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Abstract

Over the course of development, neurons form unique dendritic morphologies through
discrete regulation of elongation, retraction, and branching. The starburst amacrine cell (SAC) is
one such neuron that forms a stereotyped radially symmetric dendritic arbor with a “firework-
like” branching pattern. SAC morphology is evolutionarily conserved across mammals and
requires the activity of several transmembrane proteins to achieve its mature form. These
transmembrane proteins control different aspects of SAC morphological development,
including self-avoidance, arbor size, contacts between homotypic neighbors, and lamination of
the inner plexiform layer. However, several other mechanisms must be involved to explain the
stereotyped development of the SAC dendritic arbor, and in this dissertation | explore how the
activity of an intracellular signaling protein, PTEN, regulates the branching architecture of SACs.
| show that PTEN activity is essential for regulating SAC arborization, as the number of dendritic
branches nearly doubles in Pten-null SACs. This phenotype arises in mice during the second
postnatal week of SAC development and maintains at two months of age. Following Pten
deletion, downstream activation of pS6 occurs at two weeks of age. Together, this suggests
PTEN activity is critical by the second postnatal week to repress levels of pS6, and failure to do
so leads to an increase of dendritic branching. Despite nearly doubling their branching, SACs
show intact synaptic compartmentalization and their function in generating direction-selectivity
in the retina appears intact. These findings present a novel role for PTEN in regulating SAC
branching architecture during development. Collectively, these results advance our

understanding of the mechanisms that guide neuronal morphological development.
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Chapter 1: Introduction

Neurons are the building blocks that compose our minds and identities. Therefore,
understanding the formation and preservation of neurons is of special interest to the field of
neuroscience and the general public. A fundamental question yet to be answered is: “How does
a neuron decide what it’s going to be when it grows up?” | chose to address one aspect of this
question by focusing on how a specific protein, phosphatase and tensin homologue (PTEN),
regulates the decisions one neuronal subtype, starburst amacrine cells (SACs), makes during its
development to achieve its mature form and function. This research contributes to a larger
body of knowledge that is collectively working towards understanding what rules govern how a
neuron determines its identity and the form it takes. This project stems from decades of
research encompassing cellular and molecular neuroscience, neuronal morphology, SACs, and

PTEN signaling—the histories of which | will briefly cover here.

The Birth of the Neuron and Modern Neuroscience

The field of modern-day cellular neuroscience began with the discoveries of Santiago
Ramadn y Cajal, who, in 1888, asserted and provided compelling evidence that neurons were in
fact individual cellular entities, and not a connected reticulum (Ramén y Cajal 1888; Lépez-
Mufioz et al. 2006). Ramdn y Cajal employed the newly invented Golgi stain, which allowed
sparse labeling of neurons, to show that neurons had independent processes which were
contiguous, rather than continuous, with one another (Golgi 1873; Mariotto et al. 2018). This
theory, titled “the neuron doctrine,” and the surrounding scientific discourse gave birth to and

solidified the term “neuron” referring to what were formerly “nerve cells” or “nervous units”
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(Waldeyer 1891). The processes of these neurons were also formalized into dendrites and
axons, the areas of information input and output, respectively (His 1889). In 1897, the neuron
doctrine lead to the conceptualization of the synapse, the site of chemical transmission and
cornerstone of how neurons integrate information (Sherrington 1906; Lépez-Mufioz et al.
2006). It wasn’t until 1955 however, through the advent of electron microscopy, that the
existence of the synapse was definitively confirmed, and the neuron doctrine proved irrefutably
correct (Palade and Palay 1954; De Robertis and Bennett 1955). These fundamental discoveries
are now the basis of modern cellular neuroscience.

Since then, our understanding of neuronal complexity has grown tremendously, and to
draw meaningful conclusions from our work, the categorization of neurons into subtypes is
critical (Armafanzas and Ascoli 2015; Zeng and Sanes 2017). The idea that neurons have
different “types” also originates from Ramdn y Cajal, as his drawings depicted a fraction of the
incredible morphological diversity among neurons (Ramon y Cajal 1888). Today, we know that
neurons have different cellular subtypes to perform vastly different functions (Azeredo da
Silveira and Roska 2011). To define neuronal subtypes, we reference their molecular,
electrophysiological, and morphological identities; i.e. the proteins they express, the electrical
impulses they produce, and their physical structure/appearance (Zeng and Sanes 2017). The
morphological information Ramdn y Cajal used to deduce that neurons come in different types

is still utilized today as a core aspect of neuronal identity.
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The Study of Neuronal Morphology

For over a century,
neuroscientists have sought
to understand the principles
that guide and direct
neuronal morphology, the
shape, structure and
anatomical features of a
neuron (Ramén y Cajal 1923;
Jan and Jan 2003; Lefebvre et
al. 2015). Neurons form
circuits to process different
types of information, such as
motion and color, but can
only form synaptic
connections with circuit

partners whose processes

1.1 Models to Study Neuronal Morphology.

Neurons with stereotyped morphological features that are easy to target and
manipulate have become excellent models to understand the principles that
guide neurodevelopment. The cells shown are: (A) Class | (left) and Class IV
(right) dendritic arborization (da) neurons from D. melanogaster, (B) Posterior
ventral type D (PVD) neuron from C. elegans, (C) Purkinje neuron from M.
musculus, (D) Pyramidal neuron from M. musculus, (E) Tectal neuron from
Xenopus (F) J-retinal ganglion cell from M. musculus, and (G) Starburst amacrine
cell from M. musculus. Figure from Lefebvre 2021 with the following
acknowledgements: Panel B: Adapted from Zou, W., Shen, A., Dong, X.,
Tugizova, M., Xiang, Y. K., & Shen, K. (2016). A multi-protein receptor-ligand
complex underlies combinatorial dendrite guidance choices in C. elegans. eLife,
5, e18345. Panel D: Image courtesy of M. Scofield, Medical University of South
Carolina. Panel E: Image courtesy of K. Haas, University of British Columbia.
Some images are from Lefebvre, J. L., & Marocha, J. (2020). Chapter 12—
Dendrite development: Vertebrates. In Rubenstein, J., Rakic, P., Chen, B., Kwan,
K. Y., Kolodkin, A., & Anton, E. (Eds.), Cellular migration and formation of axons
and dendrites (2nd ed.) (pp. 257-286). Academic Press.

physically overlap. Where neurons localize their dendrites and axons is therefore critical to their

function. Additionally, to adapt to the broad range of information processing needed in the

nervous system, different neuronal subtypes developed type-specific morphological properties.

For example, the JAM-B retinal ganglion cell (J-RGC) within the retina have an asymmetric,

ventrally oriented dendrite which is specific for upwards motion (Kim et al. 2008; Figure 1.1F).
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Given the functional importance of unique morphologies, understanding how they consistently
arise during development is a fundamental question in the field of neurobiology.

The ability of scientists to dissect out the governing principles of neuronal morphology is
wholly dependent on the tools available to visualize them. Technical innovations in microscopy,
genetic targeting of cells, and sparse labeling methods have been critical in understanding what
factors dictate a neuron’s morphology (Fire 1986; Perrimon 1993; Minksy 1988; Gu et al. 1993;
Lee and Luo 1999; Branda and Dymecki 2004). A few neuronal subtypes have emerged as
guintessential models for the study of neuronal morphology due to their stereotyped
morphological features and technical accessibility (Lefebvre 2021; Figure 1.1). Some of the key
regulators of neuronal morphology are: (1) Transcription factors, proteins which bind to and
regulate expression of genes; (2) Cell surface proteins/receptors, proteins which reside on the
cell membrane and respond to extracellular cues; (3) Signaling pathways, proteins that engage
in signaling cascades intracellularly to effect changes in cellular processes; and (4) Cytoskeletal
effectors, proteins that actively shape and remodel the cytoskeleton (Lefebvre et al. 2015;
Lefebvre 2021). Clear examples of how these fundamental mechanisms function to direct
neuronal morphology can be seen in studies from simpler model organisms, notably the
posterior ventral D-type (PVD) neurons from C. elegans (Figure 1.1B) and the dendritic

arborization (da) neurons from D. melanogaster (Figure 1.1A) (Jan and Jan 2010).

PVD Neuron: Fundamental Mechanisms of Morphological Development
In 1982, Horvitz and Sternberg elegantly explained the value of studying simpler model

organisms through three general principles: (1) Simpler organisms will facilitate better
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understanding; (2) Many biological mechanisms will likely be universal and broadly applicable;
and (3) “A detailed understanding of any biological phenomenon is likely to be interesting”
(Horvitz and Sternberg 1982). During this time, the C. elegans field had just achieved the
monumental feat of mapping out the complete post-embryonic lineages of all 959 somatic cells
of the free-living nematode (Sulston and Horvitz 1977; Horvitz and Sternberg 1982; White et al.
1982). Combined with the development of C. elegans transgenics, the field now had a
genetically tractable model organism to study basic biological principles (Fire 1986).

With its entire neuronal cell lineage mapped out, C. elegans has been a potent model
organism to study the mechanisms that guide neurodevelopment. The PVD mechanosensory
neuron in particular has been well-characterized due to its stereotyped morphology (Albeg et
al. 2011). PVD neuron dendrites have a well-defined “candelabra-like” projection pattern, with
their primary and tertiary branches extending laterally, and their secondary and quaternary
branches extending vertically (Tsalik et al. 2003; Oren-Suissa et al. 2010; Figure 1.1B). These
neurons extend their fourth order projections between muscle and hypodermis and are
polymodal nociceptors responsive to harsh mechanical stimuli (Way and Chalfie 1989; Oren-
Suissa et al. 2010; Albeg et al. 2011). Forward genetic screens, a method for determining
relevant genes by causing random mutations then screening for phenotypes, have enabled the
identification several proteins that are required for normal PVD dendrite development
(Sundararajan et al. 2019). The proteins DMA-1 (LRRCT domain-containing protein), SAX-7
(Neuroglian), and MNR-1 (Menorin) were all identified to be extracellular adhesion proteins
necessary for PVD dendrite development (Liu and Shen 2012; Dong et al. 2013). Cell-

autonomous targeting, performing the manipulation specifically in the cell type of interest, of
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PVD neurons and the surrounding muscle and hypodermis enabled scientists to build an
accurate model for how these three proteins interact to form an adhesion complex between
PVD neuron fourth order dendrites and the hypodermis, while requiring secreted LECT-2
(Leukocyte cell-derived chemotaxin-2 homolog) from nearby muscle cells (Dong et al. 2013;
Diaz-Balzac et al. 2016; Zou et al. 2016). Many individual proteins with a broad range of
functions required for normal PVD neuron dendrite development have been identified,
including but not limited to: transcription factors, fusogens, proteases, endonucleases,
GTPases, transporters, motors, and cytoskeletal regulators (Sundararajan et al. 2019).
Additionally, because C. elegans is relatively transparent, time-lapse imaging of the real time
development and dynamics of PVD neuron dendrites have been established (Smith et al. 2010)
This study showed that first order dendrites extend initially, followed sequentially by second,
third, and fourth order projections. PVD neuron dendritic growth is dynamic with several
iterations of extension and retraction. These dynamics have been recapitulated in other
neuronal subtypes as well showing this is likely a conserved biological mechanism (Palavalli et
al. 2021; Shree et al. 2022; Wit and Hiesinger 2023; Ing-Esteves and Lefebvre 2024). In studying
the PVD neuron, scientists have unveiled how several classes of protein, interaction with the
local environment, and iterative extension/retraction events control a neuron’s morphological

fate.

Dendritic Arborization Neurons: Transcriptional Control of Morphology
The da neurons were first identified in 1987 through HRP immunostaining and were

named based on the observation that they “gave rise to elaborate dendritic arborizations.”
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(Bodmer and Jan 1987). Despite this initial characterization, it would not be until 15 years later,
in 2002, that the individual morphologies of the four da neuronal subtypes were visualized
(Grueber et al. 2002). Key innovations in fly genetics and individual cell labeling through the
GAL4-UAS (regulatory protein GAL4-upsteam activating sequence) system and MARCM (mosaic
analysis with a repressible cell marker) allowed scientists to sparsely target and label distinct
populations of cells in the fly (Brand and Perrimon 1993; Lee and Luo 1999). Upon visualization
of the da neurons, it became clear that there were four distinct morphological subtypes of
increasing complexity, with Class | having a small arbor with few dendritic branches and Class IV
being the most densely branched and arborized. This sparked the question: “What mechanisms
make these four related mechanosensory neurons so morphologically distinct?”

Fortunately, scientists uncovered a clue in 1990, when their studies showed that
different da neurons expressed either no, low, medium, or high levels of a putative
transcriptional regulator, Cut (Blochlinger et al. 1990). Uncoincidentally, each class of da neuron
corresponded to a different level of Cut expression (Grueber et al. 2003). When Cut was
selectively deleted from the da neurons, each class showed a reduction in dendritic complexity
except for Class | da neurons, which already had no detectable levels of Cut. Conversely, ectopic
expression of Cut in Class | neurons greatly increased their morphological complexity. This
landmark study revealed how specific expression of a transcription factor can influence
neuronal morphology. In similar studies, a Class | specific transcription factor, Abrupt, was
shown to reduce arbor complexity in a Cut independent manner, while a Class IV specific
transcription factor, Knot, was shown to increase arbor complexity synergistically with Cut

(Sugimura et al. 2004; Li et al. 2004; Jinushi-Nakao et al. 2007). These three transcription
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factors alone were able to explain the relative complexity of the da neurons and clarified the
role of transcription factors in shaping dendritic arborization. RNAi knockdown of several
different transcription factors in the da neurons identified 78 genes responsible for dendritic
patterning and their roles in either increasing or decreasing dendritic arborization (Parrish et al.
2006). Importantly, this study implicated multiple different genetic programs in regulating the
morphology of the da neurons, and the role of transcriptional programs in controlling discrete
aspects of morphology, such as extension or branching, independently. The da neurons
continue to be a tractable model to study and understand the regulation of dendritic
morphology and have provided fundamental insights into the transcriptional control of
neuronal shape (Parrish et al. 2006; Jan and Jan 2010; Kilo et al. 2021). Lessons from the PVD
and da neurons have affirmed Horvitz and Sternberg’s original assertion: simpler model

organisms have provided a deeper

understanding of the mechanisms PR ?i ?H ?i i
underlying neuronal morphology. BC H
AC e e

IPL

AC/RGCN’QO W“NN—?Q $¢ co

Figure 1.2 Schematic of the Retina.

The retina is a highly laminar and organized structure which
Morphological Analysis functions to convert light into signals which can be processed for
vision. Photoreceptors (PR) that transduce light into electrical
signals and synapse with bipolar cells (BC) and horizontal cells
The SAC is an excellent model (HC) in the outer plexiform layer (OPL). These BCs reside in the
inner nuclear layer (INL) alongside amacrine cells (AC) and
synapse with retinal ganglion cells (RGC) in the inner plexiform
layer (IPL). RGCs are the primary output neuron of the retina and
have axons which form the optic nerve and synapse in
retinorecipient areas of the brain. RGCs themselves reside in the
ganglion cell layer (GCL) alongside the displaced ACs. Starburst
amacrine cells (SAC) are one of the many subtypes of amacrine
characterized morphologically, cells which reside in both the INL and GCL.

Starburst Amacrine Cells: A Model for

to study neurodevelopmentin a

mammalian system, as they are well-

functionally, and transcriptionally (Masland 2005; Taylor and Smith 2012; Yan et al. 2020). SACs

20



were named after their stereotyped radially symmetric, planar arbor with a “starburst”
branching pattern (Famiglietti and Siegfried 1980; Famiglietti 1983a; Famiglietti 1983b; Figure
1.1G). This characteristic morphology is evolutionarily conserved and largely identical in cat,
mouse, rat, rabbit, macaque, and humans (Tauchi and Masland 1984; Voigt 1986; Schmidt et al.
1987; Rodieck 1989; Wassle and Boycott 1991). SACs reside in two cell layers within the retina,
the inner nuclear layer (INL) and ganglion cell layer (GCL), and stratify their entirely dendritic
arbors in the inner plexiform layer (IPL) (Famiglietti 1987; Figure 1.2). SACs in the INL are
responsive to the offset of light (OFF SACs) and stratify in sublamina 2 (S2) of the IPL, while
SACs in the GCL are responsive to the onset of light (ON SACs) and stratify in sublamina 4 (S4)
(Famiglietti 1983a). Functionally, SACs have a well-defined role in conferring direction-
selectivity in visual processing (Yoshida et al. 2001; Amthor et al. 2002). SACs accomplish this by
providing GABAergic inhibition to direction-selective ganglion cells (DSGCs) to stimuli in the
null-direction, preventing DSGCs from firing (Fried et al. 2002; Taylor and Smith 2012). SACs
also contribute to DS processing via co-release of acetylcholine (ACh) alongside Gamma-
Aminobutyric Acid (GABA) to help improve DSGC responses under low contrast conditions
(Sethuramanujam et al. 2016). SAC dendritic arbors are highly compartmentalized, receiving
input from bipolar cells and other amacrine cells in the proximal two thirds of their arbor and
providing GABAergic and cholinergic output to DSGCs in the distal third (Briggman et al. 2011).
This structured organization makes a SAC intrinsically responsive to the direction of light as it
passes across its arbor and innately ties the morphology of a SAC to its function (Morrie and

Feller 2018). Crucially, SACs are genetically tractable as they are the only cholinergic neuron in
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the retina and can be specifically targeted using a ChAT®"® (Choline acetyltransferase Cre
recombinase) mouse line (Hayden et al. 1980; Rossi et al. 2011).

Though the rough timeline of SAC morphological development in the mouse is well
characterized, a comprehensive understanding of the molecular signaling driving SAC
development remains elusive (Ford and Feller 2012; Lefebvre 2021). EdU labeling has revealed
that progenitors fated to be SACs undergo their final cell division and become post-mitotic from
E10.5-E12.5 (embryonic day 10.5-12.5) (Voinescu 2009). From there, SACs must first migrate
radially to arrive at the nascent inner neuroblast layer (INBL) and then migrate tangentially to
mosaically arrange their soma and achieve even coverage of the retina (Galli-Resta et al. 1997).
Fezfl expression in ON SACs mediates the differential migration of ON and OFF SACs,
separating the two populations into the GCL and INL, respectively (Peng et al. 2020). By PO SAC
migration is complete, and they have begun to sprout their dendrites (Ray et al. 2018; Ing-
Esteves and Lefebvre 2024). Elegant live-imaging studies have shown that from P2 to P14, SAC
dendrites form an interconnected, spiderweb-like lattice that is dynamic, extending and
retracting their arbors much like the PVD neurons of C. elegans (Ing-Esteves and Lefebvre 2024;
Smith et al. 2010). This seemingly stochastic process is required for SACs to develop their final

“starburst” morphology with little variation between cells.

Mechanisms of SAC Morphological Development
While the molecular mechanisms that regulate SAC morphology are not fully known, a
few studies have shown that transmembrane proteins are critical for individual aspects of this

process (Lefebvre et al. 2012; Sun et al. 2013; Ray et al. 2018; Soto et al. 2019; Prigge et al.
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2023; Figure 1.3). The
Pcdhgs (clustered g-
protocadherins) are
essential for SAC dendritic
self-avoidance and self/non-
self-recognition (Lefebvre et
al. 2012). Loss of all Pcdhg
isoforms causes SAC
dendrites to co-fasciculate,
resulting in uneven
coverage of their dendritic
field and the formation of
autapses (Lefebvre et al.
2012; Kostadinov and Sanes
2015). During development
SACs lacking the Pcdhgs
show changes in their
dynamics, accumulating
stable self-contacting

protrusions compared to

PlexA2” Sema6A

Pedhgreio

Flrt27et Uncbd™"

Megf10-

Megf10-

Figure 1.3 Known Transmembrane Proteins Important for SAC Morphology.
Prior studies of SAC morphology have revealed a handful of transmembrane
proteins that differentially affect the development of SAC morphology and
lamination of the IPL. A. A wildtype SAC with a radially symmetric arbor and
“firework-like” branching pattern. B, C. SACs lacking PlexA2 and Sema6A show
increased self-crossing of their dendritic arbor and disruptions to symmetry. D.
Pcdhg-null SACs lack the ability to recognize self and fasciculate their dendritic
arbors, causing a loss of dendritic coverage and symmetry. E, F. Loss of Amigo2
causes SACs to expand their arbors 1.5 fold while maintaining their relative
branch spacing and structure. G, H. SACs lacking Megf10 appear mostly
normal, but have reduced dendritic field area. I-K. In the absence of either
PlexA2 or Sema6A show crossovers between the dendrites of the INL and GCL
SACs. L, M. Megf10-null SACs display gaps in their S2 and S4 bands, as well as
ectopic projections into S1. N, O. Deletion of either Firt2 or Unc5d (Unc-5
Netrin Receptor D) causes SACs to misproject into S1. Figure is adapted from
data from the following publications: Panels A-C and I-K: Sun et al. 2013; Panel
D: Lefebvre et al 2012; Panels E-F: Soto et al. 2019; Panels G-H and L-M: Ray et
al. 2018; Panels N-O: Prigge et al. 2023.

<

controls due to reduced retraction events (Ing-Esteves and Lefebvre 2024). Adding back a single

isoform is sufficient to rescue mature SAC morphology, but leads to increased avoidance
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between neighboring SACs, emphasizing the necessity of multiple isoforms for heteroneuronal
SAC interactions (Lefebvre et al. 2012).

PlexA2 (Class A plexin receptor 2) and its transmembrane ligand Sema6A (semaphorin
6A) are critical for defining the boundary between INL and GCL SACs (Sun et al. 2013). SACs in
mice lacking PlexA2 or Sema6A show crossovers between their S2 and S4 bands. The phenotype
differs between INL and GCL SACs, with the GCL SACs being much more profoundly impacted in
their total dendrite length, field area, and symmetry. Notably, Sema6A is not required cell-
autonomously in SACs for proper lamination of the IPL, but is required for normal SAC
morphology (James et al. 2024). Differential expression levels of PlexA2 and Sema6A may
explain the divergence between INL and GCL SACs and stands out as a mechanistic distinction in
dendritic assembly between the two populations.

MEGF10 (multiple EGF like domains 10) is a transmembrane protein that acts as both a
receptor and ligand to mediate SAC homotypic contacts which are required for proper
innervation of the IPL (Ray et al. 2018). MEGF10 turns on in SACs once they have finished their
radial migration to the INBL and is necessary for the tangential migration SACs undergo to form
their somal mosaic (Kay et al. 2012). The homotypic contacts that occur during this time also
mediate stratification in the IPL, and, when Megf10 is deleted, SACs have gaps in their S2 and
S4 bands and ectopic projections in S1 (Ray et al. 2018). Interestingly, Megf10 deficient SACs
have reduced dendritic field areas, but otherwise appear morphologically similar to controls.
This suggests a primary role in dendrite stratification for MEGF10 in SAC development (Kay et

al. 2012).
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FLRT2 (fibronectin leucine rich transmembrane protein 2) and UNC5 (uncoordinated-5)
are part of a receptor-ligand system which generates repulsive cues that refine targeting of SAC
dendrites to S2 and S4 of the IPL (Prigge et al. 2023). When Firt2 or Unc5d are deleted from the
retina, SACs show ectopic stratification in S1. FLRT2 is expressed in SACs while UNC5 is
expressed in neighboring amacrine cells that stratify in S1, S3, and S5. These bands of
expression are important for stratification of the IPL and ensure SACs and other neurons in the
retina form a uniform laminar plexus (Prigge et al. 2023).

AMIGO2 (Adhesion molecule with Ig like domains 2) is a cell surface protein that
regulates the size of the SAC dendritic field area (Soto et al. 2019). When Amigo2 is deleted,
SACs have an increased arbor size of approximately 50%, but their branching structure remains
unchanged, simply scaling with the arbor increase. Amigo2 deletion does not change the
connectivity of SACs with its synaptic partners but does enhance the direction-selectivity of
SACs (Soto et al. 2019). While the mechanism is unknown, Amigo2 deletion in SACs delineates
the regulation of arbor size and branching structure.

These studies have provided valuable insights into the regulation of SAC dendritic
architecture by cell surface/transmembrane proteins; however, it remains unclear what
downstream intracellular signaling is occurring. PlexA2 requires its cytoplasmic RasGAP (Ras
GTPase-activating protein) activity to properly coordinate SAC lamination. When only the
RasGAP domain is deleted from PlexA2 the disruption is much weaker compared to PlexA2
knockouts, indicating the importance of other PlexA2 functions (James et al. 2024). Grasping
how proteins involved in intracellular signaling pathways regulate specific aspects of SAC

morphology would allow the field to match effects from transmembrane proteins to their
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downstream signaling partners and build a more mechanistic understanding of SAC

development, similar to the PVD and da neurons.

PTEN Signaling and Morphology

One such protein that seems to underlie neuronal morphology and many other aspects

of cell biology is phosphatase
and tensin homologue (PTEN).
First discovered in 1997 as a
putative tumor suppressor
gene, PTEN has been widely
studied for its role in cancer,
cellular homeostasis, and
regeneration (Li et al. 1997,
Steck et al. 1997; Worby and
Dixon 2014). PTEN’s canonical
function is a lipid phosphatase
in the PI3K-AKT
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Figure 1.4 Schematic of the PI3K Pathway.

PTEN functions as the primary negative regulator of the PI3K pathway by
dephosphorylating PIP3 to PIP2, preventing the generation of phosphorylated
AKT and subsequent mTORC1 activation and GSK3p inhibition. mTORC1
activity can be specifically targeted through manipulations of TSC2. The
downstream consequences of this regulation can be assessed by measuring
levels of pS6 and B-catenin, respectively.

Protein kinase B) Pathway, where it serves as the primary inhibitor by opposing the activity of

PI3K to prevent AKT signaling (Worby and Dixon 2024; Figure 1.4). AKT itself is a kinase that

regulates several downstream signaling pathways, such as mTOR (mammalian target of

rapamycin) and GSK3pB (Glycogen synthase kinase 3-beta) (Manning and Toker 2017). The PI3K-
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AKT pathway is a major signaling cascade that is implicated in several intracellular processes,
including cell survival and apoptosis, cell cycling, proliferation, protein synthesis, cellular
growth, and metabolism (Fruman et al. 2017). PTEN additionally has protein phosphatase
activity and localizes to many specific subcellular compartments, such as the mitochondria, ER,
and growth cone (Kreis et al. 2014; Bononi and Pinton 2015). PTEN is primarily a cytoplasmic
protein with non-canonical roles in epigenetic regulation within the nucleus (Misra et al. 2021;
Gupta et al. 2022).

PTEN regulates a multitude of cellular processes and is implicated in several
neurodevelopmental disorders (Skelton et al. 2020). Cowden, Bannayan-Riley-Ruvalcaba, and
Proteus syndrome are PTEN hamartoma tumor syndromes (PHTS) that have been described in
patients with autism-spectrum disorder caused by heterozygous loss of Pten function (Zori et al.
1998; Goffin et al. 2001; Butler et al. 2005; Spinelli et al. 2015; Rademacher and Eickholt 2019).
Genome-wide association studies and exome sequencing have shown PTEN to be a
predominant autism-risk gene, and significant effort has gone into understanding the molecular
mechanisms that result in the PHTS phenotypes of macrocephaly and learning disability (Grove
et al. 2019; Satterstrom et al. 2020; Rademacher and Eickholt 2019). Mice heterozygous for
PTEN show deficits in the migration of neural stem cells to the olfactory bulb, specification and
development of inner and outer hair cells in the organ of Corti, and specification of dorsal root
ganglion neurons in the spinal cord (Li et al. 2002; Dong et al. 2010; Fernandez et al. 2025). To
further dissect out Pten’s neurodevelopmental functions, Pten has been conditionally deleted
in select neuronal populations, including dentate granule neurons, Purkinje neurons, inner ear

neurons, motor neurons, and retinal neurons (Luikart et al. 2011; Cupolillo et al. 2016; Kim et

27



al. 2013; Reckendorf et al. 2022; Sakagami et al. 2012; Cantrup et al. 2012). These neurons
typically show severe defects in the key developmental processes of proliferation, specification,
migration, and lamination (Skelton et al. 2020). Functionally, neurons lacking Pten show
changes in excitability and synaptic activity (Luikart et al. 2011; Cupolillo et al. 2016). Neurons
also show broad morphological changes in the growth, caliber, and branching of their soma,
axon, and dendrites (Kwon et al. 2001; Kwon et al. 2006; Luikart et al. 2011; Cupolillo et al.
2016; Reckendorf et al. 2022).

PTEN’s effect on morphology has been characterized in several model organisms and
neuronal subtypes (Kwon et al. 2006; Cupolillo et al. 2016; Gallent and Steward 2018; Chen et
al. 2021). Conditional Pten deletion typically results in broad increases of neurite growth and
arborization. This has been relatively well-studied in dentate granule (DG) neurons of the
hippocampus, where loss of Pten causes both axonal and dendritic hypertrophy. Specifically, DG
neuron axon outgrowth is increased while dendrites show ectopic growth alongside increases
in length, branching, caliber, and spine density (Kwon et al. 2006; Santos et al. 2017). These
cells show a high degree of dendritic overlap and perturbed self-avoidance. Neuronal activity
modulates the degree of branching in DG neurons lacking Pten, but not their dendritic length
(Skelton et al. 2020). Mechanistically, dynamic instability of microtubules seems critical for this
phenotype, as reduction of microtubule polymerization with vinblastine reduces dendritic
overgrowth (Getz et al. 2022). PTEN deletion in other neuronal subtypes exhibits a more
specific morphological phenotype (Christiansen et al. 2011; Urwyler et al. 2019). The AlY
(anterior interneuron Y) interneuron of C. elegans requires PTEN to control its neurite length,

but loss of PTEN causes an unusual reduction in length through dysregulated downstream
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FOXO signaling (Christiansen et al. 2011). In the dorsocentral neurons of Drosophila, RNAI
knockdown of Pten causes a localized dramatic increase in branching, while minimally affecting
other regions of the arbor (Urwyler et al. 2019). More studies in stereotyped neuronal subtypes
(Figure 1.1) are needed to reconcile how PTEN regulates neuronal morphology in different

contexts.

The role of PTEN in SAC Development

PTEN has been studied in SAC development, but its cell-autonomous role remains
unclear (Sakagami et al. 2012; Cantrup et al. 2012; Jo et al. 2012; Tachibana et al. 2016). Two
groups have utilized pan-retinal deletion of Pten in retinal progenitor cells to study retinal and
SAC development (Sakagami et al. 2012; Cantrup et al. 2012). These deletions take effect by
E9.5, before SACs are born, and impact every class of retinal neuron (Liu et al. 1994; Liu and
Cvekl 2017). In this context, SACs show many developmental defects; SAC density is decreased,
their mosaic arrangement is impacted, and some SACs migrate into the IPL. SACs fail to form
laminar bands in S2 and S4 of the IPL, instead generating a diffuse wave of dendrite that bleeds
more into S1 and S5 (Sakagami et al. 2012, Cantrup et al. 2012). These phenotypes are not
unique to SACs, as the total number of amacrine cells and broad organization of the IPL are also
disrupted (Tachibana et al. 2016). A follow up study using the same pan-retinal Pten deletion
found SACs had defects in endocytic trafficking of cell surface proteins, including MEGF10, an
important protein for SAC lamination (Touahri et al. 2024; Ray et al. 2018). While not directly
investigated or quantified in any of these studies, SAC morphology is likely affected as well.

However, these findings come from a retina whose development has been profoundly
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disrupted beginning at E9.5. Every neuron in the retina has been perturbed, making it unclear if
the effects on SACs are based on cell-autonomous loss of Pten or from downstream non-cell

autonomous consequences of developing in a Pten-null retina.

Dissertation Overview and Findings

My dissertation aims to answer the question of how PTEN cell-autonomously regulates
the morphological development of SACs. To accomplish this, | combined techniques from
mouse genetics, immunohistochemistry, viral labeling, morphometric analysis, and
multielectrode array (MEA) data analysis. | deleted Pten specifically from SACs within the retina
using a ChAT® line (Backman et al. 2001; Rossi et al. 2011). This deletion of Pten begins at P1,
just as dendritic arborization is beginning and allows for the study of PTEN’s role in regulating
morphology without prior developmental deficits (Ray et al. 2018). | sparsely labeled SACs using
either intravitreal viral injections or a Tigre-MORF genetic reporter and reconstructed these
cells in Imaris (Chapter 2; Veldman et al. 2020). Through these reconstructions, | was able to
obtain morphometric data and discern discrete aspects of morphology that PTEN regulates in
SACs. | evaluated the effects of PTEN deletion at multiple developmental timepoints to build a
timeline of phenotypic development and align it with changes in downstream mTOR signaling.
Finally, | analyzed multielectrode array (MEA) data to determine whether the morphological

changes caused by Pten loss resulted in functional changes to direction-selectivity.
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My work resulted in the following conclusions:

1. ChAT®-mediated Pten deletion causes robust loss of PTEN specifically in SACs within
the retina.

2. Cell-autonomous deletion of Pten via ChAT"® does not impact SAC proliferation,
specification, and migration.

3. PTEN does not cell-autonomously regulate gross SAC lamination of the IPL.

4. PTEN cell-autonomously regulates SAC branch number and organization.

5. ChAT“¢-mediated Pten deletion impacts SAC dendritic development between P14 and
P21.

6. SACs lacking PTEN preferentially upregulate mTOR rather than GSK3 signaling.

7. Pten deletion-mediated upregulation of mTOR signaling in SACs precedes dendritic
changes.

8. Despite morphological changes, SACs lacking PTEN have preserved synaptic
compartmentalization and downstream DSGC (direction-selective ganglion cell) activity
appears normal.

9. PTEN signaling does not appear to be primarily responsible for the phenotypes seen in
previous studies that have investigated SAC morphology.

10. ChAT<"e; Tsc2/f (Tuberin) mice show inconsistent activation of mTOR signaling.
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Chapter 2: Results

PTEN regulates starburst amacrine cell dendrite morphology during development
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Abstract: Neurons are subject to extensive developmental regulation to ensure precise
subtype-specific morphologies that are intimately tied to their function. Starburst amacrine
cells (SACs) in the mammalian retina have a highly stereotyped, radially symmetric dendritic
arbor that is essential for their role in direction-selective circuits in the retina. We show that
PTEN, the primary negative regulator of the PI3K-AKT-mTOR pathway that is highly implicated
in neurodevelopmental disorders, regulates SAC morphology in a cell-autonomous manner.
Pten-deficient SACs show a nearly twofold increase in the number of dendritic branches, while
other morphological properties remain largely unchanged. These morphological changes arise
late in SAC development after dendrite development is largely complete and persist into
adulthood. Mechanistically, excessive dendritic branching appears to arise from dysregulated
mTOR activity. Despite this dramatic increase in dendritic branches, Pten-deficient SACs
maintain a normal population number, organization of synaptic outputs, and intact direction-

selectivity in the retina. Collectively, these results show that PTEN is essential for the normal

development of highly stereotyped neuronal morphology.
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INTRODUCTION

Since the time of Ramdn y Cajal, neuroscientists have appreciated the complexity of the
nervous system and the vast array of neuronal shapes and sizes. This morphological diversity
underlies the computational power of the nervous system, as neurons acquire specific
morphologies that are uniquely adapted to support their function [1]. Specific morphological
features can be used in conjunction with molecular profiles and functional properties to classify
neurons into discrete subtypes [2]. Neuronal morphology is influenced by the interplay
between intrinsic factors and extrinsic cues in the extracellular environment. Cell type-specific
transcription factors control the expression of effectors that in turn regulate the morphological
development of a given neuronal subtype [3]. A neuron's complement of cell surface receptors
allows it to organize its dendritic arbors and identify synaptic partners in response to extrinsic
cues. These cell surface receptors converge on intracellular signaling cascades that modulate
cytoskeletal dynamics, leading to differences in neurite elongation, branch initiation, and
stabilization [4].

Many insights about the development of neuronal morphology come from highly
stereotyped neuronal subtypes in a wide range of model organisms. PVD sensory neurons in C.
elegans have a defined pitchfork-like projection pattern that line the body wall and are
fundamental to mechanosensation and proprioception [5]. Forward genetic screens have
identified transcription factors, cell surface receptors, and intracellular signaling molecules that
are required for the stereotyped PVD neuron projection pattern [6-9]. The dendritic
arborization (da) neurons in Drosophila larvae can be easily distinguished into four

morphologically distinct subtypes based on the degree of dendrite branching [10]. The
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morphological complexity of the four da neuron subtypes is determined by relative levels of
three transcription factors: abrupt, cut, and knot [11-13]. Purkinje neurons in the mammalian
cerebellar cortex have large, planar dendritic arbors with extensive branching patterns that
maintain a high degree of self-avoidance. Multiple molecular pathways govern the
development of these arbors, including repulsive Slit/Robo signaling, protocadherin-mediated
self-avoidance, and actin regulators Daam1 and MTSS [14-16].

Starburst amacrine cells (SACs) in the mammalian retina are an excellent model for
studying the development of neuronal morphology due to their stereotyped radially symmetric
branching pattern, defined circuit function, and the established link between their dendritic
form and neuronal function [17, 18]. SAC somas reside in two neuronal layers in the retina, the
inner nuclear layer (INL) and ganglion cell layer (GCL), and project their dendrites to the inner
plexiform layer (IPL), where they form planar dendritic arbors that stratify in sublamina 2 (S2)
and 4 (S4), respectively (Figure 2.1A). Over the past several years, work from multiple labs has
identified cell surface receptors that direct SAC morphology and stratification in the IPL.
MEGF10 regulates the mosaic spacing of SACs through mediation of homotypic contacts during
development [19-21]. Repulsive signaling mediated by FLRT2/UNC5 regulates SAC dendrite
stratification [22]. Bidirectional PlexinA2/Semaphorin6A signaling is critical for SAC radial
morphology and dendrite stratification [23, 24]. Other studies have identified molecules that
disrupt SAC dendrite morphology without affecting stratification, suggesting that these are
separate processes. g-protocadherins (g-Pcdhs) undergo extensive alternative splicing to
generate hundreds of isoforms, with homophilic matching between isoforms mediating self-

recognition in SAC dendrites. Genetic deletion of all g-Pcdh isoforms causes SAC dendrites to
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fasciculate into bundles, disrupting their radial morphology; expression of a single g-Pcdh
isoform in g-Pcdh deficient SACs is sufficient to restore self-recognition and normal radial
morphology [15]. Loss of the cell surface protein AMIGO?2 results in a 1.5-fold increase in the
size of SAC dendritic arbors, but does not affect their stereotyped branching, symmetry, or
stratification [25]. While these cell surface proteins are critical for regulating SAC morphology,
little is known about the downstream intracellular signaling pathways that govern SAC
morphology.

PTEN (phosphatase and tensin homologue) is a protein and lipid phosphatase that
canonically functions as the primary negative regulator of the PI3K-AKT-mTOR pathway [26].
This pathway functions downstream of several cell surface receptors to regulate neuronal
differentiation, migration, neurite outgrowth, and survival [27]. PTEN has a well-established
role in regulating neurite growth and branching in mammalian neurons in vivo. Deletion of Pten
results in neuronal hypertrophy and increased dendrite branching in cortical pyramidal
neurons, hippocampal dentate granule cells, serotonergic raphe neurons, and cerebellar
Purkinje neurons [28-31]. This can ultimately lead to altered synaptic connectivity and neuronal
hyperexcitability [32, 33].

Whether PTEN plays a role in regulating the highly stereotyped dendritic morphology of
SACs remains an open question. Deletion of Pten from retinal progenitors results in widespread
defects in neuronal differentiation, migration, cellular lamination, mosaic spacing, and dendrite
stratification throughout the retina, precluding any analysis of SAC morphology [34-37]. We
therefore used a ChAT line to delete Pten specifically from post-migratory SACs

(ChAT™;Pten ©) to address its cell-autonomous role in regulating SAC morphology. SACs in
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ChAT"¢;Pten®© mice had a >1.5-fold increase in dendritic branching without affecting the
overall length or field area of their dendritic arbors. We found that these branching phenotypes
arose gradually during the later phase of SAC dendrite development and persist into adulthood.
Analysis of signaling pathways downstream of PI3K-AKT suggests that increased dendrite
branching is likely due to increased mTOR activity. Finally, we show that loss of Pten does not
affect the compartmentalization of synaptic outputs in SACs or the function of the direction-

selective circuit in the retina.

RESULTS
SAC-specific deletion of Pten does not affect cell density, somal lamination, mosaic spacing,
or dendrite stratification

Pan-retinal deletion of Pten from retinal progenitors causes widespread abnormal somal
lamination, mosaic spacing, and dendrite stratification in retinal neurons, including SACs [34,
35]. Subsequent work identified a role for PTEN in regulating the vesicular trafficking of cell
adhesion molecules that are involved in establishing retinal neuron mosaics and dendrite
stratification [37]. However, it is unclear whether these defects reflect a SAC-autonomous
effect or are due to the overall disorganization of the retina. To circumvent this confound, we
used a ChAT " line to selectively drive recombination in SACs, the only cholinergic neurons in
the retina, beginning at postnatal day 1 (P1) [20]. This timing coincides with the end of SAC
laminar migration and the initiation of their dendritic stratification in the nascent IPL.

To better understand which aspects of SAC development require cell-autonomous PTEN

function, we conducted a side-by-side comparison of pan-retinal (Six3¢"¢) and SAC-specific
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(ChAT™) Pten conditional knockouts. Using retinal flat mount preparations from P28
Six3¢e:pten<Het and Six3¢¢;Pten“© mice, we confirmed that while all cells in the GCL were
positive for PTEN in Six3¢;Pten"®t retinas, staining was completely absent in Six3¢;Ptenc<©
retinas (Figure 2.1B-C’). We next analyzed P28 ChAT";Ptencet and ChAT"¢;Pten  retinas
(Figure 2.1D-E’). In contrast to the complete loss of PTEN staining in pan-retinal mutants, the
PTEN staining was selectively lost from ChAT* SAC somas but retained in all other GCL neurons
in ChATC";Pten<© retinas (Figure 2.1D-E’). As an additional confirmation of functional PTEN loss
from SACs, we measured soma size, as neuronal hypertrophy is consistently seen after Pten
deletion. In both Six3°¢;Pten© and ChAT"¢;Pten © retinas SAC soma sizes were significantly
increased compared to their respective controls (Figure 2.1F-1).

We next compared the early developmental processes of differentiation, migration, and
mosaic spacing in Six3¢;Pten© and ChAT"®;PtenC;Ai9 retinas. Since loss of a single Pten allele
can affect neuronal differentiation in certain contexts, we included both wildtype and
heterozygous controls [38-40]. Consistent with previous studies using pan-retinal deletion of
Pten, we found reduced cellular density and mosaic regularity of SACs in Six3°¢;Pten © retinas
compared to controls (Figure 2.2A-E) [34, 35]. In contrast, there was no difference in cellular
density or mosaic spacing of SACs in either the GCL or INL following ChAT "¢-mediated Pten
deletion (Figure 2.2F-J). The lack of differentiation or migration phenotypes in
ChAT";Pten‘®%;Ai9 retinas in which SACs are genetically labeled with tdTomato is likely due to
Pten deletion occurring after these developmental processes are nearly complete and allows us

to examine its cell-intrinsic role during dendrite development without these confounds.
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To examine how deletion of Pten affects SAC dendrite stratification in the IPL, we
stained retinal cross-sections at P28. Similar to previous studies that examined pan-retinal
deletion of Pten, we observed a gross disruption of SAC lamination, with highly disorganized S2
and S4 bands which appeared to bleed into S1 and S5 in Six3¢"¢;Pten°© retinas (Figure 2.2K-
N)[34, 35]. In contrast, we observed two well-defined tdTomato* bands corresponding to S2
and S4 in ChAT"¢;Pten®%;Ai9 retinas (Figure 2.20-R). While these bands appeared slightly less
compact in ChAT®e; Pten®®C;Ai9 retinas compared to littermate controls, there was no statistical
difference between genotypes when quantified. Therefore, PTEN is not required for SAC

dendrite stratification in the IPL.

Loss of Pten causes increased dendritic branching in SACs

SACs have a high degree of dendritic overlap with their neighbors, preventing analysis of
individual cell dendrites at a population level. To perform comprehensive morphometric
analysis of individual SACs, we induced sparse labeling with a Cre-dependent AAV (AAV8-FLEx-
tdTomato-CAAX) injected into the vitreous of the eye at P1-P2. We analyzed ChAT"¢;Pten"’,
ChAT¢:Ptent’®t, and ChAT"¢;Pten“© SACs from both the GCL and INL at P21 when dendrite
morphology is largely mature (Figure 2.3A-C”) [23]. We quantified total dendritic length,
number of branch points, dendritic field area, and dendritic self-crossings (Figure 2.3D-G).
While we did not detect any differences between ChAT®;Pten™ and ChAT"¢;Ptencét SACs,
there were significant changes in ChAT®¢;Ptenck® SACs. There was a small increase in total
dendritic length in GCL SACs but not INL SACs in ChAT"¢;Ptenc© retinas (Figure 2.3D). The total

number of branch points was significantly increased in both INL and GCL SACs in ChAT"¢;Ptenc©
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retinas, nearly doubling in number (Figure 2.3E). Despite the increase in dendrite branching,
ChAT"¢;Pten© SACs show no changes in their dendritic field size (Figure 2.3F). We also found
that ChAT"¢;Pten© SACs have a significant increase in dendritic self-crossings compared to
control SACs (Figure 2.3G). Using a Sholl analysis to measure local changes in dendritic density
we found that ChAT®¢;Pten®® GCL SACs showed relatively localized increases in dendritic
density in the distal 50% of their dendritic arbor (Figure 2.3H), whereas ChAT"®;Pten© INL SACs
showed a generalized increase in dendritic density across their entire arbor (Figure 2.3l). These
results show that while PTEN is not required for establishing arbor size in SACs, it regulates
proper dendrite branching. These local changes in density are significant as SACs are purely
dendritic neurons with spatially segregated synaptic inputs and outputs [41, 42]. Therefore,
local increases in dendritic density could lead to a biased recruitment of specific pre- and post-

synaptic partners.

Alterations in dendrite branching arise late in the development of ChAT"¢;Pten*° SACs and
persist into adulthood
SACs undergo extensive dendritic arborization during the first two postnatal weeks,

increasing their arbor territory and number of terminal branches [43]. To address when
dendritic branching alterations arise in ChAT®"¢;Ptenk® SACs, we selected two developmental
time points, one prior to eye opening (P7) and one after (P14), to assess SAC morphology. To
label P7 SACs, we used a genetic approach, crossing the ChAT®¢;Pten line with a TIGRE-MORF
(Ai166) reporter line, which stochastically expresses EGFP in 1-5% of Cre positive cells [44]. At

P7, SAC dendrites are in a highly dynamic state, constantly extending and retracting branches,
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which is critical for establishing their stereotyped radially symmetric morphology [43]. Since
there were no differences between ChAT®¢;Pten” and ChAT"¢;Ptencét SACs at P21, we opted
to include both genotypes as controls (ChAT"¢;Pten™). We focused our analysis on GCL SACs,
as the imaging resolution of individual cells was better than INL SACs. Reconstruction and
guantification of SACs identified no significant changes in total dendrite length, number of
branch points, dendritic field area, or soma size between ChAT¢;Pten’ and ChAT";Ptenck®
SACs at P7 (Figure S2.1A-F). By P14, SACs have a much sparser dendritic arbor, with a
morphology that nearly recapitulates their mature morphology. Using our sparse viral labeling
approach to quantify morphology at P14, we found that total dendritic length, branch number,
and dendritic field area remain unchanged in ChAT®¢;Ptenk® SACs compared to littermate
controls (Figure S2.1G-K). However, we did detect a significant increase in soma size in
ChAT";Pten®© SACs, suggesting that somal hypertrophy precedes changes in the dendritic
arbor (Figure S2.1L). Taken together, our results indicate that loss of PTEN from SACs drives
excess dendritic branching between P14 and P21.

To assess whether the increased dendritic branching seen at P21 would resolve, persist,
or worsen in adulthood we injected AAV8-FLEx-tdTomato-CAAX at P28 and examined sparsely
labeled ChAT";Pten™ and ChAT¢;Pten© SACs at P60 (Figure 2.4A-B). Similar to SACs at P21,
adult ChATe;Pten© SACs showed a near doubling of dendrite branching across their arbor
despite no change in total dendrite length (Figure 2.4D, E). Sholl analysis at P60 largely
recapitulated the phenotypes at P21 as well, showing increased branch density in the outer
50% of the dendritic arbor (Figure 2.4G). However, we did identify distinctions between P21

and P60; notably, ChAT"¢;Pten‘ SACs had 3-5 proximal dendrites of similar sizes, whereas
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ChAT"¢;Pten®© SACs frequently had a prominent single hypertrophic dendrite (Figure 2.4A’-B’).
We defined any dendrite >1mm in caliber as a "hypertrophic dendrite" and found that these
were present in 13/16 of ChAT®"¢; Pten“® SACs, compared with 1/12 in controls (Figure 2.4C).
ChATC";Ptenk® SACs also had slightly smaller dendritic field areas compared to ChAT"¢;Ptenct"!
SACs (Figure 2.4F). Despite these changes, SACs at P60 showed no changes in cell density,
indicating that cell death was not occurring (Figure S2.2A-C). These results show that the long-

term loss of Pten in SACs results in a persistent alteration in their dendritic arbor morphology.

Loss of Pten in SACs results in increased mTOR signaling over the course of development
PTEN serves as the primary negative regulator of the PI3K-AKT signaling pathway, which
in turn activates mTOR signaling and inhibits GSK3[ signaling (Figure 2.5K) [26]. Both mTOR and
GSK3p alter the growth capacities of neurons and are likely candidates to regulate SAC
branching [45]. We therefore examined how the loss of Pten from SACs affects these pathways
using an antibody to pS6 as a readout of mTOR activity [35] and a genetically-encoded B-
catenin:GFP reporter (TCF/Lef:H2B-GFP) as a proxy for GSK3p signaling (Figure 2.5A-H) [46]. In
the GCL of P28 ChAT"¢;Ptencét retinal flat mounts, pS6 was undetectable in SACs, while it was
present in a subset of RGCs. In contrast, all GCL SACs in P28 ChAT";Ptenk© retinas showed
elevated pSé6 levels, indicating activation of mTOR signaling (Figure 2.51). Quantification of GFP
signal in ChAT®"¢;Ptencet; TCF/Lef:H2B-GFP and ChAT"¢; Pten“;TCF/Lef:H2B-GFP retinas
showed minimal fluorescence in SACs in both genotypes, suggesting that GSK3p signaling is

unaffected by the absence of Pten (Figure 2.5)). Together, these results suggest that the
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morphological changes in ChAT®;Pten© SACs arise at least in part due to increased mTOR
activity (Figure 2.5K-L).

Since SACs did not show any changes in dendritic branching during the most dynamic
time of dendritic growth (P7-P14), we assessed pS6 at these ages in ChAT®¢;PtenC SACs. At P7,
ChAT"¢;Ptencet SACs showed high levels of pS6 immunoreactivity, which was not further
elevated in ChAT®¢;Pten®C SACs (Figure 2.6A-B, G, H). By P14 most SACs in ChAT"¢;Pten"¢t mice
had pS6 levels that were barely above background (Figure 2.6C-C’, G, H), whereas pS6 was
significantly increased in ChAT"¢;Pten© SACs (Figure 2.6D-D’, G, H). Elevated pS6 levels were
maintained in ChAT®;Pten® SACs at P60 (Figure 2.6E-F’, G, H). These results suggest that the
lack of a dendritic branching phenotype in ChAT®"¢;Ptenck® SACs at P7 may be because mTOR is
already elevated at this age and loss of PTEN cannot drive further mTOR activity. In contrast,
from P14 onwards mTOR activity has decreased in ChAT"¢;Pten" ¢t SACs, and deletion of Pten
results in persistently elevated mTOR activity which maintains the branching and arborization
process, leading to an increase in branch number by P21 and dendrite caliber by P60 (Figure

2.61).

SAC synaptic outputs and direction-selective circuit function are unaffected by loss of Pten
SACs have a highly compartmentalized synaptic organization, with presynaptic inputs
from bipolar cells localized to the inner two thirds of their dendritic arbor, and their synaptic
outputs localized to the outer third [47]. To examine whether the loss of Pten affected the
number or compartmentalization of SAC synapses we intravitreally injected AAV1-FLEx-mGFP-

2A-Synaptophysin-mRuby at P2 [48]. SACs transduced with this construct have a membrane-
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bound GFP that labels their dendritic arbor and synaptophysin (Syp) fused to mRuby to label
synaptic outputs [49] (Figure 2.7A-B). Both ChAT";Pten"¢t and ChAT"®;Pten® SACs showed
robust localization of Syp:mRuby to the outer third of their dendritic arbor at P28 (Figure 2.7A’-
B’). We quantified the number, volume, and spatial distribution of Syp:mRuby puncta and saw
no differences between ChAT¢;Pten® SACs and controls (Figure 2.7C-F). Therefore, even
though SAC dendrite branching is dysregulated by P28 in ChAT®¢;Ptenc® SACs, synaptic outputs
appear largely intact.

SACs have a conserved and well-characterized function of providing GABAergic
inhibition and cholinergic excitation onto direction-selective ganglion cells (DSGCs) to tune
direction selectivity [50, 51]. Genetic deletion of either Sema6A or g-Pcdhs dramatically alters
SAC morphology and degrades the direction selectivity of postsynaptic DSGCs [23, 52].
Therefore, we used multielectrode array (MEA) recordings to assess whether SAC-specific
deletion of Pten influences downstream DSGCs. We isolated recordings from individual cells
and computed their direction-selective index (DSI) in response to bars of light moving in 30-
degree increments (Fig 7G-H). A von Mises goodness of fit test was performed to determine if a
cell matched established DSGC response properties [53]. Cells with a DSI greater than 0.37 and
a von Mises fit greater than 0.5 were classified as DSGCs. There was no significant difference in
the distribution of DSIs of all RGCs between ChAT¢;Ptencet and ChAT";Ptenk retinas (Figure
2.71). The average DSI, von-Mises fit, average number of spikes per epoch, average spikes in
preferred direction, and tuning width in cells classified as DSGCs were unaffected in

ChAT"¢;Pten‘k© retinas compared to controls (Fig 7J-N). Taken together, these data show that
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while Pten-deficient SACs have significant morphological changes at P60, the function of the

direction-selective circuit is unaffected.

DISCUSSION

The process by which neurons develop stereotyped morphologies necessary to perform
subtype-specific computations must be highly regulated to ensure consistency across each cell
population. Here, we show that PTEN is required for SACs to adopt their precise branching
patterns. By deleting Pten selectively from post-migratory SACs beginning at early postnatal
ages, we were able to isolate PTEN's cell-autonomous function and uncover its role in
regulating dendrite branching at later stages of development. Mechanistically, this appears to
result from elevated mTOR signaling, which normally decreases as SAC development
progresses, but remains elevated in Pten-deficient SACs. Finally, we show despite altering the
branching patterns of SAC dendrites, the loss of PTEN does not appear to disrupt the precise

organization of synaptic outputs or the function of downstream retinal circuitry.

Refining the cell-autonomous function of PTEN in SAC development

The environment in which cells develop plays a critical role in regulating their mature
morphological features. Manipulating the pathways involved in regulating neuronal
morphological development in intact preparations that maintain the extracellular environment
can present challenges, as genetic deletions can lead to widespread anatomical changes that
could affect neuronal morphology non-cell-autonomously. For example, pan-retinal Pten

deletion broadly affects retinal progenitor proliferation, differentiation of multiple neuronal
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classes, somal lamination, and dendrite stratification of inner retinal neurons [34-36]. The SAC
somal organization and dendrite stratification phenotypes in these Pten-deficient retinas
resemble defects seen in mice lacking specific transmembrane adhesion proteins important for
various aspects of SAC development, suggesting that PTEN could regulate the function of these
proteins. Furthermore, deletion of Pten from retinal progenitors results in abnormal endocytic
trafficking of cell surface proteins and signaling molecules important for SAC migration, mosaic
spacing, and dendrite development [37]. However, it is equally possible that some of the SAC
developmental phenotypes seen following pan-retinal Pten mutants are indirect and due to the
profoundly disrupted extracellular environment surrounding them.

To address this issue, we compared the effects of pan-retinal (Six3¢"¢;Pten*°) and SAC-
specific (ChAT"¢;Pten°k©) deletion of Pten side-by-side to disentangle its non-cell and cell-
autonomous roles in SAC development. Like prior studies, we observed profound disruptions in
SAC somal lamination and dendrite stratification after pan-retinal deletion of Pten. In contrast,
when this deletion was restricted to post-migratory SACs, we observed normal mosaic spacing
and dendrite stratification in the IPL, suggesting PTEN is not required for these processes. This
could be due to the timing of Pten deletion; pan-retinal deletion of Pten occurs in retinal
progenitors between E8.5 and E9.5, whereas recombination in ChAT"¢;Pten°k® mice begins at
P1 as these cells are tangentially migrating to space their somas and beginning to stratify their
dendrites in the nascent IPL [20, 54-56]. However, mice in which Megf10 or PlexA2 are deleted
using ChAT®" still show defects in SAC mosaic arrangement and dendrite stratification,
respectively [20, 23]. Therefore, the most likely explanation for our results is that PTEN is not

essential for the function of the molecular pathways that regulate SAC somal positioning or
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dendrite stratification, while it is required for proper SAC dendrite branching. We also
attempted to selectively delete Pten earlier from migrating SACs using Megf10" to examine
SACs migration and mosaic spacing; however, these mice die immediately after birth,
precluding these analyses.
PTEN’s function in regulating neuronal morphology

PTEN has been highly studied in the nervous system due to its identification as an
autism risk gene [57]. In cultured mammalian hippocampal neurons, knockdown of Pten
increases dendrite branching through the PI3K-AKT-mTOR pathway [58]. In vivo deletion of Pten
also causes generalized increases in dendritic growth and branching in hippocampal dentate
granule cells, cortical neurons, and raphe serotonergic neurons [28, 29, 31, 33, 59, 60].
However, in Drosophila dorsocentral neurons, RNAi knockdown of Pten primarily caused
localized branching as opposed to widespread neuronal hypertrophy, suggesting that PTEN’s
role in regulating dendrite branching can differ depending on the neuronal subtype [61].
Similarly, we found while that Pten-deficient SACs displayed somal hypertrophy and nearly
double the number of dendrite branches, they maintained their overall dendritic arbor size. It is
unclear why deletion of Pten from SACs does not result in increased dendritic arbor size like it
does in many other neuronal subtypes. Arbor size is tightly regulated in SACs, allowing them to
create an even coverage factor of 30x across the retina. However, SACs do have the capacity to
grow larger dendritic arbors, as constitutive deletion of the transmembrane protein Amigo2
causes SAC dendrite length and overall dendritic arbor size to scale 50% larger, while branching
is unaffected [25]. Based on the normal overall dendritic arbor size in Pten-deficient SACs, we

conclude that PTEN is not required for the regulation of dendritic length by AMIGO2. Instead,
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these findings reinforce that the molecular mechanisms that modulate SAC dendritic field size
and the branching of their dendritic arbor are discrete processes. Pten deletion from SACs also
did not significantly affect dendrite lamination in the IPL, suggesting it is not essential for the
transmembrane proteins shown to regulate this process [22, 23].

Both g-Pcdhs and Sema6A/PlexinA2 are required cell-autonomously within SACs to
regulate dendrite self-avoidance [15, 23, 24, 43]. g-Pcdh mutant SACs have a normal number of
terminal branches and overall arbor size, while Sema6A/PlexinA2 mutant SACs show reduced
branching and arbor size. The dendrite morphology phenotypes that arise from mutations in
these genes are much more severe that what we observed following deletion of Pten.
Therefore, while it is possible that PTEN can function in the same molecular pathway as g-Pcdhs
and Semab6A/PlexinA2, there are clearly additional signaling pathways required. For PlexinA2,
Racl GTPases are likely candidates, as SACs in mice with a point mutation that abolishes

PlexinA2 RasGAP activity show significant dendritic self-avoidance phenotypes [24].

Dysregulation of the PI3K-AKT-mTOR pathway following Pten deletion in SACs

Deletion of Pten from SACs is likely to have multiple effects, including dysregulation of
the PI3K-AKT-mTOR pathway [26]. mTOR activation is a potent enhancer of neuronal growth,
and deletion of its upstream inhibitor Tsc1 causes dendritic hypertrophy that largely
recapitulates Pten deficiency in cortical and olfactory bulb neurons [45, 62]. Conversely,
inhibition of MTOR via rapamycin is sufficient to rescue overgrowth phenotypes from Pten loss
in dentate granule neurons [63]. Our results showing elevated pS6 levels following the deletion

of Pten suggests that elevated mTOR activity increases dendritic branching in SACs. GSK3p,
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another effector downstream of the PI3K-AKT pathway, can also regulate neurite outgrowth by
modulating microtubule stabilization and polymerization [64, 65]. Our results using a genetic
reporter of b-catenin activity as readout of GSK3p function detected no differences between
control and Pten-deficient SACs, suggesting that this pathway may not play a major role in
regulating dendrite branching in SACs.

How does the loss of Pten in SACs result in increased dendritic branching? Elegant live
imaging studies show that most of the SAC dendritic growth occurs between P4-P14 [43].
During the early portion of this phase, dendrites contain many exuberant self-contacting
interstitial protrusions that are highly dynamic and largely prune away by P14. While we did not
conduct live imaging in our studies, the timing of increased pS6 and increased branching
provides some clues as to PTEN's function. At P7 when SACs are undergoing extensive dendritic
growth, high levels of pS6 were seen in control SACs. Deletion of Pten had no effect on pS6,
somal hypertrophy, or dendrite branching at P7, suggesting that mTOR activity may already be
near maximal levels at this age. By P14, we saw decreased levels of pS6 in control SACs,
suggesting that mTOR activity normally declines coincident with when dendritic arbor growth
and branching begins to slow. In contrast, Pten-deficient SACs show elevated pS6 and somal
hypertrophy at this age, yet dendrite branching is unaffected. It is not until P21 and later that
Pten-deficient SACs show increased dendrite branching. This suggests that loss of PTEN does
not generally affect the major phase of developmental dendrite growth in SACs, but prolongs it
beyond its normal plateau, resulting in excessive branching. The presence of excessive dendrite

branches at P60 suggests that these branches are not unstable dynamic projections like those
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seen in developing SACs but rather are persistent branches. Whether these aberrant branches
are functionally integrated into retinal circuitry is unclear.

At P60, SACs in ChAT®;Pten © retinas began to show a decrease in dendritic arbor size,
suggesting that prolonged deletion of Pten could have adverse effects in neurons. In Purkinje
neurons, loss of Pten results in the eventual apoptotic death of these neurons beginning around
6 months of age [30]. We did not observe any loss of SACs in ChAT"¢;Pten © retinas at P60, and
did not examine later ages as these mice eventually develop facial tumors [66]. However, it is
important to consider the long-term consequences of Pten deletion in neurons, as it is widely
studied for its ability to facilitate axon regeneration after injury [67-70]. While these studies
rarely report the effect of Pten deletion on the dendrites of these cells, a recent report shows
that RGC dendrites rapidly retract in response to axonal injury, and co-deletion of Pten and
SOCS3 exacerbates this effect, although it is unclear whether these dendritic arbors eventually
recover in size [71]. Our results suggest that the long-term deletion of Pten in neurons can

cause deleterious changes in dendritic architecture.

Functional Consequences of Pten Loss in SACs

At a circuit function level, SACs are crucial for the directional tuning of downstream
DSGCs, as eliminating or pharmacologically silencing SACs results in a loss of direction
selectivity [72-74]. SACs themselves display intrinsic direction selectivity, responding
preferentially to centrifugal motion moving from the soma to the dendritic tips [75, 76].
Mutations that cause disruptions of the radial morphology of SAC dendritic arbors result in

defective direction selectivity [23, 52, 77]. Loss of Pten in other neurons can dramatically affect
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their circuit function; hippocampal dentate granule neurons and serotonergic raphe neurons
lacking Pten are hyperactive due to changes in their intrinsic excitability and have an increased
number of excitatory inputs, whereas Pten-deficient Purkinje neurons show reduced excitability
[28, 30, 32, 33, 78]. It is therefore somewhat surprising that despite the abnormal dendritic
branching in SACs, direction selectively appeared intact in ChAT®"¢;Ptenc © retinas. We did not
examine the intrinsic physiological properties of Pten-deficient SACs directly, so it is possible
that there are cell-autonomous functional differences that are not sufficient to affect the
downstream DSGCs. We also observed no changes in the localization, density, or size of SAC
synaptic outputs in ChAT"¢;Pten‘k© retinas. While the molecular mechanisms that underlie the
spatial segregation of synaptic inputs and outputs in SACs remain unknown, Pten signaling is
apparently not required.

Altogether, our study refines the role of PTEN in regulating the morphology of SACs,
showing that it is critical for establishing the highly stereotyped dendritic branching pattern in
these neurons. Further studies will be needed to identify additional intracellular signaling
pathways that function downstream of cell surface receptors to regulate cytoskeletal dynamics

in developing SACs.
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Figure 2.1. Validation of SAC specific Pten deletion

A. Schematic showing different retinal preparations for visualizing SACs. Retinal cross-sections
(left panel) are used to analyze cellular lamination and dendrite stratification. Retinal flat mounts
imaged in an En Face preparation are used for population measurements (middle panel) and
single cell morphology (right panel). B-E’. P28 retinal flat mounts immunostained with ChAT
(magenta) to label SAC somas and PTEN (green) shows that PTEN is present in all cells in the GCL.
In Six3¢¢;Ptenk© retinas, PTEN is eliminated from all GCL cells (C, C'), whereas in ChAT*"¢;Pten<<©
retinas, PTEN is selectively lost only from SACs (white arrows) (E, E'). F-l. Quantification of SAC
soma sizes at P28 reveals somal hypertrophy, a common phenotype seen after Pten deletion, in
both Six3°¢;Pten® and ChAT"¢;Pten*® GCL and INL SACs (p = 0.0433 (F), 0.0017 (G), 0.0124 (H),

0.0307 (l)). Data reported as mean * SEM. Scale bars = 25 um.
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Figure 2.2. Selective deletion of Pten from SACs does not affect their cell density, mosaic
spacing, or dendrite lamination

A-C. Images of P28 Six3¢;PtenV’, Six3¢;Pten<t¢t and Six3"¢;Pten © retina flat mounts with GCL
SACs labeled by ChAT immunostaining. D, E. Quantification of cell density (GCL: WT: n=3, 1.71
0.097; cHet: n =5, 1.83 +0.12; n = 6, cKO: 1.27 #0.11; INL: WT: n = 3, 2.14 + 0.053; cHet: n = 6,
2.23 +0.085; cKO: n =6, 1.19 # 0.068) and mosaic spacing (GCL: WT: n =3, 1382 + 90.79; cHet: n
=6, 1428 + 103.5; n = 6, cKO: 598.6 + 58.35; INL: WT: n = 3, 1633 + 94.77; cHet: n = 7, 1530 +
48.96; cKO: n = 6, 1019 # 71.13) of GCL and INL SACs shows decreased cell density and mosaic
regularity in Six3¢;Pten © retinas following pan-retinal deletion of Pten (p < 0.0001 for GCL and
INL (D), p = 0.01 for GCL and p < 0.0001 for INL (E)). F-H. Images of P28 ChAT"¢;Pten"";Ai9,
ChAT¢;Pten®;Aj9 and ChAT®;Pten;Ai9 retina flat mounts with GCL SACs labeled by
tdTomato. I, J. Quantification shows normal cell density (GCL: WT: n =3, 1415 + 47.91; cHet: n =
4,1349 +107.4;, n =4, cKO: 1442 + 69.42; INL: WT: n = 3, 1553 + 23.73; cHet: n =4, 1542 + 117.8;
cKO: n =4, 1686 + 59.67) and mosaic spacing (GCL: WT: n = 3, 1.73 + 0.059; cHet: n = 4, 1.65 *
0.048; n =4, cKO: 1.76 + 0.011; INL: WT: n =3, 2.15 + 0.13; cHet: n =4, 2.16 + 0.13; cKO: n = 4,
2.14 + 0.13) of SACs in ChAT"¢;PtenckC;Ai9 retinas following selective deletion of Pten from SACs
(p = 0.7195 for GCL and 0.4336 INL (1), p = 0.1871 for GCL and 0.9901 for INL (J)). K-M. P28
Six3°e;Pten’, Six3¢¢;PtenMet and Six3“¢;Pten®® retina cross-sections labeled by ChAT
immunostaining show abnormal SAC somal lamination and disorganized dendrites in Six3¢;
Pten< © retinas. N. Quantification of SAC dendrite stratification using IPLaminator shows aberrant
dendrite stratification in Six3¢;Pten®®® compared to controls (p = 0.0004). 0-Q. P28

ChAT¢;PtenVT:Ai9, ChAT"¢;Ptenrét;Ai9 and ChAT¢;Pten“C;Ai9 retina cross-sections with SAC
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somas and dendrites labeled via tdTomato. SAC somal lamination and dendrite organization are
grossly normal, with two distinct bands in S2 and S4 in the IPL. R. Quantification of SAC dendrite
stratification shows no significant changes in ChAT"¢;Ptenk°;Ai9 SACs relative to controls (p =

0.4638). Data reported as mean + SEM. Scalebars = 25 um.
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Figure 2.3. Pten-deficient SACs have abnormal dendritic branching patterns

A-C. SACs from P21 ChAT¢;PtenVT, ChAT¢;Pten’®t, and ChAT®;Pten© retina flat mounts
sparsely labeled with AAVS8-FLEx-tdTomato-CAAX. Images show single SACs located in the INL. A’-
C’. Imaris reconstructions of SACs in A-C. A”-C”. Zoomed-in view of the dendritic arbor
reconstruction near the soma. D-G. Quantification of total dendrite length (GCL: WT: n =8, 4106
+264.9; cHet: n =6, 4280 + 162.8; n = 8, cKO: 4953 + 214.4; INL: WT: n = 8, 5243 + 242.2; cHet: n
=8,5219 + 161.4; cKO: n = 8, 5890 + 252.3) (GCL p = 0.033; INL p = 0.076), number of branch
points (GCL: WT: n =8, 115.4 + 5.937; cHet: n =6, 126.7 + 17.52; n = 8, cKO: 197.1 + 11.16; INL:
WT:n =8, 110.0 £ 6.716; cHet: n =8, 118.9 + 5.962; cKO: n =8, 187.1 + 11.32) (GCL and INL p <
0.0001), dendritic field area (GCL: WT: n = 8, 40012 + 4399; cHet: n = 7, 40382 + 3074, n = 17,
cKO: 37723 +1944; INL: WT: n =11, 51104 + 3668; cHet: n = 14, 47263 + 2269; cKO: n = 9, 42333
+2714) (GCL p = 0.756; INL p = 0.152), and dendritic branch self-crossings (GCL: WT: n =8, 13.13
+2.601; cHet: n =7, 11.86 + 1.164;, n = 17, cKO: 22.62 + 1.979; INL: WT: n = 11, 16.91 + 1.781;
CHet: n = 14, 21.75 + 1.770; cKO: n = 9, 37.33 + 1.900) (GCL p = 0.756; INL p = 0.152) (GCLp =
0.0015; INL p < 0.0001). A significant increase in the number of branch points and self-crossings
is present in both GCL and INL SACs in ChAT‘"¢;Pten*© retinas. Red dots indicate data from
representative images. H, I. Sholl analysis reveals differences in local density that differ between
GCL and INL SACs in ChAT"¢;Pten“®© retinas (GCL p = 0.0312; INL p = 0.0011). GCL cKO SACs show
increased density near their terminal arbors, while INL cKO SACs show increased density
throughout their arbor. Data reported as mean + SEM and contain cells from at least 3 animals.

Scalebars in A-C and A’-C' = 25 um. Scalebar in A"-C" = 3 um.
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Figure 2.4. Pten-deficient SACs continue to show dendritic abnormalities at P60

A-B. P60 ChATC;Pten“ and ChAT";Pten’® SACs sparsely labeled by injection of AAVS-FLEXx-
tdTomato-CAAX. Images show single SACs located in the GCL. A’-B’. Enlargement from A-B
highlighting that in ChAT"¢;Pten“® SACs one of the dendrites frequently becomes hypertrophic.
A”’-B”. Imaris reconstructions of SACs in A-B. C. Quantification of the number of SACs containing
a hypertrophic dendrite greater than 1um in caliber (8.33% in Pten®™ and 81.25% in Pten® SACs;
p = 0.0003 by Fisher’s exact test). D-F. Quantification shows that P60 cKO SACs have normal total
dendritic length (Ctrl: n = 8, 4535 + 353.8;, cKO: n = 9, 4968 + 277.5) (p = 0.345), an increased
number of branch points (Ctrl: n =8, 110.3 + 8.612; cKO: n =9, 210.8 + 10.21) (p < 0.0001), and
reduced dendritic field area (Ctrl: n = 9, 48556 + 4680; cKO: n = 18, 37693 + 1690) (p = 0.013).
Red dots indicate data from representative images. G. Sholl analysis reveals increases in local
dendrite branch density similar to the phenotype observed at P21. (p = 0.0043). Data reported
as mean + SEM and contain cells from at least 3 animals. Scalebars for Aand A” = 25 um. Scalebars

for A’ =2 um.
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Figure 2.5. Deletion of Pten from SACs upregulates mTOR but not GSK3 signaling

A-H. Flat mount preparations of P28 ChAT¢;Ptenet;Ai9;Tcf/Lef:H2B-GFP  and
ChAT";Pten‘kO;Ai9; Tcf/Lef:H2B-GFP retinas immunostained for tdTomato (magenta, B, F), pS6
(teal, C-G), and B-catenin reporter Tcf/Lef:H2B-GFP (green, D-H). White arrowheads highlight SAC
cell bodies in the GCL in both Pten controls (A-D) and cKOs (E-H). Red arrowhead indicates a SAC
with elevated levels of B-catenin reporter signal. Asterisks indicate retinal ganglion cells in both
the control and cKO retinas that show elevated levels of pSé. |, J. Quantification of pS6 and -
catenin fluorescence intensity show a significant increase in pS6 levels (cHet: n = 3, 0.9636 *
0.06534; cKO: n =4, 2.892 + 0.2812) (p = 0.009) but no change in B-catenin levels (cHet: n = 3,
1.024 + 0.1907; cKO: n =4, 0.7556 + 0.03099) (p = 0.312) in cKO SACs. K, L. Schematic showing a
simplified view of the PI3K-AKT pathway. In the absence of Pten in SACs, AKT appears to increase
MTOR activity as measured by pS6 levels, while GSK3p signaling as measured by B-catenin activity

remains unchanged. Data reported as mean + SEM. Scalebars = 25 um.
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Figure 2.6. Increased pS6 precedes dendrite branching phenotypes in developing SACs

A-F. Retinal flat mounts of ChAT¢;Pten<t’et and ChAT¢;Pten“® SACs immunostained for ChAT
(magenta) and pS6 (green) at P7 (A-B), P14 (C-D), and P60 (E-F). White arrowheads indicate SAC
somas. A’-B’. Closeups of indicated P7 SAC somas show high levels of pS6 in both ChAT"®;Ptencet
and ChAT®¢;Pten< © retinas. C’-D’. At P14, pS6 levels are diminished in ChAT"®;Pten"¢t SACs but
elevated in ChAT¢;Pten© SACs. E’-F’. Closeups of SAC somas show that pS6 remains elevated in
ChAT®¢;Pten© SACs relative to controls at P60. G-H. Quantification at P7, P14, P28, and P60
shows that pS6 levels are initially high in SACs at P7 (cHet: n =3, 2.168 + 0.4260; cKO: n =3, 2.971
+0.3848) (p = 0.2346) and decrease at later time points in control SACs, while pS6 levels remain
significantly elevated in ChAT¢;Ptenk® SACs relative to controls at P14 (cHet: n = 3, 1.206 #
0.04906; cKO: n = 3, 4.325 + 0.3233) (p = 0.0007), P28 (cHet: n =5, 0.8165 + 0.04913; cKO: n = 8,
2.351 +0.2493) (p = 0.0006), and P60 (cHet: n =7, 1.078 £ 0.07916; cKO: n = 4, 1.839 + 0.05409)
(p < 0.0001). I. Summary of cellular phenotypes in ChAT¢;Pten*® SACs over the course of
development and maturation. Increases in soma size and pS6 levels become apparent by P14,
increased dendritic branching by P21, and localized increases in dendrite caliber are seen at P60.

Scalebars =25 umin A, C, and E. Scalebars =5 um in A’, C’, and E’.

63



P28 AAV1-FLEx-mGFP-2A-Synaptophysin-mRuby

-8
k-e] «
I X
o o
-
38 e
0 B " ....&& .S
| 4 \ml o
L 7| 3 2 s
=) Y S
s .. | su |m m ﬁ1. . %-u. L &
& o, : =18
m QV _I m 3 r T T T
Do e 2 e g «3 g 8 § 8 °
. . - k= =)
* E %, X[ 8 m m = % soyidg BAY xewy
T T T T T VOO J = 2 =z
wirl) awn|op ejoungd dAg ‘Ba [ 2
N ) awnjop d dAs ‘Bay I3 T T T | £ . ......uﬂaw:-m
w - S su s <
(%) Aouanbaig < m 2 ﬁ v s
s 3 . g b2
. .-W_L..o lOnv n%oo Lo m oo 3
"] OV 7] * &\ov | N k] W M N W % )
= . % . 2 c 2 8 § 8 8 ¢
oo .TT . o \z\v LI ) V.m... r \wv (=] yood3 sad sayidg wnp bay
) o
2 2 o
— T T T T 3
! ! : 0.0 o o o o o o © I 1 T T =) M
M W W o =] © © < « W w m =] o
o S n N -
- - (wnrl) ewog wouy asueysiq ‘BAy (%) Aouanbaiy
o ejound dAg .o 2 o
w — K o X
B LY ) (%]
] : : : e 8 8 < 2
: e Ty coafre
3 2 I T T T 1
© ©o < o~ =]
- (sueipey) yipim Butung
¢ M Mm -
H B
8%
o
4 X
8 H 2
H
€
o
o
= S @ @ ~ © u
s - = o o oS o
8 ] Y zd 314 S8SIN-UOA
3
T s
< H 3
()
-~
Q 23 . ~..ﬁw“vm 2
S . S o $ d ]
S gy )
H 2 -
B B .. s
S o . . %o €
< . S
O 8 | e e e e e s e e |
£ C} ) o
- o o

(1SQ) xapu| 2ARd9jag UORDBIIQ

-

dAsid49 dAs

64



Figure 2.7: Loss of Pten does not affect SAC synaptic outputs nor alter retinal responses to
directional stimuli

A-B. P28 ChAT‘e;Pten“™ and ChAT¢;Pten®® retinas injected with AAVI-FLEx-mGFP-2A-
Synaptophysin-mRuby to label SAC dendrites with membrane-bound GFP and synaptic release
sites with Synaptophysin (Syp) fused to mRuby. A’-B’. Syp:mRuby shows highly
compartmentalized localization to the outer third of SAC dendritic arbors in both ChAT"®;Ptencet
and ChAT® Pten“© SACs. C-D. Quantification of the number (cHet: n = 9, 696.3 + 60.60; cKO: n =
9, 846.8 + 77.48) (p = 0.146) and volume (cHet: n =9, 2.362 + 0.2537; cKO: n = 8, 2.716 *+ 0.2415)
(p = 0.332) of Syp:mRuby puncta show no significant differences between ChAT®;Ptent’¢t and
ChAT"® Pten© SACs. E-F. Quantification of the distribution of Syp:mRuby puncta reveals no
significant changes in the average distance from the soma number (cHet: n = 9, 75.46 + 2.994;
cKO: n =9, 74.66 + 2.452) (p = 0.838) or the distribution along SAC dendrites (p > 0.999) in
ChAT"¢;Ptencet and ChAT"® Pten“C SACs. Data reported as mean + SEM and contain cells from
at least 3 animals. Scalebars = 25 um. G, H. Example polar plots of directional responses from
individual RGCs following MEA recording of ChAT"¢;Ptencet and ChAT"¢ Pten“© retinas. Direction
selective (DS) cells were identified based on their direction selective index (DSI) and their
goodness of fit for the von Mises distribution. The black trace indicates the cells responses to
light stimuli in different directions, while the blue circle represents the von Mises fit. (G) shows
an example of a direction selective response, while (H) shows a direction insensitive response. I.
Distribution of the DSI of all detected cells from MEA recordings shows that most cells fall below
the DSI threshold for a DS cell (0.37), but a small population are direction selective (p = 0.9999).

J-N. Quantification of DSI (p = 0.632), von Mises fit (p =0.5179), tuning width (p = 0.6965), average
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number of spikes per epoch (p = 0.8411), and average spikes (p = 0.3397) in preferred direction
from DS cells; no significant differences in the response properties of DS cells were detected

between ChAT¢;Ptent’®t and ChAT"® Pten © retinas.
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Supplementary Figure S2.1. Pten deletion from SACs does not affect their morphology at early
developmental timepoints

A-B. P7 SACs from ChAT";Ptencet;Ai166 and ChAT"¢;Pten 0;Ai166 retinas were sparsely labeled
using a genetically encoded Morf-Tigre reporter. Images show single SACs located in the GCL. A’-
B’. Imaris reconstructions of P7 SACs from A-B. C-E. Quantification of total dendrite length (Ctrl:
n =6, 3620 + 293.6; cKO: n = 6, 3623 + 279.7) (p = 0.778), number of branch points (Ctrl: n = 6,
445.2 + 49.84; cKO: n = 6, 443.5 + 39.23) (p = 0.889), and dendritic field area (Ctrl: n =17, 13672
+ 900.3; cKO: n = 24, 13297 * 956.0) (p = 0.784) from individual SACs showed no significant
differences between control and cKO SACs at P7. F. Quantification of average soma size (Ctrl: n =
6, 64.39 +4.710; cKO: n = 6, 68.73 + 3.920) (p = 0.495) by animal showed no changes between
control and cKO SACs. G-H. P14 ChAT"e;Ptenc¢t and ChAT"®;Ptenk® SACs were sparsely labeled
by injection of AAVS8-FLEx-tdTomato-CAAX. Images show single SACs located in the GCL. G’-H’.
Imaris reconstructions of P14 SACs from G-H. I-K. Quantification of total dendritic length (Ctrl: n
=6, 3989 + 205.5; cKO: n = 10, 4873 *+ 326.4) (p = 0.072), number of branch points (Ctrl: n = 6,
164.7 + 18.86; cKO: n = 10, 207.8 + 17.82) (p = 0.137), dendritic field area (Ctrl: n = 7, 33546 *
2898; cKO: n = 12, 36816 + 2052) (p = 0.361) from individual SACs showed no significant
differences between control and cKO SACs. L. Quantification of average soma size revealed
significant increases in cKO SACs at P14 (Ctrl: n = 3, 63.32 + 0.6511; cKO: n = 3, 78.88 + 1.092) (p
=0.0003). Red dots indicate data from representative images. Data reported as mean + SEM and

contain cells from at least 3 animals. Scalebars = 25 um.
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Supplementary Figure S2.2. ChAT¢ mediated Pten deletion from SACs does not cause
changes in cell density at P60

A, B. Representative images of P60 SACs from the GCL labeled with ChAT antibody. C.
Quantification of cell density reveals no changes in cell density between ChAT"¢;Pten¢t and
ChAT®¢;Pten®© SACs at P60 in both the GCL number (cHet: n =8, 1263 + 42.23; cKO: n =5, 1156
+71.58) (p = 0.1931) and INL (cHet: n = 8, 1406 + 59.30; cKO: n = 5, 1456 + 76.89) (p = 0.6171).

Data reported as mean + SEM. Scalebars = 25 pum.
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STARXMETHODS

Resource Availability

Lead contact
Further information and requests for resources and reagents should be directed to and will be

fulfilled by the Lead Contact, Dr. Kevin Wright (wrighke@ohsu.edu)

Materials Availability

Transgenic mouse lines used in this study are available upon request or in a central repository
(Jackson Laboratory). All antibodies and reagents are commercially available.

Data availability

Data available upon request to lead contact.

Experimental Models and Subject Details

Animals and Animal Procedures

All animal procedures were approved by the Oregon Health and Science Institutional Animal
Care and Use Committee (IACUC). The following mouse lines were used: ChAT®"® [79], Six3¢"®
[80], Pten/°* [81], Ai9 [82], TIGRE-MORF/Ai166 [44], TCF/Lef:H2B/GFP [46]. All lines were

maintained on a C57BL/6J background. Mice of both sexes were used for experiments.
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Intravitreal injections were performed on mice at P2 or P28. P2 mice were anesthetized
through indirect contact with ice and brought back to body temperature through contact with a
warm glove. Mice were injected with a 30psi pulse for 30ms. P28 mice were anesthetized using
isoflurane at a flow rate of 3%, and maintained at a flow rate of 1.5%. After deeply
anesthetized, animals were placed on a Kopf stereotaxic injection rig (Model 1900 Stereotaxic
Alignment system). 0.5% proparacaine hydrochloride ophthalmic solution was applied as a
topical anesthetic to the eye, followed by 1% tropicamide ophthalmic solution for dilation.
Gentle-eye lubricant was added to both eyes, and a micro vessel clamp was used to push the
globe outwards. Needles were pulled on a Sutter Instrument micropipette puller (P-97
Flaming/Brown Micropipette Puller) and beveled with sandpaper. Animals were injected with
AAVS-FLEx-tdTomato-CAAX at a titer of 2.6x10'! or AAV1-FLEx-mGFP-2A-Synaptophysin-mRuby

at a titer of 1.8 x 10*2 [48].

Method Details

Tissue Processing and Immunohistochemistry

Mouse eyes were enucleated and drop fixed in 4% EM-grade PFA for 30 minutes. For TIGRE-
MORF mice, retinas were instead fixed with a solution of 9% Glyoxal 8% Acetic Acid at pH = 4.0,
as this improved resolution of the Tigre-GFP signal. After fixation eyes were washed in PBS. Eyes
were then pierced with a 30G % inch needle and the cornea was cut away with microdissection
scissors.

For retinal flat mounts, the retina was isolated and then transferred to an Eppendorf tube and

blocked and permeabilized with a blocking solution (2% normal donkey serum, 0.2% Triton X-
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100, 0.002% Sodium Azide) for 1 hour. After blocking, retinas were stained with primary
antibodies and left shaking at 42C for 3-4 days. Retinas were then washed overnight in PBS.
Retinas were then stained with secondary antibodies and left shaking at 42C for 1 day. Four cuts
were made into the retina to allow it to lay flat on glass microscope slides. Retinas were mounted
with Fluoromount-G and sealed with nail polish. All antibody dilutions are listed on the Key
Resource Table.

For retinal cross-sections, the retina and lens were left in the eye cup and cryoprotected in 15%
sucrose overnight. The next day, the lens was removed, eyes were placed in Neg-50, and the eyes
were frozen in the eye cup in 2-methylbutane. Eyes were cryosectioned on a Leica cryostat
(CM3050S) at 20um sections. The edges of the slide were then coated with a hydrophobic barrier
using an ImmEdge pen. The slide was washed with PBS to remove any remaining Neg-50 attached
to the slide. Retinas were then stained with primary antibody at 42C overnight. The next day,
retinas were washed with PBS three times for 15 minutes. Secondary antibody was applied and
the retinas were left at room temperature for 2 hours. Hoechst was then applied to the retinas
for 10 minutes, followed by three 15-minute PBS washes. Retinas were mounted with
Fluoromount-G and sealed with nail polish. Antibody dilutions were the same as in flat mounts.
Fluorescence Image Acquisition

Retinal sections were imaged on a Zeiss Axio Imager M2 upright microscope equipped with an
ApoTome2 using a 20x objective. Retinal flat mounts imaged for cell density, somal
guantification, mosaic analysis, pS6, and B-catenin quantification were also imaged with these

settings. Retinal flat mounts imaged for single cell morphology and synaptophysin labeling were
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imaged on a Zeiss LSM 900 confocal microscope using a 40x water objective with NA = 1.2.
Images were acquired using the Zeiss Zen Imaging software for both microscopes.
Multi-Electrode Array Recordings

Tissue from mouse retinae were placed RGC side down on a 3Brain Accura HD-MEA connected
to a BiocCAM DupleX recording system (3Brain AG, Wadenswil, Switzerland). The Accura HD-
MEA contains 4096 electrodes in a 3.8 x 3.8 mm area, where each electrode is 21 um x 21 pum
spaced 60 um apart. The internal diameter of the reservoir is 25mm, with a 7 mm height.
Retinae were dissected off the choroid and the vitreous was then carefully dissected from the
tissue prior to mounting the tissue photoreceptor-side down on Millicell
polytetrafluoroethylene membrane cell culture insert (Millipore Sigma; PICMORG50). To adhere
the retina to the membrane, the Ames medium was removed from the insert and gentle
suction was applied using a gas stone connected to a vacuum chamber with filter paper
between the stone and the membrane. The insert was then placed back into Ames’ medium
and the membrane trimmed to outside the edges of the retinae. The retinae/insert was placed
RGC-side down on the MEA surface in Ames’ medium and the Ames medium was removed
from the reservoir to facilitate connectivity with the electrodes. A platinum harp was placed
over the insert to hold the retinae in place, the reservoir was filled with Ames, the MEA was
transferred to the BioCAM DupleX, and the reservoir was continuously superfused with Ames’
medium @ 32°C.

Visual stimuli were generated using custom software generated in Python (PyStim;

https://github.com/SivyerLab/pystim) and presented on a LightCrafter 4500 projector (Texas

Instruments, USA) modified by removing the focusing optics. Projector light was captured with
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a TV lens, passed through neutral density filters and an Olympus MVX10 fluorescence
microscope system with a MVPLAPO 2XC (0.5 numerical aperture) objective. A 1.5 mm coverslip
was mounted onto the reservoir to reduce diffraction caused by the air/Ames interface. Visual
stimuli presented used either the green (LE CG Q9WP; 520 nm peak) or blue LEDs (LE B Q9WP;
455 nm peak) and were presented full field at a range of light intensities between 6.2e11
photons/cm2/s and 8.9e13 photons/cm2/s. Stimuli consisted of green full field chirp responses
used to isolate rod and cone mediated inputs to RGCs, ON and OFF responses, and temporal
and spatial frequency tuning properties. Moving stimuli consisted of gratings moving in 12

directions for 3 seconds each direction.
Quantification and Statistical Analysis

SAC Population Analyses (Cell Counting, Soma Size, Mosaic Spacing, and pS6 and B-catenin)
Retina flat mounts were immunostained for either tdTomato or ChAT. Three regions were
imaged per retina per animal. GCL and INL images were captured from the same regions of the
retina, avoiding the center and far periphery. Every Pten®© animal included had at least one
PtenHet |ittermate control. The tdTomato or ChAT channel was binarized in ImageJ using either
the Otsu or Huang thresholding algorithm and Imagel’s “Analyze Particles” function was used to
perform cell counts. As part of this process, we generated individual regions of interest (ROls) for
every cell, an ROI consisting of every cell and an inverse ROI consisting of the background.

As part of cell density quantification, the size of the particles and the xy coordinates of the center
of SAC somas were collected for soma size and mosaic spacing analysis. These xy coordinates

were then entered into WinDRP, a program designed to calculate the regularity of cells using a
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density recovery profile (Rodieck 1991). From this, a regularity index ratio was calculated, which
defines how mosaically spaced a population of cells are compared a random distribution.

The same image acquisition and Image) pipeline for cell counting was used to analyze pS6 and
B-catenin fluorescence. Imagel’s “Analyze Particles” function was used to obtain ROIs for the
SACs within an image and the inverse ROl representing background signal. The pS6 and B-
catenin fluorescent signals were then measured in both these ROIs. The SAC ROI was then
normalized to the background ROI to obtain a normalized fluorescence intensity signal.
IPLaminator Analysis

Lamination was quantified in P28 retina cross-sections stained for tdTomato and DAPI using
IPLaminator. IPLaminator is an Imagel plugin designed to bin and quantify retinal lamination [83].
DAPI was used to define the area of the IPL, then tdTomato fluorescence was measured by
IPLaminator. For every image, the IPL was divided into 20 equal sections and measured along the
depth of the IPL to normalize any variance in IPL thickness.

Imaris Reconstructions and Morphometric Analysis

SACs were reconstructed manually using the Imaris Filaments module. Briefly, the soma was
assigned as a dendrite beginning point and dendrites were traced from there using the AutoPath
tool. From these reconstructions, data including total dendrite length, number of branch points,
and Sholl intersections were collected. Sholl data was generated from Imaris at 1um intervals.
Sholl data was normalized to the radial distance of the cell by averaging the number of Sholl
intersections along every 10% of the radial distance. Dendrite field area was measured in Image)
by taking the convex hull of the fluorescent area covered by a SAC. The number of self-crossings

at P21 was manually counted in Imagel by counting dendrite branch intersections in single z-
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planes across a z-stack. Dendrite caliber was measure in Imagel by drawing a line perpendicular
to the dendrite and measuring its length. Any dendrite greater than 1um in caliber was
considered a hypertrophic dendrite.

Synaptophysin Analysis

Synaptophysin puncta were quantified in Imaris using the Surfaces module. Briefly, surfaces
were generated for all putative synaptophysin puncta, which were then filtered based on
fluorescence of the membrane bound GFP signal to exclude noise outside the SAC. Puncta
smaller than 0.5um were also excluded. The number of puncta, size of the puncta, and distance
from the soma of every puncta was obtained through Imaris.

Spike Sorting

Herding Spikes 2 (HS2), via Spikelnterface? Python framework, was used for spike detection and
sorting. HS2 uses a mixed approach of spike spatial and prominent waveform features
combined with a mean shift clustering algorithm to identify individual cells and their
corresponding spikes on the array. The spike sorting scripts were executed on a high-
performance computing cluster (exacloud).

The following HS2 parameters were used:

Parameter Value
mea_pitch 60
electrode_width 21
clustering_bandwidth 20
clustering_alpha 5.5
clustering_n_jobs -1
clustering_bin_seeding true
clustering_min_bin_freq 16

80



clustering_subset null
left_cutout_time 0.3
right_cutout_time 1.8
detect_threshold 20
probe_masked_channels (1
probe_inner_radius 100
probe_neighbor_radius 129
probe_event_length 0.26
probe_peak_jitter 0.2
t_inc 100000
num_com_centers 1

maa 12
ahpthr 11
out_file_name "HS2_ detected"
decay_filtering false
save_all false
amp_evaluation_time 0.4
spk_evaluation_time 1.0
pca_ncomponents 2
pca_whiten true
freq_min 300.0
freq_max 6000.0
filter true
pre_scale true
pre_scale_value 20.0
filter_duplicates true

DSGC Classification and Statistical Analysis



Post spike sort, subsequent analysis in MATLAB R2023a (Mathworks) was performed for further
cell classification based on light responses. Responses from individual units were assessed for

each presented direction of light. Units without a minimum of 400 total spikes were filtered

Preferred Direction - Null Direction

out. Remaining units had their direction selectivity ( ) and von

Preferred Direction + Null Direction

Mises fit calculated [53]. Units with a DSI greater than 0.37 and a von Mises fit greater than 0.5,
were classified as putative DSGCs. Additional filtering was then performed to make sure the
units had a minimum of 10 average spikes in their preferred direction across the epochs. Once
DSGCs were determined, the average number of spikes per stimulus window (epoch) and the
average number of spikes in their preferred direction were measured. Tuning width was
calculated by using the full width at half maximum (FWHM) [53].

Statistics

For each experiment and time point, a minimum of three mice per condition were analyzed. For
single cell morphological analysis, a minimum of 6 cells were analyzed, with most conditions
having at least 8 cells. For all datasets, the variance was reported as mean + SEM. For analysis
between two groups, a Student’s t-test was performed. For analysis between three groups, an
ANOVA with Tukey’s multiple comparison was performed. For comparisons of distributions, a
Kruskal-Wallis test was performed. For Sholl Analysis, an area under the curve (AUC) analysis
was performed, where AUC statistics (mean, SEM, n) were computed, then analyzed via a
Student’s t-test. For comparison of the ratio of SACs with a hypertrophic dendrite, Fisher’s

exact test was used. All statistical tests were performed in GraphPad Prism 9.

Key Resources Table
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Goat anti-ChAT (1:500, IHC) Millipore Cat #: AB144P

RRID: AB_11214092
Goat anti-tdTomato (1:1000, IHC) Biorbyt Cat #: orb182397

RRID: AB_2687917
Rabbit anti-pS6 Ser235/236 (1:100, IHC) Cell Signaling Cat #: 81736

RRID: AB_2938546
Rabbit anti-pS6 Ser240/244 (1:800, IHC) Cell Signaling Cat #: 35708

RRID: AB_2938547
Rabbit anti-Pten (1:500, IHC) Cell Signaling Cat #: 9559S

RRID: AB_10695541
Rabbit anti-GFP (1:1000, IHC) Abcam Cat #: ab6556

RRID: AB_305564
Chicken anti-GFP (1:500, IHC) Abcam Cat #:ab13970

RRID:AB_300798

anti-Goat Alexa 546 (1:500, IHC)

Thermo Fisher

Cat #: A-11056

Scientific RRID: AB_142628
anti-Rabbit Alexa 488 (1:500, IHC) Thermo Fisher Cat #: A-21206
Scientific RRID: AB_2535792
anti-Rabbit Alexa 647 (1:500, IHC) Thermo Fisher Cat #: A-31573
Scientific RRID: AB_2536183
anti-Chicken Alexa 488 (1:500, IHC) Thermo Fisher Cat #: A78948
Scientific RRID: AB_2921070
Bacterial and virus strains
AAVS8-FLEx-tdTomato-CAAX
AAVI1-FLEx-mGFP-2A-Synaptophysin-mRuby (Beier et al. Addgene Plasmid #: 71760-AAV1
2015) RRID: Addgene_71760
Chemicals, peptides, and recombinant proteins
16% Paraformaldehyde Fisher Cat #: 50-980-487
Glyoxal Fisher Cat #: AC156225000
Sodium Azide Fisher Cat #: 52271-100
Triton X-100 Fisher Cat #: BP151-100
Agarose Fisher Cat #: BP1356-500
Ethidium Bromide 1% Solution Fisher Cat #: BP1302-10
Normal Donkey Serum Fisher Cat #: 017-000-121
DreamTaq Fisher Cat #: FERK1082
Fluoromount-G Fisher Cat #: OB100-01
Neg-50 Fisher Cat #: 22-046-511
2-methylbutane Fisher Cat #: AA19387AY
Sucrose Fisher Cat #: BP220-1
Acetic Acid, Glacial Fisher Cat #: A35-500
Hoechst 33342 (1:5000 IHC) Fisher Cat #: H3570
Ames’ Medium Sigma Cat #: A1420-10X1L

Experimental models: Organisms/strains

Mus Musculus: C57BL/6)J

The Jackson

Strain #: 000664

Laboratory RRID: IMSR_JAX:000664
ChAT (Rossi et al. 2011) The Jackson Strain #: 031661
B6.129S-Chattm(creltlow! INwar) Laboratory RRID: IMSR_JAX:031661
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Six3 (Furuta et al. 2000)
Tg(Six3-cre)69Frty/Gcol

The Jackson
Laboratory

Strain #: 019755
RRID: IMSR_JAX:019755

Pten™ (Backman et al. 2001)
B6.129S4-Ptent™iHwu/)

The Jackson
Laboratory

Strain #: 006440

RRID: IMSR_JAX:006440

Ai9 (Madisen et al. 2010)

The Jackson

Strain #: 007909

B6.Cg-Gt(ROSA)26S0r m9(CAG-tdTomato)Hze /| Laboratory RRID: IMSR_JAX:007909
TIGRE-MORF (Veldman et al. 2020) The Jackson Strain #: 035404
B6;129S-/gs7tm166(tet0-EGFP*,CAG-tTA2)Hze [y \\y | Laboratory RRID: IMSR_JAX:035404

TCF/Lef:H2B/GFP (Ferrer-Vaquer et al. 2010)
Tg(TCF/Lef1-HIST1H2BB/EGFP)61Hadj/)

The Jackson
Laboratory

Strain #: 013752
RRID: IMSR_JAX:013752

Oligonucleotides

Genotyping primers: Cre Forward 5’- Integrated DNA N/A
tgccacgaccaagtgacagcaatg-3’ and Cre Reverse 5'- Technologies
accagagacggaaatccatcgcte-3’

Genotyping primers: Pten Flox Forward 5’- Integrated DNA N/A
CAAGCACTCTGCGAACTGAG-3’ and Pten Flox Reverse 5’- Technologies
AAGTTTTTGAAGGCAAGATGC-3’

Genotyping primers: GFP Forward 5’- Integrated DNA N/A

CTACGGCGTGCAGTGCTTC-3’ and GFP Reverse 5'-
CTGGGTGCTCAGGTAGTG-3’

Technologies

Genotyping primers: MORF3 WT Forward 5’-
CTGGCTTCTGAGGACCG-3’ and MORF3 WT Reverse 5’-
AATCTGTGGGAAGTCTTGTCC-3’

Integrated DNA
Technologies

https://www.jax.org/Pro
tocol?stockNumber=035
403&protocollD=39963

Genotyping primers: MORF3 MUT Forward 5’-
ACCACTATCAGCAGAATACGC-3’ and MORF3 MUT Reverse 5'-
AATTCGGCCATGTTGTTGTC-3’

Integrated DNA
Technologies

https://www.jax.org/Pro
tocol?stockNumber=035
403&protocollD=39963

Software and algorithms

Fiji (ImagelJ)

Schindelin et al. 2012

https://imagej.net/softw

are/fiji/
RRID: SCR_002285

Graphpad Prism 9

Graphpad Software

https://www.graphpad.c

om/
RRID: SCR_002798

Imaris 10.2.0 Bitplane https://imaris.oxinst.com
A
RRID: SCR_007370

IPLaminator Li et al. 2016 https://isoptera.lcsc.edu
/IPLaminator/

WinDRP Rodieck 1991 N/A

MATLAB MathWorks RRID:SCR_001622

ZEN Blue Zeiss RRID: SCR_013672
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Chapter 3: Troubleshooting

As part of this dissertation work, | attempted to implement methods to manipulate the
timing of Pten deletion, assess the role of relevant proteins downstream of PTEN, and label
postsynaptic sites in SACs. These experiments either did not work for technical reasons or
produced inconclusive results. In this Chapter, | will cover the rationale and outcome of each of

these series of experiments.
Timing of Pten Deletion

SAC-specific embryonic deletion of Pten

The ability to control when Pten is deleted from SACs would allow me to more directly
address the developmental roles of PTEN during discrete time windows. My findings show that
PTEN does not cell-autonomously regulate SAC density, mosaic spacing, or lamination when
deleted from SACs beginning at P1 (Chapter 2 Figure 2.2). This differs from results seen in prior
studies, which have deleted Pten from all retinal progenitor cells beginning at E8.5 (Sakagami et
al. 2012; Cantrup et al. 2012). To conclusively show whether or not PTEN is cell-autonomously
involved in these early developmental processes in SACs, the ideal experiment would be to
delete Pten exclusively in retinal progenitor cells fated to be SACs at E8.5. This is not currently
possible as retinal progenitor cells are practically indistinguishable from each other, and the
factors that define what neuronal class a progenitor will give rise to is not fully understood
(Cepko 2014). | attempted to instead delete Pten from SACs using a Megf10°® which turns on in
SACs as they finish their radial migration starting around E16.5 (Kay et al. 2012; Ray et al. 2018).
Unfortunately, | found that Megf10¢;Pten® mice died at birth. | took newborn mice at PO and

performed immunohistochemistry in retinal cross sections to examine their somal lamination
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(Chapter 3 Figure 3.1A-D). Megf10"¢;Pten< © retinas appear grossly normal, with SACs properly
organized in the INL and GCL (Chapter 3 Figure 3.1A-D). From this preliminary data, it appears
that Pten deletion beginning at E16.5 is insufficient to disrupt SAC somal lamination by PO, and
it is not possible to investigate how this manipulation affects SACs in adulthood. | concluded
that using Megf10“¢ as a method of embryonic deletion of Pten in SACs is not viable for
postnatal inquiries, as the mice die at birth.

Using ChAT<"*ER to control timing of postnatal Pten deletion

PO Megf10°°;Pten*;Ai9 || PO Megf10°°;Pten°;Ai9 AAV8-EF1a-fDIO-Cre
AS T s prdn s BT o e P21 ChAT;Pten*%Ai9

In addition to deleting

Pten embryonically, | also

DAPI

attempted to control the timing
of postnatal Pten deletion using a
ChAT "t |ine, in which Cre is only

active when tamoxifen is

pS6 tdTomato
F G
<

Figure 3.1 Controlling the timing of SAC Pten deletion
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normal at P14, but have nearly

double the number of dendritic A-D. Using a Megf10°e line to delete Pten in SACs starting at E16.5 shows
no changes to gross structure of the retina (A, B) or somal lamination of
. . - reER |i imi
branches by P21. This raises the SACs (C, D) at PO. E-G. Attempt to use a ChATCreER |ine to control the timing

of Pten deletion and sparsely label SACs. SAC somas labeled with
tdTomato (E) show no indication an increase in pS6 levels (F). White arrow
question of whether PTEN shows location of SAC soma. SACs are able to be successfully sparsely
labeled for reconstruction (G), but without confirmation of Pten deletion
cannot be used experimentally. H. Example of sparse SAC labeling through

activity is Iarge'V dispensable a ChATFP line approach. Pups were injected at P1 with AAVS8-EF1a-fDIO-Cre
and immunostained for tdTomato. While an individual SAC was detected,
prior to P14. Additionally, off target retinal ganglion cells were also labeled through this approach.

between P21 and P60 the total number of dendritic branches does not change, suggesting a
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critical window for SAC dendritic development between P14 and P21. By deleting Pten at P14
and P21, | could address whether PTEN is required at specific developmental timepoints to
regulate dendritic branching. | performed intraperitoneal administration of tamoxifen at P5 in
ChAT"®ER Pten<C;Ai9 mice to confirm sparse labeling of SACs and consistent Pten deletion. It is
critical to validate both tdTomato expression and Pten loss as recombination of one genetic
locus in a CreER line does not guarantee recombination of the other (Schmidt-Supprian and
Rajewsky 2007; Fernandez-Chacon et al. 2019). While | was able to achieve sparse labeling of
SACs through the ChAT®R line, | could not confirm the loss of Pten through pS6 staining
(Chapter 3 Figure 3.1E-G). To address this weakness of CreER lines, another group developed an
iSuRe-Cre mouse line, which turns on a constitutively active Cre when dosed with Tamoxifen
(Fernandez-Chacdn et al. 2019). Unfortunately, these mice were not available at Jax
laboratories and | was unable to get in contact with any of the labs who have published studies
using these mice. Due to the inability to confirm loss of Pten in ChAT"®tR; Pten<© mice, | did not
move forward with experiments using this line.
Using a novel ChATP approach delete Pten in SACs postnatally

Using the iSuRe-Cre line as inspiration, | pioneered a novel approach for temporally
controlled, constitutive Cre expression in SACs. Intersectional approaches combining Cre and
Flp, a recombinase like Cre that recognizes mutually exclusive DNA sequences, have been
utilized to achieve specific targeting of neuronal subtypes that would otherwise be inaccessible
(Sadowski 1995; Kwan 2002). Similar to CreER lines which require tamoxifen for activity, |
developed an approach where constitutive Cre activity was gated by the presence of Flp. To do

so, | combined a ChAT™" line with injection of an AAV for a Flp-dependent Cre, AAVS8-EF1a-fDIO-
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Cre (Schneeberger et al. 2019). In this experimental paradigm, only infected Flp* cells will
express Cre, allowing for cell type-specific targeting of SACs in the retina and temporal control
of Cre expression through viral injection. | generated ChAT?;Pten”f;Ai9 mice, which will only
delete Pten and express tdTomato in the presence of Cre, and injected them at P1 with AAVS-
EF1a-fDIO-Cre. In my preliminary trials, | was able to detect a sparsely labeled SAC (Chapter 3
Figure 3.1H). However, | also saw non-specific labeling of other retinal neurons, suggesting
either leaky expression of Cre from the virus or non-specific Flp expression from the mouse line.
While this approach is not truly cell-autonomous due to the leaky expression, this method still

enables temporally controlled postnatal deletion of Pten in SACs.
Attempts to manipulate the PI3K Pathway

One of my project goals was to determine which proteins in the PI3K pathway were
involved in the branching phenotype seen in ChAT®;Pten© SACs. | attempted this with two
approaches, utilizing mouse genetics to delete Tsc2, an upstream regulator of mTOR, and virally
injecting constitutively active AKT (CA-AKT) and dominant negative GSK33 (DN-GSK3p).
Together, these approaches would reveal to the relative contributions of mTOR, AKT, and
GSK3B to SAC dendritic branching phenotype seen in ChAT®;Pten® mice. Unfortunately, | was
unable to confirm the efficacy of these methods in successfully manipulating key aspects of the
PI3K pathway.

Mouse genetic approach to discern downstream mechanisms of Pten deletion in SACs

Hamartin (TSC1) and tuberin (TSC2) function together downstream of AKT to regulate
mTOR, a major signaling protein that forms two complexes, mTORC1 and mTORC2 (van

Slegtenhorst et al. 1998; Inoki et al. 2002; Inoki et al. 2003). Studies in cortex, olfactory bulb,
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and dentate gyrus have shown that deletion of Tsc1 or Tsc2 causes upregulation of mTOR

activity and changes in neuronal morphology (Feliciano et al. 2011; Feliciano et al. 2012;

Kowalczyk et al. 2025).
Manipulations of either mTORC1
or mTORC2 are sufficient to cause
changes in neuronal morphology,
and the effects are different
depending on which complex is
affected (Kosillo et al. 2022).
mMTOR hyperactivation largely
recapitulates the general
phenotypes of Pten deletion and
inhibition of mTOR is sufficient to
rescue the morphological effects
of Pten loss in dentate granule
neurons (Nguyen et al. 2024; Tariq
et al. 2022; Cullen et al. 2023;

Dhaliwal et al. 2024). Therefore,
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Figure 3.2 ChAT<"¢;Tsc2k0 SACs show inconsistent elevation of pS6

A, B. Sparsely labeled ChATCre; Tsc2<Het and ChATC"e; Tsc2K0 SACs at P21.
A’, B’. Imaris reconstructions of the SACs from A and B. C-E.
Quantification of total dendrite length, number of branch points, and
dendritic field area reveal no change in and ChAT<"¢,; Tsc20 SACs. F-G’.
pS6 labeling of ChATCre; Tsc2¢<Het and ChAT<"e; Tsc2<k0 SACs reveals that
only a subpopulation of ChATCre; Tsc2¢€0 SACs have elevated levels of
pS6. H. Quantification of pS6 levels reveal differences in populations of
ChATCre; Tsc2¢Het and ChATCre,; Tsc2¢K0 SACs, but many individual cells do
not show any elevation in the ChAT<re,; Tsc2¢K0 condition. I.
Quantification of soma size reveals an increase ChATCe; Tsc20 SACs. J.
Comparing the pS6 levels and soma sizes of individual SACs reveals a
moderately strong correlation between the two in ChATCre,; Tsc2¢k0
SACs, and no correlation in ChATCre; Tsc2¢Het SACs.

we sought to answer whether ChAT®-mediated loss of Tsc2 was sufficient to recapitulate our

Pten deletion in SACs.

As with ChATe;Pten© mice, ChAT"¢;Tsc2°“© animals were intravitreally injected at P2

with AAVS8-FLEx-tdTomato-CAAX and retinas were collected for analysis at P21. Sparse labeling
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followed by reconstruction in Imaris revealed ChAT®¢;Tsc2¢“© SACs showed no differences in
dendritic length, branch points, an dendritic field area compared to controls (Chapter 3 Figure
3.2A-E). To validate deletion of the Tsc2 flox allele and increased mTOR activation, retinas were
stained with pS6 (Chapter 3 Figure 3.2F-G’). While there were SACs with very clear elevation of
pS6, many cells exhibited no apparent increase (Chapter 3 Figure 3.2H). The same appeared to
be true for soma size (Chapter 3 Figure 3.21). Notably, there was a correlation between the
levels of pS6 an individual SAC was expressing and its soma size in ChAT®;Tsc2°© animals
(Chapter 3 Figure 3.2J).

In using the ChAT"¢;Tsc2°%, | discovered an unusual phenotype where approximately
half of the SAC population showed robust upregulation of pSé6 activity and the other half
showed no change. This finding is quite surprising as ChAT®¢;Pten“® SACs have consistent
upregulation of pS6 in the entire population, suggesting this isn’t due to a lack of Cre expression
in SACs. TSC1 and TSC2 are both required to function in the tuberous sclerosis complex and are
insufficient to compensate for loss of the other (van Slegtenhorst et al. 1998). One possibility is
the Tsc2 locus is very resistant to Cre-mediated recombination, however other studies have
used this Tsc2# allele with no indication of inconsistency (Hernandez et al. 2007; Ren et al.
2016; Wong and Beirowski 2018). This phenotype may also be due to a spurious mutation in
the mice and backcrossing back to a C57BL/6J background may resolve it. How this phenotype
came about or why it affects only half of the SAC population is currently unknown.

Despite the inconsistency of pS6 upregulation, this line could still be used to evaluate
the effect mTOR activation alone has on SAC morphology. By combining sparse labeling of SACs

with immunostaining of pS6, one could evaluate the two population of SACs, high in pS6 and
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low in pS6, separately. One could then compare each population within the same animal to see

if pS6 activity results in a difference of morphology.

Viral Approaches of Manipulating the PI3K Pathway

| aimed to test the contribution to SAC morphology of other proteins downstream of

PTEN through viral manipulation. Prior studies have utilized different versions of a CA-AKT to

recapitulate hypertrophy similar to Pten deletion (Flores et al. 2008; Zheng et al. 2008; Fedder-

Semmes and Appel 2021). In these studies, three primary variants of CA-AKT are used, (1) a CA-

AKT that is myristoylated, localizing it to the
membrane and increasing its activity tenfold,
(2) a CA-AKT with two point mutations at Thr308
and Ser*”3 to aspartic acid leading to full
activation of AKT, and (3) a combination of
manipulations 1 and 2 (Kotani et al. 1999;
Flores et al. 2008; Fedder-Semmes and Appel
2021). | produced an AAVS8-FLEx-myrAKT-DD-
T2A-eGFP construct that expresses a CA-AKT
that is myristoylated and has two mutated
aspartates at Thr3% and Ser#’3. Using this AAV, |
was able to successfully get GFP labeling in
SACs at P21 (Chapter 3 Figure 3.3A, B).

However, while individual SACs were very

AAV8-FLEx-myrAKT-DD-T2A-eGFP
Merge GFP pS6

P21 ChAT®®

AAV8-FLEx-GSK3B K85A-P2A-Lck-GFP
Lck-GFP Lck-GFP

P28 ChAT®™

Figure 3.3 Viral Approaches to Manipulating the
PI3K Pathway

A-C. Example image showing a P21 SAC infected with
AAVS8-FLEX-myrAKT-DD-T2A-eGFP and
immunostained for pS6 (A). While the cell is GFP* (B),
indicating expression of CA-AKT, there is no indication
of pS6 upregulation (C). Therefore, | am unable to
validate efficacy of the CA-AKT construct. D, E.
Example images of retinas injected with AAVS8-FLEx-
GSK36 K85A-P2A-Lck-GFP. The Lck-GFP shows
membraned localized staining of retinal neurons but
is not specific for SACs. A couple of retinal ganglion
cells (D) and a horizontal cell (E) were labeled, while
no SACs were found. The construct shows both non-
specific labeling in Cre- cells and a lack of expression
in Cre* cells.

clearly GFP positive, | was unable to detect a noticeable increase in pS6 levels, unlike in Ptenc<©
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SACs (Chapter 3 Figure 3.3C). Without a readout of the construct’s efficacy, | decided not to
move forward with single cell reconstruction.

With TSC2 experiments in progress to test the role of mTOR, | wanted to also examine
how GSK3f activity might be contributing SAC morphology. Since PTEN activity results in
activation of GSK3p, | developed a construct, AAV8-FLEx-GSK38 K85A-P2A-Lck-GFP, which
produces a kinase dead version of GSK3p that inhibits endogenous GSK3f in a dominant
negative manner (Guo et al. 2016). GSK3p is known to have a key role in axonogenesis and
microtubule polarity, and its inhibition has also been shown to facilitate regeneration in RGC
axons (Jiang et al. 2005; Yoshimura et al. 2005; Guo et al. 2016). | attempted to test whether
inhibiting GSK3B would have a specific effect on SAC morphology as they are purely dendritic.
Similar to CA-AKT, | developed a DN-GSK3 AAV FLeX vector with a syn promoter, and a T2A
linked Lck-GFP to enable reconstruction. Unfortunately, when tested, | saw misexpression in
Cre- cells within the retina, notably retinal ganglion cells and horizontal cells (Chapter 3 Figure
3.2D, E). Additionally, | was unable to find any infected SACs. Due to the lack of specificity of

this construct, | decided to forgo this experiment.
Labeling of SAC postsynaptic sites

While Pten®© SACs had increases in branch density, it was unknown whether they
would also upregulate the number of synapses they formed along these branches. To test this, |
attempted to label their synaptic inputs and outputs using fluorescently tagged PSD-95 and
synaptophysin, respectively. To label synaptophysin, | utilized an AAV1-FLEx-mGFP-2A-
Synaptophysin-mRuby vector which expresses mRuby-tagged synaptophysin and a membrane

bound GFP (Beier et al. 2015). This allowed for efficient visualization of SAC synaptic outputs
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while also providing the cell’s morphology to filter synaptophysin puncta (Chapter 2 Figure
2.7A, B). | attempted to recapitulate this with PSD-95, however, it is such a large protein that it

barely fits in an AAV capsid alongside a fluorescent reporter. PSD-95 is a 724 amino acid protein

i i i AAV8-EF1a-DIO-PSD95-EGFP-WPRE
with about 2.2 kilo base pairs (kb) and AAV TAAVE.FL ExtdTormato CAAX

tdTomato;GFP

packaging capacity is approximately 4.7kb,
leaving not enough room for a T2A and

fluorescent protein (Dong et al. 1996). |

P28 ChAT®";Ptencko

opted to dual inject AAVs, an AAV-EF1a-DIO-

PSD95-EGFP-WPRE expressing GFP-tagged | AAVS-FLEx-tdTomato-CAAX

tdTomato;PSD-95

PSD-95 at high titer, and an AAV8-FLEx-
tdTomato-CAAX virus used previously at low

titer (Sun et al. 2019; Chapter 2 Figure 2.3).

P28 ChAT®r;Ptenctet

This would result in many SACs having GFP-

Figure 3.4 Attempts at PSD-95 Labeling in SACs

tagged PSD-95 and a few SACs expressing A, B. Mice were injected with AAV8-EF1a-DIO-PSD95-
EGFP-WPRE and AAVS8-FLEx-tdTomato-CAAX to express
eGFP-tagged PSD95 alongside a membrane localized
tdTomato that can be used to filter the PSD- tdTomato. No PSD-95 was detected within the SAC arbors
(A, B). For unknown reasons, microglia appeared to be
labeled in GFP. The soma was omitted from the z-stack to
prevent excessive photobleaching. C, D. SACs were
sparsely labeled with AAVS8-FLEx-tdTomato-CAAX and
tdTomato SACs, but none of them had any then stained for PSD-95. PSD-95 antibody staining looked
non-specific across the retina, and showed no overlap
with SAC dendritic arbors (C, D).

95 signal. | was able to successfully label

GFP signal. While | was unable to detect any

GFP from the viral construct in neurons, | did see labeling in microglia (Chapter 3 Figure 3.4A,
B). I additionally, attempted to label PSD-95 using immunohistochemistry. | utilized a PSD-95
antibody that our lab has validated in cerebellum but was unable to detect any signal in the

retina (Chapter 3 Figure 3.4C, D). While | was unable to label PSD-95 in SACs, based on my
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synaptophysin findings and studies in Amigo2 KO SACs showing PSD-95 localization is
independent of cell size, | would hypothesize that postsynaptic sites do not have changes in
their size, density, or localization in Pten-null SACs (Soto et al. 2019).

The troubleshooting work presented here taught me the importance and difficulty of

validating methods and approaches. Many good ideas do not work out for technical reasons.
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Chapter 4: Discussion

Summary of Results

First discovered in 1980, the starburst amacrine cell (SAC) was aptly named due to its
“starburst-like” dendrites (Famiglietti and Siegfried 1980). Since then, SACs have been studied
in a host of mammalian model organisms, helping uncover the evolutionary conservation of
their morphology (Wassle and Boycott 1991). Their form is directly tied to their functional role
in conferring direction-selectivity in the retina and they accomplish this task by providing
inhibitory input in the null-direction to direction-selective retinal ganglion cells (DSGCs) (Fried
et al. 2002; Taylor and Smith 2012). Additionally, SACs are incredibly amenable to cell-
autonomous manipulation, as they are the only cholinergic neuron in the retina, and are
therefore genetically tractable through use of a ChAT®® line (Masland 2005; Rossi et al. 2011).
These features have made SACs an ideal model to study the principles of morphological
development. A handful of transmembrane proteins have been shown to regulate discrete
aspects of SAC development, including self-avoidance, arbor size, and lamination of the IPL
(Lefebvre et al. 2012; Sun et al. 2013; Ray et al. 2018; Soto et al. 2019; Prigge et al. 2023).
However, little is known about what intracellular signaling follows downstream of these
transmembrane proteins. The lipid phosphatase activity of PTEN is a likely candidate, as it is an
established regulator of neuronal growth and is known to be downstream of transmembrane
protein Plexin during growth cone collapse (Chadborn et al. 2006). Pan-retinal Pten deletion
causes developmental deficits in the cell density, mosaic spacing, and lamination of SACs

(Sakagami et al. 2012; Cantrup et al. 2012). However, these studies did not address whether
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SAC morphology is affected following Pten deletion nor utilize a SAC-specific approach to delete
Pten. This led us to ask the following questions:

(1) How does PTEN cell-autonomously regulate SAC morphology over the course of
development?

(2) What signaling downstream of PTEN in the PI3K-AKT pathway is responsible for
modulating SAC morphology?

(3) What are the functional consequences of PTEN-dependent changes in morphology?

In Chapter 2, | showed that a SAC-specific deletion of Pten (ChAT";Pten< ©) results in a
near doubling of dendritic branches in SACs by P21. This genetic manipulation avoids the effects
of non-cell autonomous Pten deletion (Six3";Pten®) on SAC specification, migration, or
lamination. Despite the stark increase in branching, SAC dendritic field areas were unchanged,
and total dendrite length minorly increased in GCL SACs. Dendritic branching was normal prior
to P14, meaning this phenotype manifests during a discrete developmental window between
P14 and P21. Increased dendritic branching is still present at P60 but does not worsen. Instead,
P60 SACs showed the presence of a single hypertrophic dendritic branch and a shrinking
dendritic field area.

| next interrogated what signaling was occurring downstream of Pten following its
deletion and found that pS6 levels were upregulated while B-catenin signaling remained
unchanged. This selective upregulation of pS6 indicated that mTOR signaling is likely one of the
primary drivers of increased branching in Pten-null SACs (Chapter 1 Figure 1.4). mTOR activity
can be directly inhibited via rapamycin or increased by suppressing either of its upstream

inhibitors, Tscl and Tsc2. | performed a conditional deletion of tuberin (Tsc2) in SACs using a
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ChATCe; Tsc2#f mouse to test whether direct manipulation of mTOR activity was sufficient to
phenocopy Pten deletion (van Slegtenhorst et al. 1998; Chapter 3 Figure 3.2). Initially, | was
unable to detect any morphological changes in Tsc2-null SACs. Upon further investigation, SACs
showed inconsistent upregulation of pS6 following Tsc2 deletion, with only half the population
showing an appreciable increase. It is unclear why the Tsc2 and Pten deletions differ in the
number of SACs affected, as ChAT®® should be active in every cell and Tsc1 is insufficient to
compensate for loss of Tsc2 (Rossi et al. 2011; van Slegtenhorst et al. 1998). It is possible the
Tsc2f allele does not consistently recombine, but this has not been reported previously in the
literature (Hernandez et al. 2007; Ren et al. 2016; Wong and Beirowski 2018). To truly tease out
the specific role of mTOR in SACs using this genetic approach, | would sparsely label SACs for
morphometric analysis and quantify pS6 levels to assess the degree of mTOR activation. | could
then classify SACs into different groups based on pS6 activation and determine whether SACs
with high pS6 levels phenocopy Pten-null SACs. Due to reduced survivability in Tsc2 line, |
instead focused on the timing of pS6 activation during SAC development. | found that pS6 is
active in wildtype SACs at P7 and this signal is mostly gone by P14. In Pten-null SACs, the pS6
signal is unchanged at P7, but remains high at P14 and onwards. These results suggest loss of
Pten in SACs produces no phenotype earlier in development due to naturally high levels of pS6
but causes a phenotype after P14 when pS6 levels normally drop.

In attempting to discern the functional consequences of Pten loss in SACs, | found no
effect on their synaptic outputs or the direction-selectivity of downstream direction-selective
ganglion cells (DSGCs). Sparse labeling of synaptophysin in SACs revealed no changes in the

density, volume, or localization of their synaptic outputs. Despite large increases in dendritic
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branching, the machinery transporting synaptophysin to synapses seemed unaffected.
Multielectrode array (MEA) analysis showed no changes in the relative distribution of DSGCs in
the retina nor their functional properties, such as direction-selective index, tuning width, or
average firing rate. This indicates that, at a circuit level, Pten loss in SACs does not seem to

impact their function.

Working Model of Pten loss in SAC Morphological Development

Based on the findings in this dissertation, the working model for how PTEN regulates
SAC dendritic development involves controlled suppression of PTEN activity during a dynamic
growth stage followed by robust activation of PTEN when transitioning into a more stable state
(Chapter 4 Figure 4.1). At P7 SACs are in a period of exuberant dendritic growth and express
high levels of pS6 (Ing-Esteves and Lefebvre 2024; Chapter 2 Figure 2.6A). By P14, SACs have
begun transitioning to a more stable state and show low levels of pS6 (Chapter 2 Figure 2.6C).
However, at both P7 and P14, Pten-null SACs appear morphologically normal (Chapter 2 Figure
S2.1). This finding suggests that prior to P14 PTEN is largely dispensable. Pten loss does cause
an increase of pS6 level at P14 but does not affect dendritic morphology (Chapter 2 Figure 2.6D;
Appendix A Figure A.1). By P21, a near doubling of dendritic branching occurs in the absence of
Pten (Chapter 2 Figure 2.3). This presents a well-defined time window from P14 to P21 where
PTEN activity is necessary for stereotyped morphological development (Chapter 4 Figure 4.1).
Pten loss continues to impact SACs at P60, as they develop a hypertrophic dendrite and show
shrinkage of their dendritic arbor. Still, there remain many unanswered questions that would

provide more clarity to the model.
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PTEN’s role in Regulating SAC Dendrite Dynamics

One of the greatest
limitations in attempting to
understand a
developmental process is
that tissue imaging
techniques are often static.
Live imaging enables
evaluation of dynamic
cellular processes and can
provide fundamental
mechanistic insights with
higher temporal resolution
(Smith et al. 2010; Ing-
Esteves and Lefebvre
2021). Ing-Esteves and
Lefebvre have shown that
it is possible to capture

dendrite dynamics of ex

P14 WT SACs P14 Pten“° SACs

P7 WT SACs

[PTEN ][ pS6 } [PTEN ][ pS6 }

- PTEN inactive - PTEN active - PTEN absent
- pSé6 levels high - pS6 levels low - pS6 levels high
- Dynamic state - Stable state - Somal hypertrophy

- Dynamic state?

P60 Ptenk° SACs

P21 Pten° SACs

- Somal hypertrophy
- Increased branching
- Disorganization of arbor

- Same phenotype as P21
- Hypertrophic dendrite
- Reduced field area

Figure 4.1 Working model of Pten function and deletion in SACs.

At an early developmental timepoint (P7), SACs have high levels of pS6, indicating PTEN
activity is low. By P14 pS6 levels significantly decrease, suggesting that PTEN is active by
this timepoint. The timing of PTEN activity inversely correlates with when SACs are in more
dynamic or stable developmental states. When Pten is deleted from SACs, P14 SACs
continue to show high pS6 levels, indicating they may still be in a dynamic developmental
state. At P21, Pten-null SACs show increased dendritic branching and a more disorganized
arbor, indicating morphological differences from wildtype SACs arise between P14 and P21.
At P60, Pten-null SACs additionally show a hypertrophic dendrite and reduced field area.

vivo SACs, which morphologically appear to reliably match in vivo SACs (Ing-Esteves and

Lefebvre 2021; Ing-Esteves and Lefebvre 2024). Recapitulating these experiments using Pten-
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null SACs would answer many key developmental questions such as (1) Does Pten loss affect
SAC dendrite dynamics prior to P14? And (2) Do Pten-null SACs continue to have dynamic
filopodial protrusions and retractions after P14? Unfortunately, live imaging of the retinais a
technically challenging protocol, as it is difficult to keep the retina alive and healthy ex vivo for
an extended period of time to get representative data (Ing-Esteves and Lefebvre 2024). In order
to capture meaningful changes in dendrite dynamics, the retina must be kept healthy for 30 to
60 minutes while being fluorescently imaged (Ing-Esteves and Lefebvre 2024). Additionally, Ing-
Esteves and Lefebvre did not use ex vivo tissue past P14, as difficulty maintaining ex vivo tissue
increases with age. Performing live imaging at P21, or even P60, would add to the degree of
difficulty, but could directly elucidate the nature of how Pten loss affects SAC dendrite
dynamics at later ages. Thus, while technically challenging, these experiments could define how
PTEN activity shapes the developmental processes SACs undergo to achieve their stereotyped
morphology.

Outside of live imaging, there are alternative ways to partially address the mechanism of
increased dendritic branching in Pten-null SACs. From P21 to P60, the number of dendritic
branches in Pten-null SACs does not change. One possibility is that the increase in branching is
confined between P14 and P21. SACs decrease their branch points by about 33% from P14 to
P21, and increased branching in Pten-null SACs may result from a failure to retract these
branches. It is also possible that SACs never transition out of their dynamic period of growth,
instead reaching a steady state of extension and retraction with Pten loss. Performing a
temporally controlled deletion of Pten after P21 would help to resolve these possibilities.

Normal morphology at P60 would indicate the increased branching from Pten loss largely stems
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from an inability to prune dendritic arbors from P14 to P21. If P60 SACs show the same
phenotype in both conditions, this would support the hypothesis that Pten-null SACs maintain a
dynamic state into maturity and continuously extend and retract dendrites until they reach a

steady state. The reality is likely a combination of both mechanisms.

Timing of PTEN Activity

While PTEN’s impact on cell morphology has been assessed in a variety of neurons, few
studies have established a true developmental time course outlining morphological changes
due to Pten loss (Kwon et al. 2006; Cupolillo et al. 2016; Gallent and Steward 2018; Chen et al.
2021). Most PTEN research utilizes genetic knockout in adults, precluding earlier developmental
timepoints from analysis (Luikart et al. 2011; Santos et al. 2017; Getz et al. 2022). Consequently,
such studies may miss that inactivation of PTEN could be a critical part of neuronal
development. In SACs, PTEN does not appear to be required for proper dendritic morphology
prior to P14 (Chapter 2 Figure S2.1; Chapter 4 Figure 4.1). It is still unknown whether early
developmental PTEN activity is truly dispensable, or PTEN serves a critical role prior to P14 but
the phenotype manifests later in SACs. Future experiments pinpointing the timing of PTEN
activation in SACs followed by rescue experiments would clarify the developmental role of
PTEN in neuronal morphology.

It is still unclear precisely when PTEN activity begins in SAC morphological development.
| evaluated SAC morphology at three discrete developmental timepoints and was able to
determine critical time windows where PTEN was either non-essential or required. However,

mapping out the exact postnatal days of PTEN activity onset and pS6 inactivation would
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enhance the granularity of the model. This could be achieved by performing ChAT and pSé6 co-
labeling between P7 and P14, elucidating the precise timing of PTEN activation in SACs. This
experiment would allow for the integration of PTEN activity with changes in SAC dendrite
dynamics during development. While SACs are broadly dynamic from P2 to P14, the nature of
their contacts changes during this developmental window (Ing-Esteves and Lefebvre 2024). The
number of self-contacting dendritic protrusions peaks from P4 to P8 while non-self-contacting
protrusions remain steady from P6 to P14. Studying PTEN’s timing of activation may reveal a
correlation with this change in protrusion dynamics.

My current findings suggest PTEN protein must either be absent or inhibited prior to
P14 during normal SAC development, but the mechanism is unknown. Since PTEN activity is low
at P7, confirming the presence of PTEN in SACs through immunostaining would address this
guestion. Phosphorylation via casein kinase 2 (CK2) is known to render PTEN inactive (Das et al.
2003; Vazquez et al. 2001; Litchfield 2003; Torres and Pulido 2001). If PTEN is present at P7,
immunostaining for phosphorylated PTEN could confirm its inactivity. The presence of primarily
inactive PTEN early in SAC development would be a novel finding and provide a target for
further manipulation. A conditional deletion of CK2, which is expressed in SACs, could decrease
the amount of phosphorylated PTEN and derepress PTEN activity (Yan et al. 2020; Rebholz et al.
2013). If CK2 is an upstream inhibitor of PTEN and the conditional deletion is successful, this
model could be used to effectively study PTEN overactivation from P2 to P14 and confirm the
necessity of PTEN inhibition for normal SAC development.

Rescue experiments are an excellent way to address exactly how critical PTEN signaling

is during specific periods of SAC development. Reintroduction of PTEN before and after
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branching phenotypes emerge would further resolve the critical window of PTEN signaling. A
Cre-dependent AAV that induces expression of PTEN can be intravitreally injected alongside a
fluorescent label into ChAT<"¢;Pten”f mice to rescue PTEN activity and perform morphometric
analysis. This approach would address whether PTEN is truly dispensable prior to P14 and if
reintroduction of PTEN after P21 can correct its aberrant branching morphology. If PTEN rescue
at P14 corrects the branching phenotype of Pten-null SACs, | would conclude that PTEN is
largely dispensable prior to P14. If expressing PTEN after P21 reduces the amount of branching
by P60, especially of small protrusions, this would suggest that Pten-null SACs retain a
somewhat dynamic state into maturity unless PTEN signaling is present to inhibit this process.
To successfully perform these experiments precise timing of viral expression in SACs is key and
would need to be defined, as AAVs usually take 3-7 days to begin expressing and 1-2 weeks to
reach maximal expression in murine neurons (Reimsnider et al. 2007; Zincarelli et al. 2008;
Dang et al. 2017; Hollidge et al. 2022). Another caveat is that expression of genes through an
AAV may be differentially regulated than the native genetic locus. If SACs appear to have
reduced dendritic complexity, this may be indicative of excessive PTEN activity. These

experiments would address the effects of PTEN during discrete time windows.

The Interactions Between Transmembrane Proteins and PTEN in SACs

Cell-autonomous deletion of Pten from SACs did not appear to be primarily responsible
for any of the phenotypes observed in prior deletions of cell surface proteins (Chapter 1 Figure
1.3). The only known signaling component downstream of transmembrane proteins important

for SAC morphology is the RasGAP domain of PlexA2 (James et al. 2024). Deletion of the
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RasGAP domain from PlexA2 presented a milder phenotype than full PlexA2 deletion, indicating
RasGAP signaling is only partially responsible for PlexA2 downstream function. In contexts of
growth cone collapse, PTEN activity is known to follow Plexin and Semaphorin signaling via
RasGAP activity (Chadborn et al. 2006; Oinuma et al. 2010). My results show that a lack of PTEN
activity disrupts the stereotyped organization of the SAC dendritic arbor, much like in PlexA2-
null SACs, quantified by an increase in dendritic self-crossings (Sun et al. 2013). While both
PlexA2 and Pten deletions cause dendritic disorganization, SACs lacking PlexA2 show no
indications of increased dendritic branching. PTEN activity may still be acting downstream of
PlexA2 and Semab6A signaling in SACs to prevent dendritic self-crossings, but it does not seem to
serve a primary role in causing the phenotype of PlexA2-null SACs.

In SACs, the clustered g-protocadherins (Pcdhgs) serve a critical role in dendritic self-
avoidance, but nothing about their downstream signaling is known (Lefebvre et al. 2012). Live
imaging studies have revealed that SACs are dynamically self-contacting and retracting their
dendrites from P2-P14, and the Pcdhgs are essential for this process (Ing-Esteves and Lefebvre
2024). Deletion of the Pcdhgs in SACs causes morphological changes that can be seen as early
as PO and leads to a significant amount of dendritic overlap and excess fasciculation in mature
SACs. Developing Pcdhg-null SACs fail to retract self-contacting dendrites and form more
persistent dendritic loops from P2-P8. Interestingly, this period of dynamic dendritic growth is
anti-correlated with PTEN activity, which appears low at P7 and more active by P14 (Chapter 2
Figure 2.6). The amount of dendritic self-contacts decreases substantially by P14, suggesting
that Pcdhg signaling may decrease as well. It is unclear whether any sort of direct modulation of

PTEN activity occurs downstream of the Pcdhgs. One possibility is the Pcdhgs suppress PTEN
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activity, and while SACs are dynamically self-contacting PTEN activity is low. However, this does
not explain how the number of contacts begin to diminish in the first place, nor how they rise
from P4 to P8 (Ing-Esteves et al. 2024). A more parsimonious explanation is that these two
processes do not directly interact, and other processes modulate PTEN activity, which allows
for and then inhibits this critical period of dynamic dendritic growth.

PTEN signaling does not seem to directly follow from AMIGO2, MEGF10, FLRT2, or
UNCS5, as their phenotypes following deletion are completely different. SACs lacking AMIGO2
show a controlled increase in dendritic field area but maintain a normal branch structure (Soto
et al. 2019). Pten-null SACs have a near twofold increase of branching but an unchanged field
area, the inverse of Amigo2 deletion. In SACs, AMIGO2 controls elongation between dendritic
branches, while PTEN dictates the likelihood of branch formation. While there is evidence in
other cell types that PI3K-AKT signaling is downstream of AMIGO2, this does not appear to be
the case in SACs (Park et al. 2015). Similarly, loss of Megf10, Firt2, and Unc5 are all
characterized by defects in SAC lamination of the IPL and ectopic projections, none of which
occur in Pten-null SACs (Ray et al. 2018; Prigge et al. 2023). PTEN does not appear to be directly
involved in ensuring dendritic growth occurs in a planar manner. In summary, Pten-null SACs
did not strongly phenocopy any established manipulations of SAC morphology and instead

present a novel dendritic branching phenotype.

Intracellular Signaling Downstream of PTEN in SACs
It is still largely unclear how individual signaling molecules impact SAC morphology in

the context of Pten deletion. | attempted to perform a Tsc2 deletion via ChAT®® to isolate the
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role of mTORC1 activity on SAC morphology, but the results were inconclusive (Chapter 3 Figure
3.2). An alternative approach would be to intravitreally inject AAVs inducing expression of
shRNA and knockdown proteins downstream of PTEN (Hu et al. 2014; Cideciyan et al. 2018;
Dong et al. 2023). This methodology is easily scalable, as a single mouse line can be used to test
several shRNAs targeted to different genes in the PI3K pathway, though the caveat to this
approach is timing. ChAT® expression begins at P1, meaning any manipulation occurs early in
development (Ray et al. 2018). By contrast, the earliest mice can be intravitreally injected is P1,
and AAVs can take anywhere from 3-7 days to begin expression (Zincarelli et al. 2008; Dang et
al. 2017; Hollidge et al. 2022). However, if PTEN activity is non-essential before P14, this time
discrepancy is less critical (Chapter 4 Figure 4.1). shRNA knockdown experiments could provide
meaningful insight as to what signaling molecules are involved in SAC dendrite development.
Pten deletion in SACs leads to an upregulation in mTOR and no change in GSK3p activity,
suggesting mTOR activation may drive SAC branching. This aligns with work done in cortical
pyramidal neurons, where manipulations of Tsc1, Rheb, and mTOR all had effects comparable
to Pten deletion on neuronal morphology (Nguyen et al. 2024). Other studies have shown that
the morphological phenotypes of Pten deletion can be rescued through inhibition of mTORC1
or mTORC2 (Tariq et al. 2022; Cullen et al. 2023). Similarly, performing conditional deletion or
shRNA knockdown of Tsc1 or Tsc2 could assess whether mTORC1 activation recapitulates Pten
loss in SACs. Conversely, knockdown of raptor, an adaptor protein required for mTORC1
assembly, in conjunction with Pten deletion could be used to see if mTORC1 activity is required
for the phenotype of Pten-null SACs (Tariq et al. 2022). In midbrain dopamine neurons, mTORC2

and mTORC1 both regulate neuronal morphology, but suppression of mTORC1 decreases
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branching while suppression of mTORC2 increases proximal branching (Kosillo et al. 2022).
Using the same approach, deleting rictor, the adaptor protein required for mTORC2 assembly,
would confirm if mMTORC2 inhibition is also sufficient to rescue the phenotype of Pten loss in
SACs (Cullen et al. 2023). These experiments would clarify the role of mTOR in the context of
Pten deletion and allow for future studies establishing the developmental role of mTOR in SACs.

It is still unclear what causes cytoskeletal reorganization in Pten-null SACs. PTEN has
been shown to co-localize with and post-translationally modify microtubules (Chadborn et al.
2006; Kreis et al. 2014; Cupolillo et al. 2016; Kath et al. 2018) In dentate granule neurons
lacking Pten, treatment of vinblastine to reduce microtubule polymerization rates was sufficient
to rescue dendritic hypertrophy (Getz et al. 2022). Genetically targeting microtubule dynamics
is challenging as many proteins are involved and capable of compensating for one another
(Lasser et al. 2018; Kelliher et al. 2019; Lian and Lin 2024). MAP1B, EB1, and EB3 would be good
initial targets for shRNA knockdown in the context of Pten deletion as these proteins are known
play a role in neurite elongation and microtubule extension (Tortosa et al. 2013; Yang et al.
2017).

PTEN activity also regulates the actin cytoskeleton through modulation of PIP2 and PIP3
(Goberdhan et al. 1999; Kreis et al. 2014). PIP3 itself is a master regulator the Rho family of
GTPases, which have an established role in actin cytoskeletal remodeling (Luo 2000; Hawkins et
al. 2006; Kreis et al. 2014). | would begin by targeting RhoA and Racl, as these small GTPases
are associated with PTEN and the PI3K pathway and interact with each other to induce change
in the actin cytoskeleton (Kwon et al. 2000; Li et al. 2005; Sanchez et al. 2005; Stankiewicz and

Linesman 2014; Cao et al. 2015; Campa et al. 2015). RasGAP would be another candidate to
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target using shRNA, as it is important for PlexA2 function in SACs and has been shown to
regulate PTEN activity in growth cone collapse (James et al. 2024; Oinuma et al. 2010).
Ultimately, an shRNA knockdown approach in combination with Pten deletion could provide

immense insight into the downstream mechanisms of dendrite regulation in SACs.

Defining the True Cell-Autonomous Role of PTEN

While deletions targeting a specific subtype of neurons are generally referred to as “cell-
autonomous,” these experiments would more accurately be called “population-autonomous.”
Determining true cell-autonomy would require deletion of a gene from a single cell. Population-
wide deletion of TrkC in Purkinje neurons causes no morphological changes, but sparse deletion
leads to hypotrophy in TrkC-null cells, highlighting how competition between a population of
neurons can regulate morphology (Joo et al. 2014). Contacts between neighboring SACs are
required for proper lamination of the IPL and isolated SACs fail to do so (Ray et al. 2018). With a
ChAT®-mediated Pten deletion, all SACs lack PTEN and are equally matched when it comes to
dendrite development. However, it is unknown whether SACs compete with each other for
space and dendritic coverage. SACs have a defined coverage factor of 30, meaning any point in
the retina contains dendrites from approximately 30 SACs (Keeley et al. 2007). This begs the
guestion: if a single Pten-null SAC was surrounded by wildtype SACs, would their dendritic arbor
be any different from a context where all SACs lack Pten? As SACs coordinate to form an even
plexus, it is possible SACs may provide inhibitory cues to one another to modulate their

dendritic field areas (Morrie and Feller 2018). If sparsely deleted Pten-null SACs show increases
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in dendritic length or arbor size, it could indicate continuous communication between SACs
throughout development to modulate their dendritic field areas.

This experiment could theoretically be performed by using a ChAT*t line, however,
ensuring recombination of the Pten”/ allele is unreliable, as Cre is only transiently expressed
while tamoxifen is present (Ferndndez-Chacdn et al. 2019). When | attempted to conditionally
delete Pten in this manner, | was unable to confirm loss of Pten and upregulation of pS6
(Chapter 3 Figure 3.1). Instead, | combined a ChAT™ line with injection of a FIp-dependent Cre
AAV to enable continuous Cre expression in a sparse population of SACs (Allaway et al. 2020).
This would ensure recombination of the Pten”/ allele and facilitate the study of true cell-
autonomy. Using this method, | was able to detect sparsely labeled SACs, but also saw other
neuronal cell types labeled, limiting the ability to claim a truly cell-autonomous manipulation.
Another limitation of this approach is the timing, as AAV-mediated gene expression can take 3-
7 days to express, meaning Pten deletion would occur later than in a ChAT®"® mouse (Zincarelli
et al. 2008; Dang et al. 2017; Hollidge et al. 2022). Since Pten loss of function does not appear
to elicit a phenotype prior to P14, this is a minor caveat. This experimental approach would
thus define which aspects ChAT®-mediated Pten deletion are “population autonomous” and

which are truly “cell-autonomous.”

SAC Physiology in Pten Deletion
While the compartmentalization of SAC synaptic outputs and the direction-selectivity of
DSGCs remain normal, it is unclear if Pten loss affects the intrinsic functionality of SACs. When

Pten is deleted, dentate granule neurons become hyperexcitable, while Purkinje neurons
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become hypoexcitable (Luikart et al. 2011; Cupolillo et al. 2016). Mechanistically, Pten-null
dentate granule neurons develop more spines, suggesting a postsynaptic change may be
increasing their excitatory input (Luikart et al. 2011). In Pten-null Purkinje neurons, the
amplitude of EPSCs (excitatory postsynaptic currents) from the parallel fiber synapse increase,
while the climbing fiber synapses show a decrease, resulting in an incorrect balance between
the synapses and a hypoexcitable Purkinje neuron (Cupolillo et al. 2016). | attempted to
guantify changes in Pten-null SAC synapses by labeling PSD-95 and Synaptophysin, but | was
unable to visualize postsynaptic sites and saw no changes in the density, size, or localization of
presynaptic sites (Chapter 3 Figure 3.4, Chapter 2 Figure 2.7). While it is likely that
electrophysiological properties of SACs are perturbed, it is unclear how, necessitating validation
via single cell patch clamp recordings (Lee and Zhou 2006; Morrie and Feller 2018). Doing so
would inform how the rest of the circuit compensates to maintain normal DS responsiveness.
While requiring incredible expertise, this has been done on individual SAC varicosities (Morrie
and Feller 2018). It would be fascinating to see if individual varicosities on SACs maintain their
organized direction-selectivity with respect to the orientation of their dendrites (Morrie and
Feller 2018). This experiment would tie together changes in morphology with function in Pten-

null SACs.

Starburst Amacrine Cell: Compartmentalization of Morphology
The starburst amacrine cell has provided many insights into the compartmentalization
of developmental processes. Previous work has shown how the processes of self-avoidance,

cell-cell contact, lamination, and elongation are all controlled through discrete transmembrane
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proteins (Lefebvre et al. 2012; Sun et al. 2013; Ray et al. 2018; Soto et al. 2019; Prigge et al.
2023). My work identifies a novel role for the intracellular signaling molecule PTEN in regulating
dendritic branching, while leaving other developmental processes unaffected. In Pten-null SACs,
synaptic outputs labeled by synaptophysin do not change in their number, size, or relative
localization. Similarly, work in Amigo2-null mice showed that despite elongation of the dendritic
arbor, the number and relative localization of synaptic inputs labeled via PSD95 remained
unchanged. This suggests discrete processes are responsible for the initial spatial configuration
of dendritic arbors and the subsequent compartmentalization of synapses.

It is unclear why Pten deletion in SACs causes specific morphological changes rather than
generalized hypertrophy. In hippocampal dentate granule, serotonergic raphe, and cortical
neurons, Pten deletion causes broad increases in the length, amount of branching, and size or
their arbors (Kwon et al. 2006; Chen et al. 2021; Gallent and Steward 2018). In contrast, the
dorsocentral neurons of Drosophila present a localized increase in branching rather than broad
hypertrophy in response to Pten deletion, likely due to subcellular compartmentalization and
regulation of PI3K-PTEN signaling by phosphatase Prl-1 (Urwyler et al. 2019). Similarly, SACs
resemble these neurons as total dendritic length and field area remain largely unchanged
following Pten deletion. While it is clear that PTEN is required for control of SAC branching,
other parameters may be modulated through parallel pathways that supersede PTEN signaling.
Since the dendritic coverage and receptive field size of neurons is so critical to their function in
the retina, the density of the SAC plexus is tightly regulated (Keeley et al. 2007; Morrie and

Feller 2018). Regulation of coverage factor is likely also a discrete process that dictates the
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dendritic field area of SACs and may constrain generalized hypertrophy in Pten-null SACs by

limiting the space SACs can occupy.

Conclusion

In this dissertation | show that PTEN has a specific role in regulating the branching dynamics of
starburst amacrine cells. | identify a developmental time window (P14-P21) in SAC development
where PTEN activity is essential for regulating the number of dendritic branches. During this
time, PTEN suppresses mTOR activity and reduces dendritic branching. These findings increase
our understanding of the mechanisms guiding the morphological identity of neurons and

provide valuable insights to the field of developmental neuroscience.
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