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Cadherin-13 maintains dendritic spine anatomy in the superior colliculus
Angela Cao Matcham

ABSTRACT

Understanding the molecular agents that direct and maintain synaptic connectivity and structure in
the central nervous system (CNS) is critical in addressing many neurocognitive disorders. Mutations
in cell adhesion proteins (Cadherins) that direct cell-type specific connectivity have been associated
with autism, bipolar disorder and schizophrenia. The retinal-tectal projection, with its mutual laminar
organization, provides a unique model system to identify cell type-specific cadherin expression and
interrogate its mechanism. The central goal of this thesis is to identify candidate cadherins associated
with restricted populations in the superior colliculus (SC) and to determine their role in directing
circuit formation with retinal ganglion cell projections. In this study, Cadherin 13 is identified as a
candidate cell adhesion protein in SC wide field cells. Cdh13 is a homophilic type 2 cadherin whose
mutation is associated with ADHD, bipolar disorder, depression, autism and schizophrenia in human
GWAS studies. In the CNS, Cdh13 has been shown to be involved in axon targeting and synapse
regulation. This thesis explores the role of Cdh13 in cell type-specific pathway maintenance between
the retina and wide field cells. Chapzer T describes new and necessary methods for consistent laminar
and transsynaptic analysis that were developed during this research and can be expanded to further
experiments and regions. Chapter 2 explores Cdh13’s expression patterns in conjunction with its
temporal and spatial necessity in connectivity structures between the retina and SC. Chapter 3 presents
preliminary results further interrogating Cdh13’s mechanisms in retinal-tectal connectivity. The
culmination of these chapters not only detail cadherin 13’s role in cell-type specific interactions
between the retina and the SC, but also build upon established institutions to provide improved

methods and updated information for future studies.
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CHAPTER 1:

NOVEL METHODS FOR RETINAL-TECTAL LAMINAR ANALYSIS



CHAPTER 1.1: BIOLOGICALLY-BASED STANDARDIZATION OF SUPERIOR

COLLICULAR LAMINAR ANALYSIS

INTRODUCTION:

The superior colliculus (SC) is a highly laminated structure, with both its inputs and resident
cells organized in layers with specific morphologies and functionalities. The most superficial layers
(sSC) are considered to be the retinorecipient layers that receive direct input from the retina and are
responsive to visual stimuli. This area includes the stratus griseum superficiale (SGS) and the stratum
opticum (SO). The retinal inputs into the sSC are laminarly segregated. For example, alpha retinal
ganglion cell (aRGC) axons can be visualized by KCNG-Cre and terminate in the upper to mid SO
(Fig. 1.1G) (Dhande & Huberman, 2014; Huberman et al., 2008). On-Off direction-selective RGC
(0oDSGC) axons labeled by CART-CRE, on the other hand, terminate exclusively in the SGS (Fig.
1.1H) (Kay et al., 2011). There is also a functional organization in RGC axon segregation by layer
(Dhande & Huberman, 2014). Motion-selective RGCs terminate their axons in the superficial layers
of the sSC. Contrast- and center surround-detecting RGCs terminate in the deeper sSC layers.
Accordingly, 0oDSGCs, as the name suggests, respond to direction selective moving stimuli and their
axons terminate in the upper SGS (Fig 1.1H). aRGCs, on the other hand, are not selective for motion
and have SO terminating axons (Fig. 1.1G) (Dhande & Huberman, 2014).

Neurons in the SC are also laminarly segregated by both anatomy and function. Gale and
Murphy 2014 identified 4 predominant morphological cell types in the sSC: stellate, horizontal, narrow
field, and wide field cells. Stellate cells have small cell bodies with a small, complex, dendritic field and
can be labeled by Rorb-Cre mice. They are found predominantly in the SGS and have small receptive
fields that are not sensitive to motion. Horizonal cells are labeled by Gad2-Cre mice and have large

receptive fields with no motion sensitivity. Narrow field cells are vertical oriented cells with narrow



denderitic fields labeled by GFP-KH288-Cre. These cells reside in the mid sSC on the border between
the SGS and SO. They have small receptive fields and do not respond to moving visual stimuli. Wide
field cells, labeled by NTSR1-GN209-Cre mice, have large cell bodies that sit low in the SO with large
complex dendrites that extend to the surface of the SGS. They have large receptive fields and are
responsive to small low moving stimuli.

The central goal of our lab is to associate molecular expression with morphological cell types
for the purpose to identifying circuit directing actors. The goal of my thesis is to identify candidate
cell-adhesion proteins (cadherins) and to understand their role in directing the cell types specific
wiring. To accomplish this goal, a consistent laminar analysis protocol is necessary. In previous sSC
studies (Huberman et al., 2008; Kay et al., 2011; Kim et al., 2010; Tsai et al., 2022; Zhang et al., 2012),
laminar analysis is both necessary yet relatively arbitrary. The conventional analysis protocol involves
comparing relative depth from the surface of the SC (Fig 1.1D). In many cases, laminar boundaries
are then approximated with little to no reported methods. Although great care is taken to ensure
consistent tissue collection methods and regional consistency, variability is unavoidable. Because of
this, it was necessary to develop a new analysis method that significantly reduces this variability.

The SC is a large structure that spans approximately 2000um x 2000um in the adult mouse,
with varying layer thicknesses at each coordinate. Within a single coronal slice, layer thicknesses vary
greatly between medial and lateral areas (Fig 1.1B). The relative depth of the fluorescence (Fig 1.1D)
varies wildly between medial and lateral locations in the same coronal slice, even though their laminar
location remains consistent (Fig 1.1E). Even when exact, consistent coordinates for comparison are
attempted, large differences between general morphology and layer thicknesses can be observed within
the same mouse. Even worse, variations between mice, even in the tissue preparation or slice

orientation, can cause large differences between samples. A salient example of this can be observed in



layer differences in the SC between two prominent mouse brain atlases, “Allen Mouse Brain Atlas”
and “The Mouse Brain in Stereotaxic Coordinates” by Keith B.J. Franklin and George Paxinos.
These variations make it difficult to appropriately analyze laminar location of RGC axons and
SC cells, especially under conditions of sparse labeling. Even if exact layer replication between samples
for a specific coordinate is achieved, the data would then be severely limited due to its anatomical
restriction to a single 40um region. The conventional analysis method gives a crude approximation of

laminar locations of the SC and the quantitative outputs are severely compromised by it.



RESULTS

Due to the limitations of conventional methods for sSC laminar analyses, discussed above, it
was necessary to develop a new method to detect variations in layer thickness. This was achieved by
creating an automated analysis protocol that relies on immunohistochemically visualized laminar
boundaries. This provides the method to standardize sSC analyses regardless of variations in
thicknesses. The boundary between the SGS and the SO can be visualized by staining for myelin-
based protein, MBP (Fig. 1.1A, red). The lower SO boundary can be visualized by the upper boundary
of VachT staining while the lower boundary labels the lower SGI boundary (Fig 1.1A, blue). These
immunohistochemical stains were previously described by (Byun et al., 2016). In this study, their use
in laminar fluorescence detection and normalization using a semi-automated program allows for
accurate laminar visualization regardless of animal variation, tissue preparation, or location within the
SC.

Specifically, a semi-automated protocol was developed to use these boundaries and normalize
the target florescence distribution by layer, allowing for consistent resident layer designation and
subsequent fair comparison across regions and samples. The automated program requires two inputs:
(1) the isolated boundaries of the sample defined by immunohistochemistry, and (2) the confocal
image of the target fluorescence in the same sample. 200um bins are taken at perpendicular
intersections from the surface of the SC through to the lower boundary of the SGI. This allows for
analysis regardless of the surface curvature of the region. The relative target fluorescence is quantified
from the SC surface to the lower boundary of the SGI. The fluorescence is then normalized by their
relative pixel intensity and their laminar location is normalized based on their relative location to the
laminar boundaries (Fig. 1F-H). This method allows for the collection and comparison of not only
the entire medial-lateral length of a single coronal section, but it also allows for the comparison

between different areas of the SC and between animals.



The protocol was validated on established mouse lines with known RGC axonal lamination
including wild-type pan-RGC lamination, alpha-RGC lamination, and on-off direction-selective RGC
lamination. First, the protocol’s ability to quantify pan-RGC axons was confirmed by analyzing CTB-
labeled axons (Fig 1.1F). The axons were confirmed to be restricted to the sSC with the highest density
in the SGS and a gradual decline in the lower SO. aRGC axons labeled by KCNG-Cre are shown to
be restricted to the SO as previously described in the literature (Duan et al., 2015)(Figure 1.1G).
00DSGC axons labeled by CART-Cre are also confirmed to be concentrated in the SGS with this
method (Fig 1.1H).

Although the laminar boundary method confirms previous descriptions of axonal lamination,
there are some details that are only resolved using this process. For example, although a majority of
aRGC axons terminate in the SO, a few axons extend into the SGS. Conversely, a majority of 0oDSGC
axons terminate in the SGS, but a few axons extend into the SO. The previous relative depth analysis
method would not have been able to resolve the minor nuances in RGC axon restriction. Therefore,
in the case of detecting changes in lamination due to experimental manipulation, the laminar boundary
method will be able to detect more acute changes than when observing relative depth. The laminar
boundary analysis not only allows for a fair comparison of laminar distribution across samples, but it

also provides information otherwise undetectable by previous methods.
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Figure 1.1 Novel method for SC laminar analysis allows for more accurate quantification and

analysis.

(A) Confocal images of CTB-labeled RGC axons (green, left) with MBP (red, middle) and VachT (blue, right)
immunohistochemical stains to label the lower SGS and SO boundaties. The colors of the stains (red = MBP
and blue = VAchT) will mark the location the associated laminar boundary (red = lower SGS, blue = lower SO)
for the duration of this study.

(B) Three rectangular segments perpendicular from the sample shown in (A) are isolated and compared in (C).

(C) Comparison of segments from the same coronal section shown in (A) and (B) from lateral (left) to medial (right).

(D) Demonstration of the large range of results observed if relative depth is used to analyze laminar location. The
white vertical bar represents the CTB positive area with the center white horizontal notch representing the
transition between the high-density and low-density areas.

(E) The white bars representing the CTB lamination from (D) is compared to the immunohistochemically defined
laminar boundaries.

(F) Laminar quantification analysis method of pan-RGC axons labeled by CTB. (Mean = SEM)

(G) Confocal image of alpha RGC axons innervating the SC labeled by AAV2-DOO-GFP (left). Quantification of

normalized laminar distribution of relative fluorescence of aRGC axons in the SC (right).

(H) Confocal image of On-Off direction-selective RGC axons innervating the SC labeled by AAV2-DIO-GFP

(Ieft). Quantification of normalized laminar distribution of relative fluorescence of 00oDSGC axons in the SC

(right).



DISCUSSION

This new laminar boundary method for SC layer analysis discussed in this section overcomes
the limitations of previous approaches. It provides consistent standardization of laminar location
across SC regions. The current standard SC laminar analysis method using relative depth analysis omits
critical details about laminar organization. Between adjacent SC locations, the relative depth of the
pan-RGC axons will vary widely (Fig 1.1D) but they will be consistent in its relation to its layer location
(Fig 1.1E). Previous studies were therefore restricted to comparing only one SC location, typically with
a exemplary image rather than a multi-sample quantification. The laminar boundary method accounts
for changes in laminar thickness to allow for the quantitative analysis of samples from different SC
regions and between animals.

This method overcomes another disadvantage of relative depth analyses. Since relative depth
analysis cannot to determine the true locations of the laminar boundaries, populations along boundary
boarders can be miscategorized. This method allows for accurate detection of neurons beyond the
sSC in the SGI, such as Etvl-cells that have been previously mis-categorized as SO neurons.

The following section describes several WGA-tracing experiments that also benefit from the
precision and depth resolution of this method. WGA-mCherry labeled cells are detected just below
the SO boundary in the SGI, indicating that there are retinal-recipient cells outside of the classic
retinorecipient layers. These cells are very close to the SGI/SO boundary and would be easily
overlooked by conventional analysis methods. Using the laminar boundary analyses, these cells can be
properly defined. The laminar boundary method allows for greater resolution in SC studies to both
define its composition as well as a tool for experimental manipulations in the area. Not only that, but
the analysis method code is also not SC dependent, and therefore could be further applied to other

laminar CNS regions with immunohistochemically defined layers, such as the cortex.



CHAPTER 1.2: METTHODS OF WHEAT GERM AGGLUTININ TRANSYNAPTIC TRANSFER
DETECTION AND ANALYSIS

INTRODUCTION

Wheat Germ Agglutinin (WGA) is a lectin produced by plants to protect themselves from
predators and parasites. WGA binds to the carbohydrates of glycoproteins on cellular membranes. As
a scientific tool, WGA has been used in cancer therapy (Ryva et al., 2019) and as a neuronal
transsynaptic tracing tool (Basbaum & Menetrey, 1987). As a transsynaptic tracing tool, it has been
shown to be transported in both the anterograde and retrograde directions (Horowitz et al., 1999;
Yoshihara et al., 1999), allowing for a variety of technical applications. Fluorescent or HRP conjugated
WGA protein has been extensively studied and utilized in previous literature to trace neuronal
connectivity in mouse and primate systems.

A disadvantage of previous WGA methods is the inability to specify the starting population
within the injection region. This prevents accurate identification of the pre- and post-synaptic
populations, making it difficult to use this system to map cell type-specific circuits. To address this
issue, our lab developed a virally mediated, Cre-dependent, WGA protein. This allows for specific
targeting of a starting cell population based on positive Cre-expression. And to allow for visualization
of WGA transsynaptic transfer, a fluorescent protein marker (mCherry) was fused to the WGA.

The accuracy and efficiency of our AAV2-DIO-WGA-mCherry in monosynaptic
transsynaptic transfer was confirmed via electrophysiology (T'sai et al., 2022). The central goal of the
lab is to identify molecules responsible for directing cell type-specific wiring between the retina and
the SC. Using virally mediated WGA as a transsynaptic tracer from the retina, we can identify
candidate molecules in post-synaptic populations in the SC. An accurate and efficient protocol for
WGA-positive neuron visualization and identification is necessary for the effectiveness of our novel
transsynaptic tool. This section describes a variety of analysis tools and methods developed to address

this goal.



RESULTS

WGA is a lectin that prefers to reside on the cell membrane or in lysosomes in the cytoplasm.
When coupled to the mCherry fluorescent marker, the resulting fusion molecule tends to form puncta
throughout the cell, including the axons and dendrites. This punctation is evident in both the starting
population and the post-synaptic population. Because of this sea of dotted signals, the post-synaptic
cells in the SC become difficult to identify as positive or negative for transsynaptic labeling.

The first method investigated in this study for visualizing post-synaptic cell bodies was to first
label cells with DAPI or NeuN to visualize all cells or neurons, respectively. Then identification of
mCherry+ co-expression via pixel overlap with DAPI or NeuN in the confocal image would allow
for the identification of retinorecipient cells. By labeling all cells, this method would allow for
identification of the total population size to determine the proportion of SC cells that receive direct
retinal input. Unfortunately, given the nature of WGA-mCherry forming clouds of mCherry punctate
in the cytoplasm and cell membrane, direct co-expression within the nucleus does not capture the
whole WGA(+) post-synaptic population. Therefore, automated pixel masking analysis to determine
co-expression is not optimal. Two visualization methods were therefore developed to address this

issue.

10



Pan WGA injected Retina

CART-Cre

Figure 1.2 Analysis methods for WGA-mCherry transsynaptic transfer identification

(A) Schematic of WGA-mCherry transfer from infected RGC starting population in the eye to postsynaptic
populations in the retina.

(B) Example stellate, horizonal, wide-field, and Etv1l neurons that receive direct retina input.

(C) Confocal image of WGA-mCherry labeled post-synaptic population of KCNG-Cre labeled aRGCs (left).
The infected cell bodies are notated by individual uniform circles in their respective position on the right.

(D) Confocal image of WGA-mCherry labeled post-synaptic population of CART-Cre labeled 00DSGCs
(left). The infected cell bodies are notated by individual uniform circles in their respective position on the
right.
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Pre-identification of SC cell type

Identification and quantification of retinorecipient cells first requires a cytoplasmic or
membrane bound label in the target SC population. Having this in the post-synaptic population
allowed for WGA-mCherry overlap with the post-synaptic cell label. Automated detection processes
were then used to systematically and efficiently detect mCherry(+) and mCherry (-) in the target
population.

This method can determine the percentage of established sSC populations that receive direct
retinal input. Using transgenic mouse lines to label specific SC populations, the percentage of stellate
(Rorb-Cre), horizontal (GAD2-Cre), wide-field (NTSR1-GN209-Cre), and Etv1 cells (Etv1-CreER)
that are directly retinal-recipient was determined. A pan-neuronal WGA-mCherry (AAV2-WGA-
mCherry) is injected into adult mouse retinas of each of these mouse lines. Of the target SC cell

populations, 89.13% 5.37% of stellate (n = 540 cells), 82.95%%11.10% of horizontal (n = 228 cells),

85.31%%7.00% of wide field (n = 125 cells), and 4% of Etv1 cells (n = 50 cells) were WGA-mcherry
positive . It is interesting to note that stellate, horizontal, and wide-field cells reside in the sSC, while
Etvl cells reside in the upper SGI. Therefore, it is not surprising that a majority of the sSC residing
cells receive direct retinal input while Etvl cells do not, since sSC is considered the retinorecipient
layers. However, it is a novel observation that some Etv1l neurons do receive direct retinal input (Fig.
2B), given their location outside of the sSC. These neurons have large dendritic arbors that extend
into the sSC, therefore it is not surprising that they could receive direct retinal input. However, given
that a majority of this population sends dendrites into the sSC, it is then, surprising that a larger
percentage of this population does not receive direct input.

The central goal of the lab is to identify the molecules that direct partner choices between the
retina and the SC. An important part of this process is determining which SC cells receive direct retinal

input. Through the use of the methods discussed, Etvl cells outside of the sSC in the SGI are

12



discovered to receive direct retinal input. It is also notable that the non-retinorecipient Etv1 cells also
has dendrites that co-laminate with RGC axons, but do not form synaptic connections. The
identification of this population allows for future studies looking at synaptic partner choice. Etv1 cells
can be used as a negative control or a vehicle to demonstrate how the misexpression of candidate

proteins can direct connectivity with specific RGC inputs.

Laminar Quantification

WGA-mCherry(+) cell distribution can be informative and detected without a post-synaptic
cell marker. This allows for cell type-specific starting population targeting in the retina using a Cre-
driver line. Although this also allows for a greater range or presynaptic specificity, this method is not
able to determine the cell type of the post-synaptic cell. It is also unable to determine the number of
negative cells in the population. Nevertheless, differences in recipient cell lamination are informative
since SC cell types are laminarly organized.

Using this method, the post-synaptic populations of aRGC and 00DSGCs were compared.
AAV2-DIO-WGA-mCherry was injected into adult KCNG-Cre and Cart-Cre eyes to label aRGCs
and 0oDSRGCs, respectively. Two weeks later, SC samples were fixed and collected. In each
condition, mCherry(+) cells were identified and the cell body position recorded using equal sized
polygons. The positive cells were identified manually in Image] by either observing the confocal image
stack in 3-dimensions or scrolling through the z-stack to resolve a punctated shell. The distribution
of the post-synaptic population could then be quantified laminarly using the previously discussed
laminar quantification method.

The method of identifying each positive cell in this manner serves two purposes. First, for
laminar analysis, fluorescence from axons and dendrites will be omitted. Therefore, the data will not

be biased by neurite fluorescence. For example, WF cells in the SO would also have positive signals
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in the dendrites that extend to the SGS, thereby skewing the data towards the SGS. RGC axon
terminations would also skew the data (Fig 1.2C). Secondly, there are large differences in cell body
size. A large cell would contribute greater relative fluorescence than a smaller cell, thereby skewing the
data towards locations with larger cells. This method normalizes for cell size, so each cell is equally
represented in the distribution data (Fig. 1.2C, D right).

Using this method, the aRGC and 0oDSGC post-synaptic population distributions can be
appropriately compared. The aRGC projectome includes cells in the lower SGS, throughout the SO,
and a few beyond in the retino-recipient sSC in the SGI (Figurel. 2C right). The 0oDSGC projectome,
on the other hand, resides in equal distribution from the surface of the SC through the SGS and SO.
No SGI neurons were innervated by ooDSGCs. aRGCs therefore seem to innervate sSC neurons that
are on average in deeper layers than those innervated by 0oDSGCs, echoing their axonal lamination
differences. Because of the laminar segregation of neuronal populations in the SC, a laminar difference
in post-synaptic population likely translates to a difference in the post-synaptic cell types. This
question was further explored in (Tsai et al., 2022) where we used single cell RNA-sequencing of
WGA-labeled sSC neurons to compare projectomes of different RGC subtypes.

Although the aRGC and 00DSGC projectomes mirror their laminar differences, in both cases
the distribution of the postsynaptic population is greater than that of their innervating axons. Although
aRGCs axons are restricted to the upper SO, the post-synaptic neurons are in the SGS, lower SO, and
SGI (Fig 1.1G, Fig 1.2C). Likewise, the 00oDSGC post-synaptic population includes many cells well
below 00oDSGC axon terminations. This data collected using these methods expand on our previous
understanding of retinal-tectal connectivity, demonstrating the wide distribution of retinal input

despite restricted axon innervation.
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DISCUSSION

WGA has long been a useful tool for transsynaptic research. The development of a virally
mediated Cre-dependent WGA with a fluorescent tag allows for rapid expansion of WGA-based
applications. This is only possible with a reliable analysis method for WGA-mCherry detection for
accurate identification of positive vs negative post-synaptic transfer. Two methods were developed
for WGA-mCherry transfer analysis that are effective in comparing retinal projections to the SC: SC
population labeling, and manual 3D identification.

Although SC population labeling can help determine the percentage of stellate, horizonal, WF,
and Etvl populations that receive retinal input, the method has its disadvantages. Labeling these
populations require the use of Cre-driver lines. Therefore, genetic access to RGC subpopulations was
not possible. This method is unable to determine the connectivity between RGC subtypes with each
of these SC populations. On the other hand, manual 3D identification of WGA-mCherry positive cell
bodies allows for starting population specification but does not allow for identification of the post-
synaptic cell type. Neither method is applicable for all AAV-WGA experiments, but their use can be
applied to a variety of future projects as new technologies develop.

The lab is currently researching methods to bridge this technological gap. Efforts have been
made to isolate WGA-mCherry positive cells via flow-cytometry. These cells then undergo single-cell
RNA sequencing to determine the cell types in the post-synaptic populations. This method can be
implemented in RGC-Cre driver lines to allow for both the presynaptic starting population
specification and post-synaptic cell type identification (Tsai et al., 2022). There are also efforts in the
lab to create cell-type targeting mini-promoters. These mini promoters would be designed to be
transcribed only in specific cell types. This would allow for RGC starting population-specific targeting
without the use of a Cre-driver line. This in turn, would allow for post-synaptic population

identification using Cre-driver lines without losing starting cell specificity.
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SUMMARY

Appropriate data analysis protocols are the hallmark of reproducible, accurate science. Development
and optimization of these methods are the foundation of any project. The improved methods
described in Chapter 1 address issues with current superior collicular laminar analysis methods
(Chapter 1.1) and optimize methods for our novel transsynaptic tracer tools (Chapter 1.2). These
methods allow a more precise means of defining the regions and identifying the location of different
cell types within the SC. Having established these methods, the project research then focused on
defining the role of Cadherin 13 in protein mechanisms that connect the different cell types within
the SC, described in Chapter 2. The methods described here in Chapter 1 are also applicable for future

studies, such as some described in Chapter 3.
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CHAPTER 2:

CADHERIN 13 MAINTAINS SPINE DENDRITIC MORPHOLOGY IN SUPERIOR

COLLICULAR WIDE FIELD CELLS.

17



INTRODUCTION

The ability to integrate visual stimuli relies on neuronal pathways from retinal ganglion cells
to the brain. These parallel projections require protein mechanisms to find and maintain contact with
their correct post-synaptic partners (Sanes & Yamagata, 2009; Yamagata et al., 2003; Yogev & Shen,
2014). A family of calcium-dependent cell adhesion molecules (Hirano & Takeichi, 2012), cadherins,
have been shown to direct this process in various CNS circuits. Cadherins localize in synaptic
junctions (Benson & Tanaka, 1998; Fannon & Colman, 1996; Huntley & Benson, 1999; Uchida et al.,
1996; Yamagata et al., 1995) and are necessary in various phases of LTP (Bozdagi et al., 2000; Manabe
et al., 2000; Tanaka et al., 2000; Tang et al., 1998) and in directing circuit specific connectivity (Duan
et al.,, 2014; Duan et al., 2018). In the retina, Cdh8 and Cdh9 were shown to direct bipolar cell axonal
targeting and synaptic specificity in both their wild type and misexpressed conditions (Duan et al,,
2014). Further, a combination of Cdho6, Cdh9, and Cdh10 were shown to direct direction-selective
visual input to a specific retinal ganglion cell (RGC) subtype (Duan et al., 2018). These RGCs then
relay different aspects of the visual world to the brain via a critical visual processing center, receiving
direct retinal input, known as the superior colliculus (SC). This study aims to understand the role
cadherin expression plays in directing the wiring of parallel informational channels in the SC. Cadherin
expression is surveyed in the SC then anatomical changes are observed under targeted cadherin
manipulations.

The superior colliculus’ neuronal populations and its inputs are laminarly organized.
Functional processes within the SC are laminarly organized as well with the most superficial layers
(sSC) considered to be the retinorecipient layers. They receive direct input from the retina and are
responsive to visual stimuli. This area includes the stratus griseum superficiale (SGS) and the stratum
opticum (SO). Previous studies have characterized the cell types in the sSC by their molecular

expression (Byun et al., 20106) or their morphology and functional properties (Gale & Murphy, 2014).
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As described in the introduction to Chapter 1, Gale and Murphy identified 4 predominant cell types
in the SC based on their anatomy, physiology, and visual response preferences: stellate, horizontal,
narrow field, and wide field cells. Using the transgenic lines to label these cell types, our lab aims to
associate cell adhesion protein expression with these morphological cell types. In this study we aim to
understand the role cadherins expression play in directing the wiring of parallel informational
channels.

To identify candidate cadherins that direct specific retinal-tectal connectivity, cadherin
expression patterns were surveyed using transgenic mouse line labeling (Chapter 2.1). This was then
compared to established SC cell types (Gale & Murphy, 2014, 2018) using in situ hybridization.
Through this process, cadherin-13 was observed in our studies to be uniquely enriched in wide field
cells (WF) (Chapter 2.2). Cdh13 is a unique, type-1I cadherin that is necessary for axonal targeting,
synaptic targeting, and synaptic regulation in a cell type specific manner (Hering et al., 2003). It is a
homophillically binding cadherin, coupled to a Glycosylphosphatidylinositol (GPI) moiety instead of
an intracellular domain. GPI domains are typically found in association with lipid rafts, which have
been shown to be necessary in dendritic spine anatomy, function, and maintenance (Ciatto et al., 2010;
Kiser et al., 2019; Nguyen et al., 2020; Philippova et al., 2008; Rivero et al., 2015). Spines are the
primary site of glutamatergic input that allow for the aggregation of necessary post-synaptic proteins
and are therefore critical for appropriate transsynaptic communication. Cdh13’s unique enrichment in
WF cells, its GPI coupling, and its role in circuit regulation make it a prime candidate in RGC specific
connectivity of WF cells.

To determine the role of Cdh13 in the connectivity between RGCs and WF cells, we observed
the changes to dendritic spine populations under a variety of knock-out or knock-down conditions
using both genetic mouse lines and viral delivery. When Cdh13 was endogenously knocked out,

mature WF dendritic spines were significantly decreased, with a disproportionate loss in the apical
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dendritic regions. This loss was similatly observed when Cdh13 was knocked down in the WF cells in
adulthood. Because Cdh13 acts in a homophilic manner (Lehto & Sharom, 1998; Tanihara et al., 1994)
we wanted to know what Cdhl3-expressing inputs partner with WE cells apically and whether
disrupting Cdh13 in these presynaptic populations would result in a similar spine reduction. We found
that Cdh13-expressing RGC axons co-terminate with WI apical dendrites. Subsequently, Cdh13
knockdown in these RGCs locally decreased WIF mature spine densities in their axonal termination
zones. We conclude that trans-neuronal Cdh13 is necessary for the maintenance of mature dendritic
spines in a cell type-specific manner. Since RGCs provide glutamatergic innervation and dendritic
spines are the primary site of glutamatergic input in the CNS, a change in dendritic spine anatomy is
likely to affect glutamatergic synaptic communication. In fact, reductions in spine number has been
shown to negatively affect synaptic function and is a common feature of early neurodegenerative
diseases such as Alzheimer’s (Boros et al., 2019; Boros et al., 2017). Given this, the results indicate
that Cdh13 is necessary in adult spine maintenance and that it is likely integral to maintaining

communication between specific RGC populations and WF cells.
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Figure 2.1. Genetic mouse lines can visualize anatomical and cadherin-expressing cells types

(A) Confocal images of established morphological cell lines in the SC visualized using different Cre lines

Stellate cells are labeled by Rorb-Cre, horizontal cells are labeled by GAD2-Cre, narrow field cells are
labeled by GRP-KP288-Cre, wide field cells are labeled by NTSR1-GN209-Cre. The laminar location of

each population can then be compared using immunohistochemical methods previously defined (Fig. 1.1)
(B) Isolated neurons taken from confocal images of the mouse lines in (A). Neurons were isolated using Image]

(C) Confocal images of cadherin expressing cells in the SC labeled by Cre-ER expressing mouse lines. Cdh8 is



RESULTS
Chapter 2.1: Cadberin-13 is uniquely enriched in WE Cells in the Superior Colliculus

To understand how cadherins direct retinal-tectal parallel projection wiring, it is important to
know the expression patterns of these cadherins in the sSC. To visualize cadherin expression patterns,
we stained for the mRINA of various cadherins in mouse sSC in comparison to established sSC cell
types (Gale & Murphy, 2014, 2018). This not only helps us understand cadherin expression patterns
in the sSC, but it also allows us to find candidate cadherin/SC population pairs in order to investigate
the role of those cadherins in those cell populations. To standardize and visualize the laminar
boundaries of the sSC, we stained for established molecular markers. Their laminar locations were
compared to the laminar locations of these anatomically defined cell types (Fig 1.1, Fig. 2.1). As
described in Chapter 1, the boundary between the SGS and SO is visualized by MBP staining and the
lower SO boundary is visualized by VachT staining (Byun et al., 2016) (Fig 1.1). The established cell
types: stellate, horizontal, narrow, and wide field, were visualized by transgenic mouse lines using
Rorb-Cre, GAD2-Cre, GRP-KP288 -Cre, and NTSR1-GN209-CRE respectively (Gale & Murphy,
2014), mated to our lab’s Cre-dependent YFP line, Thyl-STP-YFP, (Buffelli et al., 2003) (Fig 2.1A).
Rorb-Cre stellate/horizontal cells were restricted to the SGS. GAD2-Cre horizontal cells resided in
the SGS and upper SO. GRP-KP288-Cre natrow field cells resided along the SGS/SO boundary.
NPNT1-GN209-Cre wide field cells have cell bodies in the lower SO with large, complex, dendritic
arbors that reach to the upper SGS (Fig 2.1A bottom).

To visualize cadherin expression in the sSC, we surveyed cell labeling in cadherin-targeting
transgenic mouse lines. We specifically assessed the expression pattern of Cdh4, Cdh8, Cdh10, and
Cdh13 given their importance in cell type-specific connectivity in other systems (Fig 2.1C). Cadherin
4 is robustly expressed in both the retina and the superior colliculus and has been shown to be a

necessary component of retinal ganglion cell development and RGC axonal projection and
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arborization in the SC (Babb et al., 2005). Cadherin 13 is necessary for axonal targeting and synaptic
functionality in the spinal cord, cortex, and cerebellum in a cell type specific manner (Kiser et al., 2019;
Nguyen et al., 2020; Philippova et al., 2008; Rivero et al., 2015; Tantra et al., 2018). Of the assessed
cadherins, Cadherin 13 has a notable laminar enrichment in what is predicted to be the lower SO (Fig
2.1C bottom).

Cadherin 13 became of particular interest because Cdh13 mRNA co-laminates with WE cell
bodies in the lower SO. To determine whether Cdh13 is uniquely enriched in WF cells, we labeled
Cdh13 mRNA in NTSR1-GN209-Cre;STP-YFP15-labeled SC slices. WF cells could be visualized
using GFP-targeting antibodies after Cdh13 mRNA in situ hybridization using RNAScope. 91.78%
of WF cells (Fig. 2.2 green) were found to express (Fig 2.2B, yellow) Cdh13 mRNA (Fig 2.2B red).
There were also Cdh13 expressing cell bodies that were not GFP positive. However, these cell bodies
resembled NTSR1-GN209-Cre WF cell bodies in their shape and size. It is likely that there is a
population of WF cells that are not labeled by NTSR1-GN209-Cre that are Cdh13 expressing.

It is important to note that NTSR1 expression does not correlate with Cre expression in this
mouse line since it is the BAC transgenic line. This is the case with the SC WF population as NTSR1
is not expressed in WF cells and other NTSR1-Cre mouse lines do not label WF cells (not shown). It
is therefore notable that Cdh13 is a molecular marker for WF cells that represents the true expression
of the population. To investigate the role of Cdh13 in WF cells as well as establish a molecularly

relevant WF cell marker, we used 2 Cdh13-CreERT mouse line.
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Figure 2.2. Molecular Characterization of Superior Collicular Wide Field Cells.

(A) Confocal images of NTSR1-GN209-Cre x Thyl-STP-YFP-15 labeled WF cells in eYFP.
Molecular characterization of NTSR1-GN209-Cre labeled WF cells was determined through
immunohistochemistry (top row) and in situ hybridization (bottom row) The percent of WF cells
that express each molecular are: PV 0.11%; Calretinin 3.45%; Calbindin 24.76%; NPNT 87.00%;
Cdh13 91.78%; ETV1 0.00%.

(B) Laminar restriction on Cdhl3-expressing cell bodies (red) co-laminates with WE cell bodies

(green).
(C) Cdh13 mRNA (red, right) is expressed in WF cell bodies (green, left)
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Chapter 2.2: Cdh13 Expressing Cells are WE Cells.

To confirm that Cdh13 expressing cells in the sSC are WF cells, we used a Cdh13-CreERT;Stp-
YFP15 mouse to visualize the anatomy of this population. Tamoxifen was administered IP beginning
at p13 at 20ug/dose, every other day for 5 days, for a total of 3 doses. Eatlier administration yielded
a high mortality rate, while lower or later administration did not induce sufficient Cre expression. The
Cdh13-Cre-ERT2 mouse line has the Cre-ERT2 domain inserted behind the Cdh13 promoter,
disrupting the endogenous expression of Cdh13 while allowing for estrogen receptor bound CRE to
be transcribed in cells that would otherwise express Cdh13 (Fig 2.5A). The heterozygous mouse would
have one functional Cdh13 copy while the homozygous would have Cdh13 completely knocked out
from conception. This results in the ability to consistently label the target population with or without
endogenous Cdh13 expression in the heterozygous and homozygous mice respectively.

To confirm the Cdh13-expressing population labeled in this mouse line indeed labels NTSR1-
GN209-Cre WF cells, we compared the cell body size and location, as well as dendritic spine densities
between heterozygous Cdh13-CreERT;STP15 and NTSR1-GN209-Cre;STP15 mice. The labeled sSC
population in the Cdh13-CreERT HET mice exclusively consisted of WF-like cell types with large cell
bodies in the lower SO resembling that of NTSR1-GN209-Cre WF cells (Fig 2.3A). Both populations
had complex dendrites that covered a large area reaching to the surface of the SC (Fig 2.3B). Both
populations had no significant different in spine densities, with NTSR1-GN209-Cre WF cells having

a spine density of 93.56+08.48 spines/mm; n=46 dendrites, while heterozygous WF cells had a spine

density of 98.78%7.05 spines/mm; n=102 dendrites (p=0.6613) (Fig 2.3C). There was also no

significant difference in spine distribution along the dendrite (Fig 2.3D, Fig 2.4). Through this, we

concluded that the Cdh13-CreER mouse line labels W cells in the superior colliculus.
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Figure 2.3. Cdh13-CreER labeled cells are WF cells.

(A) Confocal image of Cdh13-CreER mouse line labeled neurons. Labeled Cdh13 cell bodies are laminarly
restricted to the lower SO like NTSR1-GN209 WF cells.

(B) Isolated Cdh13-CreER labeled cells have WF cell morphology.

(C) Cumulative percent graph comparing dendritic spine density between Cdh13-CreER Het labeled cells and
NTSR1-GN209 labeled cells. There is no significant difference (n.s. p>0.05).

(D) Cumulative percent graphs comparing spine density distribution along the dendrite according to relative
locations shown in Fig 7. Spine distribution between Cdh13-CreER cells and NTSR1-GN209-Cre is not
significantly different at all locations. (p>0.05 for proximal, medial, and apical locations).

Figure 2.4. Scholl-like analysis is used to
compare spine densities along the dendrite.
(left) 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 3 equal sections.

(right)
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Chapter 2.3: Cadberin-13 endogenons knockout results in a decrease in mature spines in WE cells
Cadherin 13 (Cdh13) is a GPI-coupled Type II cadherin involved in CNS axonal targeting and
synaptic regulation (Ciatto et al., 2010; Kiser et al., 2019; Nguyen et al., 2020; Philippova et al., 2008).
To determine the role of Cdh13 in SC WF cells, we analyzed changes when knocking out Cdh13
between our homozygous and heterozygous Cdh13-CreER mice. The homozygous mouse lacks
Cdh13 mRNA expression (Fig. 2.5C green) while WF cells (labeled by NPNT mRNA in red (Tsai et
al., 2022) show no changes in cell numbers or location (Fig 2.5C). The heterozygous mouse has one
Cdh13 copy and robustly expresses Cdh13 mRNA (Fig 8B green), co-expressing (Fig 2.5B yellow)
with WF cell bodies (Fig 2.5B red). We found that the heterozygous Cdh13-CreER mice, with one
functional Cdh13 allele, were haplo-sufficient when compared to NTSR1-GN209-Cre WF cells in
terms of total spine numbers and spine distribution along the dendrite (Fig 2.3D). NTSR1-GN209-

Cre WF cells had a spine density of 93.5618.48 spines/mm; n=46 dendrites while heterozygous WF

cells had a spine density of 98.78+7.05 spines/um; n=102 dendrites (p=0.6613). Therefore, the
heterozygous littermates are used as the control in this experiment.
In the homozygous mice, we observed a significant decrease in the number of spines per unit

length of dendrite at an average of 39.30%5.07 spines/mm (n=066 dendrites), compared to

heterozygous control spine densities at 98.7827.04 spines/mm (n=102 dendrites) (p < 0.001) (Fig
2.6C). Classically, there are 4 major spine types: stubby, narrow, mushroom, and filopodia (Fig 2.6B).
Mushroom spines are considered mature spines and are associated with housing a functional post
synaptic density. They are defined by having a head larger than the neck of the spine. In this study, we
observe a 5* spine type. This type, we call “Long Mushrooms”, have a spine head that is wider than
the neck, but the overall length is greater than its width, which is distinct from the classic mushroom

morphology (Fig. 2.6B). Looking at density changes of each spine type, we observed significant
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decreases in only mature spine density in the knockout 9.577+1.934 spines/um (n=102 dendrites)

compared to control 47.4913.444 spines/um (n=066 dendrites) (p<0.0001) (Fig 2.6D). There was no
significant change in narrow, stubby, or filopodia. Given the importance of mature spines in efficient
glutamatergic communication between neurons, the decrease of mature spines, specifically, strongly

suggests the necessity of Cdh13 in communication to WFE cells.
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Figure 2.5. Knocking out Cadherin 13 reduces mature spines in WF cell dendrites.

(a) Genetic layout of Cdh13-CreER mice. The CreERT2 region is knocked into the transcription initiation
region of the Cdh13-gene, knocking out functional Cdh13 transcription. The heterozygous mouse (middle) has
one functional copy of the Cdh13 gene while a homozygous mouse (right) have a complete knockout of Cdh13
expression.

(b) Cdh13-CreER heterozygous mice continues to express Cdh13 mRNA in the appropriate lamina in WF cells.
WEF cells are labeled by NPNT mRNA (red, left) with coexpression with Cdh13 in yellow, middle.

(c) Confirmation of knockout in the homozygous but not heterozygous mice while maintaining WF cell laminar
location and density. NPNT mRNA (red, left) lamination and density is maintained while Cdh13 mRNA (green,
right) is abolished with no coexpression (yellow, middle).
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Figure 2.6: Knocking out Cadherin 13 reduces mature spines in WF cell dendrites.

(A) Dendritic spines are visible in both Cdh13-CreER heterozygous (left) and homozygous (right), with a
decrease in the number of spines in the homozygous knockout condition.

(B) Five spine morphologies are observed in our Cdh13-CreER;StpYFP15 mice. (top) example images of spines
from heterozygous mice. Each spine type was observed in homozygous samples as well (not shown) with no
observable change in morphology.

(C) Cumulative percent distribution of dendritic spine density is significantly reduced when Cdh13 is
endogenously knocked out (red) compared to the heterozygous control (black) (p<.0001).

(C) Comparisons of densities of each spine morphology show a significant decrease in mushroom (p<0.01) and
long mushroom (p<<0.0001) populations but not in stubby, narrow, or filopodia (p>0.05, p>0.05, 0.01<p<0.05,
respectively).

(E) Comparison of spine lengths show no change in lengths in mushroom, long mushroom, and narrow spines
(p>0.05) with a small decrease in stubby and filopodia lengths (p<0.05).

(F) 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 knockout
(right, reds) compared to the control (left, blacks).

(G) The disproportionate decrease in the apical regions is observed in mature spine distributions in knockout
conditions (right, reds) compared to the control (left, blacks)

ns p>0.05, ¥*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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Chapter 2.4: Apical dendritic spines are disproportionally affected by Cdh13 KO

sSC neurons and their inputs are highly laminarly organized. Is it therefore hypothesized that
Cdh13-dependent mature spines could be concentrated at a specific lamina. To test this, a Scholl-like
analysis was performed by dividing dendritic arbors into three zones according to their morphology
and distance to the SC surface. The proximal region consists of thick primary dendrites in the lower
1/3 between the cell body and the sutface of the SC. The apical region consists of thin, complex
dendritic terminations in the upper 1/3 between the cell body and the SC surface. The medial region
is the 1/3 between the proximal and apical regions consisting of “classical” dendritic arms of medium
to thin thickness (Fig 2.4).

In control (both wild type NTSR1-GN209-Cre and Heterozygous Cdh13-CreERT WF cells),

the apical region (142.20117.8 spines/mm n=27 dendrites) has significantly more spines per length of

dendrite than the proximal (78.7818.72 spines/mm n=51 dendrites) and medial (84.4518.96
spines/mm n=34 dendrites) regions in the control. In the Cdh13 knock out condition, the higher
apical spine density was absent with all three regions having the same overall spine density (proximal:
36.4249.0 spines/mm; medial: 42.4019.38 spines/mm; apical: 33.8+5.46 spines/mm, fig. 2.6F). All
three regions experienced a decrease in spine density, with the apical region observing the largest
percent decrease. Mature spine distribution also observed a consistent trend., with a larger percent
decrease in apical regions in the absence of Cdh13 (12.65+3.106 spines/mm) when compared to the
control (79.91£6.388) (Fig. 2.6G). Taken together, these results indicate that Cdh13-dependent mature
spines are present throughout the entirety of WIE dendrites, but there is a higher density of them in
the apical dendrites in the superficial SGS. It is therefore possible that communication between

populations innervating the upper SGS and WF cells are Cdh13-dependent.
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One consideration in interpreting these observations is the possibility that there are changes
in the dendritic arborization when Cdh13 is knocked out. There may be changes in dendritic laminar
targeting or dendritic complexity. Although if these changes occurred, the fact that we see changes to
spine density does not change. What does change is the interpretation of this phenotype. For example,
if Cdh13 removal results in dendrites no longer being in a region where they normally make axonal
contacts, it is possible that the loss of spines is because of the mislocalization itself, rather than at the
spine itself. On the other hand, if dendritic morphology is unaffected, it is more likely that Cdh13 is
involved at the spine level.

Due to the size and breadth of WF cell dendrites, many dendrites are severed before reaching
their natural termination. Therefore, analyzing cell reconstructions for changes in dendritic
arborization would not be an accurate representation. So any changes when knocking out Cdh13
would be misleading. To circumvent this issue, we analyzed the ratio of dendritic densities between
proximal, medial, and apical regions and compared them between control and knockout conditions.
Comparisons of the ratio between the regions is necessary because tamoxifen induction of Cre
expression results in variable densities of cell labeling between mice. Assessing changes in this way
allows for appropriate analysis of changes in dendritic laminar targeting and termination. We found
that there were no changes in dendritic laminar targeting between Cdh13 knockouts and their
heterozygous littermates.

This analysis method does not tell us whether there is a change in dendritic complexity due to
Cdh13 knockout. Although there were no observable changes in the number of primary dendrites, it
was difficult to quantify possible changes in dendritic complexity. Qualitatively, there appeared to be
no notable changes in dendritic complexity (Fig 2.1). Regardless, if there were changes in dendritic
complexity, the significant reduction in mature spine density and its interpretation would not greatly

change since no laminar defect was detected. The WF dendrites would still innervate all endogenous
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SC layers and therefore would have the opportunity to contact their appropriate partners for proper
synapse formation or spine maturation. Therefore, the changes in the spine due to Cdh13 knockout

would be a result of abolishing Cdh13’s action in spine morphology.
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Chapter 2.5: Cadberin 13 is necessary in adult WF spine maintenance

Cadherin 13 expression robustly persists in the sSSC WF through adulthood (Fig. 1.1D). This
raises the question of whether continued Cdh13 expression is necessary for mature WE spine
maintenance after development. To address this, we developed a virally mediated shRNA targeting
Cdh13 mRNA (Fig 2.7A). This protein was complexed with a cleavable Cre-dependent mCherry
(pAAV-hUG6-shCdh13-DIO-mOrange2). The knockdown sequence was adapted from Killen et al.
(2017). We knocked down Cdh13 in SC WF cells by injecting this virus into p60 NTSR1-GN209-Cre
superior colliculi in mice (Fig 2.7A). mCherry was observed in only WF cells in the SC. Cdh13 mRNA
knockdown was confirmed via in situ hybridization (Fig 2.7B). NPNT(+);REFP(-) cells were Cdh13(+),
while all RFP(+) cells were NPNT(+) but Cdh13 negative (Fig 2.7C). Like the endogenous knockout
condition, no changes in cellular lamination or cell numbers were changed from the control.

In the Cdh13-knockdown population, overall spine density (28.79£03.54 spines/mm, n=56
dendrites) was significantly decreased when compared to NTSR1-GN209-Cre WF cell control

(98.78+7.05 spines/mm, n=102 dendrites) (n<0.0001). The knockdown density was compatable to

that of the endogenous knockout (39.30£5.07 spines/um; n=66 dendrites). Unlike the results from
endogenous knockout conditions, adult Cdh13 knockdown significantly reduced the populations of
all spine types (Fig 2.7G). However, mature spines were consistent in having a larger percent decrease
than other spine types.

The same experiment was conducted on Cdh13-CreER;STP15 mice in order to specify
knockdown to only Cdh13-expressing WF cells. Mice were injected in one SC hemisphere at p1 using
a glass pipette. Tamoxifen was then administered beginning at p15. Brain tissue was then collected 4
weeks later. The resulting decrease in spine density was similar to the p60 knockdown, showing a
general decrease in all spine types but a greater percent decrease of mature spines, with the greatest

area of effect being in the distal apical dendrites.
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These results show that adult Cdh13 disruption reduces mature spine density, similar to the
endogenous Cdh13 knockout. Given that Cdh13 is necessary after development in this system, it can
be concluded that Cdh13 is necessary for the maintenance of these mature spines. In addition, since
the shRNA virus was not axonally taken-up by RGCs (Fig 2.7D) or V1 cortical cells that also innervate
the sSC (May, 2000), the knockdown was exclusive to Cdh13-expressing cells in the SC. Therefore,
Cdh13 knockdown in the adult WF cells is sufficient to decrease mature spine numbers. Taken
together, this demonstrates that Cdh13 is necessary in the adult SC to maintain mature dendritic spine

anatomy.
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Figure 2.7: Continued Cdh13 expression is necessary for mature spine maintenance.

(a) Genetic scheme of viral Cdh13 shRNA knockdown with Cre-dependent mCherry. This is injected
into the SC of a p60 NTSR1-GN209-Cre mouse.

(b) Confocal image confirming infection of WF cells specifically at point of injection into the adult
SC. AAV2-shCdh13-77-2A-DIO- mCherry infects WF cells and expressed mCherry.

(c) Confocal image of infected WF cell to confirm Cdhl3 knockdown only in infected cells.
RNAscope in situ hybridization shows mCherry expressing WE cells (NPNT+ cells) are absent of
Cdh13 mRNA.

(d) Confocal image of the retina of SC injected mice to show lack of axonal uptake of shCdh13. Lack
of mCherry in Cre+ RGC Cells in the retina indicate lack of retrograde transport to the retina (0%
REP+ Cells, n = 6 eyes, 3 mice).

(e) Cumulative percent of spine density comparison show decreases in spine density after adult Cdh13
shRNA knockdown. Control is NTSR1-GN209-Cre labeled WF cells.

(f) Comparison of spine density distribution along the dendrite between control (left) and knockdown
(right) conditions.

(g) Comparison of spine density by type. Control is NTSR1-GN209-Cre, knockdown is virally
mediated sh knockdown, and endogenous knockout is homozygous Cdh13-CreER from figure 9.

ns p>0.05, ¥p<0.05, #*p<0.01, *++p<0.001, ***p<0.0001
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Chapter 2.6: Cdh13 Expressing RGC population has dendritic and axonal laminar specificity.

In the CNS, Cadherin 13 is an exclusively homophilic actor (Ciatto et al., 2010; Ranscht &
Bronner-Fraser, 1991; Spranger et al., 2006; Vestal & Ranscht, 1992) in maintaining transsynaptic
stability (Killen et al., 2017; Kiser et al., 2019; Rivero et al., 2015; Tantra et al., 2018). We therefore
hypothesized that spine density in WFE cells is dependent on presynaptic Cdh13 expression. To
determine whether presynaptic Cdh13 disruption reduces WF mature spine numbers, it was first
necessary to identify a candidate presynaptic population. Retinal ganglion cells prominently innervate
the superficial SC. 90% of retinal projections target the sSC in the mouse and 10% in primates (Perry
& Cowey, 1984). We used our Cdh13-CreER-StpYFP mouse line to visualize Cdh13-expressing retinal
cells via tamoxifen injection. Immunohistochemical stains determined that 100% of GFP labeled
RGCs were RBPSM+. Of these 47.6% wete sabtl+, 0% were CART+, and 2.86% were OPN+, non-
exclusionary. Accordingly, Cdh13 mRNA was stained to show expression in 6.67% of KCNG1-Cre
RGC and 96.78% in W3-GFP RGC.

Analysis of Cdh13-RGC anatomy observed small cell bodies with dendritic stratifications in
IPL S3 in the majority of cells with some having additional stratifications varying from S1-S85. These
dendritic anatomies resembled W3b RGC (Kim et al., 2010), F-midi RGCs, and F-mini RGCs. Cdh13
expression in F-RGCs is consistent with previous reports (Rousso et al., 2016)(Fig 2.8A) but Cdh13-
expression in W3-RGC has not been previously reported. Cdh13-RGC axons laminate in the upper
SGS and mid sSC respectively (Fig 2.8B). No axons were observed to terminate in the SO. This axonal
lamination further supported the dendritic data indicating that this population includes W3b-RGC
and F-RGCs.

Based on the molecular and anatomical data we gathered, the Cdh13-expressing population
predominantly consists of W3b RGCs and F-RGCs while excluding alpha RGCs. It is unclear to what

degree this population encapsulates the entirety of W3 and I populations, but it is certain that some
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portion is Cdh13 expressing. For this study, we will consider all Cdh13-expressing RGCs labeled in
our Cdh13-CreER;STP15 mouse line as a single population and will be analyzed as such in subsequent

experiments.
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Figure 2.8: Retina specific Cdh13-KnockDown locally reduces mature spines at Cdh13-RGC
axonal terminal zones.

(a) Confocal images of Cdh13 expressing RGCs labeled by Cdh13-CreER Heterozygous; StpYFP15 in the
retina. Cdh13-RGCs predominantly have anatomy resembling W3-RGCs and F-on Mini RGCs. Homozygous
samples observe similar morphologies (not shown).

(b) Confocal image of Cdh13-RGC axons that are labeled by AAV2-DIO-GFP in Cdh13-CreER Heterozygous
mice. This method allows for Cdh13-RGC axonal isolated labeling in the SC without Cdh13-WF dendrites.
Majority of Cdh13-RGC axons terminate in the upper SGS with some along the SGS/SO boundary. This
lamination coincides with W3-RGC and F-RGC axons.

(c) Retinal injection of AAV2-DIO-shCdh13-mCherry labels RGC terminals in the SC. (left) 10x image of RFP
labeled axon in the SGS. (mid) 40x of RGC axons (right) comparison of RFP axon innervated (top) and non-
innervated Cdh13-WF dendrites (green). Mature spine numbers labeled by white arrows.

(d) Cumulative percent plots of spine densities of (left) mature spines (mushroom/long mushroom) and (right)
non-mature spines (narrow, stubby/filopodia).
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Chapter 2.7: Retinal Ganglion Cell Cdh13 knockdown locally reduces spine density.

To determine whether presynaptic Cdh13 in RGCs is necessary for mature spine densities in
WE cells, we knocked down Cdhl13 by injecting the same pAAV-hUG6-shCdh13-DIO-mOrange2
intravitreally in our Cdh13-CreER;STP15 mice. This allowed for Cdhl3-knockdown in Cdh13
expressing RGCs after tamoxifen administration. Mice were injected at p0-2, tamoxifen induced
beginning at p15, and then were humanely sacrificed and retinal tissue collected 4 weeks after
tamoxifen. Identification of infected Cdh13-RGCs and their axons was achieved through RFP
immune-labeling and WF cell dendritic visualization was achieved in the same sample with GFP
immune-labeling. GFP-only RGC axons were difficult to visualize since their GFP expression is
significantly dimmer than that of WF cell dendrites (not shown). RFP+ axons were GFP+, however
this was only observable after the RFP was photobleached under 2photon lasers under a confocal
microscope. Polygonal zones were drawn around RFP+ axonal areas in the SC. These zones were
defined as areas with presynaptic Cdh13 knockdown (Fig. 2.8C). The GFP+ dendrites in these zones
would be analyzed in opposition to GFP+ dendrites outside of these zones. It is also notable that
RFP+ axons did not change axonal lamination despite the knockdown of Cdh13 (Fig 2.8C). Although
this may be a factor of the age of knockdown onset, endogenous knockout RGC axons do not shift
lamination either (Fig. 3.4A). Therefore, it is unlikely that Cdh13 is involved in axonal targeting in the
SC.

In the presynaptic knockdown zones, there is not a significant populational decrease in total

WEF spine density between the knockdown zones (56.6429.807 spines/mm n=22) and the sutrounding

control areas (79.42+10.93 spines/um n=28). However, when specifically comparing individual spine
types, mature spines (mushroom and long mushroom) populations were decreased in RFP+

knockdown zones (8.5011.46 spines/mm n=22) compared to control zones (17.66£2.33 spines/um
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n=28) (Fig 2.8E). This trend was exclusive to mature spine types with no change observed in stubby,
narrow, or filopodia spines.

These results indicate that the removal of retinal ganglion cell Cdh13 reduces the dendritic
spine density of WF cells exclusively in their axonal termination zones. This strongly suggests a mode
of homophilic interaction dictating Cdh13 action in spine morphology. This data also elaborates on
the role of Cdh13 in maintaining mature spines in WIE dendrites since WF and retinal knockdown
were conducted in adult mice. It can therefore be concluded from the data that Cdh13 is necessary
for mature spine interaction between specific RGC populations and SC WF cells in a homophilic

manner.
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DISCUSSION

Understanding how cadherins direct cell type-specific connectivity requires an understanding
of cadherin expression patterns of innervating and receiving populations. In previous work cadherin
8 and 9 (Duan et al., 2014) and cadherin 6, 9 and 10 (Duan et al., 2018) retinal expression patterns
were determined before identifying how these cadherins direct specific connectivity. In the current
study we surveyed SC cadherin expression in established anatomical cell types to determine a unique
enrichment of Cdh13 in WF cells (Fig 2.2, 2.3, 2.4). We found that endogenous Cdh13 KO reduces
mature spine density, with a greater proportional loss in apical regions (Fig 2.6). A similar loss was
observed in adult Cdh13 local shRNA knock-downs in the SC (Fig 2.7). When cdh13 was knocked
down in Cdhl3-expressing RGCs, mature spine densities were decreased in affected axonal
termination zones but not in surrounding areas (Fig 2.8). Taken together, Cdh13’s restricted
expression in RGC and SC populations allows for cell type-specific interactions. This interaction

directs critical synaptic anatomy. Cdh13 then maintains these interactions well into adulthood.

Anatomical Changes Suggest Functional Changes

Dendritic spines are the primary site of glutamatergic input in the CNS and their reduction
has been shown to negatively affect synaptic function (Boros et al., 2019; Boros et al., 2017; Walker
et al,, 2021). For retinal-tectal connectivity, glutamatergic input is extremely important as retinal
ganglion cells 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). Therefore, the existence and maintenance of the primary glutamatergic
input structures in the superior colliculus are critical for the communication of visual information

from the retina to the SC.
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Although a loss of spines does not necessarily indicate a removal of synaptic connectivity, it
has been shown that changes in spine morphology or number greatly affects the functionality of
synaptic communication. Chemically-induced actin depolymerization reduces spine size and numbers
while also reducing synaptic transmission and blocking LTP and LTD (Okamoto et al., 2004).
Although functional changes in relation to morphological changes seem to be restricted to the
individual spine itself, as a collective population within the cell, spine head size and synaptic
enhancement show a positive correlation (Hayashi & Majewska, 2005; Matsuzaki et al., 2004).
Nevertheless, there is evidence showing that changes in spine morphology and number affects
behavior (Gipson & Olive, 2017). Accordingly, the loss of spine numbers is a common feature of early
neurodegenerative diseases such as Alzheimer’s (Boros et al., 2019; Boros et al., 2017; Walker et al.,
2021). Therefore, the observed loss of dendritic spines indicates a significant likelthood of Cdh13-

dependent change in communication between Cdh13-expressing RGCs and W cells.

Development vs Maintenance

Knocking down Cdh13 in mice that are well past the development stage resulted in a reduction
of spine number comparable to the endogenous Cdh13 knockout. Given the time frame of the
knockdown, we conclude that Cdh13 is necessary for the maintenance of mature spines in WE cells.
Although there are some instances of adult spinogenesis, it is rare. In addition, mature spines have
been found to be relatively immotile when compared to their immature relatives (Alvarez et al., 2007).
Filopodia are the most dynamic as they can appear and disappear in as little as 10 minutes (Ziv and
(Ziv & Smith, 1996). Stubby spines could be mushrooms that undergo neck reduction, but overall,
this need to be reevaluated (Tonnesen et al., 2014). Stubby and thin spines are less dynamic than
filopodia and can persist over several days (Holtmaat et al., 2005). On the other hand, mushroom

spines can be stable over several months (Grutzendler et al., 2002). Therefore, a reduction of mature
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spines when Cdh13 is knocked down in p60 adult mice is notable. Taken together, this indicates that
a loss of Cdh13 causes a deficiency in the maintenance of existing spines, rather than a decrease in
adult spinogensis.

However, there is the possibility that Cdh13 has a role in spinogenesis during development in
addition to maintenance in adulthood. There are multiple theories of how spines form during
development. The true mechanism may vary depending on the CNS region and cell type. The Sotelo
model (Sotelo, 1990) states that immature spines are developed before contact with an innervating
axon causes maturation. The Miller/Peters model (Miller & Peters, 1981) states that mature spines
develop when an innervating axon contacts the spineless dendrite, and immature spines are
intermediate steps in the development. The Filopodial model (Vaughn, 1989) hypothesizes that
filopodia reach out to contact the axon to “pull it down” to develop a synapse on a mature spine.
Each model has supporting evidence and their implementation may vary across the CNS (Fiala et al.,
1998; Hirano & Dembitzer, 1973; Landis & Reese, 1977; Rakic & Sidman, 1973; Sotelo, 1975; Vaughn
et al., 1974). Depending on the model employed, the phenotype resulting from a disruption in any
step in the development will be different. If Cdh13 were involved in either immature spine
development or their maturation in the Sotelo model, the knockout would result in less spines of every
category or more immature spines with less mature spines respectively. In the Miller/Peters model, if
Cdh13 were involved in axonal contact with the dendrite or any part of spine development into a
mature spine, Cdh13 knockout would cause an overall decrease of all spine types in both scenarios.
And in the filopodial model, if Cdh13 were involved in filopodial outgrowth or spine maturation after
filopodial contact, we should see a decrease in mature and filopodial spines or an increase in filopodia
with a decrease in mature spines respectively. However, our endogenous knockout results only show
a significant decrease in mature mushroom and long mushroom spines, without any large changes to

narrow, stubby or filopodia spines. This suggests that Cdh13 is not involved in any of these
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developmental steps in any of these predominant spinogensis models. Therefore, it is reasonable to
hypothesize that Cdh13 is either involved in a model of spinogensis that has not yet been described,
ot it is not involved in the development of spines in this manner.

However, one hypothesis is that Cdh13 is necessary for maintaining spines against the pruning
of supernumerary synapses during development. This would mean that mature spines formed initially
during development would be pruned in the absence of Cdh13’s anchoring mechanism. An illustration
of the proposed mechanism is presented in Figure 2.9. Cdh13 resides in lipid rafts, a structure that is
known to concentrate synapse-related proteins. Cdh13 would then bind homophilically with the
transsynaptic cell to anchor the structures in place. In the event of pre- or post- synaptic loss of Cdh13,
this study showed that mature spine numbers were decreased, specifically in the area of effect. This
could be caused by the lack of synaptic protein anchoring, causing spine pruning. However, it is
possible that this loss of spine morphology does not result in a loss of synaptic connection. A robust
time course of the dendritic spine development with functional or transsynaptic studies would be
needed to properly address this hypothesis.

Nevertheless, the data supports the conclusion that Cdh13 is indeed necessary for the
continued existence of mature spines in WFE cells in the SC in the adult. And given the relatively low
level of spinogensis in adulthood, it is reasonable to further conclude that Cdh13 is involved in the

maintenance in these spines rather than spinogenisis past development.
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Figure 2.9. Proposed mechanism for Cdh13 function at synapse.

Cadherin 13 is exclusively homophilically binding in the CNS. Given it’s GPI moiety, it is hypothesized
to be associated with lipid-raft dependent spine and synapse maintenance through homophilic,
transsynaptic anchoring. This would require both pre-and post-synaptic Cdh13 expression.

Postsynaptic Cdh13 Loss
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Potential Compensatory Circuits

An interesting observation is the decrease of all spine types in the adult knockdown while the
immature spines were unaffected in the endogenous knockdown. This is likely due to a reduced
capacity for the neurons to compensate for the loss in adulthood while endogenous knockout
conditions would be able to take advantage of increased developmental flexibility. Compensation for
the loss of a cadherin function by other cadherins to maintain structural and functionality has been
shown in previous retinal studies (Duan et al., 2018). When cadherin 6 and 10 were knocked out in
On-Oft Direction selective RGCs, no laminar or functional change was observed. However, there
was an increase in Cdh9 expression in these cells. It was found that in the absence of Cdh6 and Cdh10
in this population, Cdh9 expression is upregulated and was able to compensate to maintain appropriate
circuit wiring. Only upon deletion of Cdh6, Cdh9, and Cdh10, was there a phenotypic change
observed.

It is likely that in the endogenous knockout condition, narrow, stubby, and filopodia spines
are maintained through compensatory mechanisms. However, in the adult knock down, the less plastic
neuron is unable to compensate for the loss of Cdh13, resulting in the loss of all spine types. It is
unclear whether this loss occurs from loss of Cdh13 in these spines themselves, or whether they are a
secondary byproduct of mushroom spine loss and the functional changes that brings. Confirmation

of this hypothesis would require further study and identification of potential compensatory actors.

49



Retinal 1dentity/ Circuit Function

We observed that almost all Cdh13 expressing RGCs have S3 IPL terminating dendrites and
SGS terminating axons. Their IPL laminar restriction in the retina suggests that this population
receives similar bipolar cell input, likely from type 5 bipolar cells (Ghosh et al., 2004; Tsukamoto &
Omi, 2017). Their consistent axonal termination also suggests that Cdh13-RGCs target a similar
population in the SC, given the laminar organization of SC populations. Moreover, RGCs with SGS
terminating axons typically have direction-selective and object-detection preferences (Dhande &
Huberman, 2014; Huberman et al., 2009; Kay et al., 2011; Kim et al., 2010; Kim et al., 2008; Rivlin-
Etzion et al., 2011). Therefore, it is likely that the Cdh13-RGCs would have similar visual detection
preferences given their specified input and output partners as defined by their laminar specification.

These theories were further corroborated by our anatomical analyses of Cdh13-RGC dendritic
morphologies. We found that Cdh13 RGC population is largely represented by W3b-like and F-like
RGCs. W3-RGCs respond to small moving stimuli and are theorized to be overhead threat detectors
in mice (Zhang et al., 2012) and F-RGC minis are highly direction-selective (Rousso et al., 2016). This
contrasts with alpha RGCs, a population not represented in Cdh13-RGCs, that respond to center
surround stimuli and are not direction-selective (Huberman et al,, 2008). Given the restricted
population expressing Cdh13, it is therefore likely that Cdh13-RGCs convey a limited and specific
type of information, likely, direction-selective object-detection possibly relating to predator-detection.

It is interesting to note that WF cells have been shown to be tuned to slow-moving, small
stimuli (Gale & Murphy, 2014). Given their dendritic arbor size, they are able to detect small slow-
moving objects over a large receptive field (Gale & Murphy, 2014). Hypothetically, it is representative
of a predator flying overhead. Indeed, large bodied, LP targeting SC cells have been found to direct
visually based fear responses to overhead stimuli (Shang et al., 2018). Given that the only sSC cell

found to target LP are WF cells (Dhande & Huberman, 2014; Gale & Murphy, 2014), and given the
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size and location of the cell bodies observed in the population in the study, it is likely that the
experimental population were WFE cells. NTSR1-GN209-Cre WF cells have also been shown to be
involved in prey detection, specifically in visual detection and orientation when the prey was at a
distance (Hoy et al., 2019). In other words, the detection of a small object over a large visual field.
Although de novo direction-selectivity in the CNS has been observed (Lien & Scanziani, 2018)
it is expected that direction-selective visual information from a population would be passed to its
downstream partners. Therefore, it could be hypothesized that the downstream partners of Cdh13-
RGCs consisting of W3-RGCs and F-RGCs would also be sensitive to small, moving, objecting in a
direction selective manner. Conversely, it is highly possible that WE cells derive their preference for
small, direction-selective moving objects from presynaptic information. Our data suggests that the
presynaptic Cdh13 of Cdh13-RGCs is necessary for the maintenance of mature spines on Cdh13-
expressing WE cells. Given the importance of mature dendritic spines on glutamatergic synaptic
transmission, it is hypothesized that the removal of Cdh13 from this system significantly affects the
synaptic communication between Cdh13-RGCs and Cdh13-WF. Cdh13’s role in the communication
between these two functionally and behaviorally linked populations greatly suggests a critical
behaviorally relevant role of Cdh13 in visual processing. Behavioral experiments detailing the effects
of Cdh13 knockout in the retinal-tectal circuit are necessary to properly shed light on the functional

necessitates of Cdh13.
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Cadherin-13 vs NPNT in the SC

In Tsai et al 2022 we detail the role of NPNT in retinal-tectal wiring. There, NPNT-Itg8
signaling between the NPNT of SC WF cells and the Itg8 of aRGCs are shown to be mutually
necessary for aRGC axonal targeting and restriction to the appropriate SO lamina. Interfering with
the expression of either protein causes ectopic aRGC axonal targeting as well as a disruption of aRGC-
WF communication. It was concluded that NPNT-Itg8 signaling was necessary for the axonal laminar
restriction, but it was inconclusive whether it had a direct role in maintaining synaptic connectivity. It
was theorized that the resulting disruption of the proximity of other molecules, such as cadherins,
could be causing the loss of connectivity.

Here, we show that RGC-WF Cdh13 is necessary for the maintenance of spines without
effecting the laminar restriction of Cdh13-RGC axons (Fig 2.3, 2.7, 3.3A). Therefore, conversely to
NPNT-itg8 signaling, there must be a separate mechanism in place for axonal targeting. In addition,
based on our data we theorize that Cdh13 is only involved in spine maintenance, rather than
spinogensis, meaning non-Cdh13 mechanisms must be in place for the initial development. Although
Cdh13 and NPNT systems are working in the same population of WFE cells, they have different
functions in directing connectivity between different RGC subtypes. Both molecules are examples of
molecules that are necessary for the final transsynaptic connectivity, but individually have a very
specific role. Nevertheless, both are necessary for the appropriate development and maintenance of a

functioning behavioral and functional circuit.
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Generalization/ Relationship to Disease

The role of Cdh13 in retinal-tectal connectivity and its possible role in visual behavior circuits
could possibly be applied to other CNS brain regions. In human GWAS studies, Cdh13 has been
associated with a range of neuropsychiatric disorders. Mutations in Cdh13 have been associated with
ADHD (Arias-Vasquez et al., 2011; Lesch et al., 2008; Mavroconstanti et al., 2014; Neale et al., 2008;
Neale et al., 2010; Rivero et al., 2015; Zhou et al., 2008), drug/alcohol abuse (Edwards et al., 2012;
Hart et al., 2012; Treutlein et al., 2009; Uhl et al., 2008; Yang et al., 2015), depression (Edwards et al.,
2012; Sibille et al., 2009), autism (Sanders et al., 2011), schizophrenia (Borglum et al., 2014) and bipolar
disorder (Xu et al.,, 2014). It has also been associated with personality traits such as extraversion
(Terracciano et al., 2010) and violent behavior (Tithonen et al., 2015). Understanding the role Cdh13
plays between synaptic partners in the retinal-tectal pathway may shed light on how mutations in

Cdh13 in humans cause these disorders.

SUMMARY

This study explores the role of a homophilic type 2 cadherin in interneuronal anatomical maintenance.
In the visual system, type 2 cadherins have been shown to direct anatomical and connectivity changes
in the retina (Duan et al., 2014; Duan et al., 2018). The expansion of this work to the retinal-tectal
projection pathway suggests a more general role of Type-2 cadherins in cell type-directed circuit
formation in other parts of the CNS. Also, the identification of cadherin-directed circuit pairs from
the retina to the SC can further the understanding of how visual inputs are relayed to inform behavioral
outputs. The understanding of cadherins in maintaining these pathways can then inform on how

cadherin mutations can cause various disorders as are observed in human GWAS studies.
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CHAPTER 3:

FURTHER STUDIES IN CDH13 MECHANISM AND FUNCTION
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INTRODUCTION:

Chapter 2 demonstrates Cdh13’s role in retinal-tectal wiring. Specifically, it is necessary for maintaining
mature spines in W cells with both retinal and superior collicular Cdh13 expression needed. Building
off this information, further questions were posed regarding the mechanism and function of Cdh13
in the SC region. First, does Cdh13 localize at dendritic spine heads in maintaining dendritic spines?
Also, can the phenotype be rescued in adult Cdh13 knock-out mice by the viral reintroduction of
Cdh13? Most importantly, do Cdh13-dependent anatomical changes result in connectivity changes?
In this section, results will be presented from multiple preliminary experiments addressing these
questions and expanding on related topics. In addition, supplemental information regarding Cdh13-
RGC identity and possible roles for Cdh13 in RGC axonal targeting are presented. Finally, methods
for future conditional knockout experiments will be discussed. The goal of this chapter is to not only
provide supplemental data supporting the core thesis of this study, but to also provide experimental

insight for future studies.
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Chapter 3.1: Where in the world is Cadberin-13 Protein?

Identifying where Cdh13 localizes in WF is important for understanding the role of Cdh13 in
retinal-tectal connectivity. Given the results of chapter 2 in this study, it is hypothesized that Cdh13
is involved in transsynaptic maintenance of dendritic spines between Cdhl13-expressing cell types.
Therefore, it is hypothesized that Cdh13 resides in dendritic spine heads.

The visualization of Cdh13 protein is difficult. Specific cadherin immunostaining has been
notoriously difficult in the past because of the similarity in structure between cadherin family
members. Although Cdh13 is unique from other type 2 cadherins given its lack of an intercellular
domain in favor of a GPI anchor, its extracellular domain is similar to its relatives (Hirano & Takeichi,
2012). Similarly, Cdh6, Cdh8, and Cdh10 have proved to be difficult to stain for in our lab and have
instead needed transgenic mouse lines in order to visualize their expressing populations with Cdho-
CreER, Cdh8-LacZ, and Cdh10-CreER lines. Previously reported attempts to immunostain Cdh13
were successful in chick tectum (Miskevich et al., 1998) and rat cortex (Hayano et al., 2014). However,
in both cases the stains were only successful in embryonic samples. Also, the stains were concentrated
at the cell membranes, as is expected of Cdh13, creating a sea of signal in which it was difficult to
identify dendritic or spine structures. In these studies, it is also difficult to distinguish positive cell
bodies from neighboring negative cell bodies due to how pervasive the stain was. Using the antibody
used in Miskevich et al 1998, we were able to stain for Cdh13 with similar patterning to their reports
in the chick tectum (Fig 3.1A). The antibody does appear to be an indicator of Cdh13 expression since
this patterning is absent in Cdh13 knock out mice, (Fig 3.1A, right). Unfortunately, similar to previous
reports, the high signal density made it difficult to identify coexpression with dendrites or spines.
Therefore, Cdh13 antibody staining is not a practical method for localizing the protein in dendritic

spines.
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In the mouse, in situ hybridization labeling of Cdhl13 cells is typically chosen over
immunohistochemistry (Tantra et al., 2018). In chapter 2, Cdh13 expressing cells were identified using
in situ hybridization, but protein localization was not possible with this method. Virally delivering a
mCherry-tagged Cdh13 was hypothesized as a viable option for visualizing Cdh13 localization in the
WFE dendrites. A Cre-dependent AAV2-CAG-DIO-Cdh13-mCherry-WPRE was cloned by Dr.
Kenichi Toma (Post-doc in our lab). This virus was injected into Cdhl13-CreER-
Homozygous;Thy1Stp15 SC at p1 in order to observe where Cdh13 is trafficked in the cell. mCherry-
expression was observed in SC WF cells showing successful cellular uptake and expression of the
fluorescent construct. However, instead of the fluorescence localizing at the cell membrane as is
expected of Cdh13, the cells were filled, suggesting an issue with trafficking of the inserted construct
(Fig 3.1B). Attempts to confirm Cdh13 protein expression using the Cdhl13 antibody also proved
unsuccessful (not shown).

Cdh13 mRNA expression can be confirmed, however, using in situ hybridization (Fig 3.1C).
At p30, Cdh13 mRNA can be robustly detected only in the injected hemisphere (Fig 3.1C right). This
shows that the viral construct is indeed allowing for Cdh13 mRINA transcription at the injected site.
However, the Cdh13 mRNA expression pattern does not match that of the Cre-expression, visualized
by YFP expression, and is restricted to WI cells in the sSC (Fig 3.1C right, green). Although the
mCherry expression is restricted to GFP(+) cells, it does not correspond with the Cdh13 mRNA
distribution pattern (Fig 3.1C). It is unlikely for the Cdh13 mRNA pattern to be a result of viral
construct expression outside of Cre-expressing cells. Given the double-floxed open reading frame
construction (DIO) of the Cdh13-mCherry construct, it is unlikely to have expression leakage. If there
was leakage, mCherry expression would correspond with Cdh13-mRNA expression. Another

possibility is that Cdh13-mCherry mRNA is being removed from the cell, possibly into neighboring
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glia. Regardless of the reason, this method is not optimal for identifying Cdh13-protein localization
within WF cells.

Determining whether Cdh13 localizes at dendritic spine heads in WF cells is important for
understanding the role of Cdh13 in this system. Chapter 2’s results show that Cdh13 is necessary for
the maintenance of mature dendritic spines, and that this maintenance requires its expression in both
the post-synaptic and pre-synaptic populations. In addition, Cdh13’s GPI anchor coupling suggests
that it is associated with lipid rafts, a structure often required at post-synaptic terminals at spine heads.
Therefore, it is strongly hypothesized that Cdh13 would concentrate at dendritic spine heads.
However, attempts to prove this hypothesis using currently available methods have not so far been

successful.

A cdhi3-CreERHet  Cdh13-CreER Homo B

Cdh13-CreER Homo; Thy1Stp15 - AAV2-DIO-Cdh13-mCherr

Cdh13-CreER Homo; Thy1Stp15 - AAV2-DIO-Cdh13-mCherry

Figure 3.1 Where in the world is Cadherin 13 protein?

(A) Confocal images of Cadherin 13 rabbit antibody signal distribution(Miskevich et al 1998) on mouse
superior collicular coronal sections. (left) on Cdh13-CreER Heterozygous samples and (right) on
Cdh13-CreER homozygous sample that does not have Cdh13 expression.

(B) Confocal images of a Cdh13-CreER homozygous;Thylstp15 labeled WF cell dendrite (green, left)
filled with (yellow, center) mCherry (red, right) from injected AAV2-DIO-Cdh13-mCherry.

(C) 10x image of the same sample presented in (B). (left) Image showing robust tamoxifen induced Cre-
dependent YFP expression (green) in the SC with unilateral sSC restriction of viral mCherry
expression (red). (right) Same sample shown in left after RNAScope in situ hybridization processing
labeling Cdh13 mRNA (green). The Cdh13 mRNA expression is restricted to the same injected
hemisphere as mCherry expression (left).
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Chapter 3.2: Can Cdh13-dependent spine loss phenotype be rescued in adult mice?

Reintroduction of Cdh13 to cells that lack the protein could rescue the observed dendritic
spine loss. Understanding whether Cdh13 rescue is possible in the adult would inform on its role and
mechanism in spine maintenance. In the adult, if Cdh13 expression in the KO mouse rescues the
spine loss phenotype, it suggests that Cdh13 is involved in initiating spine outgrowth under normal
conditions.

The Cre-dependent overexpression vector was unilaterally injected into pl Cdh13-CreER
HOMO; Stp15 SC. Tamoxifen was administered at p15 as previously described in Chapter 2 for
optimal Cre-induction. Overall spine density and individual spine type densities were not greater than
endogenous KO samples (Fig 3.2A,B). In addition, remaining spine distribution were comparable

between the two conditions (Fig 3.2C). It is therefore concluded that the phenotype was not rescued.
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Figure 3.2 Cadherin 13 overexpression does not rescue Cdh13 KO spine loss.

(A) Cumulative percent graph comparing the populational spine densities of endogenous Cdh13 knock out,
Cdh13-CteER homozygous; ThylStp15 YFP mice, (black), and the rescue condition (red). The rescue condition
consist of the same knock out mouse injected in the SC with a Cre-dependent Cdh13 overexpression vectot.

(B) Cumulative percent graphs comparing the spine distribution of the knock out (black, left) and the over-
expression in the knock out (red, right).

(C) Cumulative percent graphs comparing the spine densities of each spine type in knock out and
overexpression in knock out conditions.
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The lack of phenotypic rescue may have occurred for a variety of reasons. Primarily, if other
factors that are temporally restricted to early developmental periods are necessary for spine regrowth
in the adult, Cdh13’s mechanism in this process would not be applicable. Alternatively, Cdh13
expression in both the presynaptic and post-synaptic partners may be necessary for proper rescue. As
shown in chapter 2, knocking down Cdh13 in either WF cells or in Cdh13-RGC both produce a similar
reduction in mature spine numbers in the affected area. Therefore, Cdh13 reintroduction in both the
retina and the SC may be necessary to see a phenotype rescue. Perusing this line of experimentation
will shed greater light on Cdh13’s mechanism in this pathway.

Embryonic and post-natal rescue would also be informative for this purpose. Although
embryonic or early post-natal reintroduction of Cdh13 may allow for sufficient phenotypic rescue,
viral Cre-dependent Cdh13 expression would not be possible in the Cdh13-CreER mice due to the
temporal restriction of Cre-expression by tamoxifen induction. Tamoxifen induction earlier than p15,
either through gavage or IP injection, at a sufficient dosage for Cre-expression in this mouse line
results in death. Lower dosages result in insufficient Cre-expression. Embryonic induction by gavage
feeding or IP injection of the pregnant mother also does not yield sufficient Cre-expresison in the
pups in this mouse line. Regardless, because the viral expression levels would only be sufficient no
earlier than a week after onset of expression, even a non-Cre-dependent construct would require an
early embryonic injection. Therefore, for our current experimental protocol for Cdh13 knockout does

not allow for developmental reintroduction of Cdh13.

60



Chapter 3.3: Is Cdh13 necessary for retinal-tectal connectivity?

Changes in synaptic connectivity often accompany changes in spine anatomy. Loss of spines
is associated with a decrease in synaptic function, synaptic transmission, and has been shown to block
LTP and LTD mechanisms (Boros et al., 2019; Boros et al., 2017; Okamoto et al., 2004). Given this,
it is likely that knocking out Cdh13 also disrupts connectivity to WF cells. To test this hypothesis non-
Cre-dependent WGA-mCherry (AAV2-WGA-mCherry) was injected into Cdh13-CreER
heterozygous and homozygous adult retina. Because the virus expression is not Cre-dependent, the
starting population will not consist of a specific cell type. Given the magnitude of mature spine loss
in WF cells due to Cdh13 knock out, it is hypothesized that general glutamatergic input is decreased.
Therefore, regardless of the starting population, the goal of the experiment is to detect a decrease in
the number of WGAmMCherry (+) WF cells. 2 weeks after injection, retina and SC samples were fixed
and collected. Unfortunately, tamoxifen induction of Cre expression was unsuccessful for both groups
so direct count of WGA(+) WF cells was not possible. However, laminar boundary analysis (Chapter
1.1) can be used to determine changes to WF retinal input, which, together with changes in resulting
WGA-mCherry content in the cell bodies, would cause lower relative fluorescence in the lower SO.
Because WF cell bodies reside in the lower SO and the lower SO has relatively low RGC axonal
innervation (Fig. 1.1F) changes in WF cell WGA-mCherry transfer are more easily detectable.

When comparing the fluorescence patterns of control and knockout WGA transfer, there is
not a significant difference between the two distributions (Fig 3.3). This may indicate that there is no
change in connectivity between the retina and WFE cells. This result may also be a result of other SO
and SGI retinal-recipient neurons whose WGA-mCherry signal obscures any decrease to WE cells.
This is likely given previous evidence (Fig 2C, D) showing many retinal recipient neurons deeper than
RGC axonal lamina. However, it may be possible that only Cdh13 input is affected by removal of

Cdh13, therefore WF cells may still receive signal from non-Cdh13 expression RGCs.
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To test whether connectivity between Cdh13 expressing populations would be affected due
to knocking out Cdh13, Cre-dependent viral WGA-mCherry in Cdh13-CreER;ThylStp15 mice was
used to detect changes in connectivity between Cdh13-RGC and Cdh13-WF cells. The advantage of
using this line is that it allows for Cdh13-cell Cre-labeling with or without Cdh13 expression. In
Cdh13-CreER heterozygous control and homozygous knockout mice, AAV2-Dio-WGA-mCherry
was injected into the eye at p1l. Tamoxifen was administered at p15 as previously described. At p30,
retinal and SC tissue was fixed, collected, and analyzed. The goal was to target Cdh13-RGC as the
starting population then compare the number of Cre-expressing cells in the SC that receive WGA-
mCherry through transsynaptic transport. This would allow for a comparison of changes in
connectivity between Cdh13 RGC and Cdh13 SC cells between control and knockout conditions.

Unfortunately, the Cre-dependent WGA would not express in the retina in these mice. In all
injected retina (n = 12 mice, 24 eyes), not a single retinal cell was mCherry+. This is in direct contrast
to the infection efficiency of the same virus in other mouse lines such as KCNG-Cre Tsai (Tsai et al.,
2022). This consistent lack of infection in the Cdh13-CreER line is likely because of the temporal
restriction because it needs tamoxifen induction for proper Cre function. The same issue occurred in
other CreER mouse lines in the lab including Cdh6-CreER, Cdh10-CreER, and Cdh6910-CreER
mice. Cre-dependent WGA transsynaptic tracing for labeling and single cell mRNA sequencing was
attempted in each of these lines, but ultimately failed due to low starting population infection rates in
the retina. So, although the Cdh13-CreER has a much greater tamoxifen-induced Cre expression rate
compared to the other lines, it is consistent that the lab’s Cre-dependent WGA system does not work
in Cdh13-CreER mice.

Another notable observation is the lack of Cre-expressing RGCs regardless of viral infection.
Since the Cdh13-CreER mice have the Thyl-STP15 gene, any cell that expresses Cre should be

YFP(+). If there is an issue with expression of WGA-mCherry Cre due to Cre-expression levels, there
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should still be the same number of YFP(+) RGCs as un-injected retina. However, very few YFP(+)
RGCs are observed in these retina. The few that are observed are also RFP(-). Although the Cre-
induction rate in the retina of Cdh13-CreER mice is already consistently low in both the heterozygous
and homozygous (n = 10-15 cells per retina in both conditions, 10 mice sampled), the number of
GFP(+) RGCs was significantly lower (3 GFP(+) neurons total for all samples). This was especially
surprising given that Cre expression was robust in the SC of these samples. There may be some cellular
toxicity from WGA-mCherry expression causing cell death in infected cells. It is unclear whether this
toxicity is higher in certain RGC cell types or whether it is an overall percentage that is negligible with
higher expression rates but is more noticeable given the smaller sample size observed here.
Nevertheless, the inability to express WGA-mCherry in the Cdh13-RGC population makes this line
impractical for determining changes in connectivity from this population.

Retrograde transsynaptic tracing from WFE cells is a viable option for future study. WF cells
have more options for genetic access than Cdh13-RGCs, so more experimental configurations can be
used to target them as the starting population. In addition, WF cells robustly express Cre in Cdh13-
CreER mice. Therefore, using a G-deleted rabies with Cre-dependent TVA+G system to specify starting
population in the Cdh13-CreER mouse would be a viable option for determine changes in connectivity
between these two populations. This would also allow for Cdh13-RGC identification since there would be
no WGA-mCherry induced cell death. Genetic labeling of Cdh13-RGC is the most viable method of
labeling because Cdh13 mRNA cell labeling is only available in control conditions with Cdh13 expression,
not in the knockout conditions. Labeling the subpopulations of Cdh13-RGC is also not an option
because large portions of each population may not express Cdh13. Alternatively, using an NPNT flp;
Cdh13 CreER; ThylStp15YFP mouse would allow flp-dependent targeting of WE cells for
transsynaptic retrograde rabies tracing onto Cdh13-CreER;Thy1StpYFP labeled RGC. There are many

experimental possibilities for determining Cdh13-dependent changes in connectivity.
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Figure 3.3 Laminar boundary fluorescence analysis of transsynaptic WGA transfer under
Cdh13 KO
(A) Confocal image of SC hemisphere contralateral to the AAV2-WGA-mCherry injected eye of the
control Cdh13-CreER heterozygous mouse. Laminar boundaries are defined by lines representing the
immunohistochemical boundaries (not shown) as defined in figure 1.1. The MBP boundary between
the SGS and the SO is yellow instead of red for visibility. The red fluorescence is WGA-mCherry
stained with RFP-rbt.
(B) Confocal image image of the contralateral SC hemisphere to the injected eye under the same
experimental, analytical, and display conditions as (A) under Cdh13 KO conditions in the Cdh13-
CreER homozygous mouse.
(C) Laminar boundary analysis (method described in Chapter 1.1) comparing the WGA-mCherry
distribution in the control and Cdh13-KO.
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Chapter 3.4: Does Cdh13 affect RGC axonal targeting in the SC?

In rat cortical development, Cdh13 was shown to direct axonal path finding (Hayano et al.,
2014). This precedent suggests the possibility that knocking out Cdh13 would affect Cdh13-RGC
axonal lamination. Cdh13-RGC axons are restricted to the SGS, while SO-terminating RGCs, such as
aRGCs, do not express Cdh13. It is therefore hypothesized that Cdh13 could be involved in SGS
laminar targeting for RGC axons, where knocking out Cdh13 would result in SO lamination, and
ectopic expression would result in SGS lamination.

Axonal lamination was therefore compared between heterozygous control mice and
homozygous knockout Cdh13-CreER mice. In order to isolate the axonal labeling in the SC from
Cdh13-WF labeling, Cdh13-CreER mice without the Thyl-Stp15 gene were used. Their eyes were
injected intravitreally with a Cre-dependent GFP to label Cdh13-RGC at p0. Two weeks after p15
tamoxifen induction, samples were fixed and collected. No laminar differences were detected between
heterozygous and homozygous knockout conditions (Fig 3.4A). It was therefore concluded that
Cdh13 knockout does not affect Cdh13-RGC axonal laminar targeting in the SC, as hypothesized
above.

The possibility that ectopic Cdh13 could be able to drive axons to the SGS was then tested.
AAV2-DIO-Cdh13-mCherry overexpression vector was injected into p0 eyes of KCNG-Cre mice to
ectopically express Cdh13 in aRGCs. No change in axonal lamination was observed (Fig 3.4B top
right). Given the combination of results showing neither Cdh13 KO nor Cdh13 ectopic expression
changing RGC axonal targeting in the SC, Cdh13 is unlikely to be a determinate of axonal lamination
in retinal-tectal projections.

This experimental system was also used to determine whether the Cdh13 protein localizes at
presynaptic terminals. To determine this, the Cdhl3-overexpression virus was co-injected with a

AAV2-DIO-synaptophysin-eGFP into p60 adult KCNG-Cre eyes. Synaptophysin is a presynaptic
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protein, therefore co-expression of Cdh13-mCherry with Synaptophysin-GFP would suggest the
concentration of Cdh13 at presynaptic terminals. Upon infection, the Cdh13-mCherry filled the axons,
similar to their expression in the SC (Fig. 3.1B), so co-expression with punctated synaptophysin-GFP
does not indicate localization of Cdh13 at presynaptic terminals.

At this point it was made known by the creator of the mouse line that the genetic composition
of the KCNG-Cre mouse line is not as previously described. Although the line consistently labeled
aRGC in the retina, it was previously unpublished that the line is a knock-in/knock-out Cre line. This
means that the insertion of Cre behind the KCNG promoter disrupts KCNG expression. Therefore,
the homozygous mouse is a full endogenous knock-out for the potassium channel, KCNG.

In addition, it was made known that in the homozygous mouse, the aRGC axons have been
observed but have not been published to extend into the SGS, as was observed in the double over-
expression experiment. Using the laminar boundary analysis method developed in this thesis (Chapter
1.1), the laminar shift into the SGS is quantifiable and significant (Figure 3.4C) (n=3 mice).
Synaptophysin-GFP expression alone in heterozygous KCNG-Cre aRGCs did not induce a laminar
shift (n = 5 mice). Although the possible conclusions from the observed laminar change are
confounded by the knockout of KCNG, the analysis methods developed and used in this thesis proved
effective in quantifying the laminar change observed.

Regardless of the mechanism, a laminar shift in axonal targeting in the SC is an interesting
phenomenon since it could have large implications for connectivity and visual behavior. Determining
KCNG function and mechanism in axonal targeting would have significant applications for
developmental and clinical studies. aRGCs, labeled by KCNG-Cre, are more resilient to glaucoma
related apoptosis (Duan et al.,, 2015). Exploring the role KCNG has in this phenomenon is an

interesting avenue to pursue.
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Figure 3.4 Cadherin-13 does not affect RGC laminar targeting, while KCNG homozygous
mouse has altered axonal lamination.

(A) Confocal images comparing Cdh13-RGC axonal lamination under control and Cdh13 KO conditions
(green). Lamina are noted by colored lines as defined in Figure 1.1.

(B) Confocal images comparing aRGC lamination under different over-expression conditions. (top left)
Control: AAV2-DIO-GFP p30 retinal injection. (top right) Cdh13 ectopic expression: AAV2-DIO-
Cdh13-mCherry p0O retinal injection, (bottom left) Synaptophysin overexpression: AAV2-DIO-Syn-
GFP p30 retinal injection, (bottom right) double overexpression: p60 retinal injection. Whether the
mice were heterozygous or homozygous for KCNG-Cre is unclear.

(C) Laminar boundary analysis comparison of aRGC axon control lamination and double overexpression
lamination.

67



Chapter 3.5: Conditional Cdh13 KO provides optimized experimental parameters

Three critical components for appropriate determination of Cdh13 knockout phenotype are
(1) temporal control (2) spatial control and (3) labeling of Cdh13-expressing cells. The Cdh13-CreER
line allows for appropriate cellular labeling, but it lacks temporal or special control of Cdh13 knockout.
Using a virally-mediated shRNA knockdown of Cdh13 allows for spatially specific infection and some
temporal control. When used in conjunction with a WF cell-labeling mouse line, such as NTSR1-
GN209 or Cdh13-CreER, this system has all three components. However, shRNA targeting is not an
optimal method as it can have incomplete knockdown or off-target effects. A more optimal
experimental tool is the use of a conditional knockout system.

Using a conditional Cdh13 mouse line (Poliak et al., 2016), Cdh13 knockout can be achieved
locally and in a temporally controlled manner. For example, injection of AAV-Cre into the retina will
knock out Cdh13 exclusively in the retina (Fig 3.0A). One drawback of this line is the lack of cell type-
specific labeling. Cdh13-expressing cells cannot be specifically labeled genetically, and after Cdh13
knockout, Cdh13 mRNA staining will not label the endogenously Cdh13 expressing cells. So even
though co-injection with a Cre-dependent fluorescent marker or Cre immunolabeling will label the
affected population, the Cdhl3-expressing population cannot be isolated. Nevertheless, for the
purposes of knocking out Cdh13 in all Cdh13-expressing RGC, this method is applicable.

An issue arises when trying to label Cdh13-expressing WFE cells. One possibility is to use a
Cdh13cKO crossed with NTSR1-GN201-Cre, allowing for WFE cell labeling, since over 90% over
NTSR1-WF cells are Cdh13 expressing (Fig. 2.3). However, using a Cre line to label cells in the SC
removes the conditional knockout specificity to the retina, since WF cells labeled by Cre will also have
Cdh13 knocked out. In addition, many RGCs express Cre in NTSR1-GN209-Cre retina (Fig. 2.7D),
so knockout is not restricted to WE cells either. A similar issue occurs when using Cdh13-CreER

heterozygous mice for the same purpose. When Cre expression is induced in the SC and the retina,
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Cdh13 is knocked out in those cells. Neither of these W cell-labeling lines allow for spatial restriction
of Cdh13 knockout.

Another option is to indiscriminately label SC cells with a low titer virus. This would ideally
label some WF cells that can then be manually identified. However, WF cell anatomy may allow for a
more efficient design. WF cells primarily project to the lateral posterior nucleus (LP) of the thalamus
(LP). Of sSC cell types, they are the only cell type to project to this region (Gale & Murphy, 2014,
2018). One method to label WF cells without Cre is to take advantage of this concentrated projection.
Theoretically, axonal uptake and subsequent retrograde fluorescent labeling by viral injection into the
LP would specifically label W cells without the need for Cre. This would allow for exclusive Cre
expression and Cdh13 knock out in the retina through viral injection. Figure 3.6A illustrates the
injection plan. 200uL. of AAV5-mGFP was injected unilaterally into the LP to test this method. LP is
a small nucleus and in practice, is difficult to isolate an injection within its boundaries without bleeding
into neighboring structures. One neighboring structure, the dorsal lateral geniculate nucleus (DLGN),
also receives input from the sSC. Therefore, viral infection in this area may label non-WF cells. Despite
non-WF cells being labeled, more WF cells are labeled (Fig 3.6C, left) than in direct SC injections (not
shown). Unfortunately, the retrograde labeling was successful in labeling the cell bodies of WF cells,
but they did not sufficiently label W dendrites or spines for analysis (Figure 3.6 right). It may be
possible that a different retrograde viral construct would be able to appropriately label WF cells for
spine analysis, but currently this method does not seem to be practical for the purpose.

A promising method in development is the use of Cdh13 cKO; NPNT flp mice. The NPNT
flp line (Tsat et al., 2022) will allow for flp-dependent labeling of WFE cells, allowing exclusive Cre
expression in the retina via injection. By injecting a flp-dependent GFP into the SC at p0,
AAVICre+AAVI-Dio-tdTom can be injected into the eye at specific time points. This method will

allow for (1) temporal control by deciding when to inject Cre, (2) spatial control by deciding where to
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inject the Cre and (3) have WF cell-specific labeling to analyze the effect Cdh13 conditional knock out
has on its dendritic spines. In addition, the conditional knockout allows for a complete removal of

Cdh13 expression.
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Figure 3.5 Experimental design for restricted conditional knockout

(A) Cartoon schematic of injection plan to label WF cells via LP injection with a fluorescent
reporter and knock out Cdh13 exclusively in the retina by injected Cre and a fluorescent
reporter.

(B) Confocal image of LP injection targeting with AAV5-GFP

(C) Confocal image of SC in same animal in (B). Cells retrogradely labeled by the injection in (B)
are labeled in green. Cre-expressing axons are labeled in red. Higher magnification image
(right) shows AAV5-GFP labeled cell bodies. White arrows mark labeled WF cell bodies.
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SUMMARY

Chapter 3 presents exploratory methods and data addressing further questions on Cdh13’s role in the
superior colliculus. Understanding where Cdh13 protein is localized (Chapter 3.1) and whether its role
in spine anatomy also affects connectivity (Chapter 3.3) are important next steps in understanding its
mechanism of action. Although the results are preliminary, they provide practical validation of the
methods established in Chapter 1 of this thesis (Chapter 3.3, 3.4) and test genetic tools for further
manipulation of Cdh13 expression (Chapter 3.1, 3.2, 3.5). This provides an important foundation for

future studies.

71



CONCLUDING THOUGHTS

The ability of neurons to form synapses with appropriate partner cells is essential for CNS
function. The central goal of this thesis is to begin to map cadherin expression and mechanisms
governing cell type-specific synaptic choice. Using the retinal projection to the superior colliculus as a
model system, this thesis identifies cadherin 13 in wide field cells and its role in maintaining mature
dendritic spines in this population. Although previous studies have established cadherin pairs/groups
that direct anatomy and connectivity in the retina (Duan et al., 2014; Duan et al., 2018), the work
presented here translates these principles to the brain. In Chapter 2, both retinal and SC Cdh13 is
shown to be necessary in maintaining mature spine anatomy in wide field dendrites.

Cadherin 13 is one of many cadherins expressed in the superior colliculus and investigating
other cadherin-expressing population pairs will enhance our understanding of molecular determinants
in circuit development. To facilitate this, the methods and results established here can guide future
studies. Consistent laminar analysis of dendrites, axons, and transsynaptic tracers is critical for
assessing cadherin-dependent changes in this system and Chapter 1 provides novel methods for
achieving this. In addition, the preliminary results and exploratory experimental designs of Chapter 3
provide an experimental basis to build upon. Identifying more molecules directing cell type-specific
connectivity and understanding their mechanisms would allow for greater behavioral understanding

and clinical applications. And I hope that this study can contribute towards that goal.
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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. Male and female mice

were used in equal numbers and no sexual dimorphisms were observed.

- Gad2-Cre, Rorb-Cre, Nt5sr1-GN209-Cre and Grp-KH288-Cre were previously used to label horizontal,
stellate, wide-field and narrow-field neurons in the SC Gale (Gale & Murphy, 2018). Ntsr7-GN209-
Cre and Grp-KHZ288-Cre were generous gifts of Charles Gerfen (National Institute of Mental Health).

- Cdh13-CreER mouse line has estrogen receptor conjugated Cre gene inserted into the Cdh13 gene
behind the Cdhl13 promoter. This allows for CreER expression in Cdhl13 expressing cells while
disrupting Cre Expression in that allele. Previously published in (Poliak et al 2016)

- Thyl-stop-YFP Line #15 transgenic mice express EYFP driven by Cre recombinase in many neuronal
populations, including most RGCs and projection neurons in the brain and spinal cord. We crossed
this line with the SC neuron-marking Cre driver lines and Cdh13-CreER line listed above to visualize

neuronal morphology. (Buffelli et al., 2003)

Tamoxifen Administration
Tamoxifen was injected interperitoneally (20mg/mlL., 100uL per dose) at p13, p15, and p17 for a total
of 3 doses. Humane euthenization through transcardial perfusion (see histology) was performed at

p30, approximately 2 weeks after the initial tamoxifen dose.
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Neonatal Injections

Neonatal superior collicular injections were performed at ages p0-2, when the lambdoid suture and
collicular hemispheres are still visible through the skin. The mouse is anaesthetized on ice in
accordance with protocols. The viral injection is made with a pulled glass pipette through the skin and
the skull (volume 0.33 uL. per hemisphere). Saline control was injected in the opposite hemisphere.
Mouse was returned to cage after warmed and alert. Tissue was collected and mouse was euthanized

(see histology) at p30.

Adult Intercranial Injections

Mice were anesthetized with continuous 2% isoflurane/Oxygen on a stereotax (Model 940, David
Kopf Instruments). Meloxicam (5mg/kg) was administered IP before the surgery and 1 day after
surgery. Viruses were loaded into a pulled glass pipette connected with a syringe (7634-O, Hamilton)
by a dual ferrule adaptor (55750-0, Hamilton). Injection speed and volume were controlled by a
Microinjection Syringe pump (UMP3T-1, WPI). AAV2-Efla-shCdh13-2A-mCherry was injected into
the right hemisphere of p60 NTSR1-GN209-Cre mice. Coordinates: 3.6 mm posterior and 0.7 mm
lateral to bregma and 1.0 mm below the skull. Volume: 300nL. Four weeks later the mouse was
humanely euthanized via transcardial perfusion (see histology). Brain and retinas were collected for

immunohistochemical analysis.
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Interocular Injections

Intraocular injection of AAVs was performed as previously described (Duan et al., 2015; Hong et al.,
2011)

For Cdh13 RGC axonal tracing experiment, pl Cdh13-CreER mice were injected uni-ocularly with

0.5ul. AAV5-DIO-GFP using a sharpened glass pipette.

For retinal Cdh13 knockdown experiment, p60 NTSR1-GN209-Cre was injected with Tul. AAV2-
efla-shCdh13-2A-DIO-mCherry in the right eye. 4 weeks later, the mouse was humanely euthanized

and transcardially perfused. Brain and retinal tissues were collected (see histology).

Viral Production

To make pAAV-hUG6-shCdh13-DIO-mOrange2 for Cdh13 LOF studies, hU6-shCdh13 cassettes
were generated using the following long primers with Mlul site from (pXX). These cassettes were
cloned to the Mlul site of pAAV-DIO-mOrange2. pAAV-DIO-mOrange2, a backbone of shRNA
plasmid, 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).

hU6-common-Fw: 5-AATTGAACGCGTGGGCAGGAAGAGGGC-3'

shCdh13-1-Rv: 5'-

cgatacACGCGTaaaaaagGCAACGAGAAGCTGCACT Acaagcttc TAGTGCAGCTTCTCGTTGC

GGATCCrtcgtectttccac-3'
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shCdh13-Rv: 5'-
cgatacACGCGTaaaaaagGCTCCTTGCAGGATATCT Teaagettc AAGATATCCTGCAAGGAGCce

GGATCCrtcgtectttccac-3'

Histology

Tissue Collection:

Animals were anesthetized then transcardially perfused with ice cold 0.1M phosphate buffer then ice
cold 4% PFA in 0.IM phosphate buffer, pH 7.4. Whole brain and eyes were collected where
applicable. Dissected brain tissue was then post-fixed in the PFA solution overnight at 4C, then
cryoprotected in 30% sucrose 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 minutes on ice. Cornea and lens
were then removed before a second 30 minute incubation period in 4% PFA on ice. Eye samples were

then stored in 0.1M PBS 0.2% sodium azide or immediately further processed (see below).

Brain:

After sucrose cryoprotection, brains were frozen with dry ice on a sliding microtome (Leica). Floating
40um sections were collected and stored in 0.1M PBS with 0.2% sodium azide at 4C. These sections
then underwent immunuhistochemical staining, in situ hybridization staining, or both.

For immunostaining, floating sections were incubated in blocking buffer (0.5% Triton X-100, 5%
natural donkey serum, 0.1M PBS) at RT for 1 hour, then primary antibodies in blocking buffer
overnight at 4C, then secondary antibodies in blocking buffer at RT for 2 hours. Slices were then

mounted on non-polarized glass slides with vectasheild with DAPI (VectorLabs H-1200).
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In situ hybridization was performed using RNAscope Fluorescent Multiplex Kit (Advanced Cell
Diagnostics) following the manufacturer’s instructions. Floating 40um sections were mounted on
polarized glass slides for this protocol. Where applicable, samples were then immunostained using the

protocol previously described before cover-slipping. Slides were mounted using vectasheild with

DAPI (VectorLabs H-1200).

Retina:

Retinas were dissected from the remaining eye sample stored in 0.1M PBS, 0.2% sodium azide.

For whole mount immunohistochemistry, retina is incubated in blocking buffer overnight at 4C.
Sample is incubated for 3 nights in 4C in primary antibodies in blocking buffer. After washing in 0.1M
PBS, sample is incubated overnight at 4C in secondary antibodies in blocking buffer. Sample is then
washed in PBS before mounting on filter paper and vectasheild with DAPI (VectorLabs H-1200) and
cover slipped.

Retinas for slice immunostaining or in situ hybridization were cryoprotected in 30% sucrose for 60
minutes on ice or until it sinks. It is then frozen in OCT (Tissue-Tek) in a block. The sample is cryostat
sectioned at 20um and directly mounted on polarized glass slides. Mounted tissue was either stored at

-20C or directly stained (see brain protocol above).
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