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Summary

Sensory neurons of the vagus nerve monitor distention, stretch and nutrients in the
gastrointestinal tract, and major efforts are underway to assign physiological functions to the many
distinct subtypes of vagal sensory neurons. Here, we used genetically guided anatomical tracing,
optogenetics and electrophysiology to identify and characterize three vagal sensory neuronal
subtypes expressing Prox2 and Runx3 in mice. We show that these neuronal subtypes function as
putative mechanoreceptors. They innervate the esophagus and stomach where they display
regionalized innervation patterns, as well as other organs. The electrophysiological analysis of
Prox2/Runx3 neurons innervating the esophagus showed that they are all low threshold
mechanoreceptors, but possess different adaptation properties. Lastly, genetic ablation of Prox2
and Runx3 neurons demonstrated their essential roles for esophageal peristalsis and swallowing in
freely behaving mice. Our work reveals the identity and function of the vagal neurons that provide
mechanosensory feedback from the esophagus to the brain, and might lead to better understanding

and treatment of esophageal motility disorders.

Zusammenfassung

Sensorische Neurone des Nervus vagus kontrollieren unter anderem in vielfdltiger Weise
die Motilitit des Osophagus und des Magen-Darm-Traktes. Ziel gegenwirtiger neurobiologischer
Forschung ist es, den Subpopulationen im Ganglion nodosum, das neben dem Ganglion jugulare
die sensorischen Zellkorper des Nervus vagus enthilt, spezifische physiologische Funktionen zu
zuweisen. In dieser Arbeit haben wir mittels genetischer Techniken, anatomischer Markierungen,
Optogenetik, und Elektrophysiologie, drei sensorische Subtypen, die die Transkriptionsfaktoren
Prox2 und Runx3 exprimieren, in der Maus charakterisiert. Wir zeigen, dass diese neuronalen
Subtypen als Mechanorezeptoren fungieren. Sie innervieren die Speiserdhre und den Magen,
sowie andere Organe, in denen sie spezifische Innervationsmuster aufweisen. Die
elektrophysiologische Analyse von Prox2/Runx3-positiven Neuronen, die den Osophagus
innervieren, zeigte, dass es sich um niederschwellige Mechanorezeptoren mit unterschiedlichen
Anpassungseigenschaften handelt. SchlieBlich zeigte die genetische Ablation, dass Prox2- und
Runx3-positive Neurone eine zentrale Rolle in der Osophagus-Peristaltik und bei dem Schlucken
in frei-beweglichen Méusen spielen. Zusammenfassend lésst sich feststellen, dass durch unsere

Arbeit die Identitit und Funktion von vagalen neuronalen Subpopulationen, die eine
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mechanosensorische Riickkopplung der Speiserdhre zum Gehirn ermdglichen, charakterisiert
wurde. Unsere Ergebnisse kdnnte somit zu einem besseren Verstdndnis von Motilitdtsstorungen

der Speiserohre beitragen.
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1. Introduction

While all animals exist in, and interact with their external environment, they must also
maintain homeostasis within their internal environment to ensure their survival. These interactions
between an animal and its environment are orchestrated by the nervous system. The peripheral
nervous system, which includes all neurons found outside of the brain and spinal cord, can be
divided broadly speaking into sensory and motor nerves (Bear et al., 2015; Kandel et al., 2013).
The somatosensory system senses the external world through specialized nerve endings in the skin,
passing conscious information about temperature, texture and pain centrally through the spinal
cord to the brain (Koch et al., 2018). On the other hand, the viscerosensory system is responsible
for sensing an animal’s internal world. Viscerosensory, or interoceptive, neurons located largely
in the vagal ganglia innervate all major organ systems, including the cardiovascular, respiratory
and digestive organs, where they sense diverse stimuli such as metabolites, mechanical stretch,
pH, pathogens and temperature (Janig, 1996; Prescott and Liberles, 2022; Undem and Weinreich,
2005). Somato- and viscerosensory information is processed centrally, where motor output
generates movement both externally as the animal moves towards a mate or away from a predator,
and internally as the digestive tract mechanically breaks down food and the lungs expand and
contract.

Viscerosensory neurons are pseudounipolar, with one arm coursing along the vagus nerve
to innervate distal organ targets, while the other projects centrally to second order sensory neurons
residing in the nucleus of the solitary tract in the hindbrain (Prescott and Liberles, 2022; Undem
and Weinreich, 2005). Nucleus of the solitary tract neurons in turn project to vagal motor efferents
located in two parasympathetic hindbrain nuclei, the dorsal motor nucleus of the vagus and the
nucleus ambiguus, which form the descending vagal motor output necessary to maintain bodily
homeostasis (Travagli et al., 2006). Most research concerning the sensory nervous system deals
with somatosensation, or the conscious sensations arising from the external world. Due to the low
numbers and vast heterogeneity of interoceptive neurons, their study lagged behind that of their
somatosensory counterparts (Prescott and Liberles, 2022). The exact molecular identity and

function of many interoceptive neurons that maintain bodily homeostasis remains unclear.
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1.1. Vagal neuron anatomy

The peripheral nervous system contains 12 pairs of cranial nerves, some of which are
purely motor (IIL, IV, VI, XII), purely sensory (I, II, VIII), or contain both motor and sensory fibers
(V, VII, IX, X, XI) (Cordes, 2001; Guthrie, 2007). Viscerosensory neurons in the geniculate,
petrose and nodose ganglia send projections to diverse targets in the periphery through the facial
(VII), glossopharyngeal (IX) and vagal (X) nerves, respectively (Vermeiren et al., 2020). The X
cranial nerve is also known as the vagus nerve, which in latin means wandering and describes the
meandering path that the longest cranial nerve takes as it innervates all the major organ systems

(Figure 1) (Prescott and Liberles, 2022; Undem and Weinreich, 2005).
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Figure 1. The vagus nerve innervates all major organ systems. Adapted from (Prescott and Liberles, 2022).
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In mice, the viscerosensory nodose ganglia, also known as the inferior vagal ganglia, sits outside
the jugular foramen where they are fused with the sensory jugular ganglia, also known as the
superior vagal ganglia (Han and de Araujo, 2021; Haring et al., 2020). Neurons in the inferior
vagal are pseudounipolar, extending a single axon that bifurcates and projects both to distant
targets in the periphery as well as to the nucleus of the solitary tract (NTS) in the hindbrain (Undem
and Weinreich, 2005). The vagus nerve mostly carries sensory afferents from the inferior and

superior vagal ganglia, although 20% of the fibers are motor efferents from two parasympathetic
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brainstem nuclei located in the medulla, the dorsal motor nucleus of the vagus (DMV) and the
nucleus ambiguus (NA) (Prechtl and Powley, 1990).

First order vagal sensory neurons sense distinct modalities in the periphery, and transmit
this information to second order sensory neurons in the NTS. These neurons participate in simple
reflexes, and in turn project to preganglionic motor neurons in the DMV and NA that send
instructions to motor neurons embedded in the viscera that control autonomic functions (Kubin et
al.,2006; Powley, 2021; Travagli and Anselmi, 2016; Travagli et al., 2006). These minimum reflex
circuits additionally pass information to and are impinged upon by higher order brain regions such
as the hypothalamus (Browning and Travagli, 2014; Rinaman, 2010).

In mice the bilateral vagal ganglia consist of approximately 10,000 neurons (5,000 per
vagal ganglion), and innervate the respiratory, cardiovascular and digestive systems (Ichikawa et
al., 2006; Mazzone and Undem, 2016; Prescott and Liberles, 2022; Zhao et al., 2022). In addition
to neurons, the vagal ganglia contain glial cells, including satellite glia, non-myelinating and
myelinating Schwann cells, and endothelial and immune cells (Kupari et al., 2019; Waise et al.,
2018). All of these resident cell types must work in concert for vagal neurons to be able to
undertake their key bodily functions. Mice only have one pair of viscerosensory vagal ganglia,
compared to the 31 pairs of somatosensory spinal afferents located in the dorsal root ganglia. The
extremely low number of vagal neurons is buttressed by their incredible heterogeneity. Recent
single cell RNA sequencing (scRNA-seq) studies have uncovered around 30 vagal neuron
transcriptomic subtypes with between 20-200 neurons per subtype (Bai et al., 2019; Buchanan et
al., 2022; Kupari et al., 2019; Liu et al., 2021; Prescott et al., 2020; Zhao et al., 2022). Thus,
specific viscerosensory modalities may be mediated by an extremely small number of neurons
innervating a particular organ. What the viscerosensory system lacks in sheer numbers, it more
than makes up for in the immense diversity of cell types. Although the function of a few molecular
vagal subtypes has been uncovered, the physiological roles of the vast majority of subtypes are

still unknown.

1.2. Vagal neuron development
While both glial and neuronal cells in most sensory ganglia, including the somatosensory
dorsal root ganglia and jugular ganglia, derive from the neural crest, glial cells and neurons in the

nodose ganglia have distinct embryonic origins (Rao and Jacobson, 2005; Undem and Weinreich,
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2005). Nodose glial cells derive from the cranial neural crest while nodose neurons derive from
the epibranchial placode (Vermeiren et al., 2020). The differential contributions of the crest and
placode were elucidated by a series of seminal quail-chick transplantation studies where isotropic
and isochronic grafts of quail crest or placode were transplanted into a chick host (Ayer-Le Lievre
and Le Douarin, 1982; D'Amico-Martel and Noden, 1983; Fontaine-Perus et al., 1988; Narayanan
and Narayanan, 1980). These quail-chick chimeras were used to follow the cellular derivatives
from the grafted quail tissue, which could be distinguished from the resident chick cells (Le
Douarin, 1986).

With the advent of molecular biology and the development of genetic lineage tracing, the
transcriptional programs necessary for peripheral glial cell and neuron development were
uncovered. All peripheral glial cells derive from the neural crest, a transient embryonic cell type
that depends on the Wnt signaling pathway for its generation (Dorsky et al., 1998; Jessen and
Mirsky, 2005; Kastriti and Adameyko, 2017). Wnt signaling has been implicated in many different
stages of neural crest development, from induction of the neural crest to terminal differentiation
(Bronner-Fraser, 2002; Garcia-Castro et al., 2002; Ikeya et al., 1997; Lee et al., 2004). The
successful differentiation of neural crest cells into the full complement of peripheral glial cells
relies on the transcription factor Sox/(0, whose ablation precludes the generation of Schwann and
satellite glial cells (Britsch et al., 2001; Kuhlbrodt et al., 1998).

In contrast to the transcriptional cascade necessary for the generation and maturation of
crest-derived cells, placodally-derived neurons depend on a different sequence of gene expression
(Begbie et al., 2002; Schlosser, 2006; Vermeiren et al., 2020). Placodal progenitors, which
generate nodose neurons, depend on the homeobox transcription factor Six/, and its upstream
transcriptional co-activator Eyal (Zou et al., 2004). Neurogenesis in the epibranchial placode was
completely abrogated by the mutation of Eyal, while the mutation of Six/ markedly reduced
neurogenesis. Mutation of these genes in placodal epibranchial progenitors precludes the correct
expression of Neurogeninl/2, Phox2a and Phox2b, which are critical determinants of nodose
neuron development and maintenance (Zou et al., 2004). While nodose ganglia are reduced in size
in Neurogeninl and Neurogenin? mutants, they are completely absent in Neurogeninl/2
knockouts. This suggests that Neurogeninl and Neurogenin?2 can at least partly rescue the function
of the other, and play somewhat redundant roles in nodose neuron development (Fode et al., 1998;

Ma et al., 1998).
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The related homeobox transcription factors Phox2a and Phox2b are necessary for the
development and maintenance of the autonomic nervous system, including cranial sensory,
sympathetic, parasympathetic and enteric neurons (Morin et al., 1997; Pattyn et al., 1997; 1999).
Phox2a is expressed in the epibranchial placodes, delaminating neuroblasts and the newly formed
nodose ganglia, although its expression decreases shortly thereafter (Morin et al., 1997). In
contrast, Phox2b expression is initiated in neurons as the nodose ganglia are being formed, and its
expression is maintained throughout life (Pattyn ez al., 1999). While the mutation of Phox2a causes
a massive reduction in the number of nodose neurons, the mutation of Phox2b causes a fate shift,
and viscerosensory nodose neurons adopt a more somatosensory fate (D'Autreaux et al., 2011;
Morin et al., 1997).

Although the transcriptional cascade described above applies broadly to nodose neurons,
the exact developmental programs that give rise to specific subtypes of nodose neurons are
unknown. Recent work has used scRNA-seq to show that the major somatosensory neuronal types
of the dorsal root ganglia arise from a series of bi-potent intermediate states, whereby neurons
express first competing fate programs before choosing a cell fate (Faure et al., 2020; Soldatov et
al., 2019). The development of subtypes of nodose neuron is almost completely unknown, but it is

tempting to hypothesize that they might also form via bi-potent intermediates.

1.2.1. Development of the enteric nervous system

The enteric nervous system (ENS) populates the entire rostro-caudal axis of the digestive
tract from the esophagus to the colon with resident sensory, motor and interneurons (Spencer and
Hu, 2020). The ENS begins to develop from E9.5 in mice, and derives from both the cervical and
sacral neural crest, as well as from Schwann cell precursors, i.e. neural-crest like cells that migrate
along developing axonal tracts (Espinosa-Medina et al., 2017; Uesaka et al., 2016). The neural
crest and Schwann cell precursors colonize the digestive tract in a rostral to caudal manner, first
populating the myenteric ganglia, and by E14.5 Phox2b+ enteric progenitors have reached the
entire gut (Niu et al., 2020; Uesaka et al., 2016). A few days after settling in the myenteric ganglia,
some cells migrate radially to form the submucosal ganglia. The arrival and differentiation of
enteric neurons depends on transcription factors such as Phox2a and Phox2b, as well as ErbB/Nrgl
and Gfral/GDNF signaling, among others (Espinosa-Medina ef al., 2017; Uesaka et al., 2016).
The ENS continues to differentiate and expand until ~P21, although a recent study claims that
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there is a rapid turnover rate of enteric neurons and that neurogenesis in the ENS persists

throughout life (Kulkarni et al., 2017).

1.2.2. Development of extrinsic vagal innervation of the gastrointestinal tract

Nodose neurons begin to coalesce in the nodose anlage and express Phox2b around E9.5
in the mouse (Morin ef al., 1997). A recent study mapped the development of nodose innervation
of the gastrointestinal tract using VGlut2";R267°4 mice and whole mount immunohistology
(Niu et al., 2020). They found that by E10.5 axons had entered the esophagus, by E11.5 they
reached the stomach, by E12.5 they had split into two branches: a gastric branch that continued
innervating the stomach and a celiac branch that turned to innervate the intestine. By E14.5, the
rostral portion of the intestine was innervated, and by E16.5 the entire gastrointestinal tract was
innervated by nodose tdTomato+ axons (Niu et al., 2020). This timeline of vagal afferent
innervation of the digestive system matched older work performed using histological and tracing
techniques (Baetge and Gershon, 1989; Ratcliffe et al., 2006).

It was previously shown that viscerosensory afferents in the head innervate their targets
before viscerosensory efferents, and therefore provide an axonal scaffold that is required for
parasympathetic efferent innervation (Coppola et al., 2010). Niu and Liu and colleagues wanted
to test whether the same heterotypic axonal interactions that are required for proper innervation of
the head also occur in the digestive tract. They found that after the ablation of 70% of vagal
afferents, gut innervation by parasympathetic efferents arising from the dorsal motor nucleus of
the vagus was severly affected. Thus, the nervous system relies on the wiring of afferent neurons
to guide efferent neurons, but the mechanisms that guide afferent neurons to their correct targets
is still unknown. Many guidance molecules released by enteric neurons, vasculature, and the gut
wall are thought to play a role in guiding vagal neurons to their targets in the digestive tract, among
them Netrin/DCC, Slit/Robo, Semaphorin/Neuropilin, and neurotrophin/tyrosine kinase receptor
(Ratcliffe et al., 2011a; Ratcliffe et al., 2011b; Uesaka et al., 2016). Diffusible morphogens such
as retinoic acid and bone morphogenetic proteins may also play a role in guiding vagal afferents
to the gut (Ratcliffe ef al., 2011b). More work is needed to discover the precise mechanisms by
which vagal afferent neurons find their targets in the digestive tract, and how this process goes

awry in diseases such as in Hirschsprung's disease.
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1.3. Vagal afferent neurons innervating the digestive tract

The vagal afferents that innervate the gastrointestinal tract are not homogenous, but display
unique electrophysiological and morphological properties (Brookes et al., 2013). Intraganglionic
laminar endings (IGLEs), intramuscular arrays (IMAs) and mucosal endings describe three types
of vagal afferents named after their end organ morphologies (Wang et al., 2020). These ending
types contact distinct cells within the digestive tract, and recent evidence indicates that subtypes
of vagal afferents that innervate the gut possess distinct transcriptomic signatures (Bai et al., 2019;
Williams et al., 2016). Gastrointestinal vagal afferents can be chemosensory, mechanosensory, or

polymodal and will be discussed in more detail below.

1.3.1. Vagal afferents that innervate the mucosa

Afferents that target the mucosal layer have been detected in the lamina propria of the
esophagus, stomach and intestine and are generally thought to be chemosensory or polymodal in
nature (Berthoud et al., 2004; Berthoud et al., 1995; Wang et al., 2020; Wank and Neuhuber,
2001). These mucosal afferents have been shown to form direct synaptic contacts with neuropods,
a type of enteroendocrine cell that detects sugars and sweeteners in the intestinal lumen (Kaelberer
et al., 2020). Enteroendocrine cells in the intestinal epithelium perform most nutrient sensing in
the intestine, and can secrete many hormones that modulate the animals metabolic state (via vagus
dependent and independent mechanisms) such as CCK, GLP1, Ghrelin, PYY, Orexin A, NPW and
Secretin (Waise et al., 2018). Nodose mucosal afferents express metabotropic G protein-coupled
receptors that can detect and respond to these hormones (Waise et al., 2018). While sugar drove
glutamate release from neuropods, sweetener caused ATP release and thus purinergic
neurotransmission to the mucosal afferent. By choosing which neurotransmitter they release
neuropods communicate differential information about nutrient contents in the gut to vagal
afferents and thus connect the gut to the brain in one synapse (Buchanan et al., 2022; Kaelberer et
al., 2018).

Recent efforts have identified numerous molecular subtypes of vagal neurons that innervate
the mucosal layer in the digestive tract. For instance, Gpr65+ mucosal afferents were found to
innervate villi in the proximal small intestine and respond to infusion of liquid food (Williams et
al., 2016; Zhao et al., 2022). Others have found mucosal afferents innervating the non-glandular

stomach (Calcat) and small intestine (Vip+, Uts2b+ and Glplr+) (Bai et al., 2019; Zhao et al.,
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2022). The optogenetic activation of either Gpr65+ or Vip+ intestinal mucosal afferents had no
effect on food intake during a fasting and re-feed test, and the precise roles of these mucosal
afferents are still open (Bai et al., 2019). Lastly it should be mentioned that some mucosal afferents
have also been shown to respond to gentle mucosal stroking in an in vitro preparation, and are thus

polymodal (Li et al., 2018; Page and Blackshaw, 1998; Page et al., 2002).

1.3.2. Vagal afferents that innervate the muscle layers

The vagal afferents that end in the muscle layers in the digestive tract terminate either
within the longitudinal or circular muscle layers as IMAs or between them as IGLEs (Kim et al.,
2022; Mercado-Perez and Beyder, 2022). IMAs form long terminal arrays parallel to both the
muscle fibers and to interstial cells of Cajal (ICCs) (Figure 2) (Powley et al., 2016; Powley and
Phillips, 2011; Powley et al., 2008). ICCs are mesenchymal cells that function as pacemakers to
drive gut motility (Sanders et al., 2006; Sanders and Ward, 2006). They also form gap junctions
with smooth muscle cells and make synaptic contacts with IMAs, thus creating a functional
connection between the smooth muscle of the gastrointestinal tract and the nervous system

(Powley et al., 2008).

Figure 2. Intramuscular array histology. (A-C) Magnifications of the IMA shown in E. (D) IMAs (brown)
contact ICCs (purple) in the muscle layer. (E) Digital rendering of an IMA. (F) “Web ending’ variant of an IMA.
(G) Magnification of F. Adapted from (Powley et al., 2019).
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Fox and colleagues generated a mutant mouse that lacked ICCs and found that IMAs, but not
IGLEs, were severely reduced in number, suggesting that ICCs are required for the development
and maintenance of IMAs (Fox et al., 2001). IMAs are not found uniformly throughout the
digestive tract, but instead densely innervate the sphincter regions, including the lower esophageal
sphincter and pyloric sphincter, but can also be found in the non-glandular stomach (Powley et al.,
2014; Powley et al., 2016). The complex formed between the vagal IMA and the ICC is organized
similar to that of a proprioceptive sensory neuron and a muscle spindle, leading to the hypothesis
that vagal IMAs might detect stretch in the muscle wall (Phillips and Powley, 2000; Powley and
Phillips, 2011). The molecular identity and physiological role of vagal IMAs that innervate the
sphincters and non-glandular stomach is currently unknown. However, esophageal IMAs were
defined in recent work as Piezo2+Grm5+Slit2+ neurons that respond to stretch (Zhao et al., 2022).

The second type of vagal afferents that terminate on enteric neurons located between the
muscle layers of the digestive tract are IGLEs. They form terminal plates of lamellar puncta and
contain leafy structures that intercalate between enteric neurons (Figure 3) (Umans and Liberles,

2018; Wang et al., 2020).

Figure 3. Intraganglionic laminar ending histology. (A-C) Examples of IGLEs showing the typical flattened
lamelliform puncta morphology. Adapted from (Powley et al., 2019).
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These vagal afferents were first described in the dog esophagus almost 100 years ago (Lawrentjew,
1929; Nonidez, 1946), and were later termed IGLEs by Jose Rodrigo (Rodrigo et al., 1975).
Rodrigo examined the esophagus of the cat and found that the main IGLE axon was myelinated,
but that the terminal processes that contacted enteric neurons were unmyelinated. Later studies
found IGLEs throughout the digestive tract including in the esophagus, but also in the stomach
and intestine of many different species (Bai ef al., 2019; Kim et al., 2022; Mercado-Perez and
Beyder, 2022; Wang et al., 2020; Williams et al., 2016; Zhao et al., 2022). A careful examination
of IGLEs throughout the gastrointestinal tract in mice found that they were ubiquitous throughout
but decreased in concentration along the rostral to caudal axis (highest concentration found
rostrally) (Berthoud and Patterson, 1996; Fox et al., 2000; Zhao et al., 2022). Tracing from single
vagal afferent axons suggested that they can terminate in multiple enteric ganglia as IGLEs, and
in some rare cases the same parent axon might have distinct end organ morphologies (i.e. the same
axon generates both IGLE and IMA endings) (Berthoud and Powley, 1992; Phillips and Powley,
2000). Iggo described IGLEs as “in series tension receptors”, a description that is reminiscent of
Golgi tendon organs in the skeletal muscle (Iggo, 1955; Phillips and Powley, 2000).

Vagal neurons that form IGLEs, are pseudounipolar vagal afferents, and thus it was a
surprise when an electron microscopy study found presynaptic contacts from IGLEs onto enteric
neurons (Neuhuber, 1987). Further immunohistological experiments found that VGlut2 and
Synaptophysin 1 (presynaptic markers) co-localized together with the IGLE in the rat esophagus
(Raab and Neuhuber, 2003). Although IGLEs seem to be presynaptically connected to enteric
neurons based on electron microscopy and immunohistological data, electrical stimulation of vagal
afferents only elicited limited c-Fos expression in enteric neurons (Zheng et al., 1997). Whether
vagal IGLEs also play a local effector role, or communicate with other cell types located in the
myenteric plexus, or simply use enteric neurons as a developmental scaffold is an open question.

Due to the vast heterogeneity of vagal sensory neurons, their molecular characteristics were
only recently defined with scRNA-seq (Bai et al., 2019; Buchanan et al., 2022; Kupari et al., 2019;
Liu et al., 2021; Prescott et al., 2020; Zhao et al., 2022). Further, work over the past few years has
begun to characterize the properties of some subtypes of neurons important for digestion
using molecular and genetic tools. For example, two subtypes of vagal neurons that form IGLEs
contacting intestinal and stomach enteric ganglia express Oxtr and GlpIr, respectively (Bai et al.,

2019; Williams et al., 2016). The activation of Oxtr+ neurons forming intestinal IGLEs potently
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inhibits feeding, whereas Glp1r+ neurons that form stomach IGLEs detect stretch (Bai et al., 2019;
Williams et al., 2016). The molecular signature and function of neurons that form esophageal

IGLEs was unknown. In my thesis, I characterized this vagal neuronal subtype.

1.4. Mechanosensation in the digestive tract

As food and liquid pass through the digestive tract they apply force against, and generate
shear forces within, the gut wall. The gut responds not as an inert hollow tube, but in fact generates
mechanical forces of its own by actively distending and contracting to physically push the food or
liquid bolus through the alimentary canal in a process known as peristalsis (Mercado-Perez and
Beyder, 2022). For the proper coordination of digestive behaviors, the nervous system must be
able to survey the mechanical state of the gastrointestinal tract (Kim et al., 2022). This is
accomplished via a dedicated set of specialized sensory neurons called mechanoreceptors.
Although resident enteric neurons and spinal afferents also contain mechanoreceptors, many of
these specialized cells are in fact the vagal afferents described in the previous section, namely
IMAs and IGLEs (Brookes et al., 2013). Based on their morphology and anatomical location,
IMAs have been proposed to detect stretch, while IGLEs detect tension (Phillips and Powley,
2000). Stretch can be defined as the force required for muscle extension, while tension is the force
required to maintain muscle length (Phillips and Powley, 2000; Wang et al., 2020). It is technically
challenging to separate stretch and tension experimentally, because most in vitro or in vivo setups
will manipulate both of these forces simultaneously.

Mechanosensitive vagal afferents innervating the digestive tract were first recorded in the
cat (Paintal, 1954) and the goat (Iggo, 1955). Their vagal nature was determined after vagatomy
causes the degeneration and subsequent loss of IGLEs (Castelucci et al., 2003; Rodrigo et al.,
1982). As in vitro electrophysiological preparations improved it became possible to dissect out the
attached esophagus and stomach together with the vagus nerve and perform recordings. These
experiments revealed that vagal afferents were largely slowly adapting, low-threshold
mechanoreceptors (Page and Blackshaw, 1998; Page et al., 2002). Later experiments combined in
vitro electrophysiology with morphological analysis to identify the vagal mechanosensory ending.
After identifying mechanosensory transduction sites in the guinea pig esophagus, stomach and
small intestine researchers applied a dye to the area and found that the labeled sensory endings all

displayed IGLE morphology (Tassicker et al., 1999; Zagorodnyuk and Brookes, 2000;
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Zagorodnyuk et al., 2001; Zagorodnyuk et al., 2003). Based on the speed with which the vagal
fiber responded to the mechanical stimulus, and that the vagal response persisted in spite of
blocking synaptic transmission, led to the conclusion that the vagal afferent itself is
mechanosensory, and does not rely on the local enteric neurons to detect mechanical information.
Although some IGLE subtypes and their functional roles have been described (see Glplr+ and
Oxtr+ IGLEs above in 1.3.2.), the molecular identity and physiological role of esophageal IGLEs

is currently unknown.

1.5. The physiological role of vagal mechanosensory afferents in the esophagus

Swallowing (or deglutition) is an active process that transports food and liquid from the
mouth to the stomach via the esophagus. The esophageal phase of swallowing requires peristaltic
movements of the esophageal wall, which are controlled by reflexes that are executed by vagal
motor neurons in the hindbrain (DMV or NA), and the enteric ganglia in the esophagus (Ertekin
and Aydogdu, 2003; Goyal and Chaudhury, 2008). Esophageal motility disorders are characterized
by dysphagia, and are frequent comorbidities of aging and age-related neurological disease (Aslam
and Vaezi, 2013; Aziz et al., 2016; Suttrup and Warnecke, 2016). The etiology underlying
dysphagia is mostly unknown, due in large part to the lack of knowledge about the sensorimotor
circuits involved (Kloepper et al., 2020). The first studies of esophageal physiology were
undertaken in the late 19" century, and for the following decades it was debated whether the
activity of hindbrain swallowing centers (i.e. hindbrain vagal motor nuclei and the nucleus of the
solitary tract) suffices to generate esophageal peristalsis, or if vagal sensory feedback is also
required (Janssens et al., 1976; Jean, 1984; Kronecker H., 1883). Several lines of evidence
subsequently demonstrated the importance of peripheral feedback for esophageal function, but the
exact vagal subtype that provides this feedback is unknown (Falempin et al., 1986; Frazure et al.,
2021; Lang, 2009). Classical studies often relied on blunt dissection of the vagus nerve and
therefore affected both sensory and motor vagal fibers. Furthermore, the majority of these studies
analyzed swallowing under anesthesia, which is known to affect esophageal peristalsis (Lang,
2009). Deglutition in awake, freely behaving rodents can be observed using videofluoroscopic
swallowing studies (VFSS) (Haney et al., 2019; Hinkel et al., 2016; Lever et al., 2015). Thus,

ablation of specific vagal sensory neurons that innervate the esophagus, and subsequent analysis
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using VFSS, can conclusively demonstrate the extent to which sensory feedback regulates

esophageal peristalsis and define the responsible vagal sensory neuronal subtype.

1.6 The physiological role of vagal mechanosensory afferents in the stomach

The stomach can be divided into two parts, based on their anatomy and distinct
physiological roles, i.e. the non-glandular and glandular stomach. These portions of the stomach
have different functional roles during digestion, with the non-glandular stomach playing a role in
gastric accommodation, and the glandular stomach playing a role in gastric emptying (Janssen et
al., 2011; Umans and Liberles, 2018). During feeding, the ingested material collects in the non-
glandular stomach that acts as a food reservoir and slowly expands in a process known as gastric
accommodation (Umans and Liberles, 2018). Tonic contractions in the non-glandular stomach
then push the material to the glandular stomach, where it is mixed with juice and subjected to
peristaltic contractions that break down the ingested material and push it through the pyloric
sphincter (Janssen et al., 2011). Both gastric emptying and accommodation rely on the mechanical
distension, stretching and contraction of the stomach wall, and it has been shown that vagotomy
alters many aspects of gastric function. Whether these changes can be assigned to vagal afferents
or the motor efferents is unclear (Powley, 2021). Recent work discovered that Glplr+ vagal
afferents form stomach IGLEs, and respond to acute stretch such as when the stomach receives a
meal (Williams et al., 2016). However, it is known that there is heterogeneity in the responses of
Glplr+ vagal neurons to stomach stretch, raising the possibility of further subtypes of Glplr+

neurons that perhaps play differential roles in stomach physiology.
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2. Aims

i) Define vagal neuron heterogeneity using scCRNA-seq.

ii) Generate a novel transgenic mouse strain to further study specific subtypes of vagal sensory

neurons.

iii) Use intersectional genetic tools to uncover the projection patterns and physiological roles of

specific subtypes of vagal sensory neurons.
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3. Materials and Methods

3.1 Mouse lines

All experiments were conducted according to regulations established by the Max Delbriick
Centre for Molecular Medicine, LAGeSo (Landesamt fiir Gesundheit und Soziales), and the
institutional animal care and use committee at the University of Missouri. B6.Cg-
Gt(ROSA)26Sorm#(CAG-dTomato)lizey (referred  to  as  Ail4,  #007914), B6;129S-
Gt(ROSA)26Sormo31(CAG-tdTomato)Hze/J - (referred  to  as  Ai65,  #021875), B6.Cg-
G1(ROSA)26Sor™m30.-1(CAG-COPE*LIS2CEYFP)Hze[J (referred to as Ai80, #025109), Slcl7a6™>Crotowl/y
(referred to as VGlur2, #016963) mice were obtained from the Jackson Laboratory (Daigle et
al., 2018; Madisen et al., 2015; Madisen et al., 2010; Vong et al., 2011). B6D2-Tg(Phox2b-
cre)1Jbr/CB (referred to as Phox2b“", (D'Autreaux et al., 2011)) and R26"™:C (Dempsey et al.,
2021) mice were provided by Jean-Frangois Brunet (Institut de Biologie de I’ENS, Paris, France).
Mapym!(lacZ HBEGF/EGFP)GId|CB (referred to as Tau®™ TR, (Britz et al., 2015)) mice were a kind gift
from Martyn Goulding (Salk Institute, CA, USA). Runx3™S(ECFPerd¥e/CB (referred to as Runx3"
mice were a kind gift from Yoram Groner (Weizmann Insitute, Rehovot, Israel) (Levanon et al.,
2011). Gt(ROSA)26Sor™?154/CB mice were kindly provided by Shinichi Aizawa (RIKEN Center
for Developmental Biology, Kobe, Japan); referred to as R26"°FF (Abe et al., 2011). Prox2F»0
mice were generated as part of this PhD thesis (see Results). Mice were housed at room

temperature (23°C), humidity (56%), and with a 12-hour light-dark cycle.

3.2. Genotyping

Tail biopsies were digested in 50 pl of tail lysis buffer (100 mM Tris pH 8.5 (Roth), 5 mM
EDTA pH 8 (Roth), 0.2% SDS (Serva), Proteinase K 100 pg/ml (Sigma)) at 55°C overnight (ON).
The digestion was terminated the following day by heat inactivating Proteinase K at 95°C for 10
mins. Tail biopsies were diluted with 300 pl Milli-Q H2O. 1 pl of the diluted tail biopsies was
added to the following genotyping mix: 1.5 mM MgCh, 3.5% DMSO, 0.0935% -
mercaptoethanol, 0.5 mM dNTPs (Invitek), 12.5% sucrose, 0.146% (NH4)2SO4, 0.0042% Cresol
Red, 4 uM forward primer, 4 uM reverse primer, and 0.22 pl Taq polymerase (Invitrogen) for a

total of 20 pul per genotyping reaction. Individual primer sequences and the PCR program can be
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found below. The PCR product was loaded on a 1.5% agarose gel with ethidium bromide and

electrophoresis was performed at 170 V for 15 minutes. Bands were visualized under a UV lamp.

3.2.1. Primer sequences

Mouse line | Primer Sequence (5’ - 3°) Fragment size (bp)
il Ail4 Fw CTGTTCCTGTACGGCATGG 196
il4
Ail4 Rv GGCATTAAAGCAGCGTATCC
L6 Ai65 Fw GCAATAGCATCACAAATTTCAC 190
i65
Ai65 Rv TCTAGCTTGGGCTGCAGGT
1680 Ai80 Fw CGAGTTTAAGAACCCGTCCA 44
i
Ai80 Rv ACCCAGGCAGAAGAAGATGA
VGlut2®® Fw | AAGAAGGTGCGCAAGACG
VGlut2¢re 124
VGlut2¢® Rv | ACACCGGCCTTATTCCAAG
Phox2b®™ Fw | GGCCGGTCATTTTTATGATC
Phox2b¢"* ~300
Phox2b®™ Rv | GAAATCAGTGCGTTCGAACGCTAG
R26'TL6 Fw TAAAGTCGACTCGGGGACAC
R26"G _ 221
R26'TL6 Ry ATAACAACAACGGCGGCTAC
Tau®P™ Fw | GTCAGATCACTAGACTCAGCATCC
Tauds-DTR - 210
Tau®P™ Ry | CGGCCTCGACTCTACGATAC
Runx3¢* Fw | AACATGCTTCATCGTCG
Runx3¢re ~300
Runx3¢™ Rv TTCGGATCATCAGCTACACC
R26"SfP Fw GCACAGCATTGCGGACATGC
R26"CTF _ 500
R26"SFP Rv GCAGAAGCGCGGCCGTCTGG
Prox2fP® Fw | GAGGGCAGCATCAGATACCC
Prox2F0 555
Prox2fP® Rv | TGGTCTCTACTCTGGCCCTC
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3.2.2. Genotyping PCR program

Temperature (°C) | Time

94 4 m

95 30s

55 30s 35x
72 I m

72 10 m

8 o0

3.3. Tissue preparation for histological analyses

Mice were sacrificed and perfused with PBS before organ harvesting. Dissected organs
were washed in PBS before fixation in 4% PFA in PBS at 4°C (1 hour for vagal ganglia, 4 hours
for digestive organs and 6 hours for brains). Pregnant dams were staged using the presence of a
vaginal plug. The day that a vaginal plug was visible was designated as embryonic (E) day 0.5.
Embryos were delivered by cesarean section and fixed for 3 hours in 4% PFA in PBS at 4°C. After
fixation, organs and embryos were washed in PBS, cryopreserved in 15% sucrose overnight (ON)
at 4°C, and then in 30% sucrose ON at 4°C. Organs were embedded in plastic molds with Tissue-
Tek O.C.T Compound (Sakura) and stored at -80°C. Vagal ganglia were cryosectioned at 16 um,
embryos were cryosectioned at 20 um, whereas digestive organs and brains were cryosectioned at

30 um. Sections were stored at -80°C.

3.4. Imnmunofluorescence

Sections were thawed at 37°C for 30 minutes, briefly washed in PBS and PBX (PBS with
0.2% Triton X-100), and then blocked (PBS with 0.2% Triton X-100 and 5% normal horse serum)
for 1 hour at room temperature. The primary antibody was diluted in blocking solution and
incubated for 1-2 days at room temperature. Sections were washed in PBS before being incubated
with the secondary antibody diluted in blocking solution for 1 hour at room temperature. Sections
were again washed in PBS, and mounted with Immu-Mount (ThermoFisher). The following

primary antibodies were used: goat anti-Phox2b (R&D Systems, AF4940, 1:200), rabbit anti-RFP
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(Rockland, 600-401-379-RTU, 1:500), chicken anti-GFP (Aves Labs, GFP-1020, 1:500), rat anti-
GFP (Nacalai Tesque, GFO90R, 1:1000), goat anti-CD117 (R&D Systems, AF1356, 1:400), sheep
anti-nNos (Millipore, AB1529, 1:250), goat anti-ChAT (Millipore, AB144P, 1:200), rabbit anti-
Pou3fl (Abcam, ab126746, 1:500), rabbit anti-Synapsin 1 (Abcam, AB1543, 1:500), guinea pig
anti-VGlut2 (Synaptic Systems, 135 404, 1:500), rabbit anti-Tubulin -3 (BioLegend, Poly18020,
1:1000), goat anti-CTb (List Labs, 703, 1:2000) and sheep anti-TH (Millipore, AB1542, 1:1000).
We used species specific secondary antibodies coupled to Cy2-, Cy3- or Cy5 (Jackson
ImmunoResearch, 1:500).

After immunostaining or smFISH, tissue sections were imaged using an LSM 700 confocal

microscope (Carl-Zeiss) with 10x, 20x or 40x objectives and ZEN 2012 software.

3.5. Single molecule fluorescent in situ hybridization (RNAscope)

In situ fluorescent hybridization was performed using the RNAscope Multiplex
Fluorescent Reagent Kit V2 from ACDbio according to the manufacturer’s instructions. Briefly,
vagal ganglia sections were thawed at 37°C for 20 minutes, and post-fixed in 4% PFA in PBS for
15 minutes before washing in PBS and dehydrating the tissue in 50%, 70% and 100% EtOH for 5
minutes each. The slides were allowed to completely dry before applying a hydrophobic barrier
around the tissue. Next, the tissue was washed for 15 minutes in H>O, (ACDBI0) in the dark before
washing in PBS. For combining immunohistology with RNAscope we incubated the tissue at 4°C
ON with the primary antibody (goat anti-CTb (List Labs, 703, 1:2000)) diluted in Co-Detection
Antibody Diluent (ACDBio). The next day sections were washed in PBS and then incubated in
Protease III for 30 minutes. The sections were washed in PBS followed by hybridization with the
RNAscope probes for 2 hours at 37°C. The C1 probe was heated at 40°C for 10 minutes, and the
C2 / C3 probes were then diluted in the C1 probe 1:50. We used the following probes in this study:
Prox2 (593331-C3), Runx3 (451271 and 451271-C2), Piezo2 (400191-C2 and 400191-C3), Trpvl
(313331), Prrxll (446631), Calbl (428431-C3), Adra2a (425341-C3), Slc18a3 (448771-C3),
Slc17a6 (319171-C3), Phox2b (407861-C2 and 407861-C3), Rbp4 (508501-C2), Gata3 (403321),
Grm5 (423631-C2), Lamp5 (451071-C2), Mc4r (319181), Gabrgl (501401-C3), Gpr65 (431431),
Oxtr (412171) and Glplr (418851). After the hybridization, sections were washed in wash buffer
(ACDBio) and then signal amplification was performed with AMP1, AMP2, and AMP3 for 30

minutes each at 40°C. In between each amplification step sections were washed with wash buffer.
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Probes were coupled to fluorophores in the following manner: sections were incubated with probe
specific HRP (HRP-C1, HRP-C2, HRP-C3) for 15 minutes, followed by incubation with a TSA
coupled fluorophore (TSA Plus 405, Opal 520 Reagent, TSA Plus Cy3, TSA Plus Cy5) diluted
1:1000 in RNAscope TSA buffer (ACDBio) for 30 minutes, followed by HRP blocking for 15
minutes. Sections were washed in wash buffer between each step, and each step was performed at
40°C. Each probe was coupled to a different fluorophore following the same steps as above.
Sections were washed in wash buffer and incubated with the secondary antibody for 1 hour at
room temperature in blocking solution (PBS with 0.2% Triton X-100 and 5% normal horse serum).
Finally, sections were washed in PBS and mounted with ProLong Gold Antifade mountant
(ThermoFisher).

If RNAscope was being performed without immunofluorescence then the protocol above

was followed except for the incubation steps with primary and secondary antibodies.

3.6. Vagal neuron isolation for downstream single cell RNA sequencing

Vagal ganglia were dissected from 15 VGlut2¢;R26"" mice (9 males and 6 females) at
P4 under a fluorescence dissecting microscope. Excess nerve, muscle and vascular tissue was
removed, and ganglia were placed in a 1.5 ml Eppendorf tube with warm F12/FHS (F12 with 10%
fetal horse serum). Neurons were isolated essentially as described (Lechner and Lewin, 2009). In
short, ganglia were digested in F12/FHS solution containing 0.125% collagenase, incubated at
37°C for 1 hour, washed 3x in PBS, and then incubated in PBS with 0.25% trypsin at 37°C for 15
minutes. Ganglia were dissociated using fire-polished Pasteur pipettes of decreasing diameter. The
solution was transferred on top of a 2 ml BSA cushion (F12/FHS solution with 15% bovine serum
albumin) and spun for 10 minutes at 900 RPM. The cell pellet was resuspended in 500 pul of HBSS
without calcium or magnesium, strained twice through a 70 um filter (Sysmex), and DAPI (Sigma)
was added to a final concentration of 300 nM to label dead cells before sorting. nGFP-positive /
DAPI-negative neurons were sorted into 96-well plates using ARIA Sorter III (BD) and BD
FACSDiva software 8.0.1.

3.7. Primary vagal neuron culture
Coverslips were sterilized, placed in the center of a 6-well plate, covered with 500ul of

laminin-1 (1 pg/ml) and incubated at 37°C for 1 hour. Excess solution was removed, and coverslips
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were allowed to dry. After vagal ganglia were dissociated as described above ~5,000 nGFP-
positive and ~5,000 nGFP-negative cells were sorted into 1.5ml Eppendorf tubes containing 500
ul supplemented neurobasal media (Sterile Neurobasal (Gibco) with Penicillin (100 units/mL) and
Streptomycin (Corning, 100 pg/mL), L-Glutamine (200 pM), B-27 (Gibco, 2%), nerve growth
factor (NGF, Life Technology, 50 ng/mL), Glial cell line-derived neurotrophic factor (GDNF,
Peprotech, 2 ng/mL). Cells were cultured as described previously (Wang et al., 2022). The 500 pl
solutions containing either nGFP-positive or nGFP-negative cells were gently pipetted on top of
separate coverslips in separate wells, and incubated at 37°C overnight. The next day the media
was gently removed from the corner of the coverslip, and the well was gently filled with 2 ml of
supplemented neurobasal media. After four days of culture, the cells were imaged using a
brightfield microscope (Nikon DS-L3), then fixed in 4% PFA in PBS for 15 minutes before being

processed for immunohistology.

3.8. Single cell RNA sequencing of vagal neurons using the CEL-Seq2 protocol

3.8.1. 96-well plate preparation

In order to prepare a master mix for 10 96-well plates mix 26.4 ul of 10% Triton X-100,
44 ul of 25 mM dNTPs, 11 pl of 1:10,000 ERCC spike-in (ERCC spike-in/cell is 1 ul (1:1,000,000
dilution), and 1018.6 pul of H>O for a total of 1100 pl. Add 10 pl per well into a master mix 96-
well plate, and then add 2 pl of the barcoded primer (1 uM, 25 ng/ul) into the corresponding well.
Spin down the plate at 4°C, gently vortex, and spin down again at 4°C. Carefully pipette 1.2 pl
form each well of the master mix 96-well plate into the corresponding wells of the 96-well plates,

spin down at 4°C and store at -80°C.

3.8.2. RNA amplification

RNA amplification was done following the CEL-Seq2 protocol (Hashimshony et al.,
2016). Briefly, following reverse transcription (0.4 pl first strand buffer (5x), 0.2 pl of 0.1M DTT,
0.1 pul RNaseOUT, 0.1 pl SSII per well) and second strand synthesis (7 pl H>O, 2.31 pl second
strand buffer, 0.23 ul of 10mM dNTPs, 0.08 ul E. coli DNA ligase, 0.3 pl E. coli DNA polymerase
I, 0.08 pl RNase H per well) we pooled the contents of each well per 96-well plate into one 1.5 ml
Eppendorf tube and performed bead purification with AMPure XP beads (Beckman Coulter). Next
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we performed in vitro transcription (Ambion), aRNA fragmentation (New England Biolabs), bead
purification with RNAClean XP beads (Beckman Coulter) and eluted in 7 pul H>O. We confirmed
the amount and quality of our aRNA by analyzing 1 pl of our aRNA from each 96-well plate on
an RNA Pico chip with a Bioanalyzer (Agilent).

3.8.3. cDNA library generation

Briefly, we used the Bioanalyzer results from the RNA amplification to calculate the
volume needed to obtain 5 ng aRNA from each 96-well plate, and adjusted the volume to 5 pl with
H>0. Next we primed the samples (1 pl Random HEX RT Primer CS2, 0.5 pl of 10 mM dNTPs
per sample, and incubated the samples for 5 minutes at 65°C), before performing reverse
transcription (2 pl first strand buffer (5x), 1 ul of 0.1 M DTT, 0.1 pl RNaseOUT, 0.1 pl SSII per
well), followed by library PCR (10 pl Phusion HF buffer (5x), 1 ul of 10 mM dNTPs, 2 pl of RPI1
primer (Ilumina), 2 pl of RPIX primer (Ilumina), 0.5 pl Phusion DNA polymerase, 24.5 pl H,O
per sample) and bead purification with AMPure XP beads (Beckman Coulter) and eluted in 13 pl
H>O. cDNA concentration was measured using a Qubit 4 Fluorometer (ThermoFisher) and
fragment length was measured using a high sensitivity DNA chip with a Bioanalyzer (Agilent).
Libraries for 8 plates were then pooled together and adjusted to 2 nM.

3.8.4. Sequencing

Two libraries (1.3 ml at a concentration of 1.6 pM) were sequenced on high output flow
cells using a NextSeq 500 (Ilumina) in two separate runs by the Next Generation Sequencing
facility of the Max-Delbriick Center for Molecular Medicine. Due to the CEL-Seq?2 protocol, we
sequenced 16 base pairs (bp) in read 1, 8 bp in the index, and 51 bp in read 2 using the paired-

sequencing mode.

3.9. Clearing and whole organ immunohistology

Mice were sacrificed, perfused with PBS to remove the blood and then perfused with 4%
PFA in PBS. Vagal ganglia and digestive organs were dissected and fixed ON at 4°C in 4% PFA
in PBS. Tissue was cleared using the CUBIC protocol (Susaki et al., 2015). Briefly, tissue was
first washed ON at room temperature in PBS and then immersed in Sca/leCUBIC-1 (a mixture of

25% urea, 25% Quadrol, 15% Triton X-100 and 35% MQ-H:O) diluted 1:1 with Milli-Q H,O ON
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in a 37°C water bath. The tissue was then placed in Sca/leCUBIC-1 in a 37°C water bath until the
tissue became transparent (1/2 a day for vagal ganglia and 2-4 days for digestive organs). The
solution was exchanged every 2 days. Once the organs were sufficiently cleared, they were washed
ON at room temperature in PBS + 0.2% Triton X-100. Next, we incubated the organs with the
primary antibodies diluted in modified blocking solution (PBS with 10% Triton X-100, 5% normal
horse serum and 300 mM NaCl) for 10 days on a shaker at 37°C, refreshing the antibodies after 5
days. Organs were washed ON in PBS with 0.2% Triton X-100, incubated with the secondary
antibodies and DAPI in modified blocking solution for 8 days on a shaker at 37°C, refreshing the
antibodies after 4 days. The tissue was then immersed in Easylndex RI = 1.46 (LifeCanvas
Technologies) diluted 1:1 with Milli-Q H>O ON in a 37°C water bath, before being transferred to
EasyIndex RI = 1.46 ON for the final refraction index matching. Once the tissue was cleared,
stained and refractive index matched it was placed into a square plastic mold filled with a 2% low
melting point agarose prepared with Easylndex RI = 1.46.

Cleared ganglia were imaged using a Zeiss lightsheet 7 microscope, while cleared digestive
organs were imaged using a custom built mesoSPIM microscope (Voigt et al., 2019). Cleared,
stained and embedded digestive organs were immersed in Easylndex RI = 1.46 inside a small
quartz glass cuvette (45 x 12.5 x 22.5 mm Portmann Instruments AG, UQ-205, quartz glass), which
was placed inside a larger chamber (40 x 40 x 100 mm, Portmann Instruments AG, UQ-753-H100)
filled with RI-matching liquid for fused silica (RI=1.46, Cargille Cat. #19569). The lightsheet
illumination was delivered sequentially from the left and right sides, resulting in two different
stacks per view, which were registered and fused into a single stack using BigStitcher (Horl et al.,
2019) for each channel. The excitation laser line (Hiibner Photonics C-Flex: 561 nm) was used
with the corresponding detection filter (Chroma ET590/50m). The esophagus/stomach from an
adult (3 months of age) Prox2FP0: Phox2b“";Ai65 mouse was acquired with a 1 x 3 tile scan at 1x
zoom, while the esophagus/stomach from an adult (3 months of age) Runx3<"¢;Prox2F0; 4i65
mouse was acquired with a 2 x 6 tile scan at 2x zoom (Olympus 1x MVPLAPOI1x). The images
displayed in Figure 21 A are maximum intensity Z-projections of the final fused images.

Vagal neuron counts at P4 were performed with Imaris v9.9 on the entire cleared and

stained vagal ganglia.
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3.10. Retrograde tracing of vagal sensory neurons innervating the upper digestive tract

WT adult mice (~3 month of age) were anesthetized with an intraperitoneal injection of
ketamine/xylazine (80 mg/kg body weight ketamine (WDT) and 10 mg/kg body weight xylazine
(Bayer)). The abdomen was shaved and betadine was applied to the abdominal skin. Ophthalmic
ointment was applied to the eyes to prevent them from drying out during the procedure. A small
transverse laparotomy was made below the sternum and fire polished glass Pasteur pipettes were
used to position the organs prior to injection. Glass injection needles were prepared with a DMZ
universal electrode puller (Zeitz-Instruments) and were filled with 0.5% CTb solution
(ThermoFisher) in 0.9% NaCl. We added 0.2% Fast Green (Sigma) in order to visualize the
injection site and confirm a successful injection. For glandular and non-glandular stomach
injections a total of 2 ul was injected, while for abdominal esophagus 1 pl was injected, due to the
smaller size of the target region. The injections were performed using a Nanoject III Programmable
Nanoliter Injector (Drummond Scientific Company), with a volume of 250 nl and a speed of 50
nl/s per injection. In all cases, the needle was carefully placed into the muscle layer of the target
regions and allowed to remain in place for 10 s before and after each injection. After the injections
we performed layered wound closure, suturing the abdominal muscle layer first, followed by
suturing the skin. Post-surgery mice were given a subcutaneous injection of Carprofen (5 mg/kg
body weight, zoetis) and received Metamizol (ratiopharm) 1 ml/100 ml drinking water for
analgesia. Mice were monitored twice daily to ensure that they were recovering properly, then

were euthanized 4-5 days following surgery for vagal ganglia harvesting.

3.11. Ablation of Prox2 and Runx3 neurons

We generated Prox2/Runx3%-P™R (Prox27'P0; Phox2b"¢; Tau®-"™®) mice in which all cells
with a history of Phox2b and Prox2 expression expressed the human diphtheria toxin receptor. We
ablated Prox2 and Runx3 vagal neurons in adult mice (~6 months of age) by i.p. injection of
Diphtheria toxin (DT, Sigma). DT was reconstituted in 0.9% NaCl, and injected at a concentration
of 40 ng per gram bodyweight. After the ablation mice were monitored twice daily. If their weight
dropped below 10% of their starting weight, they received a 0.5 ml i.p. injection of 0.9% NaCl and
were given access to a nutritionally fortified water gel (DietGel Recovery, ClearH>O). One male
mouse continued to lose weight after the ablation and was euthanized before it could undergo

endline testing. All other mice stabilized between 5-7 days post ablation.
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3.12. In vivo analysis of swallowing behavior

Videofluoroscopy experiments to measure in vivo swallowing function were performed as
previously described (Lever et al., 2015; Welby et al., 2020). Briefly, mice (n=15, 8M and 7F,
genotype: Prox270; Phox2b"; Tau®""R, 6 months of age) underwent videofluoroscopy swallow
study (VFSS) at the University of Missouri using customized equipment and analysis software.
The mice were shipped from the Max Delbriick Center in Berlin, Germany to the University of
Missouri in MO, USA and were placed in quarantine for 3 weeks. During this time the mice were
behaviorally conditioned with the VFSS chamber and oral contrast solution in order to familiarize
them with the experimental set up and facilitate drinking during VFSS testing. Following release
from quarantine, the mice were water restricted ON for 12 hours in order to increase their
motivation to drink during testing the following morning. During the water restriction period, a
VEFSS chamber was placed in each home cage. Mice were each tested in their respective home
cage chambers the following morning. VFSS testing was performed individually using a
miniaturized, low energy (30 kV, 0.2 mA) fluoroscope (The LabScope, Glenbrook Technologies,
Newark, NJ, USA) and videos were captured at 30 frames per second (fps). Mice were gently
placed into the VFSS chamber and enclosed using two end-caps. One end-cap had a small bowl
attached through which the liquid contrast agent (Omnipaque, GE Healthcare, 350 mg iodine/mL;
diluted to a 25% solution with deionized water and 3% chocolate flavoring) could be administered
during testing. The test chamber was then positioned within the lateral plane of the fluoroscope,
and the bowl was filled with the liquid contrast agent via a custom syringe delivery device. When
the mice began to drink, the fluoroscope was activated via a foot pedal. In order to minimize the
radiation exposure time, the fluoroscope was turned off when the mice turned away from the bowl
or initiated non-drinking behaviors. If mice did not drink, we placed them back in their home cage
for ~30 mins and re-tested them. We captured drinking bouts in videos of approximately 30-60 s
duration and saved them as AVI files. After baseline behavioral testing, mice underwent DT
ablation of Prox2 and Runx3 vagal neurons. We allowed the mice to recover for 19 days after the
ablation, at which point we re-tested the mice using the same VFSS protocol as above. Thus, we
could compare the swallowing behavior of the same mice at baseline (pre-DT ablation) versus
endline (post-DT ablation).

We imported the AVI files into Pinnacle Studio (version 24; Pinnacle Systems, Inc.,

Mountain View, CA) and identified drinking bouts between 2-5 s in length to obtain a total of 3-
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15 s of uninterrupted drinking per mouse. The start of the drinking bouts was always at a swallow
event, defined as when the liquid bolus abruptly moved from the vallecular space to the esophagus.
The 2-5 s video clips were then imported into a custom VFSS analysis software (JawTrack™,
University of Missouri) for subsequent frame by frame analysis. The software allows for the semi-
automated extraction of many swallowing parameters such as lick rate (number of jaw open/close
cycles per second, calculated for 2-5 s long video clips and then averaged), lick interval (time
between successive lick cycles throughout a 2-5 s long video clip, and then averaged), swallow
rate (number of swallows in each second of a 2-5 s video clip, then averaged), swallow interval
(time between successive swallows throughout a 2-5 s video clip, then averaged), lick-swallow
ratio (number of jaw open/close cycles between each successive swallow pair throughout a 2-5 s
video clip, then averaged), pharyngeal transit time (bolus travel time through the pharynx for each
swallow, then averaged), esophageal transit time (bolus travel time through the esophagus, then
averaged), jaw closing velocity (speed at which the jaw closes during each jaw cycle throughout a
2-5 s video clip, then averaged) and jaw opening velocity (speed at which the jaw opens during
each jaw cycle throughout a 2-5 s video clip, then averaged) (Mueller et al., 2022; Welby et al.,
2020).

3.13. Quantification and statistical analyses

All details regarding the number of samples and statistical tests performed can be found in
the figure legends. Cell quantifications were performed in a non-blind, semi-automated manner on
non-consecutive sections using F1JI/ImagelJ (2.3.0/1.53q). Briefly between 3-8 images per animal
were imported into ImageJ and immunofluorescent stainings were counted automatically. For the
smFISH experiments a tdTomato+ cell or nGFP+ nucleus had to have at least 5 dots in order to be
considered positive for a particular RNAscope probe. Cells and nuclei positive for an RNAscope
probe were counted manually. All paired and unpaired t-tests were two-tailed, and no statistical
test was done to predetermine sample sizes. One animal (#5697) was removed as an outlier from
the Swallow interval and Lick to swallow ratio plots (Figure 38), as it failed the Grubbs’ test with
alpha=0.01. Significance for t-tests and ANOVAs was defined as * p <0.05, ** p <0.01, *** p <
0.001, **** p <0.0001. Statistical analyses were performed using GraphPad Prism v6.0c.
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4. Results

4.1. scRNA-seq of vagal sensory neurons at P4

At the time that this thesis was initiated in 2017, there was no scRNA-seq dataset of vagal
neurons available, the first of which was published in 2019 (Kupari et al., 2019). This was due to
the low number of vagal neurons in the mouse (~5,000 per side) and the difficulty in accessing
them due to their location buried in the jugular foramen at the base of the skull. In order to
overcome the difficulty of dissecting the vagal ganglia in adult animals, we decided to use mice at
postnatal day (P) 4. We genetically labeled all vagal neurons with a nuclear GFP reporter
(VGlut2¢r¢;R26"°F?, Figure 4A left) (Raab and Neuhuber, 2007). We cleared whole vagal ganglia,
used lightsheet imaging to capture the vagal ganglia in foto, and detected all vagal nuclei using

image analysis software (Figure 4A middle).
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Figure 4. Each vagal ganglion contains ~4,000 nodose neurons and ~1,000 jugular neurons. (A) Lightsheet
imaging (acquired with a Zeiss lightsheet 7) of a vagal ganglion from a VGlut2;R26"°" mouse at postnatal day P4;
GFP+ neuronal nuclei (green, left), and all detected nuclei (gray, right) are shown. Detected nuclei were quantified
using IMARIS v9.9.0 (left: 5358+192 nuclei, right: 52184929 nuclei, n=3, p=0.8118). (B) Immunohistological
analysis of Phox2b (red) and nGFP (green) in the vagal ganglia of a VGlut2*;R26"°FF mouse at postnatal day P4.
The percentage of nodose neurons (Phox2b+nGFP+) is quantified on the right (left: 79.3+7.1%, right: 87.2+10.9%,
n=3, p=0.3557). Data are represented as mean + SD, paired two-tailed t-test.

The total number of detected vagal neurons per ganglion was ~5,000, with no differences between
the left and right ganglia, which is the same number of vagal neurons found in the adult (Figure
4A right) (Ichikawa ef al., 2006). As a further confirmation that the vagal ganglia at P4 resemble
that of the adult, we counted the number of Phox2b+nGFP+ nodose neurons (Figure 4B left).
Phox2b is expressed exclusively in nodose neurons, and in the adult these account for roughly 85%
of all vagal neurons (Kupari et al., 2019; Pattyn et al., 1999). At P4, the proportion of nodose

neurons is similar, with no differences between the left and right ganglia (Figure 4B right). Thus,
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at P4 the mouse vagal ganglia already contain the same number of neurons and the same proportion
of nodose versus jugular neurons as the adult.

In order to obtain viable cells for scRNA-seq, we performed fluorescently activated cell
sorting (FACS) on freshly dissociated vagal ganglia from VGlut27¢;R26"°FF mice at P4 (Figure
5A). To increase the number of sorted cells we dissociated vagal ganglia from 15 mice, including
9 males and 6 females, and performed FACS in two separate experiments. Together, we collected

16 96-well plates for a total of 1536 vagal neurons.
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Figure 5. Sorted nGFP+ cells are vagal neurons. (A) Vagal neurons from VGlut2¢; R26"°FF mice were dissociated
and subjected to flow cytometry at P4. Sort 1 included vagal ganglia from 5 mice, 4M and 1F, while sort 2 was from
10 mice, 5M and 5F. After large cells were selected using side and forward scatter, DAPI was used as a cell viability
marker to select for DAPI-negative non-damaged cells. Finally, we sorted nGFP+ cells (green boxes) into 96-well
plates, while excluding nGFP-negative cells. (B,C) We performed a separate experiment where we sorted vagal
neurons as described above and collected all nGFP+ and nGFP-negative cells which were then cultured for 96 hours.
(B) Immunohistological analysis of cultured nGFP+ cells shows that they are TrkB+ (red) and nGFP+ (green). (C)
Neurites only formed in the cultured nGFP+ cells. In total we sorted 1536 nGFP+ neurons into 16 96-well plates for

downstream scRNA-seq analysis.
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We used DAPI as a cell viability marker and purified similar proportions of nGFP+ neurons in
both experiments (compare Sort 1 and Sort 2, Figure 5A). To check whether the sorted nGFP+
cells were viable neurons we cultured sorted nGFP+ and nGFP- cells for 4 days (Figure 5B,C).
Whereas nGFP- cells never displayed neuronal morphology, the nGFP+ cells displayed a clear
neuronal morphology, including growing neurites and contacting neighboring neurons (Figure
5C). Immunohistology confirmed that sorted nGFP+ neurons were nGFP+ and TrkB+ (Figure 5B),
indicating that our dissociation and sorting procedure enriched for viable vagal neurons.

To investigate the heterogeneity of vagal neurons at P4, we performed scRNA-seq using
the plate-based CEL-Seq2 method that has high gene and mRNA detection sensitivity
(Hashimshony et al., 2016). We sequenced 768 vagal neurons in two separate runs, and found no
differences in the number of detected genes or unique molecular identifiers (UMIs), nor in the

percentage of reads that mapped to mitochondrial genes (Figure 6, top row).
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Figure 6. scRNA-seq quality control. In order to uncover possible artefacts, we plotted the number of genes (left
column), number of unique molecular identifiers (UMIs, middle column) and the % of all UMIs that mapped to
mitochondrial genes (right column), per sequencing run (top row), and per 96-well plate (bottom row). There were

no major differences in these parameters due to our experimental procedures.

There were also no differences in these parameters when we looked per 96-well plate (Figure 6,
bottom row), demonstrating that our scRNA-seq data did not have any technical biases due to the

individual sequencing runs or FACS experiments.
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After removing neurons with more than 250,000 or less than 17,000 UMIs, 1,392 neurons
remained for which a median of 9,323 genes and 70,667 unique molecular identifiers per neuron
were identified. The analysis of this dataset defined 22 distinct vagal neuron subtypes (C1-22,
Figure 7A). The two parts of the vagal ganglia, the nodose and jugular ganglia (also known as
inferior and superior vagal ganglia), derive from the epibranchial placode and cranial neural crest,
respectively (Ayer-Le Lievre and Le Douarin, 1982; D'Amico-Martel and Noden, 1983;
Narayanan and Narayanan, 1980).
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Figure 7. scRNA-seq analysis assigns a developmental origin to vagal neuron subtypes. (A) Uniform manifold
approximation and projection (UMAP) plot revealed 22 subtypes of vagal neurons at P4, color coded and numbered
C1-22. (B) UMAP plots showing the expression of the transcription factors Phox2b and Prrxll. (C) UMAP plot
showing the division between nodose (peach, defined as Phox2b+) and jugular subtypes (turquoise, defined as
Prrxli+). (D) Single molecule RNA fluorescent in situ hybridization (smFISH) using probes against Phox2b (red) and

Prrxll (green) differentiates between the nodose and jugular ganglia, respectively.

Whereas nodose neurons are viscerosensory and innervate the inner organs, jugular neurons are
somatosensory and innervate structures in the head and neck (Prescott and Liberles, 2022). Nodose

and jugular superclusters express Phox2b and Prrxll, respectively, that are known to mark
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placodally- and neural crest-derived neuronal types (D'Autreaux et al., 2011; Pattyn et al., 1999).
Subtypes C5-22 expressed Phox2b and are therefore nodose neurons, while C1-4 expressed Prrxl]
and are jugular neurons (Figure 7B). The nodose neuronal subtypes are located together on the left
of the UMAP plot, while the jugular neuronal subtypes are located together on the right of the
UMAP plot (Figure 7C). Single molecule fluorescent in situ hybridization (smFISH) against
Phox2b and Prrxl] mRNA shows that these transcription factors mark the abutting inferior nodose
and superior jugular ganglia, respectively (Figure 7D).

The 18 Phox2b+ nodose subtypes, C5-22 (Figure 8A, see also Figure 7), were subdivided
in the UMAP according to their expression of two ion channels, 7rpvi/ and Piezo2, that mark
putative chemo- and mechanoreceptors, respectively (Figure 8B). Trpvl is activated by
temperature and pain, Piezo2 is activated by mechanical stimulation, and although these ion
channels are not expressed ubiquitously in all chemo- or mechanoreceptors, we used these markers
to get a preliminary overview of the putative functions of nodose neuronal subtypes (Caterina et

al., 1997; Coste et al., 2010).
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Figure 8. scRNA-seq analysis assigns a putative function to nodose neuron subtypes. (A) UMAP plot revealed
22 subtypes of vagal neurons at P4, including 18 subtypes of Phox2b+ nodose neurons C5-22. (See also Figure 4B)
(B) UMAP plots showing the expression of Trpvi and Piezo2 in the nodose subtypes, jugular subtypes are faded. (C)
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UMAP plot showing the division between nodose putative chemoreceptor (red, defined as Trpvi+) and
mechanoreceptor subtypes (blue, defined as Piezo2+), jugular subtypes are faded. (D) smFISH using probes against
Trpvl (red) and Piezo2 (green) differentiates between the putative chemoreceptors and mechanoreceptors,

respectively.

Similarly to the division between nodose and jugular vagal neurons, chemo- and mechanoreceptive
nodose subtypes are also located in distinct portions of the UMAP, with TrpvI+ nodose neuronal
subtypes in the bottom left, and Piezo2+ nodose neuronal subtypes in the top right of the UMAP
(Figure 8C). In contrast to the sharp division between nodose and jugular neurons (Figure 7D),
putative chemo- and mechanoreceptors are distributed in a salt and pepper manner throughout the
nodose ganglia (Figure 8D). In summary, the scRNA-seq analysis allowed us to subdivide vagal
neuron subtypes by their embryonic origin and putative function. All bioinformatics analyses

described above were performed by Aristotelis Misios in the Nikolaus Rajewsky laboratory.

4.2. Meta-analysis of vagal neurons reveals the Prox2+ and Runx3+ superclusters of putative
mechanoreceptors

Shortly after we collected the scRNA-seq data described in the previous section, two
scRNA-seq datasets of vagal neurons were published (Bai ef al., 2019; Kupari et al., 2019). In the
same year a computational method was published that allowed for the integration of multiple
scRNA-seq datasets into a meta-analysis (Stuart et al., 2019). The integration of multiple
transcriptomic datasets increases the number of analyzed cells, uncovering rare subtypes and
improving subtype annotation. Therefore, we performed a meta-analysis on 4,442 vagal neurons
that included 1392 neurons isolated at P4 (this project), 395 and 956 neurons isolated at P42 and
between P56-84, respectively (Bai et al., 2019), and 1,707 neurons isolated between P32-35
(Kupari et al., 2019) (Figure 9A). UMAP analysis of the combined datasets revealed a large
heterogeneity between vagal neurons and improved the resolution of their diversity. The meta-
analysis indicated that the roughly 10,000 vagal neurons per mouse (Figure 4A) segregate into 27
transcriptomically distinct subtypes (Figure 9B). Cells from all datasets, including our P4 dataset,
contributed to all 27 subtypes, indicating that shortly after birth all subtypes are specified (Figure
9C). The meta-analysis can be freely explored at https://shiny.mdc-berlin.de/VGIE/.
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Figure 9. Meta-analysis reveals 27 vagal neuron subtypes. (A) UMAP or tSNE plots of the individual vagal neuron
scRNA-seq datasets that were combined in the meta-analysis. This included data from this project, Kupari et al., 2019
and Bai et al., 2019 (traced and untraced datasets). (B) UMAP plot based on our meta-analysis revealed 27 subtypes
(color-coded and numbered, Meta-Jugular (MJ) 1-6, Meta-Chemo (MC) 1-11, Meta-Mechano (MM) 1-10). (C) UMAP
plot based on the meta-analysis displaying cells detected in each dataset by a separate color; all datasets contributed

cells to each subtype.

We applied a semi-supervised method to group the 27 vagal neuronal subtypes into broader
groups that were termed ‘superclusters’. The ‘Jugular’ supercluster expresses the homeobox
transcription factor Prrx/l, and all jugular subtypes were located together in the bottom right of
the UMAP (Figure 10A). Three superclusters of nodose neurons were grouped together in the
UMAP: ‘Prox2’ expressing the homeodomain transcription factor Prox2, ‘Gabral’ expressing the
gene encoding the alpha-1 (al) subunit of the GABAA receptor and ‘Chemo’, a putative
chemoreceptor supercluster expressing 7rpvI and Npy2r (Figure 10A,B). The three remaining
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neuronal subtypes scattered in the UMAP, and all expressed the homeodomain transcription factor

Runx3.
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Figure 10. Meta-analysis of vagal neurons reveals four superclusters of nodose neurons. (A) UMAP plot based
on a meta-analysis of scRNA-seq data from this work and two published reports (Bai et al., 2019; Kupari et al., 2019),
showing five vagal neuron superclusters (Prox2, green; Runx3, red; Chemo, blue; Gabral, dark grey; and Jugular,
gold). (B) Dot plot showing the expression of selected genes that define the four Phox2b+ nodose superclusters (Prox2,
Runx3, Gabral and Chemo). (C) Representative smFISH images showing Prox2 (green) and Runx3 (red) mRNA and
immunohistological analysis of nGFP (blue) on vagal ganglia sections from VGlut2¢;R26"°F mice at postnatal day

(P) 8.

They were merged into a fourth supercluster named ‘Runx3’. smFISH against Prox2, Runx3 and
Gabral mRNA in VGlut2“;R26"°"" mice revealed that these superclusters are largely non-
overlapping at P8 (Figure 10C).

Together, the Prox2 and Runx3 superclusters contained ~84% of all nodose
Phox2b+Piezo2+ neurons (Figure 11A). As Piezo2 transduces mechanical information in many
neuron types (Coste et al., 2010; Murthy et al., 2017), we hypothesized that the Prox2 and Runx3
superclusters were candidate vagal mechanoreceptors innervating the internal organs. The
remaining nodose Phox2b+Piezo2+ neurons were assigned to the ‘Chemo’ supercluster and might
correspond to polymodal afferents (Figure 11A). smFISH was used to examine the colocalization
of Piezo2, Prox2 and Runx3 mRNA in vagal neurons (Figure 11B, left). In agreement with the
sequencing data, we found that 90+3% of Prox2+ neurons and 63+3% of Runx3+ neurons co-
expressed Piezo2 (Figure 11B, middle). Prox2+ and Runx3+ subtypes express additional genes,
such as Kcnk2, Asicl, and Asic2 (Figure 11B, right) that have been implicated in mechanoreception

(Ranade et al., 2015). The Prox2 and Runx3 superclusters encompass five and three
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transcriptomically unique neuronal subtypes, respectively; we refer to these as Meta-analysis
putative Mechanoreceptors MM1, MM2, MM4, MM7, MM10 (Prox2+ subtypes) and MMS5,
MMS, MM9 (Runx3+ subtypes).
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Figure 11. Meta-analysis of vagal neurons reveals the Prox2 and Runx3 superclusters of putative
mechanoreceptors. (A) Donut chart showing the supercluster identity of Piezo2+Phox2b+ nodose neurons. (B) Left,
representative smFISH images showing Prox2 (green), Runx3 (red) and Piezo2 (blue) mRNA on vagal ganglia
sections from wildtype mice at P§. Open arrowhead marks a Runx3+Piezo2+ neuron, while the closed arrowhead
marks a Prox2+Piezo2+ neuron. Middle, quantifications showing that the majority of Prox2+ (90.0+£2.8%, n=3) and
Runx3+ (63.843.2%, n=3) neurons co-express Piezo2. Right, dot plot showing the expression of selected
mechanosensory genes in the Prox2 and Runx3 neuronal subtypes. Note that the Prox2 MM4 and Runx3 MMS5
subtypes are Piezo2-negative. (C) Violin plots showing the expression of selected marker genes that were used to
identify the Prox2 and Runx3 neuronal subtypes in panel D. (D) Above, smFISH images identifying Prox2 neuronal
subtypes MM1, MM2, MM4, MM7 and MM10 and Runx3 neuronal subtypes MMS5, MM8, MM9. smFISH was

performed on vagal ganglia sections from VGlut2<¢;R26"°"" mice at P8; vagal neuronal nuclei expressing nGFP were
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identified by immunofluorescence and are shown in blue. Below, quantification of Prox2 and Runx3 neuronal

subtypes, as a percent of all nGFP+ vagal neurons, n=3-4. Data are represented as mean + SD.

Four and two of the Prox2+ and Runx3+ subtypes, respectively, express Piezo2 (Figure 11B). Each
individual subtype can be defined by the expression of a specific combination of marker genes
(Figure 11C), which was verified using smFISH on vagal ganglia sections from VGlut2<;R26"¢t*
mice at P8 (Figure 11D, top). Each subtype represents ~2-8% of all vagal neurons (Figure 11D,
bottom). Our meta-analysis revealed that mouse vagal sensory neurons are highly heterogenous,
and that they are already specified shortly after birth. Further, most putative mechanoreceptors
belong to the Prox2 and Runx3 superclusters, which together encompass eight subtypes of vagal
neurons. All bioinformatics analyses described above were performed by Aristotelis Misios in the

Nikolaus Rajewsky laboratory.

4.3. Prox2 and Runx3 neurons are developmentally related

In the adult mouse, the vast majority of Prox2 and Runx3 neurons exclusively expressed
one or the other of these two transcription factors (Figures 10C,11C). However, smFISH analysis
in Phox2b“"¢;Ai14 animals during embryonic development (E11.5) revealed that Prox2 and Runx3

are extensively co-expressed in tdTomato+ nodose neurons (Figure 12, left).
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Figure 12. Prox2 and Runx3 neurons are developmentally related. Left, representative smFISH images against
Prox2 (green) and Runx3 (red) mRNA and immunohistological analysis of tdTomato (blue) on vagal ganglia sections
from Phox2b“"¢;Ai14 mice at embryonic (E) day 11.5. White circles mark double positive Prox2+Runx3+ neurons.
Right, Quantification of Prox2+Runx3+ co-expression, n=4. Green bars show the percentage of Prox2+ neurons co-

expressing Runx3 at E11.5 (19.0+6.7%) and in the adult (7.3+2.2%), and red bars show the percentage of all Runx3+
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neurons co-expressing Prox2 at E11.5 (39.6+14.2%) and in the adult (14.4+3.3%). The proportion of Prox2+Runx3+
double positive cells was greater at E11.5 than in adults both in the Prox2 population (p=0.0162) and in the Runx3
population (p=0.0134), and the proportion of Prox2+Runx3+ double positive cells was greater in the Runx3 population
than in the Prox2 population both at E11.5 (p=0.0388) and in the adult (p=0.011). Data are represented as mean + SD,
*p<0.05, unpaired two-tailed t-test.

We found more Prox2+Runx3+ cells at E11.5 than in the adult in both Prox2+ and Runx3+
neurons, and that co-expression was more common in Runx3+ than in Prox2+ neurons at both
analyzed stages. In particular, 40+14% of Runx3+ neurons co-expressed Prox2 at E11.5, indicating

that the Prox2+ and Runx3+ superclusters are developmentally related (Figure 12, right).

4.4. Generation and characterization of the Prox2f70 transgenic mouse

In order to further investigate the putative vagal mechanoreceptors we generated a
Prox2FP9 knock-in transgenic mouse strain. In situ hybridizations from the Allen Brain Atlas
showed that Prox2 expression is restricted to the cranial ganglia during development (Figure 13A),
but in the adult Prox2 is also expressed in other cell types (Nishijima and Ohtoshi, 2006). In
collaboration with the transgenic core facility at the Max Delbriick Center for Molecular Medicine
we used CRISPR/Cas9 to insert a 1.5 kb fragment containing the codon-optimized FLP
recombinase (FIpO) and a bovine poly(A) sequence between the 5> UTR and 1% exon of the Prox?2
gene by homology-directed repair (Wefers et al., 2017) (Figure 13B).

A Prox2 expression (Allen Brain Atlas) B Prox2f*° Mouse C Long range PCR
CRISPR
e11.5 e13.5 I —
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Figure 13. Generation of the Prox2P° mouse. (A) In situ hybridizations against Prox2 mRNA in sagittal sections
of E11.5 (left) and E13.5 (right) embryos; inset shows a magnification of the nodose ganglion (NG). Pictures were
obtained from the Allen Brain Atlas: Developing Mouse Brain. (B) Scheme showing the strategy used to generate the
Prox2t9 allele. (C) Long range PCR was used to confirm the insertion of the Prox2FIpO targeting vector. Animals
#12 and #21 were used as founders as they had the 6.25kb band signifying correct insertion of the targeting vector.
The wildtype (WT) control only shows a 4.66 WT band.
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The donor vector contained genomic sequences 2kb upstream (5’ homology arm) and 2kb
downstream (3’ homology arm) of the 1st exon of the Prox2 gene. Successful insertion of the 1.5
kb fragment was confirmed by long range PCR, with primers designed upstream (LR 5’ Fw) and
downstream (LR 3’ Rv) of the homology arms (Figure 13B). Wildtype (WT) mice that did not
harbor the 1.5 kb fragment had a single 4.66 kb band, while animals with a correctly inserted 1.5
kb fragment had both a 4.66 kb band (WT allele) and the 6.25 kb band (Prox277© allele) (Figure
13C). Mouse #12 was chosen as the founder for the Prox2fP9 strain.

As Prox2 is expressed in other tissues we used an intersectional genetic strategy combining
Prox2FP0 and Phox2b“" with Ai65, a tdTomato expressing reporter allele, to specifically label
Prox2+ neurons in vagal ganglia (Prox27"9;Phox2b“*;4i65 animals). Indeed, analysis of
tdTomato expression in adult mice showed that 95+4% of vagal Prox2+ neurons were recombined
and expressed tdTomato (Figure 14A). However, 71£2% of vagal Runx3+ neurons were also
recombined, reflecting the shared developmental history of Prox2+/Runx3+ neurons (Figure 14B
and Figure 12). Thus, recombination in Prox279; Phox2b "; 4i65 animals occurs in both Prox2+

and Runx3+ neurons, and we hereafter refer to these mice as Prox2/Runx3T™.
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Figure 14. Characterization of the Prox2P° mouse strain recombination efficiency in vagal neurons. (A)
Recombination efficiency in Prox2+ neurons in Prox2/Runx3™" (Prox2t°;Phox2b“";4i65) (left) and Runx3™"
(Runx3°"; Prox2t"9; 4i65) (right) animals. Quantifications show that 94.8+3.6% and 11.3+3.6% (p<0.0001) of
Prox2+ neurons (green) were recombined in Prox2/Runx3™" and Runx3™" mice, respectively, n=4. (B)
Recombination efficiency in Runx3+ neurons in Prox2/Runx3™" (left) and Runx3™" (right) animals, n=4.
Quantifications show that 71.442.1% and 70.5+4.8% (p=0.744) of Runx3+ neurons (red) were recombined in
Prox2/Runx3™" and Runx3™" mice, respectively, n=4. Data are represented as mean + SD, ****p<(.0001, unpaired

two-tailed t-test.
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To complement the histological analyses relying on the Prox2/Runx3™" strain, the Runx3" allele
was also used. Runx3 is expressed in proprioceptive dorsal root ganglia neurons and various non-
neuronal cells types (Levanon et al., 2002; Shin et al., 2021). To exclude these neuronal cell types
and restrict recombination, we initially analyzed Runx3¢"¢;Phox2b"79;4i65 animals. Although
vagal Runx3+ neurons were recombined in these mice, we occasionally observed recombination
in enteric and sympathetic ganglia (data not shown). Therefore Runx3"¢; Prox2t*°; 4i65 animals
were subsequently used to label Runx3+ vagal neurons (hereafter named Runx37°" mice). Analysis
of tdTomato expression in Runx3™" mice showed recombination in 70+5% of vagal Runx3+
neurons (Figure 14B), but only in a minor proportion of Prox2+ neurons (Figure 14A).

We verified that each subtype was recombined using smFISH on vagal ganglia sections
from Prox2/Runx3"" (Figure 15A, left) and Runx3™™ (Figure 15A, right) mice. These experiments
confirm that Prox2 is expressed during the development of Runx3+ vagal neurons (Figure 15B

and Figure 12).
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Figure 15. Characterization of the Prox2'7° mouse strain recombination specificity in vagal neurons. (A)
Representative smFISH images from Prox2/Runx3™" (left) animals showing recombination specificity in Prox2+
(green) and Runx3+ (red) neuronal subtypes and Runx3™" (right) animals showing recombination specificity in
Runx3+ (red) subtypes, quantified below, n=4. (B) Proposed lineage tree of Prox2 and Runx3 neurogenesis. Phox2b+
nodose neurons are born during early development and first express Prox2 before largely separating into Prox2 and
Runx3 subtypes. Thus, Runx3 neurons have a history of Prox2 expression and can be labeled with our intersectional

strategy (Runx3"¢;Prox2t'r?). (C) Labeling strategy to mark Prox2 and Runx3 vagal neurons with tdTomato using
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Prox2/Runx3™" (Prox2"'P°; Phox2b“"; Ai65) mice. (D) Labeling strategy to mark Runx3 vagal neurons with tdTomato

using Runx3™" (Runx3¢"¢; Prox27°; 4i65) mice. Data are represented as mean = SD.

Notice that while all Prox2 and Runx3 subtypes were recombined in Prox2/Runx3™" animals
(Figure 15C), only the Runx3 subtypes were recombined in Runx37™ mice (Figure 15D). In
summary, the generation and subsequent characterization of the novel Prox2f79 transgenic mouse
strain provided us with a tool with which we could further interrogate the putative Prox2 and

Runx3 vagal mechanoreceptors.

4.5. Testing recombination specificity by the use of Prox2/Runx3™" and Runx3Tom

Next, we searched for additional recombination sites in Prox2/Runx3™" and Runx3To"
animals. No recombination in either strain was observed in Phox2b+ hindbrain
visceromotor nuclei (dorsal motor nucleus of the vagus and nucleus ambiguus), the locus
coeruleus, or enteric ganglia (Figure 16A-E’’). Recombination in sympathetic (superior cervical,
stellate or sympathetic chain) and dorsal root ganglia (across the cervical, thoracic and lumbar
levels) in both Prox2/Runx3™™" and Runx37™ animals was exceedingly rare (less than ~1%, Figure
16F-1"").

However, in Prox2/Runx3"™ animals tdTomato expression was observed in 14+6% of
neurons of the geniculate ganglia, compared with 4+1% tdTomato expression in Runx37°™ animals
(Figure 17A,B). As geniculate neurons are known to innervate taste buds in the tongue, we
examined the circumvallate, foliate and fungiform papillae for tdTomato+ innervation. We found
that all three types of taste buds, labeled with Ck8, were indeed innervated by tdTomato+ fibers
that likely originate from the geniculate ganglia (Figure 17C).

Lastly, we found recombination in 15+2% of the neurons of a single sympathetic ganglion,
the celiac ganglion, in Prox2/Runx3™™, but not Runx3™" animals (Figure 18A,B). Almost all
recombined neurons in the celiac ganglion co-expressed tyrosine hydroxylase (TH) in both
Prox2/Runx3™™ and Runx3™™ mice (97+1% and 100%, respectively; Figure 18B). In order to
define the targets of the recombined celiac neurons, we performed immunofluorescence against
tdTomato and TH in the digestive tract. Importantly, we did not find any co-labeled axons in the

esophagus, sphincter or stomach, but we did find extensive double-positive projections in the
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Figure 16. Prox2/Runx3™" and Runx3™" recombination specificity in hindbrain, enteric, sympathetic and
dorsal root ganglia neurons. Immunohistology against Phox2b (green), tdTomato (red) and DAPI (blue) in the (A)
locus coeruleus, (B) nucleus ambiguus, (C) dorsal motor nucleus of the vagus, (D) esophageal enteric ganglia and (E)
stomach enteric ganglia in Prox2/Runx3™" animals. Quantifications (right) show that no Phox2b+ neurons were
recombined in either Prox2/Runx3™" or Runx3™" mice, respectively, n=3. Immunohistology against Tubb3 (green),
tdTomato (red) and DAPI (blue) in the (F) superior cervical, (G) stellate, (H) sympathetic chain and (I) dorsal root
ganglia in Prox2/Runx3™" mice. Quantifications in Prox2/Runx3™" and Runx3™" mice (right) show the percentage
of neurons recombined: 0.02+0.04% and 0.06+0.05% in superior cervical ganglia, 0.2+0.1% and 0.1+0.03% in stellate
ganglia, 0.1+0.1% and 0.02+0.03% in sympathetic chain ganglia and 0+0% and 1.440.1% in dorsal root ganglia pooled

from cervical, thoracic and lumbar levels, respectively, n=3. Data are represented as mean + SD.
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Figure 17. Prox2/Runx3 geniculate neurons innervate taste buds in the tongue. (A) Schema showing that
Prox2/Runx3 geniculate neurons innervate the tongue. (B) Immunohistology (left) against tdTomato (red) and Tubb3
(green) shows recombination in geniculate neurons of a Prox2/Runx3™" animal. Quantifications (right) show that
14.1£6.1% and 4.1+1.1% of Tubb3+ neurons were recombined in Prox2/Runx3™" and Runx3™™" mice, respectively,
n=3. (C) Immunohistology against Ck8 (green) and tdTomato (red) shows tdTomato+ innervation of the cirumvallate,
foliate, and fungiform papillae. Tongue illustration in A was adapted from bioicons.com (tongue, Servier) and licensed

under CC-BY 3.0.
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Figure 18. Prox2/Runx3 celiac neurons innervate the intestine. (A) Schema showing projections from
Prox2/Runx3 celiac neurons to the intestine. (B) Immunohistology (left) against tdTomato (red) and TH (green) shows
recombination in celiac neurons of a Prox2/Runx3™" animal. Quantifications (right) show that 14.9+1.5% and
0.2+£0.3% of TH+ neurons were recombined in Prox2/Runx3™" and Runx3™™ mice, respectively, n=3. Of the
tdTomato+ recombined celiac neurons, 97.4+0.6% and 100% were TH+ in Prox2/Runx3™" and Runx3™" animals,
respectively, n=3. Note that recombination was only observed in 1 out of 3 Runx37" animals and all 8 recombined
neurons were TH+. (C-F) Immunohistology against TH (green), tdTomato (red) and DAPI (blue) shows no co-
localization in the (C) esophagus, (D) sphincter, or (E) stomach. (F) Immunohistology against TH (green), tdTomato
(red) and DAPI (blue) shows extensive co-localization in the intestine. (F’, F>”) Magnifications of the boxed regions
in F with TH (green) and tdTomato (red) shown separately. Digestive tract illustration in A was adapted from

bioicons.com (digestive-system, Servier) and licensed under CC-BY 3.0.

intestine (Figure 18C-F and Table 2). Thus, the recombined celiac neurons do not innervate the
esophagus, sphincter or stomach, but rather the intestine.

We checked other internal organs for tdTomato expression and found that Prox2/Runx3
vagal neurons project to the airways (Figure 19A). Prox2/Runx3 neurons (tdTomato+, red) project

to the larynx, where they innervate the Ck8+ epithelial layer (green) of the quadrangular membrane
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and laryngeal mucosa (Figure 19B,C). They also innervate the laryngeal taste buds (Figure 19D).
Lightsheet imaging of the lung from a P8 Prox2/79;R26"™C animal showed that Prox2/Runx3
neurons (tdTomato+, gray) project broadly to many sites in the lung (Figure 19E). Closer
inspection of lung innervation in adult Prox2/Runx3™™ mice showed tdTomato+ innervation of
smooth muscle (Figure 19F, green) and neuroepithelial bodies (Figure 19G, green).

Prox2/Runx3™m Quadrangular membrane Laryngeal mucosa Laryngeal taste buds

D
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Vagal ganglia

Larynx
CK8 Tomato

Bronchi smooth muscle Neuroepithelial bodies
SMA Tomato CGRP Tomato

Figure 19. Prox2/Runx3 neurons project to the airways. (A) Schema showing projections from Prox2/Runx3 vagal
neurons to the airways in Prox2/Runx3™" mice (Prox2'"°;Phox2b®";4i65). (B-D) Immunohistology against Ck8
(green) and tdTomato (red) shows tdTomato+ innervation of the (B) quadrangular membrane of the larynx, (C)
laryngeal mucosa, and (D) laryngeal taste buds. (E) Lightsheet imaging of tdTomato+ innervation of the lungs from
a Prox2"9;R26"™9 animal at P8. (F) Immunohistology against SMA (green) and tdTomato (red) shows tdTomato+
innervation of bronchi smooth muscle in the lung. (G) Immunohistology against CGRP (green) and tdTomato (red)

shows tdTomato+ innervation of neuroepithelial bodies in the lung.

Examination of the heart in adult Prox2/Runx37" animals showed tdTomato+ innervation of the

aortic arch and aorta (Figure 20A-C).
Prox2/Runx3™m Aortic arch Aorta

Vagal ganglia

Heart
DAPI Tomato
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Figure 20. Prox2/Runx3 neurons project to the heart. (A) Schema showing projections from Prox2/Runx3 vagal
neurons to the heart in Prox2/Runx3™" mice (Prox2'P°;Phox2b";4i65). (B) Immunohistology against tdTomato
(red) and DAPI (blue) shows tdTomato+ innervation of the aortic arch. (C) Immunohistology against tdTomato (red)
and DAPI (blue) shows tdTomato+ innervation of the aorta. Heart illustration in A was adapted from bioicons.com

(heart-front, Servier) and licensed under CC-BY 3.0.

These vagal subtypes were recently characterized by others (Liu et al., 2021; Min et al., 2019;
Prescott et al., 2020). Please see Table 1 for a summary of the recombination sites of Prox2/Runx3

neurons, and Table 2 for a summary of the innervation sites of recombined Prox2/Runx3 neurons.

4.6. Prox2/Runx3 neurons form IGLEs and rare IMAs in the upper gastrointestinal tract

We next investigated the innervation sites of Prox2/Runx3 vagal neurons in the upper
gastrointestinal tract using immuno-labeling of tdTomato in Prox2/Runx3™" and Runx3°™ adult
mice. The esophagus and attached stomach were isolated, cleared and imaged using lightsheet
microscopy (Susaki et al., 2015; Voigt et al., 2019). This demonstrated that the entire rostro-caudal
axis of the esophagus was densely innervated by Prox2/Runx3 neurons, but only sparsely by
Runx3 vagal neurons (Figure 21A). A magnification of the esophagus from the Prox2/Runx3™™"
animal showed that almost all Phox2b+ enteric ganglia were contacted by tdTomato+ fibers that
displayed the morphology of IGLEs (Figure 21B). Magnifications of the glandular and non-
glandular stomach also showed tdTomato+ IGLEs (Figure 21C,D), while in the non-glandular
stomach tdTomato+ fibers displaying the morphology of IMAs were also found, but these were
rare (Figure 21D, yellow arrowheads). Further, our lightsheet analysis of the stomach from a
Runx3™™ animal showed a higher density of innervation in the glandular than the non-glandular
stomach, and also revealed non-glandular IMAs (Figure 21A).

To confirm that the endings found in the esophagus were IGLEs, we obtained thin
esophageal sections from both Prox2/Runx3™" and Runx3™" adult mice and performed
immunohistology to label the afferent fibers with tdTomato (red) and enteric neurons with Phox2b
(green) (Figure 22A). Quantifications demonstrated that the vast majority of esophageal ganglia
were contacted by tdTomato+ IGLEs in Prox2/Runx3°" mice, and rarely by tdTomato+ IGLEs in
Runx3™™ mice (Figure 22B). The difference in innervation was consistent across the cervical,
thoracic and abdominal levels of the esophagus. Excitatory and inhibitory enteric motor neurons

are defined by ChAT and Nos expression (Crist et al., 1984; Murray et al., 1991), respectively.
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The tdTomato+ axons surrounded both ChAT+ excitatory and Nos+ inhibitory enteric motor
neurons (Figure 22C).

A Upper Gl tract B Esophagus
Prox2/Runx3™m Runx3™m

D Non-glandular stomach

»4‘/ \ 3 A\ »k" ‘

Figure 21. Lightsheet analysis reveals that Prox2/Runx3 neurons form IGLEs and IMAs in the upper
gastrointestinal tract. (A) Lightsheet imaging (acquired with a mesoSPIM) of the attached esophagus and stomach
from Prox2/Runx3"" mice (Prox27°; Phox2b“"¢;4i65) (left) and Runx3"" animals (Runx3¢"¢; Prox27°; 4i65) (right)
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showing Tomato+ fibers (white) identified by immunohistology. (B) Magnification of the esophagus from the
Prox2/Runx3™™" animal shown in (A) and immunohistological analysis of Tomato+ fibers (red) and Phox2b+ enteric
neurons (green). Note how all enteric neurons are contacted by Tomato+ IGLEs. (C) Magnification of the glandular
stomach from the Prox2/Runx3™" animal shown in (A). (D) Magnification of the non-glandular stomach from the

Prox2/Runx3™" animal shown in (A). Filled yellow arrowheads mark IMAs.
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Figure 22. Prox2/Runx3 neurons form esophageal IGLEs. (A) Immunohistological analysis of esophageal IGLEs
in Prox2/Runx3™™ (top) and Runx3™" animals (bottom) using antibodies against tdTomato (red) and Phox2b (green).
(B) Quantification of the proportion of esophageal enteric ganglia, identified by Phox2b immunohistology, innervated
by tdTomato+ fibers in Prox2/Runx3™" and Runx3™" animals in the cervical (95.2+4.2% v. 13.67%, p=0.0003),
thoracic (93.9+£10.5% v. 12.7£18.0%, p=0.0053) and abdominal (97.2+4.8% v. 14.6+9.1%, p=0.0007) esophagus,
n=3. (C) Immunohistological analysis of innervated excitatory (top) and inhibitory (bottom) esophageal enteric motor
neurons in Prox2/Runx3™" animals using antibodies against tdTomato (red), ChAT (green, top) and nNos (green,
bottom). (D) Immunohistological analysis of a tdTomato+ IGLE and Phox2b+ enteric neurons shown via confocal
microscopy (top) and 3D rendering (bottom) from a Prox279;R26"™ animal at P8. Data are represented as mean +

SD, **p<0.01, ***p<0.001, unpaired two-tailed t-test.
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Lastly, we generated a 3D reconstruction of an IGLE and the associated Phox2b+ enteric ganglia
from a Prox2fP0;R26"™C animal at P8 (Figure 22D). This revealed that tdTomato+ endings
formed a tight association around the enteric neurons, fully surrounding them. Thus, our
histological analyses indicated that the esophagus was mainly innervated by Prox2 and, to a lesser
extent, by Runx3 neurons, where they formed esophageal IGLEs.

Vagal neurons, and IGLEs, are classically thought of as pure sensory neurons that are
afferent in nature (Raab and Neuhuber, 2007). The purely afferent nature of IGLEs was challenged
by an electron microscopy study that found large, clear presynaptic vesicles within the IGLE
opposite to esophageal enteric neurons (Neuhuber, 1987), and later studies from the same group

found that IGLEs contained synaptophysin and VGlut2 (Raab and Neuhuber, 2003). We used an

intersectional genetic strategy to label the synapses of Prox2/Runx3 neurons with

SynaptophysinGFP using Prox2/Runx3%PSfF  (Prox2F0; Phox2b"¢;R26"™C) mice at P8

(Dempsey et al., 2021). When we looked at the esophagus, we found that all GFP+ puncta co-
expressed the presynaptic marker Synapsin 1, as well as VGlut2 (Figure 23).

Synapsin 1 VGlut2

Prox2/Runx3SywGFpP

Figure 23. Prox2/Runx3 neurons contain presynaptic machinery in the esophagus. Immunohistological analysis
of esophageal IGLEs in Prox2/Runx3%7°"F mice at P8 shows SypGFP+ puncta (green) that co-localize with Synapsin
1 (blue) and VGlut2 (red). Filled white arrowheads label co-localization between the different proteins. Note that
every SypGFP+ puncta expresses Synapsin 1 and VGlut2, and are thus likely presynaptic boutons.

Note that there are Synapsinl+ boutons that are neither VGlut2+ nor GFP+; these likely

correspond to synapses from esophageal enteric neurons that neither express Prox2 nor use
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glutamate as a neurotransmitter. Thus Prox2/Runx3 esophageal IGLEs contain presynaptic
machinery, and may release glutamate from their peripheral terminals.

In order to confirm that the endings found in the stomach were IGLEs, we obtained thin
stomach sections from both Prox2/Runx3™" and Runx3™ mice and performed immunohistology

to label the afferent fibers with tdTomato (red) and enteric neurons with Phox2b (green) (Figure
24A).
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Figure 24. Prox2/Runx3 neurons form IGLEs in the stomach. (A) Immunohistological analysis of stomach IGLEs
in Prox2/Runx3™" (left) and Runx3™™" mice (right) using antibodies against tdTomato (red) and Phox2b (green). (B)
Quantification of the proportion of stomach enteric ganglia, identified by Phox2b immunohistology, innervated by
tdTomato+ fibers in Prox2/Runx3™" and Runx3™™" animals in the glandular (63.5+6.3% v. 54.6+1.3%, p=0.127) and
non-glandular (80.1£5.1% v. 42.5+5.5%, p=0.001) stomach, n=3. Data are represented as mean + SD, ***p<0.001,

unpaired two-tailed t-test.

Quantifications demonstrated that similar numbers of glandular stomach ganglia were contacted
by tdTomato+ IGLESs in Prox2/Runx3™" and Runx3™" mice, but significantly more non-glandular
stomach ganglia were contacted in Prox2/Runx3™™" than in Runx3™ animals (Figure 24B). Thus
both Prox2 and Runx3 neurons form gastric IGLEs, but Prox2 neurons preferentially innervate the
non-glandular stomach and Runx3 neurons the glandular stomach. tdTomato+ axons (red) also
made contacts with c-Kit+ interstitial cells of Cajal (green) in the lower esophageal sphincter of
Prox2/Runx3™™ but not Runx3"™ mice; these endings correspond to IMAs (Figure 25).
Occasional tdTomato+ IMAs were detected in the stomachs of both Prox2/Runx3"" and Runx37™

mice, but these were rare (Figure 21A,D).
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Figure 25. Prox2/Runx3 neurons form IMAs in the lower esophageal sphincter. Inmunohistological analysis of

IMAs in Prox2/Runx3™" animals showing tdTomato+ fibers (red) and c-Kit+ interstitial cells of Cajal (green).

Previous work has shown that Oxtr and GlpIr are expressed in subtypes of vagal neurons
that project to the gastrointestinal tract and end as IGLEs, whereas Gpr635 is expressed in neurons
that project to the villi and detect nutrients (Bai et al., 2019; Williams ef al., 2016).

Recombined gastric vagal neuron types
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Figure 26. Prox2/Runx3 neurons express markers of vagal IGLEs. (Left) Representative images from smFISH
experiments against Oxtr, Glplr and Gpr65 mRNA (green) and immunohistological analysis of tdTomato (blue) in
Prox2/Runx3™" mice. (Right) Quantifications showing the percent of tdTomato+ neurons that express Oxtr, Glplr

and Gpr65, n=4. Data are represented as mean + SD.

Using smFISH against Oxtr, Glplr and Gpr65 mRNA (green), combined with immunohistology
against tdTomato (blue) in Prox2/Runx3™™ animals, we found that many Prox2/Runx3 neurons
co-expressed Oxtr and Glplr, but rarely Gpr65 (Figure 26). Therefore Prox2/Runx3 neurons

express genes shown to label IGLEs, but not genes that label mucosal afferents.
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4.7. Prox2/Runx3 neurons project centrally to the NTS and DMV
To define the synaptic connectivity of Prox2/Runx3 vagal neurons to second order sensory

neurons in the nucleus of the solitary tract, we labeled their synapses with SynaptophysinGFP

using Prox2/Runx3%?fP (Prox2F"P0; Phox2b"¢;R26"™-C mice (Dempsey et al., 2021); see Figure

27A for a schema of the FTLG allele). This approach revealed many GFP+ synaptic boutons on

Phox2b+ neurons in the nucleus of the solitary tract (NTS) (Figure 27A).
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Figure 27. Prox2/Runx3 neurons project centrally to the NTS and DMYV. (A) Analysis of the central synaptic
connectivity of Prox2/Runx3 neurons in the nucleus of the solitary tract (NTS). Scheme (top left) of the intersectional
FTLG reporter allele used to label Prox2 and Runx3 synapses with Synaptophysin-GFP in Prox2/Runx35P°tP
(Prox2t"0, Phox2b "¢, R26" %) mice (Dempsey et al., 2021). Immunohistological analysis of animals showing dense
GFP+ boutons (green) in the NTS (top left), on Pou3fl+ (red, bottom left) and TH+ (red, top right) NTS neuronal
subtypes, as well as on ChAT+ neurons (red, bottom right) of the dorsal motor nucleus of the vagus (DMV). (B)
Lightsheet imaging of a cleared hindbrain and immunohistological analysis for tdTomato (red), Phox2b (green) and

DAPI (blue) in a Prox2/Runx3™" animal. Area postrema (AP), and nucleus of the solitary tract (NTS) are labeled.
Inset shows tdTomato+ fibers innervating the NTS, but not the AP.
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Pou3fl+ and TH+ neurons in the NTS represent small populations of interneurons found in the
central and ventral nuclei of the NTS, respectively, that were innervated by Prox2/Runx3 vagal
neurons. Interestingly, we also found GFP+ boutons on ChAT+ neurons of the dorsal motor
nucleus of the vagus. Thus, Prox2/Runx3 vagal neurons project to Pou3f1+ and TH+ neurons in
the NTS, and directly to ChAT+ motorneurons in the DMV. Lightsheet imaging of the hindbrain
from a Prox2/Runx3" animal showed that Tomato+ fibers (red) contacted Phox2b+ neurons
(green) throughout the rostral-caudal axis of the NTS, but did not innervate the area postrema (AP,

Figure 27B).

4.8. Prox2/Runx3 subtypes MM1, MM2 and MMS project to the upper gastrointestinal tract

Next, we aimed to identify putative mechanoreceptive neurons that innervate the upper
gastrointestinal tract. We retrogradely labeled vagal sensory neurons projecting to various sites in
the esophagus and stomach (cervical, thoracic and abdominal esophagus, glandular and non-
glandular stomach; shown schematically in Figure 28 A) by injections of Cholera Toxin b (CTb)
and Fast Blue gavage (Bentivoglio et al., 1980; Stoeckel et al., 1977), and performed smFISH
against Piezo2 mRNA (Figure 28B, left, quantified on the right). Our retrograde labeling

experiment allowed us to successfully identify putative vagal esophageal mechanoreceptors.
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Figure 28. Retrograde tracing of Piezo2+ neurons from the upper gastrointestinal tract. (A) Retrograde tracing
experiments; the scheme shows the five injection sites analyzed: 1 cervical esophagus, 2 thoracic esophagus, 3
abdominal esophagus, 4 non-glandular stomach, 5 glandular stomach. (B) smFISH (left) analysis using a Piezo2 (red)
probe, combined with immunohistological analysis of CTb (green) after CTb injection into the glandular stomach.
(Right) quantification of Piezo2+ neurons identified after CTb or Fast Blue injection into various sites of the upper

gastrointestinal tract. Piezo2+ neurons corresponded to 53.4+19.2%, 56.1+20.2%, 17.3+9.5%, 26.8+6.7%, and
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31.3+4.3% of all neurons traced from the cervical, thoracic, abdominal esophagus, and non-glandular and glandular
stomach, respectively, n=3-4. Note that neurons from the cervical and thoracic esophagus were traced using Fast Blue
at P7, and neurons from the abdominal esophagus, non-glandular and glandular stomach were traced using CTb in
adults. Data in are represented as mean + SD. Retrograde tracing from the cervical and thoracic esophagus was

performed by Huimin Li and Dr. Shiqi Jia at The First Affiliated Hospital, Jinan University.

Next we performed smFISH against Piezo2 (blue), Prox2 (green), Runx3 (red) mRNA and
immunohistology against CTB (gray) (Figure 29).
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Figure 29. Most Piezo2+ vagal neurons that project to the upper gastrointestinal tract are Prox2/Runx3
neurons. Left, smFISH analysis of neurons after injection of CTb into the abdominal esophagus; probes used were
Prox2 (green), Runx3 (red) and Piezo2 (blue), which was combined with immunohistological analysis of CTb (gray).
The open arrowhead marks a Prox2+Piezo2+CTb+ cell, and the filled arrowhead marks a Runx3+Piezo2+CTb+ cell.
The proportions of the Prox2+Piezo2+ and Runx3+Piezo2+ neurons that were retrogradely labeled from the different
injection sites are quantified on the right. Note that for technical reasons we used Fast Blue to trace from the cervical
and thoracic esophagus in postnatal P7 mice, and CTb to trace from the abdominal esophagus and stomach in adult
mice (see Methods for more details, n=3-5). Runx3+ neurons corresponded to 5.1£2.1%, 6.3£5.1%, 60.3+23.5%,
41.5£2.5%, and 61.1+14.6% of all Piezo2+ traced neurons traced from the cervical, thoracic, and abdominal
esophagus, and from the non-glandular and glandular stomach, respectively. Prox2+ neurons corresponded to
70.6+4.4%, 67.8+7.6%, 29.8+16.2%, 53.4+5.2%, and 30.1+15.2% of all Piezo2+ neurons traced from the cervical,
thoracic, and abdominal esophagus, and from the non-glandular and glandular stomach, respectively. Retrograde
tracing from the cervical and thoracic esophagus was performed by Huimin Li and Dr. Shiqi Jia at The First Affiliated

Hospital, Jinan University.
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Overall, most traced Piezo2+ neurons from the upper gastrointestinal tract corresponded to the
Prox2/Runx3 neuronal subtypes, i.e. ~75% from the cervical and thoracic esophagus and ~100%
from the abdominal esophagus and stomach (Figure 29). The upper esophagus is innervated by
both jugular and nodose neurons (Kwong et al., 2008), and we suggest that jugular neurons
represent the remaining back-traced Piezo2+ cells that were both Prox2/Runx3-negative.
Retrograde tracing experiments from the cervical and thoracic esophagus were performed by
Huimin Li in the laboratory of Shiqi Jia at Jinan University in Guangzhou, China.

Further analysis demonstrated that the Prox2 MM1 and MM2 subtypes, as well as the
Runx3 MMS subtype correspond to the Piezo2+ neuronal subtypes innervating the esophagus and
stomach (Figure 30A,B,C).

A Traced MM1 neuron B Traced MM2 neurons C Traced MM8 neurons
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Figure 30. MM1, MM2 and MMS neurons are the major subtypes of Prox2/Runx3 vagal neurons innervating
the upper gastrointestinal tract. (A-C) smFISH analysis of traced MM1, MM2 and MMS neurons. CTb (gray) was
detected by immunohistology. For the identification of MM1 neurons (A), we used probes against Rbp4 (green), Gata3
(red, negative marker) and Piezo2 (blue) mRNA. To identify MM2 neurons (B), we used probes against GrmJ (green)
and Piezo2 (blue) mRNA. To identify MMS neurons (C), we used probes against Adra2a (green), Runx3 (red) and
Piezo2 (blue) mRNA. (D) Quantification of traced MM 1, MM2 and MMS neurons from the five injection sites (n=3-
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5). MM2 neurons were the dominant subtype traced from the cervical and thoracic esophagus (57.5+6.1% and
59.9+12.8%), with few MM1 (7.24+6.4% and 2.3+2.1%) and MMS (0.2+0.3% and 1.3+0.03%) traced neurons. The
abdominal esophagus was largely innervated by MMS8 neurons (63.6+£11.5%), with MM2 neurons contributing a
substantial proportion (25.8+7.9%) and few MM1 neurons (6.4+6.0%). The non-glandular stomach was mostly
innervated by MM1 neurons (53.93+5.6%), with a large contribution from MMS neurons (36.4+8.1%) and few MM2
neurons (9.848.5%). The glandular stomach was largely innervated by MMS8 neurons (57.8+£7.9%), with a large
contribution from MM1 (29.444.4%) and few MM?2 neurons (2.9+5.8%). Data are represented as mean + SD, *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001, Ordinary one-way ANOVA with Tukey’s multiple comparisons test.

These three subtypes displayed preferences in their regional innervation patterns. The cervical and
thoracic esophagus was mainly innervated by the Prox2 MM2 neuronal subtype. MM2 neurons
were less frequently traced from the abdominal esophagus and rarely from the stomach (Figure
30B,D). Instead, the related Prox2 neuronal subtype MM1 was more frequently traced from the
stomach (Figure 30A,D). The Runx3 neuronal subtype MMS8 was rarely traced from the cervical
and thoracic esophagus, but more frequently from the abdominal esophagus and stomach (Figure
30C,D). We detected further regional differences in the stomach: MM8 and MM1 were more

frequently traced from the glandular and non-glandular stomach, respectively (Figure 30D).

Previous work showed that G/p/r+ vagal neurons form gastric IGLEs (Williams ef al.,
2016).
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Figure 31. MM1 and MMS8 are GipIr+ stomach projecting neurons. (A) smFISH (left) analysis identifying MM1
neurons (probes: Piezo2 in green, Rbp4 in red, and GlpIr in blue) shows that 89.6+5.3% of MM1 neurons are Glplr+,
n=4. smFISH (middle) analysis identifying MMS neurons (probes: AdraZa in green, Runx3 in red, and GlpIr in blue)
shows that 94.3+2.6% of MMS neurons are GlpIr+, n=4. smFISH (right) for MM2 neurons (probes: Piezo2 in green,
Grm) in red, and Glp!Ir in blue) shows that most MM2 neurons are Glp/r-negative: only 2.4+3.0% of MM2 neurons
expressed Glplr, n=4. (B) smFISH analysis (left) of Piezo2 (green) and Glpir (blue) mRNA, combined with
immunohistological analysis of CTb (red) after CTb injection into the glandular and non-glandular stomach; the
quantification is shown on the right. Glp /r+ neurons corresponded to 77.3+7.4% and 87.7+11.0% of all Piezo2+CTb+
neurons traced from the non-glandular and glandular stomach, respectively, n=4. Data are represented as mean + SD,

*#%%p<0.0001, ordinary one-way ANOVA with Tukey’s multiple comparisons test (A), unpaired two-tailed t-test (B).

smFISH revealed extensive Glplr expression in the stomach projecting MM1 (89.6+5.3%) and
MMS (94.3+£2.6%) neurons, but the esophageal projecting MM2 neurons rarely expressed Glplr
(2.4+3.0%) (Figure 31A). Additionally, almost all Piezo2+ traced neurons from the non-glandular
and glandular stomach were GlpIr+ (Figure 31B). In summary, retrograde tracing and histological
analyses show that the MM1, MM2 and MMB& subtypes innervate the esophagus and stomach
where they end as IGLEs. These subtypes display regional innervation preferences and, in

particular, the esophagus is mainly innervated by the Prox2 MM2 neuronal subtype.

4.9. Prox2/Runx3 vagal neurons that project to the upper gastrointestinal tract are
mechanoreceptors

We next investigated the electrophysiological properties of Prox2/Runx3 neurons using an
in vitro open book vagus-esophagus preparation (Figure 32A) to record mechanically evoked
responses from single nerve fibers that innervate the thoracic and abdominal esophagus (Page and

Blackshaw, 1998; Page et al., 2002).
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Figure 32. Prox2/Runx3 vagal neurons are esophageal mechanoreceptors. (A) Scheme of the open book

esophagus-vagus nerve in vitro preparation used for electrophysiological analysis. Teased fibers from the vagus nerve
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of Prox2/Runx3"® (Prox2"°;Phox2b“";4i80) mice were placed on a recording electrode, and the identity of
Prox2/Runx3-positive units expressing channelrhodopsin was identified by light stimulation. Esophageal
mechanosensitive receptive fields were found by probing the tissue with a blunt glass rod and then a piezo actuator.
(B) Representative traces of a vagus nerve fiber responding to mechanical stimuli; the intensity of the mechanical
stimulus is indicated below (Left, 250 mN; right, 0 mN). Note that this fiber also responded to blue light applied to
the receptive field, demonstrating that it contained Prox2/Runx3-positive units. (C) Decomposition of Prox2/Runx3-
positive unit firing patterns revealed two types of mechanosensory neurons that differed in their adaptation properties.
The firing of 80% of the recorded Prox2/Runx3-positive units decayed after the end of the stimulus and had a peak of
20Hz (type I, green), whereas in the remaining 20% firing decayed during the stimulus and had a peak of 7Hz (type
I1, red). (D) Quantification of the proportion of Prox2/Runx3-positive units (30/30) among all mechanosensitive units
in the esophagus; note that all mechanosensitive fibers were Prox2/Runx3-positive units, n=6 mice. Data are
represented as mean + SEM (C) or mean + SD (D). All the experiments shown in this figure were performed by Dr.

Pierre-Louis Ruffault in the laboratory of Prof. Dr. Gary Lewin.

For this, Prox2/Runx3“"® (Prox2"r°;Phox2b“*;4i80) mice that express channelrhodopsin
specifically in Prox2/Runx3 vagal neurons were used (Daigle et al., 2018). Neurons were classified
as Prox2/Runx3-positive or -negative based on whether or not they fired action potentials in
response to blue light (Figure 32B). Firing patterns evoked by light and mechanical stimuli had
similar magnitude and kinetics (Figure 32B). Analysis of single unit responses to mechanical
stimuli revealed two distinct response patterns. The majority of the Prox2/Runx3-positive
mechanoreceptors (80%) showed sustained firing of up to 20Hz during mechanical stimulation,
and firing frequency slowly returned to baseline after the end of the stimulation (we call these type
I esophageal receptors, Figure 32C). The remaining 20% showed peak firing of around 7Hz that
rapidly returned to baseline before the end of the stimulus (we call these type II esophageal
receptors, Figure 32C). Interestingly, all mechanically sensitive neurons tested in the thoracic and
abdominal esophagus responded to blue light (30/30 neurons, n = 6 mice), indicating that
Prox2/Runx3-positive neurons are the sole vagal mechanoreceptors at these sites (Figure 32D). In
summary, Prox2/Runx3-positive neurons form esophageal IGLEs and function as low-threshold
mechanoreceptors. These neurons segregate into an abundant type I and a less abundant type II
receptor that differ in their adaptation rates, and peak firing frequency.

In addition, we used an in vitro vagus-stomach preparation (Figure 33A), and administered
physiological volumes of saline (0.1-0.3 ml) as a mechanical stimulus to distend the stomach (Kim

et al., 2020; Williams et al., 2016). As in our esophagus prep, neurons were classified as
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Prox2/Runx3-positive or -negative based on whether or not they fired action potentials in response
to blue light (Figure 33B). Firing patterns evoked by light and mechanical stimuli had similar
magnitude and kinetics (Figure 33B).
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Figure 33. Prox2/Runx3 neurons are gastric mechanoreceptors. (A) Scheme of the stomach-vagus nerve in vitro
preparation. In order to mimic physiological distension, the stomach was kept intact and a catheter was inserted into
the pyloric sphincter. Stomach distension was induced by injecting 0.1, 0.2 or 0.3 ml of a saline solution through the
catheter into the stomach. (B) Traces recorded from a vagus nerve fiber responding to distention stimuli, i.e. 0.3 ml
stimuli, and to light stimulation. (C) Decomposition of Prox2/Runx3-positive unit firing patterns revealed two types.
All units responded rapidly to stomach distention, but differed in their firing adaptation. Type I units (66%, green)
were slowly adapting units that returned to basal activity after stimulus offset. Firing of type II units (33%, red)
decayed during the duration of the stimulus. (D) Quantification of the proportion of Prox2/Runx3-positive units among
all mechanosensitive units in the stomach (55/125, n=6 mice). Data are represented as mean £ SEM (C) or mean =+
SD (D). All the experiments shown in this figure were performed by Dr. Pierre-Louis Ruffault in the laboratory of
Prof. Dr. Gary Lewin.

Closer examination of Prox2/Runx3-positive mechanosensitive firing responses uncovered two
distinct types (Figure 33C). While both types increased their firing frequency at the onset of
stomach distension, they differed in their adaptation properties. Type I gastric receptors continued
firing while the stomach was distended and only returned to basal activity after the stomach had
emptied, while type II gastric receptors reduced their firing frequency and returned to basal activity
even while the stomach was still distended (Figure 33C). Around half of all distention-sensitive
neurons were light-sensitive and thus corresponded to Prox2/Runx3-positive neurons (55/125
neurons, n = 6 mice; Figure 33D). Together, our in vitro studies demonstrate that Prox2/Runx3-
positive gastric vagal neurons are mechanosensitive. Type I gastric receptors appear to detect static
stretch or volume, and type II receptors the dynamic changes in stretch or tension. All of the

electrophysiology experiments described in this section (4.9.) were performed by Pierre-Louis
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Ruffault (postdoctoral fellow in AG C. Birchmeier) using equipment in the laboratory of Gary

Lewin.

4.10. Ablation of Prox2/Runx3 vagal neurons results in esophageal dysmotility

We used a similar intersectional genetic strategy as the one described above to express the
diphtheria toxin receptor (DTR) in Prox2/Runx3 neurons (Prox2F%9;Phox2b“"¢; Tau®PmR,
hereafter called Prox2/Runx3%°™R mice) (Britz et al., 2015). DTR expressing neurons were
ablated by injecting diphtheria toxin (DT), and the ablation efficacy and specificity was determined
using smFISH and IF two weeks after DT injection (Figure 34 ).
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Figure 34. Successful ablation of Prox2/Runx3 vagal neurons. (A) Representative smFISH images (left) against
Prox2 (green) and Runx3 (red) mRNA in adult Control®P™ (top, Prox2°;Tau®P™) and Prox2/Runx3%-PTR
(bottom, Prox2tP°; Phox2b®"; Tau®""®) mice 14 days after DT administration. The number of Prox2+ and Runx3+
neurons before and after ablation are quantified on the right, n=3. The number of Prox2+ neurons per section decreased
from 47.6+4.1 in Control® R to 1.5+0.7 in Prox2/Runx3%P™ mice (p<0.0001), while the number of Runx3+ neurons
per section decreased from 13.8+1.1 in Control*P ™ to 1.5+0.8 in Prox2/Runx3%"™® mice (p=0.0001). (B)
Representative immunofluorescence images (left) against Phox2b (green) and Tubb3 (red) in adult Control®-"'% (top)
and Prox2/Runx3%"™® (bottom) mice 14 days after DT administration. The number of Phox2b+ neurons before and
after ablation are quantified on the right, n=3. The number of Phox2b+ neurons per section was 260.0+38.8 in
Control®P™ and 177.2+14.7 in Prox2/Runx3%-""® mice (p=0.0259). Data are represented as mean + SD, *p<0.05,
*%p<0.001, ****p<0.0001, unpaired two-tailed t-test.
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As the DTR receptor is only expressed after the removal of both lox-flanked and frt-flanked stop
cassettes, DT-treated Prox27PO,; Tau®-P™ animals were used as controls (called Control®-PR),

This showed that 97+£3% and 90+5% of Prox2+ and Runx3+ neurons, respectively, were ablated

3dS—D TR

in the vagal ganglia of Prox2/Runx animals (Figure 34A).
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Figure 35. DTR (HBEGF) expression in the vagal ganglia and hindbrain of Prox2/Runx3“P™® animals. (A)
RNAscope analysis of vagal ganglia using probes specific for DTR (HBEGF, white), Prox2 (green), Runx3 (red);
tdTomato was detected using immunohistology and is shown in blue. Dotted boxes are shown magnified below.
tdTomato+ vagal neurons express either Prox2 or Runx3 together with DTR (HBEGF). (B) RNAscope analysis of the
dorsal motor nucleus of the vagus using probes specific for DTR (HBEGF, white), Prox2 (green), EbfI (red); tdTomato
was detected using immunohistology and is shown in blue. Dotted boxes are shown magnified below. tdTomato+
vagal neurons project to the nucleus of the solitary tract and dorsal motor nucleus of the vagus as shown in Figures 13
and 24. Although some dorsal motor nucleus of the vagus neurons express Ebf1, there is no expression of Prox2 or
DTR (HBEGF). (C) RNAscope analysis of the nucleus ambiguus using probes specific for DTR (HBEGF, white),
Prox2 (green), Ebf1 (red); tdTomato was detected using immunohistology and is shown in blue. Dotted boxes are
shown magnified below. There are no tdTomato+ vagal neuron projections to the nucleus ambiguus as shown in Figure

13. Although some nucleus ambiguus neurons express £bf1, there is no expression of Prox2 or DTR (HBEGF).

The scRNAseq data showed that Prox2/Runx3 neurons represent around 30% of all Phox2b+ vagal
neurons. In accordance, 32+6% of Phox2b+ neurons were ablated after DT injection (Figure 34B).

As an additional control, we tested for the expression of the diphtheria toxin receptor
(HBEGF) in the dorsal motor nucleus of the vagus, nucleus ambiguus and vagal ganglia in
Prox2/Runx3%-PTR (Prox2FP0: Phox2b“"; 4i65; Tau®-"™®) mice (Figure 35). Many tdTomato+ cells
(blue) were found in the vagal ganglia, where they co- expressed Prox2 (green) or Runx3 (red)
together with HBEGF (white) mRNA (Figure 35A, dotted boxes are shown magnified below).
However, we did not find any expression of either Prox2 (green) or HBEGF (white) in the dorsal
motor nucleus of the vagus or in the nucleus ambiguus (Figure 35B,C, dotted boxes are shown
magnified below). As in Figure 16, no hindbrain neurons were tdTomato+, although you can see
tdTomato+ projections from Prox2/Runx3 vagal neurons to the NTS and DMV (Figure 35B). Note
that we used the transcription factor EbfI to label neurons in the DMV and NA (Muller et al.,
2003; Pattyn et al., 2000). We conclude that in Prox2/Runx3-P™® animals the diphtheria toxin
receptor was only expressed in Prox2/Runx3 neurons, and not in hindbrain motor nuclei such as
the DMV or NA where Prox2 is not expressed.

Following administration of DT, the animals’ weights were monitored daily, which
revealed that Prox2/Runx3%PTR but not Control*-P™® mice, rapidly lost weight in the first five
days post ablation (Figure 36A). Prox2/Runx3%-PTR animals received a high caloric diet and daily
saline injections after ablation, which helped to stabilize their weight loss at about -12% of the

starting weight (Figure 36A). In order to examine the role of Prox2/Runx3 neurons in swallowing
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we performed VFSS 2 days before and 19 days after ablation (see Figure 36B for an experimental
timeline, and Videos 1 and 2) (Lever et al., 2015).
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Figure 36. Ablation of Prox2/Runx3 neurons leads to a reduction in bodyweight. (A) Graph showing the weight
change in Control®P™ (Prox2t"°; Tau®P™®, top) and Prox2/Runx3%C™ (Prox2t""0; Phox2b""; Tau®P™® animals,

bottom) mice for 14 days following DT administration. (B) Outline of the experimental timeline.
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Figure 37. Ablation of Prox2/Runx3 neurons impairs esophageal motility in freely behaving animals. (A)
Schema of the videofluoroscopy setup. (B) Single frame X-ray images from videofluoroscopy videos taken from one
Prox2/Runx3%P™® mouse before (Prox2t%9;Phox2b®"; Tau®P 'R, pre-DT, left) and after (post-DT, right) DT
administration. Dotted white lines show the bolus traveling distance used to determine pharyngeal transit time (PTT)
and esophageal transit time (ETT). Solid white line shows the site used to measure the esophageal diameter. (C)
Esophageal transit time increased from an average of 1.54+0.5s to 39.3+15.4s after ablation, p<0.0001. Esophageal
diameter increased from an average of 1.7+0.2mm to 2.8+0.2mm after ablation, p<0.0001. Pharyngeal transit time
increased from an average of 65.8+5.3ms to 71.3+4.8ms after ablation, p=0.0051. Lick rate decreased from an average
of 8.7+0.5licks/s to 8.4+0.5licks/s after ablation, p=0.0176. Lick interval increased from an average of 114.9+6.3ms
to 118.9+6.4ms after ablation, p=0.0335, n=13-14. Data are represented as mean + SD, *p<0.05, **p<0.01,
**%p<0.001, ****p<0.0001, paired two-tailed t-test. VFSS experiments were performed in the Lever laboratory at the

University of Missouri School of Medicine together with Dr. Teresa Lever and Kate Osman.

VESS involves placing awake, freely behaving mice in a small chamber where they have
access to liquid contrast agent. The contrast agent is placed in front of a miniaturized, low-energy
fluoroscope that records x-ray movies of the drinking bouts (Figure 37A). VFSS allows for the
recording and subsequent analysis of many swallowing parameters and related orofacial
parameters (Figure 37B). The esophageal transit time of a liquid bolus increased from an average
of 1.5+0.4 seconds to 39.3+15.4 seconds after ablation (Figure 37C). Additionally, the liquid bolus
was frequently retained in the esophagus, flowed in an orad direction to re-enter the pharynx, and
in some cases resulted in projectile regurgitation from the mouth (Video 3). These aberrant
esophageal bolus flow behaviors were never observed before ablation. This was accompanied by
megaesophagus, with the average diameter of their abdominal esophagus increasing from an
average of 1.7£0.2 mm before ablation to 2.8+0.2 mm after ablation (Figure 37C). Moreover,
numerous examples of aecrophagia were observed after ablation (Video 4). In addition, pharyngeal
transit time was increased, whereas lick rate and lick interval were slightly decreased and

increased, respectively (Figure 37C).
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Figure 38. Oropharyngeal swallow-related behaviors were unaffected after Prox2/Runx3 vagal neuron
ablation. Many oropharyngeal swallow-related behaviors were unaffected after Prox2/Runx3 ablation. Swallow rate
(2.440.4swallows/s to 2.2+0.5swallows/s), swallow interval (0.5+0.1s to 0.5+0.1s), lick to swallow ratio (3.1+0.9 #
of licks / # of swallows to 3.3+1.0 # of licks / # of swallows), jaw opening velocity (20.3£3.4mm/s to 19.3+4.3mm/s)
and jaw closing velocity (21.3+3.4mm/s to 19.6+4.8mm/s) were all unaffected, n =13-14. Data are represented as
mean + SD, paired two-tailed t-test. One animal (#5697) was removed as an outlier from the Swallow interval and
Lick to swallow ratio plots, as it failed the Grubbs’ test with alpha=0.01. VFSS experiments were performed in the

Lever laboratory at the University of Missouri School of Medicine together with Dr. Teresa Lever and Kate Osman.

All other parameters related to the biomechanics of swallowing (swallow rate, swallow interval,
lick to swallow ratio, jaw opening/closing velocity) were unaffected (Figure 38). In summary, we
observed severe deficits in ingestion after the ablation of Prox2/Runx3 neurons that were assigned
to esophageal dysmotility. I performed all of the VFSS experiments together with Kate Osman and
Dr. Teresa Lever in the Lever laboratory at the University of Missouri School of Medicine.

In summary, we used genetically guided anatomical tracing and optogenetic tools to show
that three vagal sensory neuronal subtypes that express Prox2 and Runx3 innervate the esophagus
and stomach with regionalized specificity.
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Figure 39. Summary. (A) Scheme of MMI1, MM2 and MMS8 vagal neurons and their targets in the upper
gastrointestinal tract. Illustrations were adapted from bioicons.com (digestive-system-exploded, Servier; smooth-
muscle-fiber, Servier; neuron, DBCLS) and scidraw.io (Mouse Brain Silhouette, Ann Kennedy) and licensed under
CC-BY 3.0 and CC-BY 4.0. (B) Scheme of an MM2 IGLE contacting an esophageal enteric ganglion. Note that both
excitatory (gray) and inhibitory (brown) esophageal motor neurons are contacted by the IGLE. (C) Table summarizing
the characteristics of MM1, MM2 and MMS8 vagal neurons. Indicated are the mouse lines used to label the neuronal
subtypes, marker genes used to identify them, the preferred organ innervated by the neuronal subtypes, their

mechanosensitive properties, and their putative functions in digestive physiology.

All three subtypes form IGLEs on enteric ganglia and function as low threshold mechanoreceptors,
but display different adaptation properties (See Figure 39 for a summary). We refer to these
subtypes as MM1, MM2 and MM3 and define their molecular characteristics. Moreover, we
genetically ablated Prox2/Runx3 neurons, and demonstrate that this resulted in dysphagia due to
severe esophageal dysmotility in freely behaving animals. Our results reveal the importance of

vagal sensory feedback provided by Prox2/Runx3 neurons in swallowing and esophageal motility.

S. Discussion

Sensory neurons of the vagus nerve survey the mechanical state of the gastrointestinal tract
and monitor esophageal and gastric distension. Previous work identified the vagal subtypes that
monitor stomach and intestinal stretch (Bai et al., 2019; Williams ef al., 2016), and this project set
out to study the vagal subtype(s) that monitor esophageal stretch. In order to obtain insight into
vagal neuron heterogeneity we first performed scRNA-seq of vagal neurons at P4 and merged our
data with two other studies (Bai et al., 2019; Kupari et al., 2019). Our meta-analysis based on these
datasets identified 27 transcriptomically unique subtypes of vagal neurons. We leveraged this
transcriptomic information to generate a novel mouse strain that allowed us to perform a
genetically guided characterization of a large set of putative vagal mechanoreceptors. We used
genetic tools for anatomical tracing to show that three vagal sensory neuronal subtypes that express
Prox2 and Runx3 innervate the esophagus and stomach with regionalized specificity; furthermore,
all three subtypes formed IGLEs on enteric ganglia. Additionally, we used a genetic approach to
optogenetically target Prox2/Runx3 neurons. This demonstrated that although the three Prox2 and
Runx3 subtypes all function as low threshold mechanoreceptors, they displayed unique adaptation

properties (See Figure 39 for a summary). Lastly, we genetically ablated Prox2/Runx3 neurons:
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this resulted in dysphagia due to severe esophageal dysmotility in freely moving animals. Our
results reveal the importance of vagal sensory feedback provided by Prox2/Runx3 neurons in

swallowing and food intake.

5.1. Vagal neuron heterogeneity

scRNA-seq has revolutionized neuroscience by shining a light on the extraordinary
molecular heterogeneity of neuronal subtypes in the nervous system (Zeisel et al., 2018). Most
work using scRNA-seq approaches has been applied to the central nervous system, and when [
began my PhD the only peripheral ganglia that had been sequenced were the somatosensory dorsal
root ganglia (Li et al., 2016; Usoskin et al., 2015). Thus, the first major undertaking of my PhD
project was to perform scRNA-seq on the vagal ganglia in order to uncover the transcriptomic
heterogeneity of viscerosensory neurons. In order to isolate vagal cells and to enrich for neurons,
we used VGlut2¢;R26""F mice at postnatal day (P) 4. In such animals >99% of all vagal neurons
are labeled by GFP, which had been previously shown by others (Chang et al., 2015; Williams et
al.,2016). I performed flow cytometry to sort and isolate GFP+ vagal neurons for sequencing. We
sequenced 1536 neurons, of which 1392 neurons passed quality control and were included in the
downstream analyses. We used this same mouse strain to count the total number of vagal neurons
using lightsheet microscopy and found that each vagal ganglion contains a total of ~5,000 neurons,
i.e. a total of ~10,000 vagal neurons per mouse. Thus our sequencing run contained roughly ~15%
of the total number of vagal neurons from one mouse, which is an high sampling rate for an
scRNA-seq experiment (Anderson and Larson, 2020; Dvoryanchikov et al., 2017; Haque et al.,
2017). Thus, we had a ~16% chance of detecting a rare neuronal subtype comprising only 1% of
all vagal neurons if the left and right ganglia contained different neurons, and a ~32% chance of
detecting the same rare population if the left and right vagal ganglia contained similar neurons.
This gave us confidence that our sequencing run would contain all vagal neuron subtypes.

Our initial bioinformatics analysis revealed 22 subtypes of vagal neurons at P4, including
4 subtypes of jugular neurons, 9 subtypes of mechanosensory-like nodose neurons, and 9 subtypes
of chemosensory-like nodose neurons. Shortly after we concluded our bioinformatics analysis in
2019, two papers were published that included scRNA-seq data from adult vagal neurons (Bai et
al., 2019; Kupari et al., 2019). We applied a novel integration method and combined our data sets

with the published ones, to perform a meta-analysis of vagal neurons (Stuart et al., 2019). In
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particular, the integration of multiple single cell data sets allows for the discovery of rare subtypes,
and increases the robustness of subtype annotation. After integration, the meta-analysis included
4,442 vagal neurons that were organized into 27 subtypes, including 6 subtypes of jugular neurons,
10 subtypes of mechanosensory-like nodose neurons, and 11 subtypes of chemosensory-like
nodose neurons. Thus, the meta-analysis allowed us to better resolve vagal neuron heterogeneity
and uncovered 5 additional subtypes.

This year, numerous laboratories collaborated to generate a reference atlas of
transcriptomic subtypes in the hypothalamus (Steuernagel et al., 2022). Steuernagel and colleagues
integrated scRNA-seq data from 18 independent studies of hypothalamic diversity, and after
quality control analyzed transcriptomic profiles from 384,925 cells that they organized into 185
subtypes. This meta-analysis identified previously unknown hypothalamic subtypes, harmonized
subtype annotation between data-sets to allow for easy and more efficient interpretation, and
created a framework that new sequencing data can be added to. Since our analysis other groups
have generated scRNA-seq data sets of vagal neurons (Buchanan et al., 2022; Liu et al., 2021;
Prescott et al., 2020; Zhao et al., 2022), and it would benefit the field to emulate the work of those
studying the hypothalamus and generate a reference atlas for vagal neurons.

In our meta-analysis, neurons from each data set contributed to each subtype. This suggests
that all vagal neuron subtypes are already present by early postnatal life. However, a recent preprint
compared bulk RNA-seq data from the nodose ganglion at P7 and adults (12 weeks old) and found
that roughly 20% of all genes were differentially expressed (McCoy and Kamitakahara, 2022).
Pathway analysis revealed that axon guidance signaling and synaptic long-term potentiation were
more enriched in the adult, suggesting that after P7 nodose neurons undergo further maturation.
Taking this new study into account, it seems that although all transcriptomic subtypes of nodose

neurons are present shortly after birth, they continue to mature after the first week of postnatal life.

5.2. Prox2/Runx3 neurons that innervate the esophagus and stomach

Prox2/Runx3 neurons represent the majority (~85%) of all Piezo2+ neurons in the nodose
ganglion and encompass eight neuronal subtypes. We show here that three of these, the MMI,
MM2 and MMS subtypes, form IGLEs that innervate enteric ganglia in the esophagus and
stomach. Comparison of our molecular data with previously published analyses indicate that

among vagal Prox2/Runx3 neurons, the MM9 and MM 10 subtypes might correspond to neurons
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innervating the lung, and MM5 to neurons innervating the larynx (Liu ef al., 2021; Prescott et al.,
2020) (summarized in Table 2). The assignment of the Prox2/Runx3 neuronal subtypes innervating
the heart needs further investigation (Min et al., 2019). We found additional ganglia containing
Prox2/Runx3 neurons that were also recombined by our intersectional genetic approach, namely
the geniculate and celiac ganglia. Prox2/Runx3 neurons of geniculate ganglia likely innervate taste
buds in the tongue (Zaidi and Whitehead, 2006), while Prox2/Runx3 neurons of the celiac ganglia
likely innervate blood vessels and/or enteric neurons in the intestine (Miolan and Niel, 1996).
Further work is needed to definitively determine the target that these neurons innervate their
physiological functions.

Together, the MM2 and MMS subtypes of Prox2/Runx3 neurons innervate almost all
(>95%) esophageal enteric ganglia, with MM2 being by far the more abundant subtype. Despite
the morphological similarity of the nerve endings, we were able to distinguish between MM2 and
MMS neurons in our genetically guided neuroanatomical tracing experiments. While both MM?2
and MMS8 subtypes were labeled in Prox2/Runx3™™ animals, only the MM8 subtype was labeled
in Runx3™™ animals. Thus, by comparing the pattern of tdTomato expression in the esophagus
from these two strains, we could identify the projection patterns of the MM2 and MM8 subtypes.

The ablation of the Prox2/Runx3 neurons demonstrated the importance of these neurons in
the esophageal phase of swallowing. Specifically, their ablation resulted in a dramatic increase in
the transit time of a bolus through the esophagus that was accompanied by megaesophagus.
Esophageal peristalsis is part of a complex motor sequence involving the consecutive and
stereotypic contractions of pharyngeal and esophageal muscle groups (Kim et al., 2022; Prescott
and Liberles, 2022). This intricate sequence of events is controlled by a central pattern generator
in the brainstem (Jean, 2001). Deafferentation of the thoracic esophagus in sheep provided early
evidence of the importance of vagal sensory feedback in esophageal peristalsis, but the molecular
nature of the vagal sensory neurons mediating the essential signals was unknown (Falempin et al.,
1986). Our results show that the MM2 and MMS subtypes of Prox2/Runx3 neurons provide the
necessary peripheral feedback for esophageal peristalsis.

Previous work showed that GlpIr is specifically expressed in the vagal neurons that form
gastric IGLEs (Williams ef al., 2016). Here, we identify three neuronal subtypes that innervate the
stomach with regional preferences, of which only two (MM1 and MMS) express Glp1r. Previous

work on Glplr+ stomach IGLEs revealed that they do not respond uniformly in response to stretch
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(Williams et al., 2016). Here, I provide new data showing that Glplr+ stomach afferents are
actually comprised of two transcriptomically unique subtypes that project to distinct areas of the
stomach and display different electrophysiological responses to stomach stretch. Thus, gastric
IGLEs are more heterogenous than previously recognized. Others described an Oxtr+ subtype of
vagal sensory neurons that forms IGLEs on intestinal ganglia (Bai et al., 2019), but intestinal
IGLEs are not formed by vagal Prox2/Runx3 neurons, although the MM2 subtype that projects to
the esophagus also expresses Oxtr. More work is needed to unambiguously define the molecular
characteristics of the Oxtr+ vagal subtype that forms intestinal IGLEs. Thus, despite their apparent
morphological uniformity, IGLEs in the upper esophagus, stomach and intestine originate from
molecularly distinct vagal neuron subtypes.

Although vagal viscerosensory neurons are classically thought of as purely afferent in
nature, sensing in the periphery and projecting centrally, there is a growing body of evidence that
they might also be efferent (Raab and Neuhuber, 2007). In 1987 Neuhuber performed an electron
microscopy analysis of the rat esophagus, and discovered small clear vesicles within the IGLE
directly across from enteric neurons. Follow up studies found the presynaptic protein
Synaptophysin and VGlut2 within esophageal IGLEs (Neuhuber et al., 2006; Raab and Neuhuber,
2003). Here, I show that Prox2/Runx3 esophageal IGLEs contain elements of the presynaptic
machinery using an intersectional genetic approach to drive expression of Synaptophysin-GFP
combined with immunofluorescence against Synapsinl and VGlut2. The co-localization of GFP
with Synapsinl and VGlut2 in the esophagus suggests that Prox2/Runx3 neurons may be efferently
connected to cells in the periphery. However, it must be mentioned that a study using antidromic
stimulation of vagal afferents did not find a significant increase in c-Fos expression in enteric
neurons (Zheng et al., 1997). Thus, the significance of presynaptic machinery in the IGLE is still
unknown. It is intriguing that esophageal IGLEs are labeled by their expression of GrmJ3, a
metabotropic glutamate receptor (Slattery et al., 2006; Young et al., 2007). Perhaps the IGLE
releases glutamate to regulate its own firing in response to certain mechanical stimuli? Enteric
ganglia contain more cell types than enteric neurons as they are also populated by glial, immune
and endothelial cells (Spencer and Hu, 2020). It may be that IGLEs release glutamate to modulate
any of these cell types (Raab and Neuhuber, 2007). As our work shows that IGLEs are intrinsically
mechanosensitive, it remains unclear why they innervate enteric neurons rather than mechanically

active cells like smooth muscle. They might perhaps exert an efferent effect by releasing glutamate
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locally. Hopefully future studies will expand our knowledge of the relationship between IGLEs
and their local environment in the digestive tract, solving the mystery of why IGLEs innervate

enteric ganglia.

5.3. Electrophysiological properties of Prox2/Runx3 neurons innervating the upper
gastrointestinal tract

The electrophysiological studies described in this thesis were performed by a postdoctoral
fellow in the laboratory, Dr. Pierre-Louis Ruffault, who recorded vagal fibers isolated from
Prox2/Runx3“"® mice that were generated by Elijah Lowenstein. Dr. Ruffault used ex vivo vagus
nerve-stomach and vagus nerve-esophagus preparations to record from vagal fibers that respond
to light and mechanical stimuli, i.e. mechanical probing of the esophagus or stomach inflation.
Previous analyses of gastrointestinal mechanoreceptors distinguished electrophysiological
responses to stretch, tension and mechanical probing, uncovering both muscular and mucosal
mechanoreceptors in various species (Kim et al., 2022; Page and Blackshaw, 1998; Page et al.,
2002; Zagorodnyuk and Brookes, 2000; Zagorodnyuk et al., 2003). The use of specific optogenetic
tools allowed us to analyze a small subset of morphologically and molecularly defined neurons
and to determine their electrophysiological properties. Prox2/Runx3 neurons represent all vagal
Piezo2+ neurons innervating the stomach. Nevertheless, only about half of all mechanoreceptors
that respond to stomach distention correspond to Prox2/Runx3 neurons, demonstrating that
Piezo2-negative gastric mechanoreceptors exist. In the somatosensory system, genetic ablation of
Piezo?2 leads to the loss or reduced mechanosensitivity of both rapidly and slowly adapting low
threshold mechanoreceptors (Murthy et al., 2018; Ranade et al., 2014; Woo et al., 2014). Work
involving the genetic deletion of Piezos in vagal sensory neurons revealed their function in the
control of breathing and blood pressure (Nonomura et al., 2017; Zeng et al., 2018). Further studies
are required to address the precise role of Piezo2 in the Prox2/Runx3 neurons innervating the
gastrointestinal tract, and to uncover the identity of the Prox2/Runx3-negative vagal gastric
mechanoreceptors. Prox2/Runx3 neurons also express many other genes that have been shown to
be involved in mechanosensation. For example, Prox2/Runx3 neurons express ASIC1, ablation of
which has been shown to increase gastric emptying (Page et al., 2004; Page et al., 2005). Thus, the
exact mechanosensory channel(s) used by Prox2/Runx3 and other neuronal types to detect stomach

stretch is open.
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In accordance with the molecular and anatomical data, our electrophysiological
experiments distinguished various Prox2/Runx3 mechanoreceptive subtypes. The esophageal type
I and type II low threshold mechanoreceptors possess distinct adaptation properties, with type I
receptors adapting more slowly than type II receptors. Type I outnumbered type II
mechanoreceptors four to one. MM2 are the most abundant Prox2/Runx3 neuronal subtype
innervating the esophagus. We therefore propose that MM2 neurons correspond to esophageal type
I mechanoreceptors, and MMB8 to type II receptors. It is possible that the signals detected by the
MM2 and MMS neurons encode distinct aspects of esophageal distension. Esophageal distension
mediates reflexes that result in contraction of the upper esophageal sphincter, and these
differentially respond to slow and fast esophageal distention (Lang, 2009; Lang et al., 2001). Here,
we analyzed the consequences of simultaneously ablating MM2 and MM8 subtypes, but it would
be interesting to dissect the relative contributions of the two different subtypes to esophageal
reflexes in future studies.

Prox2/Runx3 mechanoreceptors in the stomach also differed in their adaptation properties.
Both, gastric and esophageal type I receptors displayed similar properties and were slowly
adapting. We propose that the gastric type I receptors correspond to MM 1, whereas we assign the
esophageal type I receptor to the transcriptionally related MM2 subtype. Further, esophageal and
gastric type II receptors display similar adaption properties, and our data suggests that these
correspond to the MMS8 subtype. This is also supported by a recent study that recorded calcium
activity in vagal neurons during stomach/esophagus distension and found that a group of neurons
called Group C display a slowly adapting response. Group C neurons contain
Piezo2+Glplr+Rbp4+ and Piezo2+Grm5+Slit2+ subtypes that appear to correspond to the
Prox2+ MMI1 and MM2 subtypes, the proposed type I mechanoreceptors that we describe here
(Zhao et al., 2022).

The slowly adapting MM1 and faster adapting MMS gastric IGLE subtypes are regionally
specialized, preferentially innervating the non-glandular and glandular stomach, respectively.
These portions of the stomach have different functional roles during digestion (Janssen et al.,
2011). During feeding, the ingested material collects in the non-glandular stomach that acts as a
food reservoir and slowly expands in a process known as gastric accommodation. Fast peristaltic
contractions then mechanically break down the ingested material in the glandular stomach (Janssen

et al.,2011). Based on their regional specificity and functional responses, we hypothesize that the
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slowly adapting MM type I mechanoreceptors specialize to detect the volume changes that occur
in the non-glandular stomach during gastric accommodation, while the fast adapting MMS type I
mechanoreceptors detect phasic stretch that accompanies peristaltic contractions in the glandular
stomach. The genetic ablation strategy used here affected all three neuronal subtypes (MM 1, MM2
and MM3S) that end as IGLEs in the esophagus and stomach. Our videofluoroscopy data show boli
entering and leaving the stomach, as well stomach contractions, after the ablation of Prox2/Runx3
neurons. However, the experimental setup lacked sufficient resolution for accurate quantification
of gastric contractions and emptying. The current gold standard for diagnosing gastric paresis in
patients is gastric emptying scintigraphy (Grover et al., 2019; Hasler, 2011; Ora et al., 2019). It
may be possible to use this method in the future to study gastric motility after ablation of

Prox2/Runx3 neurons in our ablation mouse model (Bennink et al., 2003).

5.4. Neuronal control of esophageal motility

Abnormal esophageal motility is present in a heterogeneous class of disorders of frequently
unknown etiology (Kabhrilas et al., 2015). Hereditary, autoimmune, and infectious factors, as well
as nervous system degeneration are all suggested to cause or contribute to this pathology
(Boeckxstaens et al., 2014). In humans, VFSS are used to diagnose and monitor swallowing
dysfunction (Martin-Harris and Jones, 2008). Recent efforts have adapted VFSS for use in rodents
(Lever et al., 2015; Mueller et al., 2022; Welby et al., 2020). Here, we used VFSS to analyze mice
in which we eliminated Prox2/Runx3 neurons, the ablation of which revealed marked esophageal
dysmotility. Our histological and retrograde tracing studies assign the regulation of esophageal
motility to the Prox2/Runx3 neuronal subtypes MM2 and MMS that form IGLEs along the entire
rostro-caudal axis of the esophagus. Further, the meta-analysis reported here provides detailed
information on genes expressed in these neuronal subtypes, and can be mined for the identification
of potential drug targets. This might be useful to specifically modulate the vagal sensory neurons
that control esophageal peristalsis with the goal to ameliorate motility disorders.

In addition to the vagal sensory arm that provides feedback needed for esophageal
peristalsis, the sensorimotor circuit controlling esophageal motility includes the hindbrain central
pattern generator in the nucleus of the solitary tract (NTS), as well as visceromotor effector neurons
located in hindbrain motor nuclei, in particular the nucleus ambiguus (Coverdell et al., 2022; Goyal

and Chaudhury, 2008; Jean, 2001; Kim et al., 2022; Spencer and Hu, 2020). Our intersectional
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genetic approach relying on Prox2FP0: Phox2b " specifically affects the sensory arm, but not the
NTS or hindbrain motor nuclei (see Figures 16, 35).

Prox2/Runx3 vagal neurons also innervate the larynx and might thus participate in the
pharyngeal phase of swallowing. Further, Prox2/Runx3 geniculate neurons innervate the tongue
and their ablation might affect lick rate. The ablation of Prox2/Runx3 neurons had extremely
pronounced effects on the esophageal phase of swallowing (~2500% increase in transit time),
compared to the comparatively mild effects on the pharyngeal phase (~8% increase in transit time)
and lick rates (~4% decrease), whereas swallow rate and swallow interval were unchanged.
Whether the mild changes in the pharyngeal transit time and lick rate are directly caused by the
loss of Prox2/Runx3 neurons innervating the larynx or tongue, or indirectly by esophageal
immobility remains to be determined.

The Prox2/Runx3 vagal sensory neurons that we characterized project to several defined
neuronal types in the NTS, and form synaptic boutons on Pou3f1+ neurons in the central nucleus
of the NTS. Further analyses are needed to unambiguously show that Pou3f1+ neurons are direct
synaptic targets of Prox2/Runx3 vagal sensory neurons. Esophageal afferents are known to project
to neurons of previously uncharacterized identity in the central NTS, which in turn project to
esophageal motor neurons in the nucleus ambiguus (Altschuler et al., 1989). We suggest that the

Pou3fl+ neurons in the central NTS are well positioned to play a key role in esophageal function.

6. Relevance and outlook

All scientific undertakings open up as many questions as they answer, and this thesis is no
different. My work uncovered the molecular identity of two subtypes of Prox2/Runx3 vagal
neurons that project to the esophagus. Although both subtypes end as IGLEs and are low-threshold
mechanoreceptors, they differ in their electrophysiological characteristics and projection patterns,
i.e. the two subtypes preferentially innervate particular areas of the esophagus. The simultaneous
ablation of both subtypes caused marked esophageal dysmotility and megaesophagus, highlighting
their crucial roles in esophageal peristalsis. But the individual role of each subtype remains to be
elucidated. Beyond their broad innervation preferences along the rostro-caudal axis of the
esophagus, do they interact with different cell types in the enteric ganglia? Do they detect different
types of mechanical forces in the esophageal wall? The generation of new Cre-lines (e.g. Grm5¢"

or Adra2a“") in combination with the newly generated Prox29 line described here would give
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specific genetic access to label, activate and ablate MM2 or MMS, respectively, and open the door
to dissecting out the individual roles of these esophageal mechanoreceptors.

Another major unanswered question is what is the transcriptomic identity and physiological
role of IMAs? While both intersectional genetic strategies used in this work labeled rare IMAs in
the stomach, IMAs around the lower esophageal and pyloric sphincters were only labeled in
Prox2F0: Phox2b“"; 4i65 animals. Although we tried to perform retrograde labeling from the
lower esophageal sphincter to label IMAs, due to technical limitations we were unable to limit the
injection to the sphincter, and in every case the tracer spread to the neighboring stomach. Based
on our histological analyses it seems as though there are at least two distinct transcriptomic types
of IMAs in the upper gastrointestinal tract, Prox2+ or Runx3+ stomach IMAs and Prox2+ lower
esophageal sphincter IMAs. Hopefully future research will pick up this problem and shine a light
on the identity and function of this enigmatic vagal neuron type.

Vagal mechanoreceptors play key roles in maintaining bodily homeostasis, from
baroreceptors that detect blood pressure, to neurons that detect lung or stomach stretch (Prescott
and Liberles, 2022; Umans and Liberles, 2018). The first key advance of this doctoral thesis is the
unambiguous demonstration that the neuronal circuit controlling esophageal motility absolutely
depends on feedback from vagal sensory neurons. Previous experiments that suggested this were
based on rather unspecific methods, i.e. blunt dissection of the vagus nerve or nodose ganglia and
swallowing analysis under anesthesia (Falempin et al., 1986). Vagus nerve transection also
interferes with the function of the motor arm of the reflex circuit, and anesthesia affects esophageal
peristalsis, thus complicating the interpretation of the results. The second key finding is that I was
able to pinpoint the molecular identity of the responsible vagal sensory neurons. I show that the
Prox2/Runx3 vagal mechanoreceptor subtypes MM2 and MMS detect esophageal mechanical
stimuli and are required for esophageal motility. This work adds to the growing body of literature
of vagal mechanoreceptors that detect stretch in the gastrointestinal system, in particular Glp1r+
and Oxtr+ afferents that detect stomach and intestinal stretch, respectively (Bai et al., 2019;
Williams et al., 2016). Each of these neuronal subtypes expresses distinct receptors, many of which
can be manipulated by pharmacology. Future researchers can explore the molecular data on the
identity of vagal neurons that sense stretch to uncover potential avenues for the stimulation or

inhibition of peristalsis and for the treatment of gastrointestinal disorders.
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8. Appendix

8.1. Table 1. Recombination sites of Prox2/Runx3 neurons.

Location Ganglia Mouse line Recombined neurons
Hindbrain locus coeruleus Prox2/Runx3™™ 0/1983 neurons, n=3
Runx3Tom 0/2791 neurons, n=3
Nucleus ambiguus | Prox2/Runx3™™" 0/592 neurons, n=3
Runx3Tom 0/377 neurons, n=3
Dorsal motor Prox2/Runx3T™ 0/2114 neurons, n=3
nucleus of the
vagus
Runx3Tom 0/2554 neurons, n=3
Upper Esophagus enteric | Prox2/Runx3™™ 0/419 neurons, n=3
digestive ganglia
tract
Runx3Tom 0/276 neurons, n=3
Stomach enteric Prox2/Runx3™™ 0/3462 neurons, n=3
ganglia
Runx3Tom 0/3199 neurons, n=3
Sympathetic | Celiac ganglion Prox2/Runx3™ 613/4098 neurons, n=3
ganglia
Runx3Tom 8/4132 neurons, n=3
Superior cervical Prox2/Runx3™™ 1/4474 neurons, n=3
ganglia
Runx3Tom 4/6534 neurons, n=3
Stellate ganglia Prox2/Runx3™" 4/3015 neurons, n=3
Runx3Tom 5/6567 neurons, n=3
Sympathetic chain | Prox2/Runx3™" 3/2436 neurons, n=3
ganglia
Runx3Tom 1/4341 neurons, n=3
Spinal Dorsal root ganglia | Prox2/Runx3T™ 0/17049 neurons, n=3
afferents
Runx3Tom 191/14092 neurons, n=3
Other Geniculate ganglia | Prox2/Runx3™" 238/1588 neurons, n=3
Runx3Tom 56/1342 neurons, n=3

Neurons in the hindbrain, enteric ganglia in the upper digestive tract, sympathetic, geniculate and
dorsal root ganglia were analyzed for recombination by analyzing tdTomato expression in both
Prox2/Runx3™™ and Runx3" animals. Indicated are the locations/ganglia examined, the mouse

lines used, and the total number of recombined neurons counted across 3 animals.
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8.2. Table 2. Innervation targets of Prox2/Runx3 neurons.

Ganglion Target cell type Subtype Marker genes Reference
Vagal Esophagus Enteric ganglia MM2 Prox2+, Piezo2+, | This work.
Grm5+, Glplr-
Stomach (non- | Enteric Ganglia MM1 Prox2+, Piezo2+, | This work;
glandular) Glplr+, Rbp4+, | Williams et al.,
Gata3- 2016.
Stomach Enteric ganglia MMS8 Runx3+, This work;
(glandular) Prox2v, Williams et al.,
Piezo2+, Glplr+, | 2016.
Adra2a+
Larynx Quadrangular MMS5 Runx3+, Prescott et al.,
membrane, Slcl18a3+, 2020.
mucosa, Pappa?+,
laryngeal taste P2ryl+, Piezo2-
buds
Lung Bronchi smooth MMI10 | Piezo2+, Liu et al., 2021.
muscle Lmcdl+, Sntg2+,
Car2+, Slcl7a7+
Neuroepithelial MM9 Piezo2+, Calbl+, | Liu et al., 2021.
bodies Asic3+, Mafb+
Heart Aortic arch; ? Mc4r+, Agtrla+ | Min et al., 2019;
Aorta Zhao et al.,
2022.
Geniculate | Tongue Taste buds -—- - -
Celiac Intestine — — — —

Prox2/Runx3 neurons originating in the vagal, geniculate and celiac ganglia innervate the indicated

target organs and cell types/tissue. Listed are the names of vagal neuron subtype (for the

nomenclature see Figure 9) and genes used here as markers to identify the subtypes. Previous work

that characterized the vagal neuronal subtypes in depth are indicated in the references.
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