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Development/Plasticity/Repair

Cadherin-13 Maintains Retinotectal Synapses via
Transneuronal Interactions

Angela C. Matcham, Kenichi Toma, Nicole Y. Tsai, Christina J. Sze, Pin-Yeh Lin, Ilaria F. Stewart, and ““Xin Duan
Neuroscience Graduate Program, Department of Ophthalmology, Kavli Institute for Fundamental Neuroscience, University of California SanFrancisco,
San Francisco 94143-2811, California

Maintaining precise synaptic contacts between neuronal partners is critical to ensure the proper functioning of the mammalian
central nervous system (CNS). Diverse cell recognition molecules, such as classic cadherins (Cdhs), are part of the molecular machin-
ery mediating synaptic choices during development and synaptic maintenance. Yet, the principles governing neuron-neuron wiring
across diverse CNS neuron types remain largely unknown. The retinotectal synapses, connections from the retinal ganglion cells
(RGC:s) to the superior collicular (SC) neurons, offer an ideal experimental system to reveal molecular logic underlying synaptic
choices and formation. This is due to the retina's unidirectional and laminar-restricted projections to the SC and the large databases
of presynaptic RGC subtypes and postsynaptic SC neuronal types. Here, we focused on determining the role of Type II Cdhs in wiring
the retinotectal synapses. We surveyed Cdhs expression patterns at neuronal resolution and revealed that Cdh13 is enriched in the
wide-field neurons in the superficial SC (sSC). In either the Cdh13 null mutant or selective adult deletion within the wide-field
neurons, there is a significant reduction of spine densities in the distal dendrites of these neurons in both sexes. Additionally,
Cdhl13 removal from presynaptic RGCs reduced dendritic spines in the postsynaptic wide-field neurons. Cdh13-expressing RGCs use
differential mechanisms than aRGCs and On-Off Direction-Selective Ganglion Cells (00DSGCs) to form specific retinotectal synapses.
The results revealed a selective transneuronal interaction mediated by Cdh13 to maintain proper retinotectal synapses in vivo.

Key words: cadherin; dendritic spine; neuron types; retinal ganglion cells; superior colliculus; synaptic choice

Significance Statement

The Cadherin (Cdh) family of molecules is implicated in selective synaptic recognitions in intra-retinal circuits. However,
their roles in wiring the rest of the central nervous system (CNS) remain undefined. The retinotectal synapses represent
an established model for understanding selective neural circuit wiring between diverse presynaptic and postsynaptic neuron
types. We first showed that Cdhl13 is enriched in restricted superior colliculus neurons and allows cell type-specific spine
maintenance from the retina to this population. These results show how differential Cdh expression can direct cell type-
specific wiring beyond the retina into the rest of the mammalian CNS. The cellular and molecular mechanisms established
in this study may further inform the understanding of Type II Cdh-related cognitive disorders. )
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system are a great model for understanding the molecular mech-
anisms underlying circuit wiring. Past studies using the retino-
tectal system have yielded significant insights into the cellular
and molecular mechanisms regulating neurite outgrowth
(Missaire and Hindges, 2015), axon guidance (Fredette et al.,
1996; O'Leary and McLaughlin, 2005; Huberman et al., 2008),
and molecular machinery for synapse formation (Ben Fredj et
al., 2010; Cheng et al., 2010; Duan et al., 2018). However, the
field is still waiting for an answer regarding how diverse RGC
subtypes choose proper synaptic partners among different sSC
neuron types, reflecting a general phenomenon in neural devel-
opment termed synaptic specificity (Sanes and Yamagata, 2009;
Duan et al, 2014; Yogev and Shen, 2014; Missaire and
Hindges, 2015).

A leading hypothesis for synaptic specificity is for each neuro-
nal subtype to possess a repertoire of cell surface recognition
molecules directing the formation of specific synaptic contacts.
It is hypothesized that these molecules mediate neuron-neuron
interactions during development to stabilize synapses. The Cdh
family of molecules is dynamically expressed among diversified
neuron types and plays critical roles at multiple stages of neural
development (Sanes and Yamagata, 2009; Hirano and Takeichi,
2012; Yogev and Shen, 2014). Cdhs localize in synaptic junctions
(Yamagata et al., 1995; Fannon and Colman, 1996; Uchida et al,,
1996; Benson and Tanaka, 1998; Huntley and Benson, 1999) and
are necessary for various phases of long-term potentiation (Tang
etal., 1998; Bozdagi et al., 2000; Manabe et al., 2000; Tanaka et al.,
2000). Our past work focused on cell adhesion molecules, partic-
ularly Type II Cdhs in the inner retina circuits, to show that they
instruct sublaminar axonal choices, dendritic arborization, and
selected synapse formation in the retina (Duan et al, 2014,
2018; Yamagata et al., 2018; Graham and Duan, 2021). These
findings were further validated in the assembly and function of
hippocampal and spinal cord circuits (Basu et al., 2017; Dewitz
et al,, 2019; Vagnozzi et al., 2022).

We extended the study to retinotectal synapses to understand
the role of Cdhs in synapse formation and maintenance. We
focused on how Cdhs mediate the synaptic contacts from
RGCs wiring to one of its major downstream targets, the superior
colliculus (SC; Cang et al., 2018). Importantly, the retinotectal
synapses offer a unique model, as these are critical steps in build-
ing precise visual circuits from the retina to the brain. Through
expression pattern analysis at neuronal type resolution, we iden-
tified Cadherin-13 (Cdh13) as a candidate molecule to its
observed unique enrichment in a singular neuronal SC popula-
tion (named wide-field neurons.) Cdh13 was previously charac-
terized as an exclusively homophilically binding protein, which
was shown in synaptic modulation at different synapses (Ciatto
et al., 2010; Killen et al., 2017; Kiser et al., 2019). To determine
the potential role of Cdh13 in wide-field neuron wiring, we
first focused on the dendritic spines. We examined their changes
subject to Cdh13 null mutant or knockdown in the adult brain.
When Cdhl3 is endogenously knocked out, mature wide-field
neuron dendritic spines significantly decrease, with a dispropor-
tionate loss in the apical dendritic regions. This loss is similarly
observed when Cdhl3 is knocked down in the adult brain,
strongly suggesting that it is necessary for mature spine mainte-
nance in this population. In addition, given the homophilic role
of Cdh13 in the CNS (Tanihara et al., 1994; Lehto and Sharom,
1998), we disrupted Cdhl3 presynaptically in the retina. We
examined the effects on postsynaptic dendritic spines in wide-fi
eld neurons. Adult retinal Cdh13 elimination in RGCs locally
decreased mature spine densities of the wide-field neurons in
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their axonal terminating areas. Additionally, we characterized
that Cdh13-enriched RGCs were distinct from previously charac-
terized aRGCs and On-Off Direction-Selective Ganglion Cells
(00DSGCs), thus representing a unique mechanism for selective
synapse formation. These results indicate that Cdh13 is necessary
for adult spine maintenance between RGCs and wide-field neu-
rons. In summary, transneuronal Cdh13 from the retina to the
brain is necessary to maintain mature dendritic spines in a cell
type-specific manner. Understanding how specific Cdh13
expression directs cell type-specific wiring in the retinotectal pro-
jection not only expands our understanding of visual processing
but may also expand our understanding of Cdh-directed CNS
wiring as a whole.

Materials and Methods

Mice. All animal experiments were approved by the Institutional
Animal Care and Use Committees at the University of California,
San Francisco (UCSF). Mice were maintained under regular housing
conditions with standard access to drink and food in a pathogen-free
facility. Mice of both sexes were used in equal numbers, and no sexual
dimorphisms were observed.

1. Rorb-Cre, Ntsr1-GN209-Cre, and Grp-KH288-Cre were previously
used to label horizontal, stellate, wide-field, and narrow-field neu-
rons in the SC (Gale and Murphy, 2018). NtsrI-GN209-Cre and
Grp-KH288-Cre were generous gifts of Charles Gerfen (National
Institute of Mental Health).

2. Cdhl3-CreER knock-in line was a generous gift of Joshua Sanes
(Harvard University). The knock-in line has CreER™ replacing the
first coding exon of Cdhl3 transcript as previously characterized
(Poliak et al, 2016). Tamoxifen was injected intraperitoneally
(2 mg per dose) for three doses to induce CreER activities in adult
animals.

3. vGlut2-Cre (JAX: 016963) were previously characterized to label all
RGCs in both development and adult eyes (Tran et al., 2019).

4. Thyl-LoxP-Stop-LoxP-YFP reporter line #15 (Thyl-LSL-YFP) was a
generous gift from Joshua Sanes (Harvard University). The trans-
genic mice express EYFP driven by Cre recombinase in neuronal
populations, including most RGCs and projection neurons in the
retina, brain, and spinal cord. To visualize neuronal morphology,
we crossed this line with the SC neuron-marking Cre driver lines
and the Cdh13-CreER line listed above (Buffelli et al., 2003).

Neonatal transcranial injections. Neonatal superior collicular injec-
tions were performed on postnatal day (P) 0/1 when the lambdoid suture
and collicular hemispheres were still visible through the skin. The mouse
is anesthetized on ice in accordance with protocols. The viral infection is
made with a pulled glass pipette through the skin and the skull (volume
0.33 pl per hemisphere). Control shRNA virus was injected in littermates
as the control. The mouse was returned to the cage after being warmed
and alert.

Adult stereotaxic injections. Mice were anesthetized with continuous
2% isoflurane/oxygen on a stereotaxic setup (model 940, David Kopf
Instruments). Meloxicam (5 mg/kg) was administered intraperitoneally
before the surgery and 1 d after surgery. Viruses were loaded into a pulled
glass pipette connected with a syringe (7634-O, Hamilton) by a dual fer-
rule adaptor (55750-0, Hamilton). Injection speed and volume were con-
trolled by a Microinjection Syringe pump (UMP3T-1, World Precision
Instruments). AAV-U6-shCdhl3-Efla-DIO-mOrange2 was injected
into the right hemisphere of P60 Ntsr1-GN209-Cre mice. Coordinates
were as follows: 3.6 mm posterior, 0.7 mm lateral to bregma, and
1.0 mm below the skull. Volume was 300 nl. Four weeks later, the mouse
was humanely killed via transcardial perfusion (see histology). Brain and
retinas were collected for immunohistochemical analysis.
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Intraocular injections. Intraocular injection of adeno-associated
virus (AAVs) was performed as previously described (Hong et al.,
2011; Duan et al., 2015): For the Cdh13-RGC axonal tracing experiment,
pl Cdh13-CreER mice were injected uni-ocularly with 0.5l
AAV-DIO-GFP using a sharpened glass pipette. For the retinal Cdh13
knockdown experiment, P60 Ntsr1-GN209-Cre was injected with 1 pl
AAV-U6-shCdh13-Efla-DIO-mOrange2 or control AAVs in the right
eye.

Eye enucleation experiments. Unilateral eye enucleation experiments
were carried out as previously described (Kim et al., 2010). In brief, adult
animals were anesthetized under 2% isoflurane/oxygen. Meloxicam
(5 mg/kg) was administered intraperitoneally before the surgery and
1 d after surgery. Curved scissors were used to sever optic muscles and
optic nerves to remove the eye with minimal bleeding and internal
trauma. Animals were monitored for distress and pain every day for
5 d post-surgery.

Adeno-associated virus production. AAV?2 (Serotype 2) production
protocol was carried out as previously described (Duan et al.,, 2015).
To make pAAV-hU6-shCdhl3-Efla-DIO-mOrange2 for Cdh13 LOF
studies, we inserted hU6-shCdhl3 cassettes into pAAV-Efla-DIO-
mOrange2, a backbone of shRNA plasmid, which was modified from
PAAV-Efla-DIO-ChR2-EYFP (Addgene #35507), replacing the ChR2-
EYRP to mOrange2. The target sequences were adopted from (Killen
et al.,, 2017) and validated. shCdh13#1: 5'-GCAACGAGAAGCTGCA
CTA; shCdh13#2: 5'-GCTCCTTGCAGGATATCTT; control shRNA-
sequence was adopted from (Duan et al, 2007): AGTTCCAGTAC
GGCTCCAA.

Immunohistochemistry. Animals were anesthetized and then trans-
cardially perfused with ice-cold 0.1 M phosphate buffer, then ice-cold
4% PFA in 0.1 M phosphate buffer, pH 7.4. The whole brain and eyes
were collected where applicable. Dissected brain tissue was then
post-fixed in the PFA solution overnight at 4°C and then cryoprotected
in 30% sucrose and 0.2% sodium azide until they sank. The brain samples
have the option to be stored at this step. Dissected eyes were placed in 4%
PFA for 30 min on ice. The cornea and lens were then removed before a
second 30 min incubation period in 4% PFA on ice. After sucrose cryo-
protection, brains were frozen with dry ice on a sliding microtome
(Leica). Floating 40 um sections were collected and stored in 0.1 M
PBS with 0.2% sodium azide at 4°C. These sections underwent immuno-
histochemical staining, in situ hybridization staining, or both. For immu-
nostaining, floating sections were incubated in blocking buffer (0.5%
Triton X-100, 5% natural donkey serum, 0.1 M PBS) at room tempera-
ture (RT) for 1 h, then primary antibodies in blocking buffer overnight
at 4°C, and then secondary antibodies in blocking buffer at RT for 2 h.

In situ hybridization was performed using RNAscope Multiplex
Fluorescent V2 Kit (Advanced Cell Diagnostics) following the manufac-
turer's instructions. The following ACDBio RNAscope probes were
applied: Mm-Cdh13-C1 (ACD-Bio catalog #443251); Npnt-C2
(ACD-Bio catalog #316771); Etv1-C3 (ACD-Bio catalog #557891); and
RFP-C3 (ACD-Bio catalog #464341). Floating 40 pm sections were
mounted on polarized glass slides for this protocol. Where applicable,
samples were then immunostained using the protocol previously.

Retinas were dissected from the remaining eye sample stored in 0.1 M
PBS, 0.2% sodium azide. For whole-mount immunohistochemistry, the
retina is incubated in a blocking buffer overnight at 4°C. The sample is
incubated in a blocking buffer for three nights in 4°C in primary antibod-
ies. After washing in 0.1 M PBS, the sample is incubated overnight at 4°C
in secondary antibodies in a blocking buffer. The sample is then washed
in PBS before mounting on filter paper and Vectashield with DAPI
(VectorLabs H-1200) and covered with glass slips. Retinas for slice
immunostaining or in situ hybridization were cryoprotected in 30%
sucrose for 60 min on ice or until it sinks. It is then frozen in OCT
(Tissue-Tek) in a block. The sample is cryostat sectioned at 20 pm and
directly mounted on polarized glass slides. Mounted tissue was either
stored at —20°C or directly stained. Primary antibodies used for the SC
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stain included rabbit anti-GFP (1:1,000, Life Technologies), rabbit
anti-RFP (1:1,000, Rockland), rat anti-MBP (1:500, Abcam), goat
anti-vAChT (1:500, Promega), rabbit anti-Pvalb (1:5,000, PV27
Swant), rabbit anti-calbindin (1:10,000, Swant), and rabbit
anti-Calretinin (1:5,000, Millipore). Primary antibodies used for the ret-
ina stain included mouse anti-NeuN (1:500, Millipore), chicken
anti-GFP (1:1,000, Abcam), rabbit anti-Foxp2 (1:1,000, Abcam), rabbit
anti-Melanopsin (1:500, Advanced Targeting Systems), and rabbit
anti-Tbrl (1:500, Cell Signaling), guinea-pig anti-RBPMS (1:1,000,
PhosphoSolutions); and goat anti-Osteopontin/Sppl (1:500, R&D
Systems). Secondary antibodies were conjugated to Alexa Fluor 488,
Alexa Fluor 568, or Alexa Fluor 647 (Jackson ImmunoResearch) and
used at 1:500.

Quantification and statistical analysis. Confocal images were
acquired using a Leica SP8 confocal microscope (Leica Microsystems)
and Zeiss LSM900 (Carl Zeiss Microscopy). For superior colliculus sec-
tions, sections were coronally sliced at 40 ym and sampled in 280 pm
intervals from the posterior to the anterior superior colliculus. The
10x images to establish laminar boundary staining (MBP and vAChT)
were taken on a Leica SP8. All cells/dendrites, medial-laterally, were ana-
lyzed within each coronal section. Images taken for dendritic spine anal-
ysis were taken with a Zeiss LSM900 to ensure sufficient image
resolution. Images were analyzed using Image] software (NIH). Only
contrast and brightness were adjusted for all images consistently between
samples. Image] simple neurite tracer was used to isolate dendrites and
analyze spine type and length.

Image] was used to process all images. GraphPad Prism 9/10 was
used to generate graphs and statistical analyses. Statistical methods
and the number of animals tested with each configuration are presented
in the legend for each figure. For comparisons between the two groups, a
Kolmogorov-Smirnov test was performed. D-values and p values are
reported. For the statistical analysis of multiple groups, a Kruskal-
Wallis test was performed. Kruskal-Wallis values and p values are
reported. When the Kruskal-Wallis test is significant, subsequent
Kolmogorov-Smirnov tests are conducted. Statistical significance was
defined as ns, not significant, *p <0.05, **p <0.01, **p<0.001, and
#%p <0.0001. All data are presented as means+SEM unless stated
otherwise.

1. To quantify the protein expression of Ntsr1-GN209-Cre labeled SC
cells: Ntsr1-GN209-Cre; Thyl-LSL-YFP coronal brain sections were
stained for the target protein or mRNA and GFP. Co-expression
was determined using ImageJ to determine the overlap of the target
protein and the GFP marking the NtsrI-GN209-Cre cells.

2. To quantify spine density, target SC cells were isolated via controlled
tamoxifen administration in Cdh13-CreER; Thyl-LSL-YFP, or low
titer viral injection. High-resolution 63x images taken on the Zeiss
LSM900 along the dendrites of an isolated cell to visualize dendritic
spines. These spines were analyzed using Image] simple neurite
tracer. The dorsal-ventral location of the spines was determined in
relation to a 10x image of the same neuron, taken as a “map” for
the dendritic spine locations. Further description of the dorsal-ven-
tral location designation is described in Figure 3E. Only dendrites
attached to Cdh13-CreER; Thyl-LSL-YFP labeled cell bodied in the
SO with wide-field neuron cell body morphology were analyzed.

3. To quantify knockdown efficiency after AAV-U6-shCdhl3-Efla-
DIO-mOrange2, co-expression of mOrange2 mRNA expression
labeled by RFP mRNA probe and Cdhl3 mRNA (stained via
RNAScope) was determined in both the SC and the retina. The
40 pm SC slices were stained using RNAScope and imaged using a
Leica SP8 at 40x in 1 um z-step intervals. The 20 um retina slices
of the same animal was stained and imaged in the same manner
and batch. Co-expression was determined using Image].

4. To determine the axonal termination zones of retinal Cdh13-knock-
down RGCs, we artificially drawn three-dimensional polygons
around the RFP-labeled RGC axons in 40 um SC brain slices. GFP
antibody amplified Cdhl13-CreER; Thyl-LSL-YFP dendrites were
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analyzed in a consistent manner with previous experiments, but
spines and their densities were categorized based on their location
within or outside of the polygon.

Results

Cdh13 is uniquely enriched in wide-field neurons in the
superior colliculus

We first surveyed Cdh expression patterns in the sSC using
genetic marking lines for Cdh-expressing neurons at high preci-
sion (Duan et al, 2014, 2018). In addition, we also aligned
Cdh-expressing neuron populations to the established sSC mark-
ing lines, primarily via a screen of BAC transgenic mouse collec-
tion (Gale and Murphy, 2014, 2018). This strategy allowed us to
efficiently register Cdh expressions onto corresponding neuron
subpopulations in the sSC. It was also important to consistently
identify sSC laminar boundaries and each neuronal population
about them. To do this, we visualized laminar boundaries by
staining for two established molecular markers (Fig. 1A): the
boundary between the stratum griseum superficiale (SGS) and
stratum opticum (SO) is visualized by Myelin Binding Protein
(MBP) staining; the lower SO boundary is visualized by
Vesicular Acetylcholine Transporter protein (VAChT) staining
(Byun et al, 2016). The boundaries established by these two
markers enable us to register Cdh expression patterns onto mor-
phological cell types efficiently. For this study, all SC images are
oriented with the lateral side on the left and the medial side on
the right.

We focused on three excitatory types of SC neurons based on
morphometric standards that are highly stereotypical: stellate
neurons, narrow-field neurons, and wide-field neurons corre-
sponding to neurons marked in three distinct transgenic
mouse lines, Rorb-Cre, Grp-KP288-Cre, and Ntsr1-GN209-Cre,
respectively (Gale and Murphy, 2014). A genetic cross to Thyl-
LoxP-Stop-LoxP-YFP reporter line (Thyl-LSL-YFP; Buffelli et
al.,, 2003; Fig. 1B,C) further demonstrated their laminar distribu-
tion: Rorb-Cre-positive stellate neurons, as well as possible
Horizontal cells (Oliveira and Yonehara, 2018), were restricted
to the SGS; Grp-KP288-Cre narrow-field neurons resided within
the SO along the SGS and SO boundary; and Ntsr1-GN209-Cre
wide-field neurons have cell bodies in the lower SO with large,
complex, dendritic arbors that reach to the upper SGS.

In parallel to the BAC transgenics listed above, we established
a set of Cdh-marking lines via knock-in to visualize specific
Cdh-expressing neurons throughout the nervous system
(Suzuki et al., 2007; Poliak et al., 2016; Duan et al., 2018). Such
a genetic system allows us to mark the neurons with detailed neu-
ronal morphology using either LacZ labeling or a Cre-dependent
marking system. Based on a survey of Cdhs expression in the
Allen Institute Brain Atlas, we focused on Cdhs with subset
expression in the superficial SC and assessed Cdh4-, Cdh8-, or
Cdh13-expressing neurons (Fig. 1D).

Notably, Cdh13-expressing SC neurons share similar mor-
phological and laminar similarity to wide-field neurons marked
by Ntsr1-GN209-Cre lines. We then established a Cdhl13-CreER;
ThyI-LSL-YFP cross, to visualize these neurons in the superficial
SC. Cdh13-SC neurons exhibited large soma in the lower SO
with large, complex dendritic arbors reaching the surface of the
SGS (Fig. 1D), as those neurons characterized in the Ntsrl-
GN209-Cre line (Fig. 1B,C). To cross-register the Cdh13-CreER
line and NtsrI-GN209-Cre line for wide-field neuron marking,
we carried out in situ hybridization of Cdhl3 onto Ntsri-
GN209-Cre; Thyl-LSL-YFP neurons and showed that 91.8+
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2.3% (mean+SEM; n=5 mice) of total Ntsr1-SC neurons
express Cdhl3 (Fig. 2E,F). In contrast, Cdhl3 expression is
absent in Rorb-Cre stellate cells and Grp-KP288-Cre narrow-
field cells (Fig. 2A-D,]) (n=5 mice each). This observation cor-
roborated our recent single-cell RNA-seq data showing that,
among three corresponding excitatory cell clusters in the sSC,
only one has enriched Cdh13 expression in the corresponding
Npnt-positive wide-field neuron cluster (Fig. 2I; Tsai et al.,
2022). Additionally, we showed that wide-field neurons were
not marked by several previously characterized markers in the
sSC, such as parvalbumin, calbindin, and calretinin through
immunohistochemistry or Etvl through in situ hybridization
(Fig. 2G,H). Notably, 86.56 +2.99% (mean + SEM; n=>5 mice)
of these wide-field neurons express Npnt mRNA (Fig. 2H),
previously characterized as an extracellular matrix molecule
enriched in wide-field neurons (Tsai et al, 2022). Nitsrl-
GN209-Cre line marks wide-field neurons via positioning effects,
while the Ntsr1 transcript is absent in the sSC (Tsai et al., 2022).
In contrast, Cdh13 serves as an endogenous marker for wide-field
neurons. Notably, there are 35.7+1.7% (mean+SEM; n=3
mice) Cdhl13-expressing wide-field neurons in the SO that are
not labeled in the Ntsr1-GN209-Cre line (Fig. 2F,K). We therefore
use Cdhl3-CreER marking lines to study wide-field neurons in
the sSC.

Cdh13 knock-outs lead to a reduction of mature spines in
wide-field neuron apical dendrites

The Cdh13-CreER mouse line has the CreER"? knocked in to dis-
rupt the first coding exon of Cdh13 (Poliak et al., 2016). Thus,
homozygotes of the Cdhl3-CreER allele led to a Cdhl3 null
(Fig. 3A). This also results in consistently labeling the Cdh13
population in the heterozygous (control) and homozygous
(knock-out) mice, respectively. We confirmed the Cdhl3
knock-out in the homozygotes with complete loss of Cdhl13
expression (Fig. 3B). As a control, we showed that Npnt staining,
another marker for wide-field neurons (Tsai et al., 2022), is not
perturbed in terms of neuron densities or laminar location
between Cdhl3 knock-out and heterozygotic controls (Fig. 3B,
green). The heterozygous mouse has one functional Cdh13 allele
and, therefore, robustly expresses Cdh13 mRNA (Fig. 3B, red)
that co-expresses (Fig. 3B, yellow) with wide-field neuron bodies,
labeled with Npnt (Fig. 3B, green). We further found that one
copy of Cdhl3 in the heterozygous Cdhl3-CreER mice was
sufficient to maintain synaptic structures when compared with
wide-field neurons labeled in Ntsr1-GN209-Cre line in terms of
total spine numbers and spine distribution along the dendrite
(Fig. 3C,D,F). Ntsr1-GN209-Cre neurons had a spine density of
93.6+8.5 spinessmm (mean+SEM), while heterozygous
Cdh13-positive wide-field neurons had a similar spine density
at 98.8+7.1 spines/mm (mean+SEM; Kolmogorov-Smirnov
D=0.16; p=0.78; n =150 dendrites). In addition, no difference in
spine distribution was observed (proximal: Kolmogorov-Smirnov
D=0.24, p=0.61; medial: Kolmogorov-Smirnov D=0.31, p=
0.46; apical Kolmogorov-Smirnov D=0.22, p=0.86; Fig. 3C).
Therefore, heterozygous littermates are used as the control
compared with homozygous littermates.

Using this transgenic system, we analyzed the spine densities
of the heterozygous control and homozygous Cdh13 knock-out
wide-field neurons in the SC. Notably, a significant decrease in
the number of spines per unit length of dendrite was observed
in Cdh13 homozygote knock-outs (39.3 £5.1 spines/mm; mean
+SEM) compared with control spine densities (98.8+7.0
spines/mm; mean + SEM; Fig. 4A,B). Classically, there are four
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Figure 1. BAC transgenic labeled and cadherin-marking line comparison in the SC. A, Schematic of superior colliculus lamination visualized using immunostaining and RGC axonal input
(green) labeled by cholera toxin B conjugated to 488 nm fluorescent protein. MBP (red) and vAChT (blue) immunostains label the lower boundaries of the SGS and SO, respectively. SC laminar
boundaries will be defined as these colors for the duration of the study, and all example images were taken between —3.5 to —4.0 mm bregma. B, Confocal images of coronal slices of superior
colliculi of BAC transgenic mice label specific SC cell types. Stellate cells are labeled by Rorb-Cre, narrow-field cells are labeled by Grp-KP288-Cre, and wide-field cells are labeled by
Ntsr1-GN209-Cre. The laminar location of each population is shown compared with MBP (red) and vAChT (blue) boundaries. C, Isolated representative neurons taken from transgenic mouse
lines presented in B. Neurons were isolated using the ImageJ neurite tracer. D, Confocal images of coronal slices of superior colliculi of transgenic mice labeling Cdh-expressing cells. Cdh8 is
labeled by the (dh8-LacZ mouse line. Cdh4 and Cdh13 are labeled by Cre-ER with Thy1-LSL-YFP-15. The laminar location of each population is shown compared with MBP (red) and vAChT (blue)
boundaries and is comparable with those in B.

major spine types: stubby, narrow, mushroom, and filopodia, all ~ Majewska, 2005; Zhao et al., 2006; Fig. 4C). Mushroom spines
of which are observed on wide-field neuron spine dendrites  are considered mature spines and are associated with housing a
(Molenaar, 1992; Zito and Svoboda, 2002; Hayashi and functional postsynaptic density. They are defined by having a
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Figure 2.  (dh13 expression in superior colliculus excitatory neurons. A, Confocal images of Rorb-Cre; Thy1-LSL-YFP15 cells in the SC (green) compared with (dh73 mRNA expression (red). B,
Zoomed in confocal images of Rorb-Cre; Thy1-LSL-YFP15 cells in the SC (green) compared with (dh73 mRNA expression (red). The white dotted line indicates stellate cell body boundaries. €,
Confocal images of Grp-KP288-Cre; Thy1-LSL-YFP15 cells in the SC (green) compared with (dh73 mRNA expression (red). D, Zoomed in confocal images of Grp-KP288-Cre; Thy1-LSL-YFP15 cells in
the SC (green) compared with Cdh13 mRNA expression (red). The white dotted line indicates stellate cell body boundaries. E, Confocal images of Ntsr1-Gn209-Cre; Thy1-LSL-YFP15 cells in the SC
(green) compared with Cdh13 mRNA expression (red). F, Zoomed in confocal images of Ntsr7-Gn209-Cre; Thy1-LSL-YFP15 cells in the SC (green) compared with Cdh13 mRNA expression (red). The
white dotted line indicates stellate cell body boundaries. G, Molecular expression in Ntsr1-Gn209-Cre; Thy1-LSL-YFP15 labeled wide-field cells example images. Pvalb, Calb1 (calbindin), and Calb2
(calretinin) are immunohistochemical stains, while Etv1 and Npnt are stained using in situ hybridization. H, Quantifications of Ntsr7-GN209-Cre; Thy1-LSL-YFP15 cell expression. 0.11 £ 0.02%
express Pvalb, 24.8 + 1.5% express Calb1, 3.5 £ 0.4% express Calb2, 0.00 + 0.00% express Etv1, 86.56 + 2.99% express Npnt. n =5 mice. /, Single-cell RNA-Seq for all retinorecipient excitatory
neurons, showing enriched expression of Cdh13 in only one cluster of excitatory cells (Npnt-positive wide-field neurons). J, Quantifications of Cdh13 expression in stellate (0.00% n=>5 mice),
narrow-field (0.00% n =5 mice), and wide-field cells (91.8  2.3% n =5 mice). K, Quantifications of Cdh13-enriched wide-field neuron cell bodies that are not represented in the Ntsr7-GN209-
(re; Thy1-LSL-YFP15 population (35.7 & 1.7%).
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Figure 3.  Homozygous (dh73-CreER transgenic mice labels Cdh13-expressing cells while knocking out Cdh13 expression. A, Genetic layout of Cdh13-CreER mice. The CrefR region is knocked
into the transcription initiation region of the (dh73-gene, knocking out functional (dh13 transcription. The heterozygous mouse (middle) has one functional copy of the (dh73 gene, while a
homozygous mouse (right) has a complete knock-out of (dh73 expression. B, Top, Cdh13-CreER heterozygous mice continue to express (dh73 mRNA in the appropriate lamina in wide-field
neurons. Wide-field neurons are labeled by Npnt mRNA (green, left) with co-expression with (dh73 mRNA (red, center). Bottom, Confirmation of knock-out in the homozygous but not
heterozygous mice while maintaining wide-field neuron laminar location and density. Npnt mRNA (green, left) lamination and density are maintained, while (dh73 mRNA (red, center) is
abolished with no co-expression (yellow, right). n =5 mice. C, Confocal image of (dh13-CreER mouse line labeled neurons. Labeled Cdh13 cell bodies are laminarly restricted to the lower
S0, like Ntsr1-GN209 wide-field neurons. Scale bar, 500 pm. D, Isolated Cdh13-CrefR labeled cells have wide-field neuron morphology. Scale bar, 125 pm. E, Diagram depicting proximal,
medial, and apical dendrite boundaries. Boundaries are determined in a Sholl-like analysis determined by the location of the cell body and surface of the SC surface, divided into three
equal sections. F, Cumulative percent graph comparing dendritic spine density between Cdh73-CrefR Het labeled cells and Ntsr7-GN209 labeled cells. There is no significant difference
(Kolmogorov—Smimov D =0.16; p=0.78; n=150 dendrites). G, Cumulative percent graphs comparing spine density distribution along the dendrite. Spine distribution between
(dh73-CrefR cells and Ntsr1-GN209-Cre is not significantly different at all locations (proximal: Kolmogorov—Smirnov D =0.24, p = 0.61; medial: Kolmogorov—Smimov D = 031, p = 0.46; apical:
Kolmogorov—Smirnov D = 0.22, p = 0.86).
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Figure 4.  (dh13 knock-outs lead to reduced mature spines in wide-field neuron dendrites. A, Dendritic spines are visible in both (dh73-CreER heterozygous (left) and homozygous (right), with
a decrease in the number of spines in the homozygous knock-out condition. Scale bar, 10 pm. B, Cumulative percent distribution of dendritic spine density is significantly reduced when (dh13 is
endogenously knocked out compared with the heterozygous control (Kolmogorov—Smirnov D= 0.51; p < 0.0001; n =168 dendrites). C, Four spine morphologies are observed in our (dh13-
(refR; Thy1-Stp-YFP15 mice. Top, Example images of spines from heterozygous mice. Each spine type was also observed in homozygous samples (data not shown). Scale bar, 2 pm.
D, Comparisons of densities of each spine morphology show a significant decrease in mushroom (Kolmogorov—Smirov D = 0.37; p < 0.0001) populations but not in stubby (Kolmogorov—
Smimov D=0.16; p=0.30), narrow (Kolmogorov—Smirnov D=0.18; p=10.28), or filopodia (Kolmogorov—Smirnov D=0.23; p=10.03); n=5 animals per condition; 158 dendrites per
condition. £, Comparison of cumulative percent distributions of overall spine densities at different locations along the dendrite from the cell body show a disproportionate decrease of spines
in the apical regions in the knock-out (right; reds; Kruskal-Wallis = 2.49; p =0.29; n =49 dendrites) compared with the control (left; blacks; Kruskal-Wallis = 28.87; p < 0.0001; n =119
dendrites). F, The disproportionate decrease in the apical regions is observed in mature spine distributions in knock-out conditions (right; reds; Kruskal-Wallis = 1.03, p = 0.60; n = 49 dendrites)
compared with the control (left; blacks; Kruskal-Wallis = 17.18, p = 0.0002; n = 119 dendrites). n=>5 mice per condition. Each data point represents a dendrite. ns, p > 0.05, *p < 0.05, **p < 0.01,
***p < 0.001, ¥***p < 0.0001.
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head larger than the neck of the spine. All spine types were
observed in both knock-out and control samples. This shows
that transgenic fluorescent labeling is sufficient for labeling all
spines in both conditions. Looking at density changes of each
spine type, we observed significant decreases in mature mush-
room spine density: 9.6 1.9 spines/mm (mean + SEM) versus
47.5+3.4 spines/mm (mean+SEM; Fig. 4D). No significant
change in narrow, stubby, or filopodia densities is observed [stubby
(Kolmogorov-Smirnov D =0.16; p =0.30), narrow (Kolmogorov—
Smirnov D=0.18; p=0.28), or filopodia (Kolmogorov-Smirnov
D=0.23; p=0.03); n=>5 animals per condition; 158 dendrites per
condition; Fig. 4D].

Because sSC neurons and their inputs are highly laminarly
organized, we examined whether Cdh13-dependent changes to
mature spines are restricted to specific lamina. To test this, we
divided dendritic arbors into three zones according to their mor-
phology and distance to the SC surface. The proximal region con-
sists of thick primary dendrites in the lower one-third, between
the cell body and the surface of the SC. The apical region consists
of thin, complex dendritic terminations in the upper one-third
between the cell body and the SC surface. At the same time,
the medial region is one-third, between the proximal and apical
regions consisting of “classical” dendritic arms of medium to thin
thickness. This distinction is detailed in Figure 3C. The apical
regions have significantly more spines per length of the dendrite
(142.2 +17.8 spines/mm; mean + SEM) than the proximal (78.8 +
8.7 spines/mm; mean + SEM) or medial (84.5+9.0 spines/mm;
mean + SEM) regions (Kruskal-Wallis = 28.87, p <0.0001; #n=119
dendrites; proximal vs apical: Kolmogorov-Smirnov D=0.47,
p=0.0008; n=119 dendrites; proximal vs medial: Kolmogorov-
Smirnov D=0.19, p=0.41; n=119 dendrites). However, in the
Cdh13 mutants, the relatively higher spine density in apical regions
was absent, with all three regions having the same overall spine
density [proximal: 36.4+9.0 spines/mm (mean * SEM); medial:
42.4+ 9.4 spines/mm (mean + SEM); apical: 33.8 +5.5 spines/mm
(mean + SEM); Kruskal-Wallis=2.49, p=0.29; n=49 dendrites;
proximal vs apical: Kolmogorov-Smirnov D=0.29, p=0.39;
n=49 dendrites; proximal vs medial: Kolmogorov-Smirnov
D=0.33, p=0.60; n =49 dendrites; Fig. 4E]. All three regions expe-
rienced a decreased spine density, with the apical region observing
the largest percent decrease. The distribution of mature spines also
shows a consistent trend of decline, with a larger decrease in apical
regions in the absence of Cdhl3 (12.6+3.1 spines/mm; mean+
SEM) when compared with the control (79.9 6.4 spines/mm;
mean + SEM; Kolmogorov-Smirnov D=0.79; p <0.0001; n =108
dendrites; Fig. 4F). Taken together, these results indicate that
Cdh13-dependent mature spines are present throughout the den-
drites of wide-field neurons, but there is a higher density of them
in apical dendrites in the superficial SGS.

Cdh13 is necessary to maintain adult wide-field neuron spines
Given the robust Cdh13 expression in the adult SC, we examined
whether sustained Cdh13 expression is necessary to maintain
mature wide-field neuron spines. We developed an AAV-carry-
ing shRNA targeting against Cdh13 (Fig. 5A) fused to a Cre-
dependent mOrange2 fluorescent label. This means that when
this virus is introduced to a Cre-expressing neuron, the neuron
will have Cdh13 mRNA expression knocked down and be fluor-
escently labeled. We injected this Cre-dependent AAV2/8 into
the adult Ntsr1-GN209-Cre superior colliculus to disrupt
Cdh13-mRNA expression in wide-field neurons. Of the neurons
that received the shRNA for Cdh13 knockdown (RFP positive
cells), all cells did not express Cdh13 mRNA (Fig. 5D). In the
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littermates, the sShRNA scramble control was injected into the
SC under the same protocol. Of the infected RFP-expressing cells
in the control, 98.67% of cells expressed Cdh13 mRNA (Fig. 5E).
The percent that did not express Cdh13 mRNA may indicate
minor leaky-ness of the virus.

Notably, AAV2/8s were not axonally taken up by RGC axons
(Fig. 5F,G). The retinas of the Ntsr1-GN209-Cre SC injected mice
were assessed for RFP expression: Cre-expressing RGCs were not
infected with Cre-dependent RFP via retrograde labeling from
SC injections (Fig. 5F,G). Therefore, the shRNA viral injections
in the SC selectively perturbed Cdh13 expression in the SC but
not the retina. Conversely, we showed that injection of the
AAV2/8-shRNA-DIO-mOrange2 into the eye did not affect
Cdh13 expression in the SC. The virus was injected unilaterally
into the eye of vGlut2-Cre mice, which marked all RGCs
(Fig. 5H; Tran et al, 2019). Cdhl3 expression was analyzed
between each SC hemisphere: the contralateral hemisphere had
Cdh13 knockdown in the innervating RGCs (Fig. 5I, shown by
mOrange2-labeled and RFP-stained innervating axons), while
the ipsilateral hemisphere did not. However, we did not observe
major changes in Cdh13-enriched neuron expression in terms of
either neuron numbers or laminar locations in the superficial SC
(Fig. 5/,K). These data suggested that presynaptic Cdh13 pertur-
bation was highly specific to presynaptic RGCs and did not lead
to postsynaptic Cdh13 perturbations in the sSC.

Because the mouse necessary in this experiment (VGlut2-Cre;
Fig. 5H-K) labels all excitatory cells in both the retina and the
superior colliculus, genetic isolation of wide-field cells is not
possible, even if the mouse were mated to a second Cre line
previously established for wide-field labeling (NtsrI-BAC-Cre
or Cdhl3-KI-CreER). Therefore, a different method was
employed to assess wide-field cell location and persistence. We
previously established that 91.8+2.3% of NtsrI-BAC-Cre
(Ntsr1-GN209-Cre) labeled wide-field cells express Cdh13 and
is generally absent in other excitatory neurons throughout the
superior colliculus (Fig. 2J). In addition, both NtsrI-BAC-Cre
wide-field cell bodies (Gale and Murphy, 2014) and Cdh13-
enriched cell bodies are restricted to the lower SO (Fig. 3B).
And even though 35.7 £1.7% of Cdh13-expressing cells in the
SO are not represented in the Ntsr1-BAC-Cre line (Fig. 2K), all
Cdh13-Cre-ER labeled cells have NtsrI-BAC-Cre wide-field cell
morphology, laminar location, and spine distribution (Fig. 3C-
G). Therefore, Cdh13-mRNA enrichment in the lower SO is
used as a proxy for wide-field cell whole population labeling
when other genetic labeling options are unavailable.

The knockdown or control virus was injected in the NtsrI-
GN209-Cre adult mouse (P60). The spine densities along the
wide-field neuron dendrites were then analyzed (Fig. 6A). In
the knockdown condition, overall spine densities (28.8 3.5
spines/mm; mean+SEM) significantly decreased compared
with those of controls (93.6+2.4 spines/mm, mean + SEM;
Fig. 6C,D; Kolmogorov-Smirnov D=0.61; p<0.0001; n=104
dendrites). The knockdown densities were notably comparable
with Cdh13 null mutants (39.3 +5.1 spines/mm; mean + SEM;
Fig. 4B). This effect resulted in a significant decrease in all spine
types, with the largest percent decrease in mushroom spines
(Kolmogorov-Smirnov D =0.55; p<0.0001; n=104 dendrites;
Fig. 6D). In addition, like in the Cdh13 null, the difference in
spine distribution along the dendrite favoring apical regions
was abolished in the adult knockdown condition, with the con-
trol distribution having a significant difference between the three
regions (Kruskal-Wallis = 12.78; p = 0.0017; n = 49 dendrites) but
the difference being absent in the knockdown (Kruskal-Wallis =
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Adult Cdh13 expression is necessary for mature spine maintenance. A, Illustration of experimental design and analysis location for Cdh13 knockdown in wide-field neurons.

B, Example images of dendritic spines of wide-field neurons with (top) AAV-U6-shCdh13-Ef1a-DIO-mOrange2 or (bottom) AAV8-shControl-DIO-mOrange2. Scale bar, 5 ym. €, Cumulative per-
centages of spine density comparison show decreases in spine density after adult Cdh13 shRNA knockdown (Kolmogorov—Smimov D=10.61; p <0.0001; n=104 dendrites).
D, Comparison of densities of different spine types, between Ntsr1-GN209-Cre control and knockdown. Mushroom (Kolmogorov—Smimov D = 0.55; p < 0.0001; n = 104 dendrites), stubby
(Kolmogorov—Smirmov D=0.44; p <0.0001; n=104 dendrites), narrow (Kolmogorov—Smirov D=0.56; p <0.0001; n=104 dendrites), filopodia (Kolmogorov—Smimov D =10.36;
p=0.0031; n= 104 dendrites). E, Comparison of cumulative percent distributions of overall spine densities at different locations along the dendrite from the cell body show a disproportionate
decrease of spines in the apical regions in the knock-out (right; reds; Kruskal-Wallis = 0.81; p = 0.87; n = 98) compared with the control (left; blacks; Kruskal-Wallis = 12.78; p = 0.0017; n = 49
dendrites). F, lllustration of experimental design and analysis location for Cdh13 knockdown in narrow-field cells. G, Example images of dendritic spines of narrow-field cells with (top) AAV-U6-
shCdh13-Ef1a-DIO-mOrange2 or (bottom) AAV-shRNA-Control-EF1a-DIO-mOrange2. Scale bar, 5 pum. H, Cumulative percentages of spine density comparison show no change in spine density after
adult Cdh13 shRNA knockdown (Kolmogorov—Smirmov D = 0.14; p=0.11; n = 150 dendrites). I, Comparison of densities of different spine types between Ntsr1-GN209-Cre control and knock-
down. Mushroom (Kolmogorov—Smirov D = 0.15; p = 0.059; n = 150 dendrites), stubby (Kolmogorov—Smimov D = 0.08; p = 0.08; n = 150 dendrites), narrow (Kolmogorov—Smirnov D =0.11;
p=0.36; n=150 dendrites), filopodia (Kolmogorov—Smirnov D= 0.11; p = 0.36; n =150 dendrites). ns, p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 7.  Adult eye enucleation unilaterally reduces wide-field neuron dendritic spines. A, lllustration of experimental design for unilateral adult enucleation and subsequent analysis of wide-
field neuron dendritic spines. B, Example images of dendritic spines of wide-field neurons ipsilateral to the removed eye. Scale bar, 10 um. C, Example images of dendritic spines of wide-field
neurons contralateral of the removed eye. Scale bar, 10 ym. D, Comparison of cumulative percentages of spine densities between the ipsilateral (black control) and contralateral (red) SC
hemispheres to the enucleated eye (Kolmogorov—Smimov D= 0.48; p < 0.0001; n=150 dendrites). E, Comparison of densities of different spine types between Nisr7-GN209-Cre control
and knockdown. Mushroom (Kolmogorov—Smimov D=0.42; p<0.0001; n=150 dendrites), stubby (Kolmogorov—Smirnov D=0.25; p=0.0001; n=150 dendrites), narrow
(Kolmogorov—Smirnov D= 0.29; p < 0.0001; n =150 dendrites), filopodia (Kolmogorov—Smirov D= 0.34; p < 0.00016; n = 150 dendrites).

0.81; p =0.87; n=98; Fig. 6E). As additional proof, we introduced
AAV-shRNA-mediated Cdh13 knockdown into narrow-field
cells, similarly labeled in Grp-KH288-Cre as Ntsr1-GN209-Cre
(Fig. 6F). Such an AAV-mediated shRNA Cdh13 knockdown
did not lead to spine loss in narrow-field neurons
(Kolmogorov-Smirnov D=0.14; p=0.11; n=150 dendrites) or
in any spine type [mushroom (Kolmogorov-Smirnov D=0.15; p
=0.059; n=150 dendrites), stubby (Kolmogorov-Smirnov D=
0.08; p=0.08; n=150 dendrites), narrow (Kolmogorov-Smirnov
D=0.11; p=0.36; n=150 dendrites), filopodia (Kolmogorov-
Smirnov D=0.11; p=0.36; n =150 dendrites); Fig. 6G-I].

Retina enucleation led to the spine decline of SC wide-field
neurons

An important question is whether the Cdh13-dependent decrease
in wide-field neuron spine density results from transsynaptic inter-
action between the retina and the superior colliculus. To test this

hypothesis, we performed unilateral enucleations in adult Ntsr1-
GN2090-Cre mice (Fig. 7A). Transgenic labeled wide-field neuron
dendritic spines were assessed at 4 weeks post enucleations. In this
case, wide-field neurons in the contralateral SC side were compared
with the counterparts in ipsilateral SC as the control. The dendritic
spine density was significantly reduced in the contralateral side,
compared with that in ipsilateral controls (Kolmogorov-
Smirnov D=0.48; p <0.0001; n=150 dendrites; Fig. 7B-D). In
addition, mushroom spine densities drastically decreased
(Kolmogorov-Smirnov D=0.42; p<0.0001; n=150 dendrites;
Fig. 7E), compared with the other spine types [stubby
(Kolmogorov-Smirnov D =0.25; p=0.0001; n=150 dendrites),
narrow (Kolmogorov-Smirnov D=0.29; p<0.0001; n=150
dendrites), filopodia (Kolmogorov-Smirnov D =0.34; p <0.00016;
n=150 dendrites)]. These data demonstrated that presynaptic
RGC axonal innervation is necessary to maintain wide-field neuron
dendritic spines.



Matcham et al. ® Cdh13 Regulates Wide-Field Neuron Spine Dynamics in the Superior Colliculus

A B

INJECTION LOCATION
I s I I | -

Mouse:
Cdh13-CreER Heterozygous;Thy1-LSL-YFP

30 Days

ANALYSIS LOCATION

Knockdown vs Control Zone

Cumulative Percent

J. Neurosci., January 31, 2024 - 44(5):¢1310232023 - 13

Knockdown Zone

GFP

-« Control Zone
= Knockdown Zone

Cumulative Percent

Wide Field ™
Cell RFPGFP

Figure 8.

pro sk
GFPMBP

RGC-specific Cdh13-Knockdown locally reduces mature spines at the Cdh13-RGC axonal projection zone. A, lllustration of experimental design for retinal Cdh13 knockdown in Cdh13-

T T 1 0 b
40 60 80
Spine Density (spines/mm})

Cdh13-CreER Het

20 40 60 &0
Spine Density (spines/mm)

Cdh13-CreER Homo

-

GFPMBP

(reER; Thy1-LSL-YFP15 heterozygous mouse. Analysis location examples are designated within the two white boxes (B,(). B, Example confocal images of knockdown analysis zone within the
AAV2-U6-shRNA-Cdh13-EF1a-DI0-mOrange?2 labeled RGC axon terminal in the SC. RFP (left) shows RGC labeled axons, GFP (middle) shows (dh73-CreER; Thy1-LSL-YFP15 labeled RGC axons, and
WF dendrites. C, Example confocal images of the control analysis zone outside the AAV2-U6-shRNA-Cdh13-EF1a-DI0-mOrange? labeled RGC axon terminal in the SC. RFP (left) shows RGC labeled
axons, GFP (middle) shows Cdh73-CreER; Thy1-LSL-YFP15 labeled RGC axons, and WF dendrites. Scale bar: B, €, 20 ym. D, Cumulative percentage plots of spine densities of (left) mature
mushroom spines (Kolmogorov—Smimov D=0.29; p=0.038; n="100 dendrites) and (right) non-mature spines (narrow, stubby/filopodia; Kolmogorov—Smirnov D=0.15; p=10.39; n=
100 dendrites). n =20 mice, each data point is a dendrite. E, Confocal images of Cdh13-RGC axon lamination in the SC for (left) heterozygous and (right) homozygous Cdh13-CrefR;
Thy1-LSL-YFP15 mice. AAV2-DIO-GFP was injected into the eyes of these mice to label RGCs upon Tamoxifen administration exclusively. Scale bar, 500 pm.

Retinal Cdh13 knockdown reduces spine densities in
postsynaptic wide-field neurons

Cdh13 recognition is homophilic (Ranscht and Bronner-Fraser,
1991; Vestal and Ranscht, 1992; Spranger et al., 2006; Ciatto et
al,, 2010). We hypothesized that presynaptic Cdh13 in RGCs is
necessary for mature spine densities in wide-field neurons. To
assess this, we delivered the same AAV carrying shRNA against
Cdh13 into the retina of the Cdh13-CreER; Thyl-LSL-YFP line
(Fig. 8A). After tamoxifen induction of Cre, Cdh13-expressing
neurons in the retina and the SC will be labeled in YFP, and
infected RGC neurons will express the AAV-U6-shCdh13-Efla-
DIO-mOrange2. This allows for Cdh13 knockdown and labeling
in Cdh13-expressing RGCs without affecting Cdh13 expression
in SC cells. Under these retinal knockdown conditions, we ana-
lyzed the postsynaptic spine densities of the wide-field neurons
(Fig. 8A). We compared wide-field neuron spine densities within
the area of RFP-expressing axonal terminals (Fig. 8B) with those
outside the RFP-expressing axon terminals (Fig. 8C). Cdhl13-

expressing RGCs that have successful AAV-U6-shCdhl13-Efla-
DIO-mOrange2 infection were labeled in both RFP (from the
virus) and GFP (from the genetics of the mouse). Wide-field neu-
rons and their dendrites are labeled in GFP from the genetics of
the mouse line.

There is a general decrease in total WF spine density between
the knockdown zones (56.6 + 9.8 spines/mm; mean + SEM) and
the surrounding control areas (79.4 + 10.9; mean + SEM spines/
mm; Kolmogorov-Smirnov D=0.23, p=0.55; n=100 den-
drites). However, a significant decrease in total mature spines
was observed in the knockdown zones (8.5+1.4 spines/mm;
mean+ SEM) compared with the control zones (17.7+2.3
spines/mm; mean +SEM; Kolmogorov-Smirnov D=0.29; p=
0.038; n =100 dendrites; Fig. 8D). However, the densities of non-
mature spines (stubby, narrow, and filopodia) remain unchanged
(Kolmogorov-Smirnov. D=0.15; p=0.39; n=100 dendrites;
Fig. 8D). We showed that shRNA for Cdhl3 knockdown in
RGCs did not affect Cdh13 expression in the SC (Fig. 5]). In
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Figure 9.

Immunohistochemistry markers for Cdh13-expressing RGCs. A, Immunohistochemical stains for retinal proteins in (dh73-CreER; Thy1-LSL-YFP15 retinas. GFP labels Cdh13-RGCs. Scale

bar, 50 ym. B, Graphical quantification of (A). All expressed Rbpms; none of them expressed Opnd, Cartpt, or Foxp2; but 46.3 +1.7% expressed Thr1; 2.9 +0.8% Spp1. n=>5 animals.
€, Graphical model: Cdh13 mediates a unique retinotectal synapse formation from presynaptic Cdh13-RGCs (not including aRGCs, 00DSGCs, ipRGCs) onto postsynaptic wide-field neurons, which
mainly regulates spine formation. In contrast, Npnt-ltga8b1 mediates selective aRGCs synapse formation onto wide-field neurons, using a distinct mechanism. Notably, Cartpt-positive 00DSGCs

do not form synapses onto wide-field neurons. Thus, the illustration summarized potential mechanisms mediating parallel retinotectal synapse formation.

addition, Cdh13-RGC axon lamination is not affected in Cdh13
knock-out animals (Fig. 8E). These results supported the idea
that removing Cdh13 in RGCs reduces wide-field neurons’ mature
mushroom dendritic spine density exclusively within Cdh13-RGC
axonal termination zones despite no disruption to Cdh13 expres-
sion in the wide-field neurons. Thus, presynaptic Cdh13 is neces-
sary to maintain synaptic spine structures in the SC wide-field
neurons. These data suggest that Cdh13 is a transsynaptic anchor
that maintains mature spine structures within specific neuron types
from the retina to the SC. Therefore, through its specific expression
and transsynaptic mature spine maintenance in the retinotectal
projection, Cdh13 directs neuron type-specific wiring between
the retina and the SC.

To corroborate the results on SC neurons, we explored the
identities of Cdhl3-expressing RGCs. We utilized the same
genetic reagents established above (Cdh13-CreER; Thyl-LSL-
YFP) mouse line to visualize Cdh13-expressing retinal cells via
tamoxifen injection. We characterized Cdh13 neurons in the

retina using traditional immunohistochemistry based on a set
of RGC subclass-specific markers (Zhao et al., 2023). We showed
that all Cdh13-expressing retinal neurons were RGCs (Rbpms-
positive). Among them, very few, if any of them, expressed
Sppl, Cartpt, Opn4, or Foxp2; however, approximately half of
them expressed Tbrl (Fig. 9A,B). While detailed subtypes of
Cdh13-RGCs remained determined, these data indicated that
Cdh13-RGCs belong to a distinct subclass, different from
aRGCs, 00DSGCs, ipRGCs, or F-RGCs. Thus, Cdh13-mediated
retinotectal synapse formation is distinct from other parallel
pathways for the other RGC types.

Discussion

Our current study explored the role of a homophilic Type II Cdh,
Cdh13, in transneuronal synaptic maintenance. Our past work
focused on Type II Cdhs’ role in regulating anatomical and con-
nectivity changes within the retina (Duan et al., 2014, 2018). Our
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current work expanded the expression survey to the retinotectal
synapses, and the combinatorial expression suggested a general
role of Type II Cdhs in cell type-directed synaptic assembly in
the CNS. Particularly, our current study put Cdhl13, one Type
II Cdh, in the neuron-neuron connectivity setting and revealed
how specific neural circuits from the retina to the brain may uti-
lize specific Cdhs for synapse maintenance. We showed a
uniquely enriched Cdhl3 expression in wide-field neurons.
Global Cdh13 mutants led to a reduction of mature dendritic
spine density, specifically in apical regions. AAV-mediated
Cdh13 elimination in the adult retina, or SC, led to a similar
reduction of wide-field neuron dendritic spine density.
Identifying Cdh-directed circuit pairs from the retina to the SC
can further understand how visual inputs are relayed to inform
behavioral outputs. Taken together, Cdh13's restricted expres-
sion in RGC and SC subsets allows for cell type-specific trans-
neuronal recognition.

One of the major findings of the current study is about the
dendritic spine changes within the wide-field neurons within
the sSC. Dendritic spines are the primary site of glutamatergic
input in the CNS, and their reduction has been shown to affect
synaptic function negatively (Boros et al., 2017, 2019; Walker
et al., 2021). For retinotectal connectivity, glutamatergic input
is extremely important as RGCs are glutamatergic. In excitatory
neurons, most glutamatergic synapses are made on the heads of
dendritic spines, each of which houses the postsynaptic terminal
of a single glutamatergic synapse (Alvarez et al., 2007). Our cur-
rent data are primarily acquired in the young adult SC, where the
dendritic spines are well formed. Thus, our current study pro-
vides evidence that Cdh13 is essential to maintaining dendritic
spines. However, we cannot rule out the possibility that Cdh13
plays an equally important role in synapse formation (Fig. 5E).
Cdh13 is a GPI-coupled Type II cadherin involved in CNS axonal
targeting and synaptic regulation (Philippova et al., 2008; Ciatto
et al., 2010; Kiser et al., 2019; Nguyen et al., 2020). Cdh13 resides
in lipid rafts, concentrating on synapse-related proteins (Ranscht
and Dours-Zimmermann, 1991; Hering et al., 2003; Philippova et
al., 2008). Cdh13 would then bind homophilically with the trans-
synaptic cell to anchor the structures in place, with the intra-cel-
lular event largely undefined. In other words, the current study
indicated that the cell-cell recognition but not the downstream
signaling events may lead to specific retinotectal synapse
changes.

Notably, past studies, including ours, identified Npnt, a
secreted extracellular matrix molecule in facilitating the synaptic
choices from presynaptic retinal neurons with wide-field neurons
during postnatal development (Su et al., 2021; Tsai et al., 2022).
We demonstrated a selective role for Npnt-Itg8 signaling in
mediating synaptic recognition between aRGCs and wide-field
neurons. We also found that postsynaptic Npnt patterned the
axonal targeting and restriction of aRGCs to the appropriate
SO lamina from wide-field neurons. Additionally, in the current
study, we showed that Cdhl3-mediated RGC and wide-field
neuron connections did not impact the laminar restriction of
Cdh13-RGC axons (Figs. 7, 8). Although Cdh13 and Npnt sig-
nals act on wide-field neurons, they each have distinct functions
in directing connectivity between different RGC types onto
wide-field neurons. Thus, each retinotectal pathway may utilize
a distinct signaling mechanism for synaptic specificity (Fig. 9C).

Cdh13-CreER primarily labels wide-field neurons, which were
also labeled independently by NtsrI-GN209-Cre line (Gale and
Murphy, 2014), Cbin2-GFP line (Seigneur and Sudhof, 2017;
Xie et al., 2021), and Npnt-Flp line (Tsai et al., 2022), sharing

J. Neurosci., January 31, 2024 - 44(5):¢1310232023 - 15

similar morphologies and laminations. Functionally, wide-field
neurons are tuned to slow-moving, small stimuli over a large
receptive field (Gale and Murphy, 2014) and project to the lateral
posterior nucleus of the thalamus (LP; Dhande and Huberman,
2014; Gale and Murphy, 2014; Brenner et al., 2023). Thus, phys-
iological, functional, and behavioral consequences of Cdhl3
mutants remain to be explored based on the morphological study
of wide-field neurons in retinotectal synapse maintenance and
circuit assembly.
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