
was dense.

Cell adhesions molecules

Specific connections between neuronal types can be mediated by neural recognition
molecules expressed by presynaptic and postsynaptic neurons, including Sidekicks, Dscams,
and Semaphorins (Yamagata etal., 2002; Yamagata and Sanes, 2008; Krishnaswamy et al.,
2015, Sun et al., 2015) e screened expression of ~142 genes described earlier (CU €t al.,
2015). Among them, we found 5 molecules that showed distinct expression patterns in the
sSC. Cadherin 7 (Cdh7) expression was confined to the superficial layer of sSC (Fig. 3A).
Netrin G2 (NtngZ2) and protocadherin 20 (Pcdh20) expression were each confined to both
superficial and deep layers, with a gap in between (Fig. 3B and 3E, respectively). Pcah20
expression in the deep layer declined by ~P18. Contactin 3 (Cntn3) expression was found in
both superficial and deep layers, with more dominant expression in the superficial layer (Fig.
3C). Finally, cadherin 6 (Cah6) expression was sparse in the superficial layer and more
abundant in the deep layer (Fig. 3D). Similar to Pcah20, expression of Cdhé in the deep
layer declined by ~P18.

Neuropeptides/Calcium binding proteins

Individual surveys of sSC markers include various neuropeptides and calcium binding
proteins identified by antibodies (e.g., Laemle and Feldman, 1985. Okamoto et al., 1990.

Behan et al., 1992. Ogawa-Meguro et al., 1992. Arai et al., 1993. Behan et al., 1993. Cork et
al., 1998. Cork et al., 2000. Soares-Mota et al., 2001y Gjyen that neuropeptides and calcium
binding proteins play important roles in diverse biological phenomena, we reexamined 9
markers to comprehensively determine their expression patterns. We identified 4 molecules
that showed selective expression. Substance P (SP)and vasoactive intestinal polypeptide
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(VIP) expression were each primarily restricted to the superficial layer of sSC (Fig. 4A and
C). We occasionally detected SPexpression in the deep layer. Somatostatin (SST)
expression was found in middle and deeper layers (Fig. 4B), and parvalbumin (PV)
expression was found in a superficial layer, but missing near the pial surface (Fig. 4D).
Expression of V/Pwas not present at ~P10 but became prominent by ~P18. Expression of
PV was also more detectable at ~P18 relative to ~P10, consistent with cortical studies that

described the corresponding neuronal types as late-born populations (Wonders and
Anderson, 2006; Miyoshi et al., 2007)_

markers subdivide the sSC into 4 different layers

To compare the relative positions of sSC cells that express each molecule of interest, we
performed double fluorescent /n situ hybridization (dFISH). In each case, we looked for a
probe that worked well as either the first (labeled with digoxigenin) or the second probe
(labeled with fluorescein: see Methods). Two probes to SS7 overlapped almost completely
with one another: ~95.1% of digoxigenin-labeled cells were fluorescein positive, and
~91.5% of fluorescein-labeled cells were digoxigenin positive (Fig. 5A). Accordingly, we
used SST as a reference marker in subsequent dFISH analyses. The five adhesion molecules
(Cdh7, Ntng2, Cntn3, Pcah20, and Cadh6) were all mainly localized to the superficial layer
of sSC, above the layer of SST expression (Fig. 5B-F). Rorfand SPalso localized to the
superficial layer of sSC, above the layer of SS7 expression (Fig. 5G and 5J). Pcdh20, Cnitn3,
Cdh6and Rorp had a slightly broader area of expression than Cah7, Ntng2and SP.
Expression of Nitng2, Cnin3, Cdh6, Pcah20and SPalso localized below the layer of SST
expression. The relative expression of each molecule beneath the SST layer was not
evaluated further because it extended below the boundary of the sSC.

Brn3band ETVI expressions were barely noticeable above the layer of SST expression (Fig.
5H-1). In the layer of SST expression, there was no clear overlap (within cells) between SST
and Brn3b expression or between SSTand E£7 V1 expression. Upper bands of Brn3band
ETV1expression were each localized within the SST layer. The lower band of £7V1
expression was particularly well defined. To compare Brn3b and ETV1 expression, we
conducted double immunostaining and confirmed that Brn3b and ETV1 each form two
bands of expression within sSC (Fig. 6). Interestingly, some neurons within the lower band
co-expressed Brn3b and ETV1 (Fig. 6D). Consequently, we quantified the degree of overlap
below.

A selective grouping of sSC neurons, based on location of our molecular markers allowed us
to divide sSC into 4 layers (Fig. 5K). Layer 1 is adjacent to the pia and defined by
expression of Cadh7z, Ntng2, Cnin3, Pcdh20, Cdh6, Rorfiand SP. Layer 2 is defined by
almost exclusive SST expression and extends to the upper band of Brn3b expression. Layer
3 is defined by the region bracketed by the two bands of Brn3bexpression, and Layer 4 is
defined by the lower bands of Brn3band E£TV1 expression. The upper band of £7V1
expression was not considered as a reference for layer distinction because of its sparse
labeling. We did not include PV or VIP expression in our analysis because dFISH methods
worked poorly at P18, which is when PV and VIP expression became strong enough to
analyze.
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Comparison of two different layer-classification methods in sSC

A traditional classification using axonal arborization of RGCs divides sSC into 4 layers
(Sachs and Schneider, 1984; Hofbauer and Dréger, 1985; Edwards et al., 1986a; May, 2006):
(1) the stratum zonale (SZ), a thin layer located just below the pial surface where a small
number of RGC axons project; the stratum griseum superficialis (SGS), where most RGC
axons arborize into either (2) an upper (USGS) or (3) lower (ISGS) sublayer; and (4) the
stratum opticum (SO), where RGC axons enter the SC. As mentioned above (see Methods),
we did not attempt to distinguish SZ from SGS and refer to them collectively as SGS. To
compare the classification based on RGC axonal arborization to our current classification
based on soma position of sSSC neurons, we sought commercially available antibodies for
our sSC neuron markers. Suitable antibodies were available for SP, SST, PV, Brn3b and
ETV1. We examined the positions of these antibody labels relative to the pattern of RGC
axonal projections labeled by CTB injected into the eye (Fig. 7A). Our analysis revealed
that: 1) Layer 1 (defined by SP expression) corresponds to uSGS (Fig. 7B); 2) Layer 2
(defined by SST or PV expression) corresponds to ISGS (Fig. 7C and D); 3) Layer 3
(defined by the region within the bands of Brn3b expression) sits just below the boundary
dividing SGS and SO (Fig. 7E); and 4) Layer 4 (defined by the lower bands of Brn3b and
ETV1 expression) corresponds to the lower boundary of SO (Fig. 7F). The lower boundary
of SO was defined by the deepest retinal fibers labeled by CTB.

Classification of sSC neuronal types by systematic analysis of molecular

expression

Layer 1

Electrical recording and random dye injection define 67 different types of sSC neurons,
although it is not expected that this is a comprehensive classification (-anger and Lund,
1974; Fukuda et al., 1978; Mooney et al., 1985; Wang et al., 2010; Gale and Murphy, 2014)_
In this study, we investigated whether molecular features could also distinguish cell types.
We focused our analysis at P10-P13, when double labeling methods (either dFISH or
combined ISH and immunostaining) worked well. We assume that our results can be
extrapolated to the adult sSC for two reasons. First, neurogenesis is complete during the
embryonic stage and SC radial growth reaches ~90% of its adult value by P10 (Edwards et
al., 1986b). Second, we found that development of NeuN+ cells (i.e., neurons) reached a
level that was indistinguishable between the two time points of interest: P10, 3.5 x 10° + 8.1
x 103 mm~3; P18, 3.4 x 10° + 1.5 x 10* mm~3.

Most markers we identified were located within layer 1 where the majority of RGC axons
terminate. We first sought probes among our candidates that could serve as a reference
marker for sSC cell type classification. Many genes were detectable by ISH but suitable
antibodies for the corresponding protein were not available. We found two genes that could
be used for double labeling experiments, Rorfand NingZ2. Double labeling for Rorf was
enabled by a knockin reporter line described below, and Afrg2 could be used in dFISH
experiments as the second probe.
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To visualize Rorp expression, the /n situ probe did not work as the second probe, and so we
instead used transgenic mice in which the RorfI-specific exon is replaced with GFP
(Rorpl9%) (see Methods). We amplified GFP signals with antibodies in the Rorp19+ mouse,
and confirmed that Rorp1 is highly expressed in sSC (Fig. 8B). Double immunostaining with
GFP and NeuN antibodies revealed that most GFP+ cells (~93%) were NeuN+, whereas
only ~20% of NeuN+ cells were GFP+ (Fig. 8A). Rorp apparently marks a small
subpopulation of sSC neurons. Most Rorf3 in situ signals (~81%) overlapped with GFP
signals in the RorB19/* mouse and vice versa (~84%), suggesting that expression of the
transgene in Rorp1g/+ mice mimics endogenous Rorf expression (Fig. 8B). Double labeling
by ISH and immunostaining with anti-GFP antibodies revealed that most Nng2+, Cnitn3+
and Cah7+ were Ror+ (~82%, ~76% and ~70% respectively; Fig. 8C—E), suggesting that
Ning2, Cntn3and Cadh7 are highly expressed by Ror+ neurons. Among Ror+ neurons,
~64% of cells were Cnin3+ ~52% were Ning2, and ~53% were Cdh7+. A small number of
Cah6+, Pcah20+ and SP+ cells were Rorp+ (~14%, ~2.3% and 3.4%, respectively; Fig. 8F—
H). Among Rorf+ neurons, ~7.9% were Cdh6+, ~1.4% were Pcadh20+, and ~2.2% were SP
+. These data indicate that Cah6, Pcdh20and SPexpressions primarily label cell populations
distinct from Rorf+ neurons in sSC. A summary of numerical values, with SD for each
measurement, is presented in Table 2.

To classify further the Ror+ population, we used a second probe to Mtng2in dFISH
experiments. We confirmed that two probes to NngZ2 overlapped strongly (~89% of
digoxigenin-labeled cells were fluorescein-positive; and ~83% of fluorescein-labeled cells
were digoxigenin-positive; Fig. 9A). Subsequent experiments showed that Ntng2 was
significantly co-expressed with Rorf (~79%; Fig. 9B). This result matches the overlap
between Ning2and Rorswhen Rorf/GFP was used as the second probe (i.e., detected by
GFP signals in Rorpl9* mouse; ~82%, Fig. 8D), suggesting that our double labeling
quantification yields reliable results. Approximately half of Ntng2+ cells were Cnitn3+
(~59%) or Cdh7+ (~46%; Fig. 9C-D). NingZ labels ~50% of Rorp+, ~44% of Cadh7+, and
~50% of Cnin3+ cells. Two different approaches (using either Neng2 or RorfilGFP as a
second probe) confirmed that Nng2 marks roughly half of Ror+ neurons (~50% with
Ning2 versus ~52% with Rorf/lGFP). A small percentage of Pcadh20+ and SP+ cells were
Ning2+ (~2.5% and ~7.8%, respectively; Fig. 9F-G). Pcadh20and SPalso labeled a small
percentage of Ning2+ cells (~2.3% and ~4.9%, respectively). These data were anticipated
from previous observations that: 1) the majority of Ning2 (~80%) cells belong to the Rors+
population, and 2) overlap between either Pcah20or SPand Rorf is minimal (~1.4% or
~2.2%, respectively; Table 2). Interestingly, ~18% of Cdh6+ cells were Nitng2+ and ~9.6%
of Nitng2+ cells were Cahé+, suggesting that some cells express both Cdh6+ and Ning2. A
summary of numerical values is presented in Table 2.

Layers 2,3 and 4

Layers 2, 3 and 4 are distinguished by almost exclusive SS7 expression (layer 2), strong
Brn3b expression (layer 3) and lower bands of Brn3band ETVI expression (layer 4) (Fig, 5
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and 7). All of the labeled cells were neurons, as opposed to glia, because double
immunostaining showed that SST+, Brn3b+ and ETV1+ cells were NeuN+ (~97%, ~98%
and ~99%, respectively; data not shown). We next tested whether SS7, Brn3band ETV1
label individual cell types with dFISH experiments. SST expression was almost mutually
exclusive with the expression of Brn3bor ETVI (Fig. 5H-I and Table 3). Furthermore,
~62% of ETV1+ neurons were Brn3b+ and ~15% of Brn3b+ neurons were ETV1+. These
data distinguish five different types of sSC neurons in layers 2-4: SST+, Brn3b+/ETV1+,
Brn3b+/ETV1-, Brn3b—/ETV1+, and cells negative for all three markers (Table 3).

Adult expression of selected genes

To confirm that our analysis of cell type classification at ~P10 can be extrapolated to the
adult sSC, we examined expression of Rorf, Ning2, Cah7, SST, Brn3band ETVI at P30. In
general, the /n situ signals were more difficult to visualize at P30, but a qualitative analysis
revealed that all six genes show detectable expression (Fig. 10A—F). We did not analyze co-
expression by /n situhybridization at P30 because the double labeling did not work well at
this age. For Rorffand SST, signals were sufficiently strong at P30 that cells could be
counted and compared to earlier stages. For both molecules, cell number remains consistent
at P10, P18 and P30 (Fig. 10G-H); for Rorp, 6.9 x104 + 7.4 x103 mm~3 at P10 versus 7.0 x
10% + 6.6 x103 mm~3 at P30; for SST, 3.2 x10* + 2.6 x10% mm~3 at P10 versus 3.1 x 10

+ 1.8 x103 mm~3 at P30. These data suggest that genes selected in our study will be valuable
tools for cell type classification in adult sSC.

Discussion

In this study, we took a systematic approach to examine molecular features of mouse sSC
neurons and found 12 molecules with distinct expression patterns. We conducted dFISH and
immunohistochemistry to directly compare the expression patterns of each molecule. Our
results show that 1) sSC can be divided into four distinct layers based on molecular
expression (Figs. 5-7) and 2) combinatorial expression of candidate molecules defines at
least 10 different types of sSC neuron (Fig. 11).

Layer-restricted expression of molecular markers

The mouse sSC, unlike the chicken tectum, lacks clear subdivisions when viewed by
conventional histological methods (Karten etal., 1982. Yamagata and Sanes, 2006)_
However, transgenic mice with labeled RGC types revealed that RGC axons and axonal
arborizations divide sSC into four apparent layers (Huberman et al., 2008. Huberman et al.,
2009, Kim etal., 2010. Hong et al., 2011y Thjs finding prompted us to search for molecular
markers that likewise label different sSC neurons in a layer-restricted pattern. Indeed,
molecular expression patterns divide the sSC into four layers (Figs. 5-7). Comparison
between axonal arborizations of RGCs and sSC neuronal markers revealed that the majority
of RGCs initially enter the sSC and run longitudinally within layers 3 and 4 before
terminating within layers 1 and 2 (Fig. 7).

Compared to the cortex, relatively little is known about molecular mechanisms that regulate
development of laminar boundaries in sSC. An important next step will be to examine the
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timing of neurogenesis and cell migration of sSC neuron types within each layer identified
here. We assume that specific types of RGCs interact with specific types of sSC neuron in
distinct layers. Therefore, it is likely that the establishment of layers within sSC affects
arborization patterns of RGC axons. The developmental sequence of sSC cell types within
specific layers may provide insights into the sequence of cell type-specific connections
between RGCs and sSC neurons.

Molecular markers classify a minimum of 10 different types of sSC neurons

We aimed to identify molecular markers that classify different types of sSC neurons. Such
markers will be useful for investigating the development of sSC neurons or specific neuronal
connections between sSC and retina, cortex or thalamus. In the future, the identified
molecular markers can be used for visualizing and characterizing functional properties of
individual sSC neurons.

Rorp distinguishes two types of sSC neuron, Ror+ and Rorp— (Fig. 11A). Expression of
Ntng2 further divides Rorp+ neurons into two types. The dFISH with the Ntng2 probe
revealed that Ntng2+ cells can be subdivided based on Cdh7 expression. We speculate that
Ntng2- cells could likewise be subdivided based on Cdh7 expression, although we could not
confirm this with our current technique. Collectively, this would result in at least 4 different
types within the Rorp+ population: 1) Ntng2+/Cdh7+, 2) Ntng2+/Cdh7-, 3) Ntng2-/Cdh7+,
and 4) Ntng2—-/Cdh7-. We could not characterize the extent of Cdh7 and Cntn3 co-
expression because none of our probes for either molecule worked well as a second probe in
dFISH experiments. In general, we chose Cdh7 over Cntn3 expression for cell type
classification because Cdh7 /n situsignals are relatively more distinct than Cntn3 signals.
We expect that Cntn3 expression could eventually demarcate additional types when double
labeling experiments become possible. At present, we consider Rorf3— cells as a single group
and distinguish a total of five types of sSC neurons in layer 1.

Neurons in layers 2, 3 and 4 consist of five different types (Fig. 11B): 1) SST+, 2) Brn3b+/
ETV1+, 3) Brn3b+/ETV1-, 4) Brn3b—/ETV1+, and 5) cells negative for all three markers.
We combined upper and lower bands of Brn3b neurons for cell type classification. Based on
differential expression of ETV1 among Brn3b neurons, however, we speculate that Brn3b+
cells comprise two different types and their laminar position might also contribute to
functional diversity. Analysis and comparison of knockout mice in which Brn3b or ETV1
are deleted would provide insights into developmental contributions of each molecule to sSC
neuronal type specification.

Molecular markers from our systematic screening distinguish at least 10 different types of
sSC neuron. Given that our markers label a small percentage of sSC neurons (~20%), we
expect that the total number of sSC neuronal types is much greater than 10. This predicted
level of cell type diversity exceeds previous estimates based on dye filling and physiology
(Langer and Lund, 1974; Fukuda et al., 1978; Mooney et al., 1985; Wang et al., 2010; Gale
and Murphy, 2014y 1o correlate our data with cell types identified in the literature, the
morphological analysis of sSSC neurons that are labeled by our markers should be conducted.
Combining multiple approaches to examine molecular, morphological and physiological
properties will provide us with more comprehensive tools to classify sSC neuronal types.
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Caveats to the cell type analysis

For cell type classification in layer 1, antibodies to the molecules of interest were not
available and so we primarily used /7 situ hybridization. We were conservative when
identifying labeled cells using this technique, which might result in incomplete identification
of positive cells for a given probe. Indeed, we conducted double labeling experiments with
two markers for the same molecule (either Rorp or Ntng2; Figs. 8 and 9) and found only
~80% overlap (Table 2). We therefore assume that ~80% overlap may be a maximum
outcome under our experimental conditions. When the overlap of probes to two different
molecules is less than 80%, it implies that there are at least two types of cells. For example,
only ~50% of Rorp+ cells were Ntng2+ (Table 2), suggesting that the Rorp+ population
comprises at least two types, Ntng2+ and Ntng2-(Fig. 11). In the case of double labeling for
Rorp and Ntng2, we obtained a nearly identical degree of overlap with two different
approaches, using either Rorf or Ntng?2 as the second probe (~52% vs. ~50%), suggesting
that our results are reliable (Table 2). Our analysis likely underestimates the true number of
different types of sSC neuron with expression of any of our molecules, due to the limited
number of possible combinations we could test with dFISH experiments.

We conducted double labeling experiments for cell classification at P10-P13 tissues and
assumed that our results can be extrapolated to the adult sSC for three reasons. First,
neurogenesis is complete during the embryonic stage (Edwards etal., 1986by ryrthermore,
our analysis showed no change in NeuN+ positive cell number between P10 and P18.
Second, overall development of sSC structures is complete by P15 (Warton and Jones, 1985.
Sachs etal., 1986y Third, we also qualitatively analyzed expression of genes used for cell
type classification (Rorf, Ntng2, Cdh7, SST, Brn3b and ETV1) and found that expression of
each gene remains consistent up to P30. Moreover, quantification of Rorp+ or SST+ cell
number revealed no changes between P10 and P30 (Fig. 10). Therefore, our analysis should
apply to adult cell type classification.

We confirmed that Rorp, SST, Brn3b and ETV1 label sSC neurons, as opposed to glia, by
showing co-expression of NeuN (Fig. 8). Most of the markers are also likely expressed in
neurons because: 1) A significant portion of Cntn3+, Ntng2+ and Cdh7+ cells are from the
Rorp+ population, suggesting that the majority of these cells are neurons (Fig. 8; Table 2); 2)
SP, PV and VIP label neurons in other systems, including cortex and retina (Bagnoli etal.,
2003; Markram et al., 2004; Huang et al., 2007; Park et al., 2015); 3) Cdh6 and Pcdh20

likewise are expressed in neurons in other systems, including the retina and the olfactory
system (€€ et al., 2008. Kay etal., 2011y

Future applications of sSC markers

The molecular features of mouse sSC neurons had been explored primarily with markers
using commercially available antibodies (e.g., PV). Expression patterns of Rorf3, Brn3b and
ETV1 were also reported previously (Turner etal., 1994; Yoneshima et al., 2006; Harris et
al., 2014). However, earlier studies failed to examine the relative distribution of multiple cell
markers. Moreover, systematic investigation of cell adhesion molecule expression had not
been conducted. In this context, it is noteworthy that most markers identified in layer 1,
where RGC axons terminate, are cell adhesion molecules (Fig. 5). Selective wiring between
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presynaptic and postsynaptic neurons in many systems depends on homophilic or
heterophilic interactions among cell adhesion molecules. Of particular interest in our study
are the expression patterns of Cdh7, Cntn3, Pcdh20 and Ntng2. For example, overexpression
of Cnitn3 in the chicken mediates layer-specific targeting of retinal neurons (Yamagata and
Sanes, 2012) ‘Moreover, homophilic interaction of Cdh7 or heterophilic interaction of Ntng2
regulates development of the cerebellar mossy fiber circuit or hippocampal Schaffer
collateral pathways, respectively (Nishimura—Akiyoshi etal., 2007; Kuwako et al., 2014;
Matsukawa et al., 2014y |gentifying the expression patterns of putative binding partners of
Cdh7, Cntn3, Pcdh20 and Ntng2 in the retina, cortex, or thalamus will be informative for
future studies. Such data will provide insights into the functional contribution of each
molecule to wiring in the visual system.

Live imaging of the tectum of lower vertebrates reveals diverse mechanisms that regulate
development of retinotectal pathways or function of tectal neurons (Ramdya and Engert,
2008. Baier and Scott, 2009. Xiao et al., 2011. Gabriel et al., 2012. Nikolaou et al., 2012.
Ruthazer etal., 2013) pouse sSC is also anatomically accessible to optical imaging and
recent technical advances enable functional measurements of mouse sSC neurons /n vivo
(Ackman etal., 2012. Feinberg and Meister, 2015. Inayat et al., 2015). Multiple transgenic
lines are available that allow type-specific manipulation of sSC neurons: for example, SP-
Cre, VIP-Cre, Rorp-Cre, and ETV1-Cre mice in which Cre expression is controlled under
the endogenous expression of each molecule (commercially available from Jackson
Laboratory). Experiments using optogenetics and /7 vivoimaging in these Cre lines will
enhance our understanding of functional specification of sSC neuron types.

Specific sSC neuronal markers could facilitate the analysis of sSC output pathways that
modulate visually guided behaviors including eye and head movements. Anatomical tracing
or electrical recording reveal that sSC neurons project to the deeper layers of SC or to

several areas including dorsal lateral geniculate nucleus (dLGN), lateral posterior nucleus
(LP) and parabigeminal nucleus (PBGN). (Graham and Berman, 1981. Mooney et al., 1988,
Harting et al., 1991; Lane et al., 1997; May, 2006; Lyonetal., 2010; Bickford et al., 2015).

The sSC neurons confined to specific layers appear to project selectively to distinct targets.
For example, neurons in uSGS project to dLGN and neurons in ISGS and SO project to LP.
In some studies, the morphology and function of sSC neurons in distinct layers was
identified, but in many studies, classification of sSSC output neurons was speculative due to a
limited ability to label specific cell types. Recent studies using transgenic mice in which
distinct sSC cell types are molecularly tagged overcome such obstacles and demonstrate
specific sSC output pathways using optogenetics (Galé and Murphy, 2014. Shang et al.,
2015). Our markers could be used in a similar way and provide efficient tools for
characterizing sSC output pathways.

Here, we used a candidate approach as a cost-effective way to identify genes that classify
specific types of neurons. However, this approach relies on existing information and limits
the identification of novel gene families. Moreover, our study focused on classification of
the Rorp+ population that comprises only ~20% of sSC neurons. In the future, a more
comprehensive gene expression profile such as a genome-wide association study could
generate more markers and identify additional neuronal types in sSC.
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Figure 1. Visual layer boundaries of mouse superior colliculus (SC)
A. A schematic shows the labeling of the contralateral superficial part of the SC after

cholera toxin b subunit (CTB) injection into one eye (magenta). Vibratome sections were
subsequently prepared at ~P22 and immunostained. B. A section stained with anti-myelin
basic protein (MBP, green) and CTB. The dashed line delineates the pial surface. A
boundary between stratum griseum superficiale (SGS) and stratum opticum (SO) is
delineated by the boundary between intense labeling of myelinated fibers (B1) and dense
labeling of CTB (B2). From the merged image (B3), a higher magnification of the boxed
area is shown (B4). The question mark indicates the inability to locate the boundary between
SO and stratum griseum intermediale (SGI) based on MBP labeling. C. A section stained
with anti-choline acetyltransferase (ChAT, green). The dashed line delineates the pial
surface. A boundary between SO and SGI is delineated by the boundary between intense
labeling of ChAT-positive fibers (C1) and the deepest retinal fiber labeled by CTB (C2).
From the merged image (C3), a higher magnification of the boxed area is shown (C4). The
question mark indicates the inability to locate the boundary between SGS and SO based on
ChAT labeling. D. Schematic of layer distinctions based on CTB labeling (magenta), MBP
staining (green) and ChAT staining (yellow). The dashed lines and question marks indicate
the inability to locate certain boundaries. Scale bar: 200 um (B1-B3 and C1-C3), 100 um
(B4 and C4).
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Figure 2. Expression patterns of three transcription factors
A. A schematic sagittal section of the mouse brain. The boxed area indicates the location

where experiments were conducted (~570 + 140 um from anterior edge) on the superficial
part of the SC (sSC). Also shown are the inferior colliculus (IC), cortex (CTX) and
suprachiasmatic nucleus (SCN). A< —P, anterior to posterior axis. B-D. /n situ
hybridization with each probe was conducted at P10-P13 (left) and P18-P20 (right). The
relative position of putative stratum griseum superficiale (pSGS) and putative stratum
opticum (pSO) are indicated by brackets. B. Expression of Rorf} is confined to a superficial
layer of sSC. C. Expression of Brn3b is confined to a deep layer. Within the region of
expression, Brn3b formed two distinct bands in the lateral sSC (shown, arrows); these bands
became less distinct in the medial sSC (data not shown). D. Expression of ETV1 is confined
to two distinct bands (arrows): a sparse upper band and a denser lower band. In all cases,
expression patterns were similar at ~P10 and ~P18. Scale bar: 200 pm.
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Figure 3. Expression patterns of five cell adhesion molecules
A-E. In situhybridization with each probe was conducted in the sSC at ~P10 (left) and

~P18 (right). The positions of pSGS and pSO are indicated by brackets. A. Expression of
cadherin 7 (Cdh7) was predominantly confined to a superficial layer of sSC. B. Expression
of netrin G2 (Ntng2) was found in both superficial and deep layers, with a gap in between.
C. Expression of contactin 3 (Cntn3) was most abundant in a superficial layer. D. Expression
of cadherin 6 (Cdh6) was detectable in both superficial and deep layers at ~P10. The
expression in the deep layer decreased at ~P18. E. Expression of Pcdh20 was found in both
superficial and deep layers, with a gap in between at ~P10. The expression in the deep layer
decreased at ~P18. Scale bar: 200 pm.
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Figure 4. Expression patterns of four neuropeptides/calcium binding proteins
A-C. In situhybridization with each probe was conducted in the sSC at ~P10 (left) and

~P18 (right). The positions of pSGS and pSO are indicated by brackets. A. Expression of
substance P (SP) was predominantly found in a superficial layer of sSC. B. Expression of
somatostatin (SST) was found in middle and deep layers. C. Expression of vasoactive
intestinal polypeptide (VIP) was barely detectable at ~P10 but was found in a superficial
layer at ~P18. D. Expression of parvalbumin (PV), detected by immunostaining, was sparse
at ~P10 but became abundant in a superficial layer, well below the pial surface, at ~P18.
Scale bar: 200 um.
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Figure 5. Relative distribution of nine markers compared to expression pattern of SST
A-J. Double fluorescent /n situ hybridization (dFISH) was conducted in sSC at ~P10 using

SST as a common second probe (labeled with fluorescein, green) and counterstained with
DAPI (blue). The first probes (labeled with digoxigenin) are shown in red. The dashed line
delineates the pial surface. Relative positions of four layers, defined by the collective
expression patterns (see part K), are indicated by the brackets to the right of the combined
images. A. Two /n situ probes to SST (Al and A2) overlapped well, which validates the use
of SST in subsequent panels (merged, A4; DAPI alone, A3). B. Expression of Cdh7 (B1,
red) is found above the region of SST expression (B2, merged). C—-G. Expression of Ntng?2
(C1), Cntn3 (D1), Pcdh20 (E1), Cdh6 (F1) and Rorf (G1) are also primarily located above
the region of SST expression (C2, D2, E2, F2 and G2; merged). H-I. Expression of Brn3b
and ETV1 (H1 and I1) are primarily located within and below the region of SST expression
(H2 and 12, merged). The upper band of ETV1 expression was not used as a reference for
the layer distinctions because of the sparse labeling. J. Expression of SP (J1) is
predominantly located above the region of SST expression (J2, merged). K. Schematic
showing layer-enriched expression of each molecule. Brackets show layers 1-4, as
distinguished by molecular markers; a dashed line shows the boundary between pSGS and
pSO. Scale bar: 200 um.
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Figure 6. Direct comparison of expression patterns for Brn3b and ETV1
Sections of sSC at ~P10 were stained with antibodies to both Brn3b (green, A) and ETV1

(red, B) and counterstained with DAPI (blue). The merged image is shown in C. The boxed
area in C is shown at higher magnification in D1 (Brn3b), D2 (ETV1) and D3 (merged).
Both bands of Brn3b+ and ETV1+ cells were visible. Individual cells were labeled by either
one (red or green) or both antibodies (yellow). Layers 3 and 4 together comprise pSO
(Figure 5K). Scale bar: (A—C) 200 pm, (D) 50 pm.
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Figure 7. Relationship between sSC layers defined by either sSC cell markers or retinal ganglion
cell axons

Vibratome sections at ~P18 were immunostained with specified antibodies (green) after
injection of CTB (magenta) into the contralateral eye. A. A sagittal section of sSC labeled
with CTB. The pial surface is delineated by a dashed white line, the lower border of stratum
griseum superficiale (SGS) by a dashed yellow line and the lower border of stratum opticum
(SO) by a dashed green line. B1. A section labeled with anti-SP (green). The retinorecipient
layers of sSC are indicated by dashed lines based on CTB labeling, as in A. The higher
magnification of the boxed area is shown in B2 (SP) and B3 (merged; SP and CTB labeling).
C-F. Same format as B. but with anti-SST, anti-PV, anti-Brn3b and anti-ETV1. G. The
schematic shows relative positions of sSC layers defined by either sSC cell markers (layers
1-4) or RGC axons (SGS, SO). Scale bar: (A, B1, C1, D1, E1 and F1) 200 um, (B2-B3, C2-
C3, D2-D3, E2-E3 and F2-F3) 100 um.
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Figure 8. Rorf marks a subpopulation of sSC neurons
A. Expression of Rorp was detected by anti-GFP in the Rorf19/* mouse (see Methods). All

images in this figure were acquired in layer 1. Sections of sSC at ~P10 were stained with
antibodies to NeuN (red, A1) and GFP (green, A2) and counterstained with DAPI (A3). The
merged image (A4) shows that Rorf+ cells are neurons (i.e., NeuN+; arrows). B—H. Double
labeling was conducted at ~P10 in the Rorp9’* mouse by ISH (first probes, digoxigenin,
red) and immunostaining (second probe, anti-GFP, green) and counterstained with DAPI
(blue). Arrows indicate overlapping expression and arrowheads indicate expression by the
first probe only. Arrows are missing in G and H because overlapping expression between the
two genes is rare (<5%). B. An /n situ probe to Rorf (B1, red) and anti-GFP signal (B2,
green) highly overlapped (B4, merged; B3, DAPI alone). C-E. The majority of cells
expressing Cntn3 (C1), Ntng2 (D1) and Cdh7 (E1) were Rorp+ (merged; C2, D2, E2). F-H.
Very few cells expressing Cdh6 (F1), Pcdh20 (G1) and SP (H1) were Rorp+ (merged; F2,
G2, H2). Scale bar: 20 pm.

J Comp Neurol. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Byun et al.

Page 30

Figure 9. Ntng2 marks a subpopulation of Rorp+ neurons in sSC
A-G. The dFISH was conducted in sSC at ~P10 using Ntng2 as a second probe (labeled

with fluorescein, green) and counterstained with DAPI (blue). The first probes (labeled with
digoxigenin) are shown in red. All images in this figure were acquired in layer 1. A. Two /in
situprobes to Ntng2 (A1 and A2) highly overlapped (merged, A4; DAPI alone, A3). Here
and in subsequent panels, arrows indicate examples of cells with overlapping expression,
and arrowheads indicate expression by the first probe only. Arrows are missing in F and G
because overlapping expression between the two genes is rare (<8%). B-D. Approximately
half of Rorf+ (B1), Cntn3+ (C1) and Cdh7+ (D1) cells were Ntng2+ (merged; B2, C2, D2).
E-G. Very few cells expressing Cdh6é (E1), Pcdh20 (F1) and SP (G1) were Ntng2+ (merged;
E2, F2, G2). Scale bar: 20 pm.
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Figure 10. Adult expression of selected molecules used for cell type classification
A-F. In situ hybridization was conducted in the sSC at P30 for six probes: Rorp (A), Ntng2

(B), Cdh7 (C), SST (D), Brn3b (E) and ETV1 (F). Two distinct bands of Brn3b or ETV1
expression are indicated by arrows. The positions of layers 1-4 are indicated by brackets.
G-H. The number of Rorp+ (G) and SST+ cells (H) remains consistent between P10 and
P30. Rorp+ cells were identified by GFP signals in the Rorp9’+ mouse and counted within
layer 1. SST+ cells were analyzed by /n situ signals and counted within layers 2—-4. Data
(mean + SD) were averaged across 7-12 sections from at least 3 independent experiments.
Scale bar: 100 um.
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Figure 11. Summary of molecularly-defined sSC neuronal cell types
A. Neurons in layer 1 can be divided into two groups: Rorp+ and Rorf-. Rorf3+ neurons can

be divided again into two groups: Ntng2+ and Ntng2-. Ntng2+ cells can be subdivided into
two groups: Cdh7+ and Cdh7-. Ntng2- cells could be also subdivided based on Cdh7
expression, although we could not confirm this classification with our current technique. The
combined expression pattern for Ntng2 and Cdh7 divides Rorp+ neurons into four groups:
(1) Ntng2+/Cdh7+, (2) Ntng2+/Cdh7-, (3) Ntng2—/Cdh7+, and (4) Ntng2—/Cdh7-. B.
Expression of SST, Brn3b and ETV1 distinguishes subpopulations of neurons in layers 2, 3,
and 4. Very few (if any) cells express both SST and Brn3b or ETV1, whereas some cells
express both Brn3b and ETV1. Together, neurons in layers 2, 3 and 4 can be subdivided into
5 types: (1) SST+ only, (2) Brn3b+ only, (3) ETV1+ only, (4) both Brn3b+ and ETV1+, and
(5) cells negative for all three markers.
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