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CHAPTER 1
Introduction

The complexities of the Enteric Nervous System (ENS) have captivated scientists
for decades, gaining widespread attention from the public after the release of Michael
Gershon's 1998 book, The Second Brain. The ENS is the largest and most complex
subdivision of the peripheral nervous system (PNS), comprised of about 500 million
neurons within humans. It is housed entirely within the walls of the gastrointestinal (Gl)
tract to mediate gastric motility and enteric homeostasis. Bayliss and Starling first
described its functions in the 19th century, when they observed rhythmic muscle
contractions in isolated intestines, which they termed "the law of the intestine," how known
as the peristaltic reflex (Bayliss & Starling, 1899).

By the end of the 19th century, researchers had identified various neuronal types
(e.g. intrinsic primary afferent neurons, interneurons, and motor neurons). The ENS
consists of two subdivisions: the myenteric plexus, which is situated between the
longitudinal and circular muscle layers, and the submucosal plexus, which resides below
the mucosa layers of the Gl tract (Furness, 2000). Over the last 20 years, scientists have
made significant advancements in several research areas, such as understanding the
developmental processes that regulate cellular colonization, the major cell types
associated with gastric motility and homeostasis and identifying genes and signaling
molecules associated with neuronal development. However, an understanding of how
neuronal specification occurs during neurogenesis of the developing ENS is currently
lacking. While progress has been made in identifying developmental processes and
required transcription factors, genetic regulators that control ENS lineage specification

remain elusive (Avetisyan et al., 2015; Musser & Southard-Smith, 2013; Roy-Carson et
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al., 2017). Recent studies, including findings presented in this dissertation, suggest that
cellular diversity is underappreciated. Prompting a more detailed characterization of this

ENS before the unknowns can be investigated.

ENS development is a tightly regulated, complex process.

The network of ENS ganglia, spanning from the esophagus to the anus, primarily
originates from neural crest-derived progenitors that migrate into the developing fetal
bowel during organogenesis. These progenitors undergo an epithelial-to-mesenchymal
transformation to detach from the border of the neural plate and non-neural ectoderm,
oriented at the apical region of the developing neural tube, and colonize the fetal intestine
as early as 8.5 days post-coitus (dpc) in mice (Bronner & LeDouarin, 2012; Kapur et al.,
1992; Nagy & Goldstein, 2017). Once inside the foregut walls, these early ENS neural
crest-derived progenitors (ENPs) migrate in a rostral to caudal direction, eventually
colonizing the entire length of the growing intestine, reaching the distal end of the hindgut
by 14.5 dpc. During migration, ENPs exhibit a characteristic "chain migration" pattern
during this colonization process, in which cells maintain cell-to-cell connections and

migrate together (H. M. Young et al., 1998) (Figure 1.1).
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Figure 1.1: Simplified diagram of ENP origins and migration patterns. Neural crest
cells that contribute to ENS formation have been identified to originate from the Vagal
(Somite 1-7) (red arrows/dots), Trunk (Somite 8-27) (blue arrow/dots), and Sacral (Somite
28 and below) (green arrow/dots) regions. On embryonic day 9.5 (E9.5), vagal ENPs
enter the foregut (FG) to initiate rostral-to-caudal chain migration. By E11.5, vagal ENPs
reach the cecum (C), where they begin a trans-mesentery migration from the ileum (l) to
the proximal colon (PC) to continue their linear migration. Around E13.5, sacral-derived
ENPs enter the distal colon (DC) and begin an inverse migration to the PC.
Simultaneously, a subgroup of neural progenitors originating from the trunk migrate
through the mesentery of the fetal intestine and contribute to ENS formation. Created with

BioRender.com

ENPs originate from multiple regions along the axial levels. Those deriving from
the neural tube at Somite 1 and Somite 2 (S1-S2) enter the developing gut tube at the
esophagus level and populate the esophagus and stomach, with lesser contributions to
the proximal small intestine (Espinosa-Medina et al., 2017; Le Douarin & Teillet, 1974).
ENS ganglia within the small intestine mainly derive from vagal ENP, which originate at
axial levels S3-S7 and immigrate into the fetal intestine around 9.5 dpc. As vagal ENP
progresses downward through the developing fetal intestine, groups of cells trailing
behind the advancing front start to express neuronal markers. Two major markers
expressed are at 11.5dpc. Hu, an early indicator of neuron formation, and PGP9.5, an
enzyme with neuronal functions typically found only in the neural lineages of the ENS

(Young et al., 2014). While most vagal-derived ENPs progress rostrally to caudally



through the gut tube, a subpopulation undergoes a trans-mesenteric migration at 11.5
dpc when the foregut, midgut, and cecum form a hairpin structure. (Nishiyama et al.,
2012). This trans-mesenteric migration allows vagal-derived ENPs to move from the ileum
to the colon, bypassing the cecum, which is essential for colonizing the hindgut.

Sacral-derived ENPs, originating from S28 and below, have also been identified to
contribute to the formation of the ENS (Espinosa-Medina et al., 2017; Le Douarin & Teillet,
1974). Upon exiting the dorsal neural tube at 8.5 dpc, these sacral ENPs migrate to the
flanking region of the distal hindgut by 11.5 dpc and remain there until they penetrate the
ventrolateral side of the distal hindgut at 13.5 dpc. These sacral ENPs traverse neuronal
fibers from extrinsically located pelvic ganglia to integrate into the fetal intestine, where
they migrate independently of vagal ENPs in a caudal-to-rostral fashion (Wang et al.,
2011).

Most recently, ENPs originating from the trunk S8-S27 have been identified to
contribute to enteric neuron formation. Substantial evidence for this has been generated
by the Enomoto group (Uesaka et al., 2015, 2021). Lineage tracing of the ENPs revealed
their migration and integration into the fetal intestine to occur along connective mesentery
from extrinsically innervating nerve fibers, which are detectable as early as E13.5
(Uesaka et al., 2021). Based on the Dhh:Cre activation and Gfral-GFP expression, these
ENPs were termed Schwann cell precursors (Uesakaet al., 2015). These GFP+ cells
migrated inward by E15.5 and finally settled in deep muscle and the submucosal layers.
Interestingly, trunk ENP were rarely detected in the myenteric ganglia of the small

(Uesakaet al., 2015). While the overall contribution was minimal in the developing mouse,



the study reported that 20% of the postnatal cells within the myenteric and submucosal
plexus of the distal colon are derived from trunk ENPs.

The formation of ENS ganglia within the gut wall relies heavily on a combination of
chemotaxis and cellular adhesion molecules to colonize the fetal gut in a spatiotemporal
manner. Two well-studied chemoattractant molecules that drive intrinsic chain migration
of vagal ENP are glial cell-derived neurotrophic factor (GDNF) and endothelin-3 (EDN3).
Before ENPs enter the fetal intestine, the mesenchyme begins to produce the intestinal
chemoattractant GDNF at low concentrations in the foregut, with increased GDNF
residing in the cecum. The gradient of GDNF induces chemotaxis of ENPs through the
developing gut in a rostral-to-caudal fashion (Barlow et al., 2003; Bondurand & Sham,
2013; Young et al., 2001). However, inhibiting GDNF or EDN3-mediated signaling merely
slows migration through the foregut, suggesting an additional migratory mechanism.

GDNF and mucosal-secreted netrin signaling are required for the respective radial
and inward migration of ENPs, which give rise to the submucosal plexus (Jiang et al.,
2003). However, the impact of GDNF varies between individual ENP subtypes. By
swapping vagal with the sacral-associated somites in developing chick at HH 9.5, Wang
Xia et al. observed retardation of rostral-to-caudal migration through the foregut by sacral
cells. However, vagal cells were unhindered in their caudal-to-rostral migration through
the hindgut (Wang et al., 2011). The difference in sacral and vagal-derived ENP cell
migration through the foregut, observed in aforementioned transplantation experiments,
may explain why sacral cell migration depends on extrinsic neurites for guidance during
its caudal-to-rostral migration (Burns et al., 2002; Delalande et al., 2008; Pachnis et al.,

1993).



Mutations in the Ret gene, the receptor for GDNF, are linked to disruptions in the
migration of vagal ENPs and the failure to form glial cells within the foregut and midgut.
In contrast, sacral ENPs appear less reliant on the Ret signaling pathway for migration
and colonization of the hindgut as sacral derivatives are often reported to be present in
the fetal colon regardless of the Ret mutation (Bondurand & Southard-Smith, 2016; Wang
et al., 2011). Furthermore, the downregulatonof t he Ret <corecept
GDNF is sufficient to generate Ret phenotypes, underscoring the significance of Ret in
ENS colonization.

The Endothelin receptor type B (Ednrb), a G protein-coupled receptor, also plays
a significant role in ENP migration. Unlike Ret, alterations in Ednrb expression primarily
affect colonic innervation. Researchers have reported that Ednrb-null mice exhibited
limited innervation in their fore and midgut, while the colon lacks ganglia (Druckenbrod et
al., 2008). A complementary study identified the presence of sacral-derived ENPs in the
aganglionic colons of Ednrb-null mice; the quantities of sacral-derived cells in Ednrb-null
mice were equivalent to wild-type controls, further highlighting the differences in migratory
mechanisms between ENPs (Erickson et al., 2012, Bondurand & Southard-Smith, 2016;

Erickson et al., 2012; Nagy & Goldstein, 2017).

The ENS is comprised of diverse neuronal networks.

ENPs differentiate into over 20 neuronal subtypes, such as interneurons, motor
neurons, and intrinsic primary afferent neurons, based on their primary function, location,
and key characteristics (Figure 1.2). These neural lineages were originally classified

based on localization, morphology, and physiological responses. Over the years, the

or
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presence of specific receptors, neurotransmitters, and transcription factors within a given
cell has contributed to a more detailed understanding of cellular diversity. However, it
remains widespread practice to broadly categorize ENS lineages based on the location
of the neurons and the neurotransmitters they express. These diverse neuronal
populations form complex networks that sense changes in the gut luminal content,
coordinate muscular contractions, regulate luminal secretions, and maintain overall

intestine functionality (J. B. Furness, 2000).
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Figure 1.2: Simplified diagram of the neurons and glia of the enteric nervous
system. The structures of the intestine are divided into several broad structures: Serosa
(S), Longitudinal smooth muscle (LM), Myenteric plexus (MP), Circular smooth muscle
(CM), Submucosal plexus (SM), Muscularis mucosae (MM), and Mucosa (M). The
neuronal composition of the ENS consists of excitatory (1) and inhibitory (2) motor
neurons that interact with the longitudinal and circular smooth muscles to drive peristalsis.
Ascending (3) and descending (4) interneurons communicate signals in a directionally
regulated manner for proper neuronal signaling. Enteric glia (5) plays many roles in
supporting cell signaling. Intrinsic primary afferent neurons within the myenteric (6) and
submucosal plexuses (7) communicate between the different regions of the ENS and
mucosa. Direct modulation and regulation of mucosal secretion are affected by
secretomotor neurons (8) within the submucosal plexus. Created with BioRender.com.

Figure inspired by F. Mogor, et al., 2021.

ENS excitatory and inhibitory motor neurons regulate peristalsis by
neurotransmitter secretion via axonal projections that extend from the myenteric plexus,
where they reside, to the circular and longitudinal ENS smooth muscles. They are
primarily classified by the expression and localization of enzymes that synthesize specific
neurotransmitters (Bornstein et al., 2004). For example, motor neurons associated with
the relaxation of smooth muscles during peristalsis typically express nitric oxide synthase
(Nos) and vasoactive intestinal polypeptide (Vip). These motor neurons generate
inhibitory postsynaptic potentials (IPSP) within circular and longitudinal smooth muscles

(Goyal, 2000; Kunze & Furness, 1999). Eliminating NOS-expressing neurons is sufficient
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to prevent relaxation during peristalsis, while losing Vip neurons has minimal or no effect
(Goyal, 2000; Kunze & Furness, 1999; Daniel et al., 1994; J. R. Grider, 1993). These
findings suggest that Nos neurons play a more influential role during peristalsis, while Vip
neurons may have alternative or subtle functions during gastric motility. Conversely,
motor neurons that secrete acetylcholine (ACh) and tachykinins are involved in
generating excitatory postsynaptic potentials (EPSP), which stimulate the contraction of
smooth muscles during peristalsis (Goyal, 2000; Kunze & Furness, 1999).

Interstitial Cells of Cajal (ICC) partially regulate and coordinate the activation of
excitatory and inhibitory motor neurons required for the rhythmic contraction and
relaxation patterns during peristalsis (Bornstein et al., 2004; Costa, 2006; Ward et al.,
2004). ICCs are electrical pacemaker cells that generate phasic stimulation of motor
neurons to drive peristalsis in the gastrointestinal tract (Costa, 2006; Ward et al., 2004).
Although ICC directly innervate smooth muscles, researchers have also identified
processes from ICC that project to and receive inputs from Nos and ACh neurons.
Researchers in the field hypothesize that these neural connections from ICC help
regulate the shortwave non-processive ripples observed before the onset of productive
peristalsis.

Intrinsic primary afferent neurons (IPANs) play a crucial role in sensing alterations
within the intestinal lumen, communicating with secretomotor neurons to regulate
digestion and maintain luminal homeostasis. IPANs are classified by their Dogiel-like
multipolar appearance, featuring large oval cell bodies that extend multiple axons into
various targets (J. Furness, 1998). These IPANs project from the submucosal plexus to

secretomotor/vasomotor neurons and endocrine cells located in the villi and crypts of the
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lamina to detect changes in gastric acidity within the lumen. The endocrine cells
communicate with IPANSs, initiating a signaling cascade that enables IPANs to directly
influence secretomotor or vasomotor neurons through a combination of
neurotransmitters, including ACh and Vip. This cascade prompts secretomotor neurons
to secrete NaCl, H20, bicarbonate, or mucus from intestinal glands to support luminal
homeostasis (Grondahl et al., 1998; Murek et al., 2010). A population of IPANs in the
submucosal and myenteric plexus establish synaptic connections with mechanosensory
cells within the mucosa, which detect changes in luminal stretching. Activation of these
mechanical receptors increases c-Fos activity in both submucosal and myenteric IPANS,
coinciding with the generation of sustained muscle contractions (Kirchgessner et al.,
1992). These changes in intraluminal pressure alone can initiate peristalsis without

afferent and efferent extrinsic innervation (J. Grider & Jin, 1994).

Glial diversity is essential for normal ENS development and function.

Traditionally, non-myelinating peripheral glia in the ENS are classified into four
subtypes based on their morphology and location (Gabella, 1972; Gulbransen & Sharkey,
2012; Hanani & Reichenbach, 1994). Glia in the myenteric plexus are termed Type |
protoplasmic gliocytes, while those containing fibrils are labeled Type II fibrous gliocytes
(Hanani & Reichenbach, 1994). Subepithelial glia with long branches are designated as
Type lll mucosal ENS gliocytes, and glia along nerve fibers in the musculature are called
Type IV intramuscular ENS gliocytes (Gulbransen & Sharkey, 2012). However, based on
gene expression and function, studies have identified heterogeneous populations within

each subtype, prompting the need for an enhanced classification system (Boesmans et
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al., 2015; Valés et al.,, 2018). One proposed alternative classification relies on
incorporating the Gl layer where the glia resides. For instance, acronyms for myenteric
and submucosal glia would be annotated as EGMP and EGSMP, while glia within the
mucosa and musculature would be considered EGM and EGIM, respectively (Gulbransen
& Sharkey, 2012). However, as our comprehension of glial diversity continues to expand,
a more precise classification system combining spatial and morphological characteristics
is needed. High-resolution methods that enable researchers to measure gene expression
via next-generation sequencing, cell structure via super-resolution microscopy, or in situ,
spatial sequencing multiplexed with immunohistochemical labeling could allow more
precise and consistent classification of these cells.

Irrespective of designations, ENS glia critically support neurogenesis in the
developing ENS through the regulation of neuronal functions, gastric motility, and the
integrity of the mature Gl epithelial barrier (Aube, 2006; Bush et al., 1998; Gulbransen &
Sharkey, 2012; Hao, Capoccia, et al., 2017; Savidge et al., 2007a). Several groups have
reported that ablation of S100b-expressing glial cells in embryonic mice alters intrinsic
innervation (Hao, Capoccia, et al., 2017; Simpson et al., 2007). Specifically, the
proliferation of vagal ENPs in the foregut slowed, resulting in a reduced abundance of
ENS neurons during development (Savidge et al., 2007b).

In the mature ENS, glial cells are reported to secrete Glial-derived s-
nitrosoglutathione (GSNO) to maintain and inhibit lumen permeability (Savidge et al.,
2007). When mice glial cells were ablated from the lamina propria, GSNO production was
reported to be deficient, and increased luminal permeability of the fluorescent probe FITC

dextran was observed. Researchers discovered that topical application of GSNO
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maintained the structural integrity of the epithelia, emphasizing its ability to maintain
epithelial homeostasis. However, a study using diphtheria toxin to ablate ENS glia in mice
suggested an alternate hypothesis, as no change in epithelial homeostasis was found six
weeks after glial ablation (Rao et al., 2017). This contradiction has yet to be addressed

by the field.

The impact of signaling cascades on ENS formation.

Signaling cascades play a vital role in the formation of neurons and glia within the
ENS, though they are less clearly defined. Despite this, research has highlighted the
importance of bone morphogenic proteins (BMP), serotonin, and delta/Notch signaling
pathways in ensuring proper neurogenesis.

Chalazonitis and colleagues explored the influence of BMPs on neurogenesis and
gliogenesis during both prenatal and postnatal stages (Chalazonitis & Kessler, 2012). The
researchers isolated ENPs from mice at 12.5 dpc and cultured them with varying
concentrations of BMP-2 or BMP-4. Staining for neuronal marker PGP9.5 revealed that
low levels of BMPs affected the differentiation of ENP into neurons. In contrast, high
concentrations of BMP-4 caused a reduction in neurogenesis (Chalazonitis et al., 2004).
BMP-2 promoted more robust neuronal survival and development when used at higher
concentrations, while BMP-4 had the opposite effect, which suggested that BMPs can
modulate neurogenesis in a concentration-dependent manner. The researchers
attributed the changes in cell populations to an increase in neurons expressing calcitonin

gene-related peptides, typically associated with late ENS development. Overall, the

14



results of these studies suggest that temporal modulation of BMP signaling affects
neuronal subtype specification and survivability (Chalazonitis et al., 2004, 2008).

A subsequent in vivo analysis of mice overexpressing the BMP antagonist Noggin
under the neuron-specific enolase (NSE) promoter showed a significant increase in
neuronal abundance associated with increases in 5-hydroxytryptamine (5-HT) expressing
neuronal subtypes (Chalazonitis et al., 2008, 2011). When researchers overexpressed
BMP-4, they observed reduced levels of 5-HT-expressing cells, suggesting that BMPs
influence cellular fate selection (Chalazonitis et al., 2008). Chalazonitis et al. also
demonstrated that overexpression of BMP-4 increased the ENS glia/neuron ratio in fetal
guts at 12.5 dpc. The increase in gliogenesis is likely attributed to BMP-4 enhancing the
ErbB3 response to ligands, such as glial growth factor 2, in ENPs (Chalazonitis et al.,
2011). In combination, these studies highlight the context-dependent role of BMPs in
regulating ENS formation and neuronal specification.

Studies targeting tryptophan hydroxylase (Tph), the rate-limiting enzyme in 5-HT
production, suggest that while the monoamine neurotransmitter 5-HT plays a role in
initiating peristaltic reflexes through enterochromaffin cells, it also affects the expansion
and survival of non-serotonergic neurons (Gershon et al., 1965 ; Z. Li et al., 2011 ; Liu &
Lauder, 1992 ; Mal & Hoffman, 2013). In Tph2-null mice, researchers observed a
substantial decrease in the presence of HuC/D-positive neurons, particularly
dopaminergic neurons. Follow-up studies used cultured ENPs and a medium containing
a TPH inhibitor, para-chlorophenylalanine (PCPA), to block the biosynthesis of
endogenous 5-HT. Increased dopamine makers were observed in cultures containing

PCPA and exogenous 5-HT relative to cultures only containing PCPA (Z. Li et al., 2011).
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However, these effects were not restricted to dopaminergic neurons, as increases in
nondopaminergic neurons were reported, suggesting that 5-HT broadly increases the
survival of neurons in culture. Since serotonergic neurons are reported to be the first
population of neurons born within the developing ENS, these observed patterns suggest
a dependency role for the presence of 5-HT during the continued development or
maintenance of other ENS neurons.

The Notch signaling pathway is pivotal in various aspects of neural crest
development, encompassing processes from neural tube delamination and early
migration to establishing and maintaining ENPs (Cheung et al., 2005; Noah & Shroyer,
2013). The effect of Notch signaling on ENPs hinges on a delicate balance (Morrison et
al., 2000). In a study where researchers knocked down or eliminated the Potufl gene,
essential for Notch membrane trafficking, the number of Tujl-positive neurons increased
in fetal guts at 11.5 dpc (Okamura & Saga, 2008). However, this increase in neurogenesis
was limited, as fetal guts 12.5dpc and 18.5dpc did not exhibit elevated Tujl-positive cells.
Notably, they reported no differences in the proliferation or survival capabilities of Potufl-
null ENP at different development time points, indicating that Notch signaling regulates
early ENS neuronal specification independent of cell viability (Gershon et al., 1965; Liu &
Lauder, 1992; Mal & Hoffman, 2013).

Conversely, when other researchers continuously stimulated the Notch ligand
Delta-like 1 (DII1) through activation of the Hedgehog pathway, more ENPs differentiated
into glial cells. Normal gliogenesis was restored when DII1 siRNA or the Notch antagonist
DAPT was introduced to Hedgehog-stimulated ENPs (Ngan et al., 2011). Further

research is needed to determine if overexpression of DII1 alone, without sustained
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Hedgehog activation, can successfully recapitulate the observed phenotype. Altogether,
the evidence suggests that the Notch pathway possesses the potential to regulate both

ENS gliogenesis and neurogenesis.

Critical transcription factors associated with proper ENS formation.

ENS development is a highly regulated process orchestrated by a network of
transcription factors. Key transcription factors such as Ascll, Hand2, and Sox10 are
pivotal in ensuring proper neuronal specialization. Ascll, an essential helix-loop-helix
transcription factor, regulates early ENS neurogenesis, while Hand2 is essential for the
final differentiation of ENS neurons. Meanwhile, Sox10 is reported to have a critical role
in all stages of ENS development.

The Achaete-Scute Family Transcription Factor 1 (Ascll), formerly known as
Mashl, is a basic helix-loop-helix (bHLH) transcription factor that plays a role in ENP
neurogenesis, particularly in the early stages of neurogenesis and neuronal diversification
(Blaugrund et al., 1996; Lo et al., 1998; Memic et al., 2016; Parras et al., 2002). The
necessity of Ascll in ENS neurogenesis was explored by Memic et al., who identified
changes in ENS neurogenesis using Ascll-null mice (Memic et al., 2016). While a
complete absence of neurons was not reported in developing intestines, there was a
noticeable delay in the migration and differentiation of ENPs. Additionally, a reduction in
the percentage of neurons expressing Calbindin, VIP, and TH in various regions of the
Gl tract was identified. Attempts to rescue the Ascl1-null phenotype and restore migration

using the chemoattractant Ngn2 revealed a 75% reduction in Calbindin, VIP, and TH
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neurons (Memic et al., 2016). These findings indicate that Ascll is also involved in the
early migration of ENPs and regulating a specific subset of ENS neurons.

Another bHLH transcription factor, heart and neural crest derivatives-expressed
protein 2 (Hand2), has been identified as a regulator of the terminal differentiation of ENS
neurons (Bertrand et al., 2002; Cserjesi et al., 1995; Rohrer, 2011). Quantitative analysis
of mature enteric neurons revealed a decrease in total neuron count attributed to early
Hand2 inactivation, while mice lacking Hand2 expression exhibited sufficient ENP
migration during early ENS formation (Rohrer, 2011). Additionally, when ENS progenitor
cultures were exposed to Hand2 siRNA, there was a notable decrease in the development
of neurons expressingHUC/D( D6 Autr ®aux et al ., 2007).
are present, mature ENS neurons fail to develop, suggesting Hand2 is involved with
terminal differentiation. In a follow-up study by D'Autréaux et al. in 2011, which focused
on the effect of Hand2 gene dosage, researchers observed reductions in neural
abundance in mice associated with low levels of Hand2. Furthermore, the absence of
apoptosis and the presence of ENPs in the initial stages of ENS development supports
the notion that Hand2 primarily influences neuronal differentiation rather than cell survival.
The data suggests that the impact of Hand2 on terminal differentiation is contingent upon
genedosage( D6 Autr ®aux et al ., 2011).

The Sox10 transcription factor is part of the Sry-related HMG box E family member
initially expressed within neural crest lineages during egression from the neural tube and
subsequent migration through the fetal gut. Studies using transgenic and mutant mice,
where Sox10 is truncated, knocked down, or silenced, revealed the importance of Sox10

in neuronal development and gliogenesis (Bondurand & Sham, 2013; Bondurand &
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Southard-Smith, 2016; Kim et al., 2003). While Sox10 is actively expressed in all
migrating ENPs, it is eventually silenced in most ENS lineages apart from enteric glial
(Chan et al., 2018; Kelsh, 2006; Kim et al., 2003; Paratore et al., 2001). Using Sox10
hapl oinsufficient -gaactosdase tithih thecopep readmgfimrde oba
single Sox10 allele, researchers investigated the role of Sox10 in ENS formation (Britsch
et al., 2001). In thesis investigations, it was documented that neurons were present in
fetal intestines at 11.5dpc, yet they were notably absent in subsequent developmental
stages. This absence of neurons was ascribed to aberrant gliogenesis, drawing upon
substantial evidence from prior research indicating the pivotal involvement of glial cells in
the process of neurogenesis ( Br i t sch et al ., 2001; Gru
al., 2003; Paratore et al., 2001). However, it is important to note that ENPs expressing
Sox10 give rise to the ENS and submucosal plexus motor neurons. Therefore, deficits in
gliogenesis do not account for the complete absence of neurons in the later stages (Kim
et al., 2003; Paratore, 2002). Using the Sox10 Dominant megacolon (Sox10P°™) mouse
model of Hi rschsprungdés di sease, SodBduang
neuronal subtype specification with the ENS (Southard-Smith et al., 1998, 1999). Musser
and colleagues identified increased neuronal quantities of excitatory motor neurons,
positive for calretinin, within the duodenum and ileum of Sox10P°™ mice (Musser et al.,
2015). These findings implicate Sox10 in shaping the diversity of motor neuron subtypes

within the ENS; how this occurs is currently unknown.
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Contributions to the field.

Vassilis Pachnis' laboratory made groundbreaking strides in ENS research by
pioneering the first-ever single-cell RNA sequencing (ScCRNA-seq) specifically for the ENS
(Lasrado et al.,, 2017). Their study aimed to unravel lineage-specific behaviors by
examining the transcriptomic landscape of ENPs. Since then, multiple single-cell-based
studies have emerged, yet a comprehensive grasp of the pivotal genes driving neuronal
specification remains elusive.

This thesis explores the process of neural specification in the ENS with a focus on
Sox10. In Chapters Two and Three, single-cell RNA sequencing was utilized to
investigate the early stages of ENS formation and elucidate the role of Sox10. The studies
identified greater neural diversity than was reported across various developmental
stages, alongside increased Hox gene regulatory network activity as cells transitioned
towards neuronal identities. Interestingly, differences in cell abundance were noted
between Sox10** and Sox10P°™* |lineages within the single-cell data, highlighting the
impact of Sox10 on cell diversification throughout various stages of early ENS
development.

The correct migration, proliferation, and cell signaling of ENPs is essential for the
proper formation of the ENS. However, observing these biological processes is often
tricky as spatially and temporally regulated events occur simultaneously in the developing
fetal intestine. The dynamic nature and precise timing required for each stage of fetal
intestine development add to the challenges. Researchers typically employ multiple
transgenic models to address these challenges, allowing for the specific marking and

tracking of ENPs and their derivatives. However, using these tools can be cost-prohibitive
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and limit the scope of research in ENS studies.

This thesis also introduces the Sox10-MS mouse model in Chapter Four and
lentiviral constructs designed to express the Flag-tagged Sox10 variant in Chapter Five.
These tools were created to lower the cost of entry for ENS-based studies and provide
additional resources for scientists to investigate ENS formation and function further. As
proof of principle, the Sox10-MS mouse model was used in the identification of a novel
form of calcium signaling in migrating ENPs. Additionally, the use of the Sox10-MS mice
resulted in identifying disparities in baseline calcium activity in the enteric glia of
Sox10Pom+ mice.

The findings presented in the upcoming chapters advance our understanding of
the ENS, particularly in relation to the Sox10 transcription factor. These discoveries push
the boundaries of current knowledge and introduce innovative tools for current and future

ENS researchers.
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Chapter 2

Transcriptomics Identifies Alterations in Developing ENS Neuronal Allocation
within the Sox10P°™ Mouse Model of Hirschsprung Disease.

This chapter is adapted from a manuscript that is being prepared for submission to
Cellular and Molecular Gastroenterology and Hepatology: Justin A. Avilal, Joseph T.
Benthal, Jenny C. Schaffer, and E. Michelle Southard-Smith Transcriptomics Identifies
Alterations in Developing ENS Neuronal Allocation within the Sox10Dom Mouse Model
of Hirschsprung Disease.

Abstract:

Establishing the ENS relies heavily upon migration, colonization, and proper neural
diversification to ensure a functional digestive tract. Prior studies implicated Sox10 in
regulating the distribution of neuronal subtypes within the mature ENS using the Sox10QPom
model of aganglionosis. How Sox10 alters distributions of neuronal subtypes is unknown.
Sox10's prominent expression in neural crest-derived ENS progenitors, coupled with its
absence in ENS neurons, led us to hypothesize that its activity in ENS progenitors
influences the allocation of neuronal subtypes during ENS formation. To gain further
insight into the modulators of neuronal diversification within the ENS, | captured ENS
progenitors, developing neurons, and emerging glia from Sox10** and Sox1QPom+
littermates at 15.5 dpc based on the dual expression of Sox10-H2BVenus and Phox2b-
H2BCerulean transgenic lines. scRNA-Seq analysis of the isolated lineages revealed
three neuronal trajectories, identifying an unrecognized level of complexity during early

ENS formation. Two transitional pathways, each exhibiting differences in proliferative
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capacity, bridge ENS progenitors toward neuronal trajectories. Surprisingly, Hox gene
regulatory network activities increase as cells transition toward neuronal fates. Cross-
comparisons between genotypes identified distinct characteristics in the Sox10P°™* data,
such as a novel progenitor cluster, decreased cell abundance in one transitional pathway,
and shifts in cell distributions between two neural trajectories. This study establishes a
refined model of ENS neurogenesis and presents a foundation for further investigation

into Hox genes as modulators of neuronal diversification in the developing ENS.
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Introduction:

The ENS is a complex neural network of the myenteric and submucosal plexus
within the intestinal wall. These interconnected ganglia networks are crucial in controlling
essential functions within the Gl tract, including regulating Gl motility and maintaining Gl
homeostasis (Baghdadi et al., 2022; Kunze & Furness, 1999; Spencer & Hu, 2020). The
proper functioning of ENS processes relies on a complex network comprising over 20
distinct neuronal subtypes, encompassing excitatory and inhibitory neurons,
interneurons, and sensory neurons. Nevertheless, the precise regulatory networks
governing the development and differentiation of these neuronal subtypes remain
incomplete.

Proper development of the ENS relies on a temporally and spatially
regulated pattern of early migration and differentiation of vagal and sacral-derived NC
(Durbec et al., 1996; M. M. Hao & Young, 2009; Lake & Heuckeroth, 2013; Nagy &
Goldstein, 2017; Pawolski & Schmidt, 2020). After separating from the neural tube, vagal
NC cells migrate into the developing fetal gut, initiating rostral-to-caudal colonization
around 9.5 dpc. At 13.5 dpc, these vagal NC cells begin inward radial migration toward
the gut lumen, eventually forming the submucosal plexus. Simultaneously, a distinct
group of sacral NC cells enter the distal portion of the colon and migrate in the opposite
direction. By 14.5 dpc, the rostral-to-caudal migration and colonization of the fetal
intestine are completed. Yet, differentiation and maturation of ENS neurons and glia
persist well into postnatal stages (Anderson et al., 2006). Any disruptions in the ability of
these NC cells to migrate, replicate, and differentiate during this process can result in the

development of GI motility disorders and functions (Lake & Heuckeroth, 2013).
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The significance of proper ENS development and the consequences of
improper formation are evident in patients with Hirschsprung's disease (HSCR) and
Chronic intestinal pseudo-obstruction (CIPO). HSCR is a congenital disorder
characterized by incomplete development of the ENS (Heuckeroth, 2018). The lack of
nerve cells in the affected area results in difficulty passing stool and a potentially life-
threatening intestinal blockage. In addition to aganglionosis, dysregulation of ENS lineage
abundance has also been reported in HSCR cases (Tani et al., 2017). These reports
indicate a complexity associated with the etiology of HSCR and cellular diversity within
the mature ENS.

Similarly, CIPO is a condition characterized by impaired motility of the intestines.
CIPO-associated colonic dysfunction is believed to be due to abnormalities affecting
distinct neuronal subtypes within the mature ENS (Jain et al., 2003; Wells et al., 2017).
CIPO and HSCR highlight the importance of understanding ENS colonization and
neuronal diversification to better combat the acute and chronic stressors of the ENS.

Utilizing scRNA-seq technologies has enhanced our comprehension of genes
associated with cellular diversity within the developing ENS (Dharshika & Gulbransen,
2023). Notably, novel transcripts such as Pbx3 and Sox6 have been identified to affect
fate selection, lineage specification, and maturation of ENS progenitors (Memic et al.,
2018; Morarach et al., 2021). Furthermore, scRNA-seq studies have consistently
identified two distinct classes: cycling progenitor cells and differentiating lineages. While
cycling progenitors are a pool of undifferentiated cells, the second population is
represented by differentiating lineages transitioning toward neuronal subtypes, often

characterized by the expression of markers such as Nosl, Vip, or Choline
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acetyltransferase (Chat) at 15.5 dpc (Elmentaite et al., 2021; Morarach et al., 2021).
These studies emphasize the potential of SCRNA-seq technologies to map developmental
trajectories and uncover genes associated with cellular subtype specification in the
developing ENS. Still, a gap in knowledge regarding Sox10s involvement in neuronal
specification during early ENS development remains.

Sox10, a multifunctional transcription factor, is critical in developing neuronal and
glial populations within the ENS (Bondurand & Sham, 2013). Within rat neural crest stem
cells, Sox10 was identified to maintain stem-like characteristics and regulate their
differentiation into neuronal subtypes and glial lineages (Kim et al., 2003). The
dysregulation of Sox10 expression in ENS progenitors has been identified to cause
delays in their ENP migration throughout the developing fetal intestine (Watanabe et al.,
2013). Studies have also demonstrated Sox10's ability to maintain ENS progenitors in an
undifferentiated state when its expression is upregulated (Bondurand et al., 2006;
McKeown et al., 2005). Furthermore, when calretinin-expressing excitatory motor
neurons in postnatal mice were quantified, researchers observed a significant increase in
the populations of calretinin-expressing motor neurons within the duodenum and ileum of
Sox10P°"* mice, which express a truncated version of Sox10. This finding implicated
Sox10 in the regulation of neuronal subtype ratios within the mature ENS (Musser et al.,
2015). Since the expression of Sox10 is restricted in developing progenitors and glia of
the mature ENS, the question of how Sox10 precisely regulates neuronal distributions
and contributes to the broader generation of ENS neuronal diversity remains.

To better understand neuronal diversification in the ENS, | employed

scRNA-seq analysis to examine cellular dynamics and gene regulatory networks affected
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by Sox10P°™+* | hypothesized that dysregulation of Sox10 in ENS progenitors disrupts
gene regulatory networks involved in neuronal lineage specification, resulting in the
observed shift in neuronal allocation within the mature ENS. By combining two transgenic
reporter lines with the Sox10P°™+ model, | isolated single-cell samples of ENS lineages
at 15.5 dpc. The cells were then processed using the 10x Chromium system for high-
throughput single-cell encapsulation and subjected to next-generation sequencing.
Analysis of the newly generated data sets identified three distinct neuronal trajectories,
indicating greater complexity during ENS neurogenesis than previously understood.
Furthermore, the study establishes a significant role for Sox10 in governing the
distribution of cells within two of the three developing neural lineages and a novel
progenitor cluster in early ENS formation. Additionally, a notable reduction in calculated
transition rates was identified in ENS progenitors as cells transition toward neuronal fates
in  Sox10P°m+ populations. The decreased transition rates coincided with the
downregulation of transcription factors associated with neurogenesis, as identified
through differential expression analysis of the Sox10** and Sox10P°™* data. Gene
regulatory network analysis further indicated heightened Hox-associated regulon activity
within the neuronal lineages. These findings highlight the importance of Sox10 expression
during early neuronal specification and contribute to our broader understanding of cellular

diversification during the formation of the ENS.
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Results:

Multiple ENS lineages were successfully isolated using Sox10-YFP and Phox2b-
CFP reporters. Previous examination of the ENS using the Wnt1-Cre reporter fell short
in effectively marking all Phox2b+ neurons, highlighting a limitation in the reporter Glsility
to label all ENS neuronal lineages (Deal et al., 2021). In contrast, the Phox2b-CFP line,
designed by the Southard-Smith lab, effectively identifies all HuC/D+ neurons, providing
a more comprehensive approach to labeling the diverse neuronal populations (Corpening
et al., 2008). To understand ENS neurogenesis and evaluate the impact of Sox10
deficiency on ENS lineage allocation, | employed Phox2b-CFP and Sox10-YFP reporter
mice (Corpening et al., 2008, 2011). Using constitutively expressed reporters helped to
avoid potential limitations associated with a Cre-based system, such as variability among
Cre inductions, which can impact labeling between biological replicates. The combination
of transgenic reporters was used to label progenitors (Sox10-YFP+ / Phox2b-CPF+) as
well as differentiating ENS glia (Sox10-YFP+, Phox2b-CPF°"+) and developing ENS
neurons (Phox2b-CPFHi9h+) (Figure 2.1A). Fetuses were collected at 15.5 dpc when ENS
rostral-to-caudal migration and colonization were complete. Fetal intestines were sub-
dissected from the cardia to the anus of the isolated fetuses and examined for fluorescent
expression using a Leica MZO5FA fluorescent dissecting scope. Only Sox10-
YFP+/Phox2b-CPF+ positive samples were selected for tissue dissociation and single-
cell encapsulation. Because Sox10P°™* aganglionosis can be highly variable even on
inbred genetic backgrounds, | selected samples exhibiting total colonic aganglionosis for
tissue dissociation (Cantrell, 2004) (Figure 2.1B). This was conducted to enhance the

likelihood of detecting effects caused by the Sox10P°™* allele. Subsequently, dissociated
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cell suspension underwent flow sorting to capture all fluorescently positive cells. Four fetal

intestines from Sox10** and three from Sox10P°™* fetuses were used for sScCRNA-seq.

29



30

Cluster

Sox10** Sox10Pom/+
#7 Glial
EN Sox10 (+)
Sox10°°"'/* Sox10-YFP \ /’ Phox2b (Low)
Sox10 (+) Neuronal
Phox2b (+) Sox10 (-)
Phox2b (High)
Phox2b-CFP
C
10 Sox10** Sox10** -
’?‘_;_—'“ .‘.
- 5 2 p.k’(: St e (
= N L O -,~’
- o T e o
25 o (R3)
5 0 -5 -10
UMAP_1
10 Cell Counts
5 Sox10** (R1): 1,889
~N
%' Sox10** (R2): 2,562
z0 Sox10** (R3): 1,989
& Sox10P°m+(R1) : 3,544
Sox10P°m+(R2) : 3,783
10
D
Mpz ®
15 Mal @
P Dhh .
c Sox10 | ENR - ] &
& Sox8 [ XX XX
o Sox5 e o ® ®
o Sox2 o000 4
Wwtr1 09200
Nr4a1 . o
mod 20006000
— Lmo4 @
g Hmn;gz 2 XEEXE % Expr
° Foxd3 (X X X X X X 8
3 > Baz1a o0 o * 3
2 St18 c o ® o
Rcor2 & @ e @3
Bcl11b o
F Tox3 £ [ ]
10 Sox11 (X X
10 Insm1 ®
14 i Ascl1 ® o
i Mixed Elavi4 0000
. Snap25 o000
Ret e O
i Uchl1 ©0 00X Expr
! Cited2 0000 @
< Hoxb5 ] & -
50 Myt1l © o000 2
Zcche12 (X X J I’
Phox2a 0000 °
KIf7 000 =4
. Hoxa5 @ @
E . Actl6b 000
Cells: 13,783 14110130 46281537
10 5 -5 -10



Figure 2.1: Dual Sox10-Phox2b transgene strategy comprehensively captures
developing ENS populations. A) Transgenic lines crossed to enable flow sort isolation
of ENS lineages marked by expression of Sox10 and Phox2b in progenitors
(Sox10/Phox2b), maturing neurons (Phox2bhish), and ENS glia (Sox10+, Phox2b'ow). B)
Wholemount fluorescent images of YFP expression in Sox10** and Sox10P°™+* fetal
intestines positive for Phox2b-CFP and Sox10-YFP at 15.5 dpc. C) UMAP
representations display scRNA-seq data generated for biological replicates of Sox10**
and Sox10P°m+ accompanied by cell counts for each replicate. D) UMAP representations
of marker genes for progenitors (Sox10, Sox2) and developing neurons (Elavl4, Snap25).
E) Dot plot displays expression levels of previously established marker genes for ENS
progenitors, neuroblasts, and neurons per cluster. F) UMAP of clusters shared by
Sox10** and Sox10P°™+ classified by marker gene expression and Gene Ontology

analysis identified three main groups: progenitors (green), neurons (blue), and mixed

(gray).

Following post-processing and normalization using Seurat, Uniform Manifold
Approximation and Projections (UMAPS) were generated to assess similarities and
differences between biological replicates of Sox10** and Sox10P°™* samples (Butler et
al., 2018). The selection of runs was combined using the Seurat SCT integration methods,
and cells were chosen based on specific criteria, including a minimum of 200 features per
cell and the exclusion of cells with more than 10% mitochondrial gene expression. Based
on run quality and a failure to properly integrate, only three of the four Sox10** and two

of the three Sox10P°™* data sets were selected for further processing. In total, 6,440 cells
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were from three Sox10** datasets and 7,327 cells from two Sox10P°™+ datasets (Figure
2.1C). To identify cell types, feature plots of ENS neuronal (Elavl4, Snap25) and
progenitor (Sox10, Sox2) markers were used, revealing a dichotomy with predicted
progenitors on the left and neuronal populations on the right side of the UMAP (Figure
2.1D). Clusters 1, 10, 13, and 14 displayed increased expression of both neuronal and
glial markers, as confirmed by examining classical and extended ENS lineage markers
(Figure 2.1E). Cluster 13 exclusively expressed myelination markers Mpz and Mal and
elevated expression of Dhh, markers often identified in nerve-associated neural crest
progenitors that contribute to ENS formation. The number of high-quality cells and the
preliminary screening of cell identities confirm the successful isolation of ENS lineages.
Based on marker expression, cluster identities were converted to progenitor
(clusters 3, 5, 7, 9, 12), neuronal (clusters 0, 2, 4, 6, 8, 11, 13), and mixed (clusters 1, 4,
10) (Figure 2.1 F). Additional analysis was conducted on the relabeled Sox10** cells
using clusterProfiler to predict Gene Ontology (GO) associated with the upregulated
genes identified by FindAlIMarkers with an adjusted p-value < 0.05 (Wu et al., 2021)
(Table 2.1). Post-analysis, the respective GO terms associated with neurogenesis, such
as axon genesis, post-synapse organization, and dendrite development, were identified
in cells labeled as neuronal (Table 2.2). In contrast, GO terms related to progenitor
functions such as cell cycling, chromatin modification, sister chromatid segregation, DNA
replication, and repair were identified in cells labeled as progenitor (Table 2.2). While
those GO terms associated with the mixed population were less consistent (Table 2.2).
Furthermore, the quality of RNA in the mixed population was found lacking. Given

previous evidence that alterations in Sox10 affect the proportions of ENS neurons and
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result in low RNA quality within the mixed population, progenitor and neuronal lineages
were selected for further analysis to examine the effects of the Sox10P°™* allele on these

specific lineages.

Identified marker genes for three distinct neuronal lineages are expressed within
developing and mature ENS cells. In total, 5,583 Sox10** cells and 5,549 Sox10QPom+
cells were selected post-quality control, consisting of progenitor and neuronal
populations, and were aggregated, resulting in 11,132 cells. To further identify distinct
clusters within the 7,109 progenitor cells and 4,023 developing neurons, unsupervised
clustering was conducted independently on neuronal and progenitor cells and performed
on these two split populations. Reclustering identified an additional sub-cluster in the
progenitors, while the neuronal cells split into twelve sub-clusters. Overall, nineteen sub-
clusters are identified within the combined Sox10** and Sox10Po™* data that were

classified as either neuronal cell (NC) or progenitor cell (PC) clusters (Figure 2.2 A).
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Figure 2.2: scRNA-seq detects earlier diversity of neuronal lineages than
previously appreciated. A) UMAP visualization displays 19 distinct clusters detected
during supervised clustering of progenitor and neuronal populations. These clusters were
subsequently labeled as progenitor clusters (PC 0-6) and neuronal clusters (NC 0-11). B)
Violin plots show pre and post-Harmony batch correction for the embedding values of the
Sox10** and Morarach 15.5 dpc dataset. C) UMAP showing the dataset overlay after
Harmony batch correction color-coded by dataset origin. D) UMAPs display the subset
and reclustered analysis of neuronal populations from batch-corrected data. Arrows
indicate differences in cluster 12 and 7 distributions highlighted in teal. E) The dot plot
displays gene expression detected in the neuronal lineages for the aggregated Sox10+/*
and Sox10Po™* data. Minimum average expression set to 0. Adjacent UMAPs highlight
the specific branches designated as Branch A (NC6, NC4, and NC9), Branch B (NC2 and

NCO0), and Branch C (NC3, NC5, and NC7).

As of this publication, scRNA-seq studies of the ENS have identified two
early neuronal lineages existing at 15.5 dpc (Morarach et al. in 2021). Interestingly, our
data revealed the presence of a third neuronal lineage, indicating a greater level of
complexity than previously appreciated. | next conducted a comparative analysis by
juxtaposing our scRNA-seq data with a previously published dataset by Morarach et al.
in 2021 to determine whether the novel neuronal lineage could be attributed to our
methods of computational analysis or technical variations between the data (i.e., cell
quantities, method of cell labeling and isolation, or depth of reads). Reprocessing

Morarach's single-cell datasets at 15.5 and 18.5 dpc, using a methodology like the one
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employed for the Sox10** 15.5 dpc data, revealed consistent findings. Specifically,
clusters of cells were marked by classical progenitor markers Sox10 and Sox2 and those
expressing neuronal markers Elavl4 and Phox2b, demonstrating parallel patterns across
the datasets. The analysis of the Morarach 15.5 dpc dataset revealed progenitors with
two separate neural branches. In contrast, the 18.5 dpc data further branched into three
distinct neuronal lineages, consistent with the findings described in Morarach et al. 2021
(Figure 2.3).

Subsequently, | integrated the Sox10** and reprocessed Morarach 15.5 dpc
datasets to determine whether the integration of these datasets led to the consolidation
of the three Sox10** neuronal lineages into two. Batch correction was performed using
the Harmony package to account for technical variations (ex., experimental conditions,
sample processing, or sequencing procedures) (Korsunsky et al., 2019). Before the batch
correction, a noticeable degree of similarity was readily observed in principal component
distributions of cells illustrated by the Harmony embedding plot between both datasets,
suggesting a preexisting level of similarity already exists (Figure 2.2B). Post-batch
correction, an improved alignment of principal component embedding values was
observed, indicating an enhanced integration. UMAPs of the Harmony corrected data
revealed that cell distributions, consisting of progenitor and neuronal lineages, are evenly
distributed except for a subset of Sox10** cells (Figure 2.2C). Upon closer examination
of the Harmony-corrected neuronal data, | identified two distinct clusters exclusively
present in the Sox10** data, highlighting the existence of a third neuronal lineage at
15.5dpc (Figure 2.2D). The findings indicate that the implemented analysis methods are

sufficient to distinguish distinct cell identities and that three neuronal trajectories are
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present as early as 15.5 dpc during ENS formation.

| next questioned whether the marker genes associated with neuronal
identities are expressed throughout ENS development. Upregulated genes were first
identified for each neuronal cluster using the FindAllMarkers function in Seurat. | then
manually examined the normalized expression levels and spatial distribution of the
upregulated genes within each cluster via feature plots (Table 2.3) (Figure 2.2E). Genes
with specific regional expression patterns were used as references to classify neuronal
lineage within the data: Branch A (NC6, NC4, NC9), Branch B (NC2, NCO0), and Branch
C (NC3, NC5, NC7), as depicted in Figure 2.2E. Markers elevated at the end of neuronal
Branch A (NC9), B (NCO0), and C (NC7) were used to assess whether lineage-specific
marker genes are conserved throughout developmental time points of the ENS. The
expression of these markers were then screened against the Morarach 15.5 and 18.5
datasets and an adult RNA-seq dataset from May-Zhang et al. (2021). Notably, the co-
expression of Branch A markers (Islr2 and Cartpt) is limited to specific cell types within
the developing Morarach datasets and a subset of mature neurons (Figure 2.3). A similar
pattern of restricted expression is also observed in the case of Branch B (Gchl and Tacl)
and Branch C (Calcb and Nog) markers (Figure 2.3). These observations indicate that
the co-expression of transcripts distinguishes each branch, and these unique

transcriptional profiles are evident at multiple stages of development.
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Figure 2.3: Neuronal-specific markers persist and highlight cell populations
throughout ENS development. Feature plots demonstrating pairs of co-expressed
markers particular to each neuronal branch within multiple ENS single-cell data sets and
across stages of development (15.5dpc,18.5dpc, and P21-26). Branch A (Islr2/Cartpt),

Branch B (Gchl / Tacl), and Branch C (CalcB /Nog).

During early ENS formation, the Sox10°°™* allele affects cell allocation between
two neuronal branches. Given the prior finding that the Sox10P°™ allele alters ratios of
ENS neuron classes postnatally, | compared cell quantities for both Sox10+*+and data to
assess for any variability in lineage allocations amongst the UMAP clusters (Musser et
al., 2015). The Sox10** and Sox10P°™* data were separated into progenitors and
neuronal populations to facilitate the observation and quantification of ENS lineages.
Interestingly, the PC 6 cluster is observed exclusively in the Sox10P°™+ data when
comparing the UMAPs of progenitor populations from both genotypes (Figure 2.4A).
Furthermore, cell quantities are noticeably reduced in Branch C, while an increase can
be observed in Branch B within the Sox10P°™* neuronal UMAP (Figure 2.4A). Using the
cell counts from biological replicates, a one-way ANOVA analysis was performed
between genotypes to assess the difference in cell abundance between genotype
clusters. The analysis revealed Branch C (NC3 p=.014 and NC5 p= .038) exhibited a
significant reduction in cell quantities, while both clusters constituting Branch B (NC2
p=.014, NCO p=.033) showed a significant increase (Figure 2.4B). Furthermore, the total
cell abundance between genotypes is altered, with the Sox10** data comprised of 3,291

progenitors (59%) and 2,292 neuronal (41%) cells, while the Sox10P°™* data consists of
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3,818 progenitors (69%) and 1,731 neuronal (31%) cells. This difference is characterized
by 523 more progenitors and 563 fewer neuronal cells in the Sox10P°™* genotype relative
to Sox10** data. A Monte Carlo permutation analysis was conducted to account for
variations in cell abundance between genotypes arising from sample size. This involved
bootstrapping the existing data to evaluate the reliability and robustness of the observed
differences in cell abundance identified between each genotype cluster (Miller et al.,
2021). Based on this analysis method, a calculated decrease in cell abundance within all
clusters associated with Branch C (NC3, NC5, NC7) was observed with increases in
Branch B clusters (NC2, NC0) within the Sox10P°™*+ data. Additionally, a decrease in cell
abundance for NC10 and NC11 was predicted (Figure 2.4C). Since differences in cell
abundance may be attributed to Seurat's clustering parameters, a DA-seq analysis was
employed to assess cell abundance irrespective of cluster identities (Zhao et al., 2021).
Without predefined clusters, a calculated increase in cell abundance is observed in cells
previously classified as Branch B within the Sox10** data. In contrast, Sox10P°™* cells
associated with Branch C showed a noticeable decrease in cell abundance within the DA-
seq UMAP (Figure 2.4D). Furthermore, the previously identified NC10 and NC11 are
predicted to be more abundant in the Sox10** data in both predictions (Figure 2.4C and
2.4D). These differences in cellular abundance are further highlighted by the conserved
variations observed across the biological replicates, implicating Sox10 as a regulator of

early neuronal development and subtype specification (Figure 2.1C).
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Figure 2.4: Sox10P°™* shifts the distributions of ENS progenitors and
differentiating neurons early in development. A) Separate UMAPs of Sox10** and
Sox10Pom+ progenitor and neuronal clusters. B) Bar chart displaying cell counts in every
cluster between Sox10**and Sox10P°™*|ineages. * p-value <0.05 from two-way ANOVA.
C) Monte Carlo permutation analysis was used to bootstrap the cluster abundance and
predict differences in clusters between genotypes. The displayed data corresponds to
Sox10Pom+ Jineages. D) The DA-seq plot displays a differential abundance of cell
populations between genotypes. Cells of increased abundance in Sox10** (blue)

compared to those increased in Sox10P°™* (red)

The Sox10P°™* allele is associated with delayed differentiation along two
transitional paths. The decrease in NC10 and NC11 clusters residing between the
UMAP progenitor and neuronal populations, combined with shifts in abundance amongst
neuronal lineages, Branch B and C, in the Sox10P°™* data, suggests the Sox10P°™+ allele
alters early cell fate trajectories. RNA velocity analysis was performed using scVelo to
assess whether shifts in cell abundance correlate to changes in predicated fate
trajectories (Bergen et al., 2020). The RNA velocity analysis was performed
independently on the Sox10** and Sox10P°™* data to minimize the potential impact of
differentially expressed genes resulting from the Sox10P°™* allele. The progenitor clusters
displayed a cycling pattern exhibiting two distinct egress regions. Upon exiting the
progenitor state, cells transition towards neuronal lineages utilizing two different
trajectories termed Path-1 (NC1, NC8) and Path-2 (NC10, NC11) (Figure 2.5 A). Based

on the direction of the velocity plots and their position in the UMAPSs, where they reside
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between progenitors and differentiating neurons, Path-1 and Path-2 appear to be
transitional in nature and are present in both datasets. Due to the similarity in the pattern
and directionality of cell trajectories between the genotypes, both pathways were
subjected to further examination to discern any distinct biological characteristics
separating both paths. Interestingly, the proliferative markers Miki67, Top2a, and Ccnbl
exhibited elevated expression levels in Path-2 relative to Path-1 in both genotypes (Figure
2.5 B) (Table 2.3). Furthermore, GO analysis was performed on the upregulated genes
identified by FindAlIMarkers from Seurat version 5 with an adjusted p-value < 0.05 from
Table 2.3. Path-1 revealed enriched biological processes linked to neuron maturation and
differentiation, whereas Path-2 terms were associated with cell replication (Table 2.4).
While distinct biological processes were elevated in each pathway, they were found to be
conserved between genotypes. Based on the UMAP trajectory patterns, Sox10P°™* has

minimal effects on progenitors transitioning toward neuronal lineages.

43



Sox10**

Sox10Pom/+

Sox10**

Path-2

NC 10
NC 11

L TR

Sox10Pom/+
o 10
o 0.75
E
g0 0
é 0.50
©-10
)
E -20 0.25
-20
-30 0.00 | _ sy
40 -20 0 60 -40 -20 0 20 om 0.5t
tricycleEmbedding_1 tricycleEmbedding_1
Branch-A
NC 6 NC 4 NC 9
Path-1 Path-1
+
67.16 | 68.59 | P Branch-8 g
NC 2 NC 0 S .
Path-2 Tt Path-2
x
NC 11 NC 10 -> E- ¢,°, NC 11 NC 10
NC 5 NC 7

NC 3

44

1.5m 2w

Branch-A
NC 4 NC 9

->

Branch-B
NC 2 NC 0

Branch-C
NC 3 NC 5 NC 7

vV



Figure 2.5: Sox10P°™* alters calculated differentiation rates between cell clusters
without affecting cell cycle progression. A) RNA Velocity plots show cluster
trajectories for Sox10** and Sox10P°™*, Two distinct transitional paths, wherein
progenitors transition towards neuronal fates, are indicated: Path-1 (NC1, NC8) and
Path-2 (NC11, NC10). B) Topographical plots depict the expression of proliferative
markers Pcna, Top2a, Mik67, and Ccnbl along Ccnbl transitional Path-1 (NC1, NC8)
and Path-2 (NC11, NC10). C) Tricycle analysis embedding distribution of cells in each
phase of mitosis for different genotypes. Each annotation corresponds to a specific cell
cycle state: 0O (GO0/ G1), 0.5 (S), ensityplat
illustrating the distribution of cells in each phase for Sox10** (blue) and Sox10P°™* (red).
E) Cell transition rates are calculated via scVelo trajectory analysis for developing ENS
lineages of Sox10** and Sox10P°™* data. Hues of red indicate higher transition rates,

with lower rates represented by blue hues.

Given the presence of the novel progenitor cluster PC 6, shift in cell abundance,
and conservation of fate trajectories across genotypes, | next investigated the effect of
the Sox10P°m* allele on cell cycle progression. To assess whether the phenotypic
differences associated with the Sox10P°™* allele are linked to ENS progenitors' capacity
to proliferate and differentiate, all Sox10**+ and Sox10P°™+* cells were assigned to a cell
cycle state based on the expression of cell cycle markers via Tricycle analysis (Zheng et
al., 2022). Overall, cell distribution for each cell cycle state remained broadly similar
between genotypes, as indicated by the Tricycle embedding patterns and density plots

(Figure 2.5 C). Although a slight variation is observed among cells transitioning from the
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G2 (1) to the M (1.57) phase, the data sugg
consistent and unhindered by the Sox10P°m* allele.

As cell trajectories remained consistent and cell cycle progression was
unimpeded between genotypes, | next assessed if rates of specification were conserved
along linear trajectories from Path-1 (NC1, NC8) and Path-2 (NC10, NC11) towards the
neuronal Branch A (NC6, NC4, NC9), B (NC2, NCO0), and C (NC3, NC5, NC7) using
scVelo (Bergen et al., 2020). Superficially, the transition rates between genotypes
exhibited similar patterns, with high transition rates along Path-1 and Path-2, which
gradually decreased as cells progressed towards the more committed neuronal branches
(Figure 2.5 E). However, when the transition rates are directly compared between
reciprocal clusters in each genotype (e.g., Sox10** NC1 Vs. Sox10P°m+NC1), differences
in rates become evident. While cell trajectories and cell cycle progression remain
unaffected by the Sox10P°™* allele, a general reduction in transition rates along Path-1
and Path-2 suggests that Sox10 affects neural specification by modulating specification

rates.

Differential expression analysis reveals decreased transcripts associated with
neural specification within Sox10P°™* lineages. Next, | aimed to identify changes in
gene expression that may account for the calculated decrease in transition rates and
significant shift in cellular abundance amongst neuronal lineages within the Sox10Pom+
data. First, using Se ur & £ 6 8 d Mafunktien; différential gene expression analysis
was conducted between Sox10** and Sox10P°™* data in a pseudo-bulk fashion to identify

genes that are broadly affected between genotypes (All Sox10** cells vs all Sox1QPom/+
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cells). The analysis identified 2,670 differentially expressed genes (Table 2.5). Only 633
of these genes exhibited an adjusted p-value < 0.05, based on a Bonferroni correction,
and displayed a Log2-fold change of +/- 0.5. Among the downregulated genes in the
Sox10Pom+ lineages are Hoxa5, Hoxb5, TIx2, Hand2os1, Histlhlb, Btgl, Rasllla, and
Phox2b (Figure 2.6 A). Of note, Hoxa5 and Hoxb5 have been identified to regulate the
specification of ENS progenitors toward neuronal fates in the developing ENS. The
downregulation of these transcriptional regulators implies a causal link associated with
decreased transition rates in the Sox10P°o™* cells. While most of these genes have been
reported to affect neurogenesis, evidence suggests that Hand2o0s1, Histlb, and Rasllla
can indirectly affect neurogenesis. Differences in gene expression were then identified
between cell identities (progenitors, transition pathways, and neuronal branches) to
reveal affected genes within specific cell identities. A total of 9,778 unique genes were

identified to be differentially expressed (Table 2.6).
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Figure 2.6: A Subset of genes associated with neuronal specification in the
developing ENS are significantly downregulated in Sox10P°™*lineages A) Volcano
plot displaying the differentially expressed genes identified when comparing all cells from
Sox10**and Sox10P°™* data. The genes in the plot have a Log2-fold change of +/- 0.5
and an adjusted p O 0. 05. B) Pie chart displaying t
expressed genes relative to the total number of dysregulated genes between clusters in
the Sox10P°™+ compared to the Sox10** data. C) Individual volcano plots for each
neuronal lineage within the Sox10P°™+ data. The genes in the plot have a Log2-fold

change of +/-0.5anda-logl0Op-val ue O 0. 05.

When summarizing all the differentially expressed genes and calculating the
percentage contribution of each group, the cells with the most variation in differentially
expressed genes are found within Path-2 (23%), followed by Branch C (19%). These two
groups account for roughly half (42%) of the differently expressed genes observed within
the Sox10P°o"+ data (Figure 2.6 B) (Table 2.6). Genes were then filtered based on an
adjusted p-value < 0.05 and a Log2-fold change of +/- 0.5, revealing 1,082 unique genes,
with several being conserved amongst the developing ENS lineages. For instance,
expression of Tmsb4x, Uba52, Gm10260, and Gm10076 are increased while Hoxa5,
Hand2osl1, and Rbpl gene expression is decreased amongst the neuronal branches
(Figure 2.6 C). When these differentially expressed genes are considered, only 240 genes
are exclusively dysregulated in Branch A, while Branch B exhibits the fewest with 64 and

Branch C contains 183. Despite the overall downregulation of several neurogenic

49



transcription factors (Hoxa5, Hoxb5, TIx2, Phox2b), there was no noticeable change in
any of the genes that coincided with the skewing of neuronal trajectories in the Sox10Pom+
data. As a result, | considered the possibility that the differences in cell abundance within
the neuronal trajectories could arise from more subtle shifts in gene regulatory networks

impacted by the Sox10P°™+ allele.

Hox gene regulatory network activity increases as ENS progenitors transition
toward neuronal fates. While differential expression analysis between genotypes
revealed subtle differences, | aimed to identify active gene regulatory networks (GRN)
associated with Sox10** ENS development. By identifying Sox10** GRNSs, | can then
assess the effect of Sox10Po™* gene expression on GRN activity to better predict the
effects of the Sox10P°™* allele on neuronal specification. Sox10** GRNs were assigned
using a Single-Cell Regulatory Network Inference and Clustering (SCENIC) analysis
(Aibar et al., 2017). In summary, SCENIC is a computational method that conducts gene
regulatory network reconstruction and cell-state identification by cross-comparing DNA
binding motifs and cis-regulatory elements of co-expressed transcripts. The SCENIC
analysis identified 141 non-extended regulons, GRNs based only on DNA binding motifs,
and Cis-regulatory elements from Mus Musculus within the Sox10** data (Table 2.8). The
activity of a given GRN within a population of cells is assessed by integrating observed
gene expression data with a predicted regulatory network, which is then visualized via a
heatmap. When GRN activity is observed across all clusters, changes in the relative
activity of the GRNs can be tracked as ENS progenitors (PC 0-5) transition along either

pathway (NC1, NC8, NC11, and NC10) toward neuronal fates (Figure 2.7). Furthermore,
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of the 51 GRNs averaging above a 0.1 activity threshold within the neuronal population,
9 are linked to HOX genes, accounting for approximately one-fifth of the active GRNs in

the neuronal Branch A (NC9), B (NCO0), and C (NC7) endpoints.
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Figure 2.7: Approximately one-fifth of the gene regulatory networks that exhibit
elevated activity within developing ENS neuronal lineages are associated with Hox-
related genes. Heatmap of gene regulatory network activity calculated via "SCENIC".
Elevated activity is shown as hues of red, with decreased activity indicated by hues of

blue.

Violin plots of the Hox regulon genes, Hoxa3, Hoxa4, Hoxa6, and Hoxb6, indicate
that these genes are dysregulated in distinct clusters within Sox10P°™* cells (Figure 2.8
A). Furthermore, Hoxa6 expression is prominently elevated within Pathway-2 and Branch
C in the Sox10** data and significantly downregulated in the Sox10P°™* data (Figure 2.8
B) (Table 2.6). Next, we investigated the correlation between Hoxa6 expression in the
single-cell data and in-situ expression of Hoxa6 in fetal intestines using antibody staining
and hybridization chain reaction (HCR). A primary Hu C/D antibody was used to identify
ENS neuron bodies, and HCR probes labeled messenger transcripts for the neuronal
markers Elalvl4 and Hoxa6. Due to the absence of ganglia in the colonic region of
Sox10Pom* fetal intestines and to avoid contamination from pancreatic tissue, only ileal
tissues were screened. Colocalization of the Hoxa6 signal within Hu C/D and Elavl4
positive cells in the ileum of both Sox10** and Sox10P°™+* fetal intestines were observed
(Figure 2.8 C). However, while screening biological replicates, | detected elevated Hoxa6
signal localization within dim Hu C/D-positive cells in the ileum of both Sox10** and
Sox10Pom+ fetal intestines. Three-dimensional renderings of Hu C/D, Hoxa6, and Elavl4
signals highlight signal localization of Hoxa6 within dim Hu C/D positive cells (Figure 2.8

D, Video 2.1, 2.2). Consistent with the single-cell observations, quantifying and comparing
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the HCR ratios of Hoxa6 to Elavi4 signal between Sox10** and Sox10P°™* genotypes
revealed a significant difference in the Hoxa6 ratios (p=.043). | then proceeded to
threshold images by systematically excluding Hu C/D-positive cells based on image
intensity from the baseline of 100% to 25% of the signal to isolate dim Hu C/D-positive
cell populations for analysis. Selective quantification of dim Hu C/D-positive cells
demonstrated elevated HCR ratios as thresholding became more restrictive (Figure 2.8
E). A two-way ANOVA analysis on HCR ratios, evaluating the significant difference
between genotypes, revealed a significant difference at 100 (p= .043), 75 (p =.849e-5),

50 (p =.188e-3), and 25 (p= .151e-3) percent intensity.
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Figure 2.8: Hox transcripts associated with active regulatory networks are
differentially expressed between Sox10** and Sox10P°™* lineages. A) Violin plots
show the normalized Log2-fold expression levels of Hox genes in Sox10** (blue) and
Sox10Pom+ (red) lineages. B) Feature plot UMAPs depict Hoxa6 spatial patterns in
Sox10** and Sox10P°m+* C) Whole-mount antibody and HCR analysis of 15.5 dpc ileum
from Sox10** and Sox10Pom* fetus. Inset of dim Hu C/D-positive cell D) Images from 3D
rendering highlighting the spatial localization of Hoxa6 in dim Hu C/D-positive cells. E)
Boxplot displaying HCR ratios of Hoxa6 to Elavl4 signal in whole mounts sample from
baseline (100) to dimmest (25) Hu C/D positive cells. Asterix indicate p-value between

genotype ratios (p<.05).

Since dysregulation of Hoxa6 appears to correlate with a shift in Branch C cell
abundance within the Sox10P°™* single-cell data, this indicates that the effects of Hoxa6
expression on the ENS neuronal specification are likely restricted during the development
of the ENS. Combined with the differential expression patterns of Hoxa6 ratios between
genotypes within the fetal intestine, particularly in dim Hu C/D-positive cells, suggest
potential limitations on neuronal specification within the developing ENS. While the
broader role of Hox genes in early neural diversification and ENS maturation is highlighted

by the single-cell data, the extent of their involvement is yet to be fully elucidated.
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Discussion

Over the past seven years, scRNA-seqg-based studies have contributed
significantly to our understanding of the transcriptomic landscape within the mature and
developing ENS (Drokhlyansky et al., 2020; May-Zhang et al., 2021; Morarach et al.,
2021; Zeisel et al., 2018). Each successful attempt to map ENS development has
revealed conserved characteristics with populations of progenitors and diverse neuronal
trajectories bridged by transitioning neuroblasts (Elmentaite et al., 2021; Morarach et al.,
2021). This study explores early neuronal diversity by leveraging the Sox10P°™* allele to
gain further insight into ENS development. In doing so, three distinct neuronal trajectories
are identified during early ENS development. In the context of the Sox10P°™* allele, two
identified neuronal trajectories displayed a shift in cellular abundance, while a novel
progenitor cluster was also observed. Further investigation revealed a decrease in
transcription factors associated with neuronal specification and diminished specification
rates. Meanwhile, Hox genes, which exhibit increased GRN activity during ENS
neurogenesis in Sox10** cells, were dysregulated in the context of the Sox10P°™+* allele.
By leveraging Sox10, our study highlights genetic and cellular processes affecting the
diversification of distinct neuronal lineages during ENS development.

While traditional Wntl reporters, such as Wnt1-Cre, are often used to label neural
crest-derived lineages, recent studies identified potential limitations of B6.Cg-
H2az2Tg(Wntl-cre)11R can label all Phox2b-positive cells, a marker of ENS neurons,
within the mature (Deal et al., 2021). To isolate all neuronal lineages, | relied on a
constitutively active Sox10-YFP and Phox2b-CFP reporters in conjunction with the

Sox10P°™ model to study neuronal diversification in the developing ENS. The use of
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Sox10 and Phox2b-based reporters, coupled with a large sample size, contributed to the
identification of a more comprehensive range of neuronal diversity during early ENS
development.

Among the initial 15 unsupervised clusters, populations of progenitors
(clusters 0,2,4,6,8 and 11) and developing neurons (clusters 3,5,7,9,12) were identified.
Reclustering the neuronal population revealed subtle and major differences in the cellular
landscape, including a third neuronal trajectory. As prior reports have detected only two
trajectories at 15.5dpc, | evaluated the robustness of our data and analysis methods with
an age-matched reference. When batch corrected, the integration of Sox10** and the
reanalyzed Morach15.5 data presented three neuronal trajectories, indicating that the
differences observed in the datasets are not attributed to the analysis method alone.
Instead, our ability to identify a third neuronal trajectory arises from inherent variations in
the datasets, such as differences in the technique of tissue isolation, encapsulation, or
the specific mouse models used. Using two reporters, Phox2b-CFP and Sox10-YFP, in
conjunction with the considerable number of cells sequenced, contributed to the
identification of this third lineage. While three neuronal trajectories have been observed
between 17.5-18.5dpc, this is the first study to reveal the extent of neuronal diversity at
15.5 dpc (Morarach et al., 2021; Wright et al., 2021). Interestingly, specific markers
associated with each of the three neuronal lineages are consistently present in distinct
populations of cells across four different datasets. Overall, using Phox2b-CFP and Sox10-
YFP reporters enabled the isolation of a more extensive spectrum of ENS lineages,

allowing a broader investigation into neuronal diversification.

58



Of note is the reduction in neuronal Branch C and novel progenitor cluster in the
Sox10Pom+ data. Interestingly, the Sox10P°™+* alle effect on cell allocation is not uniform
across neuronal lineages. While Branch B doubled in cell abundance, and only twenty
percent of the estimated cells are observed within Branch C, the abundance of cells in
Branch A appear unaffected based on the one-way ANOVA analysis. While upregulation
of Sox10 and downregulation of Phox2b were identified, genes generally associated with
ENS formation, these genes are commonly believed to affect neuronal specification
broadly (Kim et al., 2003; Nagashimada et al., 2012; Pattyn et al., 1999). However, past
studies have reported similar effects on neuronal abundance in mice lacking the Ascll
transcription factor (Memic et al., 2016). These mice exhibited decreased proportions of
Vip and Calbindin-expressing neurons, implicating Ascll as a gene associated with the
specification or maintenance of these neuronal subtypes within the ENS. However,
alternative factors account for the observed shift in neuronal subtype allocation, as similar
patterns, and levels of Ascll transcripts can be observed across both Sox10** and
Sox10Pom+ data. Whether this is a direct or indirect effect of Sox10 dysregulation is yet to
be determined.

| also identified increased activity in the Hox-associated GRNs within the neuronal
clusters compared to progenitors. The study highlighted a significant increase in the
predicted activity of Hox-associated regulons (Hoxa3, a4, a5, a6, b4, b5, b6, b8, and c4)
within the Sox10** dataset. Furthermore, these GRNs accounted for approximately one-
fifth of the predicted active neuronal GRNs. As Hox genes are widely recognized for their
involvement in spatial organization during central nervous system (CNS) development,

they are particularly interesting (Mallo & Alonso, 2013; Philippidou & Dasen, 2013). While
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previous studies have investigated the impact of Hox gene expression on intracellular
signaling and gross anatomy of the developing intestine, the effects of Hox genes on the
neural specification are not well understood, particularly in the context of Sox10 (Kapur
et al., 2004; Pitera et al., 1999). Of the Hox genes identified by the GRN analysis, Hoxa6
expression is elevated within Branch C and Path-2 in the Sox10** data and significantly
downregulated in the Sox10P°™* data. Furthermore, previous studies identified a role for
Hoxa6 in motor neuron subtype specification within the CNS, demonstrating its potential
as a neurogenic transcription factor (Catela et al., 2022; Dasen et al., 2005). The elevated
expression of Hoxa6 and its absence in mature neurons suggest a transient role for
Hoxa6 during the initial stages of ENS formation along path 2, affecting neural
specification within Branch C. Additionally, | observed a significant decrease in the
expression of Hoxa5 and Hoxb5 within the Sox10P°™* dataset. Interestingly,
investigations in the zebrafish model have highlighted the influential role of Hox genes,
particularly Hoxb5, as regulators governing the proliferation and specification of ENS
progenitors temporally and spatially (Howard et al., 2022).

When viewed in situ, an increase in Hoxa6é HCR ratios was observed in dim Hu
C/D-positive cells, while a significant decrease in Hoxa6 ratios was noted in Sox10QPom+
lineages. Concurrently, single-cell studies identified a reduction in the cell abundance of
Path-2 and Branch C Sox10P°o™* cells and a simultaneous downregulation of Hoxa6
expression in both populations. The significance of these findings is underscored by the
role of Hu C/D, which serves as an early marker of neurogenesis and is known to precede
neuronal specification. These observations suggest a correlation between the decline in

Path-2 and Branch C ENS neurons and the reduction in dim Hu C/D and Hoxa6 positive
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cells. However, the precise role of Hox genes, particularly Hoxa6, in ENS formation and
neuronal specification warrants further investigation to clarify their specific contributions
and potential roles in guiding transitioning cell fates during ENS formation.

The data presented in this study provides a valuable framework for constructing a
functional model that sheds light on neuronal diversification during ENS development by
first establishing a higher degree of neuronal diversity at 15.5 dpc than previously
reported (Figure 2.9). These neuronal trajectories arise as ENS progenitors that
differentiate along two transitional pathways, each characterized by differences in
proliferative capacities. Furthermore, Sox10 affects subtype speciation during early ENS
formation, particularly along two neuronal trajectories (Branch B and C). The change in
distribution coincides with the downregulation of neuronal associated transcription factors
and a subsequent reduction in the calculated rate at which progenitor cells differentiate
toward neuronal pathways. Finally, Hox genes GRN activity was elevated during ENS
neurogenesis, while the same corresponding Hox genes are dysregulated in the context
of the Sox10Po™* allele, particularly Hoxa6. This study establishes a solid foundation for
further investigations into molecular and genetic components regulating early ENS
neuronal diversification in the developing ENS allocation while simultaneously

establishing Sox10 as a regulator of early neuronal diversification in the developing ENS.
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Figure 2.9: Observations and Model of Sox10-Mediated ENS Neurogenesis. As early
as 15.5 dpc, distinct ENS progenitors, two neuroblast pathways, and three developing
neuronal lineages can be identified via scRNA-seq. Dysregulation of Sox10 through
Sox10Pom+ expression induces a noticeable shift in lineage distribution associated with
decreased cell abundance within Branch C and Path 2, and an increase in Branch B.
Moreover, a novel progenitor cluster is consistently observed. Finally, the downregulation
of genes associated with neuronal specification are detected, likely contributing to the

calculated decrease in lineage specification rates.
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Chapter 3
Alterations in Developing ENS Neuronal Allocation within the Sox10Dom
Mouse Model of Hirschsprung Disease Persist at 17.5 dpc.
This chapter is adapted from scRNA-seq data generated from 17.5 dpc mice to be used
in future manuscripts or as supplement data in the submission of a manuscript to Cellular
and Molecular Gastroenterology and Hepatology: Justin A. Avilal, Joseph T. Benthal,
Jenny C. Schaffer, and E. Michelle Southard-Smith Transcriptomics Identifies Alterations
in Developing ENS Neuronal Allocation within the Sox10Dom Mouse Model of

Hirschsprung Disease.

Introduction

High-dimensional transcriptomic data facilitates researchers' ability to identify and
categorize subtle differences between cell types based on transcript expression.
Measuring transcript levels in individual cells enables more sensitive detection, including
the identification of less abundant cell types and transcripts overlooked in bulk RNA
sequencing and classical-protein-based methods such as IHC. The classical markers
used to broadly categorize ENS lineages, such as Nos, Vip, Acetylcholine, Calretinin, and
Npy, are often used to categorize ENS lineages within single-cell-based studies broadly.
In doing so, researchers can put their findings within the context of the field's current
understanding of the ENS cellular landscape. However, single-cell datasets are complex,
requiring a more detailed understanding of the gene expression profiles related to a given
cell population. Datasets generated from mature ENS lineages are often used to

categorize development lineages. Despite the limitations inherent in these cross-
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comparisons, such as comparing terminally differentiated cells to transient populations,
leveraging higher resolution datasets is required to identify transient cell states that often
exist during cell specification and differentiation throughout ENS development.
Leveraging mature datasets to infer cellular identities enables greater accuracy in cell
classification.

In the mature mouse, the abundance of ganglia within the intestine varies across
segments, with more ganglia residing within the ileum and duodenum compared to the
colonic region, which contains the fewest ganglia (Nestor-Kalinoski et al., 2022). During
early development, ENS progenitors migrate as a seemingly unified group of cells, around
16.5 dpc a semblance of structure forms (Chevalier et al., 2021; M. M. Hao et al., 2016).
The atypical grid-like structure of ganglia representative of the myenteric plexus,
characterized by circumferentially oriented cell bodies and longitudinally extending
intraganglionic fibers, is nearly complete by 17.5 dpc in mice. Prior to the findings
presented in Chapter 2, only three distinct developing neuronal cell states had been
identified via single-cell analysis at 18.5 dpc (Morarach et al., 2021). The studies indicate
that, while the overall structure and organization of the ENS starts to take shape at 17.5
dpc, the known diversity of ENS lineages is not fully established until a later stage in
development.

As expected, the cell markers used and isolation method affect the pool of cells
available for analysis. While several markers are known to label ENS lineages, the Wntl
gene conventionally serves as an adequate marker for labeling neural crest lineages. As
Wntl is transiently expressed during neural crest cell delamination, utilizing Wntl1-specific

Cre lines enables researchers to label neural crest lineages as they migrate away from
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the neural tube toward their target of interest (Debbache et al., 2018; Rabadan et al.,
2016). Surprisingly, when the Wntl-cre line H2az2ToWnti-cre)liRth was crossed with the
ROSA26Tmao’+  (B6.Cg-Gt(ROSA)26S0or™mI(CAG-tdTomato/Hzel) - \Wnt1-Cre labeled fewer
Phox2b-positive ENS neurons compared to the Sox10-Cre line (Tg(Sox10-cre)iSout ) (Deal et
al., 2021). Furthermore, when cranial neural crest cells were harvested using the Wnt1-
cre2 (129S4.Cg-E2f1Te(Wnti-cre)2Sor/J) or Sox10-Cre and processed for single-cell RNA
sequencing, a distinct neuroepithelial gene signature was explicitly identified within Wnt1-
Cre2 labeled cells relative to those harvested using Sox10-Cre established by Stine et
al., 2009 (Keuls & Parchem, 2021;). Both studies stress the limitation of depending solely
on a single reporter to label cells of interest.

As indicated by Chapter 2, analysis of new data generated from Sox10-YFP and
Phox2b-CFP transgenic mice revealed three distinct neuronal trajectories, suggesting
that ENS neurogenesis is more complex than previously thought. The Chapter also
highlighted Sox10's crucial role in regulating cell abundance among two neural lineages
in early ENS development. In Sox10P°™+ populations, progenitors are calculated to have
reduced transition rates towards neuronal fates, coinciding with positive transcriptional
regulators' downregulation. It is reasonable to attribute the identification of three neuronal
lineages at 15.5 dpc to the specific method of cell labeling used. However, the observed
diversity may also be due to the threefold increase in the number of cells used to generate
my scRNA-seq data compared to the Monarch-based study.

To assess the viability of Sox10-YFP and Phox2b-CFP reporters in identifying
cellular heterogeneity at later stages of development and to determine if the dysregulation

of cell abundance persists within Sox10P°™* lineages, | conducted single-cell RNA
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sequencing on developing Sox10-YFP and Phox2b-CFP positive lineages from fetal
Sox10** and Sox10P°™* mice at 17.5 dpc. The data revealed increased cellular
heterogeneity when comparing 17.5 dpc Sox10** data to 15.5 dpc Sox10** data from
Chapter 2 and the previously published 18.5 dpc Morarach dataset. In the Sox10QPom+
data, recovery of cells derived from Branch C neuronal lineages is identified, along with
increased Hoxa6 expression. However, the predicted cellular abundance remains

dysregulated in the context of Sox10Pom/+,
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Results

Increased neuronal heterogeneity was identified at 17.5 dpc using Sox10-YFP and
Phox2b-CFP reporters. Utilizing the methods outlined in Chapter Two, ENS lineages
were isolated two days later in development, at 17.5 dpc, and subjected to single-cell
RNA sequencing to explore cellular heterogeneity and the effects of Sox10P°™+ on
neuronal specification at later stages of ENS development. Four Sox10**+ and four
Sox10Pom+ piological replicates underwent single-cell encapsulation and next-generation
sequencing. Of the data sets generated, four Sox10** and three Sox10P°™* data sets
were selected for further analysis (Figure 3.1). Cells with a high percentage of
mitochondrial gene expression and with low counts were excluded. After quality control,
14,560 Sox10**+ and 10,723 Sox10P°™* cells remained for further analysis.

Like the Sox10**+ 15.5 data, a distinct division emerged among cells expressing
progenitor markers on one side of the UMAP, while cells expressing ENS neuronal
markers reside on the opposite side (Figure 2.1, Figure 3.2 A-B). After excluding cells
duel-positive for progenitor and neuronal transcripts, the "FindAllIMarker" function was
applied to the remaining ENS lineages, revealing four distinct neuronal populations, each
expressing a different combination of neurotransmitters associated transcripts as Vip,

Nos, Chat, Npy, and Th markers (Figure 4.2 C-D, Table 4.1).
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Figure 3.1: Multiple biological replicates of ENS progenitors from Sox10** and Sox10P°m*
were isolated at 17.5 dpc. UMAP representations of biological replicates generated at 17.5

dpc. Cell counts represent filtered cells from the total cells of each independent replicate.
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Figure 3.2: scRNA-seq of Sox10-Phox2b positive ENS lineages at 17.5 dpc reveals
enhanced neuronal diversity. A) UMAP representations of marker genes for progenitors
(Sox10) and developing neurons (Elavl4). Cells were categorized as ENS progenitors
(green), neurons (blue), and mixed (gray) based on marker gene expression. B) The dot
plot displays marker gene expression for ENS progenitors, neuroblasts, and neurons per
cluster. C) UMAP visualization displays 16 distinct clusters detected during supervised
clustering of progenitor and neuronal populations, tracked as progenitor clusters (PC O-
5) and neuronal clusters (NC 0-9). D) Dot plot displaying neuronal transmitters identified
for cells at 17.5 dpc detected in the neuronal lineages for the aggregated Sox10** and

Sox10Pom* data. Minimum average expression set to 0.

Cell abundance between neuronal Branch B and C remains affected at 17.5 dpc. |
aimed to mitigate variations in gene expression resulting from experimental variability
rather than biological disparities to facilitate a more precise comparison between Sox10*+*
and Sox10P°™*+ mice across various developmental stages. By employing Harmony batch
correction, | sought to ensure that observed differences in cell identities between time
points accurately reflect developmental progression rather than technical artifacts. This
approach facilitates the inference of cell identities across different time points, allowing
for the assessment of developmental progression, particularly regarding neuronal Branch
C, as this branch was notably absent in the Sox10P°™* data at 15.5 dpc (Figure 2.5).
UMAPs of the Harmony corrected Sox10** 15.5 dpc and 17.5 dpc data reveal three
distinct neuronal lineages. However, within the integrated data, no Th-positive cells were

detected (Figure 3.3 A). Markers elevated in each neuronal lineage within the Harmony
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data were identified and compared independently against the Sox10** 15.5 dpc and
Sox10** 17.5 dpc datasets to predict conserved cell identities from one-timepoint to the
next (Figure 3.3 B). Notably, NC7, NC2, NC8, and NC8 at 17.5 dpc exhibited similar gene
expression patterns to neuronal Branch A at 15.5 dpc, while Branch B correlated with
NC5 and Branch C correlated with NCO and NC4 (Table 2.1, 3.1, 3.2).

Once neuronal identities were established, the Sox10** and Sox10P°™* data at
17.5 dpc were separated into progenitors and neuronal populations to observed
difference in UMAP composition. Surprisingly, the similarity between genotype UMAPS
suggests no difference in cell abundance occurs at 17.5 dpc. Of note was the presence
of Branch C neuronal lineages in both Sox10** and Sox10P°™* data sets (Figure 3.3 C).
While this indicates a recovery of branch C neuronal lineage in Sox10P°™* mice,
differential abundance plots between the 17.5 dpc genotypes still indicate alterations in
cell abundance, particularly in NCO (Figure 3.3 D). Furthermore, a shift in neuronal
abundance, akin to the 15.5 dpc Sox10P°™+ dataset, can be observed within Branch B

neuronal lineages (Figure 2.2 D, Figure 3.3 D).
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Figure 3.3: As ENS neuronal diversity increases during maturation, neuronal
Branches B and C abundance remain affected by the Sox10P°™* allele. A) UMAP
displaying the 15.5 dpc, 17.5 dpc, and Harmony-integrated dataset. Letters overlaid
indicate lineages progressing from 15.5 dpc to 17.5 dpc based on lineage-specific marker
expression within the integrated datasets. B) The dot plot displays distinct marker genes
detected in the cell population of Harmony-corrected data. These genes were used to
predict lineage progression between developmental stages. C) Separate UMAPs of 17.5
dpc Sox10** and Sox10P°™+ progenitor and neuronal clusters. D) Differential abundance
plot displaying the variance in cell populations between genotypes. Cells of increased
abundance in Sox10** (blue) compared to those increased in Sox10P°™* (red) at 17.5

dpc.

Dysregulation of Hox gene expression persists at 17.5 dpc. Hox genes were
identified as potential candidates for investigation, as their GRN activities increased as
cells progressed from progenitor toward neuronal states at 15.5 dpc (Figure 2.7). Of
particular interest was Hoxa6, as its absence coincided with the decreased cell
abundance of Branch C neural lineages at 15.5 dpc in Sox10P°™* mice (Figure 2.8).
Interestingly, Hoxa6 expression appears to recover in Branch C lineages by 17.5 dpc
(Figure 3.3 A). Nevertheless, Hoxa6 remains significantly downregulated as identified by
di fferential expression anal ysiBgue33BRTpblsseur at '’
3.3, 3.4). While Sox10 directly interacts with the promoter region of Hoxa6 in rats, it is

unclear if this occurs in mouse ENS lineages (Deng et al., 2020). The expression of Hoxa6
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and the presence of Branch C at 17.5 dpc suggests that Hox genes, such as Hoxa®6,

contribute to neuronal diversification within the developing ENS.
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Figure 3.4: Despite the recovery of Hoxa6, dysregulation of Hox genes persists in
the presence of Sox10P°™*, A) Top: UMAP displaying grouped cell identities based on
marker expression. The cells are grouped into progenitors, transition paths (Path), and
neuronal branches. Bottom: Feature plots depicting Hoxa6 spatial expression over the
Sox10** and Sox10P°>+* UMAPs at 17.5 dpc. B) Volcano plots display up-regulated (blue)
and down-regulated (red) genes within Sox10P°™* data for each neuronal branch relative

to Sox10** data at 17.5 dpc.
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Discussion

In Chapter 3, | utilized the Sox10-YFP and Phox2b-CFP reporter lines to
selectively isolate ENS lineages from Sox10** and Sox10P°™+ mice at 17.5 dpc. |
subsequently subjected these isolated lineages to scRNA-seq analysis. This allowed for
an in-depth exploration of cellular heterogeneity within the developing ENS of mice at
17.5 dpc. Data analysis revealed increased cellular heterogeneity at 17.5 dpc compared
to existing data, including those from Chapter 2. Notably, cells derived from Branch C
neuronal lineages were present within both Sox10** and Sox10P°™* at 17.5 data.
However, despite this recovery, dysregulation of cell abundance within Sox1QPom+
lineages was predicted to occur similarly to those observed at 15.5 dpc.

Due to the expression of Npy and Th, Branch D among the neuronal lineages
identified at 17.5 dpc was particularly interesting. Reports state that Th-positive
progenitors are more transient and emerge at later stages of development (Z. S. Li et al.,
2004). However, the Npy expression suggests that this Th-positive population may
represent an early form of inhibitory motor neurons or secretomotor neurons of the
myenteric or submucosal populations (Cox, 2007; Gonzéalez-Vergara et al., 2023). The
only other single-cell data set at 17.5 dpc relied solely on Chat and Nos promoters to label
and isolate ENS lineages, narrowing the findings to only Nos and Chat-positive
populations (Wright et al., 2021). As the Th and NPY-positive cells lacked Nos and Chat
expression, the study unintentionally selected against this population. In contrast, data
generated at 18.5 dpc identified three distinct populations with one branch further divided
into two specific lineages; however, Th-positive cells were also absent from this study

(Morarach et al., 2021). Interestingly, Npy is often expressed with Vip or Nos within the
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ENS of rats (Cox, 2007). The absence of colocalization with Nos or Vip suggests that the
Npy cells identified at 17.5 dpc are transient or immature ENS lineages. Nevertheless,
the heterogeneity identified at 17.5 dpc coincides with the increased heterogeneity
observed at 15.5 dpc, suggesting that our isolation method likely accounts for the
identification of increased cellular diversity during early ENS development.

A significant finding in the 15.5 dpc Sox10P°™* dataset of Chapter 2 was the
alteration in cell abundance along neuronal Branches B and C (Figure 2.4). When
quantifying transcript splice ratios within 15.5 dpc Sox10P°o™+ a noticeable decrease in
calculated transition rates was identified as cells transitioning from progenitor toward
neuronal fates. The calculated transition rate, accompanied by a reduction in markers
associated with neuronal specification, suggests a delayed progression in Sox10Pom+
lineages. Finally, the presence of a novel progenitor cluster and the absence of branch C
neuronal lineages support the notion that Sox10P°™*+ causes a delay in neuronal
specification.

| also identified an increase in the expression of Hoxa6, particularly within this
neuronal Branch C at 17.5 dpc, relative to Branch C at 15.5 dpc, and the absence of a
distinct novel progenitor cluster. In addition, neuronal Branch C lineages were present in
Sox10** and Sox10P°™+ data sets at 17.5 dpc. The culmination of this evidence suggests
that the predicted delay in cell specification at 15.5 dpc is recovered by 17.5 dpc to some
extent. However, differences in cell abundance patterns, like those observed in the 15.5
dpc data, indicate the persistence of neuronal dysregulation mediated by the Sox10Pom+
allele. Furthermore, the extent of differentially expressed genes, particularly Hoxa6,

suggests ongoing disruption of gene regulatory networks in Sox10P°™* lineages (Table
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3.3, 3.4. 3.5). These results suggest that Sox10 plays a significant role in regulating the
temporal aspect of cellular diversification across multiple developmental stages of the
ENS. However, whether this regulation involves controlling the specification rate or direct
interference with transcription factors associated with neuronal subtype specification
remains unclear.

As the accessibility and scalability of single-cell technologies become readily
available to researchers, it is essential to recognize that each data set provides a
snapshot of each cell's current transcriptome. While a single snapshot can be informative,
incorporating multiple time points is vital to accurately gauge cellular potential and
diversity over time. Additionally, the ability to quickly reference one's data with previously
identified cell lineages established by the ENS research community is necessary. In doing
so, scientists can focus on the main findings imparted by their experimental paradigm
rather than classifying cells. However, achieving a comprehensive lineage catalog has
proven elusive due to variations in cell labeling methods, processing techniques, and
analytical approaches used between research groups. While literature reviews have
pointed out similarities in cell types characterized by highly cited ENS single-cell studies,
these have been limited to the conclusions presented in each publication and have only
included a handful of studies (Dharshika & Gulbransen, 2023; Z. Li & Ngan, 2022).

Researchers have attempted to produce a comprehensive atlas of developing ENS
lineages with varying degrees of success (Drokhlyansky et al., 2020; Elmentaite et al.,
2021b; Han et al., 2020; Wu et al., 2021; Zeisel et al., 2018). The number of complete
atlases is limited due to their intricate nature and the high costs associated with sample

collection and processing. Since 2017, scRNA-Seq studies focused on the ENS have
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steadily increased; however, a consensus on ENS cell identities has yet to be established.
A step toward achieving this goal can be the creation of a centralized repository for, but
not limited to, ENS single-cell data.

The Allen Brain Atlas is an excellent model and structure to emulate. The database
provides valuable insights into gene expression patterns, aiming to elucidate the brain's
connective pathways and anatomical features while maintaining comprehensive maps of
mouse and human brain gene expression. Establishing a centralized ENS data collection
and dissemination repository will accelerate future discoveries. However, achieving a
consensus on the terminology and classification criteria for mature and developing ENS

cell types necessitates a significant degree of collaboration.
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Chapter 4

A Novel Sox10 Multi-Spectral Transgene for in vivo Ca2+ and Lineage Tracing
within the Peripheral Nervous System
This chapter is adapted from a manuscript prepared for submission to Glia: Justin A.
Avila, Jean-Marc L. DeKeyser, Jessica M. Do, Jennifer C. Rosebrock, and E. Michelle
Southard-Smith. A Novel Sox10 Multi-Spectral Transgene for in vivo Ca2+ and Lineage

Tracing within the Peripheral Nervous System.

Abstract

The proper migration, proliferation, and cell signaling of neural crest-derived
progenitors is essential to forming the PNS. Observing these biological processes is often
tricky, as spatial and temporally regulated processes simultaneously occur in the
developing fetuses. Multiple transgenic models and intricately designed experiments are
usually required, making it challenging to study the PNS. Our laboratory presents a cost-
effective means to investigate the PNS throughout development by introducing a multi-
spectral (MS) allele that encodes a membrane-bound reporter (Myr-mApple), a nuclear
reporter (Histone2B-mCer3), and a genetically encoded calcium indicator (GCaMP5). Our
transgene utilizes long-range regulatory sequences in a Sox10 Bacterial Artificial
Chromosome (BAC) to drive reporter expression and prevent the disruption of
endogenous Sox10. Within the central and peripheral nervous system of MS mice, Myr-
mApple and Histone2B-mCer3reporters are observed in regions associated with Sox10
expression. During the formation of the ENS, the largest and most complex segment of

the PNS, MS mice recapitulated endogenous Sox10 expression, promoted phenotypically
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normal ENS development, and revealed novel spontaneous Ca?* activity in leading ENS
progenitors. Further, when the MS mice was crossed with the Sox10P°™ mouse model,
transgenic expression persisted, and elevated baseline Ca?*activity was identified in
mature glia of the Sox10P°™* ENS. The MS mouse offers a simplified and cost-effective

approach to studying the biological process of Sox10-expressing cells within the PNS.
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Introduction

Vagal and Sacral derived Neural Crest (NC) cells give rise to the second largest
segment of the PNS, the ENS. Transgenic mouse models have contributed significantly
to the current understanding of the mammalian ENS. Ednrb-hKikGR mice have been
used to identify a distinct pattern of chain migration associated with ENS colonization,
challenging the notion that neuronal patterning is predetermined within the developing
ENS (H. M. Young et al., 2014). Studies involving Wnt1-Cre and GcamR26R-GCaMP3
mice identified spontaneous calcium signaling in the lagging portion of migrating ENPs,
revealing a role of calcium signaling during early ENS colonization (M. M. Hao et al.,
2017). The localized activity of the signal implies an association with differentiation or
clonal expansion of ENP. However, the cause of spontaneous calcium activity remains
elusive. Clonal lineage tracing studies using Sox10:CreERT2, Rosa26EYFP, and
Rosa26Confetti mice helped to map local expansion dynamics during myenteric and
submucosal development (Lasrado et al., 2017). These studies revealed a structured
form of localized lineage expansion, with the extent of clonal expansion varying between
individual enteric progenitors. This suggests that the proliferative capacity of the initial
progenitor is a crucial factor in clonal expansion and lineage propagation. Interestingly,
upon induction of calcium activity via electrical stimulation, sister cells derived from the
same ENP enhanced the coordination of calcium activity.

While transgenic mice have been invaluable tools, crossbreeding mice to
incorporate multiple reporters for a particular study can be challenging. These studies are
further constrained by the cross-compatibility of reporter mice, which is further

complicated by the incorporation of mutant models. Moreover, several reporter lines may
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be required to investigate the multi-faceted nature of diseases that impact PNS
development. Our lab created the Sox10 multi-spectral (Sox10-MS) mouse model to
overcome some of these limitations. Within Sox10-MS mice, a Sox10 Bacterial Atrtificial
Chromosome (BAC) drives the expression of a membrane-bound reporter (Myr-mApple),
a nuclear reporter (Histone2B-mCer3), and a genetically encoded calcium indicator
(GCaMP5).

Transgenic expression is observed in the peripheral and central nervous systems
of Sox10-MS mice. Remarkably, the migratory and calcium activity patterns of ENP,
previously documented, were easily discernible within the Sox10-MS mice. Moreover,
use of the Sox10-MS mice revealed previously unreported spontaneous Ca?* activity at
the leading edge of the migrating chain of ENPs. Furthermore, when the Sox10QPom/*
megacolon model of Hirschsprung's disease was crossed with Sox10-MS mice,
increased baseline Ca?* activity was identified in the mature enteric glia of Sox10QPom/+
mice. In addition to having an increased number of active cells, the overall frequency of

GCaMP5 activity was significantly elevated in the Sox10P°™* mice.
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Results

Sox10-MS transgenic mice were generated using an artificial bacterial
chromosome. BglIBrick cloning was used to construct a Sox10 BAC capable of producing
three distinct fluorescent reporters. These include a nuclear cerulean fluorescent reporter
Histone2B-mCer3, a red fluorescent reporter of the cellular membrane Myr-mApple, and
an indicator for intracellular calcium activity GCaMP5. Using the Sox10 promoter within a
BAC allowed for the targeted expression of three fluorescent reporters in NC lineages,
which give rise to neurons and glial cells in the PNS while maintaining native Sox10
expression. The strategic incorporation of T2A and P2A peptide cleavage sites was used
to ensure proper separation of individual reporters (Figure 4.1 A). Upon creation, the BAC
was then transfected into the Sox10 expressing enteroglial cell line EGC/PK060399egfr
(EGC) to assay its functionality as a constitutive reporter (Figure 4.1 B). Histone2B-mCer3
and Myr-mApple membrane-bound reporters were observed to accurately label the cell
nuclease and membrane. Transduced EGCs were then treated with ATP to induce
calcium flux and verify the expression of the calcium indicator GCaMP5. After the
functional test was passed, the Sox10 BAC was microinjected into C57BL6J x SJL/J F2
eggs which were transferred into pseudo-pregnant females. Of the 153 pups born from
the females, only seven were identified as positive for an internal BAC marker and were
aptly named Sox10-MS mice. Four of the seven founders transmitted the transgene to
progeny. They were categorized as lines A, B, C, and D. Sox10-MS line B mice were
chosen for further breeding and analysis due to the notable level of fluorescence

expression (Figure 4.1 C).
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Figure 4.1: The Sox10-GCaMP5:Histone2B-mCer3:Myr-mApple Multi-Spectral
construct is expressed and transmitted by founder lines. A) The MS construct was
created using a BAC containing the Sox10 promoter to dive the expression of three
markers: GCaMP5, Histone2B-mCer3, and Myr-mApple. B) Transduction of MS BAC
construct into Sox10 expressing EGC cells resulted in Myr-mApple and H2B-mCerulean3.
ATP-induced calcium flux resulted in the activation of GCaMP5. C) Imaging of littermates
from Line-B fetuses at 14.5 dpc showed expression of Histone2B-mCer3 and Myr-mApple

in the developing cranial ganglia (CG) and dorsal root ganglia (DRG).

Sox10-MS reporters localize to Sox10-expressing regions within the central and
peripheral nervous system. As stated, the ENS is the largest region of the PNS, and it
arises from neural crest lineages that initiate Sox10 expression as they delaminate from
the neural tube. Sox10 expression is maintained in ENPs during migration, colonization,
and subsequent differentiation into mature ENS glia within the developing intestine.
However, when ENPs differentiate into ENS neurons, Sox10 expression is suppressed.
For this reason, immunohistochemistry was conducted on ENS gut muscle strips (GMS)
isolated from Sox10-MS mice 21 days postnatal (P21) to leverage the temporal and
spatial expression pattern of Sox10 within the ENS and verify the specificity of the BAC
transgenes. Using the neuronal-specific antibody Hu C/D with a cy5 secondary, the
Histone2B-mCer3 reporter was identified and found to be restricted to cells lacking Hu
C/D signal. Conversely, ENS glial-specific antibodies Sox10 and S100b co-localized with
both BAC reporters. Ex-vivo explants of isolated gut muscle strips were used to assess

the functionality of GCaMP-5 in ENS glia (Figure 3.2 A). As ENS glia release calcium in
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response to ATP stimulation via P2Yreceptor, ENS explants treated with ATP exhibited

a robust and noticeable GCaMP-5 response (Figure 4.2 F, Video 4.1).
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Figure 4.2: Transgenic expression is restricted to Sox10-expressing cells within
the central and peripheral nervous systems of Sox10-MS mice. A)
Immunohistochemistry of isolated gut muscle strips from mature Sox10-MS mice using a
pan-neuronal Hu C/D and two ENS glial-specific primary antibodies S-100B and Sox10.
Colocalization of glial specific antibodies and Sox10-MS transgenes in Type 1 (T1) and
Type 2 (T2) enteric glia. B) Real-time calcium signaling dynamics of Isolated gut muscle
strips. Samples were imaged every two seconds and treated with a 100nM solution of
ATP to visualize the expression of GCaMP5. C) The hippocampus and cerebellum of
Sox10-MS mice. CC-Corpusclosum, CAl- Cornu Ammonis 1, CA2- Cornu Ammonis 2,

DG-Dentate Gyrus, WM-White Mater, C-Cortex.

As the BAC relies on the Sox10 promoter for continuous reporter expression, cells
actively expressing Sox10 within the CNS should inherently contain transgenic reporters.
As anticipated, our analysis revealed robust expressions of Histone2B-mCer3 and Myr-
mApple reporters within the corpus callosum (Figure 4.2 C). Furthermore, | observed
transgenic reporter expressions within the hippocampus. Expanding our examination of
the CNS to the cerebellum, | identified distinct reporter expression patterns within the

white matter and cortex (Figure 4.2 C).

Spontaneous Ca?* activity occurs in the migrating wavefront of ENS progenitors in
Sox10-MS mice.The early colonization of the fetal intestine originates from neural crest
cells that enter the foregut of mice on 9.5 dpc. Following this entry, these neural crest

cells initiate a rostral-to-caudle migration and subsequent formation of the ENS within the
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duodenum, ileum, cecum, and colon (Figure 4.3 A). These ENPs migrate collectively as
an interconnected unit, employing a method known as chain migration (Figure 1.1). |
assessed the Sox10-MS mouse model's suitability for lineage tracing and developmental
studies by leveling the well documented formation of the ENS. | used this well-established
development pattern as a benchmark to evaluate the model's reliability. Fetal intestines
isolated from Sox10-MS fetuses at 12.5 dpc displayed extensive chain migration of ENPs
at both the colonic wavefront and duodenum. Moreover, the Histone2B-mCer3 reporters

documented the occurrence of cytokinesis at the wavefront. (Figure 4.3 B, Video 4.2)
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Figure 4.3. Monitoring ENS neural crest-derived progenitor migration reveals
spontaneous Ca?* signaling within the developing ENS. A) Fetal intestine diagram
illustrates ENS progenitors' wavefront population and migration direction. B) Above:
Reference image of migrating ENS progenitors in fetal intestines isolated 12.5 dpc. The
inset box highlights H2BmCer3-positive proliferating cells at the migrating wavefront. WF-
Wave-Front, C-Colon, Fg-Foregut. Below: Digitally magnified time-lapse images of
proliferating cells. Images are captured every five minutes. P-Progenitor and P @®aughter
Cell. C) Time-lapse images of Myr-mApple positive progenitor at the migrating wave-front.
P1-Chain migrating progenitor, P2-Inversely migrating progenitor, P3-Individual rostral-
to-caudal migrating progenitor. Images are captured every ten minutes. D) Time-lapse
images of spontaneous calcium signaling in H2BmCer3 positive cells in the migrating

wavefront. Images were captured every two seconds.

A subset of ENPs within the migratory wavefront demonstrates a distinctive
migration pattern. These individual progenitors, ahead of the linked ENP wavefront,
migrate from the cecum to the colon while retaining the ability to reverse direction.
Localized imaging of Myr-mApple positive cells at the wavefront of Sox10-MS mice
revealed three distinct patterns of ENP migration: ENP-1 (P1) leading the wavefront with
a unidirectional migration pattern independent of the chain, ENP-2 (P2) displaying partial
rostral migration, and ENP-3 (P3) exhibiting linear chain migration (Figure 4.3 C, Video
4.3). Surprisingly, | detected subtle calcium activity at the ENP wavefront, which was
previously thought to lack spontaneous calcium activity. Time-lapse images were taken

at intervals of 2 seconds to observe the occurrence and capture this phenomenon. When
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the intervals between image captures were shortened, numerous calcium events were

identified within the wavefront over 4 minutes (Figure 4.3 D, Video 4.4).

Sox10P°™* enteric glia exhibit elevated baseline Ca?" activity. Researchers
commonly cross transgenic mice, such as the Sox10-MS mouse, with disease models to
understand disease etiology better. Therefore, | conducted crossbreeding with the
Sox10P°™ model. Considering the presence of a de novo mutation in a single Sox10 allele
within the Sox10Po™* responsible for the phenotypic aganglionic state associated with
Hirschsprung disease, this approach facilitated the assessment of Sox10 perturbation on
Sox10-MS reporter production. Simultaneously, it allowed for the investigation into a
disease model. Ex vivo explants from ENS gut muscle strips were isolated from the ileum
Sox10-MS litter mates expressing Sox10P°™+ and Sox10+/+.

While both genotypes exhibited Histone2B-mCer3 and Myr-mApple expression, a
difference in GCaMP5 baseline activity was identified in mature enteric glia (Video 4.5
4.6). | performed a quantitative analysis of time-lapse images capturing GCaMP5
baseline activity. This process included precise selection of glia, following stringent
criteria, and utilizing reference images to minimize potential confounding factors. In brief,
a blinded individual was tasked to select cells based on GCaMP-5 activity localizing with
Histone2B-mCer3 signal, with cells being omitted from selection if they exhibited
consistent GFP signal, overlapped with adjacent cells, or intersected with the edge of the
images. 214 glia were selected for analysis, 100 Sox10** and 114 Sox10P°™* When
guantified, GCaMP-5 signal intensity was higher in Sox10P°™*mice compared to Sox10+/*

litter. A one-way ANOVA analysis comparing signal intensity revealed a significant
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difference between genotypes (p = 2.2e-15). Notably, the most elevated signal intensities
exist within the females of both genotypes (Fig 4.4 A). As Sox10 is perturbed in
Sox10Pom* mice, Histone2B-mCer3 signal intensities were quantified to assess whether
Sox10 perturbation altered signal intensities in alternative reports. However, this was not
the case as Histone2B-mCer3 single intensities were similar between genotypes.
Furthermore, the overall frequency of GCaMP-5 activity in Sox10P°™* ENS glia was
significantly higher when the frequency of activity was compared between genotypes in
a two-way ANOVA analysis (p=.61e-13) (Figure 4.4 B). When summarized, twice as many
glia are active at baseline relative to Sox10** mice, with three times the level of observed

events (Figure 4.4 C).
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Figure 4.4: Sox10P°™* enteric glial are characterized by increased spontaneous
Ca?* activity and frequency at baseline. A) Baseline GCaMP5 intensity of glial cells
over 90 second period in 8 Sox10**+ and 8 Sox10P°™*, Mice are separated by sex. B) Line
graphs display the frequency distribution of glial Ca?* activity between genotypes for mice
at baseline. Any signal exceeding the individual cells threshold Delta F-FO was called an
event. Colors in each plot represent individual glial cell events in a given mouse over time.
Only active cells are displayed. C) Data summary including information on total glia
quantified, distinguishing between active and non-active for both Sox10** and Sox10Pom/+
samples. Observed events account for all Ca?* events between genotypes. The
percentage of active cells is calculated as the ratio of active cells dvided by total glia
monitored. Events per active cell represent the ratio of observed events divided by active

glia.
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Discussion.

Our primary aim was to develop a helpful mouse model that facilitates the
expression of three fluorescent reporters controlled by the Sox10 promoter. The goal was
to minimize colony maintenance costs and establish a comprehensive model for
investigating Sox10-expressing lineages within the PNS. Our cross-sectional and
immunohistochemical analyses revealed that the Sox10-MS model offers a practical
means for studying Sox10-associated lineages in the central and peripheral nervous
systems, underscoring its potential as a valuable research tool.

In assessing the ENP wavefront migration patterns, spontaneous calcium activity,
a phenomenon not previously documented, was identified. While spontaneous calcium
signaling in ENPs has been reported, its occurrence was only observed in the trailing
portion of migrating ENPs (M. M. Hao et al., 2017). Unlike prior calcium-based studies in
the ENS, the continuous expression of GCaMP-5 in the presence of Sox10 likely
contributes to the heightened sensitivity to observe the calcium-mediated activity.
Although spontaneous calcium activity has been associated with neuronal growth cone
formation within the CNS and the specification of Murine-derived neural crest cells
towards neural fates, the role of calcium in the context of ENS formation remains relatively
unexplored (Carey & Matsumoto, 1999; Tang et al., 2003).

Using the Sox10P°™ model of Hirschsprung's disease, in conjunction with Sox10-
MS mice, significant differences in baseline calcium signaling within mature ENS glial
cells of Sox10P°™* mice were identified. Regularly, gastric motility changes in
Hirschsprung disease patients have been attributed to differences in inhibitory and

excitatory neuronal landscapes (Cheng et al., 2016; Zaitoun et al., 2013). However, ENS
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glial cells have been reported to influence and contribute to gastric motility ( Gr ubi gi | &
Gulbransen, 2017; McClain et al., 2015). As twice the number of glia are active, with a
threefold increase in overall spontaneous activity at baseline in Sox10P°™* mice, it is
reasonable to posit that this phenomenon contributes to the etiology of dysregulated
gastric motility. Whether changes in glial activity are a consequence of shifts in the
neuronal landscape or intrinsic glial factors remains to be identified. While elucidating the
intricacies of calcium signaling within ENS glia falls outside the scope of the present study,
it is evident that the Sox10-MS mice are capable of discerning variations in calcium
responses within the PNS.

Although our findings' biological implications extend beyond the scope of this
publication, they underscore the value of the Sox10-MS mouse model. | envision this
model as a cost-effective and efficient tool that can reduce the broader scientific

community's dependence on intricate breeding paradigms.
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Chapter 5
Short Studies and Extended Methods
This chapter outlines my work at the Southard-Smith lab to develop lentiviral constructs
for future studies targeted at identifying Sox10-bound cofactors and establishing a live

imaging protocol to study ENS development and functions.

Sox10-Variant Lentiviral Construction

Broadly, transactivation domains play a crucial role in gene expression regulation
by facilitating the recruitment of the basal transcriptional machinery to the promoter region
of genes. The basal transcriptional machinery includes various proteins and complexes
that initiate transcription, such as RNA polymerase 1l and TATA-binding proteins
(Goodrich & Tjian, 2010). Early transcriptional regulatory complexes often play a vital role
in recruiting co-activators necessary for transcriptional regulation (Lee & Young, 2013).

Although Pax3 interacts with SOX10 to regulate Mitf and Ret expression,
surprisingly, few co-activators are reported to bind to or directly interact with SOX10
(Bondurand, 2000; Lang et al., 2000). A luciferase-based assay examining the ability of
Pax3 and Sox10P°™* to interact with the MITF promoter revealed a significant decrease
in luciferase production compared to Sox10**. SOX10 also seems to cooperate with MITF
to facilitate BRG1 binding to distal enhancers of melanocyte-specific genes associated
with differentiation (Marathe et al.,, 2017). However, it remains unclear how SOX10
interacts with each co-activator and what is required for their recruitment. Furthermore,
the scope of the SOX10 coactivator network remains partially obscured due to the

challenge of isolating SOX10 and its respective cofactors.
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The highly conserved sequences within the Sox E family of transcription factors
make isolating SOX10 and its associated cofactors challenging. An alignment of the
human SOXE (Sox8-10) family demonstrates striking similarities, with a 97-99% match in
the HMG DNA binding domains and 81-95% at the homodimerization domain (Haseeb &
Lefebvre, 2019). Interestingly, the Transactivation domains exhibit the highest sequence
variability, indicating their potential involvement in divergent transcriptional regulation
mechanisms among family members. However, this variability does not always indicate
functional distinctions, as several instances underscore the capacity of Sox E family
members to recover from defects associated with their expression. For instance, Sox8
and Sox10 can induce neural crest specification like Sox9 in chicks (Cheung & Briscoe,
2003). In mice, Sox8 and Sox10 appear interchangeably during early adrenal gland
formation (Reiprich et al., 2008). At the same time, Sox9 effectively rescues neural crest
formation in Xenopus deficient in Sox10 (Cheung & Briscoe, 2003; Taylor & LaBonne,
2005). In addition to the functional similarity, the extensive sequence overlap among Sox
E family members poses challenges in isolating and identifying Sox10-associated
cofactors.

To address the challenge of isolating and identifying Sox10-associated cofactors,
| designed, generated, sequenced, and tested DNA constructs that express Flag-tagged
SOX10 variants. Four variants were created, each carrying a FLAG or 3X FLAG tag on

the N-terminus of SOX10 or the SOX10Dom transcription factor (Figure 5.1).
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Figure 5.1: Illustration of Flag-tagged SOX10 variants. The Flag tag, depicted as
purple arrows, is attached to the N-terminus of SOX10. Two variants of SOX10 are
shown: Sox10** with normal transaction domain (green) and Sox10P°™+ with alternative

amino acids (red). The HMG DNA binding domain is highlighted in blue.

The design of Sox10 variants was conducted using Sequencher® software. The
addition of flag sequence "gactacaaagacgatgacgacaag” or the 3xflag
"gactacaaagaccatgacggtgattataaagatcatgacatcgattacaaggatgacgatgacaag” epitopes
were added downstream and adjacent to the ATG start site of Sox10 NM_011437.1
(Hopp et al., 1988.) Synbio facilitated the synthesis of these sequences into the gateway
vector pPDONR221 (Xu et al., 2009). Upon receipt of the newly synthesized pDONR221
Sox10 variants, the DNA constructs were introduced into Topl0 electro-competent cells
via electroporation. 40uL of cells were electroporated using each pDONR221 Sox10
variant DNA and transferred to 8mL of liquid broth (LB), followed by overnight incubation
using a 37°C shaker. The following day, 2ul of the pDONR221 LB were plated on LB
agarose and neomycin to grow individual colonies, which were selected the next day.
Separate colonies were isolated and cultured in 8mL of LB containing neomycin and

allowed to grow overnight. Minipreps were generated using the QIAGEN Plasmid Mini Kit
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(cat 12123) to isolate plasmid DNA. Each pDONR221 DNA construct was sent to
Genewiz for validation using primers targeting M13, Exon3, and Exon 5 of Sox10.

Once validated via Sanger sequencing, clones from each electroporated cell were
placed in 50% glycerol and stored at -80 degrees for future use. The remaining DNA
isolates for the Sox10 variants underwent GatewayE cloning into pDESTE 14 Vector and
pPINDUCER20 constructs following the Thermo Fisher protocol (Figure 5.2 ) (Meerbrey et
al., 2011; Reece-Hoyes & Walhout, 2018). The pDESTE 14 was required to produce
protein products via a single-tube coupled transcription/translation kit TNT® T7 system
from Promega (Leippe et al., 2010). Subsequently, the pDESTE 14 DNA constructs
containing the Sox10 variants were maxiprepred using QIAGEN Plasmid Maxi Kit (cat

12162), while pINDUCER20 used EndoFree Plasmid Maxi Kit (cat 12362).

pPINDUCER20
ch> TA3 | IRES | NEO |
RS. RS.
pINDUCER20-ccdB pPINDUCER20-Sox10-V

E %
R.

S.

pDONR221-Sox10-V pPDONR221-ccdB
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Figure 5.2: An example of the Gateway recombination event between the
pINDUCER20 and pDONR221. pINDUCERZ20 consists of a retroviral packaging element
(Psi) (white), a tetracycline-responsive element (TREZ2) (dark green), a negative selection
marker ccdB (red), a ubiquitous promoter (Ubc) (light green), a reverse tetracycline
transactivator 3 (rtTA3) (yellow), an internal ribosome entry site (IRES) (gray), and a
neomycin selection cassette (NEO) (blue-gray). The recombination sites (R.S.) allow for
the transfer of Sox10 variants from pDONR221, replacing the ccdB domain in

pINDUCER20.

Western blot analyses of in vitro synthesized SOX10 variants from the pDest14
TNT® T7 were conducted as follows. Precast gel cassettes were inserted into the Tetrad
gel electrophoresis clamp and filled with running buffer. Laemmle Sample Buffer, used to
denature proteins for SDS-PAGE, was combined with TNT® T7 sample proteins at a 1x
concentration of Laemmle buffer. Thorough mixing was conducted to ensure uniformity
in Laemmle distribution in the sample. Once prepared, the samples were spun down and
placed in a heat block set at 95°C for 6-8 minutes, allowing for denaturation and proper
protein unfolding. After removing the samples from the heat block, they were briefly let at
room temperature for approximately 15 seconds before undergoing another quick spin.
Care was taken when | oading the sampl es
of ladder was added to reference a well.

Electrophoresis was conducted at an average voltage of 100mV and an amp of
60mAMP for 15 minutes or until the samples migrated to the top of the running gel. Once

the samples reached the running gel, the voltage was increased to 125V for 45 minutes.
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While the electrophoresis was running, a PVDF membrane was prepared for the
transfer of proteins. This involved sequential immersion of the membrane in 100%
methanol and DiH20 before placing it in the transfer buffer, where it remained until further
use. Once the electrophoresis was completed, the gel cassette was carefully removed.
The gel cassette was opened, and the loading gel was separated from the running gel

using a plate splitter. The transfer cassette was then prepared in the order below.

Transfer Cassette Layout
Red/Whiteside
Sponge
2 X Whatman paper
PVDF Membrane
Gel
2 X Whatman paper
Black side

| ensured the transfer cassette was completely submerged in the transfer buffer as
the cassette was assembled to air bubble formation between the cassette layers. The
cassette was then loaded into the tank and filled with transfer buffer before attaching the
lid and initiating the transfer process. The transfer was conducted at 100V and 245mA for
45-60 minutes to facilitate efficient protein transfer from the gel to the membrane.

Following the transfer, the PVDF membrane was submerged in a blocking solution
comprising PBST with 10% BSA for an hour to prevent nonspecific binding.
Subsequently, primary antibodies were introduced and incubated at 4°C overnight on a
nutator to ensure optimal binding. A comprehensive list of antibodies and their
corresponding secondary antibodies utilized in the study can be found at the end of this

chapter. The following day, the primary antibodies were removed, and the PVDF
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membrane was washed three times with PBST to remove any unbound primary
antibodies. Secondary antibodies were then applied to the membrane and incubated
overnight at 4°C. The next day, the PVDF membrane was washed for an hour in PBST.
PVDF membranes were transferred to a clarity western ECL substrate solution for 2
minutes before imaging. As expected, the Sox10 antibody labeled all SOX10 variants,
while only those tagged with the FLAG epitope were detected by the flag antibody (Figure
5.3).

Once | was confident in the structure and viability of the synthesized SOX10
variants, my next aim was to create a lentiviral construct using the pINDUCERZ20 vector.
When co-transduced with the packaging plasmid (psPAX2) and the envelope plasmid
(PMD2.G), pINDUCERZ20 vyields a lentiviral vector capable of integrating into a host cell
line of interest and, in the presence of doxycycline, drive the expression of the flag-tagged

SOX10 variants.

108



O& O&
Q Qo Q Qo
& © o“t\ o'"'\ & o*"\ o""\
& " ¢ b @ _oF ¢ %
Q =) < & ¥ 9 4 &

250 kd —
150 kd —

100 kd — PR s

- - - -
75 kd —

- ) - "!
50 kd — '

57 kd s Sa R = o S " oy

Rat a Flag Rabbit a Sox10

Figure 5.3: Synthesized SOX10 variant proteins contain the FLAG epitope. Western
blot analysis of SOX10 protein variants synthesized in vivo. Blank wells contained TnT®
Quick Master Mix lacking plasmids. Each wel-cont ai ned 2gg of
antibodies against Rat Anti-flag and Rabbit Anti-Sox10 were used for immunoblotting.

Both were treated with secondary HRP and ECL before imaging.

Human embryonic kidney cells (HEK293FT) from Thermo Fisher Scientific
(R70007) were used to produce lentiviruses. The HEK293FT cell line was maintained in
accordance with the manufacturer's recommended media composition and growth
conditions. HEK293FT packaging cells were seeded at a density of 1.3-1.5 x 10”6 cells/ml
(6 ml per flask) in seeding media consisting of DMEM and 10% FBS without antibiotics in

a T-25 cell culture flask. The cells were then incubated for 24 hours at 37°C with 5% CO2
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until reaching approximately 70% confluency. Once the cells reached 70% confluency,
they were transfected. This process can easily be scaled up to larger flasks.

Transfection of a T-25 flask of HEK293FT cells required a mixture of three
plasmids consisting of 900 ng of the packaging plasmid psPAX2, 100 ng of the envelope
pl asmid pMD2. G, pINDUGER20-Soxd.0-varfant pldsraid, along with 10-30
eL of Opti MEM medi a. Li pofectamine 20010 wa s
Li pof ect anlOpeMEM), addthedransfection mix was prepared by adding a
plasmid mixture to the diluted Lipofectamine reagent, followed by incubation for 20-30
minutes at room temperature. The transfection mix was then carefully transferred to the
packaging cells in seeding media, ensuring minimal cell disturbance.

Following transfection, cells were incubated for 18 hours at 37°C with 5% CO2.
The media were then changed to remove the transfection reagent and replaced with 4 ml
of harvest media consisting of DMEM, 30% FBS, and 1x Pen/Strep. The cells were placed
back in the incubator for another 24 hours. Using Lenti-X GoStix, viral titers were
measured prior to harvesting. Viral concentrations with a Lenti-X GoStix value over 100
were considered sufficient for harvesting.

Viral harvests were conducted approximately 40 hours post-transfection by
collecting the lentivirus-containing media and transferring it to 15 or 50-ml conical tubes.
According to the manufacturer's protocol, the lentiviral media were treated with a Lenti-X
Concentrator to ensure a high concentration of viral titers. The process of isolating and
concentrating lentiviral titers was repeated every 12-24 hours, replacing viral media with

3-4 ml of fresh harvest media each time. After the final harvest, a concentration of 10%
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bleach in di-water was added to the cultures to ensure the death of cells and neutralization
of viral particles.

Viruses were stored at 4°C for short periods if they were to be used within 2-3
days or frozen at -20°C or -80°C for long-term storage. To minimize freeze/thaw cycles,
large-scale virus preparations were aliquoted into smaller storage tubes before long-term
storage.

As proof of principle, mouse neuroblastoma Neuro-2a (N2A) cells (CRL-2690,
ATCC: CCL-131), which lack Sox10 expression, were chosen for transduction with the
pINDUCER20-Sox10 lentiviral variants. The N2A cell line was maintained per the
manufacturer's recommended media composition and growth conditions. The cells were
seeded at a low density and allowed to grow up to 25% confluency in a 37°C incubator
with 5% CO2. Once the desired confluency was reached, the N2A media was removed
and replaced with 2 ml of fresh media, or just enough to cover the cells. This was done
to ensure a higher concentration of viral particles in a smaller media volume, maximizing
the transduction process's efficiency. The cells were allowed to grow in the social media
for 48 hours before the media was replaced with standard N2A media.

When immunohistochemistry (IHC) was conducted on the transduced cells to
assess the expression of SOX10 variants, the FLAG antibody specifically labeled cells
transduced with pINDUCER20 Flag-Sox10Dom in cells exposed to 50 pg/mL doxycycline
for 24 hours (Figure 5.4 A). This demonstrates that the FLAG-tagged SOX10Dom variant
was successfully expressed in a doxycycline-inducible manner. Conversely, the FLAG

antibody did not label cells transduced with pINDUCER20-EGFP or cells not treated with
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doxycycline, indicating that FLAG expression is contingent on both the presence of the
Sox10 construct and the induction by doxycycline.

Transduced N2A cells were also subjected to G418 selection over two weeks to
ensure the cells' stability with the pINDUCER?20 constructs. The concentration of G418 in
the cultures was systematically increased from 400 ng/mL to a final concentration of 2000
ng/mL by increments of 300 ng/mL. Western blot analysis of cell lysates from stably
transduced cells exposed to 50 pg/mL doxycycline for 24 hours showed elevated HRP
signal in lanes for SOX10 variants when treated with a primary Sox10 antibody and an
HRP-conjugated secondary antibody (Figure 5.4 B). In contrast, lanes containing cell
lysate from stably transduced N2A cells with pINDUCER20-EGFP displayed no HRP

signal, confirming the specific expression of Sox10 variants.

A
Doxycycline Treated
N2A N2A N2A
Sox10 F-Dom Sox10 F-Dom eGFP

Dapi

Flag-Cy5

eGFP

Merge
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Figure 5.4: Lentiviral vectors containing the inducible pINDUCER20-Sox10 variants

can transiently and stably transduce into cells lacking Sox10 expression. A)
Immunohistochemistry of N2A cells transduced with lentivirus containing pINDUCERZ20-
Flag-Sox10Dom or pINDUCER20-e GF P . Cells were treated with
overnight. Mouse anti-flag primary antibody was used to detect flag expression within the

cell clusters, followed by a secondary donkey anti-mouse Cy5. B) Western blot analysis

of cell lysates from stably transduced pINDUCER20 N2A cell lines. Cells were treated

with 50eg/ mL doxycycline over ni gyntesizzd lagwer e |
Sox10 protein was used as a control. Primary antibodies using Rabbit Anti-Sox10 and a

secondary HRP were applied. Immunoblots were treated with ECL before imaging.

These constructs enable the expression of SOX10 and SOX10Dom proteins in
cell lines via lentiviral transduction. Currently, these capabilities are limited to N2A cells,
but the designed cellular constructs allow for the transduction of primary cell lines isolated
from ENS. These pINDUCERZ20 lentiviruses provide a powerful tool for parsing out the
function and regulation of SOX10 variants during ENS formation and associated diseases
using various molecular tools. For example, researchers could use quantitative
proteomics to identify proteins that specifically interact with the transactivation domain of
SOX10. Multiplexed Isobaric Tagging Technology for Relative Quantitation (iTRAQ)
supports multiplexed analysis of up to eight protein samples by mass spectrometry.
iITRAQ could be used to compare the proteins that co-immunoprecipitated with FLAG-

tagged SOX10 variants directly. It would be interesting to see if PAX3 still interacts with
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SOX10 without the transactivation domain. Regardless of the methods incorporated, a
comprehensive understanding of binding partners is crucial to determining the overall role

of Sox10 in ENS formation.
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Antigen Host RRID Supplier Cat;log Dilution Incu_batlon
time
(Primary) Rabbit EMD i .
Sox10 (polyclonal) AB_2195375 Millipore AB5727 1:1k Over Night
(Primary) Rabbit | \p 439587 |  Sigma F7425 | 1:1k | Over Night
Flag (polyclonal)
(Primary) Rat AB_1134266 | BioLegend | 637301 | 1:1k | Over Night
Flag (monoclonal)
(Primary) Mouse | B 262044 | sigma F1804 | 1:1k | Over Night
Flag (monoclonal)
(Secondary) Donkey ) .
HRP anti-Rabit N/A N/A N/A 1:5k | Over Night
(Secondary) Donkey Thermo ) .
HRP anti-Rat AB_2535516 Fisher A18739 1:5k Over Night
(Secondary) Donkey ) .
HRP anti-Mouse N/A N/A N/A 1:5k | Over Night
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Sox10-MS Live Imaging

Two Sox10-MS females were housed with a single Sox10P°™* male and provided
a high-chow diet and cardboard huts. Mice had access to an integral water system
provided by the housing rack, and an alternative water source was available via bottles.
Vaginal plugs of Sox10-MS females were checked every morning between 8:00 am and
10:00 am. | avoided observation of vaginal plugs at later times to avoid missing plugs due
to the likelihood of plugs falling out throughout the day. Upon visualizing a vaginal plug,
the female was removed and transferred to a separate cage containing high-fat chow and
a cardboard hut. The embryonic staging began from the initial plug sighting, with the initial
day referred to as 0.5 dpc and an additional day added for each subsequent day. Embryos

were isolated at 12.5 dpc or allowed to grow until postnatal day 21.

Sox10-MS/+, Sox10+/+ X Sox10Pom*

\

MS Dom (12.5%) Sox10-MS/+,Sox10Pom*

MS Wt (12.5%) Sox10-MS/+,Sox10**

On the days scheduled for live imaging, 50 to 100 ml of live imaging medium was
produced one hour before isolating fetal intestines or gut muscle strips. The medium
consisted of L-15 medium (Gibco: 21083-027) supplemented with 1%

penicillin/streptomycin (Gibco: 15140122), 1% 1 mg/ml BSA (Sigma: A3912), 1% ten mM
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HEPES at pH 7.4 (BioWhittaker - Lonza: 17-737-E), and 10% BioWhittaker water (Fisher:
BW17-724Q). While the medium was made in the cell culture hood, it was not sterile
filtered as the samples being imaged were not maintained extensively, meaning they
would be used for the day and then properly discarded. In doing so, the samples would
only be exposed to the live imaging medium for 2-8 hours, depending on the experimental
paradigm. The medium was stored in 50 ml conical tubes and placed in the cell incubator
at 37°C for at least one hour. As this medium is used outside of a fume hood, it was made
fresh for each experiment to avoid potential confounding factors such as contamination.
If ATP was needed for the experiment, a 100 mM solution was prepared prior to tissue
isolation. On average, 2 ml of 100 mM ATP solution was made by weighing 0.11 mg of
ATP (Sigma Aldrich: 1059979001) on weigh paper. The powdered ATP was then placed
in a 2 ml Eppendorf tube or equivalent. Afterward, 2 ml of live imaging medium was added
to the lyophilized ATP, and the tube was inverted continuously. The ATP dissolved into
the solution within 2-3 minutes. Once made, the ATP solution was stored in the
refrigerator at 4°C. This solution is stable for two weeks; however, ATP was always made
fresh for each experiment.

As the goal was to have viable tissue samples for live imaging, it was necessary
to prepare everything beforehand on a rolling cart. If ATP were used in the experiment, |
would take 2-3 1 ml syringes and 2-3 18G needles. | found that the large bore of the 18G
needle and the syringe were the best delivery methods for the 100mM ATP to minimize
disturbances during the application. The lightweight retention ring, stored in a 5 mL
Eppendorf tube containing 100% ethanol, was added to the cart. Three 50 ml conical

tubes filled to 40 mL with 1x PBS were also prepared and added to the cart. These
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conicals are used to wash the retention ring between ATP experiments. This is important
to minimize the residual ATP on the retention ring membrane between samples. However,
if ATP activation were not conducted, the syringes would not be needed. A fresh sleeve
of 20mm microwell dishes (MatTek: P35G-1.5-20-C) and residual dishes from previous
experiments were added to the cart. 5-10 individually wrapped pasture pipets were added

to transfer live imaging media to the Mat Tek dishes.

Figure 5.6 Lightweight mesh retention ring used for live imaging. Top and side view
of lightweight mesh retention ring. The ring is stored in 100% ethanol when not in use.

Before tissue sample isolation, 100 ml of tissue culture PBS was aliquoted into ice-
cold aliquot tubes, each containing 50 ml. This was achieved by adding 5 mL of 10x TC
PBS (Gibco: 70011-044) into a 50 mL conical tube and then adding 45 mL of autoclaved
Milli-Q water. The volume of TC PBS varied depending on the number of pregnant mice.

On average, 50 ml of TC PBS was sufficient for a mouse whose litter consisted of 3-4
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Sox10-MS positive embryos or for isolating a single adult intestine. These aliquots were
then placed in ice-packed containers halfway filled with ice and allowed to chill.

A twelve-well dish (Falcon:350343) was then filled with 2-3 mL of freshly made live
imaging media and stored in the 37°C incubator. A single 100 mm (Falcon: 351029) dish
was filled with 20 ml of 1x TC PBS and placed on ice, along with two 60 mm dishes
(Falcon:351007) filled with 3-4 ml of 1x TC PBS. The Leica stereo fluorescence dissecting
microscope (Leica: MZ05fA) was used to screen for H2b-CFP expression in the fetal
intestine of embryos isolated from Dams. If gut muscle strips were isolated, adult Sox10-
MS mice were screened for transgenic expression via ear punch screening. While
dissection can be done using the fluorescence microscope, | used a Leica MZ75 white
light dissecting scope.

All mice were euthanized per Vanderbilt IACUC-approved protocols. Mice were
placed in euthanasia chambers containing 3-5 ml of 99.9% liquid isoflurane (Piramal
Critical Care (RxElite): 66794-017-25) on absorbent material on the chamber's floor,
ensuring that a physical barrier prevented animals from direct contact with the isoflurane.
Mice were then tested for motor response by pinching the footpad. The mice were then
euthanized via cervical dislocation to ensure the mouse was deceased.

Care was taken to complete dissections within an hour (from the point of
euthanasia to storing the sample at 37°C). Mice were transferred to the dissecting room
and placed on a 2-ply paper towel. With the mice in a supine position, 95% ethanol was
applied to the surgical area to ensure sterility and to mat the fur before dissections. | next
made a posterior midline incision, a five-centimeter incision at the lowest part of the

abdomen, above the rectum, making sure not to puncture the abdominal wall. The top of
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the incision point was grasped with the left hand while the right hand was held tightly to
the tail. | then separated the two layers of fur and carefully pulled the epidermis up above
the rib cage to expose the abdominal cavity. This method is optimal for removing the
epidermis as it limits contamination from mouse hair on the samples.

For fetal samples, the uterus was gently lifted, and embryos were carefully
removed. These were placed in a pre-chilled 100 mm dish containing 1X TC PBS. Care
was taken to remove the embryos from the extraembryonic membranes and yolk sacs.
Once all embryos were freed from the yolk sac, the umbilical cords were severed. The
chain of yolk sacs was then transferred from the dish and placed on a paper towel to be
stored in a Ziplock bag labeled for biological waste.

The 100 mm dish with the freshly isolated embryos was then transferred to the
Olympus fluorescence microscope, and embryos were screened for Histone2B-mCer3
expression. The signal within enteric ENS cells is readily visible throughout the abdomen
of embryos at 12.5 dpc. If later stages are used, small incisions into the abdominal area
are required to expose the intestine and determine transgenic expression in each embryo.
The Histone2B-mCer3 expression can also be observed in the hindbrain of decapitated
embryos, appearing as two bright dots at the base of the decapitated head. All
fluorescent-positive embryos were placed in the pre-chilled 60 mm dish with 1x TC PBS.

Fetal intestines were removed from the embryos using a "rip and pull" method.
This consisted of first removing the limbs of the embryo. Then, an incision was made
along the side of the developing chest cavity and across the developing diaphragm. The
embryo was then held in place with forceps while | scraped the abdominal contents out,

making sure not to damage the fetal intestines. Once the abdominal contents were
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removed, | used forceps to remove any excess tissue not related to the intestine. Once
the intestine was freed from all other tissues, it was transferred to the 12-well dish
containing live imaging media and placed in a box at room temperature to avoid light
exposure.

For the isolation of GMS, the intestine was dissected from adult mice by carefully
cutting the mesenteric attachments, ensuring that the intestines were not unintentionally
cut at any point. The intestine was severed below the stomach and at the rectum. Once
removed, the intestine was transferred to a 60 mm dish containing 2-3 mL of ice-cold 1x
TC PBS. These intestines were then screened for aganglionosis using the Olympus
fluorescence dissecting scope. Samples with no aganglionosis were considered wild type,
while those with aganglionosis extending the length of the distal colon were considered
Sox10Pom+ and processed further.

Using a combination of spring scissors and No. 5 forceps, excess connective
mesentery and fat were removed from the isolated intestine. Again, care was taken not
to damage the intestine. Once the intestines were clean, the luminal contents were
flushed. Using a 10 ml syringe and an 18-gauge needle filled with 1x TC PBS, the syringe
was inserted into the open colon, ensuring the intestine was not ruptured. The end of the
rectum was clamped shut, and the plunger was depressed at a steady pace to expel the
luminal contents.

Once the intestine was isolated, the ileum was then sub-dissected. This was
accomplished by separating the intestine on the anterior side of the cecum and moving

upward anteriorly for 4-5 cm, excluding the duodenum. The sub-dissected ileum isolated
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gut muscle strips using a "sock roll" method. The myenteric plexus was separated from
the submucosal plexus and the mucosa using No. 4 and No. 5 forceps.

Using the No. 5 forceps, | pinned the intestine to the dish. With the No. 4 forceps,
| slowly started to pull away the myenteric plexus from the point of the No. 5 forceps.
Once a portion of the myenteric plexus was removed, | rotated the intestine. | continued
to remove the plexus until it was free from the mucosa on one end of the isolated ileum.

| then used the No. 5 forceps to hold the detached mucosa, and with the No. 4
forceps, | gently started to pull the loose myenteric plexus from the intestine, akin to rolling
up a tube sock. This process requires dexterity and patience. If excessive fat or
connective tissue remains on the ileum, the myenteric plexus may rip while using this
method. If any cuts or nicks within the tissue are made during cleaning, the tissue will rip
as they are passed over.

Once the GMS was removed from the mucosa, the GMS was separated into three
equal portions using spring scissors. These were then placed on a clean surface and cut
along the mesentery line for the isolated GMS. Each piece was transferred to an individual
well in the 12-well plate containing the live imaging media. The lids were labeled with the
mouse ear tag number and associated genotype. The 12-well dish was then placed in a
box at room temperature to avoid light exposure.

Once all samples were collected, the 12-well dish was transferred back to the 37°C
incubator with 5% CO2. Alternatively, | would proceed directly to the imaging core to begin
experiments. When imaging experiments were ready, the 12-well dish was transferred to
the cart, and a light shield was placed on top, often made of aluminum foil. The live

imaging media was removed from the 37°C incubator and transferred to the cart. Upon
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arrival at the cell imaging core, the samples and the live imaging media were transferred
to the publicly available 37°C incubator provided by the core. These samples remained
until the microscope was turned on and the appropriate lasers were powered up.

Confocal images of whole fetal intestine and ileum GMS were acquired on a Zeiss
LSM880 confocal with ZEN 2.3 (Black) software with the following parameters: cerulean
fluorescent protein imaged with 405 nm excitation and 462 emission nm emission (MBS
405);, green fluorescent protein imaged with 488 nm excitation and 544 emission nm
emission (MBS 488); red fluorescent protein imaged with 561 nm excitation and 640 nm
emission (MBS 458/561) and far red Cy5 fluorophore imaged with 633 nm excitation and
638-755 nm emission (MBS 458/514/561/633). Tracks were acquired sequentially
(frame). Objectives included Plan-Apochromat 63x/1.4 Oil; Plan-Apochromat 40x/1.3 Oil;
Plan-Apochromat 20x/0.8, and Plan-Apochromat 10x/0.8.

Before the fetal intestine or GMS was mounted on a Matek dish, the lightweight
retention ring was removed from the 5 mL Eppendorf tube and transferred to a 50 mL
conical containing 1x PBS, which was then agitated for 30 seconds. This step was
repeated for the remaining two 50 mL conicals containing PBS to minimize the potential

effect of ethanol residue on biological processes.
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Fetal intestines were carefully positioned at the center of the MatTek dish,
accompanied by 2-3 mL of live imaging media. The lightweight retention ring was then
delicately placed on the center of the fetal intestine, ensuring the cecum was positioned
close to the ring edge. This placement prevents any accidental disruption of the imaging
area. Positioning the cecum near the ring edge allows the ileum and posterior colon to be
situated closer to the center of the retention ring. This strategic arrangement visualizes

the ENS, the ileum, and the migration wave from the posterior colon (Figure 5.6).
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Figure 5.6: Method for mounting fetal intestines to visualize the ileum and proximal
colon. To maximize the field of view for a given sample, | avoided crossing tissues, having
the sample off-center or folded over itself. It was imperative to place the sample in the
center of the rings where the mesh would hold the sample, not the ring. Keeping the

cecum closest to the ring ensures a clear field of view for the ilium and posterior colon.

Similar procedures were followed for GMS. Instead of using 2-3 mL initially, 1 mL
was added to the center of the dish before transferring the GMS. Using No. 4 forceps, the
GMS were carefully spread out to ensure minimal overlap, creating a flat surface (Figure
5.7 A). Once the GMS were positioned correctly (flat), the retention ring was placed on
top, and the remaining 1-2 mL of live imaging media was added. As the media filled the
outer region of the well, being careful not to disturb the GMS, the ring was lifted to allow

the media to settle into the center of the ring being (Figure 5.7 B).
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Figure 5.7: Method for Mounting GMS and filling the retention ring with media. A) To
maximize the field of view for a given sample, avoid crumpling the tissue, folds, and
placing the tissue off-center. Place the sample in the center of the rings with the mesh for
this method. However, the ring should be touching the edges of the tissue to mitigate the
effects of smooth muscle contraction in live samples. B) Once the ring is placed on the
tissue and media is added, the ring needs to be gently lifted on one end to allow media

to flow into the center of the ring before imaging.

The baseline GCaMP5 activity was captured through a time series imaging
comprising a minimum of 90 frames captured every 2 seconds. This was achieved by
takingaz-st acked i mage with an average thickness
of 512x512 pixels, with an 8-bit depth. The pinhole setting was configured to 3.65 AU,
and a pixel ti me of 1.02 s was applied dur
collected before the time series imaging, were obtained at a resolution of 1024x1024
pixels, with a pixelt i me of 8. 19 ¢s. Pinhole setti-ngs we
mApple and 2.02 AU for Histone2B-mCer3. All other time series images followed a similar
acquisition process, with varying acquisition times.

Induction of GCaMP5 activity within GMS was achieved by treating the sample
with 200 e¢L of a 100 mM ATP solution dissolved in live imaging media. This was
accomplished using a 1 ml syringe attached to an 18G needle to deliver the ATP to the

media outside the ring (Figure 5.8). While delivering ATP to the center of the ring may
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result in a faster response, it also poses the risk of disturbing the ring and potentially
causing movement of the focal plane. Since ATP is already present in the solution, the
sample is considered "used" and can no longer be imaged, leading to the loss of the
precious sample. Even when adding ATP to the outside of the ring, handling the sample
carefully is crucial to avoid the risks mentioned above. Once the ATP is added, the time
interval or image number when the ATP was added is logged for further reference.

Between samples treated with ATP, the ring was washed in the 50 mL conicals of PBS.

Adding ATP directly to the
reaction ring elicits a rapid
response, but it risks

disturbing the ring setup.
200uL of

100mM ATP
~ %
o\
=

Adding ATP to the well
causes a delayed response
but is less likely to disturb
the ring and tissue.

Figure 5.8: Methods used to disperse ATP directly in the plate during live imaging.
When adding ATP, hover above the media and dispense the plunger slowly, letting the

ATP solution drop into the media. If a drop is hanging on the tip of the needle, gently lower
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the needle until the drop touches the live imaging media. Be careful not to touch the
retention ring or the dish to avoid disrupting the field of view, as this should be done while

the live imaging occurs.

HCR image analysis

HCR images were initially imported and converted into Z stacks using Image J
(version). Once imported, images are compressed using "Average Z stack compression”
to consolidate Z-stacks to a single image and optimize image clarity. This is found under
the Image > Stacks > Z Project tab. At this point, the original uncompressed image | close
the uncompressed image. However, if mistakes are made during the preceding steps, the
image must be opened again and another compressed image must be generated as the
following steps are irreversible.

TheZst ack channels are then separated
facilitate individual analysis of Hu C/D, Hoxa6, and Elavl4 images. This is found under the
Image > Colors tab. | usually place the Hu C/D reference image on the left side of the
monitor, which was the easiest way to organize the images. However, the newly

separated images can be arranged in any order that is east to track. | then select the Hu

us

C/ D reference image and Athreshol do fumtct i

and is essential to separate the noise. This is found under the Image > Adjust > Threshold
tab. When selecting the threshold limits, | set the method to Ostu; this generates a sharp
and crisp threshold of the actual signal. When selecting the threshold limits, | try capturing
bright and dim Hu C/D positive cells. To capture the signal, Hu C/D channels were
thresholded by 25-30 percent of the total signal, Elavl4 was thresholded to 8-10, and

Hoxa6 was thresholded 1.5-2.5. Once this is done, there is no reverting of the image, and
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any mistakes will require the raw images to be imported and compressed. | record the
threshold values used on each image in a text document. Once the thresholds are set,
images should look like this. While the background may increase, this will be countered

by limiting the selection criteria in the next step.

21255212.55 microns (1024x1024); 8-bit 1MB 212561212 55 microns (1024x1024); 8-bit 1MB 212551212 58 microns (1024x1024); 8-bit, 1M8
Threshold
254
< Nm
< | » f255

| R ]

[V Dark background [~ Stack histogram

¥ Dontresetrange ™ Raw values

Auto | Apply | Reset| set|

Figure 5.9: Thresholding images to highlight and measure HCR signal. Three

images are shown, with the reference image on the far left. The red in the left image
highlights the signal falling within the thresholded limits. Thresholds are set for each

respective image using independent threshold levels.

I then select the reference i mage and wuse
generate ROIs. This is found under the Analyze -> Analyze Particles tab. When choosing
the selection size, adjust accordingly, but 50-infinity works well to capture the true signal
and negate the noise. It is important to check the Add to Manager, Display results, and
Composite ROIs boxes in the "Analyze Particle" window. Three additional windows will
be generated once the parameters are set. | Keep the ROl manager open and close the

others. | then select the freehand tool and draw additional ROIs within the sample
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reference image without signal. | ensure these ROIs are within the sample area and not
in the black background outside of the images. These serve as controls for background
noise. I thenrightcl i ck on the newly drawn ROI and sec!i
Once an ROl is added, | then double-click the ROI and select rename in the ROI manager.
The reference ROIls are renamed Control 1-3. The ROIs within the ROl manager will are

then used on the sample image (Hoxa6 and Elavl4).

55x212.55 microns (1024x1024); 8-bit 1MB

¥ Display results Exclude on edges
Include holes
Overlay

er ¥ Composite ROIs

K | Cancel| Help

Figure 5.10: Analyzed particle function used for generating ROIs within HCR
images. Three thresholded images are shown, with the reference image on the far left.
ROIs are generated using the Analyze Particles function using the settings displayed
within the center image. Once measured, the ROI Manager will appear with a distinct

labeling for each ROI displayed over the right image.
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Once | have generated the ROIs and appropriate controls, the results box is closed

ifitwas notclosedwh en it was

manager. This will generate a new results box with the control ROIs included. Do not
close this box. | select the followingi ma g e ,
to label all ROIs in the newly selected image and then click Measure. The result will be
added to the existing results table. | do not close it. This process is repeated for each
sample image. Once all measurements are taken, the results contain data for the Hu C/D
reference and the Hoxa6 and Elavl4 sample images. The data is presented in the order
in which each sample was measured. The results are then saved as an Excel file for
further analysis in R. | also save the ROIs for future reference, along with the thresholded
images and values. This process is repeated for each set of sample images. It is essential

to save the thresholded images since they are used in the following steps.

ir

c y c lofeandios in thhe\RO&nhahager

st

gener at ed.

¢ Results

File Edit Font Results

[Label Area  |Mean [Perim. [Median [%Area |MinThr [MaxThr
1 C2-AVG_31868-2_WT _fresh_HoxA6_pb_dist_ile_40xczi0001-0046 10293 255 11885 255 100 255 255
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Figure 5.11: ROIs identified in reference images used to measure HCR signal in
sample images. Three thresholded images are shown, with the reference image on the
far left. ROIs generated in reference images are overlaid on sample images. When ROIs

are measured, a results table is generated.

A stepwise reduction was undertaken to isolate the dim Hu C/D-positive cell
population using the ImageJ plugin Versatile Wand Tool. This tool allows one to select
and highlight cells by clicking on the cell of interest. Prior to use it | set the parameters for
the Versatile Wand tool by double clicking on the tool icon. | set the value tolerance

between 120-150,and t he connectedness is set to 8. [

a)

is selected and Alnclude Hol es o0 detsllefidickenl ect ed
the cell of interest. This will generate a line around thecellsi mi | ar t o an AAnaly
function. To select additional cells, | shift-click the next cell. | then created five duplicates

of the images with the ROIs generated with the Versatile Wand tool. This is achieved by

right clicking the image title and selecting duplicate.

Once | have the duplicates, | select one image and begin thresholding. The first
threshold is set to 100% to incorporate al/l C
produce ROIs on the newly thresholded reference image. | then open the originally
thresholded images saved from the first steps for the sample | am currently analyzing.

Using the originally thresholded images is important because the thresholds selected for
those images are unbiased, as the cell borders are not manually selected. Once the
originally thresholded images were open, | collected data as stated above using the

currently generated ROIs overlayed on the originally thresholded images. | then selected
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the next duplicate image and thresholded the signal to 75%. Once accomplished, ROIs
are generated, and data is collected as stated above. | repeat this step until | have data
for cells thresholded at 100%, 75%, 50%, and 25%.

After collecting all data, the average percent area covered by control ROIs is
calculated for each channel. This average value is then subtracted from the percent area
of all ROIs in the datasets to calculate normalized percent areas in each sample to help
reduce the impact of background noise. Subsequently, HCR ratios are calculated using
the normalized percent areas of Hoxa6 and Elavl4. These ratios are needed to account
for variability in HCR labeling efficiency across samples and accurately assess the

presence of Hoxa6 transcripts between different genotypes.

Control % Area = (x % Area of Contr c

Calculate the noise in each sample using the % area of control ROIs of each sample.

Normalized % Arearol = % Arearol - Control % Area
Normalize the relative levels of Hoxa6 and Elavl4 % Area of HCR signals relative to the

Control % Area in each sample for each ROIL.

HCR Ratio = Hoxa6 Normalized % Arearol / Elavl4 Normalized % Arearol

Account for HCR labeling variability between samples and allow for the normalization %

Area in each sample.
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Chapter 6

Synopsis, Context, and Future Directions

The findings presented in the previous chapters reveal significant implications for Sox10
in the development and functionality of the ENS while also highlighting the potential role
of Hox genes in diversifying ENS neurons. In this chapter, | will explore the broader

significance of these results within the context of current research in the field.

Missed connections.

The Sox10P°™ model of Hirschsprung disease is a common factor that links
Chapters 2-5. Due to a de novo guanine base pair insertion in a single locus of the Sox10
gene, this Hirschsprung model produces a regular and truncated version of the SOX10
protein. The genetic mutation induces a frameshift within the transactivation domain,
producing 99 alternative amino acids instead of 273 residues (Herbarth et al., 1998).
Researchers have not identified the precise proteins that interact with the transactivation
domain. Identifying cofactors that interact with the full-length protein versus the truncated
protein would provide putative interactors and shed light on the dynamic role of SOX10.
As it stands, the precise function of the transactivation domain in regulating the
development of ENS progenitors has yet to be fully identified.

A summary of the clinical causes and variations of Sox10-associated diseases
reveals that frameshift mutations within the transactivation domain are the most
prominent contributors to Sox10-mediated intestinal aganglionosis (Pingault et al., 2022).
Interestingly, the report found that penetrance of intestinal aganglionosis varied in

patients carrying similar mutations, suggesting that variation within the genetic landscape
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contributes to the varying levels of severity observed. Alternatively, variations in cofactor
interaction within the transactivation domain should not be ruled out.

The impact of the Sox10P°™* transactivation domain on the recruitment of
necessary cofactors and regulatory elements needed for proper transcriptional regulation
within the developing and mature ENS remains unclear. Therefore, a deeper
understanding of this domain's function is crucial to fully evaluate the molecular basis of
the phenotypes observed in Chapters Two, Three, and Four. However, based on the
findings from the preceding chapters, we can discuss the phenotypic characteristics
associated with Sox10P°™* and their broader implications for ENS development and

function.

Delayed neuronal specification.

In Chapter Two, | utilized single-cell RNA sequencing to investigate the function of
Sox10 in early ENS formation. The analysis identified three distinct neuronal trajectories,
with an observed increase in the Hox gene regulatory network activity as cells progressed
toward neuronal fates. While evidence suggests an essential role of Hoxa6 expression in
Branch C neuronal lineages, the specific contribution of Hox genes during neuronal
specification remains unclear. Comparisons between Sox10** and Sox10P°™+* [ineages
revealed differences in the cellular landscape between the two genotypes, including novel
progenitor clusters and shifts between neuronal cell abundance along two neuronal
trajectories in all Sox10P°™* biological replicates. Our laboratory previously reported

increased Calretinin-positive motor neurons in the ganglionated duodenum and ileum of
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mature Sox10P°™* mice (Musser et al., 2015). However, whether the observed shift in
cellular abundance at 15.5dpc accounts for the Sox10P°™+ phenotype remains unclear.

In Chapter Three, | discussed the impact of Sox10P°™* expression on ENS
development at 17.5 dpc. Initial observations revealed increased cellular diversity, with
the identification of Th and Npy positive cells, distinct from the three previously
established branches at 15.5 dpc. Additionally, there was evidence of cellular recovery
within neuronal Branch C, accompanied by increased expression of Hoxa6 relative to
15.5 dpc Sox10P°™*data. However, discrepancies in predicted cell abundance persisted,
particularly in Branches B and C, alongside alterations in Hox gene expression between
Sox10**and Sox10P°™+ gt 17.5 dpc. These findings suggest that the anticipated delay in
neuronal specification imparted by Sox10P°™+at 15.5 dpc is partially rectified by 17.5 dpc.

The findings from Chapter Two rely on the single-cell RNA-seq analysis tool scVelo
to predict overall trajectory and transition rates. This method uses the ratio of spliced to
unspliced transcripts, which can be influenced by gene expression. Additionally, the tool
relies on predicting cell trajectories in a 2-dimensional field and is not a direct form of
lineage tracing. Furthermore, differentially expressed genes between genotypes, such as
Sox10** and Sox10P°™+ can further alter the interpretation of the results. A significant
limitation of this method is that splicing events are dynamic, not static (Gorin et al., 2022).
However, they can help illustrate an overall specification pattern when used to predict
directionality in lineage specification.

A highly effective approach to more accurately assess trajectory and transition
rates would involve utilizing a transgenic reporter system to label Hoxa6-expressing

lineages within the ENS. This method would facilitate the tracking and quantifying of
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Branch C neuronal lineage as they progress through various stages of ENS development.
This technique can be used to investigate whether Branch C neuronal lineages arise at
similar developmental time points and spatial distribution (e.g., duodenum, ileum, colon)
within Sox10** and Sox10P°™* fetal intestines. Furthermore, quantitative flow cytometry
of dissociated ENP can be conducted to ascertain the overall abundance of cells
expressing Hoxa6 across various developmental time points between the genotypes. This
guantitative analysis would provide crucial insights into the spatial and quantitative
variations in lineage specification between genotypes. However, it is essential to note that
implementing this approach would necessitate the development of novel transgenic
mouse models specifically tailored for this purpose, as existing transgenic models to label
Hoxa6 expressing cells are currently lacking.

Alternatively, future studies could focus on exploring the progression of the Branch
C lineage, using the expression of Hoxa6 and Elavl4 as markers, in primary cultures of
ENPs obtained from both Sox10**and Sox10P°™* mice. This would involve examining
and quantifying when Hoxa6-positive cells arise during induced differentiation of cultured
ENPs into neuronal lineages under carefully controlled conditions. This approach would
be accompanied by in situ HCR analysis and sectional examination of Hoxa6-positive
cells across various developmental stages of the fetal intestine (ranging from 10.5to 17.5
days post-conception) to ascertain and characterize the localized patterning Branch C
(Hoxa6-posative) neuronal lineages. Incorporation of a cross-sectional analysis of fetal
intestines would enable the precise localization of these cells within specific regions (e.g.,
duodenum, ileum, colon) and plexuses (myenteric and submucosal). The proposed

methods can also be used to observe the development of all four putative neuronal
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lineages identified at 17.5 dpc. If the observed effects in Sox10P°™*+ scRNA-seq are
attributed to a delay in the specification, neuronal lineages should develop sooner and
more abundantly in Sox10** fetal intestines relative to Sox10P°™+, Such combinational
approaches would thus elucidate the effects of Sox10P°™*on the specification rate during
lineage specification within the developing ENS.

As it stands, Chapters Two and Three revealed a previously underestimated level
of cellular diversity in early ENS development, highlighting its complexity. This expanded
range of cells underscores the diversity within the developing ENS. However, as single-
cell tools continue to develop, allowing for more precise characterization and integration
of large-scale omics-based studies (e.g., chromatin accessibility, DNA methylation state,
protein abundance), cell diversity will be further refined. This will undoubtedly require a
new method of lineage classification to determine if an ENP is committed to a neural fate
or is still differentiating. However, the dynamics of these processes are highly intricate
and will require clear definitions.

Chapter 2 and 3 findings have broader implications from a practical standpoint.
Currently therapeutics are being designed that address alterations in ENS neuronal
diversity and use strategies to introduce induced pluripotent stem cells into the mature
intestine with the aim of increasing neuronal subtypes that are absent or deficient. This
process requires priming stem cells towards neural crest lineages (Fattahi et al. 2016;
Lai, Frank, and Pui-Ling et al. 2017). While there has been some success, priming these
cells to adopt desired cell fates remains challenging due to their complex and transient
developmental states, and influences by their surrounding environment (Obermayr,

Florian, and Guido Seitz. 2018; Okita et al., 2011). Ongoing research efforts are crucial
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to fully understanding the scope of ENPs to better refine therapeutic interventions for ENS

disorders.

Effects of elevated calcium activity.

Chapter Four introduced the Sox10-MS mouse model, designed to reduce costs
and enhance the efficiency of future studies related to Sox10. In addition to mirroring
endogenous Sox10 expression, the MS transgene was used to identify spontaneous
calcium activity at the wavefront of migrating ENS progenitors via GCaMP5 activity. While
spontaneous calcium activity occurs in the lagging migrating progenitors, this study is the
first to report the phenomenon at the wavefront (M. M. Hao, Bergner, et al., 2017).
Although the cause and function of spontaneous calcium signaling in neural-crest-derived
lineages within the broader context of the PNS are well documented, the purpose of this
signaling within the ENS remains elusive (Carey & Matsumoto, 1999; Heredia et al., 2020;
McKinney & Kulesa, 2011). A cross between the Sox10-MS and Sox10Po™*+ model
revealed heightened calcium activity in the enteric glia of offspring expressing the
Sox10Pom+ gene, suggesting a role for Sox10 in calcium signaling within the mature ENS.
Because enteric glia interact with both excitatory and inhibitory motor neurons, and there
are documented differences in the number of neurons in the mature ENS of individuals
with Hirschsprung's disease and relevant models, it is uncertain whether the observed
discrepancies in calcium activity are due to alterations in the neuronal makeup or inherent
cellular functions. The data demonstrates that the MS mouse model is viable and effective
for characterizing Sox10-expressing cell lineages within the central and peripheral

nervous system.
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While Chapter Four's primary aim was to introduce the Sox10-MS mouse model,
the observed alterations in baseline calcium activity within the mature glia of Sox10Pom/+
mice raised further questions and warrant subsequent investigation. Follow-up studies to
elucidate the effects of Sox10P°™* on calcium activity in mature enteric glia should focus
on distinguishing intrinsic and extrinsic factors affecting glial baseline calcium activity. By
inhibiting smooth muscle contraction using scopolamine and neuronal activity with
tetrodotoxin and quantifying baseline calcium activity, like methods used in Chapter Four,
the effects of Sox10P°™+ on baseline calcium activity can be ascertained. If the influence
of Sox10Po™* s inherently tied to glial cells, reducing extrinsic factors would exert limited
influence on baseline calcium dynamics. Conversely, if extrinsic factors exert
considerable influence, | anticipate the baseline calcium activity in Sox10P°™*+ samples
would resemble those of the Sox10** glia.

Moreover, if the observed increased baseline calcium activity and frequency have
broader biological implications for tonic glial activity, these effects should be detectable
through electrophysiological assays. This can be assessed by modulating the level of
current fed into a patched glial cell to identify the threshold level of activation needed to
elicit glial cell activity in Sox10** and Sox10Po™*+GMS. Increased baseline calcium activity
and frequency would, in theory, lower the activation threshold within the Sox10P°™* glia,
considering calcium's role in glial activity. A reduction in activation energy in the presence
of neuronal and smooth muscle inhibitors would suggest that Sox10's impact on gastric
motility extends beyond neuronal dysfunction and into the realm of enteric glial signaling
effects.

While differences in cellular abundance have long been thought to underscore the
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variations in gastric motility in Hirschsprung's patients, the data presented highlights the
potential role for glial within diseases etiology. The data presented in Chapter Four is the
first study to report on dysregulated calcium activity within enteric glia of the Sox10Pom/+
model of Hirschsprung's disease. While much effort is placed into observing the cause
and effects of differential neural abundance, researchers must also consider the effects
on glial activity in disease states. A holistic approach, incorporating both neural and glial
cell-based studies, is necessary to gain further insight into the complex network
underlying ENS diseases. Such a comprehensive approach will enhance our
understanding of disease states and provide more effective means for diagnostic and

therapeutic strategies.

Future discoveries require collaboration.

Significant strides have been made in comprehending ENS formation and function
in the 21st century, yet pivotal questions persist. One such inquiry involves understanding
the mechanisms by which ENS neurites project towards targets and establish synapses.
Furthermore, the revelation that the placenta is not a sterile environment raises questions
about the potential impact of placental microbiomes on ENS development. Recent
advancements in genomics, transcriptomics, and proteomics offer promising avenues to
approach these questions more effectively.

However, as our understanding of ENS deepens, so does the complexity of the
guestions that remain unanswered. Therefore, enhanced collaboration and
communication are imperative to propel the field forward and develop essential tools for

generating and analyzing high-resolution data. Addressing these inquiries requires
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interdisciplinary methodologies encompassing computational biology, biostatistics, and
biophysics. Collaborative efforts will be crucial in maximizing insights derived from high-
resolution data.

The data presented in this thesis provide a foundation for deeper insights into ENS
development at the transcriptomic level while expanding the toolkit available for future

ENS research.
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Appendix

Materials and Methods

BAC Design: The Sox10-MS construct was generated by Jean-Marc DeKeyser using

BglBrick cloning strategies (https://openwetware.org/wiki/BglBrick) to link together three

fluorescent reporters separated by T2A and P2A peptide spacers together (Shetty et al.,
2008). The fluorescent reporters include GCaMP5A, Myr-mApple, and Histone2B-mCer3.
The construct was tested in EGC cell lines and exhibited flux in GCaMP intity following
ATP administration, membrane Apple expression, and nuclear Cerulean fluorescence.
The BAC DNA construct was prepared using nucleobond columns, diluted into a
microinjection buffer containing polyamines, and microinjected into C57BL6J x SJL/J F2
eggs. Founders were identified by PCR genotyping for an internal construct product and
the Sp6 and T7 arms of the Sox10 containing BAC 28011, as previously described by
(Corpening et al., 2011). A total of 153 pups were born following microinjections, with
seven founders identified as positive for all three markers (internal, Sp6, and T7). Four
founders transmitted the transgene to progeny from which lines were established. Line A
was incomplete based on simple tandem repeat marker genotyping as previously
performed by (Deal et al., 2004) and was not maintained. Line B was selected for further
breeding and continued analysis due to its high expression of fluorescent reporters in
neural-crest derivatives, cranial ganglia, and the ENS of fetal tissues. John-Marc
DeKeyser built the Sox10-MS construct. Noah Lawler established mouse lines, and
Jessica Do did the initial simple tandem repeat mapping to identify the Sox10-MS

transgenic mouse lines that were intact.

144


https://openwetware.org/wiki/BglBrick

Animals: The Institutional Animal Care and Use Committee at Vanderbilt University
approved all experimental protocols. All mice were housed in a modified barrier facility
with a 14-hour on-light, 10-hour off-light cycle in high-density caging (Lab Products Inc.,
#10025) with a standard diet (Purina Diet #5L0D) and water ad libitum. Mice carrying the
Dominant megacolon (Sox10P°™; RRID: MGI:1857401), hereafter referred to as Sox10-
Dom, were maintained as congenic stocks by backcrosses with C57BL/6J (Jackson
Laboratory Stock# 664) for more than 20 generations. The Tg(Phox2b-
H2BCerulean)1Sout (MGI:5013571) and Tg(Sox10-H2BVenus)1Sout (MGI:3769269),
referred to as Phox2b-CFP and Sox10-YFP mice, were crossed with Sox10P°™* mice to
generate Phox2b-CFP/Sox10-YFP/Sox10Pom+ fetuses. Timed mating was conducted to
obtain staged mouse fetuses, with the morning of vaginal plug observation being
designated as 0.5 dpc. The staging of fetuses was confirmed by examination of the fore

and hind limbs compared to published standards (Kaufman, 1995).
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