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Abstract
The Role of Transcription Factors in RGC Development, Maintenance, and Survival
Sadaf Abed
Neurons in the mammalian central nervous system must be maintained throughout the
lifetime of an organism because they are unable to regenerate. Retinal ganglion cells
(RGCs) are the projection neurons of the retina that project directly to and form
connections with the brain. Injury and disease can damage RGC axons, ultimately
leading to RGC death and resulting in blindness. Learning how to protect these cells
from dying and how to regenerate them after loss remain critical goals of vision
neuroscientists; these endeavors aim to prevent blindness in those at risk and to restore
vision in individuals already blind or visually impaired. Transcription factors regulate
the development, maintenance, and survival of neurons. In this dissertation, I explore
the roles of two transcription factors, Tbr2 and Isl2, in these important processes. My
lab has previously demonstrated that Tbr2 is required during development for the
formation and survival of intrinsically photosensitive RGCs (ipRGCs), a unique class
of RGCs that are resilient to injury. The persistent expression of Tbr2 in a subset of
adult RGCs, including all ipRGCs, led to the hypothesis that it is required for their
maintenance and survival. In this dissertation, I establish that Tbr2 is indeed necessary
for maintaining the defining aspect of ipRGC identity—the expression of the
photopigment melanopsin, which enables them to directly respond to light. However,
Tbr2 is not essential for the survival of adult ipRGCs. Additionally, I show that after

optic nerve injury, ipRGCs lacking Tbr2 continue to survive better than non-ipRGCs,
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albeit to a lesser extent than wildtype ipRGCs. The function of Isl2 in RGC
development has not previously been elucidated because Is/2 knockout mice die shortly
after birth. Therefore, I designed an Isl2-flox mouse and subsequently generated Is/2
conditional knockout mice in which Is/2 is specifically removed from the retina. I
demonstrate that IsI2 is required for the survival of IsI2-expressing RGC subtypes. My
work uncovers important roles for Tbr2 and Isl2 in RGC development, maintenance,
and survival. Additionally, the generation of a mouse with an Zs/2 conditional knockout
allele provides a new tool that can be used to study the development of other cell types

in which IsI2 is expressed.
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Chapter 1: General Introduction

1.1 Vision

We use our senses to navigate and interact with the world around us. Our sense
of vision is particularly important for effectively performing many of the ordinary tasks
required in our daily lives. Activities such as preparing food, dressing oneself,
maneuvering through the environment, reading, and driving become exceedingly
difficult or impossible for the blind, leading to a reduced quality of life. Recent reports
estimate that 43.3 million people worldwide are blind (Bourne et al., 2021a). With
modernity’s increasing life expectancies comes a rise in age-related forms of blindness;
it is estimated that 61 million people will be blind by the year 2050 (Bourne et al.,
2021a). Age-related forms of blindness such as glaucoma, age-related macular
degeneration, and diabetic retinopathy are neurodegenerative and consequently
irreversible. Neurons of the mammalian central nervous system (CNS) lack an inherent
capacity to regenerate making their loss in neurodegenerative diseases permanent
(Ramon y Cajal 1928; David and Aguayo 1981; Schwab and Thoenen 1985; Fawcett
1992; Ming and Song 2005; Curcio and Bradke 2018; Williams et al., 2020; Dyer and
Cepko, 2000; Karl et al., 2008). Most forms of irreversible blindness involve the retina,
an extension of the brain located in the eye, the structure in which visual processing

begins.



1.2 The Retina
“In the study of this membrane [the retina] I for the first time felt my faith in
Darwinism (hypothesis of natural selection) weakened, being amazed and
confounded by the supreme constructive ingenuity revealed not only in the
retina and in the dioptric apparatus of the vertebrates but even in the meanest
insect eye... I felt more profoundly than in any other subject of study the
shuddering sensation of the unfathomable mystery of life.”
-Santiago Ramon y Cajal
The retina is a layered, light-sensitive and responsive structure that lines the
back of the eye (Fig. 1.1). It comprises three nuclear layers inhabited by the somata of
6 neuronal types and a glial cell type, separated by two plexiform layers where synapses
form between the neurons (Fig. 1.1B). The photoreceptors (rods and cones) reside in
the outer nuclear layer (ONL), the interneurons (horizontal cells, HCs; bipolar cells,
BCs; and amacrine cells, ACs) reside in the inner nuclear layer (INL), the projection
neurons (retinal ganglion cells, RGCs) reside in the ganglion cell layer (GCL), and the
glial cells (Miiller glia) span the entire depth of the retina with their cell bodies localized
to the INL. Some RGCs and ACs are displaced and are found in the INL and GCL,
respectively. Photons of light are first detected by photoreceptors and are transformed
into electrical signals that are communicated to BCs and HCs in the outer plexiform
layer (OPL). BCs go on to transmit this signal to RGCs directly via synapses formed
between their axons and RGC dendrites in the inner plexiform layer (IPL) or indirectly
via ACs. HCs and ACs modulate activity at the level of the OPL and IPL, respectively.

RGCs are the sole output neurons of the retina making them responsible for

transmitting visual information to the brain; they do so by extending their axons out of



the eye, through the optic nerve, and to various brain regions (Morin and Studholme et

al., 2014; Martersteck et al. 2017).

A B

Rod photoreceptor

Cone photoreceptor
ONL
OPL 1 = e
orizontal cell

Bipolar cell

Vitreous

Lens Retina

Miiller

INL e
glia
\ (‘) cell

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
, "
/ 1
/" Optic Nerve H
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Figure 1.1 Schematic of the mouse eye and retina

(A) Light enters the eye and is detected by photoreceptors located at the back of the
retina. (adapted from Nylen 2010) (B) RGCs that respond to light decrements have
dendrites that laminate within OFF sublaminae of the IPL (S1-S2) and those that
respond to light increments have dendrites that laminate within ON sublaminae (S4-
S5). INL=inner nuclear layer; IPL=inner plexiform layer; ONL=outer nuclear layer;
OPL=outer plexiform layer. (adapted from Petridou and Godinho 2022)

Glaucoma is the leading cause of irreversible blindness worldwide (Bourne et
al., 2021b) and is a condition in which RGCs degenerate, severing the communication
pathway between the eye and the brain. To be able to one day treat irreversible
blindness via replacement of lost cell types, it is imperative that we learn how to
generate them. We can gain insights by turning towards development and

understanding how nature achieves this. This dissertation will focus on RGCs.



1.3 Retina Development

A common multipotent retinal progenitor cell (RPC) gives rise to all the cell
types of the retina (Young 1983, 1985; Turner and Cepko 1987; Turner et al., 1990).
RPCs initially undergo symmetric mitotic divisions to expand the RPC pool (Fig. 1.2)
(Livesey and Cepko 2001; Petridou and Godinho 2022). After the expansion phase,
they divide asymmetrically to produce one post-mitotic cell and one mitotic RPC. By
late retinal development, RPCs undergo symmetric post-mitotic divisions, producing
two differentiated cells that can be of the same class or of different classes (i.e. one rod
and one Miiller glia or two rods). Different retinal cell types are generated in sequential
but overlapping waves with RGCs being the first born type, and Miiller glia being the
latest born type (Fig. 1.3). The birth order of cells in the retina is mostly conserved
across vertebrate species (Jacobson 1968; Young 1985; Holt et al., 1988; Prada et al.,
1991; La Vaile et al., 1991). Several studies have sought to determine what contributes
to an RPC’s production of one cell type over another, finding that intrinsic factors
confer competence for generating distinct types and that extrinsic factors can influence
their decision/outcome. Classic heterochronic transplantation studies showed that
RPCs have intrinsically different potentials: when early RPCs from the embryonic
retina are placed in a postnatal retinal environment, they continue to generate early cell
types (Belliveau & Cepko 1999, Rapaport et al. 2001) and when late RPCs from the
postnatal retina are placed in an embryonic retinal environment, they continue to
generate late cell types (Belliveau et al., 2000). Additionally, when RPCs are cultured

in the absence of other retinal cells, they continue to generate cell types in accordance



with their temporal identity (Reh and Kijavin, 1989; Cayouette et al., 2003). In an
experiment performed in chick, RPCs cultured with older retinal cells did not produce
RGCs unless RGCs were removed from the culture, demonstrating extrinsic influence
on fate (Waid and McLoon 1997). This finding suggests that RGCs can provide
feedback inhibition to RPCs, and indeed it was later determined that they do so by
producing sonic hedgehog (shh; Wang et al., 2005)—a signaling molecule that

regulates the development of many tissues (Carballo et al., 2018).

A Symmetric proliferative B Asymmetric differentiative c Symmetric terminal D Asymmetric terminal
division (P + P) division (P + D) division (Da + Da) division (Da + Db)

& & & &
] ] B ]

Figure 1.2 Modes of RPC division during retina development

RPCs can divide symmetrically to produce two progenitor cells (A) or two
differentiated cells of the same type (C); they can also divide asymmetrically to
produce one progenitor cell and one differentiated cell (B) or two differentiated cells
of different types (D). P= progenitor cell, D= postmitotic differentiated cell (neuron
or Miiller glia). (adapted from Petridou and Godinho 2022)




Mdller glia

E Bipolar cells

ey Amacrine cells

| —

R Horizontal cells

IPY  Ganglion cells
l |

E1l PO P7
Birth

Figure 1.3 The birth order of cells in the mouse retina

Retinal neurogenesis begins with the birth of RGCs on embryonic day 11 (E11) and
continues through the first postnatal (P) week. (adapted from Kerschensteiner 2020)

Intrinsic differences in RPC competence can be ascribed to the varied
expression of transcription factors termed “temporal identity factors” or “TIFs”
(reviewed in Santos-Franca et al., 2022). These factors act upstream of transcription
factor networks that specify cell fate. Ikaros (Ikzfl) is a TIF that is required for the
generation of early cell types including RGCs but is dispensable for the generation of
late cell types, as demonstrated by loss of function analysis (Elliott et al., 2008). Casz1

is a TIF that induces the production of mid and late-born types when misexpressed and



whose function is to suppress the generation of early-born types (Mattar et al., 2015);
its expression is inhibited by Ikzf1l. Pou2f1 is a recently discovered TIF that is sufficient
for the production of cones and also acts to inhibit Caszl (Javed et al., 2020). Select
transcription factors confer proliferative competence to RPCs—Pax6, Chx10, Sox2,
Lhx2—and when genetically ablated, there are insufficient numbers of RPCs leading to
underdeveloped retinas (Burmeister et al., 1996; Marquardt et al., 2001; Taranova et
al., 2006; Gordon et al., 2013). Single-cell RNA sequencing (scRNAseq) of mouse
RPCs at different stages throughout development has shown that they can be broadly
divided into “primary” or “neurogenic” and within these two classes, subdivided into
early or late RPCs (Clark et al., 2019). Primary RPCs express cell cycle related genes
whereas the neurogenic class express proneural transcription factors. Results gleaned
from this study support the findings of previous work; the TIFs I introduced earlier,
Caszl and Pou2fl, are expressed in RPCs isolated at timepoints that are consistent with
when cells that they provide competence for are generated (cones and rods,
respectively). Neurogenic RPCs were found to express the basic helix-loop-helix
(BHLH) transcription factors Atoh7 (also known as Math5), Neurog2, and Olig2,
reinforcing findings from lineage tracing studies that indicate these factors promote
terminal neurogenic divisions (Brzezinski et al., 2011; Hafler et al., 2012). Neurogenic
BHLH factors regulate the expression of master regulatory transcription factors that
define cell fate, such as Otx2, which specifies a photoreceptor identity (Nishida et al.,
2003). Master regulatory transcription factors activate the expression of factors that

lead to the differentiation of one cell type while repressing factors that specify other



types. For example, Otx2 has a cross-inhibitory relationship with the transcription
factors DIx1/2, master regulators of a late-born RGC fate (de Melo et al., 2005): Otx2
represses DIx1/2 (Ghinia Tegla et al., 2020) and DIx1/2 reciprocally repress Otx2 (de
Melo et al., 2005). While many factors that contribute to the specification of the 7
retinal cell types have been uncovered, far less is known about how subtypes within
these classes are generated. RGCs make up the smallest proportion of retinal cells,
amounting to about 1% of the total population, but are remarkably diverse with over
40 subtypes identified in mice (Tran et al., 2019; Goetz et al., 2022). A major goal in
the field is dissecting the intricacies of each subtype and understanding how such
diversity of cell types is generated.
1.4 Retinal ganglion cell subtype classification

RGC subtypes have been classified based on their differences in morphology,
physiology, and molecular properties (Sanes and Masland 2015; Bae et al., 2018;
Baden et al., 2016; Rheaume et al., 2018; Tran et al., 2019; Goetz et al., 2022).
Morphologically, RGC subtypes differ in their soma and dendritic arbor sizes as well
as in the complexity and stratification pattern within the IPL of their dendritic arbors
(Bae et al., 2018; Goetz et al., 2022). An RGC’s dendritic lamination pattern is related
to its physiology (Goetz et al., 2022) and its dendritic field size is linked to its receptive
field size (Lefebvre et al., 2015). Physiologically, they differ in the type and size of
stimulus they respond to, and the temporal dynamics of their responses (i.e. transient
or sustained responses). Broadly, some subtypes respond to light increments (ON-

RGCs), others to light decrements (OFF-RGCs), and others to both increments and



decrements of light (ON-OFF RGCs). ON-RGCs have dendrites that laminate closer to
the GCL in sublamina 4 or 5 (S4,S5) of the IPL, OFF-RGCs have dendrites that
laminate closer to the INL in S1-S2, and ON-OFF RGCs have dendrites that are
bistratified or that laminate within S3 (Fig. 1.1B). Additionally, different molecules are
expressed in each RGC subtype and can be used to distinguish them from one another.
ScRNAseq has allowed for the large-scale classification of RGCs by their unique
molecular signatures, each subtype being defined by its expression of a combination of
transcripts, and very rarely by a single factor (Tran et al., 2019). Recently, Goetz et al.
(2022) profiled RGCs using all 3 criteria and aligned their data to large-scale
morphological (Bae et al., 2018) and molecular (Tran et al., 2019) datasets to generate
a unified RGC atlas.

Each RGC subtype is tuned to a particular visual feature (reviewed in
Kerschensteiner 2022) and tiles the retina to form a mosaic such that the cells within a
subtype exhibit regular spacing, ensuring that each part of the visual field is sampled
(Wissle and Riemann 1978; reviewed in Sanes and Masland 2015). RGCs can be
broadly functionally divided into image-forming and non-image-forming. Image-
forming RGCs include those that detect visual features such as contrast or motion
direction, with the latter types designated direction-selective ganglion cells (DSGCs);
DSGC subtypes respond to motion in one of the four cardinal directions (up, down,
backward, forward). Non-image-forming RGCs are involved in subconscious aspects
of vision; this class includes luminance detectors that participate in circadian

photoentrainment, a behavior that is mediated by RGCs that are intrinsically



photosensitive RGCs (ipRGCs). RGCs project to >50 subcortical regions of the brain,
each responsible for mediating unique functions (Fig. 1.4) (Morin and Studholme et
al., 2014; Martersteck et al., 2017). There are 2 major retinorecipient regions of the
brain, both of which mediate image-forming vision: the superior colliculus (SC)
receives projections from 85-90% RGCs (Ellis et al., 2016) and the dorsal lateral
geniculate nucleus (ALGN) of the thalamus is innervated by ~30% of RGCs (Martin
1986), the majority of which also innervate the SC (Ellis et al., 2016). The superior
colliculus is a midbrain structure where sensory information of multiple modalities is
integrated and used to direct behavioral outputs such as eye and head movements in the
direction of salient stimuli (Ito and Feldheim 2018). The dLGN relays information from
the retina to the visual cortex and is involved in conscious image formation (Guido
2018). Non-image-forming RGCs project to regions such as the suprachiasmatic
nucleus of the hypothalamus (SCN) and the olivary pretectal nucleus (OPN),
responsible for circadian photoentrainment and the pupillary light reflex, respectively
(Fig. 1.4). The generation of this vast diversity in RGC subtypes is not well-understood
and remains a critical area of research. What do we know about RGC development and
how does a newly postmitotic immature RGC differentiate into one of the >40 unique

subtypes?
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Figure 1.4 Schematic of retinorecipient regions of the mouse brain

Most RGCs innervate the major image-forming regions, highlighted in orange.
Non-image-forming regions are highlighted in lavender. Abbreviations: D, dorsal;
V, ventral; A, anterior; P, posterior; AAV, anterior amygdaloid area, ventral; AD,
anterodorsal thalamic nucleus; AHN, anterior hypothalamic area; APT, anterior
pretectal nucleus; CL, centrolateral thalamic nucleus; CPT, commissural pretectal
nucleus; DCIC, dorsal cortex of the inferior colliculus; dLGN, dorsolateral
geniculate nucleus of the thalamus; DRN, dorsal raphe nucleus; DTN, dorsal
terminal nucleus; IGL, intergeniculate leaflet; LHA, lateral hypothalamic area;
LHb, lateral habenula; LP, lateral posterior nucleus of the thalamus; LTN, lateral
terminal nucleus; MeA, medial amygdala, anterior; MePV, medial amygdala,
posteroventral; MPT, medial pretectal nucleus; MRN, midbrain reticular nucleus;
MTN, medial terminal nucleus; NOT, nucleus of the optic tract; OPN, olivary
pretectal nucleus; PAG, periaqueductal gray; PB, parabrachial nucleus; PHb,
perihabenular nucleus; PN, paranigral nucleus; PP, peripeduncular nucleus; PPT,
posterior pretectal nucleus; RCH, retrochiasmatic area; RGC, retinal ganglion cell;
SBPV, subparaventricular zone; SC, superior colliculus; SCN, suprachiasmatic
nucleus; SGN, suprageniculate nucleus; SI, substantia innominate; SON,
supraoptic nucleus; SubG, subgeniculate nucleus; vLGN, ventrolateral geniculate
nucleus; VLPO, ventrolateral preoptic area; ZI, zona incerta. (adapted from
Kerschensteiner 2022)
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1.5 Retinal ganglion cell development

1.5.1 Molecular factors involved in differentiation and specification

The BHLH transcription factor Atoh7 is transiently expressed in RPCs and is
necessary for RGC development; Atoh7-null mice display an almost complete loss of
RGCs (>95% reduction) and lack optic nerves (Brown et al., 1998; Brown et al., 2001;
Wang et al., 2001). Lineage analysis studies have revealed that only 11% of Atoh7*
RPCs become RGCs, with the remainder giving rise to ACs, HCs, and photoreceptors,
and that only 50% of RGCs are from the Atoh7 lineage (Yang et al., 2003; Feng et al.,
2010; Brzezinski et al., 2012). These data suggest that Atoh7 does not specify an RGC
fate, but rather acts as a competence factor that permits an RGC fate. Two transcription
factors downstream of Atoh7, Isletl (Isl1) and Brn3b (also known as Pou4f2), are able
to rescue the loss of RGCs in Atoh7-null mice when expressed together in its place
suggesting that Atoh7 activates the transcription of downstream factors that lead to
RGC differentiation (Wu et al., 2015). Data from a recent study where researchers
inactivated the proapoptotic gene Bax in Atoh7-null mice provide a new explanation
for Atoh7’s role in RGC development (Brodie-Kommit et al., 2021). With cell death
inhibited in Atoh7-null mice, there is only a 20% reduction in RGCs relative to Bax-
null controls and the surviving RGCs express normal levels of Isll and Brn3b.
However, these mice display severe defects in axon guidance and vasculature
development. Their results suggest that Atoh7 acts as a pro-survival factor that is
required for RGC viability and for directing axons to the optic nerve head (Brodie-

Kommit et al., 2021).
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The SoxC family of transcription factors regulate RGC specification. Loss of
function of Sox4 or Sox11 alone modestly impacts RGC development, but Sox4/11
double mutants display a significant loss of RGCs (Jiang et al., 2013). There is an even
greater effect on RGC development when Sox12 is additionally deleted in triple
knockout mice (Kuwajima et al., 2017).

DIx1 and DIx2 are necessary for the specification of late-born RGCs; DIx1/2
double knockout mice show a selective loss of late-born RGCs, amounting to a loss of
about 33% (de Melo et al., 2005; Zhang et al., 2017). DIx1 and DIx2 directly activate
the expression of Brn3b (Zhang et al., 2017). When Brn3b is also knocked out in DIx1/2
mutants to produce triple knockout mice, there is a 95% loss of Brn3a® RGCs at
embryonic day 18 (E18) accompanied by an increase in amacrine cell production
(Zhang et al., 2017).

Brn3b and Isll are co-expressed in newly post-mitotic RGCs before they
acquire subtype identity. They are both required for RGC differentiation and are
downstream of Atoh7 and SoxC transcription factors (Yang et al., 2003; Jiang et al.,
2013). Both Brn3b-null mice and Isll-(retina)null mice display defects in RGC
differentiation and survival but not specification (Gan et al., 1999; Mu et al., 2008).
~70% of RGCs undergo apoptosis in both Brn3b-null mice (Gan et al., 1996; Erkman
et al., 1996) and in Isl1-(retina)null mice (Pan et al., 2008). In retinas in which both
Brn3b and Isll are knocked out, there is recapitulation of the phenotype observed in

Atoh7-null mice, where >95% of RGCs undergo apoptosis (Pan et al., 2008).
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T-box transcription factors are important for RGC subtype specification. The
T-box transcription factor Tbr2 (also known as EOMES) is expressed in newly
postmitotic RGCs and in mature RGCs (Mao et al., 2008; Mao et al., 2014; Sweeney
et al., 2014; Sweeney et al., 2017). Our lab and others have shown that Tbr2 is
necessary during development for the formation and survival of ipRGCs (Mao et al.,
2008; Sweeney et al., 2014; Mao et al., 2014); loss of Tbr2 in developing RGCs results
in an absence of ipRGCs, increased apoptosis, and defective optic nerve myelination.
A study in which scRNAseq was performed on developing RGCs at multiple
timepoints identified Tbr2-expressing RGCs as a fate-restricted class (Shekhar et al.,
2022), supporting our findings. Tbrl is a closely related transcription factor that is
expressed in the adult retina in 4 types of OFF RGCs (Liu et al, 2018; Kiyama et al.,
2019). When Tbrl is removed from RPCs, Liu et al. (2018) found no effect on RGC
survival or morphology, whereas Kiyama et al. (2019) found increased apoptosis, the
absence of 2 OFF-RGC classes, and aberrant dendritic morphology. When Tbrl is
ablated during RGC dendritogenesis, the former study observed aberrant dendritic
morphology (Liu et al., 2018). Another T-box transcription factor, Tbx5, was recently
found to be required for the formation of ON-DSGCs that detect upward motion (Al-
Khindi et al, 2022).

Satbl (special AT-rich sequence-binding protein 1) is another transcription
factor that is expressed in developing and mature RGCs and plays a role in dendrite
patterning (Peng et al., 2017). It is expressed in two types of ON-OFF DSGCs

(00DSGCs), which as their name implies, have bistratified dendrites. In Satb1-null
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mice, the ON arbors of 00DSGCs are lost, leading to an absence of ON-responses. The
researchers further demonstrated that the homophilic adhesion molecule, Contactin 5
(Cntn5), is expressed in Satb1 RGCs and in the interneurons that their dendrites connect
with. They found that loss of Cntn5 in 00DSGCs partially phenocopies loss of Satb1.

1.5.2 Retinal ganglion cell axon guidance

How do RGCs know which side of the brain to project to and, given that there are >50
subcortical targets, which region to project to?
1.5.2a Intraretinal guidance and exit

Axon outgrowth occurs prior to RGC subtype specification and begins in newly
postmitotic RGCs (Herrera et al., 2019). RGC axons must first navigate through the
retina into the optic fiber layer and then extend towards the optic disc (Fig. 1.5A).
Inhibitory Slit/Robo signaling and expression of the secreted frizzled proteins
Strp1/Sfrp2 have been shown to play an important role in these steps (Niclou et al.,
2000; Marcos et al., 2015). Both sets of molecules inhibit the growth of axons into the
outer retina. Netrin-1 is expressed in glial cells at the optic disc and is necessary for
RGC axon exit from the eye (Deiner et al., 1997). Slit2 and SemaS5a are inhibitory
signals that restrict the axons to the optic nerve as they make their way through it and
towards the optic chiasm. Vax1 attracts and guides RGC axons to the optic chiasm,

without which they stall before reaching the chiasm (Kim et al., 2014).
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Figure 1.5 Visual pathway development

RGC axons must find their way through the retina (A), towards the correct side
of the brain at the optic chiasm (B), to the appropriate visual nuclei (C), and to
the correct region within nuclei (D). (Adapted from Herrera et al., 2019)

1.5.2b Guidance at the chiasm

Upon reaching the optic chiasm, RGC axons either cross at the midline to grow
towards the contralateral (opposite) hemisphere of the brain, or avoid crossing to grow
towards the ipsilateral (same) side of the brain (Fig. 1.5B). The proportion of RGCs
that project ipsilaterally varies among different vertebrate species, correlating with their
degree of binocularity. Mice have eyes that are situated on the sides of their heads
resulting in minimally overlapping visual fields. The vast majority of RGCs in mice
(~97%) project contralaterally and convey monocular information. The ~3% of
ipsilaterally projecting RGCs allow for binocular vision and reside in the
ventrotemporal quadrant of the retina termed the ventrotemporal crescent (VTC)

(Drager and Olsen 1980). Different genes are expressed in contralateral and ipsilateral
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RGCs that allow them to respond to molecular cues in their environment in distinct
manners and thus take the appropriate trajectory at the optic chiasm (Wang et al., 2016;
Herrera et al., 2019).

Ipsilaterally projecting RGCs avoid midline crossing at the chiasm due to their
expression of Zic2 (zinc-finger protein of the cerebellum 2), a transcription factor
selectively expressed in RGCs of the VTC during development. Loss-of-function and
gain-of-function analyses have shown that Zic2 is both necessary and sufficient for
specifying an ipsilateral axon trajectory; in its absence, there is a loss of ipsilateral
axons at the optic chiasm (Herrera et al., 2003) and when it is ectopically expressed in
contralateral RGCs, axons are directed ipsilaterally (Garcia-Frigola et al., 2008). Zic2
activates expression of EphB1, a receptor tyrosine kinase that is expressed in ipsilateral
RGC axons (Garcia-Frigola et al., 2008). Its ligand, ephrinB2, is expressed in radial
glial cells at the midline and acts as a repulsive signal, causing EphB1-expressing axons
to turn ipsilaterally (Williams et al., 2003; Petros et al., 2009). Ten-m2, a member of
the Teneurin family of adhesion molecules, has also been shown to be involved in this
process. In its absence, there is a reduction in EphB1 expression and a 40% reduction
in ipsilateral projections, with no effect on Zic2 expression (Young et al., 2013).
Transaxonal shh signaling is additionally implicated in RGC midline avoidance at the
chiasm; shh is expressed in contralateral axons and repels ipsilateral axons that express
the shh receptor Boc (Fabre et al., 2010; Peng et al., 2018).

The transcription factor Islet2 (Isl2) is expressed in ~40% of RGCs, all of which

project contralaterally (Pak et al., 2004; Triplett et al., 2014). Pak et al. (2004) found
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that IsI2 specifies a contralateral trajectory in a small population of RGCs in the VTC
by repressing Zic2; the vast majority of contralateral RGCs in the IsI2-null mice used
in their study display normal laterality. The SoxC transcription factors mentioned
earlier in section 1.5.1 (Sox4, Sox11, and Sox12) are involved in contralateral RGC
fate specification (Kuwajima et al., 2017). In SoxC triple mutants, there is decreased
expression of the guidance receptors Plexin-Al and Nr-CAM that are normally
expressed in contralateral RGCs (Williams et al., 2006). These guidance receptors
interact with semaphorin6D (sema6D) and Nr-CAM expressing radial glia as well as
Plexin-Al-expressing neurons at the optic chiasm to promote axon growth
contralaterally (Kuwajima et al., 2012); sema6D repels contralateral RGC axons in the
absence of Nr-CAM and Plexin-Al. Contralateral RGCs from SoxC triple mutants
display reduced neurite outgrowth on chiasm cells in vitro and some fail to cross at the
midline in vivo, instead growing ipsilaterally. These mutant RGC axons are unable to
invade the ipsilateral dLGN or SC despite aberrantly projecting ipsilaterally.
1.5.2¢ Targeting visual nuclei

RGC axons are guided towards their correct target (Fig. 1.5C) by molecular
cues within and surrounding the visual pathway. Different RGC subtypes express
transcription factors that inform the expression of distinct combinations of receptors
for these molecular cues, facilitating guidance to specific brain areas. The homophilic
cell adhesion molecule cadherin-6 (cdh6) is expressed in RGCs that project to non-
image-forming brain regions as well as within these regions themselves, facilitating

axon-target connectivity (Osterhout et al., 2011). The extracellular matrix glycoprotein
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reelin is also involved in targeting of non-image-forming nuclei; it is expressed in the
VLGN and IGL and is required for ipRGC innervation of these areas (Su et al., 2011).
Studies using transgenic mouse lines expressing GFP in discrete RGC subtypes have
revealed different strategies for axon target-matching depending on the timing of RGC
birth and axon outgrowth (Osterhout et al., 2014). Early-born and early-extending
RGCs appear to sample multiple brain areas before stabilizing their projection in a
particular target whereas late-born and late-extending RGCs make precise connections
to their target destination. Additionally, Sema6A/PlexinA2/4 signaling is required for
innervation of the MTN by ON-DSGCs (Sun et al., 2015).
1.5.2d Refinement

Axon terminals of RGCs are topographically aligned in their target structures
such that RGCs that respond to the same area of space maintain their spatial
relationship within their target, ensuring the appropriate transmission of spatial
information (Fig. 1.5D; Feldheim and O’Leary 2010). Along the nasotemporal retinal
axis, RGCs from the temporal retina project their axons to the anterior SC while those
from the nasal retina project to the posterior SC. Along the dorsoventral axis, dorsal
RGCs project to lateral SC and ventral RGCs to medial SC. Members of the Eph/ephrin
family of receptor tyrosine kinases/ligands play an important role in the formation of
these topographic maps. Both Eph receptors and ephrin ligands can be divided into A
and B types and each of these categories contain multiple subclasses (Kullander and
Klein 2002). These molecules are expressed in gradients across the retina and in visual

targets and act as attractive/repulsive signals. EphA5/6 are highly expressed in
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temporal RGCs and weakly expressed in nasal RGCs, while being highly expressed in
the anterior SC and weakly in the posterior SC (Brown et al., 2000; Feldheim et al.,
2000). There is a counter-gradient of ephrin-A5 in both structures such that ephrin-A5
is highly expressed in the nasal retina and posterior SC, and weakly expressed in the
temporal retina and posterior SC. Unlike the nasotemporal axis, RGCs along the
dorsoventral axis exhibit pre-target sorting so that RGC axons from the dorsal and
ventral regions of the retina are already segregated within the optic tract prior to
arriving to the SC (Plas et al., 2005). However, EphB/ephrinB signaling has been
shown to play a role in topographic refinement along this axis. RGC axons form
interstitial branches that grow bidirectionally along the medial-lateral axis towards their
correct location. EphrinB1 is highly expressed in the medial SC and weakly expressed
in the lateral SC, and EphB2/3 exhibit a high to low expression pattern from dorsal to
ventral retina. In the absence of EphB2/3, ectopic terminal zones form in incorrect
regions along the mediolateral axis (Hindges et al., 2002). Other factors implicated in
topography and refinement include BDNF/TrkB signaling (in interstitial branching;
Marler et al., 2014), Wnt3/Ryk signaling (opposing role to EphB/ephrinB signaling;
Schmitt et al., 2006), Tenm3 (ipsilateral topography; Leamey et al., 2007; Dharmaratne
et al., 2012; Leamey and Sawatari 2019). Lastly, in addition to molecular mechanisms,
activity-dependent mechanisms also play a role in axon guidance, eye-specific
segregation, and refinement. Retinal waves—the spontaneous bursts of retinal activity
that occur during development prior to visual experience—are important for fine-scale

refinement of terminal zones (Torborg and Feller 2005; Assali et al., 2014).
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1.5.3 Developmental RGC death

“By the time I was born, more of me had died than survived.”
-Lewis Thomas

Programmed cell death ensures the proper development of various complex
structures including the nervous system (Conradt et al., 2009; Oppenheim 1991; Buss
et al., 2006). Cells are initially overproduced and subsequently eliminated to reveal a
refined structure. There are two waves of apoptosis during retina development, the first
wave occurs during neurogenesis and migration while the second wave coincides with
synaptogenesis. Peak RGC death in rodents occurs between P2-P4, during
synaptogenesis, and it is estimated that 50-70% are eliminated by P5 (Young 1984;
Galli-Resta and Ensini 1996; Strom and Williams 1998; Farah and Easter 2005). The
neurotrophic hypothesis posits that neuronal survival depends on the ability to compete
for a limited supply of neurotrophic factors present in targets (Hamburger & Levi-
Montalcini 1949; Purves et al., 1988). Several studies have supported this hypothesis
showing that factors in both the postsynaptic and presynaptic environment contribute
to a neuron’s survival in a variety of nervous tissues (Hughes and McLoon 1979;
Lindon and Perry 1982; Lipton 1986; Cui and Harvey 1995).

The neurotrophin superfamily of neurotrophic factors has been extensively
studied and includes: nerve growth factor (NGF), brain-derived neurotrophic factor
(BDNF), neurotrophin-3 (NT-3), and neurotrophin-4/5 (NT-4/5) (Gillespie 2003).
Neurotrophins bind to the Trk family of receptor tyrosine kinases (TrkA, TrkB, TrkC)

initiating signaling cascades that lead to survival and growth. They also bind to the P75
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neurotrophin receptor, a member of the tumor necrosis factor-related molecules, and
can induce apoptosis (Majdan et al., 1997). Injection of BDNF or NT-4/NT-5 into the
developing eye or SC in rats reduces RGC death and application of BDNF to RGCs in
culture prevents their death (Cui and Harvey, 1994, 1995; Ma et al., 1998). However,
null mutations for BDNF, NT-4, and TrkB do not result in increased RGC death
(Cellerino et al., 1997; Rohrer et al., 2001; Pollock et al., 2003); BDNF-null mice
display thin, hypomyelinated RGC axons (Cellerino et al., 1997). In double mutant
mice lacking both BDNF and NT-4/5, there is a delay in retinal development with a
thicker GCL (Cellerino et al., 1997; Harada et al., 2005). These data suggest that there
is compensation by other trophic factors and that individual trophic factors are not

solely responsible for survival.
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Chapter 2: Adult Expression of Tbr2 is required for the maintenance but not

survival of intrinsically photosensitive retinal ganglion cells

Chapter 2 is a modified version of the following publication:

Abed S, Reilly A, Arnold SJ, Feldheim DA. 2022. Adult Expression of Tbr2 Is

Required for the Maintenance but Not Survival of Intrinsically Photosensitive Retinal

Ganglion Cells. Front Cell Neurosci. 16:1-13. doi:10.3389/fncel.2022.826590.

35



2.1 Abstract

Retinal ganglion cells expressing the photopigment melanopsin are intrinsically
photosensitive (ipRGCs). ipRGCs regulate subconscious non-image-forming
behaviors such as circadian rhythms, pupil dilation, and light-mediated mood.
Previously, we and others showed that the transcription factor Tbr2 (EOMES) is
required during retinal development for the formation of ipRGCs. Tbr2 is also
expressed in the adult retina leading to the hypothesis that it plays a role in adult ipRGC
function. To test this, I removed Tbr2 in adult mice. I found that this results in the loss
of melanopsin expression in ipRGCs but does not lead to cell death or morphological
changes to their dendritic or axonal termination patterns. Additionally, I found ectopic
expression of Tbr2 in conventional RGCs does not induce melanopsin expression but
can increase melanopsin expression in existing ipRGCs. An interesting feature of
ipRGC:s is their superior survival relative to conventional RGCs after an optic nerve
injury. I found that loss of Tbr2 decreases the survival rate of ipRGCs after optic nerve
damage suggesting that Tbr2 plays a role in ipRGC survival after injury. Lastly, I show
that the GABAergic amacrine cell marker Meis2, is expressed in the majority of Tbr2-
expressing displaced amacrine cells as well as in a subset of Tbr2-expressing RGCs.
These findings demonstrate that Tbr2 is necessary but not sufficient for melanopsin
expression, that Tbr2 is involved in ipRGC survival after optic nerve injury, and

identify a marker for Tbr2-expressing displaced amacrine cells.
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2.2 Introduction

The retina comprises six neuronal cell types, each with distinct roles in visual
scene detection and processing. Among these are retinal ganglion cells (RGCs) which
send axons to > 50 retinorecipient brain regions (Martersteck et al., 2017), and
amacrine cells (ACs) which modulate RGC activity. RGCs and ACs can be further
divided into > 30 and > 40 subtypes, respectively, based on molecular, morphological,
and physiological features (MacNeil and Masland, 1998;Lin and Masland,
2006; Sanes and Masland, 2015; Baden et al., 2016; Bae et al., 2018; Rheaume et al.,
2018; Yan et al., 2020). The processes of generating and maintaining this diversity
largely remain elusive, but transcription factor codes have been shown to be important
for neuronal subtype specification and maintenance (Guillemot, 2007; Deneris and
Hobert, 2014; Peng et al., 2017; Sajgo et al., 2017; Lyu et al., 2021).

Neuron types are defined in part by the expression of the genes that contribute
to their identity and function, including those that encode sensory receptors, signaling
molecules, ion channels, and structural features such as dendritic arborization (Deneris
and Hobert, 2014). Our lab and others have shown that the t-box transcription factor,
Tbr2 (also known as EOMES), is expressed in a subset of RGCs early in development
that will become ipRGCs (defined by expression of melanopsin, and axonal targeting
patterns; Mao et al., 2014; Sweeney et al., 2014). Tbr2 is also expressed in a subset of
displaced ACs. Removal of Tbr2 from RGCs during development leads to a loss of
ipRGCs (Mao et al., 2014; Sweeney et al., 2014). Tbr2 expression is maintained in the

adult and is expressed in all ipRGC subtypes (Tran et al., 2019; Chen et al., 2021).
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ipRGCs are intrinsically photosensitive because they express the photopigment
melanopsin which allows them to detect light and thus execute several light-induced
behaviors (Provencio et al., 2000, 2002a; Berson et al., 2002; Hattar et al., 2002),
including: Circadian photoentrainment, pupillary light reflex, mood regulation, and
learning; ipRGCs also play a role in some aspects of image-forming vision including
contrast detection (Panda et al., 2002; Ruby et al., 2002; Giiler et al., 2008; Hatori et
al., 2008; Legates et al., 2012; Schmidt et al., 2014; Sonoda et al., 2018; Stabio et al.,
2018). ipRGCs integrate rod, cone, and melanopsin signals before transmitting this
information to many subcortical areas of the brain. Loss of ipRGCs in blinding diseases
in humans results in sleep disorders, depression, anxiety, defects in post-illumination
pupil response, and loss of light-induced suppression of melatonin secretion (Pérez-
Ricoetal., 2010; Feigl et al., 2011; Agorastos et al., 2013; Wang et al., 2013; Gracitelli
et al., 2016). In mice, loss of ipRGCs results in defects in circadian photoentrainment,
the pupillary light reflex, light-suppression of locomotor activity, mood, and learning
(Giiler et al., 2008; Hatori et al., 2008; Legates et al., 2012).

It has been well-documented that ipRGCs survive after injuries to the optic
nerve, however, the reason for their survival is not well understood (Robinson and
Madison, 2004; Li et al., 2008; Pérez De Sevilla Miiller et al., 2014; Duan et al., 2015).
Single-cell RNA-sequencing of RGCs after optic nerve crush shows that Tbr2 is
enriched in the RGCs that survive (Tran et al., 2019), suggesting a role for Tbr2 in RGC

survival after injury.
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Here, I set out to determine the role that Tbr2 plays in ipRGC maintenance and
in ipRGC survival after injury. I employed a tamoxifen-inducible Cre recombinase
system to specifically remove Tbr2 during adulthood in cells that endogenously express
Tbr2 (Pimeisl et al., 2013). I find that Tbr2 loss does not alter the dendritic
stratification, brain innervation, or survival of ipRGCs. However, I do find that Tbr2-
deficient RGCs lose melanopsin expression, but that ectopic expression of Tbr2 in non-
Tbr2" RGCs is not sufficient to induce melanopsin expression. Additionally, I
demonstrate that removal of Tbr2 leads to reduced survival of ipRGCs in an optic nerve
injury model. Finally, I discover that almost all Tbr2" displaced amacrine cells express
Meis2 adding to the molecular definition of this subtype.

2.3 Results
2.3.1 Tbr2 is required for maintaining melanopsin expression in intrinsically
photosensitive retinal ganglion cells

To test the hypothesis that Tbr2 is required in adulthood for ipRGC survival, I
removed Thr2 from adult Tbr2-expressing RGCs using Thr2"eERfx .tdT mice. These
mice have a tamoxifen-inducible Cre recombinase inserted into exon 1 of
the Thr2 locus (Thr2¢*ER; Pimeisl et al., 2013), a Thr2 floxed allele (Thr2'**; Zhu et
al., 2010), and a Rosa26-tdTomato reporter (¢d7; Madisen et al., 2010). Tamoxifen
administration to Thr2¢ER/ox .tdT mice results in coincident fluorescent labeling and
Tbr2 removal in CreER-expressing cells (Fig. 2.1A). We administered tamoxifen to
adult Thr2CreER* (dT (hereafter “control”) and Thr2¢ ERFxtdT (hereafter “Thr250”)

animals and asked if loss of 7hr2 results in Tbr2-expressing RGC death, as happens
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when 7br2 is deleted during development, and if not, whether Tbr2 is required for
specifying their axonal projections or dendrite stratification patterns. First I verified
that Tbr2¢“£R labels endogenous Tbr2-expressing RGCs by immunostaining retinas
derived from control mice with antibodies directed against Tbr2 and RBPMS (a pan-
RGC marker; Rodriguez et al., 2014) and determining the percent overlap of these
markers with Tomato fluorescence (Fig. 2.1B). I find that all Tomato-labeled cells are
also labeled with an anti-Tbr2 antibody, illustrating that Tbr2¢"*X recapitulates
endogenous Tbr2 expression (Fig. 2.1B). I also find that 63% + 3 (393 cells, n =3
mice) of Tomato-expressing cells do not express RBPMS, corroborating the recent
finding that these cells are displaced amacrine cells (ACs; Chen et al., 2021, see below).
The majority of Tomato-expressing cells in the ganglion cell layer (GCL) have
dendrites that laminate in the innermost ON sublamina of the inner plexiform layer
(IPL) and sparsely in the outermost OFF sublamina (Fig. 2.1D and Fig. S2.1),
consistent with displaced AC and ipRGC lamination patterns (Provencio et al.,
2002b; Viney et al., 2007; Schmidt and Kofuji, 2009; Ecker et al., 2010; Quattrochi et

al., 2018; Chen et al., 2021).
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Figure 2.1 Characterization of Tbr2¢ ER expression visualized by tdTomato
reporter in wildtype and 7hr2%0 retinas and brains

(A) Schematic of genetic strategy used to label and remove Tbr2 from Tbr2" cells
in adulthood. Black boxes are exons, thin lines are non-coding regions. (B, C)
Flatmount view, GCL side up, of a retina derived from a Thr2<"°E®* :tdT (control,
B) or Thr2CreERN0x 4dT (Thr2K0, C) P60 mouse immunostained to reveal expression
of Tomato (red), Tbr2 (green), RBPMS (blue) with the first image being a merge
of all markers; white circles represent Tbr2* Tomato-labeled RGCs, solid arrows
point to Tbr2* Tomato-labeled amacrine cells (lack RBPMS expression), dashed
circles indicate Tbr2* RGCs that do not express Tomato, dotted circles indicate
Tomato-labeled RGCs that do not express Tbr2, and dashed arrows point to
Tomato-labeled amacrine cells that do not express Tbr2; scale bar=25 um. While
98% of wildtype Tomato™ RGCs express Tbr2 (B), only 15% express Tbr2 in the
mutant (C). (D, E) Section of a control (D) and 7hr2X° (E) mouse retina
immunostained to reveal expression of Tomato (magenta), RBPMS (green),
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DAPI (cyan); scale bar=25 um. There is no difference in localization of Tomato™®
dendrites between these mice (arrows indicate dendrites of Tomato™ RGCs
(asterisks) in the innermost and outermost lamina of the IPL). (F, G) Comparison
of the axonal trajectories of Tomato-labeled RGCs in control (F) and T7hr259 (G)
mice. Coronal sections reveal that Tomato™ RGCs innervate the SCN, dLGN, IGL,
vLGN, OPN, PPN, and deep SC in controls (F) and maintain this innervation in
Thr2%° mice (G). Scale bars=250 um. GCL, ganglion cell layer; IPL, inner
plexiform layer; INL, inner nuclear layer; SCN, suprachiasmatic nucleus; dLGN,
dorsal lateral geniculate nucleus; IGL, intergeniculate leaflet; vLGN, ventral
lateral geniculate nucleus; OPN, olivary pretectal nucleus; PPN, posterior pretectal
nucleus; SC, superior colliculus.

Because the Tomato labels the axons of RGCs, the location of Tbr2-expressing
axon projects in the brain can be determined. I find that Tomato-expressing RGCs
project to all brain regions known to be innervated by ipRGCs including the SCN,
external VLGN, IGL, OPN, PPN, as well as sparsely to the dLGN and deep SC (Fig.
2.1F).

Next I aimed to determine if loss of 7hr2 in adulthood affects the survival or
health of Tbr2" RGCs by administering tamoxifen to 7hr2X0 mice and analyzing (as
above) the retina and brain targets 33—36 days later. I find that Cre activation results in
the loss of expression of Tbr2 in most Tomato-expressing RGCs (85% + 3, 162/189
Tomato" RGCs, n = 3 mice; Fig. 2.1C). However, removing Tbr2 does not affect the
overall number of Tomato-expressing RGCs compared to controls (112 + 22
cells/mm? in 7hr2%° mice, 200 Tomato* RGCs counted vs. 122.7 + 3 cells/mm? in
control mice, 219 Tomato® RGCs counted, n= 3 mice for each genotype, P =
0.9998; Fig. 2.1B, 2.1C, 2.2C). Analysis of retina sections (n = 3 mice) shows that

Tbr2-deficient RGC and AC dendrites continue to laminate within the innermost ON
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and sparsely in the outermost OFF sublaminae of the IPL (Fig. 2.1E and Fig. S2.1). 1
also find that Tomato-labeled RGC axons in mutant mice maintain projections to their
brain targets and innervate them to a similar extent as in control mice (Fig. 2.1G).
Taken together these results demonstrate that 7b72 is not required for the maintenance
of dendrite localization, axon projections, or RGC survival.

Melanopsin expression is a key feature of ipRGCs therefore I next asked
whether Tbr2 is required for this aspect of ipRGC identity. I stained control
and Thr2X0 retinas with an anti-melanopsin antibody (Fig. 2.2A-B) and found that
there is a 75% reduction in melanopsin-expressing Tomato-labeled cells
in Thr2X0 retinas relative to control retinas (42/200 Tomato” RGCs vs. 171/219
Tomato" RGCs; Fig. 2.2C) derived from littermates. However, as previously
mentioned, there is no difference in the number of Tomato-expressing RGCs in the
mutant retinas. Because there is some variation in the proportion of Cre-activated cells
in each mouse, I also looked at the percentage of Tomato-labeled cells belonging to
cell populations of interest (Fig. 2.2D). I found a significant reduction in the percentage
of Tomato-labeled cells that also express melanopsin (8% + 1 vs. 29% + 3, P <0.001,
505 Tomato™ cells and 612 Tomato™ cells scored per genotype, respectively) and a
significant increase in the percentage of Tomato-labeled cells that are non-melanopsin-
expressing RGCs (33% + 4 vs. 8% + 1, P < 0.001) in 7hr2X° mice relative to control
mice (Fig. 2.4D). Together, these data illustrate that while melanopsin expression is
lost in Tbr2-mutant RGCs, their survival is unaffected. This result conflicts with two

recent studies that reported a decrease in survival of melanopsin and/or Tbr2-
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expressing RGCs after conditional removal of 772 using different Cre systems. One
study showed a ~50% reduction in the number of ipRGCs ~40 days after conditional
Tbr2 removal (Bray et al., 2019) and the other found a near complete loss of Tbr2-
expressing cells 38 days after conditional Tbr2 removal (Chen et al., 2021). I worried
that one difference in these studies compared to ours is the time after Cre activation
(~40 vs. ~30 days, respectively). To address this discrepancy, I performed a separate
experiment in which I waited 45-50 days before analysis. I found that the number of
Tomato-expressing RGCs in Thr2%° mice remained similar to controls (101 + 15
cells/mm?, 219 Tomato™ RGCs counted vs. 117 = 11 cells/mm?, 255 Tomato® RGCs
counted, respectively, n =3 for each genotype, P = 0.9995; Fig. 2.5B). However, there
appears to be a trending, but not statistically significant, decrease of Tomato-expressing
amacrine cells (117 + 22 cells/mm?, 254 Tomato"ACs counted in Thr2X° mice and 199
+ 45 cells/mm?, 432 Tomato"™ ACs counted in control mice, n = 3 mice for each

genotype, P = 0.39; Fig. 2.5B).
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Figure 2.2 Loss of Thr2 in adulthood results in loss of melanopsin expression
but not cell death of Tomato® RGCs.

(A) Flatmounted control (Thr2"ER* :tdT) retina (GCL side up) immunostained to
reveal expression of Tomato (red), melanopsin (green), and RBPMS (blue); circled
cells are Tomato" RGCs that do not express melanopsin, arrows point to
melanopsin‘Tomato" RGCs, scale bar= 25 um. (B) Flatmounted 75hr2%¢
(Thr2CreERN0x 1dT) retina immunostained to reveal expression of Tomato (red),
melanopsin (green), and RBPMS (blue); circled cells are Tomato™ RGCs that do
not express melanopsin, arrows point to melanopsin‘Tomato® RGCs. Tomato”
cells lose melanopsin expression. (C) Quantification of cell densities (cells/mm?)
of different cell populations in control and 7hr2%° mice (n=3 mice in each group;
each dot represents the sum of 4 fields of view (FOVs) for 1 retina; mean £+ SEM
displayed; two-way ANOVA with Sidak’s multiple comparisons test; no
significant differences). (D) Quantification of the percentages of Tomato™ cells that
belong to cell populations of interest in control and 7h72%° mice (n=3 mice in each
group; each dot represents the percentage for 4 summed FOVs of 1 retina; mean +
SEM displayed; two-way ANOVA with Sidak’s multiple comparisons test; ***
P<0.001).
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2.3.2 Tbr2 Is Not Sufficient for Melanopsin Expression

To test whether ectopic expression of Tbr2 can induce expression of
melanopsin, I intravitreally injected Tbr2-GFP-AAV2 or GFP-AAV2 into the eyes of
wildtype adult mice and examined expression of markers 4 weeks later (Fig. 2.3A).
First, to determine if infection of RGCs with Tbr2-GFP-AAV?2 results in production of
Tbr2 protein, I performed intravitreal virus injection with AAV during adulthood
(~P40), waited 2 weeks, then dissected retinas and examined Tbr2 expression. I found
that all Tbr2-GFP-AAV2-infected cells also express Tbr2, while 17% of cells infected
with GFP-AAV?2 express Tbr2 (Fig 2.3B). Interestingly, this is higher than the percent
of Tbr2-expressing RGCs in wildtype retina (11.3% + 0.3, 596 Tbr2" RGCs/5,279 total
RGCs, n = 3 mice, uncrushed eyes from Fig. 2.4B; consistent with Chen et al., 2021),
suggesting that Tbr2-expressing RGCs are preferentially infected with the virus. I also
found that there is increased density of melanopsin-expressing RGCs in Tbr2-GFP-
AAV2-infected retinas relative to GFP-AAV2-infected retinas 4 weeks after AAV
injection (173 + 6 cells/mm?, 308 melanopsin cells counted vs. 133 + 5 cells/mm?, 237
melanopsin cells counted, » = 3 mice, P = 0.00855; Fig. 2.3C). However, many Tbr2-
GFP-AAV2-infected RGCs do not express melanopsin (89%, 662 cells, Fig. S2.2)
leading to the hypothesis that this increase in ipRGC density is the result of over-
expressing Tbr2 in cells that already express Tbr2, but do not express melanopsin at
levels sufficient to be detected by melanopsin antibody. To determine whether
expression of Tbr2 can induce melanopsin expression in non-Tbr2-expressing RGCs, |

injected Tbr2-GFP-AAV2 and GFP-AAV?2 into the eyes of Isl1*; Thr2/0*/1o* mice.
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Isl1-Cre removes Thr2 during development and leads to cell death, thus these mice lack
> 99% of ipRGCs as assayed by melanopsin expression (Fig. S2.3) and loss of axon
projections to non-image-forming brain targets. In these mice, I do not observe an
increase in melanopsin expression in the Tbr2-GFP-AAV2-infected retinas (Fig. 2.3D),
indicating that Tbr2 is not sufficient for melanopsin expression in non-Tbr2* RGCs
(13.5 £ 0.96 cells per Tbr2-GFP-AAV2-infected retina vs. 12 + 0.82 cells per GFP-
AAV2-infected retina, n=4 mice, P= 0.2782). To determine whether melanopsin
expression is only induced in endogenous Tbr2 cells, I performed the same experiment
in control (Thr2<°ER* tdT) and Thr2KO (Thr2€ERo~:tdT) mice after tamoxifen
induction to label endogenous Tbr2 cells with tdTomato. I found a significant increase
in the percentage of Tbr2-expressing RGCs that also express melanopsin in the Tbr2-
GFP-AAV2-infected retinas relative to retinas infected with control virus (Fig. 2.3E)
(80% + 2 vs. 70% + 1,n= 4 mice, P= 0.0156, 259 Tbr2-GFP-AAV2-infected
Tomato™ RGCs scored and 301 GFP-AAV2-infected Tomato™ RGCs scored), but there
is not a significant increase when Tbr2 is absent (22% + 3 vs. 17% £ 4, n = 3 mice,
P=0.2651, 231 Tbr2-GFP-AAV2-infected Tomato* RGCs scored and 172 GFP-
AAV2-infected Tomato” RGCs scored; Fig. 2.3E). These data show that Tbr2 can
increase melanopsin expression in a subset of Tbr2-expressing RGCs but cannot if Tbr2

1s deleted.
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Figure 2.3 Ectopic expression of Tbr2 does not induce melanopsin expression
in non-Tbhr2 RGCs

(A) Experimental overview of intravitreal AAV2 injection. One eye of an adult
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mouse (~P40) was injected with a control virus, GFP-AAV2, while the contralateral
eye was injected with a Tbr2-expressing virus, Tbr2-GFP-AAV2. (B) Flatmounted
retinas (GCL side up) of eyes injected with GFP-AAV2 (left) or Tbr2-GFP-AAV2
(right) are immunostained with the antibody indicated: Tbr2 (magenta), GFP
(green), and RBPMS (magenta); the left images for each virus condition are showing
overlap of GFP and Tbr2 expression while the right images are showing overlap of
GFP and RBPMS expression; white arrowheads indicate example virus-infected
RGCs that do not express Tbr2 and yellow arrowheads indicate example virus-
infected RGCs that express Tbr2; scale bar=25 um. In the Tbr2-GFP-AAV2-
infected retina (right), all virus-infected RGCs express Tbr2. (C) Flatmounted
retinas of a wildtype mouse infected with GFP-AAV2 (left) and Tbr2-GFP-AAV2
(middle) and immunostained to reveal expression of melanopsin (grayscale);
magenta arrowheads point to melanopsin® cells, scale bar=25 pum. Right panel is
showing the quantification of melanopsin® cells in these retinas (n=3 mice for each
group; each dot represents the sum of 4 FOVs per retina; mean + SEM displayed;
Student’s t-test; ** P<0.01). There is a significant increase in melanopsin® cells in
the Tbr2-GFP-AAV2-infected retina. (D) Flatmounted retinas of an
Isl1€7; Thr2/o*/1ox mouse infected with GFP-AAV2 (left) and Tbr2-GFP-AAV2
(middle) immunostained to reveal expression of melanopsin (magenta), GFP
(green), RBPMS (blue); white arrowheads point to example melanopsin-negative
RGCs infected with virus, yellow arrowheads point to rare melanopsin” cells, scale
bar=25 um. Right panel is showing the quantification of melanopsin® cells (n=4
mice in each group; each dot represents the total number of melanopsin® cells in 1
retina; mean £ SEM displayed; Student’s t-test; ns=P>0.05). There is no change in
melanopsin expression in Tbr2-GFP-AAV2-infected retinas in Isl€"¢; Thy2/1ox/lox
mice. (E) Flatmounted retinas of control (Thr2¢°ER* 4dT, left) and Thr25©
(Thr2CreERIox (T, right) mice immunostained to reveal tomato (red), GFP (green),
RBPMS (blue), and melanopsin (gray) expression in GFP-AAV2-infected (left) and
Tbr2-GFP-AAV2-infected (middle) retinas. The first image of each is a merge of all
color channels, others are showing melanopsin in combination with the other
markers indicated. Magenta arrowheads point to virus-infected Tomato" RGCs that
express melanopsin and white arrowheads point to virus-infected Tomato™ RGCs
that do not express melanopsin. Scale bar=25 pm. Bottom, quantification of the
percentage of virus-infected Tomato™ RGCs that express melanopsin in control and
Thr2%° mice infected with GFP-AAV2 and Tbr2-GFP-AAV2 (n=4 mice for each
group, each dot represents the percentage for the sum of 7 or more FOVs in one
retina; mean + SEM displayed; two-way ANOVA with Sidak’s multiple
comparisons, * P<0.05, ns=P>0.05). There is increased melanopsin expression in
Tbr2-GFP-AAV2-infected Tomato” RGCs.
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2.3.3 Tbhr2 Expression Influences Intrinsically Photosensitive Retinal Ganglion
Cell Survival After Injury

IpRGC:s preferentially survive after optic nerve injury relative to RGCs that are
not intrinsically photosensitive (Robinson and Madison, 2004; Li et al., 2008; Pérez De
Sevilla Miiller et al., 2014; Duan et al., 2015), yet the reason for this is poorly
understood. Because Tbr2 is enriched in surviving RGCs (Tran et al., 2019), we
hypothesized that Tbr2 could be required for RGC survival after optic nerve crush
(ONCQ). First I wanted to determine whether all Tbr2-expressing RGCs survive ONC
or if only the melanopsin-expressing subset of Tbr2-expressing RGCs is spared. To test
this, I performed ONC on one eye of an adult (~P60) mouse, waited 2 weeks, then
examined both retinas for expression of RGC markers. In the uncrushed eye, 11.3% =+
0.3 (n =3 mice, 596 cells) of RBPMS-labeled cells express Tbr2 and 30.9% + 2.1 (186
cells) of Tbr2-expressing RGCs express melanopsin (the melanopsin-negative Tbr2-
expressing RGCs are likely M4-M6 ipRGCs that express low levels of
melanopsin; Ecker et al., 2010; Quattrochi et al., 2018). In the ONC retinas,
I find that 13% = 1 (670 cells; normalized to control “uncrushed” eye) of RGCs survive
(Fig. 2.4A, 2.4B). I also found that 22% + 2 (134 cells) of total Tbr2-expressing RGCs
survive. The majority of these surviving cells express melanopsin (71% =+ 1; 95 cells),
suggesting that the melanopsin-expressing Tbr2-expressing RGCs preferentially
survive optic nerve injury (Fig. 2.4B). When separating Tbr2-expressing RGCs into
those that express melanopsin and those that do not, I found that 52% + 4 (95 cells, P <

0.001, significantly greater than survival of all RGCs: 13% =+ 1) and 10% = 1 (39 cells)
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survive, respectively (Fig. 2.4B). There is no change in the survival of Tbr2-expressing
amacrine cells (Fig. 2.4B) indicating that they are unaffected by ONC, consistent with
previous reports regarding amacrine cell survival after optic nerve injury (Nadal-

Nicolas et al., 2015).
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Figure 2.4 Tbr2-expressing RGCs preferentially survive optic nerve injury and
Tbr2 influences their survival

(A) Flatmounted retinas of an uncrushed control eye (left) and optic nerve crushed
eye (right) immunostained to reveal expression of Tbr2 (magenta), melanopsin
(cyan), and RBPMS (green); solid white circles represent Tbr2" RGCs that do not
express melanopsin, yellow arrows point to melanopsin Tbr2* RGCs, dashed white
circles indicate Tbr2" amacrine cells, scale bar=25 um. (B) Quantification of percent
survival of cell populations of interest in ONC eyes normalized to uncrushed control
eyes (n=3 mice, each dot represents the percentage for one mouse-4 FOVs/retina;
mean + SEM displayed; one-way ANOVA with Dunnett’s multiple comparisons,
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comparing each group to RGCs; *** P<0.001, ns=P>0.05). A significantly greater
percentage of melanopsinTbr2” RGCs survive ONC compared to other RGCs. (C)
Left, flatmounted retinas of uncrushed control (Thr2" (% :tdT, top) and Thr25°
(Thr2CreERfIox bottom) eyes. Right, flatmounted retinas of optic nerve crushed
control (top) and Thr2X© (bottom) eyes immunostained to reveal expression of
Tomato (magenta), melanopsin (cyan), and RBPMS (green). Scale bar=25 pm. (D)
Quantification of percent survival of Tomato™ RGCs (purple, pattern) and all other
RGCs (black, solid) in ONC eyes normalized to uncrushed control eyes in control
and Thr2X° mice (n=3 mice for each group, each dot represents the percentage for
one mouse-4 FOVs/retina; mean + SEM displayed; two-way ANOVA with Sidak’s
multiple comparisons,*** P<0.001,** P<0.01 * P<0.05, ns P>0.05). Tomato® RGCs
have increased survival relative to other RGCs in both control and Thr2X° mice but
show decreased survival in Thr2X° mice.

To test if Tbr2 expression is required for the preferential survival of Tbr2-
expressing RGCs, 1 performed ONC in  control  (Thr2€ER* 4dT)
and Thr2KO (Thr2CreER0x 1dT) mice (Fig. 2.4C, 2.4D). I found that in control mice,
58% + 10 (100 cells crushed, 183 cells uncrushed) of Tomato-expressing RGCs survive
nerve crush while only 13% + 1 (711 cells crushed, 6,058 cells uncrushed) of non-
Tomato-expressing RGCs survive (P< 0.001; Fig. 2.4C, 2.4D). However,
in Thr2X0 mice only 35% + 3 (70 cells crushed, 199 cells uncrushed) of Tomato-
expressing RGCs survive (P = 0.0153, compared to survival in control mice) while 9%
+ 1 (508 cells crushed, 5,544 cells uncrushed) of non-Tomato-expressing RGCs survive
(P <0.01; Fig. 2.4C, 2.4D) suggesting that Tbr2 influences, but is not essential for,

ipRGC survival after injury.
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2.3.4 Tbr2* Cells in the GCL Include Displaced Amacrine Cells That Express the
GABAergic Amacrine Cell Marker, Meis2

As noted earlier, I found that 63% of Tbr2-expressing cells in the GCL of the
adult retina do not express the RGC marker RBPMS, suggesting that these are
displaced amacrine cells. It has been previously reported that some Tbr2-expressing
cells also express the pan-amacrine cell marker syntaxin-1 (Mao et al., 2008), and more
recently that over half of the Tbr2-expressing cells in the GCL are displaced amacrine
cells labeled in the slc32aiCre; Ai9 mouse strain (Chen et al., 2021). Most displaced
amacrine cells are GABAergic (Pérez De Sevilla Miiller et al., 2007). However, we
previously looked at the degree of GABA and Tbr2 co-expression in P8 retinas and
found that only 3% of Tbr2 cells in the GCL express GABA (Sweeney et al., 2014).
Recently, Meis2, a GABAergic amacrine cell marker (Bumsted-O’Brien et al., 2007),
was found to be expressed in Tbr2" cells in the inner nuclear layer (INL) of mouse
retina (Yan et al., 2020), therefore I revisited this question. To determine whether
Meis2 is also expressed in displaced Tbr2-expressing amacrine cells, I treated retinas
from adult tamoxifen-induced Thr2"ER* :tdT mice (45-50 days after tamoxifen
administration) with an anti-Meis2 antibody and found that Meis2 is expressed in 93%
+ 2 (405 cells) of Tbr2-expressing cells that do not express RBPMS in the GCL
(Fig. 2.5A, 2.5B). Meis2 is also expressed in a subset of Tbr2-expressing RGCs (18%
+ 11, 48 cells). I then asked whether Tbr2 is required for Meis2 expression or
maintenance of Meis2-expressing cells. In adult 7725 mice, 1 found that Meis2

expression was unchanged; the percentage of Tbr2-expressing cells that also express
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Meis2 is not significantly different in 7hr25° mice relative to control mice (67% =+ 4
vs. 65% + 3, P= 0.9978, 473 Tomato™ cells scored and 687 Tomato" cells scored,
respectively; Fig. 2.5C). Additionally, there is no difference in the percentage of
Tomato-labeled cells that are Meis2-expressing ACs (52% + 2 in Thr2X9 mice and 57%
+ 4 in control mice, P = 0.8399) or Meis2-expressing RGCs (15% + 5 in Tbr2X“mice
and 8% = 2 in control mice, P = 0.6008). However, there does appear to be a trend
toward a reduction in the number of Tomato™ amacrine cells in the mutant mice (Fig.
2.5B, 2.5C). I immunostained wildtype retinas with anti-Meis2 antibody and the anti-
GABA antibody that was used in our previous study (Sweeney et al., 2014) to
determine whether Meis2 cells express GABA (Fig. S2.4). I found that hardly any cells
in the GCL are labeled by the anti-GABA antibody (Fig. S2.4C), contrary to previous
findings using a different anti-GABA antibody (Pérez De Sevilla Miiller et al., 2007).
Additionally, many Meis2-expressing cells in the INL are not labeled by the anti-
GABA antibody while it has been shown that the majority of Meis2-expressing cells in
the INL express GAD65/67 (Bumsted-O’Brien et al., 2007), the GABA synthesizing
enzymes. We suspect that this particular anti-GABA antibody does not reliably identify
GABAergic cells with our immunostaining technique and thus our previous conclusion

that Tbr2 cells do not express GABA was misconceived.
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Figure 2.5 Meis2 is expressed in the majority of Tbr2-expressing displaced
amacrine cells and in a subset of Tbhr2-expressing RGCs

(A) Flatmounted retina of a control (Thr2**** tdT) mouse immunostained to
reveal expression of tomato (red), Meis2 (green), and RBPMS (blue). First image is
a merge of all color channels, others are showing each channel independently;
arrows point to Tomato"™ ACs expressing Meis2; closed white circles represent
Tomato" RGCs expressing Meis2; dashed white circles indicate Tomato™ RGCs that
do not express Meis2. All Tomato" ACs in this image express Meis2. (B)
Quantification of the density (cells/mm?) of cell populations of interest in control
and Thr2%° mice (n=3 mice in each group, each dot represents the sum of 4 FOVs
per retina, mean + SEM displayed; two-way ANOVA with Sidak’s multiple
comparisons test; no significant differences). There is a trend towards a decrease in
the density of labeled amacrine cells. (C) Quantification of the percentage of
Tomato™ cells that belong to cell populations of interest in control and Thr2%° mice
(n=3 mice in each group; each dot represents the percentage for 4 summed FOVs of
1 retina; mean = SEM displayed; two-way ANOVA with Sidak’s multiple
comparisons test; no significant differences).

2.4 Discussion
Here I use a tamoxifen-inducible Cre line to examine the role of Tbr2 in the

adult mouse retina. Previous work from our lab and others has shown that 7br2 is
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required for the development of ipRGCs (Mao et al., 2014; Sweeney et al., 2014), but
its role in the adult retina has only recently been explored (Bray et al., 2019; Chen et
al., 2021). In the present study, I show that Tbr2 is required for the maintenance of
melanopsin expression in ipRGCs but is dispensable for their survival. Additionally, I
found that Tbr2 induces melanopsin expression in endogenous Tbr2 RGCs but is
unable to do so in conventional RGCs nor can it restore melanopsin expression in Tbr2-
mutant RGCs. Furthermore, I show that Tbr2-expressing ipRGCs survive after optic
nerve injury and that this resilience is diminished in Tbr2-mutant RGCs. Lastly, I
identified a marker for Tbr2-expressing displaced amacrine cells that also labels a
subset of Tbr2-expressing RGCs.
2.4.1 Tbr2 Is Not Required for the Survival of Mature Intrinsically Photosensitive
Retinal Ganglion Cells

Our results showing that conditional deletion of Tbr2 in the adult does not affect
RGC survival is contrary to what others have reported using different methods. Bray et
al. (2019) concluded that Tbr2 is required for the maintenance of ipRGC viability. They
used Opn4©ER to remove a conditional Tbr2 allele while labeling the mutant cells with
a tdTomato fluorescent reporter (Bray et al., 2019). They reported that ~40 days after
tamoxifen administration there was a ~50% reduction in the number tdTomato-
expressing cells compared to controls, while I found no significant differences (Fig.
2.2, 2.5). One possible explanation for the difference between this result and ours
comes from the different methods to remove adult Tbr2 expression. Because Opn4

expression is dependent upon Tbr2 expression (Fig. 2.2), the removal of Tbr2 in adult
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RGCs should result in a loss of melanopsin expression and thus Opn4 R expression.
This would lead to a decrease of tdTomato-labeled RGCs because once Tbr2
expression is removed no new cells can become activated. A second recent study
by Chen et al. (2021)removed Tbr2 via intravitreal injection of AAV-Cre
in Thy2TauGFP-RESCreER2]x mice. They found that 12 days after injection, Tbr2 expression
was lost as assayed by Tbr2 antibody staining, but the cells survived (labeled by GFP
via Thr2TauGFP-IRESCreER2, Chen et al., 2021). However, 38 days after injection, there
were few GFP-expressing RGCs in Tbr2-deleted regions. In this model, GFP
expression relies on the expression of Tbr2. One hypothesis for their observations is
that Tbr2 regulates its own gene expression and once Tbr2 is removed it can no longer
activate GFP expression. Consistent with this, Chip-seq experiments show that Tbr2
binds its own locus in E14.5 mouse cortex and has been identified as a direct activator
of Tbr2 (Sessa et al., 2017; Elsen et al., 2018; Hevner, 2019).
2.4.2 Tbr2 Regulates Adult Melanopsin Expression

While removal of Tbr2 in adult mice leads to the loss of melanopsin expression
(Fig. 2.2), ectopic expression of Tbr2 only induces melanopsin expression in Tbr2-
expressing RGCs. When Tbr2 was ectopically expressed in the retinas of wildtype
mice, I observed a modest increase (30% = 8) in the number of melanopsin-expressing
cells (Fig. 2.3C). However, when I did the same experiment in ipRGC-deficient mice
(Isl1€7¢,; Thr2Mo¥flox) 1 did not detect an increase of melanopsin expressing RGCs (Fig.

2.3D). This result could be explained if only the endogenously Tbr2-expressing RGCs

can change their melanopsin expression upon Tbr2 addition. Consistent with this,
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ectopic expression of Tbr2 in Thr2¢°ER* tdT mice but not in Thr2ER1:tdT mice
resulted in increased melanopsin expression in Tomato-labeled RGCs (Fig. 2.3E).
Lower levels of expression of Tbr2 could be one reason why M4-M6 ipRGC types
express less melanopsin than M1-M3 ipRGC types (Ecker et al., 2010; Quattrochi et
al., 2018).
2.4.3 Tbr2 Mutant Retinal Ganglion Cells Have Reduced Survival After Injury

Although ipRGCs preferentially survive after optic nerve crush, the reason for
their survival is unknown. In this study I found that Tbr2 mutant RGCs (which lack
melanopsin expression) do not survive as well as their wildtype counterparts after nerve
crush. This result is consistent with what was reported by Bray et al. (2019) in which
they reported a 30% reduction in Tomato-expressing cell survival after optic nerve
crush in Tbr2 mutants (OpndreER* Thr2foxflox4dT) relative to wildtype
(Opn4CreER* - Thr2** :tdT). They further showed that lack of melanopsin expression
alone does not account for the survival difference leading to the hypothesis that Tbr2
regulates non-melanopsin genes that are involved in ipRGC survival after injury, such
as PACAP (Seki et al., 2008; Ye et al., 2019), but this remains to be determined.
2.4.4 Meis2 Labels the Majority of Tbr2" Displaced ACs and a Subset of
Tbr2* RGCs

It has been previously shown that all Tbr2-expressing cells in the inner nuclear
layer of the retina also express Meis2 (Yan et al., 2020) but the expression of Meis2 in
cells within the GCL has not yet been explored. Here we show that Meis2 is expressed

in the majority of Tbr2-expressing displaced amacrine cells and in a subset of Tbr2-
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expressing RGCs. Using the Broad Institute’s Single Cell Portal to explore the single
cell sequencing dataset acquired in the aforementioned study (Yan et al., 2020), I found
that Tbr2 is expressed in 6 out of 63 uniquely identified clusters of amacrine cells out
of 63 total clusters identified (clusters # 44, 48, 54, 57, 59, 63). Of these 6 clusters, all
express Gadl and Gad2 (GABA synthesis enzymes) and all but 1 cluster (#57) express
Meis2. This non-Meis2-expressing cluster accounts for the 7% of displaced Tbr2-
expressing ACs that were not labeled by the Meis2 antibody in this study. Using the
same tool to explore RGC RNA-sequencing datasets (Tran et al., 2019), I found that
Tbr2 is expressed in 8 clusters (clusters # 7, 8, 22, 29, 31, 33, 40, 43) which include all
of those that express melanopsin (7-low, 8-low, 22, 31, 33, 40, 43). Of the clusters
expressing Tbr2, #s 29 and 40 express Meis2. Cluster 29 corresponds to the only cluster
of Tbr2-expressing RGCs that does not express melanopsin and is a “novel” cluster,
indicating that no known RGC subtypes correspond to this cluster. It would be
interesting to determine whether this group is the newly identified Tbr2-expressing
Pou4f1/Brn3a OFF RGC subtype (Chen et al., 2021). Cluster 40 corresponds to M1
cells which also express Gad2 according to this dataset. These Tbr2-expressing Meis2-
expressing M1 cells are likely the recently identified GABAergic subset of ipRGCs
(Sonoda et al., 2020).

In conclusion, these findings demonstrate several important roles of the
transcription factor Tbr2 in the mature retina: its requirement for melanopsin

expression in ipRGCs, and therefore for the maintenance of ipRGC identity; its ability
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to activate melanopsin expression in endogenous Tbr2 cells; and its involvement in

ipRGC survival after optic nerve injury.
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2.6 Materials and Methods
2.6.1 Mice

The Thr2<*ER (Eomes“*®) mouse line used in this study was previously
described (Pimeisl et al., 2013) (Fig. 2.1). To induce expression of Tbr2¢"¢£R tamoxifen
(Sigma t5648-1G), diluted to 25 mg/mL in corn oil (Sigma ¢8267), was administered
intraperitoneally at a dose of 100 mg/kg of body weight for 3 consecutive days to adult
mice. PCR genotyping was performed using the forward primer 5'-
GAGGGAGGAAGGGGACATTA-3’ and the reverse primers 5!
CAGGTTCTTGCGAACCTCAT-3' (to detect Cre) and 5'-
AGACTGCCCGGAAACTTCTT-3' (wildtype allele).

The Tbr2 floxed mouse line (Zhu et al., 2010) was acquired from The Jackson
Laboratory (stock no. 017293). PCR genotyping was performed using primers 5'-
AGATGGAAATTTGGGAATGAA-3" and 5'-GGCTACTACGGCCTGAAAC-3".
The Is11* mouse line (Srinivas et al., 2001) was acquired from Dr. Eric Ullien (UCSF,
Department of Ophthalmology). PCR genotyping was performed using primers 5'-
ACCAGAGACGGAAATCCATCG-3' and 5'-TGCCACGACCAAGTGACA
GCAATG-3".

The Rosa26-loxp-stop-loxp-tdTomato (Madisen et al., 2010) mouse line was
acquired from The Jackson Laboratory (stock no. 007905). PCR genotyping was
performed using primers 5'"AAGGGAGCTGCAGTGGAGTA-3’ and

5'CCGAAAATCTGTGGGAAGTC-3' to detect the wildtype allele and primers 5'-
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CTGTTCCTGTACGGCATGG-3" and 5-GGCATTAAAGCAGCGTATCC-3" to
detect the Tomato allele.

C57Bl/6 “wildtype” mice were acquired from The Jackson Laboratory.
Genotyping was performed using genomic DNA extracted from tail clippings using
standard techniques.

Both female and male mice were used in this study and no significant
differences were observed between them. For each experiment, 3 or more adult mice
(P40-P100) were used (number of mice used for each experiment is indicated in the
figure legends).

All experimental procedures were performed in accordance with protocols
approved by the Institutional Animal Care and Use Committee at the University of
California, Santa Cruz.

2.6.2 Immunohistochemistry and Tissue Processing

Eyes and brains were harvested from mice after intracardial perfusion with
phosphate buffered saline (PBS; pH 7.4) followed by perfusion with 4%
paraformaldehyde (PFA). For retina wholemount staining, retinas were dissected out
of the eye; for retina sections, a hole was made in the cornea prior to fixation. Retinas
and eyes were fixed in 4% PFA for 1 h while brains were fixed overnight. Retinas were
then transferred to PBS while eyes and brains were transferred to 30% sucrose in PBS.
For retina sections, eyes were frozen in Tissue Plus™ O.C.T. compound (Fisher
HealthCare) and 20 pum thick sections were obtained via cryostat (Leica cm 3050s) and

collected onto SuperFrost Plus slides (Fisher Scientific). For brain tissue, 100 um thick
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sections were obtained via a freezing sliding microtome (ThermoFisher microm
hm430). For wholemount retinas, retinas were incubated in blocking solution (5%
donkey serum, 0.25% TritonX-100 in PBS) for 3 h at room temperature (RT), incubated
in primary antibody for 2-3 days at 4°C, washed 3 times (2 h each wash) with 0.1%
PBST (PBS with TritonX-100) at RT, incubated in secondary antibody overnight at
4°C, washed 3 times (2 h each wash) with PBS at RT. Immunostained retinas were
mounted retinal ganglion cell layer (GCL) side up onto SuperFrost Plus slides where
relieving cuts were made. Fluoromount-g tissue mounting medium (SouthernBiotech)
was applied prior to coverslipping. For retina sections, slides were incubated in
blocking solution for 1 h, incubated in primary antibody overnight at 4°C, washed 3
times (15 min each wash) in PBS at RT, incubated in secondary antibody for 1 h at RT,
incubated in DAPI for 10 min, washed 3 times (15 min each wash) in PBS at RT, and
lastly covered with fluoromount-g (SouthernBiotech) and coverslipped.

Primary antibodies were diluted in blocking solution at the following
concentrations: Chick anti-GFP (1:1,000; Aves Labs GFP-1020), chick anti-Tbr2
(1:500 flatmount, 1:1,000 sections; Millipore AB15894), rabbit anti-Tbr2 (1:500;
Abcam AB183991), rabbit anti-melanopsin (1:1,000; Advanced Targeting Systems
AB-N39), goat anti-tdTomato (1:500 flatmount, 1:750 sections; Acris/Sicgen AB8181-
200), guinea pig anti-RBPMS (1:250; PhosphoSolutions 1832-RBPMS), mouse anti-
meis2 (1:100; DSHB 1A11), rabbit anti-GABA (1:1,000; Sigma A2052).

All secondary antibodies used were diluted 1:1,000 in blocking solution; they

are as follows: AlexaFluor647 donkey anti-guinea pig (Jackson ImmunoResearch
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AB 2340476 #706-605-148), AlexaFluor594 donkey anti-rabbit (Life Technologies
A21207), AlexaFluor555 donkey anti-rabbit (Invitrogen A31572), AlexaFluor555
donkey anti-goat (Invitrogen A21432), AlexaFluor488 donkey anti-mouse (Life
Technologies A21202), AlexaFluor488 donkey anti-chick (Jackson ImmunoResearch
AB 2340375 #703-545-155), AlexaFluor568 donkey anti-Rabbit (Invitrogen
A10042).
2.6.3 Intravitreal Virus Injection

Mice were anesthetized with isoflurane. This procedure was performed under a
dissecting microscope. A hole was created at the corneal-scleral junction with a 26
gauge needle. The vitreous humor was gently massaged out with a cotton swab in order
to minimize back-pressure upon injection of virus. A pulled glass pipette preloaded
with virus was inserted into the hole and a Picospritzer III (Parker) was used to
administer ~1 pl of virus. One eye in each animal was infected with Tbr2-GFP-AAV2
(Vector Biolabs) while the other was infected with GFP-AAV2 (Vector Biolabs).
Retinas were harvested 2 weeks or > 4 weeks after virus injection.
2.6.4 Optic Nerve Crush

Mice were anesthetized using isoflurane. A ketamine/xylazine cocktail was
administered intraperitoneally at a concentration of 100 mg/kg ketamine and 10 mg/kg
xylazine. This procedure was performed under a dissecting microscope. Ointment
containing atropine sulfate (Bausch and Lomb, NDC 24208-825-55) was applied to
both eyes to prevent drying and minimize pain. An incision was made in the sclera

using spring scissors (Vannas 3 mm, FST). Subsequently, layers of the eye were gently
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peeled back using fine forceps (Dumont #55, FST) until the optic nerve was exposed.
The optic nerve was crushed ~2 mm from the posterior pole for 5 s using fine forceps.
After the procedure, buprenorphine (0.1 mg/kg of body weight) was administered
intraperitoneally and Terramycin ophthalmic ointment (Zoetis) was applied to the
experimental eye. Both retinas were harvested 2 weeks after the procedure.

2.6.5 Data Acquisition

Fluorescent images were obtained with an Olympus BXS51 microscope
equipped with a Qimaging Retiga EXi Fast 1394 camera or a Zeiss LSM880 confocal
microscope. All images presented here were taken with the Olympus microscope.
2.6.6 Data Analysis and Statistics

Lamination depth of Tomato” AC and RGC dendrites was determined using the
IPLaminator plugin (Li et al., 2016) in FIJI. The 20x objective of the Olympus
microscope was used to obtain images of retina sections. One or more regions (4000
um? or greater) from four or more retina sections were analyzed per mouse. Both the
“percentile values” (percentile distance across ROI based on measurement of ChAT
bands in wildtype mice) and “n Equal boundaries” (ROI divided into 20 equal layers)
methods were used to calculate inner plexiform layer (IPL) boundaries.

For cell density analyses, cells were manually counted in FIJI using the multi-
point tool. For Figures 2.2, 2.3C, 2.4 four fields of view (446.15 um x 333.33 um)
were imaged with the 20x objective of the Olympus microscope. One image was taken
per retina quadrant at approximately the same distance from the center of the retina

(between ~1.5 and 3.5 mm from center). For Figure 2.3D, the entire retina was
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analyzed as there are very few melanopsin cells in the Is/1"¢, Thr2/¥/1o* mice.
For Figure 2.3E, seven or more fields of view (446.15 um x 333.33 um) were imaged.
For Figures 2.5B, 2.5C, four fields of view (425.1 x 425.1 um) were imaged with the
20x objective of the Zeiss confocal microscope.

Statistical analyses and graph generation were performed using GraphPad’s
Prism 9 software. Statistical tests used and number of animals used are indicated in the
figure legends. In experiments where multiple cell populations were compared in more
than one genotype (Thr2<ER* (dT vs. Thr2CERN0x4dT), two-way ANOVA was
performed with Sidak’s multiple comparisons post-hoc test. In experiments where
multiple cell populations were compared in a single genotype, one-way ANOVA was

performed. Student’s #-test was performed for comparisons between two groups.
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2.5 Supplementary Figures
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Figure S2.1 Tbr2 is not required for Tomato* AC and RGC dendritic
lamination

(A) Normalized fluorescence intensities (AU) plotted for each layer in control
(Thr2€eER* 4dT, n=3 mice) and Thr2XC (Thr2reERfox tdT, n=3 mice) retina
sections using “percentile values” in IPLaminator to determine layer boundaries.
Grey bars indicate approximate location of ChAT bands. Mean+SEM displayed.
There are no significant differences between control and 7hr2X° mice in
fluorescence intensity/layer (Student’s t-tests for each layer, P>0.05 for all). (B)
Normalized fluorescence intensity distribution across the 10 layers shows no
significant differences between control and 7hr2%X0 mice (Student’s t-tests for each
layer, P>0.05 for all). Grey bars indicate approximate location of ChAT bands.
Mean+SEM displayed. (C) Normalized fluorescence intensity distribution plot
using "n Equal boundaries” to divide the IPL into 20 equal sections shows no
significant differences between control and 7hr2X° mice (Student’s t-tests for each
section, P>0.05 for all). IPL depth is plotted on the Y-axis with 0 being its border
with the GCL and 1 being its border with the INL. Grey bars indicate approximate
location of ChAT bands. MeantSEM displayed. Tomato® dendrites laminate
within the same layers of the IPL in control and 7br2%° mice (innermost ON and
outermost OFF sublaminae).
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Figure S2.3 Many RGCs are infected with Tbr2-GFP-AAV2 but do not
express melanopsin

Flatmounted wildtype retina infected with Tbr2-GFP-AAV2 (green)
immunostained to reveal expression of RBPMS (magenta), Melanopsin (cyan),
and GFP. First panel is a merge of all markers, the middle panel is showing Tbr2-
GFP-AAV2 and RBPMS, and the right panel is showing melanopsin and
RBPMS. White arrowheads point to melanopsin® cells expressing Tbr2-GFP
while yellow arrowheads point to melanopsin® cells that are not infected with the
virus. Dashed circles indicate RGCs that are infected with the virus but do not
express melanopsin. Scale bar=25 pm.
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Figure S2. 2 Isl17; Thr2*fox mice lack ipRGCs

A) Flatmounted retinas of a wildtype (left) and Isl1€"¢; Thr2/°*/ox (right) mouse
immunostained to reveal expression of Tbr2 (magenta), Melanopsin (cyan), and
RBPMS (green). White arrowheads point to melanopsin® cells. Isl1€7¢; Thr2/lox/flox
mice have significantly fewer melanopsin® cells. Scale bar=25 pum. (B)
Quantification of melanopsin-expressing cell density in wildtype and
Isl1€; Thr2foxflox mice. Isl1¢; Thr20*/fo* mice have significantly reduced
melanopsin-expressing cells (2+£0.44 cells/mm? in Is/1¢; Thr2/o*/1ox mice vs.
104412 cells/mm? in wildtype mice, n=4 mice, Student’s t-test, ***=P<(0.001).
Mean+SEM displayed.
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Figure S2.4 Meis2 labels many cells in the INL and GCL

(A) Retina section of a Thr2¢*ER* :tdT mouse expressing tdTomato (magenta) and
immunostained with Meis2 (green) and RBPMS (cyan) antibodies; dashed white
circles indicate a Meis2*Tomato” amacrine cell and solid white circles indicate a
Tomato® RGC that does not express Meis2. Many cells in the INL express Meis2.
(B) Flatmounted retina regions of an adult wildtype mouse stained with Tbr2
(magenta) and Meis2 (green) antibodies (left two panels) showing the GCL (left)
and INL (right); right two panels are a control showing the GCL (left) and INL
(right) stained with the same antibodies as the left two images but without the mouse
anti-Meis2 primary antibody (green=Donkey anti-mouse 488 secondary antibody).
(C) Flatmounted retina regions (left two panels=GCL, right two panels=INL) of an
adult wildtype mouse stained with GABA (magenta) and Meis2 (green) antibodies.
Many Meis2-expressing cells in both the GCL and INL are not labeled by the GABA
antibody. Scale bars= 25 um.
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Chapter 3: IsI2 is required in RPCs and RGCs for the survival of Isl2* RGC

subtvpes but not for eve-specific axon-pathfinding

3.1 Abstract

Retinal ganglion cells (RGCs) exhibit remarkable diversity owing to their
expression of various transcription factors. Many transcription factors are expressed in
unique RGC populations, but their roles within these populations remain unknown. The
transcription factor Isl2 is expressed in ~30-40% of contralateral-projecting RGCs and
is one such factor. Previous work by others found increased ipsilateral innervation of
the thalamus in Is/2”" mice, implicating Is]2 in promoting a contralateral RGC axon
trajectory. Because these mice suffer early neonatal lethality, the role of IsI2 in RGC
specification could not be fully explored. To study this, I generated Is/2 conditional
knockout mice using two different retina-specific Cre lines. Contrary to the findings in
IsI2”- mice, Is12 conditional knockout does not lead to increased ipsilateral projections.
Instead, I observed a significant reduction in the size of the dorsal lateral geniculate
nucleus (ALGN) of the thalamus and a mild reduction in the size of the ipsilateral
projection to the dLGN. I also found that /s/2 conditional knockouts display a loss of
RGCs and a specific loss of expression of proteins that are normally expressed in IsI2-
RGC subtypes (Foxp2, Zicl, Tusc5) but not of those expressed in non-IsI2-RGC
subtypes (melanopsin). Lastly, I found that there is increased expression of the
apoptotic protein cleaved-caspase3 in the ganglion cell layer of Is/2 conditional
knockout retinas during development. These findings combined suggest that Is/2 is

required for the development and survival of Is12-RGC subtypes.

77



3.2 Introduction

Retinal ganglion cells (RGCs) are the sole output neurons of the retina and are
thus responsible for communicating visual information to the brain. There have been
over 40 RGC subtypes identified in mice, each differing in its molecular,
morphological, and functional properties (Sanes and Masland 2015; Baden et al., 2016;
Bac et al., 2018; Rheaume et al., 2018; Tran et al., 2019; Goetz et al., 2022). How each
subtype acquires its unique identity is not well understood and is an active area of
research. Different transcription factors encode unique neuronal characteristics that
contribute to an RGC’s identity, each type being regulated by a combination of
transcription factors (Lyu and Mu 2021).

In some cases, single transcription factors have been shown to be required for
the generation of an RGC subtype, and in others, multiple subtypes. We and others
previously demonstrated that the T-box transcription factor Tbr2 is required for the
generation of a class of RGCs that are intrinsically photosensitive (ipRGCs; Mao et al.,
2008; Sweeney et al., 2014; Mao et al., 2014). The ipRGC class comprises 6 subtypes
(Aranda and Schmidt 2021), all of which depend on Tbr2 expression. Other T-box
transcription factors, Tbrl and Tbx5, are required for the formation of separate RGC
subtypes (Kiyama et al., 2019; Al-Khindi et al., 2022). Tbrl is necessary for the
development of orientation-selective J-RGCs and a group of OFF-sustained RGCs
(Kiyama et al., 2019) while Tbx5 is required for the formation of upward-preferring
ON-DSGCs (Al-Khindi et al., 2022). Some transcription factors, like the special AT-

rich sequence binding protein 1 (Satbl), are dispensable for the formation of RGC
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subtypes but not for their appropriate development; when Satb1 is knocked out during
retina development, the ON arbor of 00DSGCs does not form (Peng et al., 2017).

We have previously shown that the majority (>90%) of RGCs express one of
the transcription factors Tbr2, Satb1/2, or Islet2 (Isl2) (Sweeney et al., 2017). They are
expressed in a non-overlapping fashion in developing RGCs as well as in mature RGCs,
leading to the hypothesis that each is responsible for regulating the fate of distinct RGC
types. While Tbr2 and Satbl have been shown to be required for the formation of
ipRGCs and for the normal development of 00DSGCs, respectively (Mao et al., 2008;
Sweeney et al., 2014; Mao et al., 2014; Peng et al., 2017), the role of Isl2 in RGC
specification is unknown.

Isl2 (also known as insulin related protein 2) is a lim-homeodomain
transcription factor that is required for visceral motor neuron differentiation (Thaler et
al., 2004). It has recently been identified as a regulator of angiogenesis (Qi et al., 2020)
and as a putative tumor suppressor (Ozturk et al., 2022). It is expressed in the neural
retina during development and is expressed in several subtypes of postmitotic RGCs in
adult mice (Pak et al., 2004; Triplett et al., 2014; Tran et al., 2019). We have previously
characterized the properties of Isl2* RGCs using a BAC transgenic Is12-GFP mouse
line (Triplett et al., 2014). Isl2" RGCs project solely to image-forming regions of the
brain, the dLGN and SC, and strictly contralaterally (Triplett et al., 2014; Pak et al.,
2004). Their dendrites laminate primarily in S3 of the IPL in a monostratified fashion
(Triplett et al., 2014). Is12-GFP* RGCs include SMI32" ON-alpha RGCs and exclude

DSGCs (Triplett et al., 2014; Sweeney et al., 2017). Work from others has implicated
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Isl2 in suppressing an ipsilateral RGC axon trajectory (Pak et al., 2004). In Isl2 null
mice (Is[27"), there is increased ipsilateral innervation of the lateral geniculate nucleus
(LGN) of the thalamus at P0O. Additionally, these mice have increased expression of
Zic2 in the ventral temporal crescent (VTC) of the retina. Zic2 is a transcription factor
that specifies an ipsilateral axon trajectory (Herrera et al., 2003) and the VTC is the
region in which ipsilateral-projecting RGCs reside (Driager 1985). The role of Isl2 in
RGC specification was not fully explored because Is/27 mice die shortly after birth at
PO (Thaler et al., 2004).

To study the role of Isl2 in RGC development, I generated Isl2 conditional
knockout mice using two different Cre lines that act to remove Isl2 at different stages
during retinal development: in RPCs and in early postmitotic RGCs. I found that Isl2
loss in RPCs (Chx10¢¢, Isi2M0f10¥)y or RGCs (Isl1€7¢; IsI2*/1*) does not result in
increased ipsilateral innervation of the dLGN at PO or in adulthood, in contrast to what
was observed in Is/27- mice at PO (Pak et al., 2004). Is12 conditional knockout (Zs/2¢%©)
results in a significant but modest reduction in total RGC density, as well as a
significant loss of expression of IsI2” RGC markers (Zicl, Foxp2, and Tusc5) but not
of markers of non-IsI2*-RGC subclasses (melanopsin). This coupled with the finding
that there is increased expression of cleaved-caspase3 in the GCL of early postnatal
IsI2°K9 mice suggests that Is]2 is required for the survival of subsets of IsI2* RGC

subclasses.
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3.3 Results
3.3.1 Is12 conditional knockout using retina-specific Cre lines leads to loss of Isl2
expression in the GCL of the retina

To study the role of Is12 in RGC development, I first developed an Is127°* mouse
line that would allow for conditional knockout (CKO) of IsI2 in the presence of Cre
recombinase. The IsI2°* mouse was designed such that the exons encoding the
homeodomain and C-terminus of Is12 (exons 4-6) are flanked by loxP sites (Fig. 3.1A).
I used Islet]-Cre (Is/1¢7¢) or Chx10-Cre (Chx10"®) mice to generate IsI2 CKO (Is/2¢%0)
mice: Is/197; Is12ofox and Chx10¢7¢,Is120*/1* Within the retina, Isl1 is expressed in
newly postmitotic RGCs prior to subtype specification, as well as in the majority of
mature RGC subtypes (Rachel et al., 2002; Elshatory et al., 2007). According to single-
cell RNA sequencing data, Isll is expressed in ~36 of the 45 identified RGC clusters,
including all but 2 of the ~15 Isl2" RGC subtypes (Tran et al., 2019). Chx10 is
expressed in retinal progenitor cells but not in RGCs (Liu et al., 1994; Burmeister et
al., 1996; Rowan and Cepko 2004). Chx10°" displays mosaic expression, thus it is not
expressed in all RPCs (Rowan and Cepko 2004).

Due to the lack of antibodies that specifically detect Isl2 in the retina,
I confirmed Is/2 CKO via RT-PCR of RNA isolated from adult Is/1<"¢; [s]2o¥/flox and
Chx10°7¢; Is[2/'*/1ox retinas (Fig. 3.1B). Both Is/2K© lines show significantly reduced
retinal Is/2 expression, with a 73% decrease in Isl1<"¢; [s12°*/~ retinas (p<0.001, two-
tailed t-test) and a 93% decrease in Chx10¢"¢, IsI2"*/1* retinas (p=0.001, two-tailed

t- test) relative to their littermate controls. To further characterize the loss of Is/2 in
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Is12°%0 mice, 1 performed fluorescent in-situ hybridization (RNAscope) on retina
sections using probes directed against exons 4-6 of Is/2 mRNA (Fig. 3.1C-D). In
wildtype mice, the majority of cells in the GCL express Is/2 at PO (Fig. 3.1C), this
pattern becomes more refined at P5 (Fig. 3.1D), and expression is maintained in the
adult (Fig. 3.1C’, 3.1D°). In Is/2°K0 retinas, there is a significant loss of Is/2-expressing
cells in the GCL at PO, P5, and in adulthood (Fig. 3.1C’,D’) with a 76% loss of Is/2-
expressing cells in the GCL of adult Is/1¢¢: IsI2**f°x mice (6+1% vs. 25+3% in
littermate controls) and a 61% loss in Chx10°¢, IsI2"**/x mice (10+£1% vs. 25+1% in
littermate controls). Neither Cre completely removes Is/2 from RGCs, likely due to the
nature of their expression. Is// is not expressed in all Is/2-expressing RGCs—it is
absent from 2 of ~15 Isl2-expressing transcriptomically distinct subsets (Tran et al.,
2019) and Chx10°" displays mosaic expression (Rowan and Cepko 2004; Damiani et
al., 2008). Taken together, these data show that conditional knockout of Is/2 using
Isl1¢7¢ (Fig. 3.1C’) or Chx10°" (Fig. 3.1D’) results in a significant but incomplete loss

of IsI2 mRNA in the GCL of the retina.
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Figure 3.1 Generation and validation of Is/2 conditional knockout mice
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(A) Schematic of genetic strategy used to generate Is/2/°* mice; HD=homeodomain,
UTR=untranslated region. (B) RT-PCR of RNA isolated from retinas shows
significantly reduced Isl2 expression in both IsI2CKO-IsI and [g]2CKO-Chx10 T eft,
representative image of RT-PCR products ran on an agarose gel. Bands correspond
to IsI2 (top) or GAPDH (bottom) which was used for normalization. Is[2¢K0-s!
retinas show reduced Isl2 expression. Right, graph showing relative IsI2 expression
based on quantification of RT-PCR bands (n=3 each, two-tailed t-tests, ***p<0.001,
** p<0.01). (C,C’) Fluorescent in situ hybridization of Is2 mRNA in PO (top) and
adult (bottom) retina sections in control (left) and Isl¢"¢;Is[2/0*/lox (right) mice.
(D,D’) Fluorescent in situ hybridization of Is12 mRNA in P5 (top) and adult (bottom)
retina sections in control (left) and Chx10¢"¢, IsI2/"0*/1* (right) mice. There is a loss
of Is12 mRNA in the GCL at PO (C) and P5 (D) in Is/2¢KO retinas, as well as a
significant reduction in Isl2 mRNA in the GCL during adulthood (C’, D’).

3.3.2 Loss of retinal Isl2 does not affect eye-specific retinogeniculate projections
Next, I wanted to determine whether the increased ipsilateral innervation of the

thalamus observed by Pak et al. (2004) in newborn Is/27" mice persists into adulthood
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(IsI2”- mice die shortly after birth). To assess this, I performed bilateral intravitreal
CTB injections in adult Is/17; IsI2"**/1* mice and sacrificed the mice three days later
(Fig. 3.2). To analyze the extent of the dLGN innervated by ipsilateral RGCs, I
obtained serial coronal sections and quantified the ipsilateral and contralateral inputs
into the dLGN using fluorescence microscopy (see methods). This analysis revealed
that ipsilateral RGCs innervate 25.4% (£ 3.1) of the dLGN in controls and 23.2%
(£3.6) in Isl1€¢ [s[20*1o% mice (Fig. 3.2D) and therefore there is no significant
difference in the proportion of the dLGN innervated by ipsilateral RGCs (p=0.673, two-
tailed t-test). However, the size of the dLGN is significantly smaller in Is/1 ", Is]2/ox/flox
mice (wt: 0.276 + 0.009 mm?, Isl1¢7¢;[s[2/*/1ox; 0240 + 0.010 mm?, p<0.05, 2-way
ANOVA); the ipsilateral projection is also smaller, but not significantly (wt: 0.071 £
0.010 mm?, Isl1¢7; [sI2/"0¥/10x; (0.056 + 0.007 mm?, p=0.462) (Fig. 3.2F-G). This may
reflect a loss of RGC inputs due to increased RGC death (see below).

This result prompted me to determine whether the increased ipsilateral
innervation into the dLGN observed in Is/27- mice at PO (Pak et al., 2004) also occurs
in Is/2°%9 mice at this stage. I performed bilateral intravitreal CTB injections at PO in
Is11¢7¢; [s12¥flx mice and sacrificed them one day later (Fig. 3.3). In this case, I also
did not find a significant difference in ipsilateral innervation of the dLGN in
Isl1Ce [s[2xflox— mice relative to controls (Fig. 3.3B-E) (Isl1€7¢; [s]2/ov/flox.
0.69 £ 0.055 vs. control: 0.70 £ 0.028, p=0.9015, two-tailed t-test). There is a reduction
in the size of the dLGN (Fig. 3.3F) and of the area occupied by ipsilateral fibers (Fig.

3.3G), but neither reduction is statistically significant (ALGN area: wt: 0.144 +0.007
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mm?, vs. Isl[€¢;Is[2oxfox; 0125 + 0.004 mm?2, p=0.173, 2-way ANOVA, Sidak's
multiple comparisons test; ipsilateral area: wt: 0.102 £ 0.009 mm?, vs. Isl1"; [s]2/"o~/1ox;
0.086 + 0.006 mm?, p=0.279). The SC, another retinal recipient target, is also normally
innervated by RGC axons at this age (Fig. S3.1A). However, there is a greater amount
of axon defasciculation in the optic tract at PO (Fig. S3.1B,B’). Taken together, these
data suggest that Is/2 is not required in the retina for normal eye-specific

retinogeniculate or retinocollicular innervation.
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Isl1€re; Is12/0xflox mjce

85



A) Schematic of experimental design. One eye of an adult mouse was intravitreally
injected with CTB-488 while the contralateral eye was injected with CTB-594. Mice
were sacrificed 3 days after CTB injection and their brains were sectioned coronally.
(B-C) Coronal sections of control mouse brain (B) and s/ Is/2/*/* mouse brain
(C) where contralateral fibers are labeled green and ipsilateral fibers are magenta,
scale bar=200pm. (D-G) Quantification of the ipsilateral and contralateral
projections in control and Is/1¢¢;Is/2**/lx mice, where (D) displays the mean
proportion of the dLGN occupied by ipsilateral RGC axons across 5 sections and
shows no significant difference (n=3, ns= not significant as p>0.05, two-tailed t-
test). (E-G) display values for each of the 5 sections sequentially from rostral to
caudal. There is also no difference in the extent of the dLGN innervated by ipsilateral
fibers when comparing each section individually (E) (n=3, p>0.05 for each section,
2-way ANOVA, Sidak's multiple comparisons test). F and G show the mean area of
the contralateral projections and of the ipsilateral projections, respectively, for each
section. 2-way ANOVA reveals a significant main effect of genotype (P<0.001) and
of section number (P<0.05) on the size of the dLGN, but no interaction between the
two (P=0.505); Sidak's multiple comparisons test does not find any significant
differences in dLGN size in any of the sections (F) (n=3, P>0.05 for each section).
There is also a significant main effect of genotype (P<0.05) and of section number
(P<0.05) on ipsilateral area, but no interaction (P=0.0396, 2-way ANOVA). Sidak's
multiple comparisons test does not find a significant difference in ipsilateral area in
any of the sections (n=3, P>0.05 for each section). does not reveal a significant
change in any of the 5 sections (n=3, p>0.05 for each section, 2-way ANOVA,
Sidak's multiple comparisons test). When combining data across the 5 sections in
each mouse, there is a significant reduction in the size of the dLGN in
Isl1€7¢; Is12M°¥lx mice relative to controls but not in the size of the ipsilateral
projection (n=3, 2-way ANOVA, genotype main effect: p<0.05, brain area main
effect: p<0.0001, Sidak's multiple comparisons test, dLGN area: p<0.05, ipsilateral
area: p=0.462).
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Figure 3.3 Eye-specific retinogeniculate projections are unaffected in PO
Isl1€re; Isi20¥flox mice

(A) Schematic of experimental design. Each eye was intravitreally injected with
CTB at PO, one eye with CTB-488 and the contralateral eye with CTB-594. Mice
were sacrificed 24 hours after injection and coronal sections were obtained. (B, C)
Coronal sections of control mouse brain (B) and Is/1;Is2"°*/* mouse brain (C)
showing contralateral (green) and ipsilateral (magenta) innervation of the dLGN
from rostral (top) to caudal (bottom); contralateral=green, ipsilateral=magenta, scale
bar=200um. (D-G) Quantification of the ipsilateral and contralateral projections in
PO control and Is/1¢7;Is/2*/lx mice (n=3 each genotype) where (D) is the average
across 4 sections and (E-G) display values for each of the 4 sections sequentially
from rostral to caudal. (D) and (E) display the ratio of the dLGN occupied by
ipsilateral RGC axons; there is no difference in the extent of the dLGN innervated
by ipsilateral fibers when comparing the averages across 5 sections (D, p>0.05, two-
tailed t-test) or when comparing the innervation in individual sections (E, p>0.05
for each section, 2-way ANOVA, Sidak's multiple comparisons test). (F) and (G)
show the area of the contralateral projections and of the ipsilateral projections,
respectively. Both show an insignificant decrease in size in the mutants relative to
controls in sections 1-3. 2-way ANOVA reveals a main effect of genotype (p<0.05)
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and section number (p<0.01) on the size of the dLGN, but no interaction or
differences in individual sections (p>0.05 for each section, Sidék's multiple
comparisons test). Section number has a main effect on the size of the ipsilateral
projection (2-way ANOVA, p<0.05) but genotype does not (p>0.05), with no
individual differences (Sidak's multiple comparisons test, p>0.05 for each section).

3.3.3 Isl2 is required for the development of IsI2* RGC subtypes

To determine whether Is]2 plays a role in RGC subtype specification, I assessed
the expression of proteins that are known to be expressed in Isl2” RGCs. I performed a
literature search for potential IsI2-RGC markers and identified Foxp2, Zic1, and Tusc5
as candidate genes that may be regulated by IslI2 (Rousso et al., 2016; Rheaume et al.,
2018; Tran et al., 2019; Goetz et al., 2022). To determine if loss of Isl2 leads to
decreased expression of these markers, 1 treated adult Is/I€7¢; [s[2/*/1ox and
Chx 107, Is12/ox/ox retinas with antibodies directed against these proteins together with
the pan-RGC marker, RBPMS (Rodriguez et al., 2014) (Fig. 3.4A, 3.4F, 3.4K, 3.4L).
I then determined the proportion of RGCs that express each protein
(Fig. 3.4C, E, H, J, N), their abundance (cells/mm?) (Fig. 3.4B, D, G, I), as well as the
abundance (cells/mm?) of all RGCs in control and Is/2°K9 retinas (Fig. 3.5B). I found
that significantly fewer cells express each of these markers in both Is/2°%© Cre lines
(Fig. 3.4B-I, 3.4N). Specifically, there is a 48% (Isl1€7; IsI2¥ox; 266.9+15.6
cells/mm? vs. wt: 517.4 + 21.7 cells/mm?, p<0.001, two-tailed t-test) and 44%
(Chx10C7; Is[2¥1ox;: 268.7 + 24.9 vs. 483.4 + 19.8 cells/mm?, p<0.001, two-tailed t-
test) reduction in Foxp2* RGCs and a 58% (Isl1¢7¢; Is12xox: 75,7 £ 11.9 cells/mm? vs.
wt: 180.4 £ 5.9 cells/mm?, p=0.0014, two-tailed t-test) and 27% reduction in Zicl™®

RGCs (Chx10¢re; Isi2/0¥f10%; 151.3 £ 4.2 vs. 206.8 + 4.4 cells/mm?, p<0.001, two-tailed
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t-test) in Is/1€7¢ IsI2oxflox and Chx 107, IsI20*/1* retinas relative to their littermate
controls, respectively. Foxp2 RGCs make up ~17% of all RGCs in wildtype retinas
(Isl1€7:Is[ 210l littermate controls: 16.9% =+ 0.4; Chx10°;IsI2~flox littermate
controls: 14.1% + 0.2) and only ~10% of all RGCs in Is[2°K© retinas (Fig. 3.4C)
(IsL1€7e; Is12/10%10x: 10.2% + 0.6, p=0.0008, two-tailed t-test; Chx10";IsI2Mxflox; 9 1%
+ 0.8, p<0.01, two-tailed t-test). Zicl RGCs make up ~6% of all RGCs in wildtype
retinas (Is/1€7¢; IsI2°<flox littermate controls: 5.4% =+ 0.3; Chx 10" Is[2/'*/1°* |ittermate
controls: 6.0% =+ 0.1) and only 2.7% =+ 0.3 in Is/1"; IsI2**/f°x (p=0.0035, two-tailed t-
test) (Fig. 3.4F, H); there is no change in the percentage of RGCs that are Zicl* in
Chx10°7¢; Is[2/'0¥/10x (5.5% + 0.4, p>0.05, two-tailed t-test) retinas relative to controls
(Fig. 3.4J). In control retina sections, 32.8% =+ 1.5 of RGCs express Tusc5 while 28%
+ 0.9 of RGCs are Tusc5" in Isl1€7¢; [sI20¥/lox sections (Fig. 3.4L, N) (>950 RGCs
scored per genotype, p=0.052, two-tailed t-test). Tusc5 is a transmembrane protein and
thus dendrites that express Tusc5 are labeled (Fig. 3.4K-L), which allows for
visualization of the lamination pattern of Tusc5-expressing cells. To determine whether
loss of Is/2 affects dendritic lamination of Tusc5" cells, which include Isl2* RGC
subtypes, I sectioned adult Is//“%© eyes and labeled the sections with antibodies
directed against Tusc5 and choline acetyltransferase (ChAT), a marker of starburst
amacrine cells (SACs) (Fig. 3.4L). SAC dendrites form 2 discrete “ChAT bands” that
allow for the distinction between IPL sublaminae, with one band residing in S2 and the
other in S4. Tusc5" dendrites laminate within S2-S4 of the IPL, with the densest

labeling occuring in between the ChAT bands (S3) (Fig. 3.4L.-M), consistent with the
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lamination of IsI2-GFP* dendrites (Triplett et al., 2014). In Is/1 "¢, Is[2**/°x mice, there
is a significant reduction in Tusc5" dendrite labeling in the sublaminae that lie between
the ChAT bands and those that costratify with them, but not in S1, the OFF layer above
the OFF-ChAT band (Fig. 3.4L-M). These results together show that in the absence of

Is12, the expression of IsI2* RGC markers is significantly diminished.
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Figure 3.4 Isl2 is required for the expression of Isl2-RGC subtype markers
Foxp2, Zicl, and Tusc5

(A, F, K) Flatmounted adult retinas, ganglion cell layer up, from control (left) and
Isl1¢7e; [s[2ox/flox (right) mice. Retinas were treated with antibodies directed against
RBPMS (blue) and Foxp2 (A), Zicl (D), or Tusc5 (G) in green. Scale bars= 25um.
(B, G, D, I) Graphs showing the densities (marker+RBPMS/mm?) of proteins
indicated on Y-axes in controls and mutants; there are significantly fewer Foxp2*
(B, D) and Zicl* (G, I) RGCs in IsI2°© retinas. (C, E, H, J, N) Graphs displaying
the ratio of RGCs expressing the proteins indicated on Y-axes in controls and
mutants; the proportion of RGCs expressing Foxp2 (C, E) is significantly reduced
in IsI12°K0 retinas. The proportion of RGCs expressing Zicl (H, J) is significantly
reduced in Isl17;Is[2/0*/1o* (H) retinas but not in Chx10°7¢;Isi2"*fox (J). There is
a reduction in RGCs that express Tusc5 in Is/17; [s]2/"¥/1 retina sections but not
statistically significant (N). To generate graph (N), Tusc5 expression was assessed
in adult retina sections (L) as the dense dendritic labeling in retinal flatmounts (K)
made quantification difficult. (L) Retina cross-sections from control (left) and

90



Isl1€7e; [s12/xflox (right) mice were treated with DAPI (blue) and with antibodies
directed against ChAT (red), Tusc5 (green), and RBPMS (not shown here).

(M) Tusc5" RGC IPL lamination depth was quantified in control (closed circles)
and mutant (open circles) retina sections and plotted here. ChAT® dendrite
lamination depth was also quantified and the intensity peaks (ChAT bands) are
represented by the light grey bars. Layer 8 corresponds to the OFF ChAT band (~S2)
and Layer 4 corresponds to the ON ChAT band (~S4). There is a significant
reduction in Tusc5" RGC dendrites laminating in between and costratifying with the
2 ChAT bands in mutant retinas. (B-E, G-J, M-N) White bars and black circles=
littermate controls, grey bars= IsI2°K0, open circles= Isl1€¢ Is[2¥f°x | open
squares= Chx10°"¢, [s|2/"*/lox_ Each circle or square represents 1 animal (n > 3 for all
groups); ns= not significant, *p<0.05, **p<0.01, ***p<0.001, ****p<(0.0001; all
graphs display mean + SEM; two-tailed t-test for all graphs except (M) where 2-
way ANOVA was performed followed by Sidék's multiple comparisons test.

The loss of these subtype markers could mean that, upon loss of Isl2, RGCs
once fated to become an Isl2” subtype now belong to other RGC classes and/or that
Is12* RGC subtypes undergo cell death in the absence of IsI2. If the cells are switching
fates, I hypothesize that this would lead to an increase in the number of non-Isl2 RGC
classes. To test this hypothesis, I treated retinas and retina sections with an antibody
directed against melanopsin, a marker of ipRGCs that is not expressed in IsI2* RGCs,
and found no significant change in its expression in Chx10°", [sI2/"0*/1x compared to
littermate controls (melanopsin®: Chx10°7¢;Is[2/¥/ox; 111.8 + 7.1 cells/mm? vs.
control: 110.6 + 5.0 cells/mm?, p=0.902 , student’s t-test) (Fig. 3.5A-B). However,
there is a significant reduction in total RGC density in both conditional knockout lines
with a loss of 13% in Is/1¢7;IsI2M°xflx (2622 + 76 cells/mm? vs. wt: 3027 + 67
cells/mm?, p<0.01, two-tailed t-test) and a loss of 15% in Chx10°, IsI2xflox (2744 +
107 cells/mm? vs. wt: 3223 + 205 cells/mm?, p<0.05, 2-way ANOVA, Sidék's multiple

comparisons test). Given that there is decreased expression of Isl2-subtype markers
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(Fig. 3.4), no change in expression of non-IsI2 RGC markers (Fig. 3.5A-D), and a loss
of RGCs in Is/2°K9 retinas (Fig. 3.5B), I hypothesize that Is12* RGCs are selectively
dying in Is/2°%© mice. To test this hypothesis, I labeled early postnatal Is/2¢%© retinas
with an antibody directed towards cleaved-caspase3, a marker of apoptosis (Srinivasan
et al., 1998) (Fig. 3.5G). I found that there is increased expression of cleaved-caspase3
in the GCL of both Is/1¢7¢;Is]2/*xflox (31 + 4.3 cells/section vs. 17 £ 0.68 cells/section
in controls, p<0.05, two-tailed t-test) and Chx10"¢;Is[2/¥flx (71 + 5.5 cells/section vs.
46 + 3.5 cells/section in controls, p<0.05, two-tailed t-test) retinas at PO (Fig. 3.5A-B).

These data suggest that Is/2 is important for the survival of Is12* RGC subtypes.
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Figure 3.5 There are fewer RGCs in the adult accompanied by increased
apoptosis at PO, but markers of non-Isl2 RGCs are unaffected in Is/2¢%0
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(right) mice. Retinas were treated with antibodies directed against RBPMS (blue)
and melanopsin (green); Scale bars= 25um. (B) Quantification of melanopsin® and
RBPMS" density (marker/mm?) in Chx10°7¢; Is[2/*/1o* (1eft) and of RBPMS™ density
in Is11€7¢; Is12/°x~ (right) retinas reveals a significant reduction in RGC density in
both Is/2°%9 models but no change in melanopsin® density in Chx 10", Is[2/x/lox
retinas (left) relative to controls. (C) Images of retina sections from Is/1 ", [s]2/ox/flox
(right) and control (left) mice treated with DAPI and antibodies directed against
RBPMS (green) and melanopsin (magenta) reveal no change in the proportion of
RGCs that express melanopsin (D). (E, G) Retina sections from PO control (left) and
Is12°K0 (right) mice treated with DAPI and antibodies directed against RBPMS
(green) and cleaved-caspase3 (red) (E) or just cleaved-caspase3 (red) (G) reveal a
significant increase in apoptotic cells in the GCL of both Chx10¢7¢;Is[2//1ox (E, F)
and Isl1¢7¢; [s[2/<flx (G, H). (B, D, F, H) White bars and black circles= littermate
controls, grey bars= IsI2K0 open circles= Isl1¢7 IsI2"0¥/1o*  open squares=
Chx 10, Is12/oxflox Each circle or square represents 1 animal (n > 3 for all groups);
ns= not significant (p>0.05), *p<0.05, **p<0.01; all graphs display mean + SEM;
two-tailed t-test for all analyses except for (B, left) where 2-way ANOVA was
performed followed by Sidak's multiple comparisons test.

3.4 Discussion

Here I generated Is/2 conditional knockout mice to investigate the role of Is/2
in RGC specification. I found that eye-specific retinogeniculate projections are
unaffected in Is/2 conditional knockout mice in contrast to previous studies in Is/27
mice where increased ipsilateral innervation of the LGN was observed. I do however
show that IsI2 plays a role in the differentiation and survival of RGC classes that it is
expressed in. Is/2 conditional knockout retinas display reduced RGC numbers, reduced
expression of proteins normally expressed in IsI2* RGCs, no change in the expression
of non-Isl12-RGC markers, and increased apoptosis in the early postnatal GCL. These
findings illustrate that IsI2 is required in developing RGCs for their survival but not for

eye-specific axon projections.
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Is12 is not required in RGCs for eye-specific axon-pathfinding

Pak et al. (2004) found that Is/2”- mice have significantly greater ipsilateral
retinogeniculate projections than their wildtype counterparts. Because these mice are
subject to early postnatal lethality (Thaler et al., 2004), this phenotype was only
assessed at PO, an age at which eye-specific segregation has not yet occurred (~P5;
Godement et al., 1984; Ballesteros et al., 2005). The generation of Is/2°%° mice in the
present study allowed me to ask whether this phenotype persists in the adult visual
system or whether it is corrected during circuit maturation. I found that developmental
removal of Isl2 from the retina does not cause increased ipsilateral innervation of the
dLGN in adults (Fig. 3.2). To determine if this is due to a correction of aberrant
projections or a difference in phenotype between Is/27~ and Is/2K° mice, 1 assessed
retinogeniculate projections of early postnatal Is/1", [sI2/"*/1x mice and also found no
difference in ipsilateral innervation compared to littermate controls (Fig. 3.3). The
phenotypic difference observed in our study relative to that of Pak et al. (2004) could
be a function of the difference in knockout strategy. Is/2”- mice may display a greater
defect due to global loss of Isl2, whereas in our study, IsI2 knockout is restricted to
Is11¢ or Chx10“"-expressing cells. Additionally, I found that both of these Is/2%9 Cre
lines exhibited incomplete knockout of Isl2 (Fig. 3.1); 5-10% of DAPI" nuclei in the
GCL express 4 or more Is/2 transcripts as detected by RNAscope probes (5% in
Is11€7e; Is12¥fox / 10% in Chx10°¢, IsI2¥/°¥) . Another hypothesis that could explain
the phenotypic discrepancy between studies is that it is due to varying times of sacrifice

after CTB injection (8 hours post-injection vs. 24 hours post-injection in the present

94



study). We found that Is/1¢7;Is/2°*/x mice have reduced brain size relative to their
littermate controls. Previous work analyzing the rate of CTB transport in mice and other
rodents estimates the rate of anterograde transport to be as slow as 10mm/day
(Mikkelsen 1992). It is possible that the tracer reaches the brain quicker in the mutants
owing to a shorter distance between the eye and the brain, and that 8 hours is not
sufficient for the tracer to label the full extent of control RGC axons. This could explain
why the images of control LGN sections in Pak et al.’s study appear to have minimal
ipsilateral projections to the dLGN at PO, an age at which it has been well-established
that the majority of the dLGN is covered by ipsilateral fibers (Godement et al., 1984;
Ballesteros et al., 2005). However, the contralateral projection in the control appears
normal by eye, weakening this hypothesis. Lastly, our method of analysis may not be
as sensitive as the analyses performed in the Is/2”" study. In the latter, the total pixel
intensity above background within the entirety of the LGN (dLGN, IGL, vLGN) and
the proportion of those pixels 2-5X above background thresholds were measured. Here
I measured the percent of the dLGN occupied by ipsilateral fibers by dividing the area
of the contralateral projection by the area of the ipsilateral projection. While this
method of analysis may not reveal subtle deficits in eye-specific pathfinding, it does
imply that Is]2’s involvement in this process is negligible if present.
Is12 is required for specification and/or survival of RGC subtypes

To determine whether /s/2 is required for the specification of RGCs, I analyzed
the expression of proteins that are (Foxp2, Zicl, Tusc5) and that are not (melanopsin)

normally expressed in Is12* RGCs. I found reduced expression of all Is12-RGC subtype
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markers tested (Fig. 3.4), no effect on the expression of the ipRGC marker melanopsin
(Fig. 3.5A-D), and a significant loss of RGCs (Fig. 3.5B) accompanied by increased
apoptosis in the developing GCL (Fig. 3.5 E-H). These results combined suggest that
Is12-RGC subtypes need Is]2 during development for their survival.

Foxp2 (forkhead box protein 2) is a transcription factor that is expressed in 5
RGC subtypes: F-mini-ON, F-mini-OFF, F-midi-ON, and F-midi-OFF (Rousso et al.,
2016) were identified immunohistochemically and a novel F-RGC type was identified
via RNAseq (cluster 32 [C32] in Tran et al., 2019). IsI2 is expressed in F-mini-ON
(63.6%, C3), F-midi-ON (73%, C38), and the novel F-RGC type (76.6%, C32) (Tran
et al., 2019). F-mini-ON RGCs are the most numerous F-RGC type, followed by F-
mini-OFF RGCs, together accounting for ~13% of all RGCs. There is a 48% decrease
in the density of Foxp2®™ RGCs in Isl1¢7;Is[2/*¥/o* retinas and a 44% decrease in
Chx10°7¢; Is[2/'*/1ox retinas (Fig. 3.4A-B, 3.4D). Because Isl2 is not expressed in F-
midi-OFF RGCs (C28) and lowly expressed in F-mini-OFF RGCs (38.9%, C4), I did
not expect to see a complete loss of Foxp2-RGCs. It remains to be distinguished
whether the majority of Foxp2-expressing RGCs in Is/2°%? mice are these OFF types,
but my analysis of Tusc5 expression (see below and Fig. 3.4N) does suggest they are.
Additionally, some Foxp2-ON types may have been spared due to the incomplete
knockout of Isl2.

Zicl is a zinc-finger transcription factor that is expressed in only one subtype
of RGCs, the W3B RGCs corresponding to cluster 6 (89%) from Tran et al.’s

scRNAseq dataset and cluster 34 in Rheaume et al.’s scRNAseq dataset (Tran et al.,

96



2019; Rheaume et al., 2018). C6 happens to be the cluster that expresses the highest
levels of Isl2 according to this dataset. In addition to being expressed in W3B RGCs,
Zicl is expressed in the optic nerve, neural retina, and optic cup during development
(Wan et al., 2019). There is a 58% reduction in Zicl™ RGC density in Isl] "¢, [s]2/o~/flox
retinas (Fig. 3.4F-H) and a 27% reduction in Chx10°7¢;Is[2/*/1o* retinas (Fig. 3.41-J);
Zicl is expressed in 2.7% of RGCs in Isl1¢7¢, [s[2/"*/* (Fig. 3.4H) retinas and in 5.4%
of RGCs in retinas of their littermate controls whereas it is expressed in 5.5% of
Chx10°7¢; Is[2/'/1ox retinas and in 6% of RGCs in the retinas of their littermate controls
(Fig. 3.4J). The greater defect observed in Isl1€* Is[2*/°x could be due to the
additional partial loss of Is//, as Cre in this model disrupts the exon encoding the
second LIM domain of Is// (homozygous Isl1Cre mice are not viable) (Srinivas et al.,
2001). W3B RGCs have small dendritic arbors and are high-definition 2 (HD2) cells
(Zhang et al., 2012; Goetz et al., 2022). These belong to the object motion-sensitive
functional group of RGCs which are responsible for distinguishing local motion in a
visual scene from global motion (Kerschensteiner 2022).

TuscS (tumor suppressor candidate 5; also known as Trargl—trafficking
regulator of glut4) is an integral membrane protein with an intracellular C-terminus and
extracellular N-terminus (Duan et al., 2018). It has been shown to regulate glucose
transport in adipocytes in response to insulin by trafficking of the glucose transporter
Glut4 (Beaton et al., 2015; Fazakerley et al., 2015). It is also expressed in primary
somatosensory neurons (Oort et al., 2007). Interestingly, overexpression of a dominant-

negative form of Isl2a in zebrafish sensory neurons has been shown to reduce
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expression of Tusc5 in sensory neurons (Aoki et al., 2014). Additionally, morpholino
knockdown of Tusc5 caused a reduction in peripheral and central axon extension as
well as loosened fascicles. Because of its expression in dendrites and in several RGC
subtypes (~15 RNAseq clusters; Tran et al., 2019), quantifying Tusc5" cells in retinal
flatmounts proved to be difficult, thus I assessed Tusc5 expression in retina sections. |
found that Is/1¢", IsI2/"*/1x have fewer RGCs that express Tusc5 than controls, but not
to a degree that is statistically significant (Fig. 3.4N). However, there is a significant
and specific loss of Tusc5-expressing RGC dendrites in S3 of the IPL, corresponding
to where Isl2-RGC dendrites localize (Triplett et al., 2014) (Fig. 3.4M); Tusc5*
dendrites in the strictly OFF sublamina (S1) are unaffected in Is/2¢%C, Tusc5 is
expressed in ~9 IsI2” RGC subtypes including in Foxp2-expressing F-mini-ON RGCs
and in the Zicl-expressing W3B class (Tran et al., 2019; Goetz et al., 2022). Loss of
Tusc5 expression in S3 in the mutants is likely partly due to the loss of F-mini-ON and
W3B RGCs. TuscS5 is also expressed in the Foxp2-expressing F-mini-OFF RGCs that
express low levels of IsI2 (Tran et al., 2019; Goetz et al., 2022). The persistence of
Tusc5-expressing dendrites in the OFF S1 sublamina in Is/2°%© mice likely reflects the
survival of F-mini-OFF RGCs and other non-IsI2-expressing Tusc5-RGCs.

In conclusion, this study uncovers the importance of a developmentally
required transcription factor, Isl2, in RGC development and survival. Despite being
long-known to be expressed in RGCs and predicted to be important for subtype

specification, it was only ever studied in Is/27 mice who fail to develop to maturity.
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3.5 Materials and Methods
3.5.1 Mice

The conditional Is12 allele (Is127°%) was generated by Cyagen via CRISPR/Cas9
to insert loxP sites that flank exons 4-6 (Fig. 1A). The guide RNAs (gRNAs) to Is/2
gene, the donor vector containing loxP sites, and Cas9 mRNA were co-injected into
fertilized mouse eggs to generate targeted conditional knockout offspring. FO founder
animals were identified by PCR followed by sequence analysis and were bred to
wildtype mice to test germline transmission and F1 animal generation. Guide RNA
sequences used: Forward strand: gRNA-F1: ACTAGCCTAGGCGATCCCTT-AGG;
gRNA-F2: TCCTGCAGCCGCGATCCTAG-CGG; Reverse strand: gRNA-RI:
CTGCTCCTAAGGGATCGCCT-AGG; gRNA-R2:
CTGCAGCCGCGATCCTAGCG-GGQG. Primers used for PCR genotyping detect the
first loxP site: Forward primer: 5’-GTCCTAGTCCGAGAGTGTTCCTAA-3’ ;
Reverse primer: 5’-TTAGAGGAAGAGGTGGAAATCGAA-3’; Product sizes:
Targeted allele: 228 bp; Wildtype allele: 166 bp. Cyagen delivered us heterozygous
IsI2°x mice. 1 bred the Is/2/°* mice with each other to obtain homozygous Is/2/70+/1ox
mice. I then bred the homozygotes to Isl1-Cre and Chx10-Cre mice to obtain
heterozygous Isl1¢7;Is12"/* and Chx10°";IsI2** progeny. These were then bred
with IsI2/*/1ox mice to generate mutant and control mice for experiments.

The Isl1-Cre mouse line (Srinivas et al., 2001) was acquired from Dr. Eric

Ullien (UCSF, Department of Ophthalmology). Primers used for PCR genotyping are
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as follows: Forward primer: 5’-ACCAGAGACGGAAATCCATCG-3’; Reverse
primer: 5’-TGCCACGACCAAGTGACAGCAATG-3".

The Chx10-Cre mouse line was acquired from the Jackson Laboratory (JAX
stock #005105; Rowan and Cepko 2004). Primers used for PCR genotyping are as
follows: Forward primer: 5’-GTCTCCTAGCCTTTGCGTTCAGAC-3’; Reverse
primer: 5’-TTCGGCTATACGTAACAGGG-3’

Genotyping was performed using genomic DNA extracted from tail clippings
using standard techniques.

Both female and male mice were used in this study and no significant
differences were observed between them. For each experiment, 3 or more mice were
used (number of mice used for each experiment is noted in the figure legends). Adult
mice used in this study were between P40-P100.

All experimental procedures were performed in accordance with protocols
approved by the Institutional Animal Care and Use Committee at the University of
California, Santa Cruz.

3.5.2 RT-PCR

Mice were anesthetized with isoflurane and their eyes were immediately
removed and placed into a dish containing ice cold 1X phosphate buffered saline (PBS;
pH 7.4). Retinas were dissected out of the eyes and immediately placed into a tube
containing lysis buffer (buffer RLT) from Qiagen’s RNeasy Mini Kit (74104). Total
RNA was subsequently extracted from the retinas using this kit. The RNA was then

transcribed into cDNA using Superscript III Reverse Transcriptase (18080-044,
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Invitrogen) with oligo(dT)2o primers. PCR was performed using the following primers
recognizing an exon-exon spanning region between exons 5 and 6 of Isl2: Forward: 5°-
CGCCTTTCAACAGCTGGTTTC-3’ (spans a region including exon 5 and exon 6)
Reverse: 5’-TTCAGAGCTGGAATGGCCTG-3’ (located in exon 6). Product size: 217
bp. For GAPDH, primers detect a 105 bp region between exons 5 and 6 of GAPDH:
Forward: 5’-CATGGCCTTCCGTGTTCTTA-3’ (located in exon 5); Reverse: 5°-
CCTGCTTCACCACCTTCTTGAT-3’ (located in exon 6). RT-PCR band intensities
were quantified in FIJI using analyze->gels->plot lanes. The area of Isl2 peaks were
normalized to those of GAPDH peaks for each sample.

3.5.3 Fluorescent in situ hybridization (FISH)

Single molecule FISH was performed with RNAscope Multiplex Fluorescent
Reagent Kit V2 (Advanced Cell Diagnostics 323136) using a probe that targets Isl2
mRNA (1224951-C2 (Mm_Is12-O1-C2) or 885511-C2 (Mm_Is]2-C2). The assay was
carried out according to the manufacturer’s instructions. Briefly, after intracardial
perfusion with ice cold 1X PBS (pH 7.4) followed by perfusion with ice cold freshly
prepared 4% paraformaldehyde (PFA), eyes were harvested and fixed in 4% PFA for
18-24 hours at 4°C. A hole was made in the cornea with fine forceps (Dumont #55)
prior to immersion in PFA to allow for improved retinal fixation. After the fixation
period, eyes were transferred to 30% sucrose in 1X PBS overnight (4°C) for
cryoprotection. The eyes were then frozen in Tissue Plus™ O.C.T. compound (Fisher
HealthCare) using dry ice. The frozen eyes were sectioned 14um thick via cryostat

(Leica cm 3050s) onto SuperFrost Plus slides (Fisher Scientific). Slides were placed in
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the freezer for at least 2 hours before proceeding with the protocol. Next, slides were
pretreated, probes were hybridized, amplified, and signal was developed. TSA vivid
fluorophore 520 and TSA vivid fluorophore 570 were used (Tocris 323271 and 323272,
respectively). Slides were coverslipped with ProLong™ Gold Antifade Mountant
(invitrogen P10144).
3.5.4 Retinogeniculate axon tracing

For adult retinogeniculate tracing, mice were anesthetized with isoflurane and
a hole was created at the corneal-scleral junction of each eye with a 26 gauge BD
Precisionglide® needle (BD-305110). The vitreous humor was gently massaged out
with a cotton swab in order to minimize back-pressure upon injection of virus. A pulled
glass pipette preloaded with CTB was inserted into the hole and a Picospritzer III
(Parker) was used to administer ~1 pl of CTB-488 (8mg/mL in 1x PBS; invitrogen
(C22841) or CTB-594 (8mg/mL in 1x PBS; invitrogen C22842) . Mice were sacrificed
3 days after bilateral anterograde tracer injections. Mice were anesthetized with
isoflurane and then intracardially perfused with PBS followed by perfusion with 4%
PFA. Brains were harvested and fixed in 4% PFA for 24 hours (4°C) and subsequently
cryopreserved in 30% sucrose in 1X PBS for at least 24 hours (4°C). 100uM thick
coronal sections were obtained using a freezing sliding microtome (ThermoFisher
microm hm430). Sections were mounted onto SuperFrost Plus slides (Fisher Scientific)
and coverslipped with Fluoromount-G (SouthernBiotech).

For PO retinogeniculate tracing, pups were anesthetized on ice, their eyelids

were cut, and CTB injections were performed as described above for adult tracing. Pups
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were warmed in a 37°C incubator and allowed to recover prior to being reintroduced
to their mother. They were sacrificed 24 hours later on P1 where they were re-
anesthetized on ice and intracardially perfused with 4% PFA. Brains were dissected out
of skulls under a dissecting microscope using fine forceps (Dumont #55). Fixation,
cryopreservation, sectioning, and mounting of sections were all performed as described
above for adult brains.
3.5.5 Immunohistochemistry

Eyes were harvested from mice after intracardial perfusion with PBS followed
by perfusion with 4% PFA. For retinal wholemount staining, retinas were dissected out
of the eye in PBS and subsequently fixed in 4% PFA for 1 hour at room temperature.
For retina sections, a hole was made in the cornea with forceps before immersing eyes
in 4% PFA for 1 hour at room temperature. Eyes were subsequently transferred to 30%
sucrose for 24 hours (4°C) before being frozen in O.C.T. using dry ice. 20 pm thick
sections were obtained via cryostat (Leica cm 3050s) and collected onto SuperFrost
Plus slides (Fisher Scientific).

Wholemount retinas were incubated in blocking solution (5% donkey serum,
0.25% TritonX-100 in PBS) for 3 hours at room temperature (RT), incubated in primary
antibody for 2—-3 days at 4°C, washed 3 times (2 hours each wash) with 0.1% PBST
(PBS with TritonX- 100) at RT, incubated in secondary antibody overnight at 4°C,
washed 3 times (2 hours each wash) with PBS at RT. They were then mounted retinal

ganglion cell layer (GCL) side up onto SuperFrost Plus slides where relieving cuts were
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made. Fluoromount-G tissue mounting medium (SouthernBiotech) was applied prior
to coverslipping.

For retina sections, slides were incubated in blocking solution for 1 hour,
incubated in primary antibody overnight at 4°C, washed 3 times (15 min each wash) in
PBS at RT, incubated in secondary antibody for 1-3 hours at RT, incubated in DAPI
(1:1000) for 10 min, washed 3 times (15 min each wash) in PBS at RT, and lastly
covered with fluoromount-G (SouthernBiotech) and coverslipped.

The following antibodies were used in this study: primary antibodies: goat anti-
Zicl(1:200; R&D  Systems AF4978), guinea pig anti-RBPMS(1:250;
PhosphoSolutions 1832-RBPMS)), rabbit anti-melanopsin (1:500 wholemount, 1:1000
sections; Advanced Targeting Systems AB-N39), goat anti-ChAT(1:200; Millipore
AB144P), mouse anti-Tusc5(1:200; Santa Cruz Biotechnology sc-377025), rabbit anti-
foxp2(1:1000; Abcam ab16046), goat anti-foxp2(1:500; Abcam ab1307); secondary
antibodies: all secondaries used in this study were raised in donkey against the
appropriate host species and were conjugated to Alexa Fluor (AF) 488, AF555, AF568,
AF594, or AF647 (each was used at 1:1000; Invitrogen or Jackson ImmunoResearch).
3.5.6 Image acquisition
An Olympus BX51 fluorescence microscope equipped with a Qimaging Retiga EXi
Fast 1394 camera was used to obtain images. Field of view (FOV) dimensions: 4X,
2223.63 pm x 1661.34 um;10X, 890.6 um x 665.39 um; 20X, 446.15 pm x 333.33
pum).

3.5.7 Data analysis
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For quantification of cells expressing Is/2 mRNA, images of retina sections
were taken at 40X and FIJI’s multi-point tool was used to count Isl2* cells in the GCL.
DAPI" nuclei in the GCL containing 4 or more IsI2* puncta (as detected by RNAscope
probes) were considered IsI2* without regard to their fluorescence intensity. 300 or
more cells were quantified per animal.

For adult retinogeniculate tracing, images of the LGN were taken under 4X
magnification. 5 sequential sections spanning the same region along the rostrocaudal
axis were analyzed in each mouse, with section 1 being rostral and 5 caudal. The area
of the dLGN was measured in FIJI by tracing the contralateral projection using the
freehand selection tool. The area of the ipsilateral projection was also measured with
this tool and the proportion of the dLGN innervated by ipsilateral axons was calculated
(ipsilateral area/ dLGN area). The average ipsilateral innervation ratio was calculated
across the 5 sections for each animal.

For PO retinogeniculate tracing, images of the LGN were taken under 10X
magnification. 4 sequential sections spanning the same region along the rostrocaudal
axis were analyzed in each mouse, with section 1 being rostral and 4 caudal.
Measurements and analyses across the 4 sections were performed as described above
for adult tracing.

For quantification of cell density in wholemount retinas, FIJI’s multi-point tool
was used to count cells in 4-12 FOVs per retina under 20X magnification. For each
experiment, the same relative regions of the retina were quantified across animals and

included 1-3 FOVs per retina quadrant. One retina was quantified per mouse.
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To determine the IPL lamination depths of Tusc5" and ChAT" dendrites, images of
retina sections were obtained using the 20X objective and analyzed using FIJI’s
IPLaminator plugin (Li et al., 2016). Straight regions of the IPL were selected for
analysis using the rectangle tool, with boundaries at the edge of DAPI" nuclei in the
GCL and INL. 5-6 regions (3000 um? or greater each) were analyzed per mouse,
including regions from 3 or more sections. The “n Equal boundaries” method was used
to divide the INL regions into 10 equal layers. The layer of the IPL closest to the GCL
corresponds to layer 1 and the layer closest to the INL corresponds to layer 10. The
plugin measured the normalized fluorescence intensities of each marker within each
layer. For each retina, the average fluorescence intensity across all 5 or 6 regions was
calculated for each layer.

Statistical analyses and graph generation were performed using GraphPad’s
Prism 9 software. Statistical tests and number of animals used for each experiment are

indicated in the figure legends.
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3.6 Supplementary Figures

A Control Is126e; 1] 2flox/flox

Ipsilateral

optic tract optic tract

optic tract optic tract

Figure S3.1 Eye-specific RGC axon tracing to
the SC and through the optic tract

(A) Coronal sections of the anterior SC of a control
(left) and Isl1¢7:IsI2f°<fl°x (right) mouse at P1
(same mice as Fig. 3.3). Ipsilateral RGC axons are
displayed in magenta and contralateral axons are
in green; scale bars= 200 um. The SC does not
display increased ipsilateral innervation in
Is11¢7e; [s12/x/flx (B,B’) Coronal sections showing
the contralateral optic tract in magenta of control
(left) and Isl1Ce; [sI2¥flx (right) mice; scale
bars= 100 um. Dashed lines indicate the midline.
Sections in (B) and (B’) are from different animals
(2 examples shown for each genotype).
Isl1€re; Is[2xflx  mice  display  increased
defasciculation in the contralateral optic tract.
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