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ABSTRACT

Title of Dissertation: Type 3 Muscarinic Receptors Contribute to Homeostasis and Host
Defense within the Gastrointestinal Tract

Leon McLean, Doctor of Philosophy, 2014

Dissertation Directed by:
Terez Shea-Donohue, PhD; Professor; Department of Radiation Oncology
Jean-Pierre Raufman, MD; Professor; Department of Medicine

Although activation of the alpha 7 nicotinic receptor exerts anti-inflammatory
effects on immune cells, the contribution of muscarinic receptors to mucosal
homeostasis, response to enteric pathogens, and modulation of immune cell function is
undefined. WT and type 3 muscarinic receptor (M3R)-deficient (Chrm3”) mice were
infected with Citrobacter rodentium, an attaching/effacing gram-negative bacterium that
infects murine colon and evokes a highly polarized Tnl/Tyl7 response, or
Nippostrongylus brasiliensis, an enteric nematode that infects murine small intestine and
induces a stereotypic T2 response. Permeability and expression of Ty1l/Ty17 cytokines
is increased in Chrm3™ small intestine; however, no changes in permeability or cytokine
expression occur in Chrm3™ colon. Clearance of both C. rodentium and N. brasiliensis
was delayed from Chrm3” mice; however, Chrm3” mice infected with C. rodentium
retained their ability to mount a Tyl/Tyl7 response whereas upregulation of Ty2
cytokines in response to N. brasiliensis was abrogated. Delayed clearance of C.
rodentium from Chrm3” mice is associated with decreased goblet cell number and mucin
2 expression. Within Chrm3” small intestine, Tn2-dependent changes in gut function
(smooth muscle hypercontractility, increased permeability, decreased secretion and
absorption, and goblet cell expansion) did not occur despite infection with N. brasiliensis.

Furthermore, treatment of bone-marrow derived macrophages (BMDM) with



bethanechol, a muscarinic-specific agonist, induces a classically activated macrophage
phenotype, an effect dependent on M3R. Chrm3” BMDM retain their ability to attain a
classically activated phenotype when exposed to the Tyl cytokine IFN-y. Our data
establish a role for M3R in host defense against enteric pathogens. Interestingly, in
Chrm3™ mice cytokine generation is intact in the setting of a Tyl/Twl7 inducing
stimulus, but abrogated in the setting of a T2 inducing stimulus. In addition, M3R exerts
pro-inflammatory effects on macrophage phenotype and function and contributes to
barrier function and mucosal homeostasis in uninfected small intestine. These findings
support an expanding role for cholinergic receptors not only in mucosal homeostasis and

the response to inflammatory stimuli, but also in clearance of enteric pathogens.
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Chapter 1: Introduction
Acetylcholine

Acetylcholine is a major signaling molecule classically discussed in the context of
neurotransmission in the central (CNS) and peripheral nervous systems (PNS).
Acetylcholine was discovered in 1914, but its function as a neurotransmitter was not
established until 1926 [1]. In 1936, Otto Loewi and Sir Henry Dale received the Nobel
Prize for contributions related to the discovery of acetylcholine [2]. More recently there
has been an emerging role for “non-neuronal” acetylcholine and it is now recognized that
in addition to neurons, acetylcholine is synthesized and released by epithelial cells [3],
endothelial cells [3], immune cells [4], and subcutaneous fat [3]. Receptors for
acetylcholine are expressed widely, suggesting that multiple cell types have the potential
to respond to cholinergic input and act as effector cells. Recently, the contribution of
acetylcholine to modulation of pathologic inflammatory states has been recognized [5-
11].

Acetylcholine is an ester of choline and acetyl coenzyme A with chemical
formula CH3COO(CH,),N*(CHs)s. Multiple enzymes act in concert to synthesize, store,
and release acetylcholine. Key enzymes that participate in the synthesis of acetylcholine
include plasma membrane choline transporter (ChT1), which transports choline into cells,
and choline acetyltransferase (ChAT), which links choline and acetyl coenzyme A to
form acetylcholine. In neurons, vesicular transporters (e.g. vesicular acetylcholine
transporter [VAChT] and ChT1) store acetylcholine in vesicles prior to release. Release
of acetylcholine occurs upon neuron depolarization, which causes vesicle fusion with the

plasma membrane releasing acetylcholine at the synaptic cleft, neuromuscular junction,



or other adjacent effector cell. Neurons and a subset of non-neuronal cells produce and
release cholinesterases such as acetylcholinesterase (AChE) or butyrylcholinesterase
(BChE), which rapidly hydrolyze acetylcholine to acetate and choline, contributing to its
relatively short half-life (Figure 1) [1]. A variety of pathologic conditions involving
different organ systems are associated with disorders in acetylcholine synthesis, release,
recognition, or hydrolysis including atopic dermatitis, psoriasis, asthma, atherosclerosis,
colon cancer, inflammatory bowel disease (IBD), overactive bladder, urinary retention,

and rheumatoid arthritis [2].
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Figure 1: Neuronal acetylcholine production, release, degradation, and interaction with cholinergic
receptors. From [1].

ChAT: choline acetyltransferase. ChT1: choline transporter 1. VAChT: vesicular acetylcholine
transporter. ChAT: choline acetyltransferase. AChE: acetylcholinesterase. BChE: butyryl
cholinesterase. GPCR: G-protein coupled receptor. AChR: acetylcholine receptor.




Cholinergic Receptors

Acetylcholine binds to either nicotinic receptors (NR) or one of five subtypes of
muscarinic receptor (MR) (Figure 1), designated M1R — M5R. MR are G-protein coupled
receptors (GPCR) that mediate cholinergic neurotransmission at effector cells.
Structurally, MR are composed of three intracellular and three extracellular loops with
intracellular signaling determined primarily by the amino acid sequence of the second
intracellular loop as well as a portion of the third intracellular loop [12]. M1R, M3R, and
M5R share a common signaling pathway that activates phospholipase C-f via G¢/11 G-
proteins ultimately increasing intracellular calcium concentration through the
phosphatidylinositol triphosphate system. M2R and M4R inhibit adenylyl cyclase activity
via Gi/, G-proteins [1].

MR are expressed in a variety of organ systems and on numerous cell types,
suggesting a broad role for muscarinic signaling in the regulation of multiple organ
systems. In fact, MR activity affects ocular (ciliary muscle contraction, pupillary
constriction), cardiac (chronotropy, inotropy), vascular (vasodilation, vasoconstriction),
pulmonary (bronchoconstriction), and genitourinary (micturition) function [1]. In
addition, it has been suggested that MR activity may augment inflammation, particularly
in the lung [13]. Even so, the contribution of MR to immune homeostasis and response to
inflammatory stimuli remains undefined.

In addition to MR, acetylcholine acts at NR, which are ligand-gated ion channels.
NR are pentamers that consist of varying combinations of at least 17 identified subunits
(al-a10, B1-p4, v, 8, €), although they may also exist as homomers (e.g. a7) [14]. NR

have several conformational states that vary depending on ligand binding. In the setting



of a cholinergic stimulus NR move from a resting state in which ion channels are
effectively closed to an activated state where they are open, permitting ion flux to occur
[15]. If a sufficient number of channels open membrane conductance is altered, leading to
depolarization and the generation of an action potential.

Like MR, NR are also expressed in a variety of organ systems and on numerous
cell types including neurons, myocytes, epithelial cells, immune cells and in organs such
as pancreas, lung, and brain [16]. Deficiencies in NR have been implicated in the
pathogenesis of Alzheimer’s disease [17]. Additionally, patients who are smokers tend to
develop less severe forms of Parkinson’s disease [16]. Similarly, nicotine is protective in
patients with ulcerative colitis (UC); however, nicotine exposure worsens disease activity
in patients with Crohn’s disease (CD). As with MR, the contribution of NR to non-

neuronal functions is increasingly recognized.

Cholinergic Requlation of Inflammation

One of the most interesting and potentially paradigm-shifting discoveries in the
realm of cholinergic signaling is the relatively recent realization that cholinergic tone can
modulate inflammatory conditions through the a7 NR. The cholinergic anti-inflammatory
reflex, transduced by the vagus nerve, is implicated in amelioration of a variety of
inflammatory conditions including septic shock, post-operative ileus, experimental
arthritis, pancreatitis, and dextran sulfate sodium (DSS)-induced colitis [18].

The anti-inflammatory reflex consists of two arcs — one an afferent sensory arc
and the other an efferent motor arc. The ability of neurons to respond to inflammatory

cytokines is established as neurons within the brain are capable of responding to



intracerebral cytokines, effecting physiologic and behavioral changes such as fever,
anorexia, decreased social activity, and somnolence [19-21]. Watkins et al. described the
ability of peripheral nerves to respond to local inflammation [22] and demonstrated that
the vagus nerve transduces signals from the periphery to the CNS ultimately inducing
downstream effects such as pyrexia. The ability of peripheral nerves to respond to local
inflammatory stimuli is significantly inhibited in mice that have undergone vagotomy
[23]. The efferent arc of the anti-inflammatory reflex exerts its effects through the release

of acetylcholine, which acts on immune cells via a7 (Figure 2). The key role of a7 in

mediating these effects was

demonstrated by studying o7-deficient
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inflammatory reflex, in a sepsis model, may act via the splenic nerve releasing
norepinephrine at splenic T cells. It was suggested that adrenergic stimulation of these T
cells triggers acetylcholine release, which then exerts anti-inflammatory effects on
splenic macrophages in turn dampening systemic or circulating levels of TNF-a [25,26]
(Figure 3). More recently, it has been suggested that in a post-operative ileus model
modulation of GI inflammation occurs via a neural circuit involving the release of
acetylcholine by cholinergic enteric neurons independent of T cells or the spleen.
Acetylcholine released by enteric nerves is thought to modulate the phenotype and

activity of intestinal muscularis resident macrophages [26,27], promoting the
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Figure 3: Branches of the cholinergic anti-inflammatory pathway. In systemic inflammation, afferent
signaling is transduced via the vagus and splenic nerves. Adrenergic stimulation triggers splenic T cells
to release acetylcholine, which then exerts anti-inflammatory effects on macrophages via a7 NR. In
intestinal inflammation, cholinergic tone is transduced via the vagus nerve to enteric nerves, which
release acetylcholine at resident macrophages, also exerting anti-inflammatory effects via a7 NR. From
[26].

a7nAChR: a7 nicotinic acetylcholine receptor.




development of a more tolerogenic phenotype (Figure 3).

The anti-inflammatory effects of cholinergic signaling and its effects on resident
macrophages have been studied in a variety of animal models. Transection of the vagus
nerve causes WT mice to become more susceptible to DSS-colitis [28] as well as
experimental models of pancreatitis [9]. Similarly, a mouse model of depression was
more susceptible to DSS [29,30] and when macrophages were transferred from depressed
mice to WT mice they too became more susceptible to DSS [31]. In addition, the
phenotype and function of resident macrophages have been implicated in the
development of diabetic gastroparesis [32], post-operative ileus [33], and ileus related to
sepsis [34] suggesting a role for vagal modulation of Gl function through actions at
macrophages.

Although the effect of cholinergic tone acting at a7 is well described, relatively
little is known about the ability of muscarinic signaling to modulate inflammatory
conditions or the function of immune cells. A link between MR and pro-inflammatory
signaling has been proposed as pulmonary fibroblasts release pro-inflammatory cytokines
in the presence of cholinergic stimulation, an effect that is blocked by tiotropium, a MR
antagonist [35]. The contribution of MR subtype to cigarette smoke-induced
inflammation also has been examined. Neutrophil infiltration in bronchoalveolar lavage
fluid from M3R-deficient (Chrm3™) mice is decreased, whereas neutrophil infiltration
was increased in Chrm1” and Chrm2” mice. Similarly, levels of immune cell
chemoattractants and pro-inflammatory cytokines were decreased in Chrm3™ mice, but
increased in Chrm1”~ and Chrm2”~ mice. Pharmacologic blockade of M3R also attenuates

release of inflammatory cytokines and immune cell chemoattractants, demonstrating a



role for M1R, M2R, and M3R in modulation of cigarette smoke-induced inflammation
[13]. In addition, M3R may promote lipopolysaccharide (LPS)-induced TNF-a release

from alveolar macrophages [36].

Functions of the Gastrointestinal Tract

The GI tract is responsible for a variety of homeostatic functions including
separation of the internal and external milieu, nutrient uptake and fluid secretion, immune
surveillance of luminal contents, and host defense. The small intestine and colon
participate in these functions to varying degrees and regional variations within these
structures also exist.

The intestinal epithelium comprises approximately 400 m? and is the largest
mucosal surface in humans [37]. This surface represents one of the interfaces between the
internal milieu and the exterior world. The epithelium is comprised of a variety of cell
types, the most numerous of which is the absorptive enterocyte; however, specialized
cells such as enteroendocrine cells, goblet cells, and Paneth cells (small intestine only)
are also found in varying proportions along the Gl tract. Stability of the intestinal barrier
is dependent upon proper functioning and regulation of intercellular tight junction
proteins (TJP). Multiple TJP have been identified including occludin, claudins, zonula
occludens (Z0O), and junctional adhesion molecule. ZO proteins link the TIP complex to
the actin cytoskeleton [38]. The conformation and interaction of these proteins is
determined, in part, by the cytokine microenvironment and activation (phosphorylation)
of myosin light chain by myosin light chain kinase, causing contraction of the actin

cytoskeleton. Cytoskeletal contraction has a “purse-string” effect pulling adjacent



epithelial cells away from each other thereby promoting increased flux between epithelial
cells [39]. TNF-a and IFN-y expression, which are increased in inflammatory conditions
such as IBD, affect permeability through this mechanism [40,41]. Derangements in
enteric barrier function are associated with a variety of pathologic conditions including
celiac disease, IBD, and irritable bowel syndrome (IBS) as well as multiple
extraintestinal diseases such as ankylosing spondylitis, type 1 diabetes, IgA nephropathy,
nonalcoholic steatohepatitis, and multiple sclerosis [42,43]. Although a number of
receptors, cytokines, and neurotransmitters have been studied with respect to their impact
on barrier function [44,45], the contribution of MR to barrier stability remains undefined.
Even so, a role for M3R, which is expressed on Gl epithelial cells, in modulation of
epithelial permeability is suggested as Chrm3”" mice are more susceptible to DSS-colitis
[46].

Although one of the primary functions of Gl epithelium is to prevent uptake of
non-nutrient and pathogenic enteral contents, it must do so while facilitating absorption
of nutrients and water. The proportion of water and electrolytes absorbed from the Gl
tract varies from segment to segment (i.e. jejunum vs. distal colon), and along the crypt-
villus axis, and is determined by the transporters present in the apical and/or basolateral
membranes as well as the regional composition of TJP. The basolateral membrane of
epithelial cells contains a Na* pump (Na'/K* ATPase) that establishes cell polarity by
expelling 3 Na* ions in exchange for 2 K™ ions, thereby contributing to the establishment
of a resting potential across the cell. Transport of ions and small molecules across the
epithelium is bidirectional and occurs across the cell (transcellular) and between cells

(paracellular). Paracellular flux is driven by a combination of concentration, electrical,



osmotic, and hydrostatic gradients whereas transcellular flux occurs via active or passive
transport mechanisms. Water absorption or secretion is largely determined by osmotic
gradients although it has been suggested that aquaporins [47] and the apical Na*-glucose
transporter may also contribute [48]. A variety of channels, carriers, and transporters
contribute to electrolyte flux across the membrane. Nutrient transporters in the small
intestine permit uptake of carbohydrates such as glucose, galactose, and fructose.
Carbohydrates are digested by salivary and pancreatic amylases as well as brush border
hydrolases, ultimately permitting their uptake by transporters such as SGLT1 (glucose,
galactose) and GLUTS5S (fructose). Lipids are predominantly absorbed in the proximal
small intestine after emulsification, lipolysis, and micelle formation. Finally, proteins are
digested by pepsins, proteases, and peptidases and are transported across the epithelium
as di- or tripeptides by peptide transporters or as amino acids by the protein-coupled
amino acid transporter [49].

In addition to permitting uptake of nutrients and establishing a physical barrier
between the internal and external milieu, the Gl tract plays a key role in immunity and
host defense. Not only do epithelial cells establish a physical barrier separating the
internal and external environment, the release of mucins and antimicrobial peptides
(AMP) as well as secretory immunoglobulin (Ig) establishes a biochemical barrier that
complements the physical barrier established by the epithelium. Mucins, which are
secreted by goblet cells, form the intestinal mucus layer on the mucosal surface [50]. This
layer limits apposition of bacterial cells with the mucosal surface. Mucin-2 (Muc2), the
primary mucin produced by goblet cells in the small intestine and colon [51], plays a key

role in host defense as Muc2-deficient (Muc2™) mice spontaneously develop colitis [52].
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Additionally, over 90% of Muc2” mice succumb to infection with Citrobacter rodentium
(C. rodentium), an attaching/effacing (A/E) gram-negative bacterium [53]. In addition to
mucins, a variety of AMP such as regenerating islet-derived protein Illy (Regllly),
defensins, cathelicidins, and lysozyme are produced by enterocytes, also contributing to
host defense. AMP play an important role in innate host defense by targeting common
bacterial antigens leading to destruction of bacterial cells without damage to nearby host
cells. In the small intestine Regllly also limits direct contact of bacteria with the mucosal
surface [52]. By limiting contact of luminal bacteria with the mucosal surface the host
limits interaction of these microorganisms with immune cells and, consequently,
activation of the mucosal immune system.

Finally, the GI tract has an important role in immune surveillance and mucosal
homeostasis. Lymphocytes as well as macrophages and dendritic cells (DC) are found
throughout the GI tract in gut-associated lymphoid tissue (GALT) such as Peyer’s
patches and isolated lymphoid follicles as well as in non-immune structures including the
lamina propria, which contains CD4" and CD8" T cells, plasma cells, macrophages, DC,
eosinophils, and mast cells as well as intestinal mucosa, which contains primarily
lymphocytes. Peyer’s patches are adjacent to microfold (M) cells, which are interspersed
among enterocytes, permitting sampling of microorganisms and luminal antigens. These
microorganisms and other antigens are taken up by DC for presentation to T
lymphocytes. DC also reside in the lamina propria and extend processes through the
epithelium to sample luminal contents directly [49]. Because of the high number of
commensal microorganisms present, the majority of the antigens encountered by immune

cells within intestinal mucosa are nonpathogenic. Increasing evidence supports a
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tolerogenic phenotype of macrophages and DC in the GI tract. Macrophages isolated
from colon constitutively secrete 1L-10, an anti-inflammatory cytokine, and upon toll-like
receptor (TLR) engagement IL-10 production is increased [54]. In fact, IL-10-deficient
mice develop spontaneous colitis, but do not develop colitis when raised in germ-free
conditions [55]. It is thought that intestinal macrophages mount a pro-inflammatory
response upon pathogen entry into the cytosol and/or with inflammasome activation [55].
Polymorphonuclear leukocytes (PMN) are not found in significant numbers in Gl
mucosa, but are rapidly recruited when appropriate chemokines are released, killing
invading bacteria through phagocytosis as well as release of reactive oxygen species,
AMP, and proteolytic enzymes [56]. Prolonged PMN infiltration can, however, have
pathologic effects and is thought to contribute to chronic mucosal damage observed in
IBD patients, potentially by generating a positive feedback loop that continuously primes
T cells [56]. Last, innate lymphoid cells (ILC) assist in wound healing and tissue repair
by releasing the anti-inflammatory cytokine IL-22 [37,57]; however, like PMN,
prolonged activation of ILC can promote disease through secretion of IL-17, which is
observed in chronic inflammatory conditions [37,57]. Importantly, the intestinal mucosal
immune system is tolerant to commensal bacteria and utilizes various strategies to
prevent inappropriate response to these microorganisms including physical, chemical,
and immunological barriers that prevent immune activation in the absence of the proper

stimulus.
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Chapter 2: Type 3 Muscarinic Receptors Contribute to Host Defense Against

Citrobacter rodentium and Exert Pro-Inflammatory Effects on Macrophages

Introduction

Inflammatory bowel disease (IBD) is comprised primarily of two subtypes, UC
and CD, together affecting approximately 3.6 million people in the United States (US)
and Europe [58]. Despite efforts to better understand the factors that cause IBD to
develop, its pathogenesis remains poorly understood. Nonetheless, it is thought that IBD
is more likely to develop in genetically-predisposed hosts that possess aberrant host
defensive responses to gut microbes, triggering inappropriate activation of the immune
system directed at self-antigens within intestinal mucosa [59].

Macrophages are an important part of the innate and adaptive immune systems.
They are resident cells within GI mucosa where they serve a homeostatic role,
participating in clearance of dead cells, debris, and pathogens. Macrophage phenotype is
heavily influenced by the local microenvironment. In the presence of Tyl cytokines or
LPS, macrophages become CAM and release mediators such as TNF-a, IL-1, and IL-6 to
enhance destruction of microorganisms and promote leukocyte recruitment. In the
presence of Ty2 cytokines, however, macrophages become AAM and promote wound
healing and tissue repair. In patients with IBD, macrophages are activated inappropriately
by non-pathogenic stimuli, such as self-antigens or gut commensals, and cause
inflammation that is often harmful to the host [56,60]. The importance of macrophage
phenotype in modulating colitis has been demonstrated in animal models where AAM are

shown to reduce the severity of experimental colitis [61-64].
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Cholinergic regulation of immunity, dubbed the cholinergic anti-inflammatory
pathway, has been studied closely over recent years after electrical stimulation of the
vagus nerve was found to inhibit TNF-o production. Clinically significant effects of
increased a7 activity on macrophages include attenuation of pathologic states such as
septic shock, post-operative ileus, arthritis, pancreatitis, and DSS-induced colitis [18]. In
a sepsis model these effects, which are mediated by the actions of acetylcholine at the o7
NR, were attributed to acetylcholine release by splenic T cells in response to stimulation
by the splenic nerve [4]. It was postulated that acetylcholine produced by T cells acts at
splenic macrophages, which in turn modulate systemic TNF-a levels. Recently, the
proximity of enteric nerves to mucosal antigen presenting cells within intestinal mucosa
has been demonstrated suggesting the presence of a local “neuroimmune” synapse at
these sites, through which cholinergic stimulation of resident immune cells can occur
[27,65,66]. Although the effects of a7 activity on macrophage phenotype and function are
well characterized, the contribution of MR to macrophage phenotype and function
remains unclear.

Like NR, MR also respond to cholinergic stimuli. In total, 5 MR have been
identified (M1R — M5R), encoded by Chrm1-5. MR are GPCR that mediate cholinergic
neurotransmission at effector cells. Alterations in cholinergic tone can have pathologic
effects on organ function as is seen in chronic obstructive pulmonary disease (COPD)
and urinary retention [67]. MR have been variably linked to pro- or anti-inflammatory
actions depending on the tissue and MR subtype studied [5,68,69]. Studies examining the
effects of MR activity on immune regulation within the lung found that M3R activation

may be pro-inflammatory whereas M1R and M2R activation may have anti-inflammatory

14



effects [69]. Other authors have, however, suggested a pro-inflammatory role for M1R
[5] indicating a lack of consensus on the impact of these receptors on immune function.
Blockade of MR with atropine, a MR antagonist, in an in vivo model has suggested that
MR as a group may be pro-inflammatory and potentially serve as a counterweight to the
anti-inflammatory effects of NR [70]; however, the effects of MR-subtype specific
antagonists on inflammation were not reported. As in the lung, the epithelial lining of the
intestine plays a critical role in homeostasis and immune regulation. Within the GI tract,
M3R is implicated in intestinal epithelial proliferation, which plays a key role in
maintenance and post damage restitution of mucosal barrier function [71]. Few studies
have examined the impact of these receptors on macrophage phenotype or function,
particularly within the GI tract where the aberrant function of these cells has the potential
to induce local and systemic disease.

Citrobacter rodentium (C. rodentium) is a gram-negative attaching/effacing (A/E)
bacterium that transiently colonizes the colon during periods of infection evoking a
highly polarized Ty1/Ty17 response [72-74]. C. rodentium infection serves as a model
for enteropathogenic Escherichia coli infection in humans causing epithelial cell
hyperplasia accompanied by an influx of CD4" cells as well as mucosal damage that
closely mimics CD [72]. Both innate and adaptive immune responses are required for C.
rodentium clearance [75-77]. The presence of colonic mucus is also a key factor in host
defense against C. rodentium, as C. rodentium-infected Muc2”™ mice suffer mortality as
high as 90% [53,78]. Since M3R is expressed on epithelial cells, including goblet cells, as

well as on macrophages, we hypothesized that M3R is likely to affect C. rodentium
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clearance through direct effects on epithelial or immune cell function, or a combination
of both of these factors.

The current study was designed to investigate the role of M3R on mucosal
homeostasis within the colon, its contribution to host defense against the Ty1/Tyl7-
inducing pathogen C. rodentium, and its ability to modulate macrophage phenotype and
function. The results of our studies demonstrate that M3R activity does not impact the
ability of the host to mount a Ty1/Tyl7 cytokine response to C. rodentium, but does
affect clearance of C. rodentium through decreased efficacy of effector cell functions that
contribute to innate immunity, specifically, regulation of mucin production by goblet
cells. In addition, our studies indicate that macrophages attain a classically activated
phenotype in the presence of muscarinic-specific cholinergic stimulation, an effect that is
dependent on M3R; however, macrophages that do not express M3R retain their ability to
differentiate into classically activated macrophages in the presence of an inflammatory
stimulus (IFN-y). These data suggest that muscarinic-specific cholinergic stimulation of
macrophages has pro-inflammatory effects. We conclude that M3R facilitates clearance
of the enteric pathogen C. rodentium through actions on goblet cells and mucus

production and exerts pro-inflammatory effects on macrophages.
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Methods
Animal Studies

Age and sex-matched WT and Chrm3” mice on a C57BL/6 background were
purchased from Taconic Farms (Germantown, NY) or generously donated by Dr. Jirgen
Wess of the National Institutes of Health (Bethesda, MD). Mice were housed at the
United States Department of Agriculture animal facility and provided food and water ad
libitum. Animals were euthanized using ketamine/xylazine prior to performing
physiologic studies and collection and processing of tissues. Tissue samples were
collected for molecular analysis, histological evaluation, and assessment of bacterial
invasion. All studies were conducted in accordance with the principles set forth in the
Guide for Care and Use of Laboratory Animals, Institute of Laboratory Animal
Resources, National Research Council, Health and Human Services Publication (National
Institutes of Health 85-23, revised 1996), and the Beltsville Area Animal Care and Use
Committee (Protocol #10-003). The protocol was also approved by the Institutional
Animal Care and Use Committee of the University of Maryland School of Medicine

(Protocol #0110018).

Citrobacter Infection

A naladixic acid resistant mutant of C. rodentium strain DBS100 (American Type
Culture Collection 51459; Manassas, VA) was used to inoculate WT and Chrm3”" mice.
C. rodentium was grown overnight in Luria-Bertani (LB) medium. The bacteria were
collected by centrifugation and re-suspended in LB medium. WT and Chrm3™ mice were

infected by oral gavage with 0.2 mL of the bacterial suspension containing approximately
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1.0E+10 colony forming units (CFU) of C. rodentium. The dose was confirmed by

retrospective plating on LB agar plates containing 50 pug/mL naladixic acid.

Citrobacter Clearance and Invasion

Stool was collected from WT and Chrm3” mice throughout the course of C.
rodentium infection to determine fecal bacterial content. Fecal pellets were homogenized
in LB medium, diluted serially, and plated onto LB agar plates containing 50 pg/mL
naladixic acid. Spleen and mesenteric lymph nodes (MLN) were collected from
uninfected mice and mice 13 DPI, homogenized in LB media, and diluted serially. The
presence of C. rodentium in spleen and MLN was determined by plating on LB agar
plates. C. rodentium content was determined to be zero based on a colony count of zero
obtained from duplicate plates inoculated with samples of undiluted fecal, MLN, or

spleen homogenates. The limit of detection was assigned a colony count of 0.5.

Microsnapwell Assay for Mucosal Transepithelial Electrical Resistance

The modified microsnapwell system is a miniaturized version of the standard
Ussing chamber designed to measure mucosal transepithelial electrical resistance (TEER)
[79]. Decreased TEER indicates increased tissue permeability. Segments of muscle-free
colon were harvested from uninfected or C. rodentium—infected WT and Chrm3”" mice,
stripped of both muscularis externa and serosal layers, and mounted in the microsnapwell
system. A total of 250 uL DMEM containing 4.5 g/L glucose, 4 mM L-glutamine, and 1
mM nonessential amino acids was added to the mucosal side. Three milliliters of the

same medium was added to the serosal side. The system was incubated at 37°C with 5%
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CO; for 30 min to permit stabilization of pH and TEER was measured every 30 min for

180 min.

Immunoglobulin Quantification

Blood was collected by cardiac puncture and serum separated using serum-gel
microfuge tubes (Sarstedt, Inc.; Newton, NC). Serum was collected by centrifugation and
stored at -20°C until assayed. C. rodentium antigen was prepared by extracting an
overnight culture of the bacteria with B-Per reagent (Thermo-Scientific; Chicago, IL) and
clarified by centrifugation. The protein content of the antigen preparation was determined
using the BCA protein assay (Thermo-Scientific; Chicago, IL) with BSA as the standard.
Nunc MaxiSorp plates (eBioscience, Inc.; San Diego, CA) were coated overnight at 4°C
with C. rodentium antigen at 10 pg/mL in PBS. After washing with PBS/0.05% Tween-
20, plates were blocked with 5% non-fat milk for at least 1 h at room temperature. After
washing, plates were incubated with serial dilutions of serum (in duplicate) in
SuperBlock Blocking Buffer (Thermo-Scientific; Chicago, IL)/5% normal goat
serum/0.05% Tween-20 for 30 min at 37°C. Plates were then washed with PBS/0.05%
Tween-20 and incubated with a 1:10,000 dilution of biotinylated anti-mouse IgM
(Antibodies, Inc.; Davis, CA) in SuperBlock Blocking Buffer/5% normal goat
serum/0.05% Tween-20 for 30 minutes at 37°C. After washing with PBS/0.05% Tween-
20, plates were incubated with a 1:1,000 dilution of Streptavidin-HRP (Vector
Laboratories; Burlingame, CA) in SuperBlock Blocking Buffer/5% normal goat
serum/0.05% Tween-20 for 30 min at 37°C. After a final wash, bound antibodies were

detected by incubation with the HRP substrate 3,3',5,5'-tetramethylbenzidine and the
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color reaction was terminated by addition of 4N H,SO,. Plates were read at 450 nm on a

SpectroMax M5 plate reader (Molecular Devices, LLC; Sunnyvale, CA).

Epithelial Proliferation

Bromodeoxyuridine (BrdU) dissolved in PBS (10 mg/0.2 mL) was injected
intraperitoneally 1 h prior to euthanasia of uninfected and C. rodentium-infected WT and
Chrm3” mice. Immunohistochemistry was performed utilizing formalin grade anti-BrdU
antibody (Roche Diagnostics; Mannheim, Germany) diluted at 1:200 to assess epithelial
proliferation. Bound antibodies were detected using a Mouse on Mouse (M.O.M.) kit
(Vector Laboratories; Burlingame, CA) according to the manufacturer’s instructions. The
number of BrdU-positive cells per crypt was determined by counting 20 well-oriented
crypts per stained section. For each mouse, BrdU-positive cells per crypt were averaged
to yield a mean per animal and then averaged with mice from the same treatment group to

yield a mean value per treatment group.

RNA extraction, cDNA Synthesis and Quantitative Real-Time Polymerase Chain Reaction
(QRT-PCR)

Total RNA was extracted from tissue samples or bone-marrow derived
macrophages (BMDM) with TRIzol reagent (Invitrogen; Carlsbad, CA) according to
manufacturer’s instructions. RNA integrity, quantity, and genomic DNA contamination
were assessed using the Agilent Bioanalyzer 2100 and RNA 6000 Labchip kit (Agilent
Technologies; Palo Alto, CA). Only those RNA samples with 28S/18S ratios between 1.5

and 2 and no DNA contamination were studied further. RNA samples (2 pg) were
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reverse-transcribed to cDNA using the First Strand cDNA Synthesis Kit (MBI
Fermentas; Hanover, MD) with random hexamer primer.

Amplification reactions were performed on an iCycler detection system (Bio-Rad
Laboratories; Hercules, CA). Primer sequences were designed using Beacon Designer 5.0
(Premier Biosoft International; Palo Alto, CA), and synthesized by the Biopolymer
Laboratory of the University of Maryland. PCR was performed in 25 pL volume wells
using SYBR Green Supermix (Bio-Rad Laboratories; Hercules, CA). Amplification
conditions were: 95°C for 3 min, 60 cycles of 95°C for 15 s, 60°C for 15 s, and 72°C for
20 s. The fold-change in mRNA expression for targeted genes was calculated relative to
respective vehicle-treated groups of mice after normalization to 18s rRNA. 18s rRNA
was selected as the internal standard based on preliminary studies demonstrating no

significant differences in 18s rRNA level among different groups of samples studied.

Immunofluorescence

Colons were opened longitudinally along the mesenteric border, fixed for 2 h in
4% paraformaldehyde, and embedded in paraffin blocks. Five micrometer sections
affixed to glass slides were de-waxed in xylene and rehydrated in descending ethanol
baths. Antigen retrieval was achieved by incubating slides in sodium citrate buffer.
Nonspecific binding of antibodies was blocked with 5% normal goat serum in PBS
containing 2% BSA and 0.05% Tween-20. Sections were incubated with anti-C.
rodentium, a generous gift from Dr. P. Sherman (The Hospital for Sick Children;
Toronto, Canada), overnight at 4°C at a dilution of 1:300. After washing with PBS, slides

were incubated with goat anti-rabbit at a dilution of 1:500 for 45 min and then washed
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with PBS. Slides were mounted using mounting medium containing DAPI (Sigma-
Aldrich; St. Louis, MO). Images were acquired with an Axio Imager M2 microscope
(Carl Zeiss Microscopy; Thornwood, NY) using ZEN Pro 2012 image acquisition

software (Carl Zeiss Microscopy; Thornwood, NY).

Preparation and Treatment of Bone Marrow—Derived Macrophages

Macrophages were prepared from bone marrow mononuclear cells as previously
described [80]. Mononuclear cells were obtained by flushing bone marrow from femurs,
tibiae, and humeri with HyClone alpha MEM medium (Thermo-Scientific; Chicago, IL)
pre-equilibrated at 37°C. Cells were cultured overnight in alpha MEM medium
containing 10% FBS and 1% penicillin/streptomycin in a humidified incubator at 37°C
with 5% CO,. Non-adherent cells were collected by centrifugation after lysis of red blood
cells using red blood cell lysis buffer (Sigma-Aldrich; St. Louis, MO) and mononuclear
cells were counted and plated. Mature macrophages were generated by differentiating
isolated mononuclear cells with 20 ng/mL rM-CSF (R&D Systems; Minneapolis, MN)
for 7 d. WT or Chrm3” macrophages were then treated with IFN-y, IL-4, bethanechol,
atropine, or a combination of these agents for 24 h to determine their ability to attain a

classically or alternatively activated phenotype.

Western Blot
BMDM were collected after 24 h treatment with vehicle, IFN-y, or IL-4 and lysed
in RIPA buffer (Thermo-Scientific; Chicago, IL) containing 1X protease inhibitor (Roche

Diagnostics; Mannheim, Germany). Samples were centrifuged at 12,000 g at 4°C and the
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protein content of the resulting supernatants was determined using a BCA protein assay
(Thermo-Scientific; Chicago, IL) with BSA as a standard. Fifty micrograms of each
sample was subjected to SDS-PAGE using 12% Tris-glycine gels (Invitrogen; Carlsbad,
CA) with Tris-glycine SDS running buffer (Invitrogen; Carlsbad, CA). After
electrophoresis, proteins were transferred onto nitrocellulose membranes (Invitrogen;
Carlsbad, CA). Membranes were blocked using 5% non-fat milk/Tris buffered saline plus
0.1% Tween-20 (TBS-T) overnight at 4°C and subsequently probed with anti-M3R
(Alomone Labs; Jerusalem, Israel) and anti-GAPDH (Abcam, Inc.; Cambridge, MA)
diluted at 1:2,000 and 1:10,000, respectively, in 5% non-fat milk/TBS-T. Bound
antibodies were detected using HRP-conjugated goat anti-rabbit 1gG (KPL; Gaithersburg,
MD) or goat anti-mouse IgG (Santa Cruz Biotechnology; Santa Cruz, CA) diluted at
1:2,000 and 1:10,000, respectively, in 5% non-fat milk/TBS-T. For detection, membranes
were incubated in SuperSignal West Pico Chemiluminescent Substrate (Thermo-
Scientific; Chicago, IL) and chemiluminescent bands were acquired using a Fuji Film

Intelligent Dark Box with LAS-4000 software version 2.1.

Solutions and Drugs
All drugs used for physiological studies were obtained from Sigma-Aldrich (St.

Louis, MO) unless otherwise indicated.

Data Analysis

For multiple comparisons, statistical analyses were performed using a one-way

analysis of variance (ANOVA) with post hoc analysis for multiple comparisons. For two
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comparisons, statistical analyses were performed using a Student’s t-test. Data analyses
were performed using Graph Pad Prism software version 3.03. Differences between

groups were considered statistically significant at p-values < 0.05.
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Results
M3R-Deficiency is not Associated with Alterations in Constitutive Cytokine Expression,
Colon Permeability, or Microscopic Appearance

Increased expression of the Ty1/Ty17 cytokines IFN-y, TNF-a, and IL-17 as well
as the Tw2 cytokines IL-4 and 1L-13 contribute to mucosal inflammation and epithelial
barrier dysfunction [41,81-83]. Furthermore, perturbations in intestinal permeability are
associated with a variety of autoimmune diseases including 1BD [42]. We examined gene
expression of Ty1/Ty17 and Tn2 cytokines in whole-tissue distal colon from Chrm3™
mice and WT mice. Gene expression of IFN-y, TNF-a, and IL-17 (Figure 4A) was
similar in both strains, as was gene expression of the Ty2 cytokines IL-4 and IL-13
(Figure 4B). TEER, which serves as an inverse measurement of permeability, did not
differ between muscle-free colon from Chrm3” mice and muscle-free colon from WT
mice (Figures 5A & 5B). No overt differences were observed between H&E stained

sections of proximal colon from WT and Chrm3™ mice (Figure 6).
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Figure 4: Gene expression of (A) Ty1/Tyl7 and (B) Ty2 cytokines in WT (black bars) C57BL/6 and
Chrm3™ (white bars) C57BL/6 colon.
WT: wild-type. Chrm3™: M3R-deficient.
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Figure 5: TEER of muscle-free WT (black bars) and Chrm3”" (white bars) colon in (A) C57BL/6 mice
and (B) SVEv x CF1 (50%:50%) mice.
WT: Wild type. Chrm3”": M3R-deficient.
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Figure 6: (A) Representative image of colon from WT mouse. (B) Representative image of colon from
Chrm3” mouse.
WT: Wild type. Chrm3™: M3R-deficient.
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C. rodentium-Infected WT and Chrm3”~ Mice Lose Body Mass

Although no differences in inflammatory cytokine profile, epithelial barrier
function, or histology existed between WT and Chrm3™ mice, Chrm3™ mice were shown
previously to be more susceptible to DSS-induced colitis [46], suggesting that M3R
exerts protective effects against chemically induced colitis. Chrm3™ mice were infected
with C. rodentium to determine if M3R affects response to an infectious colitis. As
expected, WT mice euthanized 13 DPI weighed significantly less than uninfected WT
mice (Figure 7A). Similarly, Chrm3™ mice euthanized 13 DPI weighed significantly less
than uninfected Chrm3”" mice (Figure 7A) with the percent change from baseline weight
similar in WT and Chrm3™” mice (Figure 7B). Both WT and Chrm3” mice 21 DPI
weighed less than uninfected WT and Chrm3” mice (data not shown). These data

indicate that C. rodentium infection causes a decrease in body mass in both WT and

Chrm3” mice.
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Figure 7: (A) Vehicle treated (uninfected) Chrm3” mice weigh less than sex and age-matched vehicle-
treated WT mice. WT and Chrm3™ mice experience a significant decrease in body mass at 13 DPI. (B)
Both WT and Chrm3™ mice experience a similar loss of body mass when normalized to vehicle-treated
WT or Chrm3” mass.
WT: Wild type. Chrm3™: M3R-deficient. V: vehicle. 13: 13 DPI. 21: 21 DPI. ** p < 0.01 vs. WT V. #p
<0.05vs. Chrm3™ V.
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Clearance of C. rodentium from Chrm3” Mice is Delayed

Stool was collected from WT and Chrm3” mice and fecal content of C.
rodentium was determined. Fecal C. rodentium content was greater in stool from Chrm3™
mice than WT mice at every time point studied (Figure 8A). In order to confirm that C.
rodentium adherence was increased in Chrm3™ mice, we probed colon from uninfected
and C. rodentium infected WT and Chrm3”" mice with an antibody directed against C.
rodentium. First, a Western blot was performed to evaluate the ability of our polyclonal
anti-C. rodentium antibody to detect C. rodentium (Figure 8B). Once specificity was
confirmed, uninfected and C. rodentium-infected WT and Chrm3”" colon were stained
demonstrating persistent C. rodentium in Chrm3™ colon 13 DPI with no discernible C.
rodentium in WT colon at 13 DPI (Figure 9), indicating that C. rodentium was no longer

adherent in WT colon 13 and 21 DPI or Chrm3™ colon 21 DPI.
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Figure 8: (A) Fecal bacterial content of C. rodentium infected WT (black bars) and Chrm3™ (white
bars) mice at 6, 9, 12, 14, 16, and 19 DPI. (B) Immunoblot of C. rodentium extract (10 pg and 20 g,
respectively) probed with rabbit polyclonal anti-C. rodentium antibody.

CFU: colony forming unit. WT: Wild type. Chrm3™: M3R-deficient. * p < 0.05 vs. WT. CR: C.
rodentium.
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C. rodentium

Chrm37/- D13

Chrm37/- D21

Figure 9: Immunofluorescent staining demonstrating persistent adherence of C. rodentium in Chrm3”
colon mucosa 13 DPI. Uninfected WT and Chrm3” mucosa serve as negative controls. C. rodentium is
cleared by 21 DPI in both WT and Chrm3”" mucosa.

WT: Wild type. Chrm3™: M3R-deficient. DAPI: 4’,6-diamidino-2-phenylindole.
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C. rodentium Infected Chrm3” Mice Have Increased Spleen Mass

We determined spleen weight normalized to body weight of C. rodentium-
infected WT and Chrm3”" mice as an index of immune response. Spleen weight per body
weight was significantly greater in Chrm3™ mice 13 DPI when compared to WT mice 13
DPI or uninfected Chrm3™ mice (Figure 10). Additionally, spleen weight per body
weight of Chrm3™ mice 13 DPI was significantly greater than uninfected Chrm3” mice.
These data indicate that Chrm3” mice mount an amplified immune response to C.

rodentium compared to WT mice.
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Figure 10: Spleen weight per body weight in
C. rodentium infected Chrm3” mice 13 DPI
is significantly increased compared to spleen
weight per body weight in WT mice 13 DPI
and uninfected Chrm3”" mice.

WT: Wild type. Chrm3™: M3R-deficient. V:
vehicle. 13: 13 DPI. 21: 21 DPI. ** p < 0.01
vs. respective WT control. £ p < 0.01 vs.
WT V. #p < 0.05 vs. Chrm3™" V.
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Bacterial Invasion is Amplified in Chrm3” Mice

Given the increased spleen mass observed in C. rodentium-infected Chrm3™
mice, we evaluated MLN and spleen for the presence of C. rodentium in these organs. C.
rodentium was not detected in MLN of WT or Chrm3” mice 13 DPI, but was detected in
spleen of WT and Chrm3”" mice 13 DPI. Bacterial invasion was present in only 1 of 4
WT spleens, but 3 of 4 Chrm3” spleens (Figure 11), indicating increased susceptibility to

bacterial translocation in Chrm3” mice.
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Figure 11: C. rodentium was detected in
spleen of 1 of 4 WT mice and 3 of 4 Chrm3™
mice 13 DPI.

CFU: colony forming unit. WT: Wild type.
Chrm3™: M3R-deficient. V: vehicle.
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Cytokine Response is Amplified in C. rodentium-Infected Chrm3™ Mice

C. rodentium induces a stereotypic Ty1/Ty17 response in infected rodents [72-
74]. We determined cytokine expression in uninfected and C. rodentium-infected WT and
Chrm3™ whole-tissue colon at 13 and 21 DPI. The expression of the T1/T17 cytokines
IFN-7, TNF-«, and IL-17A were all significantly upregulated at 13 DPI in Chrm3™ colon
compared to 13 DPI in WT colon and to uninfected Chrm3” colon (Figure 12). In
addition, Nos-2 expression was upregulated significantly at 13 DPI in Chrm3™ colon
mucosa compared to WT colon and to uninfected Chrm3” colon (Figure 13), indicating
that in vivo Chrm3” macrophages appropriately attain a classically activated phenotype
when exposed to Tn1/Tw17 cytokines. The amplified Ty1/Twl7 response in Chrm3”
colon suggested that these mice do not have a defect in T cell recruitment. Gene
expression of the T cell marker CD3 suggests that T cell recruitment is amplified in C.

rodentium infected Chrm3” mucosa (Figure 14).
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Figure 12: (A) Gene expression of IFN-y in WT (black bars) and Chrm3” (white bars) uninfected and
C. rodentium-infected colon. (B) Gene expression of TNF-o in WT (black bars) and Chrm3” (white
bars) uninfected and C. rodentium-infected colon. (C) Gene expression of IL-17A in WT (black bars)
and Chrm3” (white bars) uninfected and C. rodentium-infected colon.

WT: Wild type. Chrm3”: M3R-deficient. V: vehicle. 13: 13 DPI. 21: 21 DPI. ** p < 0.01 vs. WT
vehicle. * p < 0.05 vs. WT vehicle. ## p < 0.01 vs. WT 13 DPI. ££ p < 0.01 vs. Chrm3™ V.
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Figure 13: Gene expression of Nos-2 in WT
(black bars) and Chrm3” (white bars)
uninfected and C. rodentium-infected colon.
WT: Wild type. Chrm3”: M3R-deficient. V:
vehicle. 13: 13 DPI. 21: 21 DPI. ** p < 0.01
vs. WT vehicle. * p < 0.05 vs. WT vehicle. #
p < 0.05 vs. WT 13 DPI. & p < 0.05 vs.
Chrm3™ vehicle.
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Figure 14: Gene expression of CD3 in WT
(black bars) and Chrm3” (white bars)
uninfected and C. rodentium-infected colon.

WT: Wild type. Chrm3”: M3R-deficient. V:
vehicle. 13: 13 DPI. 21: 21 DPI. ** p < 0.01
vs. WT vehicle. ## p < 0.01 vs. WT 13 DPI.

€ p < 0.01 vs. Chrm3™" vehicle.
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Epithelial Proliferation is Enhanced in Chrm3” Colon

Mucosal proliferation serves multiple purposes and is considered part of host
immune defense in the setting of infectious colitis [84]. As a result, we assessed the
ability of colon mucosa from Chrm3™ mice to proliferate in response to C. rodentium.
BrdU was injected prior to euthanasia to label proliferating cells. When compared to WT
mucosa, Chrm3™ mucosa 13 DPI exhibits greater BrdU staining than WT mucosa 13 DPI
(Figure 15) indicating that epithelial proliferation is enhanced in Chrm3” colon. By 21
DPI, BrdU staining in WT and Chrm3” mucosa was similar and approached basal levels
(Figure 15). BrdU-positive cells per crypt were counted and significantly more BrdU-
positive cells per crypt were present in WT mucosa 13 DPI compared to uninfected WT
mucosa. Similarly, there were significantly more BrdU-positive cells per crypt in Chrm3
" mucosa 13 DPI compared to uninfected Chrm3” mucosa as well as WT mucosa 13 DPI

(Figures 15 & 16). These data demonstrate that epithelial cell proliferation in the colon of

C. rodentium-infected Chrm3™ mice is amplified at 13 DPI.
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Figure 15: BrdU-labeled cells in uninfected and C. rodentium-infected WT and Chrm3™ colon.
number of BrdU-positive cells is increased in Chrm3™ colon 13 DPI.

WT: Wild type. Chrm3”: M3R-deficient. BrdU: bromodeoxyuridine.
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Figure 16: Mean = SEM of BrdU-positive
cells per crypt in uninfected and C.
rodentium-infected WT (black bars) and
Chrm3” (white bars) colon mucosa.

WT: Wild type. Chrm3”: M3R-deficient.
SEM: Standard error. V: vehicle. 13: 13 DPI.
21: 21 DPI. ** p < 0.01 vs. WT vehicle. *p <
0.05 vs. WT vehicle. ## p < 0.01 vs. WT 13
DPI. &£ p < 0.01 vs. Chrm3™ vehicle.
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Mucus Production

The intestinal mucus layer, produced by epithelial goblet cells, contributes to host
defense by inhibiting the ability of pathogens to adhere to intestinal and colonic mucosa
[85]. The number of goblet cells per crypt decreased in response to C. rodentium
infection in Chrm3” mucosa 13 DPI compared to uninfected Chrm3” mucosa, but did
not differ between WT mucosa 13 DPI and uninfected WT mucosa (Figures 17A & 19).
Gene expression of CLCA3, a calcium activated chloride channel that is a recognized
marker of goblet cell hyperplasia [86], was significantly lower in Chrm3” colon 13 DPI
compared to uninfected Chrm3™ colon; however, gene expression of CLCA3 in WT
colon 13 DPI did not differ from uninfected WT colon (Figure 17B). Mucin-2, encoded
by Mucz2, is the primary mucin that forms the mucus layer in the small intestine and colon

[87,88]. Expression of Muc2 was decreased significantly in Chrm3” colon 13 DPI
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Figure 17: (A) Goblet cells per crypt in uninfected and C. rodentium-infected WT (black bars) and
Chrm3™ (white bars) mice. (B) Gene expression of CLCA3 in muscle-free WT (black bars) and Chrm3®
" (white bars) uninfected and C. rodentium-infected colon.

WT: Wild type. Chrm3™: M3R-deficient. V: vehicle. 13: 13 DPI. 21: 21 DPI. ** p < 0.01 vs. WT
vehicle. * p < 0.05 vs. WT vehicle. ## p < 0.01 vs. Chrm3™ vehicle. ## p < 0.05 vs. Chrm3™ vehicle.
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compared to uninfected Chrm3” colon, but did not differ between WT colon 13 DPI and
WT uninfected colon (Figure 18A). Muc5AC is upregulated during parasitic nematode
infection [89]; however, no upregulation of Muc5AC occurred in either WT or Chrm3™
C. rodentium-infected colon (Figure 18B). These data demonstrate differential expression

of mucins in WT and Chrm3™ colon in response to C. rodentium infection.
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Figure 18: (A) Gene expression of Muc2 in WT (black bars) and Chrm3™ (white bars) uninfected and
C. rodentium-infected colon. (B) Gene expression of Muc5AC in WT (black bars) and Chrm3™ (white
bars) uninfected and C. rodentium-infected colon.
WT: Wild type. Chrm3”: M3R-deficient. V: vehicle. 13: 13 DPI. 21: 21 DPI. ** p < 0.01 vs. WT
vehicle. # p < 0.05 vs. Chrm3™ vehicle. ## p < 0.01 vs. Chrm3” vehicle.
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Figure 19: H&E stained sections of uninfected and C. rodentium- mfected WT and Chrm3” colon.
Relative number of goblet cells is decreased at 13 DPI in both WT and Chrm3™ colon, but is more
pronounced in Chrm3” colon 13 DPI.
WT: Wild type. Chrm3™: M3R-deficient. H&E: hematoxylin and eosin.
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Immunoglobulin Production

A functioning adaptive immune system including B cells and immunoglobulin
production are required for clearance of C. rodentium [76]. Serum was collected from
uninfected and C. rodentium-infected WT and Chrm3”" mice to determine if alterations in
immunoglobulin levels were associated with delayed clearance of C. rodentium. Serum
levels of IgM were similar in uninfected and C. rodentium-infected WT and Chrm3”

mice, indicating that Chrm3™ mice have functional B cells that respond appropriately to

C. rodentium infection (Figure 20).
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Figure 20: (A) Relative serum levels of IgM
in WT (black bars) and Chrm3” (white bars)
uninfected and C. rodentium-infected mice.

WT: Wild type. Chrm3™: M3R-deficient. V:
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WT Macrophages Express Cholinergic Receptors

Macrophages are a critical
component of the innate immune
system, contribute to tolerance to
commensals, and participate in host
defense. BMDM were generated to
investigate the effects of M3R-
deficiency on macrophage phenotype
and function. Flow cytometry was

used to confirm that bone marrow cells
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Figure 21: Bone marrow cells differentiated in M-
CSF for 7 days that express CD11b and F4/80.

differentiated in the presence of M-CSF were macrophages by determining the proportion

of cells expressing both CD11b and F4/80. Approximately 95% of cells expressed both

CD11b and F4/80 (Figure 21), indicating that the cell population was highly enriched in

macrophages. Using RT-PCR, we confirmed that BMDM express genes for M1R-M4R

as well as a7 NR (Figure 22).
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Figure 22: WT BMDM gene expression of Chrm1, 2, 3,
4 and a7 nicotinic receptor. Chrm5 was not detected.
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Expression of M3R is Increased by Muscarinic Specific Stimulation of WT Macrophages

as well as by IFN-y Treatment of WT Macrophages

Treatment of WT BMDM with
20-
nanomolar range doses of bethanechol, a "

muscarinic-specific  agonist, upregulates

gene expression of M3R (Figure 23). Gene

Fold Change

expression of M3R was also increased by

treatment with the Tyl cytokine IFN-y

ol mim
(Figure 24A). Treatment with the Ty2 - 1 10 100

Figure 23: Gene expression of Chrm3 in WT
cytokine IL-4 did not affect M3R gene | BMDM treated with vehicle (black bar) or
bethanechol 1-100 nM (white bars).

**n < 0.01 vs. WT vehicle.

expression. IFN-y treatment did not affect

gene expression of other muscarinic receptors expressed by macrophages, nor did it
affect gene expression of the a7 nicotinic receptor (Figure 24B). In addition, protein

expression of M3R increased in BMDM treated with IFN-y when compared to BMDM
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Figure 24: (A) Gene expression of Chrm3 in vehicle, IFN-y1(10 ng/mL), and IL-4 (20 ng/mL) treated
WT BMDM. (B) Gene expression of Chrm1, Chrm2, Chrm4, and «7 in vehicle (black bars) and IFN-y
(10 ng/mL, white bars) treated WT BMDM. ** p < 0.01 vs. WT vehicle.
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Figure 25: Immunoblot demonstrating expression of M3R in vehicle, IFN-y (10 ng/mL), and 1L-4 (20
ng/mL) treated BMDM. VEH: vehicle. IFN: interferon-y. IL4: IL-4

treated with vehicle or IL-4 (Figure 25). These data demonstrate that M3R is upregulated
not only in response to muscarinic specific stimulation of macrophages, but also by

exposure to the Tyl cytokine IFN-y.

Muscarinic Specific Stimulation of Macrophages Induces Development of a Classically
Activated Phenotype via M3R

Cholinergic tone exerts anti-inflammatory effects on macrophages [27,66,90];
however, the effect of muscarinic specific tone on macrophages has not been established.

Expression of Nos-2, a marker for CAM, was increased significantly in WT BMDM
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Figure 26: (A) Gene expression of Nos-2 in WT BMDM treated with vehicle (black bars) or

bethanechol 100 nM (white bars). (B) Gene expression of Nos-2 in Chrm3” BMDM treated with
vehicle (black bars) or bethanechol 100 nM (white bars).
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treated with physiologic doses of bethanechol indicating that WT BMDM differentiate
into CAM in the setting of muscarinic stimulation (Figure 26A). Nos-2 expression was
unchanged in Chrm3” BMDM treated with the same dose of bethanechol (Figure 26B).
Furthermore, treatment of WT BMDM with atropine, a muscarinic-specific antagonist, is
associated with decreased gene expression of Nos-2 (Figure 27A). Nos-2 gene expression
did not change with atropine treatment of Chrm3” BMDM (Figure 27B) further

demonstrating that muscarinic-specific stimulation induces development of CAM.
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Figure 27: (A) Gene expression of Nos-2 in WT BMDM treated with vehicle (black bars) or atropine 50
nM (white bars). (B) Gene expression of Nos-2 in Chrm3” BMDM treated with vehicle (black bars) or
atropine 50 nM (white bars).

WT: Wild type. Chrm3™": M3R-deficient. * p < 0.05 vs. WT vehicle.

0~

Chrm3” Macrophages Retain Their Ability to Attain a Classically Activated Phenotype
in the Presence of Interferon-y

Macrophages exposed to Tyl cytokines such as IFN-y attain a CAM phenotype
[91]. As expected, gene expression of Nos-2 increased significantly when WT BMDM
were treated with IFN-y (Figure 28A). Similarly, gene expression of Nos-2 also increased

significantly when Chrm3”- BMDM were treated with IFN-y (Figure 28B), indicating that
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M3R is not required for BMDM to attain a CAM phenotype in the presence of IFN-y.
These data indicate that Chrm3” BMDM retain their ability to differentiate into CAM in
the setting of a cytokine stimulus (IFN-y), but their ability to differentiate into CAM due

to a muscarinic stimulus is dependent on M3R.
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Figure 28: (A) Gene expression of Nos-2 in WT BMDM treated with vehicle or IFN-y (10 ng/mL, white
bars). (B) Gene expression of Nos-2 in Chrm3” BMDM treated with vehicle (black bars) or IFN-y (10
ng/mL, white bars).
**p <0.01 vs. WT vehicle.

Muscarinic Stimulation Acts Synergistically with Interferon-y on Macrophages to
Promote Development of a Classically Activated Macrophage Phenotype

Finally, we examined the ability of muscarinic stimulation to amplify the response
of BMDM to IFN-y. Gene expression of Nos-2 in WT BMDM treated with bethanechol
and IFN-y increased when compared to treatment with IFN-y alone (Figure 29A). This
effect was not observed in Chrm3” BMDM (Figure 28B). Treating BMDM with atropine
in addition to IFN-y and bethanechol abrogated bethanechol-induced upregulation of
Nos-2 in WT BMDM (Figure 28A). Treatment of Chrm3” BMDM with atropine in

addition to IFN-y and bethanechol did not affect Nos-2 gene expression (Figure 29B).
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These data indicate that muscarinic specific stimulation potentiates development of a

CAM phenotype in IFN-y treated WT BMDM and that this effect is dependent on M3R

expression.
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Figure 29: (A) Gene expression of Nos-2 in WT BMDM treated with IFN-y 10 ng/mL (black bars),
IFN-y 10 ng/mL and bethanechol 100 nM (white bars), and IFN-y 10 ng/mL, bethanechol 10 nM, and
atropine 50 nM (hatched bars). (B) Gene expression of Nos-2 in Chrm3”" BMDM treated with IFN-y 10
ng/mL (black bars), IFN-y 10 ng/mL and bethanechol 100 nM (white bars), and IFN-y 10 ng/mL,
bethanechol 10 nM, and atropine 50 nM (hatched bars).
WT: Wild type. Chrm3”: M3R-deficient. IFN: interferon-y. BTH: bethanechol. ATR: atropine.
*p <0.05vs. IFN-y.
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Discussion

Our study demonstrates a previously undescribed role for M3R in host defense
against infectious colitis through modulation of mucus production. The importance of the
colonic mucus layer in host defense against C. rodentium is established and our results
complement prior findings demonstrating that Muc2” mice suffer from increased
mortality when infected with C. rodentium [53]. In addition, our data suggests a pro-
inflammatory role for M3R on macrophage phenotype, which represents an alternate
mechanism for modulating macrophage function via cholinergic signaling in addition to
the previously described anti-inflammatory role of a7.

In this study we demonstrate that clearance of C. rodentium from Chrm3™ mice is
delayed despite an amplified Tyl/Tyl7 cytokine response. The delay in bacterial
clearance observed in Chrm3” mice suggested by stool bacterial counts was confirmed
by demonstrating persistent adherence of C. rodentium to colonic mucosa as well as crypt
hyperproliferation 13 DPI in Chrm3™ colon when compared to WT colon. Coincident
with these changes is a 91% decrease in Muc2 expression from baseline in C. rodentium-
infected Chrm3™ colon, but only a 41% decrease in Muc2 expression in C. rodentium-
infected WT colon. The critical role of Muc2 in controlling pathogen burden within the
colon is established [53,78]. Goblet cells, which secrete mucin, respond to various stimuli
and release mucin according to two different processes — simple and compound
exocytosis [92]. Simple exocytosis occurs in a constitutive, basal fashion whereas
compound exocytosis is the result of exposure to various secretagogues, including
neurotransmitters (such as acetylcholine), hormones, neuropeptides, and cytokines. In

addition, the thickness of the intestinal mucus layer is directly proportional to goblet cell
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number and size [93], indicating that Chrm3™ mice are likely to have a thinner mucus
layer than WT controls. Unfortunately, direct measurements of this layer are technically
challenging as traditional fixation methods result in mucus detachment [92].

The ability of cholinergic tone to trigger mucin release from goblet cells has been
demonstrated previously [94]. Considering the importance of mucus in host defense
against enteric pathogens, our data strongly suggest a role for muscarinic signaling,
specifically via M3R, in the release of mucin from goblet cells. The fact that Chrm3”
mice do not succumb to C. rodentium-infection indicates that M3R is not required for
clearance of C. rodentium, but that it does facilitate its clearance. These studies link
delayed clearance of C. rodentium from Chrm3” mice to impaired mucin production,
likely a consequence of disrupted cholinergic signaling at goblet cells due to genetic
ablation of M3R, establishing a role for M3R in innate host defense.

In addition to the contribution of M3R to innate immunity via its actions on goblet
cells, our studies demonstrate that M3R modulates macrophage phenotype and function.
Discussion of the effects of cholinergic tone on macrophage signaling has focused
predominantly on its anti-inflammatory effects via activation of o7 [9,10,25,27,95-97],
thereby decreasing inflammation associated with a variety of conditions including
pancreatitis, post-operative ileus, sepsis, and experimental colitis. In contrast, there is
little information on the ability of MR to alter inflammation, although some studies have
suggested that muscarinic specific stimulation of alveolar macrophages may have pro-
inflammatory effects [98]. In isolated BMDM, we demonstrate that physiologic levels of
muscarinic stimulation are capable of inducing a CAM phenotype, an effect that is

dependent on the presence of M3R. Interestingly, stimulation with IFN-y increases M3R
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gene expression, suggesting a role for M3R in immune regulation of macrophage
function. When macrophages were exposed to both inflammatory and muscarinic stimuli,
a more robust upregulation of Nos-2 was observed, indicating greater skewing towards
CAM than what was observed with IFN-y treatment alone. It is well established that
cholinergic tone exerts a net anti-inflammatory effect on macrophages (Figure 30A). Our
in vitro data, however, indicate that IFN-y upregulates expression of M3R on
macrophages. This likely increases the proportion of cholinergic tone received by M3R,
which may act to counter-balance the anti-inflammatory effects of a7 (Figure 30B),
preventing or limiting the development of AAM. These dichotomous actions of
cholinergic signaling may have important consequences for maintaining the host’s ability
to respond appropriately to pathogens as in vitro a7 specific stimulation ameliorates
release of inflammatory mediators [99], but in vivo is associated with worsening of
experimental colitis [8].

Taken together, our studies indicate a previously undescribed role for M3R in
modulation of and response to inflammation. Further work remains with respect to
characterizing the in vivo effects of M3R ablation on response to colitis. Depleting
macrophages from WT mice and reconstituting them with Chrm3” macrophages will
help us better understand the role of M3R on response to experimental models of colitis
and could potentially identify avenues for further research in an area that remains

relatively unexplored.
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Figure 30: Proposed model of effects of M3R on macrophage phenotype. (A) In the absence of an
inflammatory stimulus, acetylcholine acts at both a7 and M3R with net effect driving the macrophage
towards an alternatively activated phenotype. (B) In the presence of Ty1/Tyl7 cytokines, M3R
expression on macrophages is increased and acetylcholine acts at relatively greater number of M3R,
causing the macrophage to attain a more classically activated phenotype (or a less alternatively
activated phenotype).

a7: alpha 7 nicotinic receptor. M3: type 3 muscarinic receptor. C. rod: C. rodentium
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Chapter 3: Type 3 Muscarinic Receptors Contribute to Mucosal Homeostasis,

Clearance of Nippostrongylus brasiliensis, and Expression of Th2 Cytokines

Introduction

In recent years there have been extensive studies exploring the role of vagal tone
and cholinergic signaling in the modulation of systemic [10,25,95,100] and local
[9,27,66] inflammation. The o7 NR has been identified as the primary receptor
responsible for transducing these anti-inflammatory signals from the vagus through local
nerves [10]. Trials are underway currently to determine if manipulation of vagal tone,
either by physiologic means (e.g. exercise) [6,96] or the use of implanted nerve
stimulators [11,101,102] attenuates local and/or systemic inflammatory conditions.
Unfortunately, attempts to develop pharmacologic means of targeting a7 have not been
successful [8], generating uncertainty about whether manipulation of this receptor will be
successful in clinical applications.

Interactions between enteric nematodes and their mammalian hosts have co-
evolved to benefit both organisms. Nematodes cause disease in infected hosts, but a
significant proportion of those infected tolerate colonization without any significant ill-
effects [103,104]. Evidence suggests that nematode infection protects against
autoimmune diseases including type 1 diabetes [105], rheumatoid arthritis [106], multiple
sclerosis [107], and CD [108]. The mammalian host responds to the presence of enteric
nematodes by generating a Tu2 response, characterized by the production of cytokines
such as IL-4, IL-5, IL-10, and I1L-13 [109,110]. Along with increased production of T2

cytokines, several characteristic Ty2-dependent physiologic changes that facilitate
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nematode expulsion occur including smooth muscle hypercontractility, increased
epithelial permeability, decreased epithelial secretion, decreased glucose absorption, and
goblet cell expansion [82,103,111-113].

The current study was designed to investigate the role of M3R on mucosal
homeostasis in the small intestine as well as its contribution to host defense against the
Tw2-inducing pathogen N. brasiliensis. The results of our studies demonstrate that M3R
contributes to mucosal homeostasis in the absence of enteric nematode infection as well
as to T2 cytokine mediated expulsion of N. brasiliensis. The inability of Chrm3™ mice
to mount an appropriate cytokine response to N. brasiliensis implicates this receptor as a
significant contributor to the Tw2 response in enteric nematode infection. Furthermore,
IL4 treatment of Chrm3” macrophages results in exaggerated development of AAM,
suggesting that M3R may exert counter regulatory effects on macrophages to prevent
extreme alternative activation of macrophages, potentially contributing to the
maintenance of an appropriate balance between CAM and AAM. We conclude that M3R
activity not only contributes to barrier function and mucosal homeostasis in small
intestine, but also facilitates generation of a T2 cytokine response to enteric nematode

infection.

52



Methods
Animal Studies

Age and sex-matched WT and Chrm3”" on a C57BL/6 background as well as WT
and Chrm3™ mice on a 129/SVEv x CF1 (50%:50%) background were purchased from
Taconic Farms (Germantown, NY) or generously donated by Dr. Jirgen Wess of the
National Institutes of Health (Bethesda, MD). Mice were housed at the United States
Department of Agriculture animal facility and provided food and water ad libitum.
Animals were euthanized using ketamine/xylazine prior to performing physiologic
studies and collection and processing of tissues. Tissue samples were collected for
molecular analysis, histological evaluation, and assessment of continuing nematode
infection. All studies were conducted in accordance with the principles set forth in the
Guide for Care and Use of Laboratory Animals, Institute of Laboratory Animal
Resources, National Research Council, Health and Human Services Publication (National
Institutes of Health 85-23, revised 1996), and the Beltsville Area Animal Care and Use
Committee (Protocol #10-003). The protocol was also approved by the Institutional
Animal Care and Use Committee of the University of Maryland School of Medicine

(Protocol #0110018).

Nippostrongylus Infection and Worm Expulsion

Infective, third stage N. brasiliensis (specimens on file at the U.S. National
Parasite Collection, U.S. National Helminthological Collection, Collection 81930;
Beltsville, MD) larvae (L3) were propagated and stored at room temperature in

fecal/charcoal/peat moss culture plates as previously described [112]. Age and sex-
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matched groups of WT and Chrm3™ mice were inoculated subcutaneously with 500 L
and studied five to nine days later. Stool was collected from WT and Chrm3” mice
throughout the course of N. brasiliensis infection to determine fecal egg content. After
euthanasia, proximal small intestine (duodenum) from WT and Chrm3” mice was

collected and nematodes residing within were counted directly.

In vitro Smooth Muscle and Epithelial Cell Function

Smooth muscle contractility was measured as described previously [112].
Response to acetylcholine (10 nM to 0.1 mM) and the amplitude of spontaneous
contractions were determined. Tension was expressed as force per cross-sectional area
[114]. Responses from all tissue segments exposed to acetylcholine from an individual
animal were averaged resulting in a mean response per animal and then averaged to yield

a mean value per group.

Ussing Chambers

One cm segments of jejunal mucosa were stripped of muscularis externa and
mounted in Ussing chambers with 0.126 cm? of the epithelium exposed to 10 mL of
Krebs' buffer. The potential difference across the tissue was measured using agar-salt
bridges and electrodes. Every 50 s, the tissue was short circuited at 1 volt (V) (World
Precision Instruments DVC 1000 voltage clamp; Sarasota, FL) for 2 s to allow
calculation of tissue resistance utilizing Ohm's law (V = IR). In addition, the short circuit
current () was monitored continuously. Basal I, representing the net ion flux at
baseline, and tissue resistance, an indication of tissue permeability, were determined after

a 15 min period of equilibration. Following a second 15 min period of equilibration,
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concentration-dependent changes in I were measured in response to the cumulative
addition of glucose or bethanechol to the mucosal side. For all tissue segments taken
from an individual mouse (n = 3—4 per mouse), resistance, basal Is;, and changes in I in
response to glucose or bethanechol were averaged to yield a mean response per animal

and then averaged to yield a mean value per group.

Microsnapwell Assay for Mucosal Transepithelial Electrical Resistance

The modified microsnapwell system is a miniaturized version of the standard
Ussing chamber designed to measure mucosal transepithelial electrical resistance (TEER)
[79]. Decreases in TEER indicate increased tissue permeability. Segments of small
intestine were harvested from uninfected or N. brasiliensis—infected WT and Chrm3™
mice, stripped of both muscularis externa and serosal layers, and mounted in the
microsnapwell system. A total of 250 uL. DMEM containing 4.5 g/L glucose, 4 mM L-
glutamine, and 1 mM nonessential amino acids was added to the mucosal side. Three
milliliters of the same medium was added to the serosal side. The system was incubated
at 37°C with 5% CO, for 30 min to permit stabilization of pH and TEER was measured

every 30 min for 180 min.

Preparation and Treatment of Bone Marrow—Derived Macrophages

Macrophages were prepared from bone marrow mononuclear cells as previously
described [80]. Mononuclear cells were obtained by flushing bone marrow from femurs,
tibias, and humeri with HyClone alpha MEM medium (Thermo-Scientific; Chicago, IL)

pre-equilibrated at 37°C. Cells were cultured overnight in alpha MEM medium
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containing 10% FBS and 1% penicillin/streptomycin in a humidified incubator at 37°C
with 5% CO,. Non-adherent cells were collected by centrifugation after lysis of red blood
cells using red blood cell lysis buffer (Sigma-Aldrich; St. Louis, MO) and mononuclear
cells were counted and plated. Mature macrophages were generated by differentiating
isolated mononuclear cells with 20 ng/mL rM-CSF (R&D Systems; Minneapolis, MN)
for 7 d. WT or Chrm3”" macrophages were then treated with IFN-y, IL-4, or bethanechol
for 24 h to determine their ability to attain a classically or alternatively activated

phenotype.

RNA Extraction, cDNA synthesis and quantitative real-time polymerase chain reaction
(GQRT-PCR)

Total RNA was extracted from tissue samples or bone-marrow derived
macrophages (BMDM) with TRIzol reagent (Invitrogen; Carlsbad, CA) according to
manufacturer’s instructions. RNA integrity, quantity, and genomic DNA contamination
were assessed using the Agilent Bioanalyzer 2100 and RNA 6000 Labchip kit (Agilent
Technologies; Palo Alto, CA). Only those RNA samples with 28S/18S ratios between 1.5
and 2 and no DNA contamination were studied further. RNA samples (2 ug) were
reverse-transcribed to cDNA using the First Strand cDNA Synthesis Kit (MBI
Fermentas; Hanover, MD) with random hexamer primer.

Amplification reactions were performed on an iCycler detection system (Bio-Rad
Laboratories; Hercules, CA). Primer sequences were designed using Beacon Designer 5.0
(Premier Biosoft International; Palo Alto, CA), and synthesized by the Biopolymer

Laboratory of the University of Maryland. PCR was performed in 25 pL volume wells
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using SYBR Green Supermix (Bio-Rad Laboratories; Hercules, CA). Amplification
conditions were: 95°C for 3 min, 60 cycles of 95°C for 15 s, 60°C for 15 s, and 72°C for
20 s. The fold-change in mRNA expression for targeted genes was calculated relative to
respective vehicle-treated groups of mice after normalization to 18s rRNA. 18s rRNA
was selected as the internal standard based on preliminary studies demonstrating no

significant differences in 18s rRNA level among different groups of samples studied.

Histology

Colons were opened longitudinally along the mesenteric border, fixed for 2 h in
4% paraformaldehyde, and embedded in paraffin blocks. Tissue was processed, cut in 5
um sections, affixed to glass slides, and stained with H&E by Histoserv, Inc.
(Germantown, MD). Images were acquired with an Axio Imager M2 microscope (Carl
Zeiss Microscopy; Thornwood, NY) using ZEN Pro 2012 image acquisition software

(Carl Zeiss Microscopy; Thornwood, NY).

Solutions and Drugs
All drugs used for physiological studies were obtained from Sigma-Aldrich (St.

Louis, MO) unless otherwise indicated.

Data Analysis
For multiple comparisons, statistical analyses were performed using a one-way
analysis of variance (ANOVA) with post hoc analysis for multiple comparisons. For two

comparisons, statistical analyses were performed using a Student’s t-test. Data analyses
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were performed using Graph Pad Prism software version 3.03. Differences between

groups were considered statistically significant at p-values < 0.05.
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Results
Permeability and Proinflammatory Cytokine Expression are Increased in Chrm3™
Intestine

We measured TEER of muscle-free small intestine from WT and Chrm3™ mice in
order to determine if differences in constitutive permeability exist in the absence of M3R.
TEER was significantly decreased in Chrm3” small intestine obtained from
129S6/SvEV:CF1 (50%:50%) mice when compared to WT small intestine (Figure 31A).
TEER was also significantly decreased in Chrm3™ small intestine from C57BL/6 mice
when compared to WT small intestine (Figure 31B), demonstrating that decreased TEER
in Chrm3” mice was due to genetic ablation of M3R and not a unique property
associated with either the 129S6/SvEv:CF1 (50%:50%) or C57BL/6 background. Flux of
FITC-dextran across small intestine mucosa was also measured to verify the permeability

defect suggested by TEER measurements. Dextran flux was significantly greater across
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Figure 31: (A) TEER of muscle-free small intestine from WT and Chrm3” 129S6/SvEv:CF1
(50%:50%) mice. (B) TEER of muscle-free small intestine from WT and Chrm3”" C57BL/6 mice.
TEER: Transepithelial electrical resistance. ** p < 0.01 vs. WT. * p < 0.05 vs. WT.
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Chrm3” small intestine than WT small intestine (Figure 32). Together, these data
indicate that M3R contributes to barrier function and promotes stability of the

paracellular pathway within the small intestine.

Expression of Tyl/Tyl7 and T2
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intestine from Chrm3” C57/BL6 mice

(Figure 33B). IL-17A expression was also increased in muscle-free small intestine from
Chrm3™ C57/BL6 mice. (Figure 33B). In addition, expression of the T2 cytokines IL-4
and IL-13 was measured (Figure 33C). IL-13 was significantly down-regulated in
129S6/SVEV:CF1 (50%:50%) Chrm3” small intestine (Figure 33C), but this was not
observed in Chrm3” C57/BL6 mice (data not shown). IL-4 was unaltered in either WT
background strain. Together, these data indicate that genetic ablation of M3R is
associated with upregulation of pro-inflammatory Ty1/Tnl7 cytokines in uninfected

small intestine.
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Figure 33: Gene expression of (A) IFN-y (IFN), IL-17A (IL-17) and TNF-« (TNF) in WT (black bars)
and Chrm3™ (white bars) 129S6/SVEV:CF1 (50%:50%) mice, (B) IFN- (IFN), IL-17A (IL-17) and
TNF-a (TNF) in WT (black bars) and Chrm3™ (white bars) C57BL/6 mice, and (C) IL-4 (IL-4) and IL-
13 (IL-13) in WT (black bars) and Chrm3” (white bars) 129S6/SVEv:CF1 (50%:50%) mice.

WT: Wild type. Chrm3”": M3R-deficient. * p < 0.05 vs. WT. ** p < 0.01 vs. WT.
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Flgure 34 Representatlve sectlons of H&E stained small intestine from (A) WT C57BL/6 mice and (B)
Chrm3” C57BL/6 mice.
H&E: hematoxylin and eosin.

Given the alterations in TEER and upregulation of Ty1/Ty17 cytokines observed
in Chrm3™ mice, we next evaluated H&E stained sections of small intestine from WT
and Chrm3”" mice. No significant differences in intestinal architecture exist between WT

and Chrm3”~ small intestine (Figure 34).
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Clearance of N. brasiliensis from Chrm3” Mice is Impaired

WT and Chrm3” mice were infected with N. brasiliensis and studied 5-9 DPI.
Fecal egg content was determined 9 DPI. Feces from Chrm3”" mice had a significantly
higher egg burden than feces from WT mice (Figure 35A). To confirm that the higher egg
count observed in Chrm3” mice was due to a higher intestinal worm burden, nematodes
residing within the proximal small bowel (duodenum) of WT and Chrm3™ mice were
counted (Figure 35B). The number of nematodes within the proximal small intestine was
significantly greater in Chrm3™ mice than in WT mice. These data indicate that clearance

of the enteric nematode N. brasiliensis is delayed in Chrm3” mice.
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Figure 35: (A) Fecal egg content at 9 DPI from WT (black bars) and Chrm3”" (white bars) mice. (B)
Nematode count within the proximal small intestine (duodenum) at 9 DPI.
**p<0.01vs. WT. *p<0.05vs. WT.

62




Upregulation of Ty2 Cytokines is Inhibited in N. brasiliensis-Infected Chrm3™ Small
Intestine

Enteric nematode infection elicits a stereotypic Tn2 cytokine response in murine
small intestine [115]. Expression of T2 and Ty1/Ty17 cytokines from small intestine of
WT and Chrm3” mice was measured using RT-PCR. In N. brasiliensis-infected WT
small intestine both 1L-4 and IL-13 were significantly upregulated (Figures 36A & 36B)
as expected. However, in N. brasiliensis-infected Chrm3™ small intestine upregulation of
IL-4 and IL-13 was abrogated (Figures 36A & 36B). Expression of Ty1l/Tyl7 cytokines
was also determined. IFN-ywas upregulated modestly in N. brasiliensis-infected Chrm3”"
mucosa; however, neither TNF-o nor I1L-17 was upregulated in N. brasiliensis-infected
Chrm3” mucosa (Figure 36C). Gene expression of CD3 was similar in WT and Chrm3™"
mice, indicating T cell recruitment is intact in Chrm3” mice (data not shown). These data
indicate that genetic ablation of M3R is associated with impaired generation of Tn2

cytokines in response to enteric nematode infection.
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Figure 36: Gene expression of (A) IL-13 and (B) IL-4 in uninfected and N. brasiliensis-infected WT
(black bars) and Chrm3™ (white bars) intestine. Gene expression of (C) Ty1/Tx17 cytokines in infected
WT (black bars) and Chrm3” (white bars) intestine.
**p<0.01vs. WT. *p<0.05vs. WT.
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Alternative Activation of Macrophages is Inhibited in N. brasiliensis-Infected Chrm3”
Small Intestine

We examined the ability of Chrm3” macrophages to respond in vivo to N.
brasiliensis infection or in vitro to IL-4 treatment. As expected, in WT mice N.
brasiliensis infection induced an influx of AAM that express arginase-1 (Arg-1). In
contrast, Arg-1 was not upregulated in N. brasiliensis-infected Chrm3™ mice (Figure 37).
In vitro studies were performed to further characterize the relationship between M3R and
Tw1/Ty2 cytokines with respect to macrophage differentiation. Although IFN-y treatment
resulted in increased gene expression of M3R, treatment with IL-4 was not associated
with any change in M3R gene expression (Figure 38). Treatment of WT BMDM with
bethanechol, a muscarinic-specific agonist, resulted in decreased expression of Arg-1
(Figure 39). As expected, treatment of WT BMDM with IL-4 induced a significant
increase in Arg-1 expression (Figure 40), indicating that WT BMDM appropriately
develop the AAM phenotype in the presence of IL-4. Treatment of Chrm3” BMDM with

IL-4 also induced an increase in Arg-1; however, this increase was significantly greater
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Figure 37: Gene expression of Arg-1 in | Figure 38: Gene expression of Chrm3 in vehicle,
uninfected and N. brasiliensis-infected WT (black | IFN-y[1(10 ng/mL), and IL-4 (20 ng/mL) treated
bars) and Chrm3” (white bars) small intestine. WT BMDM.
**p < 0.01 WT uninfected **p < 0.01 vs. vehicle
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than the upregulation of Arg-1 observed in IL-4-treated WT BMDM (Figure 40). These
data indicate that Chrm3” macrophages retain their ability to respond to a Tx2 stimulus
and suggest that constitutive M3R activity may provide a counter regulatory effect to

control the degree of AAM development.

Tw2-Dependent Changes in Gut Function are Not Observed in N. brasiliensis-Infected
Chrm3™ mice

Upregulation of the T2 cytokines IL-4 and IL-13 induces characteristic changes
in intestinal physiology generating several stereotypic functional changes (increased
permeability, smooth muscle hypercontractility, decreased epithelial secretion, decreased
fluid absorption, and goblet cell expansion) that promote nematode expulsion [82,109-
112,115]. These changes depend on generation of Ty2 cytokines [109] and transcription
of STAT6-dependent genes [82,111,116].

As expected, small intestinal TEER decreased significantly in N. brasiliensis-

infected WT mice, consistent with increased epithelial permeability (Figure 41A). This
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decrease was not observed in small intestine from N. brasiliensis-infected Chrm3™ mice
(Figure 41A). Similarly, smooth muscle hypercontractility in response to acetylcholine
stimulation was observed in N. brasiliensis-infected WT mice, but was not observed in
smooth muscle from N. brasiliensis-infected Chrm3” mice (Figure 41B). Acetylcholine
induced epithelial secretion was decreased significantly in N. brasiliensis-infected WT
mice (Figure 41C), but again, this effect was absent from N. brasiliensis-infected Chrm3
" mice (Figure 41C). Glucose stimulated epithelial absorption was also decreased
significantly in N. brasiliensis-infected WT mice (Figure 41D), but this change was not
observed in small intestine from N. brasiliensis-infected Chrm3” mice (Figure 41D).
Finally, goblet cell expansion occurred in N. brasiliensis-infected WT mice, but did not
occur in N. brasiliensis-infected Chrm3” mice (Figure 42). Together these data
demonstrate that stereotypic physiologic changes induced by enteric nematode infection

are not observed in Chrm3” mice, emphasizing the dependence of these changes in gut

function on generation of T2 cytokines.
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Figure 41: (A) Percent change in TEER in uninfected and N. brasiliensis-infected (9 DPI) WT (black
bars) and Chrm3” (white bars) mice. (B) Percent change in smooth muscle contraction in response to
acetylcholine 100 uM in uninfected and N. brasiliensis-infected (9 DP1) WT (black bars) and Chrm3™
(white bars) mice. (C) Percent change in epithelial secretion in response to acetylcholine 100 uM in
uninfected and N. brasiliensis-infected (9 DPI) WT (black bars) and Chrm3™ (white bars) mice. (D)
Percent change in epithelial absorption in response to glucose 40 uM in uninfected and N. brasiliensis-
infected (9 DPI) WT (black bars) and Chrm3™ (white bars) mice.

**n < 0.01 vs. WT uninfected. * p < 0.05 vs. WT uninfected.

TEER: transepithelial electrical resistance. Alsc: change in short-circuit current.
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Figure 42: Representative H&E-stained sections of ileum from uninfected and N.
brasiliensis-infected WT and Chrm3” mice demonstrating goblet cell expansion in WT
small intestine 9 DPI, but not in Chrm3™ small intestine 9 DPI.

WT: Wild type. Chrm3™: M3R-deficient. D9: 9 days post-infection. H&E: hematoxylin and
eosin.
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Discussion

These data demonstrate that generation of a T2 immune response in GI mucosa
in the setting of enteric nematode infection is dependent on M3R. In the absence of Tn2
cytokines, N. brasiliensis-infected Chrm3”" mice do not develop stereotypic T2-
dependent physiologic changes such as smooth muscle hypercontractility, increased
epithelial permeability, decreased mucosal secretion and absorption, or goblet cell
expansion. At present, the defect underlying the impaired ability of Chrm3™ mice to
generate T2 cytokines in the setting of nematode infection is not clear, although it is
possible that T cells, which express M3R [5,7,117], may not respond appropriately to
Tn2-inducing stimuli. Alternatively, antigen presentation or T cell activation may be
impaired in Chrm3” mice; however, Chrm3” mice are able to mount a Tyl/Tyl7
response in the setting of a Ty1/Ty17 stimulus (Figure 12), suggesting that M3R activity
specifically modulates the development of a T2 response, but not a Ty1/TH17 response.

A recently published article examined the contribution of M3R to airway
remodeling in a murine model [118]. In this study, Kistemaker et al. examined a variety
of physiologic parameters including smooth muscle thickening and airway remodeling.
They observed a 35-40% decrease in these parameters in Chrm3” mice when compared
to WT, Chrm1”, and Chrm2™ mice, which served as controls. Interestingly, the authors
report similar or higher levels of Ty2 cytokines in Chrm3™ mice compared to WT,
Chrm1™, and Chrm2” mice. In our study we observed none of the expected physiologic
changes in response to N. brasiliensis infection, most likely due to abrogated
upregulation of Ty2 cytokines (Figure 43). The reason for attenuated smooth muscle

thickening and airway remodeling observed by Kistemaker et al. in Chrm3”" mice could
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not be attributed to an impaired immune response as they detected Ty2 cytokines in
response to ovalbumin stimulation. The inability to generate T2 cytokines within small
intestine in response to nematode infection suggests that generation of T2 cytokines may
be region or stimulus specific. Interestingly, a different study reported markedly reduced
levels of IL-4, IL-5, and eotaxin in ovalbumin stimulated mice treated with
bencycloquidium bromide, a M3R antagonist being considered for use in asthma [68],
also supporting a role for M3R activity in the generation of T2 cytokines.

Enteric nematode infection has been linked to decreased incidence of autoimmune
disease, including IBD, as well as decreased colitis severity in murine models [119,120].
In addition to stimulating production of Tn2 cytokines, enteric nematode infection
triggers recruitment of a variety of immune cells including mast cells, eosinophils,
basophils, and macrophages [121]. The lack of AAM in N. brasiliensis-infected Chrm3™”
mice can be attributed directly to impaired upregulation of T2 cytokines. Our in vitro
data, however, demonstrate that M3R affects macrophage phenotype in response to a T2
stimulus (IL-4), with enhanced expression of Arg-1 in the absence of M3R. M3R is one
of at least two cholinergic receptors, the other being o7, capable of modulating
macrophage phenotype and function. Although further studies are required, it is plausible
that cholinergic tone affects macrophage phenotype at both a7 and M3R, with a7 driving
macrophages towards an AAM phenotype and M3R acting in a counter regulatory
fashion preventing extreme AAM polarization. This may explain, in part, why mice with
DSS-induced colitis develop an exacerbation of their colitis and increased expression of

pro-inflammatory cytokines after treatment with either of two a7 specific agonists [8].
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Our studies also demonstrate that M3R contributes to barrier function and
mucosal homeostasis in uninfected small intestine in addition to its role in the response to
enteric nematode infection and modulation of macrophage phenotype and function. Prior
reports link M3R activity to transcellular transport of macromolecules [122], but the role
of M3R in maintenance of intestinal barrier function has not been demonstrated
previously. In addition to increased permeability in small intestine of Chrm3™ mice,
expression of pro-inflammatory Ty1/Ty17 cytokines is upregulated. It has been suggested
that defects in barrier function precede the development of pathologic inflammatory
conditions such as IBD [123,124] with upregulation of Ty1/Ty17 cytokines contributing
to the development of chronic barrier dysfunction and symptomatic IBD. The modest
upregulation of Ty1/TH17 cytokines observed in uninfected Chrm3” small intestine is
likely secondary to immune activation in the setting of defective barrier function, rather
than to an undemonstrated anti-inflammatory effect of M3R on Gl epithelial cells.
Whether basal expression of Tyl/Tyl17 cytokines affects the ability of Chrm3” mice to
mount a Ty2 response to enteric nematode is currently unclear, although it is known that
increases in IFN-y can suppress host defense against N. brasiliensis [109].

Overall, our studies indicate that M3R activity contributes to homeostasis in
uninfected small intestine as well as the generation of a T2 response to N. brasiliensis
infection. Similar observations have been made regarding the possible contribution of
M3R to Tw2 immunity in pulmonary models. Our data suggest that in addition to its role
in immune response to enteric nematode infection, M3R may serve a counter regulatory

role in the generation of AAM, demonstrating that MR, specifically M3R, play a key and
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previously undefined role in mucosal homeostasis as well as immune regulation and

response to enteric nematodes within the Gl tract.
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Figure 43: Proposed model of delayed nematode clearance in Chrm3” mice. A T2 response is mounted
in WT intestine infected with N. brasiliensis resulting in downstream functional changes including
increased permeability, epithelial hyposecretion, smooth muscle hypercontractility, and goblet cell
expansion (not shown). In M3R intestine, a constitutive increase in permeability exists, as does
increased expression of Ty1/Ty17 cytokines. In the setting of nematode infection T2 cytokines are not
generated and resultant downstream physiologic changes in gut function are not observed, contributing
to delayed nematode clearance.
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Chapter 4: Discussion

We report herein a previously undescribed role for M3R in host defense within
the small intestine and colon in response to both a Ty1/Ty17 inducing bacterium, C.
rodentium, as well as a Ty2 inducing enteric nematode, N. brasiliensis. Of considerable
interest is the different role of M3R in clearance of these two infections. In C. rodentium
infection, M3R does not affect generation of the Ty1/Ty17 cytokines IFN-y, TNF-a, or
IL-17, but does contribute to innate host defense through its effects on mucin production
and, consequently, the ability of C. rodentium to adhere to colonic mucosa. In N.
brasiliensis infection, M3R contributes to generation of the T2 cytokines IL-4 and IL-
13.

Infection with the A/E bacterium C. rodentium induces a marked upregulation of
THL/TH17 cytokines in both WT and Chrm3™ mice, although clearance of C. rodentium
from Chrm3” mice is delayed. Unlike N. brasiliensis infection, the host’s ability to
mount the appropriate cytokine response is not impaired. The more robust Ty1/Tyl17
cytokine profile that is observed in Chrm3” mice is most likely due to persistent
adherence of C. rodentium at 13 DPI whereas in WT mice C. rodentium has largely
cleared. Although M3R is expressed by a variety of immune cells, the delay in clearing
C. rodentium from Chrm3”" mice is most likely due to decreased goblet cell numbers and
reduced Mucin-2 in Chrm3” colon. Prior reports have demonstrated a critical role for
mucins in preventing or minimizing contact of luminal microorganisms with the mucosal
surface [37].

The abrogation of upregulation of IL-4 and IL-13 in Chrm3” small intestine

despite N. brasiliensis infection prevents stereotypic downstream physiologic changes
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from occurring, including smooth muscle hypercontractility, increased epithelial
permeability, decreased mucosal secretion and absorption, and goblet cell expansion, all
of which contribute to nematode expulsion. An equine study examining cytokine
production in neonates and foals demonstrated intact Tyl cytokine production, but
impaired Ty2 cytokine production in foals up to 3 months of age; however, neither MR,
NR, or acetylcholine were discussed in the article nor was a potential mechanism that
would explain these differences in cytokine production proffered [125]. It is possible that
cholinergic tone acting at M3R expressed on T cells triggers a heretofore unidentified
downstream pathway that contributes to production and/or release of T2 cytokines from
T cells. Alternatively, M3R expressed on antigen presenting cells could affect the ability
of these cells to phagocytose or present antigen, but if this were the case one would
expect the Ty1/Ty17 response to be blunted as well.

In addition to its role in host defense, MR also influence the phenotype and
function of BMDM. Our studies indicate the muscarinic signaling causes BMDM to
attain a CAM phenotype, an effect mediated by M3R. In the setting of cholinergic
stimulation, where both MR and NR are activated, one can imagine that signaling at M3R
may serve a counter regulatory effect to counterbalance the anti-inflammatory effects on
macrophage phenotype mediated through a7. Other studies examining the role of M3R in
mostly alveolar macrophages have also suggested a pro-inflammatory role for M3R
[13,68] in that setting, a finding that our studies support. Treating rats with atropine, a
non-specific MR antagonist, inhibited antibody and T cell proliferation; however, neither
the effect of atropine on cytokine profiles, nor the effects of MR subtype blockade were

reported [70]. Nonetheless, our studies indicate a pro-inflammatory role for M3R,
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consistent with prior reports examining the role of M3R in immune response within the
lung. It is possible that pro-inflammatory M3R signaling serves as a check against anti-
inflammatory signaling via a7.

Overall, our studies indicate a clear role for M3R in host defense, specifically in
response to enteric nematode and enteric bacterial infections, as well as a role for M3R in
modulation of macrophage phenotype and function. These findings support an expanding
role for cholinergic receptors not only in the regulation of inflammatory conditions, as is
extensively described with respect to a7, but also in clearance of enteric pathogens. Our
findings provide the foundation for additional work examining the contribution of
muscarinic tone to modulation of inflammation within the Gl tract and have the potential
to provide new insights that may indicate novel methods for manipulating chronic

inflammatory conditions such as IBD.
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