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1. Introduction

1.1 Structure of the murine small intestine

The small and large intestine, form a significant part of the gastrointestinal tract (Gl tract).
As a key component of the digestive system, the small intestine allows the breakdown of
food and absorption of nutrients via blood vessels, nerves, and muscles (Collins et al.,
2021). It consists of three parts: duodenum- the first and shortest segment, jejunum- the

mid-segment, and ileum- the third and last segment of the small bowel. The small bowel

Extrinsic
innervation

Sympathetic /

Parasympathic
nerve fibers

Blood supply

Submucosal plexus
(Meissner plexus)

Longitudinal muscle

- : L N e | .
Circular muscle > : g innervation
4 \ Y

Mucosa

Epithelium Serosa

Submucosa

Figure 1: Schematic view of the intestinal wall showing the organization of
different layers.

The myenteric plexus is located between circular and longitudinal muscle layers. The
mucosa is the innermost layer whereas the submucosal plexus lies below the circular
muscle layer. Coordinated contractions of circular and smooth muscle layers are
responsible for the rhythmic peristaltic movement of the intestine. The image is adapted
from Jakob et al. 2020. Copyright (2020) Jakob, Murugan and Klose. This figure is
licensed under a Creative Commons Attribution 4.0 International License
https://creativecommons.org/licenses/by/4.0/.



12

is made up of four complex functional layers: mucosa, submucosa, muscularis externa
and serosa (Figure 1A) (Jakob et al., 2020).

The mucosa is the innermost layer of the intestine that lines the gut lumen (Randall et al.,
2011). The mucosal layer includes epithelium that is supported by the lamina propria. The
epithelium of the small intestine is organized in a series of finger-like projections called
villi, and each villus is surrounded by invaginations called crypts (Bowcutt et al., 2014).
The mucosa is supported by the submucosal layer that contains nerves, blood vessels,
and lymphatics. The submucosa is further surrounded by a two-layer musculature called
muscularis externa that is comprised of an outer layer of the longitudinal and inner layer
of circular smooth muscle cells. The coordinated contraction and relaxation of the smooth
muscle cells drive the peristaltic movement of the gut (Muller et al., 2014) and the enteric
nervous system plays a major role in regulating the frequency of these peristaltic
movements (Furness, 2012).

1.2 Intestinal mucosal epithelium

The intestinal mucosa is densely innervated by extrinsic and intrinsic neurons, and the
interaction between these neurons and epithelium has been well documented (Sharkey
et al., 2018). Gut epithelium plays a pivotal role in maintaining homeostasis by absorbing
nutrients and providing a protective barrier against luminal agents. This barrier consists of
tight junctions, desmosomes, and adherens junctions. The tight junction is a multi-protein
complex that allows transepithelial transport of uncharged solutes and bacterial
polysaccharides but prevents paracellular translocation of bacteria into the host
environment (van Itallie et al., 2008; Watson et al., 2005). The epithelial cells are
connected by tight junctions mainly occludins claudins, ZO-1, and ZO-2 (Zihni et al., 2016;
Lee et al., 2018) (Figure 2A). Altered tight junction barrier permeability due to disruption
of the epithelium can trigger mucosal inflammatory bowel diseases (IBD) such as Crohn’s
disease and ulcerative colitis. The epithelium is made of a single layer of specialized cell
types that are constantly revived by stem cells in the crypts of Lieberkihn (Mittal und
Coopersmith, 2014). In 1974, Cheng and Leblond first described four major intestinal
epithelial cells: paneth cells, goblet cells, enterocytes, and enteroendocrine cells (Figure

2B) (Cheng und Leblond, 1974). The absorptive enterocytes are found on the villus, while
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goblet cells and enteroendocrine cells are present on both villi and crypts. Tuft cells on
the villi-crypt axis sense for luminal bacteria and paneth cells in the crypt secrete
bactericidal products. Microfold cells (or M-cells) in the epithelium provide a gateway for

luminal antigens (Clevers, 2013).

The epithelium prevents the translocation of bacteria and is shielded by a mucin layer,
antibacterial lectins, and defensins (Zheng et al., 2020). Mucins are secreted by intestinal
goblet cells and act as a barrier against microbes invading the epithelium. Intestinal
epithelial cells produce antimicrobial proteins that help the host defense system fight
against microbial challenges. Enterocytes secrete Regenerating islet-derived protein 3-
gamma (REG3y) throughout the small intestine while paneth cells produce defensins and
lysozymes in small intestinal crypts (Gallo und Hooper, 2012; Bevins und Salzman, 2011).
REG3y selectively targets and disrupts the surface membrane of gram-positive bacteria
(Bevins und Salzman, 2011). Defensins are bactericidal against gram-positive and gram-
negative bacteria. They disrupt the membrane integrity and inhibit bacterial cell wall
biosynthesis (Zasloff, 2002; Sass et al., 2010; Schneider et al., 2010). In addition, these

defensins possess a chemotactic activity and can recruit leukocytes (Bevins und Salzman,
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Figure 2: Epithelial cells of the intestine

(A) Epithelial cells are connected by transmembrane tight junctions that act as a barrier
modulating solute movement across the epithelium and prevent paracellular luminal
translocation. (B) Paneth cells in the crypt of the small intestine secrete defensins and
lysozymes. Enterocytes secrete REG3y. Goblet cells secrete mucin that forms a thick
protective layer surfacing the epithelium. This mucin layer concentrates antimicrobial
proteins such as REG3y and defensins near the surface of the epithelium.
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2011). Dysregulated functions of these antimicrobial proteins are associated with IBD
(Wehkamp et al., 2005).

1.3 Structure of the mammalian nervous system

The central nervous system (CNS) and the peripheral nervous system (PNS) are the two
fundamental parts of the mammalian nervous system. Nerve structures in the brain and
spinal cord are part of the CNS, while all other nerves in the body are part of the PNS
(Catala und Kubis, 2013). Both CNS and PNS have somatic and autonomous parts that
regulate various bodily processes. PNS has both afferent sensory and efferent motor
fibers that innervate various organs including the spleen and intestine (Rao und Gershon,
2016; Hu et al., 2020). The sensory spinal nerves of the dorsal root ganglia and motor
spinal nerves of the anterior horn represent the somatic PNS system and work under
voluntary control. In contrast, the involuntary physiologic processes such as digestion,
heart rate, respiration, and blood pressure are regulated by the PNS via the autonomous
nervous system (ANS) (Janig, 1989; Catala und Kubis, 2013). The ANS can be further
subdivided into the enteric nervous system (Figure 3A) (ENS), the sympathetic nervous
system (Figure 3B), and the parasympathetic nervous system (Figure 3C) that forms a
complex neural circuit in the myenteric plexus (Jakob et al., 2020; Kenney und Ganta,
2014). The parasympathetic and sympathetic nervous systems are anatomically distinct
branches of the ANS. While sympathetic neurons induce a fight or flight reaction, the
neurons of the parasympathetic nervous system elicit a rest and digest response. On the
other hand, the ENS forms a dense network together with glial cells and neurons and
contributes to maintaining homeostasis by regulating blood flow and peristalsis (Jakob et
al., 2020). It is well described that both sensory and autonomic neurons of the PNS interact
with the immune system to drive inflammation. Thus, the nervous and the immune system
are capable of influencing each other in tissue homeostasis as well as during inflammatory
conditions (Gabanyi et al., 2016; Matheis et al., 2020; Muller et al., 2014; Willemze et al.,
2018)
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Figure 3: Organization of the three anatomical branches of the peripheral
autonomous nervous system.

(A) The enteric nervous system is organized in Meissner and Auerbach plexus
throughout the intestine (bottom right). Innervation is intrinsic if the cell bodies of the
neuron are located within the intestinal tissue and extrinsic if they are outside. (B) The
preganglionic cell bodies of the sympathetic nervous system located in the
thoracolumbar region receive the signal from the hypothalamus and the brain stem.
These preganglionic cell bodies synapse with postganglionic neurons in the sympathetic
trunk and following signal transmission, the Gl tract is innervated by the postganglionic
sympathetic neurons (red). (C) The preganglionic parasympathetic neuron cell bodies
are in the brainstem and pelvic sacral nerves. The Gl tract is innervated by the vagal
nerve that includes preganglionic parasympathetic fibers (green). This innervation ends
at the cannon’s point of the transverse colon and after this point, the pelvic sacral nerves
innervate the colon. The neurotransmitter of the sympathetic nervous system
(norepinephrine) is shown in red while that of the parasympathetic and enteric nervous
system (acetylcholine) is indicated in green and yellow. The image is adapted from Jakob
et al. 2020. Copyright (2020) Jakob, Murugan and Klose. This figure is licensed under a
Creative Commons Attribution 4.0 International License
https://creativecommons.org/licenses/by/4.0/.
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1.3.1 The Enteric Nervous System

The Gl tract functions are regulated by the ANS by intrinsic as well as extrinsic innervation
(Uesaka et al., 2016). Being the largest component of ANS, the ENS is composed of
thousands of neurons and ganglia (Furness et al., 2014). The extrinsic component of the
ENS is made of sympathetic and parasympathetic divisions, while the intrinsic component
consists of the myenteric plexus (Auerbach’s plexus), the outer submucous plexus
(Schabadasch’s plexus), and the inner submucous plexus (Meissner’s plexus). The ENS
originates from vagal neural crest cells and colonizes the Gl tract in the early postnatal life
(Altaf und Sood, 2008; Uesaka et al., 2016; Wang et al., 2011). The ENS is often referred
to as the “abdominal or second brain” as it contains more than 100 million neurons outside
of the CNS. Excitatory and inhibitory enteric neurons innervate circular and longitudinal
muscles in the Gl tract and modulate their spatiotemporal contractions (Furness, 2012;
Veiga-Fernandes und Pachnis, 2017). The crucial role of ENS has been described in
Hirschsprung's disease- a congenital disorder that lacks enteric neurons in the distal
bowel. In this disease, the colon propulsive motility pattern modulated by enteric neurons
is disturbed leading to high morbidity and death (Heuckeroth, 2018).

1.3.2 The Parasympathetic Nervous System

The motor function of the upper Gl tract is regulated by parasympathetic innervation via
the vagus nerve. This nervous system is cholinergic in nature and its primary
neurotransmitter is acetylcholine (Brinkman et al., 2019b). The vagus nerve has 80%
afferent and 20% efferent fibers. The afferent fibers control taste, somatic and visceral
information while the efferent fibers regulate GI motility and secretion. The vagus nerve
interacts with enteric neurons expressing choline acetyltransferase (ChAT), Vasoactive
intestinal polypeptide (VIP) nitric oxide synthase (nNOS), and is in proximity to a7 nicotinic
receptor-expressing (a7nAChR) expressing macrophages within the muscularis (Bonaz
et al., 2017; Cailotto et al., 2014; Johnson et al., 2018). In response to ingested food,
enterocytes and enteroendocrine cells secrete gut peptides such as cholecystokinin
(CCK), ghrelin, and leptin. The receptors for these gut peptides are expressed on most
nodose neurons (Moran, 2009; Raybould, 2007). Through lamina propria, these signals
diffuse and activate the nearby myenteric, vagal, and spinal afferent neurons. These

peptides can also distantly function as hormones by entering the bloodstream (Cummings



17

und Overduin, 2007). During fasting, the level of circulating CCK is relatively lower, and
the receptors expressed on vagal afferents are increased. However, increased CCK levels
upon feeding act to reduce vagal afferent receptor expression that in turn signals CNS to
mediate satiety (Raybould, 2007; Strader und Woods, 2005). Subsequently, rats
administered with CCK intraperitoneally showed reduced food intake (Ghia et al., 2007).
The parasympathetic nervous system exerts both inhibitory and excitatory control over Gl
motility. The preganglionic neurons contracted by the vagal efferent fibers regulate Gl
motility in two distinct pathways. Activation of muscarinic cholinergic receptors allows the
contraction of Gl smooth muscles by an excitatory cholinergic pathway, whereas the
release of nitric oxide and/or vasoactive intestinal polypeptide allows the relaxation of Gl
smooth muscles by a non-cholinergic and non-adrenergic pathway (Browning und
Travagli, 2014).

1.3.3 The Sympathetic Nervous System

The sympathetic nervous system (SNS) is another part of ANS, that governs the “fight or
flight” response. The sympathetic preganglionic neurons arise from the thoracic and
lumbar spinal cord and activate postganglionic neurons. The sympathetic postganglionic
neurons innervating the small intestine are contained in the superior mesenteric ganglion,
the neurons innervating the colon reside in the inferior mesenteric ganglion, and those
innervating the stomach are within the celiac ganglion (Simmons, 1985). Regulation of
electrolyte secretion of epithelial cells, gut motility, and blood flow is modulated by
sympathetic neurons innervating the Gl tract (Lomax et al., 2010). In addition, they
regulate Gl inflammation by communicating with innate (McCafferty et al., 1997; Straub et
al.,, 2006) as well as the adaptive immune systems (Sanders, 2012). Several
investigations have described increased sympathetic innervation in IBD (Birch et al., 2008;
KyoOsola et al., 1977) suggesting an altered response of SNS in disease conditions. The
sympathetic fibers innervate the submucosal and myenteric plexus and regulate the
activity of enteric neurons by inhibiting the release of neurotransmitters (Tack und Wood,
1992; Straub et al., 2006). Additionally, the sympathetic neurons densely innervate the Gl
vascular bed which helps in regulating the blood pressure. Norepinephrine (NE) is an
important and primary neurotransmitter of the SNS, however, it is also shown to release

Galanin, somatostatin, neuropeptide Y (NPY), and other neuropeptides (Tan et al., 2018).
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1.4 Neuro-immune interactions

The gut innervating neurons rapidly communicate with the resident immune cells and
modulate homeostatic functions of the intestine. A study showed that the neuronal signals
modulate resident macrophage functions while macrophages on the other hand regulate
neuronal survival. This bi-directional communication plays a crucial role in health and
disease (Muller et al., 2014). Gl macrophages perform various homeostatic functions such
as tissue remodeling and clearance of apoptotic cells (Cummings et al., 2016). In addition,
these resident Gl macrophages support and protect enteric neurons (Schepper et al.,
2018c). The mechanism underlying this neuron-macrophage crosstalk relies on Bone
morphogenic protein-2 (BMP-2) secreted by resident macrophages that orchestrate
muscle contraction by acting on BMP receptors expressed on enteric neurons. In turn,
colony-stimulating factor - 1 (CSF-1) required for macrophage survival is secreted by
enteric neurons (Muller et al., 2014). Subsequently, neuro-immune interactions have

gained particular focus in intestinal research.

At the beginning of the 21st century, Kevin Tracey and colleagues described the novel
concept “inflammatory reflex” (Tracey, 2002). This reflex demonstrated the role of
parasympathetic or sympathetic neurons in modulating immune responses in bacterial
sepsis. Activation of the vagus nerve inhibits systemic inflammation by modulating TNF-a
production in the spleen. Upon lipopolysaccharide (LPS) injection, splenic and vagus
nerves are activated and lead to subsequent release of NE in the spleen. In response to
NE, CD4* T cells induce acetylcholine that acts on a7nAChR macrophages to suppress
TNF-a production (Borovikova et al., 2000; Andersson und Tracey, 2012; Tracey, 2009).
Interestingly, in the spleen, the innervation of adrenergic neurons is more abundant
compared to vagal innervation (Berthoud und Powley, 1993). Therefore, it was
hypothesized that acetylcholine-producing T cells were activated by adrenergic rather
than cholinergic neurons and subsequently modulates macrophage cytokine production
(Rosas-Ballina et al., 2011). This data led to the key discovery that the immune system is
not completely autonomous and gained increasing interest in parasympathetic and

sympathoimmune studies.

Sympathetic neurons via catecholamines such as epinephrine, NE, or dopamine, signal
to a- or B-adrenergic receptors that are present on almost all immune cell types (Brinkman
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et al., 2019b; Marino und Cosentino, 2013). B2 adrenergic receptor (B2AR) activation on
bone marrow-derived dendritic cells in vitro stimulated with LPS, suppressed the release
of pro-inflammatory cytokines indicating an anti-inflammatory role of sympathetic
neurotransmitters (Nijhuis et al., 2014). Similarly, Adrb2 signaling induced IL-10 secretion
and suppressed inflammation while Adrb2”- mice were more susceptible to DSS-induced
intestinal inflammation (Agac et al., 2018b). Recently, transcriptomics data revealed that
high levels of the B2AR are expressed on resident macrophages (Gabanyi et al., 2016).
During infection, sympathetic neurons are activated and release NE that acts on
macrophage B2AR. This NE-adrenergic signaling provides enteric neuroprotection by the
release of polyamines and maintains neuronal homeostasis in the gut (Gabanyi et al.,
2016; Matheis et al., 2020). Consequently, SNS has been recognized as a mediator in
modulating inflammation. However, the question arises as to their role in modulating
macrophage functions during a Gl inflammation and the consequences of these neuro-

immune interactions in vivo.

1.5 Intestinal tissue-resident macrophages

Gl macrophages are a specialized population of phagocytes that perform diverse
functions in host defense and homeostasis (Schepper et al., 2018b). They promote tissue
homeostasis under healthy conditions while their function changes during noxious
challenges thereby inducing inflammation and host defense mechanisms (Amit et al.,
2016). By using the FITC-dextran tracer, Mikkelsen and colleagues first identified
macrophage-like cells in different layers of the intestine that were capable of dextran
uptake (Mikkelsen et al., 1985). These tissue-resident macrophages are observed in the
myenteric plexus between circular and longitudinal cells, mucosal, submucosal, and
serosal regions (Figure 4) (Wehner und Engel, 2017).

Recently, a study revealed the distribution and morphology of these macrophages by deep
tissue and intravital imaging techniques (Gabanyi et al., 2016). The mucosal lamina
propria  populates a dense network of CD11b*CX3CR1*CD103- and
CD11b*CX3CR1°CD103* cells (Muller et al., 2014) and have a short half-life of 3 weeks
(Jaensson et al., 2008) that requires constant replenishment by myeloid bone marrow-
derived progenitors (Bain et al., 2014). The lamina propria macrophages (LPMs) are found

close to the epithelium layer and express pro-inflammatory genes like IL-18 and IL-12b
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(Gabanyi et al., 2016; Bain und Mowat, 2014). They are in constant motion sensing for
harmful pathogens and have a pivotal role in maintaining intestinal immunity (Wynn et al.,
2013). Muscularis macrophages found between the longitudinal and circular muscle layers
are identified as one of the primary innate immune cells involved in maintaining intestinal
homeostasis. These CD11b* CX3CR1" MHCIIM CD11c'° CD103™ macrophages (Muller et
al., 2014) exhibit a tissue-protective phenotype under steady-state and express Arg1,
CD163, and YM1 anti-inflammatory genes (Gabanyi et al., 2016). Compared to LPMs,
these macrophages are mostly static showing no cellular displacement. Two
phenotypically distinct-shaped populations: Bipolar and stellate shape are observed in the
muscularis externa. Of note, the morphology of the stellate-shaped macrophages is

similar to that of microglia in the brain (Schepper et al., 2018a).
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Figure 4: Distribution of macrophages in different layers of the intestine

Intestinal macrophages are predominantly found in mucosal, submucosal, serosal, and
myenteric plexus. In muscularis externa, between circular and longitudinal muscle layers,
these macrophages form dense networks and appear as stellate-shaped cells. In the
serosal layer, the macrophages are mostly bipolar. Both extrinsic parasympathetic and
sympathetic neurons as well as intrinsic enteric neurons innervate the Gl tract and are
shown to modulate these macrophage functions. The image was adapted from Wehner,
Engel, J Physiol, 2017 under license number 5095910274829.
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In steady-state, intestinal macrophages are constantly replenished by circulating
Ly6C* monocytes (Bain et al., 2014). These monocytes possess a tolerogenic phenotype
towards commensal microbiota in the healthy tissue context (Zigmond und Jung, 2013;
Varol et al., 2009). However, in acute inflammation, the tolerogenic signature is altered
differentiating these cells into a pro-inflammatory phenotype that induces intestinal
disorders (Engel et al., 2010; Zigmond et al., 2012). Notably, B2AR activation on
muscularis macrophages promotes a tissue-protective anti-inflammatory phenotype, while
treatment with B,AR antagonist impaired the upregulation of Ag? and other anti-
inflammatory genes during bacterial infection (Gabanyi et al., 2016). In addition, this
neuro-immune axis is crucial in preventing infection-induced neuronal cell death and
maintaining homeostasis (Matheis et al., 2020). Although adrenergic mechanisms have
been clearly described in bacterial infections, the regulatory role of SNS on muscularis

macrophages in inflammatory conditions has not been analyzed so far.

1.6 The postoperative ileus

Surgical handling of the intestine is shown to trigger inflammation leading to a transient
dysmotility of the gastrointestinal tract clinically known as postoperative ileus (POI)
(Mueller et al., 2011; Jonge et al., 2003; Wehner et al., 2007; Stein et al., 2018). The
symptoms of POI include postoperative discomfort, nausea, abdominal pain, vomiting,
delayed stool passage, prolonged hospital stay, and increased patient morbidity (Kreis et
al., 2003; Vather et al., 2014).

1.6.1 Pathophysiology of POI

Although the surgical procedure itself is the principal cause, other factors also contribute
to the pathophysiology of POI. It is a complex process involving neural, pharmacological,
and immune-mediated mechanisms (Stakenborg et al., 2017). Mechanoreceptors and/or
nociceptors are activated upon a surgical insult subsequently leading to afferent fiber
stimulation. This triggers supraspinal and spinal reflexes causing temporary inhibition of
Gl motility (Jonge et al., 2003; Boeckxstaens et al., 1999). Surgeries often use opioids as
analgesics that activates p-opioid receptors expressed on the myenteric fibers. The
activation of these receptors inhibits the release of acetylcholine from myenteric neurons

and reduces the Gl transit time (Holte und Kehlet, 2002). Alvimopan, a selective opioid
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antagonist improves the postoperative Gl motility to a minor extent (Vaughan-Shaw et al.,
2012).

1.6.1.1 Neurogenic phase- the early or effector phase of POI

Two important phases of POI triggered by abdominal surgeries are proposed to be the
significant cause of this disease (Figure 5). The first phase is neurally mediated involving
adrenergic neurons since inhibition of normal motility is prevented when adrenergic nerves
are depleted (Plourde et al., 1993; Zittel et al., 1994). Laparotomy activates a neural
pathway involving a spinal loop that synapses afferent splanchnic nerves in the spinal
cord and travels efferent nerves back to the gut (Boeckxstaens und Jonge, 2009). Some
acute studies have identified the involvement of supraspinal pathways 30-90 minutes after
surgery with corticotrophin-releasing factor (CRF) playing a key role. Supraoptic neurons
of the hypothalamus are stimulated upon CRF release that sends projections to spinal

and thoracic glands.

Activation of sympathetic preganglionic neurons located on the inter-mediolateral column
of the thoracic cord eventually inhibits the entire GI motility (Barquist et al., 1996; Stengel
und Taché, 2009). In addition, intense stimulation of afferent splanchnic nerves is also
shown to trigger non-adrenergic vagal pathways (Boeckxstaens et al., 1999). The
activation of mechanoreceptors and/or nociceptors during abdominal surgery ends after
the closure of the abdomen, therefore, the factors involved in the late, inflammatory phase

could play a role in the extended nature of POI.

Surgery Figure 5: The two phases of POI
First phase neurogenic triggered by abdominal surgery

The first phase of POl is induced during
the abdominal surgery but ends soon
after the closure of the abdomen. Three
to four hours after the surgery, the
second, inflammatory, and prolonged
phase of POl begins thus making it
clinically more relevant.
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1.6.1.2 Inflammatory phase- the late and clinically relevant phase of POI

In 1978, dogs implanted with intestinal electrodes showed inhibition of electrical spiking
activity during incision of muscle and peritoneum (Bueno et al., 1978). However, at the
end of the surgery, this primary inhibition phase was transiently ceased. 3-4 hours after
surgery, a secondary inhibition phase was observed that resulted in a prolonged reduction
of electrical spiking activity. Nevertheless, the recovery of this electric activity was
observed after 94 hours (Bueno et al., 1978). Although they described inhibitory neuronal
pathways to be involved in the first phase, the mechanisms underlying the second phase
remained elusive. 20 years later, studies in rats described inflammation of the muscularis
externa to be the principal mechanism involved in the prolonged second phase of POI
(Kalff et al., 1998; Kalff et al., 1999b; Kalff et al., 1999a). The inflamed tissue from the
animals that underwent manipulation showed the impaired contractile activity of muscle
strips (Kalff et al., 1999b). Inline, extravasation of leukocytes and the normal muscle strip
functions were conserved when animals were treated with antibodies against intercellular

adhesion molecule 1 (ICAM-1), further confirming that intestinal manipulation induced
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]
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Figure 6: Schematic representation of inflammatory cascade after intestinal
manipulation

In the first phase of POI, abdominal surgery triggers adrenergic and non-adrenergic
pathways that inhibit Gl motility. Tissue-resident muscularis macrophages and mast cells
(in humans) are activated upon intestinal manipulation that initiates the inflammatory
cascade. Upon activation, cytokines and chemokines are released by these resident cells
followed by the extravasation of monocytes and neutrophils into the muscularis externa.
This leads to a disturbed Gl motility and worsened symptoms of POI.
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inflammation contributing to the severity of POI (The et al., 2005). It is shown that mast
cells found in proximity to the afferent nerve fibers as well as blood vessels are released
upon surgical interventions (Coldwell et al., 2007). Although the exact mechanism
involved in the activation of mast cells is still not clear, it is hypothesized that calcitonin
gene-related peptide or substance P released by activated afferent nerves could trigger
mast cell release (Bueno et al., 1997). Fundamentally, the activation of mast cells could
be a primary event that leads to increased intestinal permeability and translocation of
luminal contents, followed by the activation of resident muscularis macrophages and glia
cells (Wehner und Engel, 2017; Stoffels et al., 2014; Schneider et al., 2020; Boeckxstaens
und Jonge, 2009). Upon activation, the resident macrophages mediate the release of pro-
inflammatory cytokines followed by the infiltration of blood-derived leukocytes
characterized as CD45" Ly6C* Ly6G- monocytes and CD45* Ly6C* Ly6G* neutrophils
(Figure 6) (Farro et al., 2017; Stein et al., 2018).Genetic depletion of these macrophages
in op/op mice showed reduced inflammatory mediators and attenuated the number of

infiltrating leukocytes in the muscularis (Wehner et al., 2007).

1.6.2 Activation of resident macrophages in the early phase of POI

Resident macrophages are activated by damage-associated molecular pattern (DAMP)
such as ATP that is released upon damage due to intestinal manipulation (Ozaki et al.,
2004) or by LPS and other cytokines entering the systemic circulation (Hori et al., 2001;
Torihashi et al., 2000). Within one hour after intestinal manipulation, p38, ERK(1/2),
JNK/SAP, and other intracellular signaling pathways are shown to be activated (Wehner
et al., 2009; Backer et al., 2009). Following the phosphorylation of these transcription
factors, pro-inflammatory cytokines such as IL1B, TNFa, IL6, enzymes iINOS, COX2, and
chemokines including MIP1-a and MCP1 are released by the activated resident
macrophages. Notably, ICAM-1 is increased in the endothelium and leads to extravasation
of blood-derived leukocytes (Kalff et al., 1999b; Kalff et al., 1998; The et al., 2005; Turler
et al., 2007). Together, all this phenomenon contributes to the impaired and prolonged Gl

motility.
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1.6.3 Generalized impairment of Gl motility

Although local inflammation occurring at the manipulated areas leads to impaired smooth
muscle contractility, the generalized hypomotility including the untouched areas by the
surgeon might explain the involvement of other mechanisms. It is proposed that neural
pathways are triggered by inflammation also in the distant non-manipulated areas leading
to the inhibition of GI motility (Boeckxstaens und Jonge, 2009). Even without the signs of
gastric inflammation, delayed gastric emptying was observed in mice that underwent small
intestinal manipulation. To this end, normal gastric emptying was observed when neuronal
inhibitory input to the stomach was prevented with ganglion blockers hexamethonium and
guanethidine suggesting activation of the inhibitory adrenergic pathway in the distant
untouched areas upon manipulation (Jonge et al., 2003). Further, increased spinal nerve
activity, and c-fos expression in the brainstem and spinal cord was observed 24 hours
after intestinal manipulation (Kreiss et al., 2003; Mueller et al., 2008). Taken together,
intestinal manipulation triggers a series of events involving both neural and inflammatory

mechanisms leading to an impaired muscle function in the entire Gl tract.
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1.7 Objectives

Peripheral neuro-immune and neuro-epithelial interactions play a crucial role in
modulating intestinal immune and antimicrobial responses, respectively. In the muscularis
externa, the outermost layer of the intestine, TH* sympathetic neurons manage immune
modulation by controlling resident macrophages in their proximity. In the mucosa, the
innermost layer of the intestine, sympathetic neurons lay close to the epithelium that
suggests a modulating role of the SNS in epithelial biology, e.g barrier function or
antimicrobial peptide production. We hypothesized that the SNS regulates macrophage
as well as epithelial function in vivo during homeostasis. Based on previous findings, we
anticipated a particular role of SNS- macrophage interactions in acute postoperative bowel
wall inflammation occurring during POI, a non-infectious, neuro-inflammatory motility
disorder affecting mainly the muscularis externa. To prove our hypothesis, we established

the following objectives:
Objective 1: To establish an appropriate STX model to study the role of SNS in vivo

Objective 2: To analyse the immune status of resident muscularis macrophages upon STX

under baseline conditions

Objective 3: To investigate the transcriptional changes after STX in the muscularis
externa, and resident muscularis macrophages as well as the cellular and functional

alterations during POI.

Given that SNS is also related to submucosal and epithelial integrity, we additionally
aimed to understand the effects of STX on the epithelial function during gut homeostasis.
We focused on the mucosa where IECs release antimicrobial proteins that act as a
protective barrier against harmful luminal content. Altered levels of antimicrobial proteins
contribute to the development of inflammatory bowel disorders. Several studies have
described SNS involvement in mucosal immunity, however, their role in modulating
antimicrobial responses has never been addressed, yet. In this thesis, we aimed to answer

the following question:

Objective 4: To study the impact of the SNS on mucosal epithelial antimicrobial defense.
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2. Material and Methods

2.1 Material

2.1.1 Devices

Device

Company

Flow cytometry

Fine balance

Fluorescence microscope (TE2000)

Freezer -20°C

Freezer -80°C
Homogenizer (Precellys)
Refrigerator 4°C

Light microscope
Magnetic stirrer

Nanodrop spectrophotometer
Anesthesia machine
Tagman PCR machine

Water bath (shaking)

Thermomixer

cDNA synthesis thermocycler

Centrifuge (Galaxy mini benchtop)

Vortex

Western blotting system

Canto |, Becton, Dickinson, and company
(BD), Heidelberg, Germany

Mettler Toledo, Gissen, Germany

Nikon, Dusseldorf, Germany

Bosch, Stuttgart, Germany

Sanyo, Hamburg, Germany

Bertin, Montigny-le-Bretonneux, France
Leibherr, Ochsenhausen, Germany

Leica, Wetlar, Germany

IKA laboratory technology, Stuafen,
Germany

Thermo-scientific, Schwerte, Germany
Dragerwerk AG Lubeck, Lubeck, Germany
C1000™  Thermal Cycler, Bio Rad,
Muanchen, Germany

Society for laboratory technology, GFL,
Burgwedel, Germany

Type 5355, Eppendorf, Germany

MJ research, Watertown, Massachusetts,
USA

VWR, Darmstadt, Germany/
5415D+5415R, Eppendorf, Hamburg,
Germany

MS3 basic, IKA, Staufen, Germany
Bio-rad, Hercules, CA, USA
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Company

Protein Detection and Imaging

Flow cytometry cell sorter

2.1.2 Consumable materials

Device

Bio-rad, Hercules, CA, USA
Diva, Becton, Dickinson, and company

(BD), Heidelberg, Germany

Company

FACS-tubes
Falcon tubes (15, 50 ml)

Filter tips

Microscope slide

Suture threat (natural silk 5.0)
Pipettes (5, 25 ml)

Pipette (10 ml)

Pipette tips (Blue, yellow)
Pipette tips (white)

PCR reaction tube (0.2, 0.6 ml)

Cotton swab

Cell culture plates (24 well)

Sarstedt, Niumbrecht, Germany

Greiner Bio-one cellstar, Frickenhausen,
Germany

Thermo Scientific, Schwerte, Germany
Engebrecht, Ederminde, Germany
Catgut, Markneukirchen, Germany
Corning Incorporaated, NY, USA

Greiner Bio-One Cellstar, Frickenhausen,
Germany

Greiner Bio-One Cellstar, Frickenhausen,
Germany

Corning Life science, Amsterdam, The
Netherlands

Corning Life science, Amsterdam, The
Netherlands

MaiMed, Billerica, MA, United states of
America

Trasadingen, Switzerland



2.1.3 Reagents

Device

29

Company

6-hydroxydopamine

Bovine Serum Albumin (BSA)
Cholecystokinin-8
Collagenase I

Dispase |l

Deoxyribonuclease Roche
Mounting medium Aquatex
Ethylenediaminetetraacetic acid (EDTA)
Ethanol absolute

Fetal Calf serum (FCS)
Hanker Yates

Histofix

Hoechst 33342

Isoflurane

Sodium chloride

NuPAGE MES Running Buffer 20x
NuPAGE Transfer Buffer 20x
PBS tablets
Penicillin/Streptomycin
Protease Inhibitor Cocktail
SYBR Green PCR Master Mix
Sodium Dodecyl sulfate
Triton-X 100

Trizol

Trypsin-Inhibitor

Tween-20

FITC-dextran70 kDa

Sigma Aldrich, Saint Louis, MO, USA
Applicher, Darmstadt, Germany

Sigma Aldrich, Saint Louis, MO, USA
Worthington, Lakewood, NJ, USA
Roche, Mannheim, Germany
Mannheim, Germany

Merck, Darmstadt, Germany

Applicher, Darmstadt, Germany
Applicher, Darmstadt, Germany

PAN Biotech, Aidenbach, Germany
PAN Biotech, Aidenbach, Germany
Carl Roth, Karlsruhe, Germany

Life Technologies, Darmstadt, Germany
AbbVie, Wiesbaden, Germany
Applichem, Darmstadt, Germany
Bio-rad, Hercules, CA, USA

Bio-rad, Hercules, CA, USA

Life Technologies, Darmstadt, Germany
Life Technologies, Darmstadt, Germany
Sigma, Munich, Germany

Life Technologies, Darmstadt, Germany
Sigma, Munich, Germany

Sigma, Munich, Germany

Life Technologies, Darmstadt, Germany
Applichem, Darmstadt, Germany
Sigma, Munich, Germany

Sigma, Minchen, Germany
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2.1.4 Buffers and solutions

Solution Composition

2 x RIPA Buffer 50 mM Tris-HCI pH 8
3 mM Glycerolphosphate
150 mM NacCl
1% Sodiumdeoxycholate
1% NP-40
0.2% SDS
2 mM B-Na3VOs4

Protease Inhibitor Cocktail

10x TAE Buffer 40 mM Tris-HCI pH 8
40mM Acetic acid
1mM EDTA-Naz-Salt

10x TBST 0.2 M Tris-HCI pH 7.6
1.37 M NaCl 80,06 g

Blocking Buffer (IFC) 3% BSA in PBS
P/S 1 mi
Blocking buffer (Western blot) 5% Milk powder in TBST
FACS buffer 1% FCS in PBS
2 mM EDTA
Tissue lysis buffer (Per 1 mg tissue) 10 ul PBS
2mM EGTA

2 mM EDTA, Protein inhibitor Cocktail
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Solution Composition

Tissue enzyme digestion mix 1 mg/ml Collagenase Il
1 mg/ml DNAse
2.4 mg/ml Dispase Il
1 mg/ml BSA
0.7 mg/ml Trypsin Inhibitor
in PBS

Krebs-Ringer-Buffer H20 1000 ml
5.9 mM KCI
120 mM NaCl
11.5 mM Glucose
15.5 mM NaHCOs3
6(H20) MgCl20,97 ml
2(H20) CaCl2 1,47 ml
1.4 mM NaH2PO4

Western blot running buffer 1 X running buffer (Bio-rad)

Western blot washing buffer 1 ml Tween-20 in TBST
2.1.5 Kits

Device Company

BCA Assay Thermo Scientific, MA, USA

cDNA Life Technologies, Darmstadt, Germany
Reverse-Transcription Kit Life Technologies, Darmstadt, Germany
RNA isolation kit Thermo Scientific, MA, USA

Western Blot kit Thermo Scientific, MA, USA
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Flow cytometry CD45
Flow cytometry F4 /80

Flow cytometry Ly6C

Flow cytometry Ly6G

Conjugate Isotype Company
FITC Mouse IgG1, k  Biolegend
PE Rat 1gG2a, k eBioscience
PE-Cy7 Rat IgG2c, K Biolegend
APC Rat 1lgG2a Miltenyi

IHC MHCII Unconjugated Rat 1gG2b, Biolegend
IHC TH Unconjugated 1gG1 k Millipore
IHC GFP Unconjugated lgY Novus
biologicals
Western blot TH Unconjugated IgG1 k Millipore
Western blot B-actin Unconjugated lgG2a Sigma
2.1.7 Primers for gPCR
Gene Sequence
Adrala Fwd TTGAAATTCGGGAAGAAGGA
Rev GAGAAGAAAGCCGCCAAGAC
Adralb Fwd AGGCAGCTGTTGAAGTAGCC
Rev TCTTCATCGCTCTCCCACTT
Adralc Fwd ATTGAAGTAGCCCAGCCAGA
Rev GCTGGTTCCCCTTTTTCTTC
Adra2a Fwd TCTGGTCGTTGATCTTGCAG
Rev CATCTCGGCTGTCATCTCCT
Adrab1 Fwd AAGTCCAGAGCTCGCAGAAG
Rev GCTGATCTGGTCATGGGATT
Adrab2 Fwd TAGCGATCCACTGCAATCAC
Rev ATTTTGGCAACTTCTGGTGC
Adrab3 Fwd GGGGAAGGTAGAAGGAGACG
Rev ACAGGAATGCCACTCCAATC
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Gene Sequence
B3 defensin Fwd GTTTGCATTTCTCCTGGTGC
Rev GCCTCCTTTCCTCAAACAACT
BMP-2 Fwd AGACCACCGGCTGGAGAG
Rev TTTTCCCACTCATCTCTGGAA
CD163 Fwd GTGCTGGATCTCCTGGTTGT
Rev CGTTAGTGACAGCAGAGGCA
CLD3 Fwd GCAAGCAGACTGTGTGTCGT
Rev TACCGTCACCACTACCAGCA
Cldn2 Fwd CCACAAGCAGGCTCAAGAAG
Rev TTCGCCTTTCTCTGGACCTA
CSF-1R Fwd CTCTGCTGGTGCTACTGCTG
Rev TTGCCTTCGTATCTCTCGATG
Defa1 Fwd CAGGCCGTATCTGTCTCCTT
Rev ATGACCCTTTCTGCAGGTTC
IL-10 Fwd GATGCCCCAGGCAGAGAA
Rev CACCCAGGGAATTCAAATGC
Lyz1 Fwd GAGACCGAAGCACCGACTATG
Rev CGGTTTTGACATTGTGTTCGC
Muc2 Fwd TGCCCAGAGAGTTTGGAGAGG
Rev CCTCACATGTGGTCTGGTTG
Ocln Fwd CATAGTCAGATGGGGGTGGA
Rev ATTTATGATGAACAGCCCCC
Reg3g Fwd TTCCTGTCCTCCATGATCAAAA
Rev CATCCACCTCTGTTGGGTTCA
TFF3 Fwd CTCTGTCACATCGGAGCAGTGT

Rev

TGAAGCACCAGGGCACATT
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2.1.8 Primers (Quantitect)

Gene Assay ID

Arg-1 QT00134288
YM1/ Chi3I3 QT02241722
IL-1b QT01048355
Retnla1/Fizz1 QT00254359

2.1.9 Primers (Tagman)

Gene Assay ID

IL-6 MmO00446190_m1
GAPDH Mm99999915_g1
iINOS MmO00440485_m1
TNF-a MmO00443258_m1

2.1.10 Mouse lines

Mouse line Description
C57BL/6j Janvier
CX3CR1 CGFP+ Jackson

2.1.11 Software applications

Software Company

Citavi Swiss Academic Software GmbH
FACS Diva Canto Il BD Bioscience

FlowJo 7.6.5 Tree star Inc.

lllustrator CS6 Adobe



35

Software Company
Multigauge Fujifilm

Office 2010 Microsoft

Prism 8.4.3 Graphpad

SDS2.2 Applied Biosystems
ImageJ Open Source

Partek Partek
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2.2 Methods

2.2.1 Animals

8-10 weeks old C57BL6/J mice were used for surgical & chemical denervation, sham, and
intestinal manipulation experiments. 8 weeks old CX3CR1 G P* mice were used for cell
sorting experiments. The intestinal tissue samples from TrkA 7 control and TH-Cre;TrkA
f mutant mice were fixed and generously provided by Prof. Rejji Kuruvilla. The animal
experiments were approved by the Ethics committee of the University Hospital of Bonn,
under the animal proposal number AZ 81-02.04.2018.A221, 2018.04.02. The animal room
was maintained on a 12 hour light/ dark illumination cycle, humidity (45-65%), temperature
(20- 25 °C). All animals were maintained under pathogen-free conditions and the

experiments were carried out according to the animal care protection federal law.

2.2.2 The surgical denervation procedure (sSTX)

This is an intestine-specific denervation technique to deplete sympathetic neurons (Olivier
et al., 2016). By inhalation of isoflurane (3-5%, 3-5 I/min flow), mice were anesthetized
and 100 pl of tramadol (85 pl NaCl, 15 yl 10 mg/kg tramadol) was subcutaneously injected
few minutes before sSTX. The skin and the peritoneum were opened by making a midline
incision of approximately 1 cm. The entire small bowel was taken out with the help of two
sterile moist cotton swabs and placed on sterile gauze. The sympathetic plexus runs along
the superior mesenteric artery (SMA), and SMA is located on the posterior end of the
ganglia. The sympathetic plexus was surgically destroyed without damaging the
surrounding blood vessels. This procedure takes approximately five minutes. Sham-
operated mice were used as controls. For sham operation, the small bowel was taken out
and rested on the sterile gauze for five minutes without destroying the sympathetic plexus.
After sSTX/ sham operation, the small bowel is placed back into the abdominal cavity. By
using 5.0 silk threads, the abdomen was closed by two layers of continuous sutures. Both
sSTX and sham-operated mice received 1 mg/kg tramadol in the drinking water for 3 days.
Two weeks after the surgery, mice were sacrificed by cervical dislocation for further
analysis.
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2.2.3 The chemical denervation procedure (cSTX)

6- Hydroxydopamine (6-OHDA) is a neurotoxin that selectively targets catecholaminergic
nerve terminals (Glinka et al., 1997). Mice were randomly divided into two groups: vehicle
and 6-OHDA treatment. 6-OHDA was dissolved in 0.1% L-ascorbic acid-containing sterile
saline and 250 pl of this solution was intraperitoneally (i.p) injected to mice at the dosage
of (A) one-time 200 mg/kg, (B) two-times 100 mg/kg, (C) two-times 50 mg/kg or (D) three-
times 80 mg/kg 6-OHDA respectively. The vehicle group was treated with sterile saline
alone. Two weeks after cSTX, mice were sacrificed by cervical dislocation, and further

analysis was carried out.

2.2.4 Cholecystokinin (CCK) test

Fine bundles of the vagal fibers run along the superior mesenteric artery, a site where we
performed sSTX (Berthoud und Powley, 1996). Hence, we carried out a functional CCK
test to assess vagal integrity. Animals that underwent sSTX and cSTX were used for the
CCK test. cSTX/vehicle and sSTX/sham-operated mice were starved for twenty hours and
were supplied with only drinking water. After twenty hours, 8 ug/kg CCK dissolved in 0.1%
L-ascorbic acid-containing sterile saline and was injected i.p. The control groups were
treated with only sterile saline. All mice were caged alone and pre-weighed food was
provided without the supply of drinking water. Two hours after the CCK/saline treatment,

the amount of food consumed by these mice was measured.

2.2.5 The mouse model of non-infectious postoperative ileus

Intestinal manipulation (IM) is a standardized technique carried out as previously
described (Vilz et al., 2012). This technique is used to imitate the trauma that is
unavoidable during abdominal surgeries. Acute inflammation of the intestinal bowel wall
is induced predominantly in the muscularis externa that peaks twenty- four hours after IM.
By inhalation of isoflurane (3-5%, 3-5 I/min flow), mice were anesthetized and 100 pl of
tramadol (85 ul NaCl, 15 pl 10 mg/kg tramadol) was subcutaneously injected few minutes
before IM. Approximately 1 cm of a midline incision was made to open the skin followed
by the peritoneum. With the help of two sterile moist cotton swabs, the entire small bowel
was taken out and positioned on sterile gauze. By applying moderate compression, the

cotton swabs are rolled over the intestine from the duodenum to the terminal ileum. This
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procedure was avoided on the mesentery to prevent intestinal bleeding. The IM was
carried out two times, then the small bowel was carefully placed back into the abdominal
cavity. By using 5.0 silk threads, both the peritoneum and the skin were closed by two
layers of continuous sutures. The operated mice were placed under the red lamp until they

are fully awake. 1 mg/kg tramadol was supplied in the drinking water for 3 days.

2.2.6 Isolation of primary leukocytes from the muscularis externa

Mice were sacrificed by cervical dislocation and the small bowel was removed from the
abdomen. The small bowel was approximately divided into a segment of 2-3 cms long.
Each segment of the bowel is placed over a thin glass rod and the mesentery is pulled out
with the tweezer. With a most cotton swab, the muscularis externa is carefully stripped
from the underlying mucosal layer. The procedure is repeated for all the segments of the
small bowel. The isolated muscularis externa tissue was mechanically cut with a sharp
razor blade. The cut tissue is washed off with PBS buffer and enzymatically digested for
40 minutes at 37 °C and 130 rpm in a shaking water bath. The digested cell suspension
is resuspended several times and poured over a 45 um sterile gauze. Sterile ice-cold PBS
is added to the cell suspension and washed at 500 g, at 4 °C for 5 minutes. The cell pellet
was resuspended in fluorescent activated cell sorting (FACS) buffer for subsequent
staining procedures. The single-cell suspension was stained with CD16/32 and
fluorochrome-labeled monoclonal antibodies against Ly6G, CD45, Ly6C, PE. Hoechst-
33342* was used to exclude dead cells. The FACS analysis was carried out on canto | at
the FACS core facility of University Hospital, Bonn, Germany. The filters used are 530/30
(FITC), 585/42 (PE), 780/60 (PE-Cy7), 660/20 (APC), and 450/50 (Hoechst).

2.2.7 Gastrointestinal transit time measurement

The animals that underwent sham operation or IM (24 hours) were used to measure the
Gl transit time. Mice were gavaged with 100 uL of non-absorbable 70 kDa FITC-labelled
dextran (6.25 mg/mL). 90 minutes after the gavage, mice were sacrificed by cervical
dislocation, and the complete Gl tract is taken out from the abdomen. The Gl tract from
the stomach to the colon was divided into 15 segments. The contents in each segment
were collected separately into Eppendorf tubes containing 1 mL cold PBS. The distribution

of FITC dextran in the stomach and small intestine is measured by the means of
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fluorescence spectrometry at a wavelength of 488 nm. The Gl transit time was calculated
as the geometric center (GC) of distribution of FITC-labeled dextran with the formula: GC

= 2(% of total fluorescent signal per segment * segment number)/100

2.2.8 Whole mounts preparation and Immunofluorescence staining

The whole-mount was prepared from segment number eight of the small bowel under a
light microscope. The intestine is transferred onto a petri dish containing dissecting wax.
The mesentery is pinned to this mounting plate and the bowel segment is opened
exposing the lumen. The intestine is stretched, pinned in the bottom, and fixed in 4%
histofix for 20 minutes. After fixing, the intestine is washed vigorously with ice-cold PBS.
The mucosal layer is then carefully removed with the help of fine forceps without damaging
the bottom muscle layer. After preparing the whole-mounts, they are incubated in Triton-
X for 15 minutes at room temperature to facilitate the antibody penetration to the
underlying cellular components. The whole-mounts are subsequently washed three times
with cold PBS and blocked in buffer containing 3% BSA for 1 hour with shaking at room
temperature. The whole-mounts are incubated with primary antibodies (TH and MHCII)
overnight at 4 °C. The following day, the whole-mounts are washed three times with cold
PBS and incubated with respective secondary antibodies for 1 hour at room temperature.
The whole-mounts are washed again and mounted onto to slide and embedded with few
drops of a mounting agent. The slides are allowed to dry in the dark for two days and then

the images were taken on a fluorescence microscope.

2.2.9 Hanker yates staining

To detect myeloperoxidase (MPO)-positive neutrophils and monocytes in the muscularis
externa after an IM, Hanker Yates staining was performed. Segment number eight of the
small bowel is pinned and fixed in absolute ethanol for 10 minutes at room temperature.
Mucosa and submucosa were stripped, and the muscle layer was washed three times
with cold PBS. Hanker Yates staining solution (1 mg/mlin 10 ml PBS and 100 pl hydrogen
peroxide) was added onto the fixed muscle layer and incubated for 10 minutes at room
temperature. The staining solution is poured off and washed with cold PBS. The whole-
mounts are embedded with an aqueous mounting agent and coverslipped. The slides

were allowed to dry for two days and MPO" cells were counted under the light microscope
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at 200 X magnification in five randomly chosen areas. The calibration factor in cells per
mm? (0,22 um/px) was used for calculations.

2.2.10 Flow cytometry-based cell sorting

To check the effects of STX on resident CX3CR1" muscularis macrophages, these cells
were FACS-sorted and gene expression analysis was carried out. The muscularis externa
tissue of three CX3CR1¢FP* mice was pooled together to achieve a higher cell yield. To
exclude blood monocytes, we performed heart perfusion. Single-cell suspension was
obtained from the pooled muscularis tissue. Cells were sorted based on high GFP
expression with a 488 nm laser and 530/30 BP filter on the FACS Aria flow cytometer.
Forward scatter area (FSC-A) versus side scatter area (SSC-A) gating was used to
eliminate aggregated cell debris. Hoechst-33342" was used to exclude dead cells. The

cells were sorted into FACS buffer containing 1% FCS.

2.2.11 RNA isolation from sorted cells

PicoPure™ RNA Isolation Kit was used for isolating RNA from the sorted cells. The GFP*
cells from CX3CR1 ©FP"* reporter mice were FACS-sorted into FACS buffer containing 1%
FCS. The sorted cells were centrifuged at 300 g for 5 minutes and the supernatant was
discarded. 100 ul of PicoPure extraction buffer was added to the cell pellet and RNA
isolation procedure was carried out according to the instructions from the manufacturer.
RNA concentration was measured using a nanodrop and cDNA was isolated by a High-
Capacity cDNA Reverse Transcription Kit.

2.2.12 RNA isolation of the complete tissue

RNA from the complete tissue was isolated by a trizol based approach. 1000 pl trizol was
added to 20 mg tissue (muscularis externa or mucosa) and homogenized with the ceramic
beads. Following 5 minutes of incubation at room temperature, the tissue suspension was
added to 200 pl of cold chloroform. The samples were incubated for 15 minutes at room
temperature and then centrifuged for 15 minutes at maximum speed. The upper
transparent phase was transferred to new tubes, 500 pl Isopropanol was added and
incubated for 15 minutes on ice. The samples are centrifuged for 15 minutes at maximum

speed and the supernatant is discarded. The pellet is washed with 1000 pl of 70% ethanol
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and centrifuged for 10 minutes at maximum speed. The washing step is repeated and the
samples were vacuum dried. 30 yl of RNAse free water is added to the pellet and
incubated on a thermocycler for 5 minutes at 37 °C and 550 rpm speed. RNA
concentration was measured using a nanodrop and cDNA was isolated by a High-

Capacity cDNA Reverse Transcription Kit.

2.2.13 Ex vivo stimulation assay

The muscularis externa tissue of three CX3CR1¢FP* mice was pooled together and single-
cell suspension was isolated as explained before. Cells were sorted on the FACS Aria
flow cytometer, based on high GFP expression into FACS buffer containing 1% FCS. The
sorted cells were centrifuged at 300 g for 5 minutes and the supernatant was discarded.
The cell pellet was resuspended in DMEM with 10% FCS and co-cultured with either 100
ng/uL LPS or 100 ng/uL M-CSF in a 12-well plate for 3 hours at 37 °C. 1 mL sterile PBS
was added to the plate and the cells were gently scraped to detach from the surface. The
entire content was collected into a 50 mL falcon tube together with the media. An
additional 9 mL of sterile PBS was added to the falcon tubes and the samples were
centrifuged at 500 g for 5 minutes. Cell lysis and total RNA extraction of ex vivo LPS/M-
CSF stimulated samples were carried out using PicoPure™ RNA Isolation Kit.

2.2.14 Reverse transcription and quantitative real-time polymerase chain reaction (PCR)

The RNA isolated from the sorted cells or the complete muscularis tissue was reverse
transcribed to cDNA by a High-Capacity cDNA Reverse Transcription Kit according to the
instructions from the manufacturer. Subsequently, the cDNA synthesis was carried out in
the following steps: Denaturation by heating to 110 °C, binding of the primers for 10
minutes at 25 °C, elongation for 2 hours at 37 °C, denaturation for 5 seconds at 85 °C,
Cooling to 4 °C.

The real-time PCR was performed in a 384 well plate using Power SYBR green PCR
master mix. Reactions were prepared as follows: 1 yL of DNA with 5 yL SYBR green
master mix, 1 yL quantitect primer assay (containing forward and reverse primer), and 3
uL water. All the reactions were performed in technical triplicates. GAPDH house-keeping

gene was used due to its constant expression in the muscularis. The quantification was
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carried out using the AACT method. Replicates that differed with more than one cycle
from the other two were excluded from the analysis.

2.2.15 RNA sequencing

The RNA from the muscularis externa tissue was isolated using a trizol based isolation
protocol and was subjected to bulk 3 mMRNA sequencing. RNA quality from each sample
was checked using RNA tape-station analysis software 3.2 and the following variables
were considered: RIN, 28S5/18S (area), peak molarity (nmol/l), % integrated area, and
concentration. The sample purity was measured using a nanodrop and the ratio was
between 1.8-2.1 for A260/A280 and 2.0-2.2 for the A260/A230 for all the samples. For 3°
mRNA sequencing, the expression analysis was performed with the same input
concentration from all samples. Using Smart-seg2 technology, RNA-seq libraries were
prepared and subjected to reverse transcription. cDNAs were amplified by HiFi DNA
polymerase and quantified using Qubit. The samples were sequenced in an lllumina Hiseq
2500 at the Next Generation Sequencing Facility, University Hospital of Bonn. Using the
lexogen pipeline on the Partek software, the sequencing data was analyzed.
Approximately, 13 million reads were generated with an average read length of 50 base
pairs. After aligning the sequences with STAR 2.5.3a and quantifying to mm 10- ensemble
transcripts release, 10.5-12.5 million reads were generated of which 82% were fully within

an exon.

2.2.16 Western blot

Protein was isolated from the muscularis externa tissue for western blot analysis. Tissue
lysis buffer was added to 20 mg muscularis tissue, and homogenized with the ceramic
beads. The homogenate was diluted in 1 X RIPA buffer (10 pl per 1 mg tissue), sonicated
for 10 seconds, and placed on ice for 15 minutes. After centrifuging for 15 minutes at 4
°C, maximum speed, the supernatant was collected for BCA assay to determine the
protein concentration. Before loading the samples onto the gel, they were heated with
SDS loading buffer at 72 °C for 10 minutes. For gel electrophoresis, 30 ug protein and 5
I protein ladder (Biorad) were loaded onto 4-20% gradient gels and run for 36 minutes at
180 V. The gel was transferred onto PVDF membrane using the fast transfer system 25

V, 1.3 A, 7 minutes. The membrane was blocked with 5% milk powder dissolved in TBST
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and 1% Penicillin/Streptomycin for 1 hour at room temperature. After blocking, the
membranes were incubated with primary rabbit TH antibody (1:1000 dilution in 5%
skimmed milk), and mouse actin antibody (1:10000 dilution in 5% skimmed milk) overnight
at 4 °C. The following day, the membrane was washed three times with TBST and
incubated with horse-radish peroxidase (HRP) coupled secondary antibody for 1 hour at
room temperature. After washing, the chemiluminescent substrate was added onto the
membrane and incubated for 5 minutes in the dark. The TH and actin bands were detected

on the Bio-rad protein imaging system.

2.2.17 Fluorescence microscopy

Images were acquired using a Nikon (TE2000) fluorescence microscope and analyzed

with Imaged 1.47 v.

2.2.18 Statistical analysis

The statistical analysis was performed with Graphpad Prism version 8.4.3 software. The
values are expressed as mean + SEM (standard error of mean) and the significance was
assessed using an unpaired t-test, one-way or a two-way multiple comparison ANOVA
test. The significance levels were indicated as p < 0.05 (*), p < 0.01 (**), and p < 0.001

(***).
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3. Results

3.1 Sympathetic denervation modulates resident muscularis macrophage inflammatory

response upon intestinal manipulation and reduces postoperative symptoms in mice

The majority part of this thesis is already published as a paper titled “Sympathetic
Denervation Alters the Inflammatory Response of Resident Muscularis Macrophages
upon Surgical Trauma and Ameliorates Postoperative lleus in Mice” in the International
Journal of Molecular Sciences.

3.1.1 Selection of the sympathetic denervation approach

To address the role of SNS in homeostasis and intestinal inflammation, we aimed to
abolish SNS functions in the gut. To this end, we validated the effectiveness of three
different STX procedures to deplete tyrosine hydroxylase (TH)" sympathetic neurons in

the gut.

3.1.1.1 The genetic approach (gSTX)

We first tested a genetic approach by using TH-Cre; TrkA” mutant mice. The genotyping
of these mice was performed by PCR analysis (Figure 7A) and fixed intestinal tissue from
these mice was generously provided by the group of Rejji Kuruvilla. This approach targets
TrkA, an essential gene that supports the survival of sympathetic neurons. Crossbreeding
of TrkA floxed with TH-Cre recombinase expressing mice resulted in TH-Cre;TrkA
mutant mice lacking the TrkA protein in sympathetic neurons. These mice were previously
shown to have a complete loss of sympathetic neurons in the pancreas (Borden et al.,
2013). To check for successful STX, we performed intestinal whole-mount
immunofluorescence stainings for TH, an exclusive marker for sympathetic neurons. We
used three months old TrkA” control and TH-Cre;TrkA” mutant mice to compare the
expression of TH* neurons in the small intestinal muscularis externa whole mounts.
Interestingly, we did not observe any difference in the TH expression between TrkA” and
TH-Cre;TrkA" mutant mice in these whole mounts (Figure 7B). This shows that the
genetic approach with TH-Cre;TrkA” mutant mice is not efficient in eliminating TH*

sympathetic neurons in the small bowel muscularis externa.
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Figure 7: A genetic SNS denervation approach relied on a TH-Cre driver line

(A) The DNA gel showing genotyping of TH-Cre (450bp) and TrkA flox (fl- 535bp, wt-
494bp) mice. (B) Immunofluorescence of TH (red) and MHCII (green) showing no
difference in the TH* fibers between TH-Cre;TrkA 7 mutant and control TrkA 7f mice in the
ileal muscularis externa. Selective depletion of TrkA did not abolish TH* fibers in the small
bowel muscularis whole-mount specimens. Scale bars, 100 ym

TH Cre; Trka f/f

3.1.1.2 The surgical approach (sSTX)

The second tested STX approach is intestine-specific, surgically applied, and was
performed in C57BL/6j mice. The SNS innervating the small bowel runs along the superior
mesenteric artery and was surgically destroyed as described before (Olivier et al., 2016;
Willemze et al.,, 2019). Two weeks after this sSTX procedure, we performed

immunofluorescence stainings for TH from ileal whole mounts (Figure 8A).
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We observed an effective ablation of TH expressing nerve fibers in sSTX mice as
compared to sham-operated mice (Figure 8B). In conclusion, sSTX was shown to be

efficient in eliminating small bowel SNS innervation in the Gl tract.

A , do d14  time
R -
BL6 . .
a sacrifice/analyse
sSTX/Sham

MHCII Merge

TH

Figure 8: A surgical SNS denervation approach that is intestine-specific.

Sham

sSTX

(A) The experimental setting for the surgical approach (sSTX). Animals underwent sSTX
or sham operation and were allowed to recover for two weeks. Whole-mount
immunofluorescence staining was carried out for TH (red) and MHCII (green). (B)
Profound loss of TH* fibers in the ileum whole mounts of mice that underwent sSTX at the
level of superior mesenteric artery compared to the sham-operated mice. Scale bars,
100 pm

3.1.1.3 The chemical approach (cSTX)

As a third approach, we used the neurotoxin 6-hydroxydopamine hydrobromide (6-OHDA)
that selectively degenerates noradrenergic nerve terminals (Eaker et al., 1988; Cohen et
al., 1976). Several studies have already used different concentrations of 6-OHDA to
deplete sympathetic neurons in their animal models (Willemze et al., 2019; Zheng et al.,

2017; Pellegrini et al., 2020). To find the most effective concentration for our studies, we
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tested four different dosages of (A) two-times 50 mg/kg or (B) two-times 100 mg/kg during
two consecutive days or (C) one-time 200 mg/kg, or (D) three-times 80 mg/kg 60HDA.
We speculated that injecting a single high dose of 6-OHDA might be harmful to the animals
or cause systemic side effects. Therefore, we gave a repetitive injection of low dosages.
6-OHDA was injected intraperitoneally in C57BL/6j mice and two weeks after this

treatment, we performed TH immunofluorescence staining from ileal muscularis whole-
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Figure 9: Selection of the right dosage for the chemical SNS denervation approach

(A-D) Immunofluorescence of ileal muscularis externa whole mounts showing some
positive TH+ fibers two weeks after treating mice with two-times 50 mg/kg (B), two-times
with 100 mg/kg (C), and a single dose of 200 mg/kg 6-OHDA (D) compared to the vehicle-
treated mice (A). (E) The experimental setting for the chemical approach (cSTX) with
80mg/kg 6-OHDA for three consecutive days. (F) Representative whole mounts images
showing profound loss of TH+ fibers in the ileum whole mounts of mice two weeks after
cSTX as compared to the vehicle-treated mice. Scale bars, 100 pm
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mounts. The dosage of 50, 100, or 200 mg/kg was ineffective in ablating all TH* neurons
(Figure 9B-D), as we still observed some positive fibers for TH in the muscularis whole-
mounts compared to vehicle-treated mice (Figure 9A). However, two weeks after the

three-times 80 mg/kg 6-OHDA treatment (Figure 9E), we observed a profound loss of TH*
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Figure 10: 6-OHDA approach depletes TH* neurons in the Gl tract

(A) Representative histological sections of 6-OHDA-treated mice showing profound loss
of TH* sympathetic neurons in the terminal ileum (bottom left), terminal colon (bottom
middle), and stomach (bottom right) compared to the vehicle-treated mice. Scale bars,
100 um. (B-D) gPCR analysis of small intestinal muscularis externa (B), small intestinal
lamina propria (C), and colon muscularis (D) of cSTX-treated mice showing the
downregulation of TH (red bar) as compared to the vehicle-treated mice (white bar). (E)
Representative western blot image of cSTX-treated mice showing a reduction in TH
protein bands compared to vehicle-treated mice. (F) Quantification of the TH protein in
cSTX-treated mice showing reduced protein levels (red bar) compared to the vehicle-
treated mice (white bar). The graphs are normalized to actin protein bands and are plotted
as mean + SEM. The statistical analysis was carried out by unpaired t-test (*p<0.05,
**p<0.01, and ***p<0.001).
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sympathetic fibers in the ileal muscularis whole mounts compared to vehicle-treated mice
(Figure 9F). Histological sections of the stomach, terminal ileum, and colon also showed

a complete loss of these TH* neurons in 60HDA-treated mice (Figure 10A).

Consistently, the TH mRNA levels in the small intestinal muscularis externa (Figure 10B),
lamina propria mucosa (Figure 10C), and colon muscularis (Figure 10D) specimens were
reduced in 6-OHDA treated mice. The TH protein levels were also reduced in small
intestinal muscularis further confirming the elimination of TH* sympathetic neurons in 6-
OHDA treated mice (Figure 10E-F). Together, chemical denervation with a dosage of
three times 80 mg/kg was shown to be efficient in eliminating all TH* sympathetic neurons
in the Gl tract.

In addition, we also checked if it was possible to maintain a long-term STX. Subsequently,
we injected mice with a triple dosage of A Control B cSTX

80 mg/kg 6-OHDA and two weeks later,
a single dose of 80 mg/kg 6-OHDA was

injected for every ten days after that.
Two months after 6-OHDA treatment,

we performed immunofluorescence

staining for TH from ileal whole mounts. Figure 11: ¢cSTX of TH* sympathetic neurons

in the gut 60 days after 6-OHDA treatment
We observed a complete loss of TH*

(A-B)  Representative images of TH
immunofluorescence showing complete loss of
11B) compared to vehicle-treated mice TH* sympathetic neurons in ileum muscularis

. , whole mounts of cSTX-treated (B) compared to
(Figure 11A). This shows that 80 " cpicle-treated mice (A). Scale bars, 100 um
mg/kg 6-OHDA for three consecutive

nerve fibers in cSTX-treated (Figure

days is efficient in depleting all TH* sympathetic neurons and the denervation lasts at least

two months after this treatment.

3.1.2 Selection of the STX approach targeting only sympathetic but not parasympathetic

neurons.

Surgical and chemical STX were both efficient in depleting TH* sympathetic neurons in
the Gl tract. We next asked, if these two STX models only target sympathetic and/or also

parasympathetic vagal neurons. Some vagal nerve fibers run as fine bundles of vagal
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afferents along the superior mesenteric ganglion where we performed the sSTX procedure
(Berthoud und Powley, 1996).

To test this hypothesis, we performed a functional indirect test based on the induction of
satiety via cholecystokinin (CCK) as there are no direct markers, i.e exclusive histological
markers available to detect the vagus nerve integrity. Known as the peptide hormone of
the Gl tract, CCK, has a stimulatory effect on the vagus nerve and induces satiety when
administered intraperitoneally to mice (Ghia et al., 2007). Consequently, mice with intact
vagus nerve signaling will eat less food after CCK injection, while mice with disturbed
vagus nerve signaling will eat significantly more food. Therefore, we analyzed the effect
of CCK on both surgically and chemically sympathectomized mice. We divided the groups
into vehicle/6-OHDA, or Surgery/sham-operated mice treated with NaCl/CCK (Figure
12A).
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L“O_O. LLO (B) and (C) are shown as mean + SEM and

statistical analysis was carried out by two-way
ANOVA (*p<0.05, **p<0.01, and ***p<0.001).

& & & &

The vehicle-treated mice injected with 8 pg/kg CCK showed a reduced food intake (-40%)
compared to the NaCl-treated mice. Similarly, cSTX-treated mice injected with CCK also
showed a decreased food intake (-40%) compared to the vehicle-treated mice (Figure
12B) indicating that upon chemical denervation, the vagal signaling is still intact. In the
sSTX experiment, sham-operated mice injected with CCK consumed less food (-70%)
than NaCl-treated mice (Figure 12C). However, in the surgically-denervated group, the
effect of CCK was attenuated as displayed by the increased food intake (+50%) showing
disturbed vagal signaling. Together, we conclude that sSTX disturbs the vagal innervation
whereas the cSTX with 6-OHDA only targets sympathetic neurons. Consequently, during
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all subsequent experiments, we used the chemical approach to deplete the sympathetic
neurons.

The first objective of this thesis was to find a suitable STX model. Of all the

models we tested, three times 80 mg/kg 6-OHDA was the most appropriate.

3.1.3 Selection of the treatment time point

A 1209 [ Venicle After selecting 6-OHDA as the procedure to

1154 L= _CcSTX deplete sympathetic neurons, we confirmed
+= 110+ whether the treatment time point was
'§105- suitable for further analysis. First, we
100 measured the body weight of the cSTX-

95 - treated mice to check if cSTX induces weight

90 . . r . loss or any other clinical signs as this could

0 5 . 10 15 20 have a crucial impact on further analysis.
Time (days)

cSTX-treated mice did not show weight loss

Figure 13: Bodyweight measurement o
after the treatment with 6-OHDA after the i.p injection of 6-OHDA compared to

(A) Weight curve of 6-OHDA (cSTX the vehicle-treated mice (Figure 13A). An

group) and vehicle-treated mice. No overall assessment of cSTX-treated mice to
weight loss was observed upon 6-OHDA

treatment check if they were in pain or distress

identified no signs of hunched back, squinted
eyes, restlessness, agitation, not drinking, not eating, violent reaction, or sizeable
abdominal mass in the cSTX-treated animals indicating all these animals were well-
conditioned.

Since 6-OHDA induces cell death of sympathetic neurons, we hypothesized that this
treatment might recruit immune cells into the muscularis for clearance of dying neurons.
To answer this, we treated mice with either 6-OHDA or saline and analyzed the infiltrating
CD45" leukocyte cell population at multiple time points by flow cytometry (Figure 14A).
We identified three distinct subpopulations of CD45* cells by Ly6C™*, F4/80*, and Ly6G*
staining. These CD45"* leukocytes were defined as F4/80* macrophages, Ly6C* Ly6G-
monocytes, and Ly6C* Ly6G™ neutrophils. The gating strategy is based on singlets and
living CD45" cells (Figure 14B). Hoechst was used to exclude dead cells.
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Fiqure 14: Leukocvte immune cell infiltration into muscularis upon cSTX-treatment
(A) Timeline for analyzing leukocyte immune cell infiltration into muscularis externa at

multiple time points after the treatment with 6-OHDA. (B) Representative FACS dot plots
showing the gating strategy of the main population, singlets, living dead exclusion, and
CD45+ cells in the muscularis externa. (C) Quantification of Hoechst- CD45+ leukocytes
upon cSTX-treatment as compared to vehicle-treated mice. (D-E) Representative FACS
dot plots showing the ratio of Ly6C+ Ly6G- monocytes, Ly6C+ Ly6G+ neutrophils of
control (D) and cSTX-treated mice (E) at day 4, 7, 10 and 17. (F-H) Quantification of bar
graphs showing the absolute numbers of total Ly6C+ Ly6G- monocytes (F), Ly6C+ Ly6G+
neutrophils (G) and F4/80+ macrophages (H) isolated from muscularis externa upon cSTX
as compared to vehicle-treated mice at day 4, 7, 10 and 17. Values in each column is
shown as mean + SEM and statistical analysis was carried out by ordinary one-way
ANOVA test (*p<0.05, **p<0.01 and ***p<0.001) comparing vehicle-sorted macrophages
versus indicated groups.

On day four, upon 6-OHDA treatment, the total numbers of CD45" leukocytes in the
muscularis were significantly higher (3-fold) (Figure 14C), indicating that immune cells
infiltrate into the muscularis. At this time point, compared to vehicle-treated mice (Figure
14D), we detected significantly higher levels of Ly6C* Ly6G monocytes (12-fold) (Figure
14E, F), Ly6C* Ly6G™ neutrophils (3.5-fold) (Figure 14E, G), and F4/80" macrophages (5-
fold) (Figure 14H). On day seven, we also observed an increase in the total numbers of
CD45" leukocytes upon cSTX-treatment. However, the level of monocytes and neutrophils
already decreased, while F4/80" cells (8-fold) slightly increased. On days 10 and 17 upon
cSTX-treatment, the numbers of neutrophils, monocytes, and F4/80* macrophages all
completely returned to control levels. Subsumed, cSTX treatment induces a transient
inflammation in the intestinal muscularis that is self-limiting and resolves within ten days.
Due to this transient inflammation, we waited for 17 days after cSTX to avoid any side

effects that might affect the further analysis.

3.1.4 Changes in the muscularis externa upon cSTX

After selecting a suitable time point for the STX approach, we next aimed to check general
changes in the muscularis externa upon cSTX. For this, we first established a
transcriptional profile by 3’ bulk RNA sequencing to describe the molecular effects of the
cSTX in the intestinal muscularis. This analysis was carried out on day 17 when the
transient peri-interventional inflammation in the muscularis externa was resolved for at

least seven days after 6-OHDA or saline treatment. 23681 genes were obtained after
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normalization with the standard CPM method and principal component analysis (PCA)
was plotted. Further filtering using p-value (= 0.05) and false-discovery rate (FDR) fold
change (x2) gave a total of 1740 genes which were then used for gene enrichment
pathway analysis. PCA showed that the vehicle and cSTX-treated samples clustered into
two different axes (Figure 15A). The functional enrichment analysis on 1740 differentially
expressed genes for immune-related gene ontology (GO) terms showed “defense

response, inflammatory response, immune response, positive regulation of inflammatory
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Figure 15: RNA sequencing of the vehicle and cSTX-treated muscularis externa
samples

Mice underwent cSTX/vehicle treatment and two weeks later RNA was isolated from the
whole mucularis externa tissue, and subjected to 3’ bulk RNA sequencing. (A) PCA plot
showing the clustering of bulk RNA sequencing specimens from muscularis externa of the
vehicle and cSTX-treated mice. (B) Functional enrichment of differentially expressed
genes (p<0.05, fold change +2) showing immune-related GO terms upon cSTX. (C)
Hierarchical clustering of the GO term “inflammatory response” between vehicle and
cSTX-treated mice showing an increase in IL-1b upon cSTX. (D) gPCR analysis of cSTX-
treated mice (red) showing the levels of pro and anti-inflammatory genes in the muscularis
externa as compared to vehicle-treated mice (white). (E) gPCR analysis showing the
expression of different adrenergic receptors in the muscularis externa of vehicle (white)
and cSTX-treated mice (red). Values in each column are shown as mean + SEM and
statistical analysis was carried out by unpaired t-test (*p<0.05, **p<0.01 and ***p<0.001)
comparing vehicle-treated groups versus indicated groups.
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response and response to cytokines” enriched upon cSTX (Figure 15B). This shows that
the basic immune state of the muscularis is altered after cSTX. Notably, the hierarchical
clustering of the GO term “inflammatory response” showed an increase in Interleukin 1
beta (/IL-1B8) and other inflammatory markers upon cSTX (Figure 15C). Therefore, by
gPCR, we analyzed the expression of classical pro-inflammatory genes that were shown
to be modulated during acute inflammation of the muscularis externa (Stein et al., 2018).
In cSTX-treated mice, we detected higher expression of pro-inflammatory genes such as
Interleukin-6 [IL6 (2-fold)], IL-18 (10-fold), and Tumor necrosis factor- a [TNF-a (2-fold)]
compared to the vehicle-treated mice (Figure 15D). Furthermore, the anti-inflammatory
genes Cluster of Differentiation 163 (CD763) and chitinase-like protein 3 (Chil3/YM1)
levels were comparable between both groups. The Resistin-like alpha precursor (Retnla1)
level (-75%) was downregulated while Arginase-1 [Arg1 (1.2-fold)] was upregulated in the
cSTX-treated mice. In addition, mMRNA levels of a set of adrenergic receptor expression
genes alpha-1A adrenergic receptor (Adrata), alpha-1B adrenergic receptor (Adra1b),
alpha-1D adrenergic receptor (Adra1d), alpha-2A adrenergic receptor (Adra2a), alpha-2B
adrenergic receptor (Adra2b), beta-1 adrenergic receptor (AdrB17), beta-2 adrenergic
receptor (AdrB2), and beta-3 adrenergic receptor (AdrB3) were also altered (Figure 15E)
indicating that cSTX affects intestine also on the receptor level expression of NE, its
principal neurotransmitter. The broad changes in adrenoceptor gene expression indicate
that several cell types are affected by cSTX. Taken together, these data suggest that upon
cSTX, the basal immunological gene expression profile of the muscularis externa is
shaped towards a pro-inflammatory rather than anti-inflammatory pattern and a missing

innervation by the SNS distinctly affects adrenergic receptor expression.

3.1.5 Distinct changes in CX3CR1" muscularis macrophages upon cSTX

Tissue-resident CX3CR1* macrophages lay in proximity to the TH* sympathetic neurons
in the muscularis externa, and some studies have reported the involvement of adrenergic
signaling on the macrophage differentiation stage (Gabanyi et al., 2016). Therefore, we
hypothesized that the altered basal muscularis immune state after sympathetic
denervation could be due to the altered activation state of macrophages. To test this
hypothesis, we used CX3CR1C¢FP* reporter mice and FACS-sorted all Hoechst CX3CR1*
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cells 17 days after saline or 6-
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Figure 16: Changes on resident CX3CR1* receptor), CSF-1R  (-40%,
macrophages upon cSTX

(A) Timeline showing the experimental setup for sorting
CX3CR1+ muscularis macrophages upon cSTX. (B-C) 1), BMP-2 (-50%, bone
gPCR analysis of sorted macrophages from cSTX-
treated mice (red) showing the levels of macrophage
receptors and cytokines (B) and the mRNA expression higher levels (1.5-fold) of Adrb3
of different pro and anti-inflammatory genes (C) in the
muscularis externa compared to the vehicle-treated
mice (white). Values in each column are shown as (Figure 16B).

mean + SEM and statistical analysis was carried out by

unpaired t-test (*p<0.05, **p<0.01 and ***p<0.001) Notably, we also observed a
comparing vehicle-sorted macrophages versus
indicated groups.

macrophage colony receptor-

morphogenetic protein-2) and

(B3 adrenergic receptor)

reduction in the  anti-
inflammatory genes CD163 (-
75%), YM1 (-50%), and Retnla1 (-60%) and no changes in Arg1 upon cSTX on this
individual cellular level (Figure 16C). However, the pro-inflammatory genes IL6, IL-1f,
TNF-a, and inducible nitric oxide synthase (iINOS) did not change upon cSTX. This shows
that cSTX dampens the expression of macrophage anti-inflammatory genes while their

pro-inflammatory cytokine profile remains unaltered.

3.1.6 Ex vivo stimulation of CX3CR1" muscularis macrophages with LPS/M-CSF

Since we observed an altered macrophage anti-inflammatory profile upon c¢STX, we
speculated that sympathetic neuronal loss might dampen the ability of intestinal CX3CR1*
muscularis macrophages to induce anti-inflammatory genes. We tested this hypothesis
using an ex vivo setup wherein we FACS-sorted CX3CR1* muscularis macrophages 17
days after saline or 6-OHDA treatment and stimulated these sorted cells with either M-
CSF or LPS for three hours at 37 °C (Figure 17A). This assay shows alterations in the
CX3CR1* macrophage anti- or pro-inflammatory responses induced by M-CSF or LPS.
However, our preliminary experiments showed that due to the extreme digestion and
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FACS-sorting procedures, the unstimulated cells were unable to survive for three hours.
Hence, we excluded the groups that were stimulated neither with LPS nor with M-CSF

from our analysis.

Upon LPS stimulation, we detected comparable levels of IL-18 and TNF-a in sorted
macrophages of the vehicle and cSTX-treated groups. We observed a slight increase in

IL6 gene expression in
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Figure 17: Resident CX3CR1+ macrophage anti- and pro- inflammatory genes
inflammatory gene response upon stimulation with M- Arg7, CD163, and
CSF/LPS .
Interleukin 10 (/IL-10)
(A) Timeline showing the experimental setup for ex vivo M- ere dominantl
CSF or LPS stimulation of sorted CX3CR1* muscularis W . | y
macrophages from the vehicle and cSTX-treated mice. (B) reduced in  cSTX-
qPCR analysis of sorted CX3CR1* macrophages from ¢geq macrophages
vehicle (white) and cSTX-treated mice (red) stimulated with ]
M-CSF/LPS showing the levels of anti- and pro-inflammatory  (Figure 17B). Taken

genes. Values in each column are shown as mean + SEM
and statistical analysis was carried out by unpaired t-test
(*p<0.05, **p<0.01 and ***p<0.001).

together, our findings
that
associated with an anti-

show genes

inflammatory status of CX3CR1* macrophages were less reduced while the macrophage

pro-inflammatory profile was only slightly affected upon sympathetic denervation.

The second objective was to investigate the immune status of the resident muscularis
macrophages upon cSTX. While ¢STX did not affect pro-inflammatory gene
expression in macrophages, their anti-inflammatory genes were reduced. This

indicates an immunomodulatory role of SNS on resident macrophages under

homeostasis.
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3.1.7 Effects of cSTX in the early phase of non-infectious acute POI

As the transcriptional programs of CX3CR1* muscularis macrophages at the basal level
are shaped towards a pro-inflammatory signature by the SNS, we next questioned if it
also plays a role in acute intestinal inflammation. To answer this, we took advantage of a
well-described surgical intestinal manipulation (IM) model that results in a clinically
relevant transient motility disorder, known as postoperative ileus (POI) (Figure 18A). POI
is a common consequence of abdominal surgery, resulting in sterile inflammation of the
muscularis externa which induces transient disturbances of regular gastrointestinal
motility (Wehner et al., 2007; Mueller et al., 2011). We treated mice with saline or 6-OHDA
17 days before subjecting them to either surgical IM or a sham operation (Figure 18B).
Three hours after surgery, many inflammatory cytokines are known to be upregulated in
POI. Therefore, we performed a quantitative PCR for prototypical inflammatory markers
shown to be regulated in the muscularis during POI (Stein et al., 2018). The mRNA
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Figure 18: Changes in the muscularis externa upon cSTX in the early phase of POI

(A) An image of intestinal manipulation (IM) showing the procedure to induce postoperative
ileus as a model to study the role of SNS in a non-infectious, acute muscularis
inflammation. (B) The experimental setting for vehicle and cSTX-treated mice followed by
IM. (C-D) gqPCR analysis of vehicle (white) and cSTX-treated mice (red) showing fold
change mRNA expression of different pro (C) and anti-inflammatory genes (D) in the
muscularis externa three hours after IM. Expression levels are normalized to vehicle-
treated mice without IM. Values in each column are shown as mean £ SEM and statistical
analysis was carried out by unpaired t-test (*p<0.05, **p<0.01 and ***p<0.001).
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expression of pro-and anti-inflammatory genes is normalized to the GAPDH house-
keeping gene expression of vehicle-treated mice without IM. Pro-inflammatory cytokines
IL-18 and IL6 were strongly induced in the muscularis of cSTX-treated mice. However,
there was no difference between the vehicle and cSTX-treated animals three hours after
IM (Figure 18C). In contrast, the level of the anti-inflammatory gene YM1 was increased
(50-fold) in vehicle-treated mice, but it was reduced (-60%) in the cSTX group. Although
CD163 and Retnla1 were reduced after IM, no difference was observed between the
vehicle and cSTX-treated groups (Figure 18D). Arg7 expression decreased in vehicle-
treated mice (-50%), while this drop was not observed in the cSTX group upon IM. This
indicates that cSTX did not affect the overall immunological tissue response upon IM.

3.1.8 CX3CR1*" muscularis macrophage anti-inflammatory genes are reduced upon cSTX

in the early phase of POI

Activation of resident macrophages is shown to be crucial in POI (Wehner et al., 2007)
and recently, our group investigated macrophage polarization and plasticity in the course
of POI (Stein et al.,, 2018). Although we observed distinct immune changes in the
muscularis externa three hours after IM, the functional changes of CX3CR1" resident
muscularis macrophages remained unclear. Therefore, we FACS-sorted intestinal
CX3CR1" cells three hours after IM from the vehicle and cSTX-treated mice (Figure 19A).
The mRNA expression of pro-and anti-inflammatory genes is normalized to the GAPDH
house-keeping gene expression of sorted macrophages from the vehicle-treated mice
without IM. In general, only /L6 was upregulated three hours after IM in sorted
macrophages in both the vehicle and cSTX-treated groups but no differences were
observed between the two groups. Further, the levels of IL18, TNFa, and iNOS were also
comparable in the vehicle and cSTX-treated sorted macrophages (Figure 19B). In
contrast, the postoperative anti-inflammatory genes Arg1 (-60%), CD163 (-30%), and YM1
(-60%) were significantly reduced in cSTX-sorted-macrophages compared to vehicle-
sorted-macrophages three hours after IM with the only exception in Retnla1 levels (Figure

19C). Taken together, these findings show that cSTX reduced the expression of several



A B3
o 30 2.0 25
° ° ° _ °
d1 d2 d3 d17 d17+3htime 2 2 2 5 215 o« 220
—0—0—0 = < <
0 2 < P . Z15
AN V" z z %10 ®
: c c ISERS 1S
) ) IM  Sorting I » c 1.0
i.p cSTX/Vehicle CX3CR1*GFP* = © 10 o) L
0.5
0/ 0 0.0/ 0.0/
Veh cSTX Veh c¢STX Veh ¢STX Veh cSTX
C15 _04 20 200{
. * o~
= 2 2 2 =
S| < 03| = <15 o S50
<10 zZ ° Z < °
x . o Z °
& £ g hd 4
£ & 02 5 10 5100
55 B £ s
< e 001 @ 05 > 50
0/ 0.0 0! 0
Veh ¢STX Veh c¢STX Veh cSTX Veh cSTX

Figure 19: Resident CX3CR1* macrophage anti- and pro-inflammatory gene
response upon cSTX in the early phase of POI

(A) Timeline showing the experimental setup for sorting resident CX3CR1" macrophages
from the vehicle and cSTX-treated mice three hours after IM. (B-C) gPCR analysis of sorted
CX3CR1*" macrophages from vehicle (white) and cSTX-treated mice (red) showing fold-
change mRNA expression of pro (B) and anti-inflammatory genes (C). Values in each
column are shown as mean + SEM and statistical analysis was carried out by unpaired t
test (*p<0.05, **p<0.01 and ***p<0.001). Expression of mRNA for IL-183, IL-6, TNFa, iNos,
Arg1, CD163, Retnla1, and YM1 determined by qPCR, presented relative to house-keeping
gene GAPDH expression of sorted macrophages from the vehicle-treated mice without IM.

postoperative anti-inflammatory genes in the early phase of POl. We speculate that this
might affect the postoperative inflammation of the muscularis and consequently impact

the functional outcome of POI.

3.1.9 Sympathetic neuronal loss results in reduced symptoms of postoperative ileus.

To measure the effects of sympathetic denervation in the late or clinically relevant effector
phase of POI, we analyzed the outcome of mice subjected to the vehicle or cSTX-
treatment. This phase manifests around twenty-four hours after IM in the POl mouse
model when inflammation and functional disturbances peak. According to the analyses
performed at the three hours time-point, we also analysed /L-18 and /L6 that are
upregulated at the late phase of POI. Vehicle-treated mice showed an upregulation of /L-
18 and /L6 upon IM (Figure 20A). However, cSTX-treated mice showed a moderate
increase in IL-1B (2.5-fold) and /L6 (3.5-fold), compared to the corresponding vehicle-
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treated mice. Simultaneously, anti-inflammatory genes such as CD163 (-65%) and YM1
(-30%) were downregulated but no changes were observed in the expression of Arg7 and

Retnla1 twenty-four hours after IM (Figure 20B).

Together, our data show that the effect of sympathetic neuronal loss on the postoperative
immune response lasts for hours and might also affect the functional outcome of POI. To
investigate this outcome after denervation, we measured the cellular infiltration and
motility disturbances. As a readout to determine the extent of motility disturbances during
POI, the gastrointestinal (Gl) transit time was measured twenty-four hours after IM.
Vehicle-treated animals showed a reduced Gl transit (3.3 £ 0.26) upon IM compared to
the corresponding sham-operated mice (10.8 £ 0.45). In contrast, cSTX-treated mice
showed an accelerated Gl transit (5.7 + 0.75) (Figure 20C) twenty-four hours after IM.
Notably, the postoperative MPO™ immune cell infiltration into the muscularis externa was
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Figure 20: Functional outcome upon cSTX in the late or effector phase of POI

(A-B) qPCR analysis from vehicle (white) and cSTX-treated mice (red) showing the
expression of pro (A) and anti-inflammatory genes (B) in the muscularis twenty-four hours
after intestinal manipulation. Values in each column are shown as mean + SEM and
statistical analysis was carried out by unpaired t test (*p<0.05, **p<0.01 and ***p<0.001)
comparing vehicle-treated mice without IM versus indicated groups. (C) Gl transit time
shown as the geometric center of distribution of FITC dextran in the stomach (st), small
intestine, cecum (c) and colon calculated twenty-four hours after intestinal manipulation.
(D) lleum muscularis whole mounts of vehicle (left) and cSTX-treated (right) mice showing
myeloperoxidase-staining (MPQO) for polymorphonuclear neutrophils (PMNs) twenty-four
hours after intestinal manipulation. (E) Quantification of MPO™ leukocytes upon intestinal
manipulation in cSTX compared to the vehicle-treated mice. The graphs are plotted as
mean * SEM and statistical analysis was carried out by a two-way ANOVA (*p<0.05,
**p<0.01, and ***p<0.001).
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also reduced (-55%) (Figure 20D, E).

Further, by FACS staining, we characterized the postoperative muscularis externa
immune cells twenty-four hours after IM (Figure 21A). We observed a reduction in living
CDA45" cells, Ly6C* Ly6G-monocytes (Figure 21B), Ly6G* Ly6C* neutrophils, and F4/80*
macrophages (Figure 21C) in cSTX-treated compared to vehicle-treated animals upon
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Figure 21: Effects of cSTX at the late phase of POI

(A-C) Representative FACS images showing the gating strategy of the main population,
singlets, and Hoechst- CD45* cells (A), the ratio of Ly6C* Ly6G monocytes and
Ly6C* Ly6G* neutrophils (B), and monocyte-derived F4/80" macrophages (C) isolated from
small bowel muscularis externa of vehicle and cSTX-treated mice twenty-four hours after
IM. (D-G) Bar graphs showing the quantification of total Hoechst CD45* leukocytes (D),
Ly6C* Ly6G  monocytes (E), Ly6C* Ly6G* neutrophils (F) and monocyte derived
F4/80* macrophages (G) of the vehicle and cSTX-treated mice twenty-four hours after IM.
The graphs are plotted as mean £ SEM and statistical analysis was carried out by two-way
ANOVA (*p<0.05, **p<0.01 and ***p<0.001).
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Quantification revealed more than 37% reduction in living CD45" leukocytes (Figure 21D),
34% reduction in Ly6C* Ly6G- monocytes (Figure 21E), 46% reduction in Ly6G* Ly6C*
neutrophils (Figure 21F), and 41% reduction in F4/80* macrophages (Figure 21G)
twenty-four hours after IM in cSTX-treated compared to vehicle-treated animals. Together,
the cSTX resulted in the reduced number of infiltrating leukocytes twenty-four hours after
IM and consequently led to an improved Gl transit.

The third objective was to investigate the effect of cSTX on the muscularis externa and
resident macrophages in the disease model of POI. ¢cSTX reduced macrophage anti-

inflammatory genes also in the early phase of POI. In the late phase, leukocyte

infiltration into muscularis was reduced with a quicker recovery of bowel motility.

In subsumption of the muscularis externa related effects of the SNS, we observed an
elevated pro-inflammatory status in the tissue upon cSTX. A particular perspective on the
resident CX3CR1*" macrophages within this tissue revealed an anti-inflammatory state of
this cell population. In the early phase of POI, some of the anti-inflammatory genes were
reduced CX3CR1* macrophages while in the late phase, infiltrating leukocyte numbers
dropped and Gl transit time was accelerated. Together, this indicated an altered immune
response in surgery-induced inflammation by cSTX. These findings may suggest
sympathetic interventions as a possible approach to treat or prevent POI and this might

be also of interest for other acute intestinal inflammatory disorders.
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3.2 Effects of sympathetic denervation on mucosal antibacterial defense

The last part of this thesis exclusively focussed on the effects of cSTX in the mucosa. PO,
the disease that we were predominantly interested in, mainly affects the tunica muscularis
externa but not the mucosa. Therefore, we analysed mucosal changes after cSTX under

homeostasis.

3.2.1 Changes in the mucosa after cSTX

After having shown that the baseline muscularis immune response is altered upon cSTX,
we next aimed to investigate whether cSTX also affected the release of pro-inflammatory
cytokines and adrenergic receptors in the mucosa which we partially also checked in the
muscularis externa. By quantitative PCR, we measured increased /L-18 (2.5-fold) and
TNF-a (75-fold) cSTX-treated compared to vehicle-treated mice (Figure 22A).

Notably, the anti-inflammatory genes Arg7 and CD163 were also reduced in the mucosa
of cSTX-treated compared to the vehicle-treated mice (Figure 22B) pointing towards
common immune shaping mechanisms of the SNS in the tunica muscularis and the
mucosa. This shows that distinct changes occur upon cSTX shaping the mucosal profile
to a more pro-inflammatory and simultaneously less anti-inflammatory pattern. Further,
the series of additional adrenergic receptors including Adra1b, Adra1d, Adra2a, Adra2b,
AdrB1, AdrB2, and AdrB3 but not Adrala were also prominently reduced indicating

changes on several cell types expressing these receptors in the mucosa (Figure 22C).
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Figure 22: Effects of cSTX in the mucosa

(A-C) gPCR analysis from vehicle (white) and cSTX-treated mice (red) showing the
expression of pro-inflammatory genes (A) anti-inflammatory genes (B) and adrenergic
receptors (C), in the mucosa. Values in each column are shown as mean + SEM and
statistical analysis was carried out by unpaired t-test (*p<0.05, **p<0.01 and ***p<0.001)
comparing vehicle-treated mice versus indicated groups.
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These cells include but are not limited exclusively to macrophages, epithelial cells, innate
lymphoid cells, B and T-cells (Jacobson et al., 2021).

3.2.2 Increased epithelial tight junction genes after cSTX

After having observed these pronounced changes, we aimed to achieve a more
comprehensive view on the alteration of molecular pathways after cSTX within the mucosa
and we performed a bulk 3’ mRNA sequencing from the muscularis-free mucosal samples
of vehicle and cSTX-treated mice. 17541 genes were obtained after normalization with
the standard CPM method and PCA graph was plotted. Further filtering using p-value
(2 0.05) and FDR fold change (+2) gave a total of 456 genes which were then used for
gene enrichment pathway analysis. PCA showed that the vehicle and cSTX-treated

samples clustered into two different axes (Figure 23A).

The volcano plot of 26346 differentially expressed genes showing the upregulation of
antimicrobial defense genes upon cSTX (Figure 23B). The functional enrichment analysis
on these differentially expressed genes for immune-related gene ontology (GO) terms
revealed “defense response to gram-positive bacterium, antibacterial humoral response,
mucosal immune response, response to the bacterium, and tight junction” to be
significantly enriched upon cSTX-treatment. This shows that the basic immune state of

the mucosa is indeed altered upon sympathetic denervation (Figure 23C).

As we observed an enrichment in genes connected to the GO term “tight junctions” upon
cSTX, we speculated that sympathetic denervation might affect epithelial tight junction
responses (Figure 23D). By quantitative PCR, we confirmed increased mRNA levels of
tight junctions claudin-3 [cld3 (9-fold)], claudin-2 [cldn2 (4-fold)], and occludin [ocldn (2.5)]
in cSTX-treated mice suggesting a role of sympathetic neurons in regulating epithelium

tight junctions and thereby barrier functions (Figure 23E-G).
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Figure 23: Effects of cSTX on epithelium tight junctions

(A) PCA plot showing the clustering of bulk RNA sequencing specimens from the intestinal
mucosa of the vehicle and cSTX-treated mice. (B) The distribution of 26346 differentially
expressed genes on the valcano plot. (C) Functional enrichment of differentially expressed
genes (p<0.05, fold change *2) in the mucosa showing immune-related GO terms upon
cSTX. Enrichment of 3-fold or higher was expected to be biologically relevant (D)
Heatmaps showing the clustering of differentially expressed genes of the GO term tight
junction. (E-G) qPCR analysis showing the expression of various tight junction genes
CLD3, Cldn2, ocldn in the mucosa of vehicle (white) and cSTX-treated mice (red). Values
in each column are shown as mean + SEM and statistical analysis was carried out by
unpaired t-test (*p<0.05, **p<0.01 and ***p<0.001) comparing vehicle-treated mice versus
indicated groups.
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3.2.3 cSTX increased antimicrobial defense genes

Another major function of the epithelium is to provide a proper antimicrobial defense as
the intestinal mucosa is continuously exposed to the luminal microbial content. In this line,
we observed an enrichment of genes for the GO term “antibacterial humoral response”
(Figure 24A) in cSTX animals, and we quantified some distinct antimicrobial defense also
by qPCR. Trefoil factor 3 [TFF3 (16-fold)] was increased in the mucosa of cSTX-treated
mice as compared to vehicle-treated mice (Figure 24B). We also observed an increase
in bacterial defense genes such as Neutrophil defensin 1 precursor [Defa1 (6-fold)],
Regenerating islet-derived protein 3-gamma [Reg3g (4-fold)], Defensin-B3 precursor [(3
defensin (3.5-fold)], Lysozyme C-1 precursor [Lyz1 (3.5-fold)], and mucin-2 [Muc2 (3-fold)]
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Figure 24: Antibacterial humoral response in the mucosa upon cSTX

(A) Heatmaps showing the clustering of differentially expressed genes of the GO terms
antibacterial humoral response. (B) gPCR analysis showing an increase in TFF3 (C) genes
and various microbial defense genes defa1, Reg3g, b3 def, lyz1, muc2 (D) in the mucosa
of vehicle (white) and cSTX-treated mice (red). Values in each column are shown as mean
+ SEM and statistical analysis was carried out by unpaired t-test (*p<0.05, **p<0.01 and
***p<0.001).
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in cSTX-treated mice (Figure 24C) confirming an increased mucosal antibacterial activity
after cSTX. These findings add to the previously described role of sympathetic neurons in
regulating epithelial cell functions and underline the important role of the SNS in affecting

epithelial barrier integrity and function.

The fourth objective was to investigate the effect of cSTX in the mucosa. The pro-
inflammatory status of the mucosa under baseline was also affected by cSTX as
shown by increased IL-18 and TNF-a gene expression. Additionally, as levels of tight

junctions and antimicrobial defense genes were also elevated, the SNS

comprehensively controls epithelial biology under homeostasis.

Subsumed, our mucosal-related studies describe the role of SNS in modulating the
antimicrobial gene responses of epithelial cells. ¢cSTX led to an increase in pro-
inflammatory genes as well as elevated levels of tight junctions and antimicrobial defense
genes under homeostasis. Considering the profound changes after cSTX in the
muscularis externa, our findings await future confirmation on a potential mechanistic role
of the SNS also in immune-driven mucosal disorders. We speculate that sympathetic
intervention may serve as a possible therapeutic approach to modify mucosal immune

and antimicrobial response and barrier integrity during immune-driven intestinal disorders.
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4. Discussion

4.1 Effects of cSTX on the muscularis externa and resident CX3CR1* Macrophages in
health and disease

Neuro-immune interactions between the SNS and immune cells play an essential role in
maintaining intestinal homeostasis and modulating inflammatory insults. Inline, recent
works highlighted a specific function of the SNS and its neurotransmitters and described
the neuronal modulation of resident CX3CR1* muscularis macrophages (Gabanyi et al.,
2016; Matheis et al., 2020). These macrophages are closely associated with the enteric
neurons (Muller et al., 2014) but also with the extrinsic TH* sympathetic nerves
(Verheijden und Boeckxstaens, 2018; Kolter et al., 2020). Hence, in the muscularis
externa, innervation of these sympathetic neurons might also affect the resident
macrophages. Furthermore, B2-adrenergic receptor signaling is shown to upregulate
neuroprotective programs in muscularis macrophages upon luminal infection and mediate
protection to neurons via the arginase 1- polyamine axis (Matheis et al., 2020).
Interestingly, these resident macrophages are shown to be involved in several Gl
disorders such as intestinal ischemia-reperfusion (Liu et al., 2015; Schaefer et al., 2008),
gastroparesis (Choi et al., 2010), and as the basis of the present thesis in POI (Kalff et al.,
1998; Wehner et al., 2007; Stein et al., 2018). As sympathetic overactivity occurs upon
abdominal surgery and disturbs bowel motility patterns resulting in POI (Jonge et al.,
2003), we hypostatized that the SNS can modulate muscularis macrophage function in
acute, surgically induced inflammation. Consequently, in this study, we focused to
investigate the immunomodulation of muscularis macrophages by the SNS under

homeostasis and during POl in mice.

Sympathetic neurons are characterized by the expression of the enzymes TH and
dopamine beta-hydroxylase that innervate all layers of the bowel wall (Lomax et al., 2010;
Schank et al., 2006). In addition, TH is an essential enzyme in a biosynthetic pathway of
dopamine and NE (Savitt et al., 2005). To address the role of SNS, and understand their
impact on homeostasis and intestinal diseases, it was essential to abolish SNS function
in the gut. Therefore, to successfully eliminate these gut extrinsic TH* sympathetic

innervations particularly within the muscularis externa in vivo, we opted to employ three
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distinct methods possessing all experimental advantages and disadvantages.
Consequently, we used a genetic (Borden et al., 2013), a surgical (Olivier et al., 2016;

Willemze et al., 2019) and, a chemical approach (Pellegrini et al., 2020).

4.1.1 cSTX targets sympathetic neurons without affecting vagal innervation

In the genetic approach, we used a TH-Cre mouse line that has been used before
successfully in Gl research (Yoo et al., 2021). This approach has an enhanced cellular
specificity although it does not exclusively target sympathetic but also dopaminergic
neurons (Savitt et al., 2005). Further, it has the advantage to precisely target a particular
gene and/or cell population without possible side effects of drugs or a surgical intervention
that might influence further analysis. For gSTX, we used TrkA, a nerve growth factor
promoting pancreatic sympathetic innervation. TrkA is necessary to establish pancreatic
islet shapes, and their innervation is absent in the pancreas of mice lacking NGF (Glebova
und Ginty, 2004). Accordingly, the genetic depletion of TrkA, in TH-Cre;TrkA”f mutant
mice, was effective in abolishing sympathetic neurons in the pancreas (Borden et al.,
2013). However, in the intestinal muscularis externa of TH-Cre; TrkA” mutant mice, we did
not observe this reduction in TH* fibers. We speculate that TrkA might not be crucial for
the survival of sympathetic neurons innervating the Gl tract. Therefore, TH-Cre mouse

driver line lacking TrkA was not effective in ablating gut projecting sympathetic neurons.

Since the 1950s, surgical ganglionectomy and vagotomy have been used and validated
in animal studies as selective but invasive denervation approaches that target sympathetic
and parasympathetic intestinal innervation, respectively (Shingleton et al., 1952). The
herein used intestine-specific sSTX approach (Olivier et al., 2016) was effective in
abolishing extrinsic sympathetic neurons in the muscularis externa. However, fine bundles
of vagal afferent fibers divide and reassemble along the SMA, the surgical site where
sSTX is performed (Wang und Powley, 2007). Therefore, sSTX is at risk of simultaneously
at least partially disturbing the parasympathetic intestinal innervation by surgical
transection. To determine the integrity of the vagal fibers, we performed an indirect
functional CCK approach by assessing food intake. CCK induces the effect of satiety while
vagotomy blocks this effect (Bucinskaite et al., 2000). Injection of CCK to the sham-
operated mice showed reduced food consumption indicating intact vagal signaling.

However, sSTX mice displayed an increase in the amount of food consumed. This
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indicates that sSTX not only destroys the sympathetic neurons but also disturbs the vagal
signaling. Nevertheless, the CCK test is an indirect approach and there is no direct
evidence for disturbed vagus nerve activity due to the missing vagal markers and scarcely
detectable vagal fibers at the quantitative levels. A limitation of the CCK test, however, is
that CCK receptors are not only expressed on vagal afferents, but also, neurons of the
midbrain, and the myenteric plexus (Honda et al., 1993; Rehfeld, 2017). Therefore, the
effect of satiety might still be induced in the absence of intact vagal signaling. Alternative
approaches like retro- or anterograde tracing of the nerve fibers (Niu et al., 2020; Han et
al., 2018) would be an alternative option, although, not a perfect option as they don'’t target
all vagal fibers.

As a third approach, we tested the application of a neurotoxin 6-OHDA in the peritoneum
that destroys catecholaminergic pathways (Hernandez-Baltazar et al., 2017). Although it
is the most broadly used approach to deplete sympathetic neurons, it has two limitations.
First, it targets both dopaminergic and noradrenergic neurons (Tieu, 2011). Secondly, due
to the peritoneal application route, it might also act at distant sites and targets sympathetic
innervation in other visceral organs. Nevertheless, it is broadly accepted and we expected
that it also does target the vagal nerves. Insufficient dosing could affect further analysis
and excessive drug dosage might lead to undesirable side effects. Therefore, we first
tested different amounts of 6-OHDA to accomplish complete loss of TH* neurons in the
bowel muscularis externa. Three times 80 mg/kg 6-OHDA showed complete ablation of
sympathetic fibers along the Gl tract- in the stomach, small bowel, and colon two weeks
after the treatment. In addition, this model did not disturb vagal signaling as measured by
the decreased food intake upon CCK administration proving intact vagal afferent fibers.
Furthermore, our data showed increased CD45" leukocytes in the muscularis externa
precisely characterized as Ly6C* Ly6G* neutrophils, Ly6C* Ly6G- monocytes, and F4/80*
bone marrow-derived macrophages within four days after 6-OHDA treatment. We defined
this as a sterile inflammatory response in the muscularis externa necessary for the rapid
clearance of debris from dying sympathetic neurons after 6-OHDA treatment (Zhang et
al., 2015). However, as shown by flow cytometry analysis, it was a transient cellular
inflammation that was utterly resolved a week before we carried out our analyses.

Consequently, cSTX with three times 80 mg/kg 6-OHDA was proven to be the most
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reliable approach in eliminating TH* sympathetic neurons in the Gl tract without disturbing

vagal innervation.

Although cSTX-induced inflammation is transient, it might still have a long-lasting effect
on the macrophages. For instance, LPS triggers a macrophage-mediated inflammatory
response, leading to tissue damage and lethality. However, a state of tolerance is induced
in prolonged exposure to LPS that results in reduced pro-inflammatory cytokine
expression (O'Carroll et al.,, 2014; Seeley und Ghosh, 2017). Interestingly, peripheral
whole blood from polytraumatized patients showed reduced pro-inflammatory cytokines
after exposure to LPS indicating a tolerant immune status in these patients (Halbgebauer
et al., 2020). Therefore, we can not completely exclude the possibility of a cSTX-induced
lasting effect on macrophages. However, even with the sSTX approach, the denervation
procedure triggers an inflammatory response and thus, any other potential options are still
at the risk of inducing immune-tolerance effects. Notably, benzalkonium chloride (BAC)-
induced denervation is also used in other intestinal inflammation models (Sanidad et al.,
2018; Yang et al., 2020). This locally applied BAC treatment temporarily reduces extrinsic
TH* sympathetic fibers; however, these fibers reappear between 2- 3 weeks after
treatment while TH+ neurons in the intestine are still absent 60 days after 6-OHDA
treatment. Furthermore, besides extrinsic sympathetic neurons, BAC also targets intrinsic
enteric nerval cells, particularly GFAP* glial cells, and enteric neurons (Tamada und

Kiyama, 2016). Therefore, this was not a suitable approach for our studies.

4.1.2 cSTX shapes the muscularis externa profile to a pro-inflammatory status and
reduces resident CX3CR1" macrophage anti-inflammatory cytokines under baseline

conditions.

After selecting the 6-OHDA-induced cSTX approach, we investigated the consequence of
neuronal loss in the muscularis. A bulk 3 RNA sequencing upon cSTX, revealed
enrichment of genes connected to the GO term “inflammatory response” and an increase
in IL-18 in the muscularis externa of cSTX-treated mice. By performing qPCR analysis,
we confirmed an increase in inflammatory genes /L-6 and IL-1( that we recently identified
to be regulated during acute muscularis inflammation (Wehner et al., 2005; Hupa et al.,
2019; Stoffels et al., 2014). Furthermore, distinct noradrenergic receptors predominantly

expressed in the Gl tract that are known to play critical roles in immune and inflammatory
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responses (Seiler et al., 2008; Zeng et al., 2020) were also altered. Potential cellular sites
of adrenergic receptor signaling include resident cell types such as macrophages,
dendritic cells, smooth muscle cells, enteric neurons, and glial cells (Nijhuis et al., 2014;
GrubiSi¢ und Gulbransen, 2017; Gabanyi et al., 2016; Nasser et al., 2006). Enteric
neurons and glia cells express a2 adrenergic receptors, and norepinephrine-mediated a2
adrenergic signaling modulates enteric gut motility (Scheibner et al., 2002; Nasser et al.,
2006). B adrenergic receptor activation on smooth muscle cells initiate the relaxation of
these cells (Manara et al., 2000; Seiler et al., 2008). Selective B2 adrenergic signaling in
macrophages triggers an anti-inflammatory response (Gabanyi et al., 2016). Therefore,
different immune and non-immune cells in the muscularis externa might be affected by

absent adrenergic inputs from sympathetic neurons after cSTX.

Although the expression levels of several pro- and anti-inflammatory genes in the whole
muscularis tissue were modified upon cSTX, it was still unclear whether these changes
originate from the resident muscularis macrophages. The macrophage immune
responses respond selectively to adrenergic signaling (Gabanyi et al. 2016; Matheis et al.
2020), and therefore, we investigated the response of cSTX on these cells. We used
CX3CR1CFP* reporter mice (Jung et al., 2000) and subjected them to the cSTX procedure.
In the Gl tract, Adrb2 (32AR) and Adrb3 (B3AR) are predominantly expressed by several
immune and non-immune cells (Calvani et al., 2020) and modulate intestinal inflammation
by inhibiting the release of pro-inflammatory cytokines (Agag et al., 2018a; Vasina et al.,
2008). While Adrb2 was upregulated in the muscularis externa, it was strongly reduced in
sorted CX3CR1* macrophages. This suggests that macrophages are a major target of
SNS signaling. However, as the reduction in Adrb2 gene is accompanied by a general
upregulation in the overall muscularis tissue, other cells (Seiler et al., 2008; Nasser et al.,
2006) might try to compensate for the macrophage-specific reduction of Adrb2 signaling
in the muscularis after cSTX. Reduced Ardrb2 levels in sorted CX3CR1* macrophages
from cSTX-treated mice are in line with a previous study describing NE signaling to
macrophage Adrb2 receptors (Gabanyi et al., 2016). While Adrb2 was decreased, another
macrophage adrenergic receptor, Adrb3, was slightly increased in the sorted CX3CR1*
macrophages, but, it remained unclear whether this is part of a compensatory mechanism

triggered by the absence of sympathetic neurons.
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Another important observation of this study was that the levels of BMP-2 and CSF1-R, a
receptor of CX3CR1* muscularis macrophages were reduced in macrophages sorted from
cSTX-treated mice. BMP-2 is secreted by muscularis macrophages and regulates Gl
motility through direct action on enteric neurons in a non-inflamed bowel. In turn, these
neurons secrete CSF-1 required for macrophage survival (Muller et al., 2014). Resident
macrophages indeed strictly depend on CSF-1 signaling as mice depleted of CSF-1
(Muller et al., 2014) as well as a mouse line that developed spontaneous mutations in the
CSF-1 gene (Mikkelsen und Thuneberg, 1999) show strongly reduced numbers up to an
almost complete absence of resident muscularis macrophages respectively. Therefore,
the slightly but not significantly disturbed GI motility observed in our studies in cSTX-
treated mice might be caused due to the reduced BMP-2 levels in macrophages.
Furthermore, several markers including YM1, CD163, and Retnla used to identify an
alternatively activated macrophage state (Leopold Wager und Wormley, 2014), were
strongly reduced indicating an altered anti-inflammatory phenotype of macrophages. This
is in line with the detected enrichment of genes listed within the GO term “Regulation of
macrophage differentiation” in cSTX mice. The alternatively activated macrophages are
known to play a role in wound healing as well as in regulating immune responses
(Mikkelsen, 2010; Kim und Nair, 2019; Bain und Schridde, 2018). Interestingly, the
downregulation of anti-inflammatory genes was only observed in sorted macrophages
isolated from cSTX-treated mice but not in the muscularis externa tissue suggesting
distinct changes on macrophages after cSTX. We did not observe a reduction in Arg1
upon cSTX in our in vivo study. Arg1 is often used as an anti-inflammatory marker for
alternatively activated macrophages and a recent study showed that stimulation of
peritoneal macrophages with NE or salbutamol upregulated Arg7 in vitro that was
prevented by butaxamine, a B2AR blocker (Gabanyi et al., 2016). However, several other
classical anti-inflammatory genes, of which some were tested in this thesis, were not
examined in the Gabayani et al., study. Although none of these markers alone can provide
evidence of an altered macrophage function, we believe that due to the reduction in some
of these genes, we can conclude an immune-modulatory role of the SNS on CX3CR1*
macrophages in vivo. In addition, pro-inflammatory markers IL-6 and /L-18 were
upregulated in the muscularis but not in the cSTX-sorted macrophages. This indicates

that macrophage anti-inflammatory response is selectively affected by cSTX what in turn
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triggers a pro-inflammatory reaction in the muscularis externa wherein these
macrophages reside. Potential cellular sources for these cytokines could be enteric
neurons and glia cells (Stoffels et al., 2014; Yan et al., 2021; Hupa et al., 2019).

These findings were further supported by our ex vivo M-CSF or LPS stimulation assay.
M-CSF and LPS stimuli are known for inducing an anti-inflammatory or a pro-inflammatory
cytokine profile of macrophages respectively (Hamilton et al., 2014; Orecchioni et al.,
2019; Han et al., 2017). In the presence of M-CSF, bone marrow-derived macrophages
differentiate into mature macrophages with a cell morphology similar to that of tissue
macrophages (Nasser et al., 2020). Comparable levels of pro-inflammatory genes were
expressed by both vehicle and cSTX-sorted macrophages after ex vivo LPS stimulation.
However, cSTX-sorted macrophages failed to induce anti-inflammatory genes such as
Arg1, IL-10, and CD163 upon stimulation with M-CSF. This is in line with the reduced
levels of CSF-1R observed in sorted macrophages of cSTX-treated mice (Figure 10B) and
suggests that macrophages are resilient to anti-inflammatory M-CSF stimuli upon cSTX
and continue to remain in a pro-inflammatory state in vivo. A shortcoming of this
experimental part is that we have not checked other markers of alternative activation
except for the ones mentioned above.

4.1.3 cSTX alters macrophage anti-inflammatory profile also in the early phase of POI

Given that CX3CR1* muscularis macrophage immune functions are modulated by
intestinal sympathetic innervation under baseline conditions, we next focused on exploring
their relevance in an intestinal inflammation model. By mimicking the surgical trauma to
the mice bowel wall, we induced POI and explored the role of SNS in modulating CX3CR1*
muscularis macrophage functions. cSTX- treated mice showed reduced levels of anti-
inflammatory marker YM1 but not CD163, Retnla1, and Arg1 in the muscularis externa
tissue, three hours after IM. In addition, there were no changes in the early postoperative
response of pro-inflammatory cytokines in the muscularis externa. Interestingly, these
changes occurred in the early phase of POl when resident muscularis macrophages are
activated and release inflammatory cytokines and chemokines but blood-derived
leukocyte infiltration has not yet occurred. However, by FACS-sorting CX3CR1*
muscularis macrophages three hours after IM, we observed a significant reduction in the

levels of anti-inflammatory markers YM1, Arg1, and CD163 while the macrophage pro-
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inflammatory profile also was not altered. As the macrophage anti-inflammatory pattern
was also reduced after the surgical trauma these data suggest a role of the SNS in
CX3CR1*" muscularis macrophage immunomodulation also in POI pathogenesis. Hence,
we hypothesized that a dampened anti-inflammatory state of muscularis macrophages
might impact the muscularis inflammation and finally bowel function in the clinically

relevant late phase of POI.

In the late phase, we observed reduced anti-inflammatory genes CD7163 and YM1 while
pro-inflammatory genes IL-16 and /L6 were noticeably increased in the muscularis externa
of cSTX-treated mice twenty-four hours after IM. We interpret this increase in the pro-
inflammatory cytokines as a compensatory mechanism upon cSTX that might occur to re-
establish homeostasis upon surgical insult involving several resident cell types in the
muscularis externa. Enteric glia cells that are activated upon IM (Stoffels et al., 2014;
Schneider et al., 2020; Hupa et al., 2019), dendritic and T-cells (Engel et al., 2010),
intestinal smooth muscle cells (Wehner et al., 2010), and enteric neurons (Yoo und
Mazmanian, 2017; Burgueno et al., 2016) might also be the source of these pro-
inflammatory genes in the muscularis externa. Nevertheless, the role of the SNS in
modulating resident macrophage functions in the late phase of POl remained
unaddressed as we were unable to perform gene expression profiling of CX3CR1*
muscularis macrophages at this time-point due to the overlapping markers F4/80, MHCII,
and Ly6C (Desalegn und Pabst, 2019) that are expressed on resident and infiltrating cells.
Particularly, macrophages that derive from infiltrating monocytes can not be distinguished
from the resident cells by these common markers. Further, infiltrating monocytes that are
Ly6C* CX3CR1Mer tremendously increase in the muscularis externa upon intestinal
manipulation making it intricate to sort all the infiltrating cells. Alternatively, the resident
CX3CR1"ig" cell population could be sorted without any additional markers. However, in
pathological conditions, Ly6C* CX3CR1™er are polarized to pro-inflammatory responses
compared to Ly6C- CX3CR1Md" cell population that exhibit anti-inflammatory profile
(Weber et al., 2011). Therefore, isolating only CX3CR1Md" cells might display a bias in the
analysis as both the resident and infiltrating cells exhibit alternative differentiation
outcomes. To overcome this, a highly multiplexed single-cell RNA sequencing

(scRNAseq) that detects individual cell heterogeneity could be performed (Wen und Tang,
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2018). scRNAseq can provide a broad perspective into changes in macrophage
polarization states, and molecular programs co-expressed in macrophage subsets
(Arlauckas et al., 2021). The use of this technique is yet limited by its high-cost need and
required extensive training in single-cell bioinformatics and couldn’t be performed within

this thesis.

4.1.4 Sympathetic neurons play a pro-inflammatory role in the late and clinically relevant
phase of POI

As already known, monocytes and neutrophils are the major constituents of the immune
infiltrate in the late phase of POI (Kalff et al., 1999b). Upon IM, we observed reduced
numbers of Ly6C* Ly6G™ monocytes, Ly6C* Ly6G™* neutrophils, and MPO™ cells in the

muscularis externa of cSTX-treated mice. Although there was an increase in the
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Figure 25: Graphical abstract of the findings of this thesis in the muscuaris externa.

Resident muscularis macrophages play essential roles in homeostasis as well as in
intestinal inflammation. These macrophages are the early responders in a mechanically
triggered surgical trauma (intestinal manipulation), clinically known as POI. In steady-
state, resident muscularis macrophages (light green macrophage) express anti-
inflammatory genes YM1, CD163, Arg1, and Retnla1 in the presence of sympathetic
neurons (red neurons). These muscularis macrophages (dark green macrophage) show
reduced levels of these anti-inflammatory genes upon cSTX. The resident muscularis
macrophages become activated (light red macrophage) following the intestinal
manipulation and express high alternative activation markers YM1 and Arg1. However,
preoperative c¢cSTX reduced these macrophage anti-inflammatory genes (dark red
macrophage) in the early phase, three hours after the intestinal manipulation. In the late,
clinically relevant phase, cSTXs reduced blood-derived monocytes (mono), neutrophils
(PMN), and monocyte-derived F4/80* macrophage (BMDM) numbers in the muscularis
externa and finally leading to an accelerated transit time and improved symptoms of POI.
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inflammatory genes in the muscularis, we unexpectedly observed reduced CD45*
leukocytes infiltration and an overall improvement in terms of POl development. We
further speculated that the dampened macrophage anti-inflammatory state at the early
phase as well as the reduced leukocyte infiltration at the late phase of POI might affect
the bowel motility measured by the Gl transit. Indeed cSTX improved the postoperative
Gl transit time. These data suggest that IM might disturb sympathetic reflexes and
interfere with the leukocyte infiltrates, leading to a prolonged postoperative ileus. To
further confirm whether sympathetic neurons worsen POl symptoms, an SNS stimulation
could be performed. This is done by stimulating the superior mesenteric nerve that mainly
supplies Gl sympathetic innervation (Willemze et al., 2018). Nevertheless, we could not
perform SNS stimulation within this thesis and additional studies are required to confirm
the pro-inflammatory role of SNS in postoperative ileus. Overall, this study underlines the
importance of the SNS in modulating resident muscularis macrophage functions in health
and inflammatory diseases (Figure 25).

4.2 Effects of cSTX on the mucosal antimicrobial defense genes and insights into their

role in immune driven disorders

Sympathetic and cholinergic nerves both innervate the Gl wall but only sympathetic
neurons extend to the mucosal layer (Brinkman et al., 2019a). In line, several studies
highlighted the importance of the neuroimmune gut-brain axis in disease outcomes of IBD
patients (Vanuytsel et al., 2014), in neurodegenerative diseases (Campos-Acuna et al.,
2019), stroke mediated Gl dysfunction (Huang et al., 2019), and in Gl cancer (Zhang et
al., 2020; Di et al., 2019). At the crypt base, intestinal stem cells differentiate to form
various |IECs, such as mucus-secreting goblet cells (Knoop und Newberry, 2018),
antimicrobial-secreting paneth cells (Lueschow und McElroy, 2020), and peptide
hormone-secreting enteroendocrine cells (Worthington et al., 2018). These IECs form a
barrier between the host tissue and luminal microbes to maintain GI homeostasis
(Peterson und Artis, 2014). The function of the intestinal epithelial barrier is modulated by
protein complexes made of tight junctions, gap junctions, and desmosomes. Abnormal
mucosal barrier function is associated with IBD (Alipour et al., 2016; Antoni et al., 2014).
In addition, these IBD patients display dysfunction of ANS including enhanced

sympathetic nerve function and attenuated vagal nerve function. Understanding the
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immunomodulatory properties of the SNS provides a better understanding of their role in
controlling excessive Gl inflammatory responses. Although studies highlighted a specific
role of SNS in regulating the mucosal immune responses (You et al., 2021; Willemze et
al., 2019; Di Giovangiulio et al., 2015; Gonzalez-Ariki und Husband, 1998), their impact
on epithelial barrier integrity and defense responses are still evasive. To address this
question, we abolished the SNS function in the gut by 6-OHDA induced STX and

investigated its effect on epithelial barrier functions.

4.2.1 cSTX affects epithelium barrier integrity and antimicrobial defense responses

As we interrupted SNS function in the gut, we speculated that it might affect a and 3
receptor expression levels in the mucosa. In line with this, we observed reduced levels of
these receptors indicating a direct effect of sympathetic depletion on various mucosal cells
including macrophages, dendritic cells, and epithelial cells (Marino und Cosentino, 2013;
Lundgren et al., 2011; Haber et al., 2017). Furthermore, altered levels of these receptors
resulted in an increase in IL-18, and TNF-a response shaping the mucosal profile to a pro-
inflammatory status. The intestinal epithelium acts as a protective barrier against the
luminal environment with tight junctions playing a pivotal role. Several studies suggest the
role of NE in modulating epithelial tight junction proteins (Luo et al. 2021; Geng et al.
2019). The hypothalamic—pituitary—adrenal axis is activated during psychological stress
and releases NE into the circulatory system (Elenkov and Chrousos 2006). Tight junction
protein levels of ZO-1, occludin, and claudin5 are decreased in the small intestine under
psychological stress (Geng et al. 2019). In addition, an in vitro study showed that NE
reduced the expression of tight junction protein occludin in Caco-2 cells (Luo et al. 2021).
Whether SNS regulates epithelial tight junctions in vivo under healthy conditions was not
previously investigated. By 3’ bulk RNA sequencing, we found an enrichment of genes
related to “tight junctions” in cSTX-treated mucosal samples and confirmed increased tight
junction gene expression upon cSTX by qPCR, supporting a role of SNS in modulating
epithelial tight junction gene responses in vivo. As the SNS plays a role in intestinal
inflammation (Straub et al. 2006) and the loss of tight junction proteins and barrier integrity
is part of IBD (Chelakkot et al. 2018), our data suggest a crucial role of the SNS in

regulating inflammation at mucosal sites.
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Interactions between neurons and IECs have been widely studied and the role of IECs in
maintaining mucosal homeostasis is well documented (Sharkey et al. 2018). Goblet cells
secrete TFF3, mucins, and antimicrobial peptides that protect the host against invading
bacteria (Birchenough et al. 2015). Trefoil factors play a role in intestinal repair, wound
healing, and restores mucosal homeostasis (Hoffmann 2005; Aihara et al. 2017).
Interestingly, we observed increased levels of TFF3 in the mucosa of cSTX-treated mice.
We speculate that loss of sympathetic neurons might cause disturbances in the epithelial
cell homeostasis and therefore TFF3 is enhanced to repair and restore homeostasis.
Goblet cells form GAPs through muscarinic acetylcholine receptor (NAChR)- 4 signaling
in the small intestine (Knoop et al. 2015). Through goblet-associated antigen passages
(GAPs), goblet cells take up a variety of luminal antigens and deliver them to lamina
propria dendritic cells (DCs) in the small intestine (McDole et al. 2012). This shows that
cholinergic enteric and parasympathetic neurons might regulate luminal antigen sampling
with goblet cells. Further, loss of goblet cells and reduced Muc2 expression was observed
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in mice intraperitoneally treated with isoproterenol, a B-AR agonist. This study also
described a pathological translocation of FITC dextran in mice treated with isoproterenol
(Sorribas et al. 2020) indicating a negative effect of B-AR activation in modulating epithelial
cell functions. Therefore, we hypothesized that enteric and parasympathetic neurons and
SNS might play a role in modulating goblet cell functions. Inline, 3’ bulk RNA sequencing,
revealed an enrichment of genes related to the GO immune term “antibacterial humoral
response” upon cSTX indicating elevated levels of antimicrobial defense genes. By gPCR
analysis, we also confirmed increased mRNA levels of Muc2, Defa1, B3-defensins, Lyz1,
and Reg3g upon denervation suggesting a role of SNS in modulating the epithelial
defense responses (Figure 26). Dysregulation of IECs increases luminal translocation
that activates an acute inflammatory response in the Gl tract as observed in IBD
(Ananthakrishnan et al. 2018). Although dysbiosis signatures of the gut microbiome
largely contribute to mucosal inflammatory diseases, the underlying mechanism in IBD
remains largely unknown. Further, other factors such as failed immune response against
luminal agents (Smith et al. 2009), reduced defensins, and anti-microbial peptides
(Wehkamp et al. 2005) are shown to play a significant role in the pathogenesis of IBD.
Recently, a study showed a decrease in Reg3y upon surgical STX in the ileum of an acute
DSS-induced colitis mouse model, indicating a regulatory role of SNS in mucosal
inflammation (Willemze et al. 2019). Based on these data, more studies on human
material and clinical studies are now necessary to understand the role of SNS in mucosal

inflammation in humans.

4.3 Concluding remarks

In summary, in the muscularis externa, we show that SNS plays a distinct role in immune-
modulation of resident CX3CR1* macrophage functions in health and disease. cSTX
reduced macrophage anti-inflammatory genes under baseline conditions and shaped the
muscularis externa profile to a pro-inflammatory pattern. Upon intestinal manipulation,
sorted CX3CR1* resident macrophages from sympathectomized mice showed reduced
anti-inflammatory genes favorable in diminishing leukocyte immune infiltration into the
muscularis externa and simultaneously improving the bowel motility. Therefore,
preoperative cSTX was beneficial in reducing muscularis inflammation symptoms during
POI.
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In the mucosa, sympathetic neurons play an essential role in regulating mucosal epithelial
cell function. The SNS affects the integrity and antimicrobial capacity of the epithelium.
After cSTX, the expression level of adrenergic receptors is altered and the mucosal profile
is shaped towards a pro-inflammatory status. Elevated levels of tight junctions and
antimicrobial defense genes are observed in the absence of sympathetic neurons. Finally,

our study suggests the role of SNS in mucosal inflammatory disorders.
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5. Abstract

Introduction: The sympathetic nervous system (SNS) innervates large parts of the
gastrointestinal tract. Its projections are densely found in tunica muscularis externa and
reach up to the mucosa, the innermost part of the bowel. In the muscularis externa,
tyrosine hydroxylase-expressing (TH*) sympathetic neurons govern immune modulation
by regulating the functions of resident macrophages in their proximity. These
macrophages modulate muscularis inflammation during postoperative ileus (POI), a non-
infectious, clinically relevant immune motility disorder. However, whether the SNS
modulates macrophage functions in vivo during POI is unknown. Notably, the SNS
projections are also found in the submucosa, close to the epithelium, where they regulate
mucosal immunity. Due to its close association, the role of SNS in epithelial antimicrobial

defense is highly likely but has not been elucidated so far.

Methods: We tested different sympathectomy (STX) models to ablate the intestinal
sympathetic innervation. With the chemical STX (cSTX) approach using 6-OHDA
treatment, we abolished TH* sympathetic neurons from the Gl tract and interrupted both
neuro-immune and neuro-epithelial sympathetic connections to investigate its impact on

the gut inflammatory status in homeostasis and a mouse model of POI.

Results: In the muscularis externa, the resident CX3CR1* muscularis macrophages anti-
inflammatory gene response was reduced after cSTX and the muscularis externa profile
was shaped towards a pro-inflammatory status. The cSTX mediated reduction of
macrophage anti-inflammatory genes was also observed in the early postoperative phase
of POI. At the late and clinically relevant phase of POI, leukocyte infiltration into muscularis
was reduced with a quicker recovery of bowel motility. On the mucosal level, cSTX
affected the pro-inflammatory status and increased the expression of tight junctions and
antimicrobial defense genes, indicating an influence of the SNS in modulating both

epithelial cell and immune cell functions in intestinal homeostasis.

Conclusion: In summary, our data show that in the muscularis externa, the SNS plays a
pivotal role in postoperative inflammation and highlights the role of resident CX3CR1*
muscularis macrophages as mediators of sympathetic actions. In the mucosa, the SNS

modulates tight epithelial junction and antimicrobial gene expression under homeostasis.
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