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GENERAL INTRODUCTION AND
OUTLINE OF THIS THESIS

I

GENERAL INTRODUCTION

I

In health, there is a delicate balance between the tolerance for commensal bacteria and food
antigens on the one hand, and an active response towards pathogens on the other hand.
This homeostasis is complex and involves a well-developed mucosal immune system, which
comprises intestinal epithelial cells and immune cells localised in the gut wall and lymphoid
tissue.1 If this balance is disturbed, for instance by a genetic predisposition or environmental
factors, the development of inflammatory bowel disease (IBD) may occur.2

1
2

Mucosal immune system in the intestine

3

The mucosal immune system in the intestine consists of the physical barrier formed by intestinal
epithelial cells, immune cells directly lining the mucosa in the lamina propria, and gut-associated
lymphoid tissue. Intestinal epithelial cells form a tight barrier against invading bacteria and
antigens while also absorbing nutrients. Specialised intestinal epithelial cells that secrete mucus
and antimicrobial peptides, and tight junctions are the components that together comprise
the intestinal barrier.3-5 Lining directly below the epithelial cells are specialised immune cells.
T-cells, plasma cells (antibody-producing B-cells) and innate immune cells like dendritic cells
and macrophages, that both have antigen-presenting and phagocytic capacities.1 Besides
their presence in the lamina propria, these immune cells are also present in gut-associated
lymphoid tissue like Peyer’s patches (PPs), where the immune response is organised, antigens
are presented and a high density of T- and B-cells is residing.6 Another important station of
mucosal immunity are mesenteric lymph nodes (MLNs), sampling the draining lymph coming
from the intestine.
The mucosal immune system is a multidimensional, complex network of structures and cells
that faces the challenge to maintain a delicate balance between non-responsiveness towards
commensal bacteria and food allergens and an active immune response to protect against
invading microorganisms. If this balance is disrupted, this might lead to diseases like IBD.

4
5
6
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Inflammatory bowel disease (IBD)
Crohn’s disease (CD) and ulcerative colitis (UC) represent two forms of chronic intestinal
inflammatory diseases referred to as IBD. CD is characterised by transmural inflammation
throughout the entire length of the gastrointestinal tract. Inflamed areas alternate with
seemingly healthy tissue in a patchy, intermittent pattern. Most frequently involved is
the terminal ileum. CD can be complicated with extraintestinal manifestations, strictures
and fistulas.7, 8 Symptoms are usually unspecific like fatigue, weight loss, abdominal pain and
frequent bowel movements and it can take years before the diagnosis is made.8 UC, in contrast
to CD, is described by superficial inflammation of the mucosal layer of the large intestine, usually
starting in the distal part of the colon. Eventually, it can extend throughout the entire colon.8
The inflammation is continuous, unlike the patchy pattern seen in CD. Patients commonly
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present with bloody diarrhoea, abdominal pain, urgency and weight loss. IBD is characterised
by an intermittent pattern where periods of remission and flares alternate. For both subtypes,
the diagnosis is confirmed with a combination of endoscopy plus histology, clinical history and
biochemical parameters. The disease burden is high and incidence and prevalence of IBD in
Europe are increasing. Approximately 3 million Europeans are diagnosed with a form of IBD.9, 10
In the last decades the therapeutic landscape has drastically evolved, increasing the options
available ranging from 5-aminosalicylic acid for mild UC to expensive biologicals for severe IBD.11
In certain cases, surgical removal of the affected part of the intestine is required. Curative options
do not exist yet and it has become clear that not all therapies are effective in all patients and
therapies can be toxic with severe side effects, thus there is still unmet need for new therapies.11
A promising new therapeutic approach could be targeting the innervation of the intestine, since
it is known that the nervous system can regulate the immune system. Currently, stimulation
of the vagus nerve is under investigation as a potential treatment for IBD (NCT02311660 and
Bonaz et al.12).

The autonomic nervous system
The autonomic nervous system consists of the parasympathetic and the sympathetic nervous
system and, as it projects to all visceral organs, is required for the regulation of many body
functions, such as heart rate and body temperature.13 Furthermore, visceral afferents provide
input for the nuclei of the autonomic nervous system located in the central nervous system.
The main nerve of the parasympathetic nervous system is the vagus nerve, the tenth cranial nerve.
The predominant neurotransmitter of the vagus nerve is acetylcholine and the parasympathetic
nervous system is traditionally associated with ‘rest and digest’. The sympathetic nervous system
originates from the spinal cord and consist of a chain of ganglia. The main neurotransmitter at
the site of the target organs is norepinephrine and the sympathetic nervous system is traditionally
associated with the ‘flight, fight and fright response’. Specifically for the gastrointestinal tract,
the autonomic nervous system regulates motility of the bowel wall, mucosal secretion and
blood supply.14 In the context of the intestine it is important to mention the enteric nervous
system, residing as a dense neuronal network in the wall of the gastrointestinal tract, regulating
a variety of intestinal functions.15 It receives input from the autonomic nervous system and is
able to secrete acetylcholine, but also other neurotransmitters and neuropeptides such as
neuropeptide Y, substance P and vasoactive intestinal peptide.16

The history of vagus nerve stimulation
Research about vagus nerve stimulation (VNS) started in the field of epilepsy because of its
potential to cause changes in brain activity. This field already dates back to the late nineteenth
century when Corning described that manual compression of the carotid artery, activating
the vasovagal reflex, suppressed seizures.17 However, this was not picked up until 1938 when
Bailey and Bremer reported that VNS caused changes in brain activity,18 later also shown by

10

Maclean and Dell and Olson.19, 20 Zabara showed that indeed seizures could be controlled by

I

VNS.21, 22 In 1990, the first study was reported of an implanted device in humans to chronically
stimulate the vagus nerve.23 To date, VNS is approved by the Food and Drug Administration
(FDA) for epilepsy, treatment-resistant depression, cluster headache and migraine. Currently,

1

VNS is also being tested for other diseases, amongst others obesity and diabetes.24

The effect of the nervous system on the immune system

2

One of the first links between the nervous system and the immune system is the discovery that
emotions and stress can interfere with the immune response. This mainly concerned the central
25

3

nervous system and several different brain regions in the context of stress and anxiety, but
how this mechanism exactly worked was unclear.26 From the early 1970s, data indicated that
lymphocytes express adrenergic receptors, capable of binding catecholamines.27-29 Later, it

4

was shown that the sympathetic nervous system innervates lymph nodes and the thymus.30, 31
Likewise, innervation of the spleen is catecholaminergic and evidence for direct parasympathetic
input towards the spleen is lacking.32, 33 Currently, there is extensive evidence that all types of

5

immune cells express receptors for neurotransmitters, with most of these studies focusing
on the adrenergic receptors. Adrenergic α and β receptors seem to have opposite effects on
immune cells. Adrenergic α1 receptors are increasing effector functions while adrenergic β2

6

receptor signalling causes suppression of these effector functions and increases regulatory
potency.

32

This field has vastly expanded in recent years and a lot of studies validated

D

the hypothesis that started with a seminal study dating from 1992 showing that norepinephrine,
via adrenergic β receptors, decreases expression of the inflammatory cytokine tumour necrosis
factor (TNF)-α upon lipopolysaccharide (LPS) stimulation of whole blood.34 More recent, it

&

has been shown that the sympathetic nervous system also regulates migration of leukocytes
towards tissue and lymphocyte egress from lymph nodes.35, 36 Results about the effect of
the sympathetic nervous system on colitis are conflicting. Activating adrenergic β3 receptors
ameliorated colitis.37 However, blockade of adrenergic α2 receptors also ameliorated colitis.38
In addition to this, the effect of the sympathetic nervous system depends on the model that is
used for experimental colitis.39, 40
Although the cholinergic system does not innervate lymphoid organs, lymphoid cells
do express receptors for acetylcholine and already in 1929 acetylcholine was detected in
the spleen.41 Currently, it is known that non-neuronal cells, like lymphocytes, can synthesise
acetylcholine.42 It is suggested that immune cells have their own cholinergic system to regulate
some of their functions. Experiments with mice lacking the α7 nicotinic acetylcholine receptor
(the most extensively studied acetylcholine receptor) showed that missing this receptor led
to a higher inflammatory response upon an ovalbumin challenge.43 Inflammasome activation
in macrophages is also inhibited by acetylcholine signalling via the α7 nicotinic acetylcholine
receptor.44 Interestingly, the results of acetylcholine receptor activation in intestinal
inflammation are contradicting. In ileus, activation of the α7 nicotinic acetylcholine receptor
11

dampened inflammation.45, 46 However, in colitis this activation worsened the outcome.47 It is
conceivable that the effect of acetylcholine, similar to the effect of norepinephrine, depends on
the type of inflammation, the location, the receptor that it binds and the cell it acts on.

The anti-inflammatory reflex
In 2000, Borovikova et al. showed that vagus nerve stimulation (VNS) lowered plasma levels of
TNF-α in a murine sepsis model.48 Later, the anti-inflammatory potential of VNS has also been
shown in ileus,45, 49 colitis50, 51 and arthritis.52 Currently, researchers aim to find the underlying
mechanism of this anti-inflammatory effect of VNS. The spleen plays a crucial role as removal of
the spleen eliminated the anti-inflammatory effect of VNS in sepsis.53 However, the vagus nerve
does not innervate the spleen, but the spleen is innervated by catecholaminergic, sympathetic
nerve fibres.33 Furthermore, research showed that innervation of the spleen is critical, since
cutting the splenic nerve abolished the anti-inflammatory effect of VNS.54 Remarkable,
acetylcholine – the neurotransmitter secreted by the vagus nerve and known to act antiinflammatory – was detected in the spleen, despite a lack of vagal innervation.55 This splenic
acetylcholine is produced by T-cells55 leading to the conclusion that the effect of VNS is indirect
via the splenic nerve and acetylcholine-producing T-cells residing in the spleen.

12

OUTLINE OF THIS THESIS

I

In Chapter 1, the neuronal regulatory mechanisms on the immune system in the intestine are
reviewed. We discuss recent advances regarding innervation of the spleen, secondary lymphoid
organs and the gut, with a focus on gastrointestinal pathology.

1

PART I: Acetylcholine-producing T-cells in the gut

2

How VNS works specifically in intestinal inflammation is still unclear. The mechanism is likely
to be indirect. One of the reasons being that the vagus nerve only innervates the muscularis
and does not penetrate the mucosal layer, the actual site of inflammation in IBD.56 Intriguingly,
acetylcholine-producing T-cells are found in gut-associated lymphoid tissue.55, 57 Furthermore, it
is known that non-neuronal cells residing in the intestine express receptors for acetylcholine.58-61
Acetylcholine-producing T-cells in the intestine may therefore be important in regulating
intestinal inflammation. In Chapter 2, we investigate the phenotype of acetylcholine-producing
T-cells (ChAT+ T-cells) in the intestine, what drives differentiation into ChAT+ T-cells and their
function in a homeostatic condition. Chapter 3 addresses the function of ChAT+ T-cells in
the context of three different colitis models.
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Figure 1. Graphical outline of this thesis
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PART II: Neuromodulation of intestinal immune cells
In murine experimental colitis, the sympathetic nervous system mostly acts anti-inflammatory.37, 39
However, depending on the receptor that norepinephrine binds to, it can also have inflammatory
capacities.38, 62, 63 The contradicting results regarding the sympathetic nervous system and its
effect on inflammation can also be attributed to the different methods and models that are
used. To improve the knowledge about the effect of the sympathetic nervous system and
norepinephrine on immune cells in the intestine in health and disease, we manipulated
the sympathetic nervous system. In Chapter 4, we study the effect of adrenergic receptor
activation on macrophages, innate immune cells. This is done in-vitro as well as in-vivo making
use of two different methods of sympathetic denervation in Rag1-/- mice that lack lymphocytes,
thereby allowing us to focus on the innate immune system. Next, we explore the effect of
neuromodulation at an intestine-specific level. In acute dextran sulphate sodium (DSS)-induced
colitis, the vagus nerve or sympathetic nerve towards the intestine is cut. Subsequently,
the sympathetic nerve towards the intestine is electrically stimulated (Chapter 5).
Neuromodulation in animal models is promising, but the step towards humans is crucial. VNS
is already investigated in an open label pilot for rheumatoid arthritis64 and IBD,12 but the effect
of the sympathetic nervous system on IBD is unclear. About 10% of the Dutch population
uses a β-blocker, primarily prescribed for cardiovascular diseases, antagonising adrenergic
β receptors for norepinephrine thus blocking sympathetic nerve activity. Since the effect
of adrenergic activation on inflammation is dual, it is of interest to investigate the effect of
β-blocker use in patients with IBD. The last chapter discusses a retrospective case-control
study where we investigate whether an association exists between β-blocker use and the risk of
a disease relapse in patients with IBD (Chapter 6).
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NEURAL REFLEX PATHWAYS IN
INTESTINAL INFLAMMATION:
HYPOTHESES TO VIABLE THERAPY

1

ABSTRACT
Studies in neuroscience and immunology have clarified much of the anatomical and cellular
basis for bidirectional interactions between the nervous and immune systems. As with other
organs, intestinal immune responses and the development of immunity seems to be modulated
by neural reflexes. Sympathetic immune modulation and reflexes are well described, and in
the past decade the parasympathetic efferent vagus nerve has been added to this immuneregulation network. This system, designated ‘the inflammatory reflex’, comprises an afferent
arm that senses inflammation and an efferent arm that inhibits innate immune responses.
Intervention in this system as an innovative principle is currently being tested in pioneering
trials of vagus nerve stimulation using implantable devices to treat inflammatory bowel disease
(IBD). Patients benefit from this treatment, but some of the working mechanisms remain to
be established, for instance, treatment is effective despite the vagus nerve not always directly
innervating the inflamed tissue. In this Review, we will focus on the direct neuronal regulatory
mechanisms of immunity in the intestine, taking into account current advances regarding
the innervation of the spleen and lymphoid organs, with a focus on the potential for treatment
in IBD and other gastrointestinal pathologies.

Key points
•
•

•

•

Neural reflex regulation of immune responses depends on the type and tissue
compartment of the inflammatory response
Although immune cells respond to cholinergic receptor activation, immune organs such
as the spleen and lymphoid organs are innervated by adrenergic pathways rather than
cholinergic pathways
A variety of cholinergic, adrenergic and enteric neurotransmitters has strong immuneregulating potential, but only limited evidence exists for neural afferent–efferent reflex
pathways in intestinal immune regulation
Clinical and preclinical studies using electrical (implanted devices) or nutritional
(cholecystokinin-afferent activation) activation of vagal reflex are ongoing and suggest
an anti-inflammatory potential of vagus nerve stimulation (afferent or efferent)
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INTRODUCTION

I

Neural mechanisms regulate all key functions of the gastrointestinal tract such as motility,
secretion and vasoregulation (readers are referred to pertinent reviews, among others, on this
topic1, 2). The autonomic nervous system (ANS; see Box 1 for a full list of glossary terms) – acting
largely autonomously in that its activities are not under direct conscious control – represents
the extrinsic control of the intestine and is divided into sympathetic and parasympathetic
branches. The ANS sympathetic and parasympathetic components originate in the central
nervous system (CNS), with cell bodies in the brainstem and spinal cord, whereas the enteric
nervous system (ENS) resides within the wall of the gastrointestinal tract. The ANS forms
the major efferent component of the peripheral nervous system, containing integrative
neuronal connections and even complete reflex arcs (neural pathways controlling a reflex
action). Sympathetic preganglionic fibres originate from cholinergic neurons located in
the thoracolumbar intermediolateral nucleus of the spinal cord, and synapse with noradrenergic
postganglionic neurons in paravertebral and prevertebral ganglia. The sympathetic nervous
system is the most extensive and physiologically most diverse component of the nervous
system, extending axons to all parts of the body and regulating gastrointestinal tract smooth
muscle contraction or relaxation, gastric secretions and other autonomic functions.
The ENS, which contains a similar number of neurons as the spinal cord, regulates intestinal
functions and is modulated by projections from the sympathetic and the parasympathetic systems.
ENS neurons are able to secrete acetylcholine (ACh) and a variety of other neurotransmitters and
neuropeptides including ATP, nitric oxide, vasoactive intestinal peptide, calcitonin-gene related
peptide, neuropeptide Y and substance P.3-6 All of these neurotransmitters and neuropeptides
have documented immunomodulatory properties.7, 8
Vagal, parasympathetic preganglionic fibres originate from motor neurons of the dorsal
motor nucleus of the vagus and synapse with postganglionic neurons within the myenteric
plexus of the intestine. Vagal innervation (in terms of density of nerve fibres) has a proximodistal
gradient along the entire length of intestine; the highest density is in the duodenum, the lowest
density observed in the distal part of the ileum.9 In contrast with the rest of the gastrointestinal
tract, the large intestine receives parasympathetic innervation from two distinct sources:
the vagus nerve innervates the proximal colon, whereas parasympathetic spinal nerves
originating in the sacrum provide neural input to the distal colon.
In this Review, neural reflex pathways regulating intestinal inflammation will be discussed.
The basic mechanisms behind these reflex pathways are summarised (Figure 1), and the potential
clinical benefit and intervention options are reviewed. The aim of this Review is to improve
understanding of immune-mediated diseases and explore potential therapeutic intervention.
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• Central nervous system: comprises the brain and the spinal cord
• Peripheral nervous system: covers all nerves connecting the central nervous system with
the different target organs
• Autonomic nervous system: nervous system that acts without conscious control, consisting
of the parasympathetic branch and the sympathetic branch; influences the internal organs, for
example it regulates heart rate, respiratory rate, blood supply to different organs and
the digestive system
• Parasympathetic nervous system: part of the autonomic nervous system and classically
responsible for the ‘rest-and-digest’ activities; its activation, for example, reduces the heart
rate and stimulates digestion
• Vagus nerve: a cranial nerve and the main nerve of the parasympathetic nervous system
innervating most of the internal organs
• Sympathetic nervous system: part of the autonomic nervous system and the counterpart of
the parasympathetic nervous system; responsible for the ‘fight-or-flight’ response (for example,
it increases the heart and respiratory rate)
• Enteric nervous system: resides in the wall of the gastrointestinal tract and regulates a variety of
intestinal functions
• Afferent fibres: transmit pulses from the organ towards the central nervous system
• Efferent fibres: transmit pulses from the central nervous system towards the organ
• Norepinephrine (also known as noradrenaline): main neurotransmitter of the sympathetic nerve
endings; this catecholamine is also released by the adrenal medulla
• Acetylcholine: important neurotransmitter of the parasympathetic nervous system; can also
be synthesised by non-neuronal cells, such as immune cells
• Cholecystokinin: peptide secreted in the intestine upon the formation of chylomicrons and it
can bind to vagal afferent nerve endings
• The inflammatory reflex: the vagus nerve senses inflammation and relays this information to
the central nervous system with its afferent arc; and attenuates inflammation with its efferent arc
• Bioelectronics: field of research investigating the influence of the modulation of the nervous
system by stimulation of specific nerves on disease
Box 1. Glossary of used terms

VAGAL REFLEX PATHWAYS
Any reflex can be considered as having an afferent sensory pathway, a central processing
component and an efferent pathway. The ability of the immune system to activate the sensory arm
of the vagus nerve is well established.10-12 Autonomic neurons have previously been implicated
in the regulation of inflammation, and autonomic reflex circuits perceive both immune and
inflammatory signals within the viscera. Immune-sensory function is found throughout all
sensory fibres (including vagal fibres) distributed throughout the body (such as skin, muscle and
all mucosal surfaces) and can respond to immunological stimuli and transmit this information
to the CNS; for example, subdiaphragmatic vagotomy prevented pyrexia in mice receiving
22
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Figure 1. A schematic of interactive parasympathetic and sympathetic innervation of lymphoid
structures. Efferent vagal innervation (blue), originating in the DMV innervates the gut myenteric plexus
and muscularis externa where resident macrophage-like cells are in anatomical association to vagal nerve
endings. The proximal intestine is more densely innervated by extrinsic vagus innervation than distal
segments. Sympathetic innervation (light brown) arising from the prevertebral ganglia follows a gradient
opposite to the vagal innervation, which is reflected by the thickness of the lines. The vagus nerve antiinflammatory activity relies on ChAT-expressing T- or B-cells in the spleen and requires an intact splenic
nerve; these cells are also found in GALT. Whether vagus nerve activity directly relays with the splenic nerve
is to be established (marked by ?). ChAT-expressing T- and B-cells have been hypothesised to interact
with macrophages via secretion of ACh, which potentially negatively regulates proinflammatory cytokine
production. Sympathetic innervation exists for lymphoid organs (that is, GALT and MLNs). Abbreviations:
ACh, acetylcholine; ChAT, choline acetyltransferase; DMV, dorsal motor nucleus of the vagus nerve;
GALT, gut-associated lymphoid tissue; MLN, mesenteric lymph node. Reprinted from Martelli et al. Auton.
Neurosci. 182, 65-69 (2014), with permission from Elsevier ©.
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intraperitoneal IL-1β.13 In the intestine, close anatomical and functional contacts between vagal
sensory fibres and mucosal immune cells (such as granulocytes,14 macrophages, dendritic cells,
and mast cells15, 16) have been demonstrated. Moreover, inflammatory mediators such as IL-1β,
IL-6, TNF and prostaglandins potently activate vagal afferents fibres.17 An early report indicated
that subdiaphragmatic vagotomy attenuated the central activation effects of intraperitoneal
23

injections of moderate doses of lipopolysaccharide (LPS) in rats,18 and numerous subsequent
studies demonstrated a fundamental role for the sensory vagus nerve in neuroimmune afferent
signalling from the abdominal cavity and viscera.19 Although outside the scope of this Review,
it has to be mentioned that the vagal afferent pathway is not considered the only link between
inflammation and the CNS; for example, the neural circuitry involving prostaglandins during
acute inflammation,20 but many other examples exist.

The cholinergic anti-inflammatory pathway
Tracey and colleagues21 were the first to suggest that the efferent vagus nerve is a strong
regulator of systemic and localised inflammatory processes, primarily by directly inhibiting
macrophage production of TNF via activation of α7 nicotinic ACh receptors (nAChRs). ACh
receptor activation on macrophages reduces NF-κB activation and proinflammatory cytokine
production in experimental sepsis.22 In line with this new paradigm, it was shown in-vivo that
electrical vagal efferent stimulation inhibits endotoxin-induced sepsis, loss of blood pressure
and proinflammatory cytokine production21 (reviewed in detail elsewhere12). Electrical
vagus nerve stimulation (VNS) or pharmacological activation of central vagal nuclei using
intracerebroventricular semapimod (an immunomodulatory drug formerly known as CNI-1493)
was effective in reducing the systemic inflammatory response in rats injected with high doses of
intravenous LPS derived from Escherichia coli (15 mg/kg, the lethal dose, 50%).21, 23, 24 Both stimuli
were found to suppress the production of inflammatory cytokines (such as TNF) in the liver and
spleen, and to reduce their circulating levels.23 The potential of CNI-1493 to reduce TNF was
prevented by vagotomy. Further studies using muscarinic receptor blockers demonstrated that
central, but not peripheral, muscarinic receptors mediated the vagal anti-inflammatory pathway
and, indeed, centrally acting muscarinic agonists were shown in-vivo to suppress inflammation
in a manner that depended on the integrity of the vagus nerves.25 Other investigators have
explored the potential of VNS to reduce systemic inflammation in various models of different
diseases (reviewed in detail elsewhere26, 27). For example, Guarini et al.28 found that efferent VNS
after cervical vagotomy protects against hypovolemic haemorrhagic shock in rats. A follow-up
paper showed that the cholinergic anti-inflammatory pathway was essential for reversing
the effect of adrenocorticotropic hormone on haemorrhagic shock, suggesting a close interplay
between the parasympathetic and the sympathetic systems.29
Regarding the inflammatory reflex, however, a number of considerations apply (highlighted
elsewhere30, 31). The original study demonstrating the inhibitory effect of vagal stimulation on
systemic inflammation21 found that vagotomy caused a 40% increase in the plasma TNF levels
of rats given LPS. However, that study also reported that the plasma corticosteroid levels were
33% lower in vagotomised animals treated with LPS, compared to LPS treated mice with an intact
vagus nerve, a finding that is potentially explained by vagal afferent activation or direct vagal
innervations of the adrenal glands.32, 33. Therefore, any effect on augmented systemic TNF release
after vagotomy could result from reduced cortisone levels.34 On the other hand, it was reported
that selective efferent VNS reduced TNF release without affecting cortisone levels, suggesting
24

a direct effect of vagus nerve activity on TNF release.21 Although many laboratories reproduced
the data originally demonstrated by Borovikova et al.,21 others did not.23, 25 In a subsequent study
on rats, bilateral vagotomy did not markedly change plasma TNF response to stimulation with
10 mg/kg intravenous LPS. 23 However, the experimental set-up and timing of these vagotomy
experiments might be critical. For instance, when the application of an anaesthetic was used
simultaneously with LPS, and the animals were allowed to recover for 24 hours after vagotomy,
a 50% decreased plasma TNF level was seen, not an increase.35 As many existing experiments are
based on experimental set-up using vagotomy, further chronic vagal stimulation experiments36-38
in humans will add considerably to the understanding of the role of vagal signalling in systemic
immune responses in a physiologically relevant setting.
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As posed by the original studies, the efferent vagus nerve directly acts on immune cell reactivity
through the release of ACh, which interacts with ACh receptors (AChRs) expressed on a variety
of immune cells. In contrast to catecholamines, ACh exhibits a short half-life of 1–2 ms, due to
the activity of ACh esterase that quickly hydrolyses ACh once it is released and outside of the cell.
Close contact between cholinergic nerve terminals and cells expressing AChRs is therefore
required for the control of its target cell response through cholinergic receptor activation.
Two types of AChRs exist: muscarinic receptors (mAChR) comprising of 5 subtypes (M1-M5);
and nAChRs that contain homomeric or heteromeric combinations of five subunits (among
17 subunits). These two types of receptors elicit functionally very different cellular responses.
Activation of mAChRs belonging to the G-protein-coupled receptor family leads to the activation
of a cascade of secondary messengers that permit only slow responses from the target cell.39 By
contrast, nAChRs belonging to the ligand-gated ion channel family enable a fast transmission
of the cholinergic signal and a fast metabolic response within milliseconds.40, 41 The expression
of both types of receptors is documented for a variety of immune cells. Bone marrow-derived
dendritic cells or macrophages, as well as PBMC (peripheral blood mononuclear cell)-derived42
and peritoneal macrophages43 express both mAChRs (M1-M5) and nAChRs. T-cells and B-cells
also express both mAChRs and nAChRs.7, 43 Notably, the expression of mAChR and nAChR on
various innate and adaptive immune cells is regulated along the maturation and differentiation
status of these cells. An example thereof, is the observation that treatment of freshly isolated
mouse T-cells with both agonists and antagonists of nAChR and mAChR interferes with their
differentiation towards type T-helper 1 (Th1), Th2 and Th17 profiles.44 In addition, a suppressive
effect of nicotine on B-cell activation has been reported and is mediated by 2, 4 and 2 subunits
of nAChR.45, 46 Therefore, this data provide a rationale for cholinergic receptor agonists to be
effective in a variety of immune cell contexts.
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Reflexes in intestinal immunity
Proinflammatory cytokines and endotoxin stimulate vagal afferents leading to CNS-brainstem
activation.47 Data support the activation of motor neurons of the vagus nerve, closing a potential
anti-inflammatory loop to the gut.48 In a mouse model of postoperative ileus, anatomical
evidence was provided supporting the detection of low-grade intestinal inflammation by vagal
afferents, leading to triggering of the solitary nucleus and generating a specific vagal outflow
previously shown to modulate the inflammatory response.49 This evidence supports the existence
of an endogenous vagal ‘inflammatory reflex’ that modulates intestinal inflammation. Regarding
the small intestine, preganglionic efferent vagal terminals make synaptic contact with neurons
of the myenteric ganglia,50-52 indicating that the cholinergic influence on immune cells can be
largely provided by myenteric neurons (Figure 2). Indeed, in a mouse model of postoperative
ileus, right cervical VNS applied prior to intestinal manipulation prevents postoperative ileus
by suppressing the activation of resident intestinal macrophages via a mechanism involving α7
nAChR.53 This regulation could be directly mediated by vagal interaction with innate immune
cells populating the bowel wall muscularis externa and myenteric plexus.48, 54 In support of this
concept, neuroanatomical evidence of the activation of vagal sensory and motor vagal neurons
in the nucleus of the solitary tract and the dorsal motor nucleus of the vagus nerve during
the course of postoperative ileus49 demonstrates the existence of an endogenous vagovagal
reflex with the intestine. With respect to the small and large intestine, resident macrophages in
the intestinal muscularis expressing α7 nAChR seem to be crucial cells in this pathway relating
to postoperative ileus pathology.48, 55 For postoperative-ileus-related neurogenic inflammation,
neuroanatomical evidence indicates that a vagal reflex is involved.49 Similarly, it has been
demonstrated that endogenous activation of the vagal reflex by administration of lipid-rich
enteral nutrition56 dampens proinflammatory cytokine secretion by resident macrophages,
potentially preventing postoperative ileus.57

Requirement for sympathetic activity
As already indicated, it is important to realise that direct contact between nerve terminals and
immune cells in the intestine or lymphoid organs is limited strictly to the bowel wall, and that
in the mucosa such contact has so far only been reported for adrenergic, but not cholinergic,
fibres.31, 58 Alternative explanations for a direct immunomodulatory action of vagus nerve
activity are also described, and an oversimplification of the anti-inflammatory effect of efferent
vagus nerve activity is warranted. The adrenal medulla, which is innervated by the vagus,
and sympathetic nerves inhibit TNF production by macrophages and systemic inflammation.
All primary and secondary lymphoid organs receive sympathetic input from postganglionic
sympathetic neurons;59 these organs include the spleen, lymphoid nodes (including mesenteric
lymph nodes58), thymus and bone marrow.60 This finding is in contrast to the limited vagal input
to these organs.
Although the efferent vagus nerve has anti-inflammatory potential in local intestinal
inflammation,48, 49 during high levels of mucosal inflammation it seems likely that there is no
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mucosal immune cells. Close appositions between parasympathetic fibres (blue) and muscularis immune
cells are demonstrated. Sympathetic (red) appositions with immune organs and mucosal immune cells are
depicted. Enteric neurons (green) release multiple immune-modulating neurotransmitters and are under
the influence of extrinsic (para)sympathetic innervation. ChAT-expressing T- and B-cells are detected in
the gut-associated lymphoid tissue, such as Peyers patches and potentially interact with a number of target
cells that express AChRs, including myeloid and lymphoid cells and the intestinal epithelia. Abbreviations:
AChR, acetylcholine receptor; ANS, autonomic nervous system; ChAT, choline acetyltransferase; DC,
dendritic cell. Modified with permission from Informa Healthcare © Snoek et al. Exp. Rev. Gastroenterol.
Hepatol. 4, 637-651 (2010).
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cholinergic anti-inflammatory pathway that is independent of the sympathetic nervous system.
In further support of this concept, depletion of norepinephrine by reserpine treatment in rats
prevented the anti-inflammatory action of vagal stimulation in this animal model.61 Anatomically,
the interaction between the vagal nerve and sympathetic activity is possible as vagal efferent
terminals are regularly found in microganglia associated with the periarterial plexuses of
the coeliac and superior mesenteric arteries.31 Functionally, the parasympathetic innervation
of the coeliac plexus represents the main vagal influence on gastrointestinal targets.62
The persistent lack of neuroanatomical evidence of vagal efferent input to immune organs
27

has been reviewed elsewhere.31 Also, the absence of vesicular ACh-transporter-positive fibres
in lymphoid organs63 indicates that there is no known parasympathetic input to such organs.
Other studies have focused on the α7 nAChR as a primary mediator of the anti-inflammatory
signal conveyed by the efferent vagus nerve. However, nicotine administration as well as VNS64,
65
stimulates catecholamine release, in part by activation of nicotinic receptors localised on
peripheral postganglionic sympathetic neurons and the adrenal medulla.66 Notably, α7-nAChRdeficient mice do not show immune function deficits as might be expected by the abrogated
cholinergic anti-inflammatory pathway potential in these mice. As discussed later, the role of
the α7 nAChR in this cholinergic reflex pathway has been allocated to many different elements
of the cascade of this reflex (central or peripheral), but is in fact still unclear.

The role of splenic innervation
In the original hypothesis, the cholinergic anti-inflammatory pathway was suggested to be
mediated via direct vagal efferent neurons exerting cholinergic activity directly on macrophages.
In later studies, the spleen was identified as being an essential component of the vagal antiinflammatory reflex pathway in the inhibition of systemic inflammation by vagal stimulation.61,
67
Elegant work by Nakai et al.68 demonstrated a potential cellular basis for immune-modulating
properties of splenic nerve signalling, through activation of adrenergic β2 receptors (mediated
by CCR7 and CXCR4), which inhibited lymphocyte egress from lymph nodes. These latter
data can explain the rationale behind the concept that splenic innervation is a key player in
mediating the vagal anti-inflammatory effect in sepsis.61, 64 However, existing evidence indicates
that the spleen, at least in rats and mice, receives little or no direct (cholinergic) innervation
from the vagus nerve, only noradrenergic fibres from the splenic sympathetic nerves, a notion
later corroborated in choline acetyltransferase (ChAT)-reporter mice.69 Although some studies
report that parasympathetic and sympathetic splenic innervation co-exist,70 tracer studies as
well as electrophysiological functional studies in rats failed to show evidence of a direct vagal
innervation to the spleen.59, 71 Hence, the vagus efferent nerve does not directly innervate
the spleen, so a connection, either synaptic or (in)direct, from vagal preganglionic neurons to
splenic sympathetic postganglionic neurons probably exist. This hypothesis is supported by
the necessity of an intact spleen to mediate the cholinergic anti-inflammatory reflex in systemic
immune responses.67
To account for the vagal signal reaching the spleen, a disynaptic connection was postulated.61
Preganglionic parasympathetic vagal fibres were proposed to synapse with postganglionic
sympathetic neurons in the coeliac ganglion: those postganglionic sympathetic neurons then
innervate the spleen. Evidence used in support of this model includes the finding that some vagal
preganglionic neurons innervate the coeliac ganglion, a sympathetic ganglion,62 from which
postganglionic sympathetic neurons could emerge to form the splenic nerves and innervate
the spleen. Further support was taken from the finding that splenic sympathetic (adrenergic)
fibres are necessary for the anti-inflammatory action of vagal stimulation.61, 65
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To explain earlier observations on the necessity of the α7 nAChR in the cholinergic antiinflammatory process,42 the vagal control on the spleen is suggested to rely on vagal innervation
of splenic postganglionic sympathetic neurons expressing α7 nAChR or α7 nAChR expressed on
immune cells.61, 64 However, the role of the α7 nAChR in this pathway remains unclear, as direct
stimulation of the splenic nerves suppresses systemic inflammation even in α7-nAChR-deficient
mice.64 Together, the preliminary conclusion seems that although vagal efferent neurons neither
synapse with splenic sympathetic neurons nor drive their ongoing activity, vagal innervation
seemingly requires an adrenergic component, and an intact and innervated spleen, to elicit its
anti-inflammatory potential (Figure 1).
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Adrenergic reflexes to non-neuronal ACh
In the gut, efferent vagal activity can lead to peripheral release of its principal neurotransmitter
ACh, but one should keep in mind that the vagus nerve projects to other postganglionic enteric
neurons organised in the ENS. The ENS forms a dense network of nerve fibres closely connecting
to intestinal immune cells, both in the submucosal (lamina propria) and muscular externa
compartment of the intestine. The relay of vagal signals via the ENS implies that vagal signals
are amplified by the ENS to induce the release of a variety of neurotransmitters (including ACh)
in the intestinal microenvironment, leading to modulation of the immune response.1, 7 The latter
hypothesis implicates that enteric neurons, rather than vagal nerve endings, interact with
the intestinal immune cells. Indeed, several neurotransmitters that do not belong to cholinergic
or adrenergic class, such as vasoactive intestinal peptide, substance P and others, have been
shown to modulate immune cells responses72 and, for instance, potently affect the tolerising
properties of antigen-presenting cells.
Although a direct vagal synapse to immune cells in the gut lamina propria is not shown,
cholinergic signalling via non-neuronal cells might have an important role. The vagally
mediated splenic norepinephrine release by splenic sympathetic fibres (discussed earlier) was
shown to target a specific memory-T-cell population producing ACh (as they express ChAT).73
This non-neuronal source of ACh is proposed to suppress proinflammatory cytokines (that
is, TNF) secretion by macrophages.73 The suggested role of T-cells in mediating vagal antiinflammatory effects was corroborated by the observation that the anti-inflammatory action of
vagal stimulation does not occur in nude mice, which lack T-cells.73 Adoptive transfer of AChsynthesising T-cells into nude mice restores some vagal anti-inflammatory action. The discovery
of these ChAT-expressing cholinergic T-and B-cells leads to the suggestion of a role of these
cells in other inflammatory disorders in which cholinergic regulation of the immune system is
involved. The presence of this cell population might indeed not be restricted to the spleen,
but could also be found in other lymphoid structures such as Peyer’s patches or mesenteric
lymph nodes,69 which present with a comparable distribution of noradrenergic fibres (Figure 2).
Whether this ChAT-positive T-cell population contributes to the cholinergic anti-inflammatory
mechanisms regulating intestinal inflammatory diseases such as postoperative ileus and
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inflammatory bowel disease (IBD) is of interest; although, for postoperative ileus, the influence
of VNS is seemingly T-cell-independent as postoperative ileus can also be reduced by VNS in
Rag1-/- mice.48
Notably, a contribution of non-neuronal cell types cannot be excluded in the context of
immune modulation, as a variety of non-neuronal cell types have the capability to produce ACh,
including epithelium and immune cells.41, 69, 71 Thus, ACh can no longer be considered simply
as a neurotransmitter but rather as a ubiquitous intercellular messenger that is important in
integrating many different aspects of intestinal physiology in health and disease. In fact,
non-neuronal cells, including intestinal T- and B-cells, monocytes and macrophages have
the capability to synthesise and release ACh, as identified decades ago,41, 43 nonetheless
the physiological relevance of non-neural production of ACh is still poorly defined and deserves
further study.

BIOELECTRONICS AS A THERAPY
Supporting background information
Vagus nerve stimulation in IBD models

During extensive mucosal inflammation, the potential anti-inflammatory reflex arch of the vagus
nerve and the underlying mechanism is less well established. An increasing body of experimental
evidence shows an effect of vagus nerve innervation on the disease course of colitis, however,
clear data supporting the cholinergic anti-inflammatory pathway on a neuroanatomical level
is currently lacking. Pharmacological activation using α7-nAChR-selective and nonselective
mAChR and nAChR activators, and application of vagotomy have been studied extensively
in various colitis models. As outlined already, in-vivo and in-vitro, proinflammatory cytokine
production decreases because of VNS or treatment with ACh in innate immune cells, although it
should be noted that in-vitro the adrenergic receptor activation outweighs cholinergic receptor
activation if compared directly in cellular assays.74 α7 nAChR antagonists can only partly reverse
the effect of ACh in-vitro, suggesting that at the cellular level other nicotinic receptors, such as
α4β7 nAChRs,75 might be involved.
In general, vagotomy augments colitis (as reflected by changes in clinical disease parameters)
and pharmacological nicotinic agonists activation ameliorates disease activity. Vagotomy
exacerbated clinical symptoms of colitis and increased myeloperoxidase inflammatory
infiltrates in colitis induced by dextran sulphate sodium (DSS) in mice.76 The administration
of acetylcholinesterase inhibitors ameliorates experimental colitis via central inhibition.77
The effect of acetylcholinesterase inhibitors is lost in animals that had undergone a vagotomy,
splenic nerve denervation or splenectomy, demonstrating that this vagus nerve-spleen axis is
required for the central cholinergic activation.77 In addition, in the same study it was shown that
activating the M1 as well as M2 mAChR had a beneficial effect on experimental colitis.
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However, the role of the vagus nerve or nicotinic receptors in colitis experimental models is
not undisputed. Eliakim et al.78, 79 reported that although nicotine improved colitis, a worsened
jejunal inflammation in the IL-10-/- model was seen. The authors explain this finding by linking
it to the clinical observation that smoking tends to lessen disease activity in ulcerative colitis,
and exacerbate its course in Crohn’s disease. In addition, Snoek et al.80 found that α7-nAChRselective agonists actually exacerbated disease in a DSS-induced model, whereas nicotine was
ineffective in a TNBS (2,4,6-trinitrobenzenesulphonic acid)-induced colitis model.
As an alternative to vagotomy-based experiments, chronic VNS experiments have been
performed in freely moving animals to provide preclinical evidence for VNS as a therapeutic
option for colitis. Meregnani, et al.81 used a device that was implanted on the vagus nerve in rats,
and applied a stimulation paradigm of 3 hours per day for 5 days, with stimulation parameters
(1 mA, 5 Hz, pulse width of 500 μs; 10 s on, 90 s off; continuous cycle). These stimulation parameters
were adapted from previous studies23 and are based on vagus nerve firing characteristics
measured in duodenal and gastric intracellular recording studies in rats.82 In these telemetric
(non-invasive) VNS studies the course of a TNBS-induced colitis was ameliorated, associated
with an inhibited nuclear translocation of NF-κB and dampened upregulation of mitogenactivated protein kinase, both important factors in inflammation. Although the results of
the pioneering experiment are intriguing, the effect was mild and only seen at sites surrounding
the inflammatory lesion, and not at the lesions themselves.81 Furthermore, both efferent and
afferent parasympathetic fibres are stimulated with VNS and it is unclear how both elements
contribute to the effect seen in experimental colitis. The same holds for VNS in patients in IBD
(discussed next).
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In light of the above data it should be noted that the initial VNS pilot study in a patient with Crohn’s
disease set up by Bonaz et al. yielded promising results.37 However, patient numbers are still
low, and we are far from establishing the true mechanism of action. Interestingly, patients with
IBD are suggested to display an imbalance in their autonomic network, which could potentially
contribute to a perpetuation of their disease course. Heart rate variability (HRV), an index of
the parasympathetic nervous system activity, is found to be lower than normal in patients with
Crohn’s disease.83 HRV also has a relationship with sympathetic activity and tonic norepinephrine
release, indicating that an imbalance in the sympathoadrenergic axis is associated with this
disease.84 A notion that this is corroborated by the reduced visceral sensitivity (measured with
the Labus Visceral Sensitivity Index) observed in patients with Crohn’s disease, indicating that
reduced sympathetic reactivity (measured by electrodermal response) to visceral stimulation
occurs.85 VNS was shown to normalise HRV in a patient with implanted VNS devices.37 However
a conclusive relation between HRV vagal tone and course of colitis will be difficult to assess due
to the fact that many factors contribute to HRV vagal tone. For instance, in experimental models,
chronic inflammation is a causal factor in sympathetic neuronal destruction86, 87 and reduced
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release of tissue norepinephrine.88 The use of different methods investigating the sympathovagal
balance and using a mixed patient population results in different conclusions. A review by Bonaz
et al. published in 2013 touches upon these difficulties.36

Considerations for the future
Despite the uncertainties over the mechanism of action in a number of preclinical settings, clinical
trials of VNS to reduce pathological inflammation in rheumatoid arthritis89 (NCT0155294190),
Crohn’s disease37 (NCT0156950391) and postoperative ileus (NCT0157215592) have started. In
the trial of VNS in moderate to severe Crohn’s disease, the aim is to perform a pilot study in 10
patients despite a reference treatment (corticosteroids and/or immunosuppressive agents) as
an alternative to the anti-TNF therapy. In this trial, central and peripheral effects of VNS will be
evaluated by electroencephalographic and sympathovagal (HRV) recordings.
Given the open questions on the identity and the nature of the circuits involved,38
the mechanism of action of a potential beneficial effect of VNS in IBD remains unclear. A possible
reason behind clinical effect of VNS (at the cervical left vagus) might be due to a change in
balance in vagal and sympathetic tone in VNS-treated patients.84 In addition, the nature of
the interaction between the neurons and dendritic cells remains unidentified and should be
the focus of future investigation. Regarding vagal integration in a closed-loop reflex pathway, it
is well established that sensory neurons can integrate information about the local infectious and
inflammatory environment to reflexively modulate immune responses. However, the efferent
pathway is not yet established. Current uncertainty around the mechanism of action of VNS
calls for the development of electrically active implantable VNS devices in both rheumatoid
arthritis and IBD experimental models. Further development of these so-called bioelectronics
medicine will require the expansion of domains in both medicine and engineering.38 In principle,
by combining the reading and writing of neural information, it might be possible to establish
closed-loop systems that modulate inflammatory or immune responses to improve patient
outcomes in many disease areas.

NUTRITIONAL ACTIVATION OF NEURAL REFLEXES
As digestion of food, absorption of nutrients and management of food intake are all regulated by
the ANS and interact with each other, it seems unlikely that vagal immune regulation is a standalone process. When dietary lipids, proteins and peptides enter the gastrointestinal tract,
especially the duodenum, neuroendocrine hormones such as glucagon-like peptide 1, peptide
YY and cholecystokinin (CCK) are released. Besides an inducer of gallbladder contraction and
regulator of satiety, CCK is essentially involved in activating the anti-inflammatory cholinergic
pathway.93 CCK is released upon formation of chylomicrons and binds to CCK receptors located
on vagal afferents,94 subsequently, the ANS is rapidly activated. The anti-inflammatory effect
upon digestion of food intake rests on the vagal-nerve-induced deactivation of inflammatory
cells (including mast cells) and can therefore occur rapidly.57
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A nutritional intervention with dietary fat has been proven to be efficient in reducing
the systemic inflammatory response, ameliorate tissue damage and preserve intestinal barrier
function in various experimental models.95, 96 These findings indicate that nutrition not only
provides necessary energy needs, but can also be used as a physiological means to stimulate
the ANS and thereby reduce local and systemic inflammation. From an evolutionary standpoint,
this dual effect of feeding seems logical as on one hand nutrients need to be absorbed, whereas
on the other hand, the body must not react to the antigens and absorbed toxins. These effects
of nutrition on the ANS seem to rely on composition of the diet and timing of the nutritional
intervention. In an animal model, when lipid-enriched nutrition was given before and directly
after the inciting event it was more potent than control nutrition or lipid-enriched nutrition
given after the inflammatory trigger.93 These more-potent effects of lipid-enriched nutrition
compared with control nutrition are explained by the finding that intraluminal lipids lead to
chylomicron formation that, in turn, induces release of CCK binding to CCK1 receptors on vagal
afferents.94 Also, in a preclinical model of human endotoxaemia, it was shown that continuous
postpyloric administration of lipid-enriched nutrition markedly reduced circulating levels
of proinflammatory cytokines.97 These effects were detected within 6 hours after exposure
to endotoxin and illustrate the prompt effect of enteral nutrition on inflammation even in
the human setting.
These findings might open therapeutic opportunities in various clinical settings,
especially in elective surgery, in which the initiation of a resulting inflammation is foreseen. As
the postsurgical inflammatory response is associated with complications such as postoperative
ileus, early dampening of inflammation is of importance. Indeed, both VNS and nutritional
stimulation of the ANS have been shown to reduce postoperative ileus in rodents;53, 98 however,
these beneficial effects of enriched enteral nutrition remain to be translated into a clinical
setting. Early initiation of oral intake is feasible in abdominal surgery and advocated nowadays,99
the known clinical effects on postoperative complications are equivocal. Early administration of
enteral nutrition after colorectal surgery was shown to reduce postoperative ileus,100 whereas
another report shows that early initiation of oral intake did not improve postoperative ileus.101
Whether differences in timing and composition of the nutrition compared with the abovementioned experimental data might play a part remains unclear. Even so, the ideal timing of
a nutritional intervention to reduce surgical complications or reduce the inflammatory response
in another possible clinical setting such as sepsis might pose a problem. For surgery, most
patients are kept nil-by-mouth in the ideal time frame in which nutrition needs to stimulate
the vagus nerve – just before and during surgery. In the case of sepsis, the inflammatory cascade
has already been fully deployed and the anti-inflammatory effect of VNS might come too late.
Furthermore, activation of the ANS at the stage of sepsis could aggravate hypotension by
redistribution of blood flow, although organ damage was reduced by lipid-enriched nutrition
in a model of haemolysis.97
Sham feeding might overcome the nil-by-mouth period in the perioperative surgical period,
whilst potentially stimulating the ANS via cephalic vagal activation. Indeed, sham feeding just
before and directly after colorectal surgery via gum chewing reduced postoperative ileus and
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systemic inflammation in a similar way as enriched nutrition did in experimental settings.102
However, this study had several limitations as it was not blinded and the gum chewing could not
be standardised completely. Furthermore, it was not directly demonstrated that the effect of
gum chewing was caused by stimulation of the ANS.
Although the clinical relevance is evident and the potential therapeutic consequences
are important, further studies are essential to substantiate the experimental results. Notably,
a clinical trial has been started (NCT02175979103) in which the effect of perioperative enriched
nutrition is investigated after colorectal surgery on inflammation, postoperative ileus and other
clinical parameters.104

CONCLUSIONS
Evidence indicates an integrated regulatory role of both extrinsic and intrinsic innervation in
intestinal immunity. The importance of inflammatory reflexes in regulating acute and chronic
intestinal inflammatory disorders is emerging and the ENS seems to be crucial in linking
sympathetic and vagal inputs to the immune system.
From a clinical perspective, therapeutic alternatives such as VNS are needed owing to
the limitations and cost of current treatments and the prevalence of intestinal inflammatory
disorders. As such, regulating the immune system by neural interfacing might provide a powerful
tool to resolve intestinal inflammation using an integrated approach. Such applications might
be more feasible and less invasive than originally thought, making use of nutritional therapy or
implantable devices for neural interfacing. Neural-interfacing technology provides the basis for
mapping neural signals and for bioelectronics medicine. Electrode-based interfaces must be
adapted to interrogate visceral nerve activity effectively. VNS is seemingly well-tolerated and
safe, but a longer experimental phase should be pursued to determine this type of bioelectronics
as a treatment paradigm.
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PART
ACETYLCHOLINE–PRODUCING T–CELLS IN
THE GUT

I

ACETYLCHOLINE-PRODUCING T-CELLS IN
THE INTESTINE REGULATE ANTIMICROBIAL
PEPTIDE EXPRESSION AND
MICROBIAL DIVERSITY

2

ABSTRACT
The cholinergic anti-inflammatory pathway reduces systemic tumour necrosis factor (TNF)
via acetylcholine-producing memory T-cells in the spleen. These choline acetyltransferase
expressing (ChAT+) T-cells are also found in the intestine, where their function is unclear. We
aimed to characterise these cells in mouse and human intestine and delineate their function.
We made use of the ChAT-enhanced green fluorescent protein (eGFP) reporter mice. CD4cre
mice were crossed to ChATfl/fl mice to achieve specific deletion of ChAT in CD4+ T-cells.
We observed that the majority of ChAT+ T-cells in the human and mouse intestine have
characteristics of T-helper 17 (Th17) cells and co-express interleukin (IL)-17A, IL-22 and RORC.
The generation of ChAT+ T-cells was skewed by dendritic cells after activation of their adrenergic
β2 receptor. To evaluate ChAT+ T-cell function, we generated CD4 specific ChAT deficient mice
(CD4ChAT-/- mice). CD4ChAT-/- mice showed a reduced level of epithelial antimicrobial peptides
(AMP) lysozyme, defensin α, and angiogenin 4, which was associated with an enhanced bacterial
diversity and richness in the small intestinal lumen in CD4ChAT-/- mice. We conclude that ChAT+
T-cells in the gut are stimulated by adrenergic receptor activation on dendritic cells. ChAT+
T-cells may function to mediate the host AMP secretion, microbial growth and expansion.

Shobhit Dhawan1, Giada De Palma2, Rose A. Willemze1, Francisca W. Hilbers1,
Caroline Verseijden1, Misha D. Luyer3, Sabine Nuding4, Jan Wehkamp4, Yuri Souwer5,
Esther C. de Jong5, Jurgen Seppen1, René M. van den Wijngaard1, Sven Wehner1,6,
Elena F. Verdu2, Premek Bercik2, Wouter J. de Jonge1
Amsterdam UMC, University of Amsterdam, Tytgat Institute for Liver and Intestinal Research,
Amsterdam, The Netherlands
2
Farncombe Institute, McMaster University, Hamilton, Canada
3
Department of Surgery, Catharina Hospital, Eindhoven, The Netherlands
4
Dr. Margarete Fischer-Bosch-Institute of Clinical Pharmacology Stuttgart and University of
Tübingen, Germany
5
Amsterdam UMC, University of Amsterdam, Department of Cell Biology and Histology,
Amsterdam, The Netherlands
6
Department of Surgery, University of Bonn, Bonn, Germany
1

Am J Physiol Gastrointest Liver Physiol. 2016

46

New & noteworthy

I

T-cells secreting the neurotransmitter acetylcholine were detected in the mouse and human
intestine. We found that sympathetic, adrenergic activity stimulates the generation of these
cells. In genetically modified mice that lack the potential to secrete acetylcholine in their
T-cell compartment, we demonstrate impaired host defence mechanisms in the intestine
and an elevated microbial diversity. As such, T-cell-derived acetylcholine may act to fortify
antimicrobial defence in the gut.
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INTRODUCTION
The efferent vagus nerve is recognised as a negative regulator of immune responses to injury
and infection, via its peripheral release of acetylcholine (ACh).1 Stimulation of the vagus
nerve efferent’s activity inhibits cytokine release and ameliorates inflammation-mediated
injury in a number of experimental models for inflammation such as endotoxaemia, ileus,2
and colitis.3 This inflammatory reflex requires action potentials arising in the vagus nerve and
ACh interacting with the α-subunit of the nicotinic ACh receptor expressed on cytokineproducing macrophages in the spleen.4, 5 However, it is now recognised that vagal immuneregulation acts indirectly and requires the activation of sympathetic/adrenergic fibres to
the spleen.4, 5 To explain the vagal anti-inflammatory pathway, a synaptic connection has been
proposed between vagal preganglionic neurons and sympathetic postganglionic neurons that
innervate the spleen,6 although it is unclear whether this neuroanatomical route accounts for
direct vagal anti-inflammatory reflexes.7, 8
In the spleen, the cellular source of ACh that mediates the cholinergic anti-inflammatory
pathway has been shown to be T- and B-cell populations that express choline acetyltransferase
(ChAT),6, 9 the rate-limiting enzyme for the production of ACh.9 In the context of intestinal
inflammation, vagal efferent innervation is restricted to resident macrophages in the muscularis
externa, not mucosa7 and hence vagal modulation of intestinal inflammation as shown in models
of intestinal inflammation10 involves activation of indirect, i.e. sympathetic or enteric, neural
pathways. This is in line with earlier reports that intestinal mucosa, lymph nodes, and Peyer’s
patches (PPs) have sympathetic innervation.11 Coherent with this, norepinephrine (NE), rather
than ACh, augments skewing of naive T-cells towards Treg and T-helper 17 (Th17) cells.12
Despite the lack of direct vagal interactions with immune cells, cholinergic immunemodulation in the gut is likely to play a significant role. ChAT+ T-cells have been detected in
the intestinal lymphoid tissue,9, 13, and a number of non-neuronal cell types in the intestine
express cholinergic receptors, including Paneth cells and epithelial cells.14, 15 This suggests
a potential role for T-cell-derived ACh to modulate epithelial function, additive to cholinergic
(enteric) neurons. Cholinergic receptors mediate for instance in antimicrobial peptide (AMP)
secretion by Paneth cells,16 epithelial cell proliferation15 and ion transport.17
Hence, we reasoned that ChAT+ T-cells could contribute to immune homeostasis in
the intestinal mucosa and relay sympathetic neuroimmune signalling in the gut. In the current
study, we reveal that ChAT+ T-cells in the intestine mainly reflect Th17 cells that express
interleukin (IL)-17A, IL-22 and interferon (IFN)-γ. We demonstrate that these cells are generated
by adrenergic β2 receptor activation acting on dendritic cells (DCs). Further analyses of
conditional T-cell-specific ChAT-deficient mice suggest that these ACh-producing ChAT+
T-cells act on cholinergic receptors on intestinal epithelia to stimulate antimicrobial peptide
(AMP) secretion. We found that reduced AMP expression coincided with an enhanced bacterial
diversity in the small intestinal lumen, which represents a yet unidentified link between
sympathetic immune-regulation, gut microbiota, and intestinal inflammation.
48

MATERIALS AND METHODS
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Mice
Female C57BL/6 inbred mice were purchased from Charles River (Maastricht, The Netherlands).
All mice were female, 2-3 months old and maintained in our animal facility under standard 12
hours photoperiod, at 21 ± 10°C, with food and water ad libitum. Female mice were chosen to
avoid fighting behaviour prior to cell harvesting. The original ChAT(BAC)-enhanced green
fluorescent protein (eGFP) breeding pairs were purchased from Jackson Laboratories. For OVAspecific T-cell skewing assays, ChAT-eGFP mice were crossed into OT-II+/- mice. CD4creChATfl/fl
mice (CD4ChAT-/- mice) were generated by crossing ChATfl/fl (Jackson Laboratories; strain no.
16920, backcrossed into C57BL/6 over 10 generations) and CD4cre mice (a gift from D Amsen,
Sanquin Blood Supply, Amsterdam, The Netherlands). All animal experiments were performed
in accordance with regulations of the local animal ethical committee of the University
of Amsterdam.
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Salbutamol in-vivo treatment
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Mice were restrained and injected intraperitoneally (i.p.) with 50 µl of 1 mg/ml salbutamol
sulphate (Sigma) or vehicle (0.9% saline). We administered the β-agonist by i.p. injection to
closely mimic the in-vivo release of norepinephrine by nerve fibres in the intestinal mucosa.
The injection was performed at day 1 and 3 and on day 5 mice were killed and intestines
were harvested in saline. Single cell suspensions were prepared from the PPs excised from
the small intestine.
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Genotyping and breeding scheme
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ChATfl/fl mice possess loxP sites on either side of exons 3 and 4 of the targeted gene, and are
viable, fertile, normal in size, and do not display any gross physical or behavioural abnormalities.18
These mutant mice were bred to CD4cre mice that express Cre recombinase, and resulting
offspring will have exons 3 and 4 deleted. Genotyping of the offspring CD4creChATfl/fl offspring
was performed by PCR of genomic DNA using the following primers to determine CD4cre: forward
primer: CGATGCAACGAGTGATGAGG; reverse primer: CGCATAACCAGTGAAACAGC and to
determine ChAT common forward primer: GCCCTGCCAGTCAACTCTA; reverse primer wild-type
(WT): GAAATCCTGACAGATTCCAACA; reverse primer mutant: TTTCCGCCTCAGGACTCTTC.
Demonstration of successful deletion of exon3-4 was performed by RT-PCR of CD4+-enriched
splenocytes and thymocytes using forward primer (exon 2) GTCGGCAGCTCTGCTACTCTGG and
reverse primer (exon 8) CGCTCCATTCAAGCTGCAGCCTC as described earlier.18 A single cell
suspension was obtained from the spleen or thymus, and CD4+ cells were isolated by a Magnisort
mouse CD4-positive selection kit (eBioscience) according to manufacturer’s instructions.
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Antibodies used
Single cell suspensions obtained from tissues19 were incubated with Human BD Fc Block (BD
Pharmingen) followed by specific antibodies (BD Pharmingen, Biolegend or eBioscience) using
appropriate combinations of fluorochromes (FITC, PE, PE-Cy7, BV450, PerCP, PE Texas Red,
PerCPCy5.5, PE-Cy5.5, PE-Cy7, Pacific Blue, APC and APC-Cy7): CD3 (145- 2C11), CD4 (L3T4),
CD45 (30-F11), B220 (RA3-6B2), CD11b (M1/70), CD11c (N418), F4/80 (BM8), CD8α (53-6.7) and
TCRγδ (ebioGL3).

SDS–PAGE and Western Blotting
Tissues were lysed in SDS sample buffer with protease and phosphatase inhibitors (1 mM EDTA,
1 mM EGTA, 20 mM sodium pyrophosphate, 1 mM sodium fluoride, 1 mM activated sodium
orthovanadate; all from Sigma). Protein concentrations were determined by the bicinchoninic
acid (BCA) method (Perbio Science Ltd). Membranes were probed with appropriate
unconjugated primary antibody, ChAT (polycloncal, cat. Number: AB144P; Merck). All blots
were probed with anti- β-actin as a loading control and this was used to normalise all protein
reactivity in order to ensure validity of quantitative blotting data. The blots were subsequently
probed with appropriate HRP conjugates secondary antibodies (Dako). The ECL Plus kit
(Amersham Biosciences) was used as HRP substrate reaction mix. Blots were scanned, quantified
densitometrically with GeneGnome system and Gene Snap software (Syngene Corporation) and
normalized for β-actin protein loading.

Bone marrow dendritic cells (BMDC) generation and culture
Murine BMDCs from femur and tibia of C57BL/6 mice were generated. Cells were cultured in
10 cm petri dishes (Greiner Bio One) at a concentration of 5 x 106 cells/10 ml at 37°C, 5% CO2 in
complete medium: RPMI 1640 (Gibco) containing 10% heat inactivated FCS, 2 mM l-glutamine,
100 U/ml penicillin, 100 µg/ml streptomycin (all from Lonza), 50 µM 2-mercaptoethanol (Sigma),
and 20 ng/ml granulocyte/macrophage colony-stimulating factor (GM-CSF, Peprotech). At
day 3, 10 ml of fresh medium was added to each plate supplemented with 10 ng/ml GM-CSF.
At day 6, half of culture medium was replaced with fresh medium supplemented with 10 ng/ml
GM-CSF. At day 8, non-adherent cells were collected as immature BMDCs. The purity of CD11c+
cells obtained was routinely > 90% as assessed by flow cytometry (FACS).

Organoid cell culture and T-cell co-culture
Organoid cultures were derived from mouse crypts, cultured according to Sato et al.20 Spleens
from ChAT-eGFP mice were isolated and incubated in a solution of DNase I and Liberase TL
(Roche Applied Science) in RPMI 1640 medium at 37°C for 20 min and then homogenised on a 70
µm cell strainer to obtain a single cell suspension. The spleen cell count was determined after
lysing a fraction of the cell suspension and quantified using a coulter counter. Spleen single cell
suspensions were incubated with the Fc-receptor blocking antibody 2.4G2, and subsequently
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stained and FACS sorted for CD45+, CD4+ and GFP+ cells. CD45+CD4+GFPneg or CD45+CD4+GFPpos
cells were collected in RPMI 1640 medium (containing 10% FCS) and quantified using a coulter
counter. T-cells were centrifuged and suspended in normal RPMI 1640 medium to the final
density of 4.5 x 105 cells per ml. Organoid cultures (day 3 after split) were incubated with 50050,000 CD45+CD4+GFP positive or negative cells for 72 hours. The organoids were then washed
with warm PBS, centrifuged at 600 g for 10 min and suspended in RNeasy isolation buffer for
RNA isolation.
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Quantitative Reverse Transcriptase-PCR
RNA was isolated with either the RNeasy Micro kit (Qiagen) or the NucleoSpin RNA XS kit
(Macherey-Nagel) according to the manufacturer’s protocol. Complementary DNA was
synthesised with cDNA synthesising kit (Thermo Scientific). Quantitative PCR was done on
a LightCycler 480 Instrument II (Roche) with SYBR Green I master mix (Roche). The primers used
are listed in Table 1. LinRegPCR software was used to quantify expression. 21 All mRNA expression
data is normalised for the reference genes β-actin and cyclophilin.
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Antigen-specific proliferation assays
Day 8 immature BMDCs were incubated for 6 hours with ovalbumin (Grade VI, Sigma) at
a concentration of 250 µg/ml. Cells were washed and pre-incubated with vehicle, NE or
salbutamol, at concentration varying from 0 to 10 µM for 45 min, before stimulation with IL-1β,
or transforming growth factor (TGF)-β1 plus IL-6 for 24 hours. Spleen cells from ChAT-eGFP-
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Table 1. Primer table
Gene

Forward sequence

Reverse sequence

IL-17A
IL-22
RORC
ChAT
IFN-γ
TGF-β1
Foxp3
IL-10
Stat3
IL1R1
TNF-α
Reg3γ
Lysozyme
DefA
Ang4
β-actin
Cyclophilin

AACCGTTCCACGTCACCCT
CGGCTCATCGGGGAGAAAC
CTCTACACGGCCCTGGTTCTC
AGTAAGGCTATGGGATTCAATC
TGAGCTCATTGAATGCTTGG
CAACCCAGGTCCTTCCTAAA
TCCCACGCTCGGGTACAC
AGCCTTATCGGAAATGA
AAAGTGCCTTTGTGGTGGAG
GAGCCCCAGTAGCACTTTCA
AAAGCATGATCCGCGACGT
TCCACCTCTGTTGGGTTCAT
GAATGCCTTGGGGATCTCTC
TGAATTCCTGCTCTCCAATCA
ACAACAAAGGACATGGGCTC
TTCTTTGCAGCTCCTTCGTT
ATGGTCAACCCCACCGTGT

GCACTGAGCTTCCCAGATCAC
TGACTGGGGGAGCAGAACG
AGCCAGTTCCAAATTGTATTGCA
AGTTCACCTTGATGCCGTTC
ACAGCAAGGCGAAAAAGGAT
GGAGAGCCCTGGATACCAAC
CCACTTGCAGACTCCATTTGC
TTTTCACAGGGGAGAAATCG
TGTGTTTGTGCCCAGAATGT
TGAGGAGGCAGTTTTCGTTT
TGCAAGCAGGAATGAGAA
AAGCTTCCTTCCTGTCCTCC
CTGTGGGATCAATTGCAGTG
CTTGACCCAGATTCCATGCT
TCTCCAGGAGCACACAGCTA
ATGGAGGGGAATACAGCCC
TTCTGCTGTCTTTGGAACTTTGTC

&
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OT-II mice were prepared and CD4+CD62L+ naive T-cells were isolated by magnetic cell sorting
(MACS) according to manufacturer’s instructions (Miltenyi Biotech). At day 5, T-cells were
harvested, washed and restimulated with 100 ng/ml phorbol myristate acetate (PMA) and 1 µg/
ml ionomycin (both from Sigma). After 2 hours, 10 µg/ml Brefeldin A (Sigma) was added and cells
were incubated for 6 hours and analysed by FACS as below.

Intracellular cytokine staining and FACS analyses
Cells cultured ex-vivo were stimulated for 6 hours with PMA (10 ng/ml) and ionomycin (500
nM; Merck) in the presence of 10 µg/ml Brefeldin A for the final 4 hours of culture. A Cytofix/
Cytoperm kit (BD Biosciences) was used for cell permeabilisation, Foxp3 (FJK-16s) staining and
subsequent washing. All other intracellular cytokines were detected with few modifications.
The cells were fixed with 2% paraformaldehyde (PFA; Sigma) in phosphate-buffered saline (PBS;
Gibco, Invitrogen), followed by permeabilisation with FACS buffer (PBS supplemented with 2%
FBS and 0.1% sodium azide) containing 0.5% saponin (Sigma). Anti-mouse IL-17A (eBIO17B7),
IFN-γ (XMG1.2) and IL-4 (11B11) antibodies were diluted in permeabilisation buffer, and cells
were washed prior to antibody incubation. Data were acquired with a LSRFortessa instrument
(BD Biosciences) and analysed with FlowJo software (TreeStar).

Human T-cell assays
Immature DCs were primed with Candida albicans-hyphae and co-cultured with naive or memory
T-cells in IMDM supplemented with 5% heat-inactivated human serum. After 4 days, cells were
split and maintained with 20 U/ml IL-2. After 12 days, resting T-cells were restimulated with
PMA/ionomycin and Brefeldin A (as above), fixed in 4% PFA, stained with antibodies in saponin
buffer and analysed on a FACSCanto (BD Biosciences). For ChAT expression, resting T-cells were
restimulated for 2 hours with PMA/ionomycin and RNA was isolated using the Qiagen microRNA
isolation kit.

Human intestinal T-cell isolation
Tissue was obtained after approval by the Medical Ethics committee of the Catharina Hospital
Eindhoven. Fresh human colon tissue was sampled from the resection specimen of patients
undergoing a segmental colon resection. Normal and inflamed colonic mucosa were obtained,
respectively, from patients undergoing surgery for colorectal cancer, and from patients
undergoing surgery for IBD (Crohn’s disease or ulcerative colitis). Normal colonic mucosa
was obtained from surgically resected tissue, taken approximately 10 cm downstream of
the tumour. For normal mucosa, the lamina propria was separated from the epithelium after
incubation in EDTA buffer (30 min) and then minced into 1 mm2 fragments and washed with RPMI
1640 containing penicillin (10%) and gentamycin (0.1 mg/ml; Sigma). Tissue fragments were
digested with collagenase and DNase (2 mg/ml each; Sigma), with shaking at 37°C. Mucus and
large debris were removed by filtration through a 40-µm-cell strainer (BD). Human intestinal
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T-cells were isolated using Dynabeads Untouched Human T-cells kit (Invitrogen) according to
manufacturer’s instructions. Briefly, isolated lamina propria cells were overlaid on Ficol Paque
Plus (GE Healthcare), centrifuged and the intermediate phase containing the cells of interest was
isolated. Cells were then incubated for 15 min at room temperature with pre-washed Dynabeads
and antibody mix. Afterwards cell were passed through the magnet twice and the supernatants
containing the untouched intestinal T-cells were combined, spun down and the cell pellets were
frozen at -80°C until further processing.
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Deep sequencing analysis of microbiota
Following separation of products from primers and primer dimers by electrophoresis on a 2%
agarose gel, PCR products of the correct size were recovered using a QIAquick gel extraction
kit (Qiagen). A total of 20,580,998 reads before quality filtering (an average of 343,017 reads
per sample with a range of 3,326 - 557,642), 7,301,448 reads after quality filtering (an average of
121,690.800 reads per sample with a range of 385-230,634), and 15,604 Operational taxonomic
units (OTUs) (an average of 267.32 OTUs per sample, after quality filtering) were obtained from
the 60 samples sequenced. The faecal samples included were as follows: 10 samples from
ChATfl/fl mice for each intestinal section (small intestine, cecum, and colon), and 10 samples
from CD4ChAT-/- mice for each intestinal section (small intestine, cecum, and colon including
faeces). Five male and five female mice were analysed in each group, derived from different
litters, and in the age range of 12-26 weeks. Custom, in-house Perl scripts were developed
to process the sequences after Illumina sequencing.22 Cutadapt was used to trim any overread, and paired-end sequences were aligned with PANDAseq23 with a 0.7 quality threshold.
If a mismatch in the assembly of a specific set of paired-end sequences was discovered, they
were culled. Additionally, any sequences with ambiguous base calls were also discarded. OTUs
were picked using Abundant OUT+,24 and sequences were clustered to 97% sequence identity
OTUs. Taxonomy was assigned at a 0.8 threshold using the Ribosomal Database Project (RDP)25
classifier version 2.2 trained against the Greengenes SSU database (February, 2011 release). For
all downstream analyses, we filtered the obtained OTU table excluding “Root” and excluding
any sequence that was not present at least three times across the entire dataset. Calculations of
within-community diversity (α-diversity) and between-community diversity (β-diversity) were
run using QIIME,25 and the phyloseq package (version 1.8.2) implemented in R (version 3.1.0).26
α-diversity index (Shannon) and richness (observed species) of each category (ChATfl/fl and
CD4ChAT-/-) were compared using the script compare_alpha_diversity.py in QIIME.
The distance matrix calculated with Bray Curtis method on normalised data (all samples
were subsampled to the same depth) was analysed with PERMANOVA analysis using the script
compare_categories.py in QIIME in order to assess the strength and statistical significance of
sample groupings (ChATfl/fl and CD4ChAT-/-). Statistical analyses on the taxonomic composition
of the colonic samples were done with the script group_significance.py in QIIME, which
determines with Kruskal-Wallis test whether OTU relative abundance is different between
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categories. Before running the script, the OTU table was filtered, removing OTUs not present
in at least 25% of samples. The P-values obtained from the comparison between categories
(ChATfl/fl and CD4ChAT-/-) were then corrected with the False discovery rate (FDR) method.
Secondly, we analysed the taxonomic composition of the samples with multiple t-tests on
the table L6 (the highest assigned taxonomic level) generated by running the script: summarize_
taxa_through_plots.py in QIIME. The P-values obtained from the comparison between groups
were corrected with the FDR method, accepting a 5% FDR.

Total bacterial load and Segmented Filamentous Bacteria (SFB) relative
quantification
50 ng of DNA from each intestinal section of ChATfl/fl and CD4ChAT-/- mice were amplified using
the following primer pairs, HDA-1 (5’- AC TCC TAC GGG AGG CAG CAG) and HDA-2 (5’- GTA TTA CCG
CGG CTG CTG GCA C) for total bacterial load,27 and 779 forward (5’-TGTGGGTTGTGAATAACAAT)
and 1380 reverse (5’-GGTTAGCCCACAGGCTTCGG) for SFB.28 The amplification was carried out
with an iCycler iQ5 (Bio-Rad) using SsoFast EvaGreen Supermix (Bio-Rad). For total bacterial
load the data were normalised in reference to pure bacterial gDNA, while for SFB relative
quantification the data were normalised against unit mass (ng of DNA) and analysed with the 2-ΔCt
method, using the group ChATfl/fl mice as control group.

Antimicrobial peptide killing assay
To analyse epithelial AMP activity, proteins were extracted from jejunum and we assayed
bacterial killing capacity as described elsewhere.29 Tissues were homogenised with an ultraturrax in 5% acetic acid and proteins were extracted under gentle agitation for 2 hours in
the presence of protease inhibitors. After centrifugation, the supernatant was dried under
vacuum and suspended in 0.01% acetic acid. Subsequently, from a part of the whole protein
extract cationic proteins were extracted with a weak cation exchange matrix (MacroPrep CM;
Bio-Rad Laboratories) and dried under vacuum. The pellet was resolved in 0.01% acetic acid.
Protein concentrations of whole extract and cationic fractions were determined by Bradford
assay. Bacteroides vulgatus ATCC 8482 were grown in Schaedler broth (BD Biosciences)
overnight under anaerobic conditions with Anaero Gen (Thermo Scientific). 1.5 x 106 midlogarithmic-phase bacteria/ml in Schaedler broth 1:6 with distilled water were incubated with
whole protein extracts or with cationic peptides extracted from 10 mg total biopsy protein in
a final volume of 100 µl.
After 90 min incubation with protein extracts, bacterial viability was analysed by flow
cytometry (FACS Calibur, BD Biosciences). The suspensions were incubated with 1 mg/ml
of the membrane potential sensitive dye DiBAC4 (Invitrogen Life Technologies) for 10 min.
After centrifugation the pellet was resolved in PBS and in each suspension 30,000 events
were analysed for Υ. We distinguished viable from nonviable bacteria at the single cell level.
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The antimicrobial activity was determined as percentage of depolarised bacteria compared with
untreated controls.

I

Statistical analysis

1

Statistical analysis was performed using SPSS software. For multi-experimental group analysis,
data were subjected to one-way or two-way ANOVA (analysis of variance) followed by post
hoc test (Bonferroni post hoc testing) for group differences. All data are expressed as means ±
standard error of mean (SEM). The two-tailed level of significance was set at P ≤ 0.05, 0.01 and
0.001 for group differences.
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RESULTS

4

ChAT expressing T-cells in the intestine have Th17 characteristics.
We used ChAT-eGFP reporter mice13 to identify the ChAT-expressing cell populations in different
body compartments. CD4+ChAT+ cells were detected in brain tissue and intestine, but not in
lung (not shown). We characterized the ChAT+ T-cell subsets in the intestinal mucosa, PPs, and
mesenteric lymph nodes (MLNs). Flow cytometry revealed that CD4+ChAT+ cells represented
approximately 2% of the total CD3+CD4+ cells in the PPs and MLNs, which indicated that a distinct
subset of CD4+ T-cells expresses ChAT (Figure 1A and C). ChAT+ cell populations present in
intestinal mucosa and MLNs were not expressing CD11b, CD11c, or F4/80 (Figure 1B), largely
excluding myeloid macrophages or DCs. Notably, an equal number of B220+CD4- cells were
expressing ChAT (Figure 1A). The relative number of ChAT+ T-cells identified in the intestinal
PPs was a factor 10 higher than reported previously in spleen.9 As to the high autofluorescence
in tissue, we analysed ChAT+ T-cells further using flow cytometry. ChAT+ T-cells were CD3+CD4+
(Figure 1D) and CD3+CD4+ChAT+ sorted cells were not expressing detectable levels of granzymes
(neutrophil markers; data not shown). In correspondence, Lin-CD117+NKp44+ (ILC3) and LinCD127+ (ILC1) cells from mucosal preparations were not expressing ChAT largely excluding
CD3-CD4+ innate lymphoid cell populations (data not shown). ChAT+ T-cells were negative
for TCRγδ (Figure 1E), confirming earlier reports.9 CD3+CD4+ChAT+ T-cells were found equally
distributed throughout duodenum to colon mucosa (Figure 1F).
We next sorted CD3+CD4+ChAT+ and CD3+CD4+ChATneg T-cells from the small intestinal PPs
and compared gene expression in these subsets. Importantly, the CD3+CD4+ChAT+ population
expressed IL-17A, IL-22, IFN-γ and RORC, suggesting that ChAT+ T-cells in the gut have
characteristics of Th1/Th17 cells (Figure 1G).
We examined whether human Th17 cells were similarly enriched in their expression of ChAT.
Human memory T-cells can be skewed to IL-17-producing Th17 cells by co-culture with yeastprimed DCs.30 CD4-purified T-cells derived from yeast-primed human DCs were tested for ChAT
expression. Stimulated CD4+ T-cell preparations showed elevated expression of IL-17A as well
as ChAT when compared to unstimulated naive T-cells (Figure 2A-B). In addition, ChAT protein
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Figure 1. ChAT+ T-cells in the intestine represent Th17 cells. (A) CD45+ lymphocytes from Peyer’s patches
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ChAT-eGFP (E). Relative percentage of gated populations is indicated. Representative results are shown
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Figure 2. Sympathetic generation of human ChAT+ Th17 cells. (A) Human Th17 cells generated in-vitro
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was detected in human gut-derived T-cells of ileum and colon resection tissue obtained from
colorectal surgeries (Figure 2C), and CD4+ChAT+ cells were detected in human distal ileum
mucosa by immune fluorescence (Figure 2D) in non-inflamed tissue (row on top) or distal ileum
from Crohn’s disease inflamed tissue (row on bottom).

I
1

The generation of ChAT + Th17 cells is driven by adrenergic β 2 receptor stimulation
on DCs.

2

Next, we assessed the mechanisms by which ChAT+ Th17 cells are generated. Because
adrenergic receptors are implicated in the generation of ChAT+ T-cells, we studied the role of
adrenergic receptor activation in the generation of ChAT+ T-cells in our system. Adrenergic
receptor activation on naive T-cells itself did not enhance ChAT expression (data not shown).
Alternatively, we wondered whether DCs could be imprinted to skew ChAT+ Th17 cells by
activation of adrenergic receptors expressed by DCs. To test this, ChAT-eGFP mice were crossed
into OVA-specific OT-II TCR transgenic mice, and spleen T-cells were used in an in-vitro OVA
antigen-specific DC-T-cell stimulation assay. OT-II+ChAT+ T-cells were induced after adrenergic
receptor activation of DCs using NE in a dose dependent fashion (Figure 3A). This increase
was specific to yield IL-17 expressing Th17 cells (Figure 3A) and no significant differences were
observed in Th1 or Th2 cell subsets. NE led to a significant induction of FoxP3 expression and
Tregs as reported earlier,12 but this increase was selectively seen in the ChATneg Treg population
(Figure 3B). CD4+ChAT+ sorted cells expressed increased IL-17A (2.2 fold), IL-22 (43 fold) and
RORC (21 fold) transcript levels compared with CD4+ChATneg cells, suggesting that the in-vitro
induced ChAT+ T-cells stimulated by adrenergic β2 receptor activation mainly represent Th17
cells that express IL-22 (Figure 3B).
Adrenergic receptor activated generation of Th17 cells involves the adrenergic β2 receptor
since this effect was mimicked by the adrenergic β2 receptor agonist salbutamol, confirming
earlier reports.12 Furthermore, this effect was counteracted by adrenergic β receptor antagonist
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Figure 3. Adrenergic agonists stimulate the generation of ChAT+ T-cells. (A) Histogram displays of ChAT
expression in ChAT-eGFP-OT-II-derived naive T-cells co-cultured with antigen loaded (OVA) bone marrow
dendritic cells (BMDCs) pre-incubated with norepinephrine (NE; 1 nM-10 µM where indicated). ChAT
expression is shown in cells gated for expression of CD4, interleukin (IL)-17A, interferon (IFN)-γ, and FoxP3.
Arrow indicates the shift seen in ChAT+IL-17A+ cells after co-culturing with BMDCs pre-incubated with 10 µM
NE. (B) Expression of IL-17A, IL-22, FoxP3 and RORC in FACS sorted CD3+CD4+ChATneg and CD3+CD4+ChAT+
T-cells, primed by NE-stimulated BMDCs at indicated concentration. Data are mean ± SEM from three mice
measured in independent experiments. (C) FACS analysis of CD4+IL-17A+ cells after 5 days of co-culturing
with BMDCs pre-treated with NE (100 nM), salbutamol (100 nM) and propranolol (100 nM). Representative
plots are shown of three independent experiments. (D) FACS analysis of CD4+ cells, after 5 days of coculturing with BMDCs pre-treated with NE (100 nM), stimulated with IL-1β (10 ng/ml) or transforming
growth factor (TGF)-β1 + IL-6 (5 ng/ml and 10 ng/ml respectively). (E) Quantification of percentage of cells
from FACS panel D. (F) IL1R1 expression levels in CD3+CD4+ChAT+ and CD3+CD4+ChATneg sorted T-cells from
the NE-treated cultures. Data are mean ± SEM from four mice pooled from two independent experiments;
* P < 0.05, ** P < 0.01, one-way ANOVA with Bonferroni post hoc test.
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propranolol (Figure 3C). Next, we wondered which DC-derived mediators skewed ChAT+ Th17
cells. IL-1β is a potent inducer of Th17 cells,31, 32 and in neuroblastoma cells IL-1β was reported
to induce expression of ChAT.33 Hence, we analysed whether IL-1β release was responsible for
the observed DC skewing of ChAT+ Th17. To test this, we studied whether IL-1β would be additive
in the adrenergic ChAT+ T-cell induction in the mouse OT-II+ChAT-eGFP reporter splenic cells.
NE and IL-1β significantly augmented generation of ChAT+ Th17 cells, added either alone or
in combination (Figure 3D-E), so we conclude that IL-1β signalling is involved in this process.
TGF-β1 and IL-6 are also inducers of Th17 cells.34 However, as shown in Figure 3E, DCs exposed
to NE in combination with TGF-β1 and IL-6 only promoted the generation of ChATneg Th17 cells.
Given that we did not observe changes in IL-1β production in our DC culture,12 we anticipated
that IL1R1 expression on T-cells mediated ChAT expression. Indeed, when analysing ChAT+ Th17
cells in culture, ChAT+ Th17 cells showed a significantly higher expression of IL1R1 (Figure 3F)
compared with ChATneg Th17 fraction, indicating that the potential of adrenergic β2 receptor
activation to skew ChAT+ Th17 cells can be driven by elevated IL1R signalling in targeted T-cells.
To assess whether activation of adrenergic β2 receptor also stimulates the generation of
ChAT+ Th17 cells in-vivo, in the context of the small intestine, we next treated ChAT-eGFP mice
with adrenergic β2 receptor agonist salbutamol via i.p. injections. Three days of treatment with
salbutamol significantly enhanced the number of CD4+IL-17+ChAT+ T-cells in PPs (Fiure. 4A-B)
compared with vehicle-treated mice. The CD4+IL-17+ChATneg T-cell fraction was unaffected by
salbutamol treatment. Notably, we observed no change in IL-17 expressing T-cell subsets in
the MLNs upon treatment with salbutamol (data not shown).

ChAT + T-cells stimulate epithelial AMP expression in-vitro and in-vivo
To be able to study the functional characteristics of ChAT+ T-cells in the gut, we generated
CD4creChATfl/fl mice (CD4ChAT-/- mice) in which the capacity to express ChAT was deleted
in the CD4 compartment. We validated that CD4+ T-cells derived from CD4ChAT-/- animals
are devoid of ChAT transcript (data not shown). Notably, in jejunum, the expression of ChAT
transcript is significantly lower in CD4ChAT-/- mice compared with ChATfl/fl mice, indicating
a surprisingly large contribution of ChAT+ T-cells in the total (neuronal and non-neuronal) ChAT
pool in the small intestine (Figure 5A).
Th17 cells in the gut function as a ‘border patrol’ in the intestine via their production of
IL-17 or IL-22; these cells are defined as CD4+TCRβ+ T-cells that express RORC, which, in turn,
is required for Th17 generation.35 IL-22 promotes the production of AMP in the intestinal
epithelia.36 As ChAT+ Th17 cells in the gut fulfil these criteria, we wondered whether ChAT+
Th17 cells stimulate the expression of AMP by epithelia. When analysing the small intestine of
CD4ChAT-/- mice, expression levels of IL-17A and IL-22 were unaffected; however a significant
decrease in the expression of AMP lysozyme, defensin α (DefA), and angiogenin 4 (Ang4) was
observed (Figure 5A), compared with ChATfl/fl mice. This decrease in AMP was not due to a loss of
Paneth cells in CD4ChAT-/- mice as similar distribution of Paneth cells were seen compared with
wild-type or ChATfl/fl mice jejunum (data not shown).
60

A

PPs

saline
2.18

SSC-A

FSC-A

0.96

I

4.41

1

IL-17A

CD4

SSC-A

14.1%

salbutamol
0.92

96.1

0.76

ChAT-eGFP

94.1

0.51

2

ChAT-eGFP

B
ChAT-eGFP+
4.0
3.0
2.0
1.0
0.0

saline

3

ChATneg
2.0

*
CD4+IL-17A+ cells (%)

CD4+IL-17A+ cells (%)

5.0

salbutamol

1.5

4

1.0
0.5
0.0

saline

5

salbutamol

Figure 4. Adrenergic β2 receptor activation and generation of ChAT+ IL17 cells in Peyer’s patches (PPs).
(A) Lymphocytes isolated at day 5 from PPs of ChAT-eGFP mice, injected at day 1 and 3 with salbutamol (3 mg/
kg, i.p.). Representative FACS plots from three independent experiments (saline group n = 6; salbutamol n =
7). (B) Percentage of CD4+ sorted cells from FACS panels in A. Horizontal bars represent mean ± SEM of data
from panel A (% of parent), * P < 0.05.

6
D

We validated whether T-cell-derived ACh contributed directly to AMP secretion in epithelia,
as Paneth cells and epithelia express cholinergic receptors to mediate AMP secretion.16, 37 To test
this, we made use of crypt-derived organoid cultures, that contain regular numbers of Paneth
cells.20 When organoid cultures were exposed to ACh and the muscarinic receptor agonist
betanechol, the expression of the AMP regenerating islet-derived protein 3γ (Reg3γ) and DefA
was increased (Figure 5B). Moreover, sorted spleen CD4+ChAT+ T-cells, and not CD4+ChATneg
T-cells, added to the organoid culture, enhanced Reg3γ and DefA expression in a dose-response
fashion (Figure 5C), demonstrating that ACh secreted by ChAT+ T-cells stimulates AMP expression
in epithelia.

&

ChAT + Th17 cells impact small intestinal microbiota diversity
To validate whether the reduced AMP production in CD4ChAT-/- mice led to functional defects in
killing capacity by the epithelium, we assessed the bactericidal potential of CD4ChAT-/- intestine
homogenates. In killing assays using the commensal B.vulgatus in jejunum homogenates of
CD4ChAT-/- mice, we could not demonstrate a statistically significant impairment of killing in
CD4ChAT-/- intestinal homogenates compared with ChATfl/fl mice (data not shown). Next, we
analysed the effect of deletion of the T-cell-derived ChAT expression on the composition
of the intestinal microbiota. To this end, we used 16S rRNA sequencing and compared small
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intestinal, caecum, and colon lumen microbiota of ChATfl/fl and CD4ChAT-/- mice. Notably,
deficiency of ChAT expression (and resulting reduced AMP expression) was associated with
a significantly increased diversity and richness of microbiota, most pronounced in jejunum
segments (Figure 5D and 6A). In the jejunum, we observed a significant increase in diversity and
richness in CD4ChAT-/- mice compared with ChATfl/fl mice (P < 0.05). The enhanced microbiota
diversity measured was only seen in CD4ChAT-/- small intestine (Figure 6A). When examining
at the level of single OTUs, no particular differences were found between jejunal samples from
both groups at phyla level (Figure 6B), except for a higher relative abundance of Lactobacillus
(corrected P < 0.001), but lower relative abundance of unclassified Lachnospiraceae (corrected
P < 0.001) in CD4ChAT-/- mice compared with ChATfl/fl mice. Similarly, in caecal sections, we
observed lower relative abundance of unclassified Lachnospiraceae (corrected P < 0.001) in
CD4ChAT-/- mice (specific data not shown). Notably, total bacterial load was not significantly
different in jejunum, caecum, or colon of CD4ChAT-/- mice vs. ChATfl/fl control mice (Table 2);
similarly, total SFB load in the caecum was unaffected in CD4ChAT-/- mice (Figure 7).
Taken together, our data suggest that adrenergic receptor activation positively regulates
the generation of a ChAT+ T-cell population in the gut, to positively regulate the expression of
AMP (scheme in Figure 8). Loss of ChAT expression in CD4+ T-cells leads to enhanced bacterial
richness and diversity, demonstrating the ability of ChAT+ T-cells to modulate the epithelial host
defence mechanisms and composition of intestinal microbiota.

DISCUSSION
ChAT+ T-cells producing ACh in the spleen were previously identified as critical effectors of
the cholinergic anti-inflammatory pathway reducing endotoxic shock symptoms after systemic
lipopolysaccharide (LPS).9 We now demonstrate that ChAT+ T-cells found in the intestine have
characteristics of Th17 cells where their generation is stimulated by adrenergic β2 receptor
activation acting on DCs. Although the relative abundance of ChAT+CD4+ T-cells is only 3-7%
in PPs and in lamina propria, this is actually a higher percentage compared to ChAT+ T-cell
populations found in the spleen.9 In the spleen, this relatively scarce ChAT+ T-cell population

Figure 5. CD4+ChAT+ cells affect antimicrobial peptide (AMP) expression. (A) Relative expression of ChAT,
lysozyme, regenerating islet-derived protein 3γ (Reg3γ), defensin α (DefA) and angiogenin 4 (Ang4) in
jejunum mucosa of CD4ChAT-/- vs. ChATfl/fl mice (n = 6 per genotype, mean ± SEM, * P < 0.05). (B) Mouse
intestinal organoids (insert) treated with acetylcholine (ACh; white bars, controls; light grey bars, 100 nM;
dark grey bars, 1 µM; black bars, 10 µM) for 14 hours. Relative mRNA levels (normalised against respective
vehicle condition for each group) of lysozyme, Reg3γ and Ang4 are shown (mean ± SEM of duplicate
measurements of three independent experiments). (C) Expression levels of Reg3γ and DefA in organoids
18 hours after adding sorted CD4+ChAT+ (black bars) or CD4+ChATneg T-cells (light grey bars) to the culture.
Shown are the averages of five mice ± SEM of each genotype. (D) Microbiota 16S rRNA sequencing analyses
in jejunal tissue of ChATfl/fl and CD4ChAT-/- mice. Shown are analyses of 8-9 mice samples per group.
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was demonstrated critical for the vagal anti-inflammatory potential in endotoxaemia.4
These data indicate that ChAT+ T-cells are cell intermediates of neuroimmune signalling to
the gut responding to sympathetic stimulation. The findings of the current study give insight in
the mechanism(s) by which sympathetic activity impacts inflammatory relapses, and interferes
with host defence of intestinal mucosa.
Th17 cells are often present at the sites of tissue inflammation in autoimmune diseases, which
has led to the conclusion that Th17 cells are main drivers of autoimmune tissue injury. However,
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CD4ChAT-/- and ChATfl/fl mice. ChATfl/fl mice were used as the control group.
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Table 2. Total bacterial load in intestinal contents from ChATfl/fl and CD4ChAT-/- mice. Data are shown as
medians and minimum and maximum of total bacterial load (ng total bacteria DNA). Statistical differences
were calculated using Mann-Whitney test. Significant differences were established at P < 0.05. No statistical
difference was found for total bacterial load between ChATfl/fl and CD4ChAT-/- mice.
fl/fl

Jejunal contents

Caecal contents

Colonic contents

4
5

-/-

Control ChAT
ng/ng total bacterial DNA

Control CD4ChAT
ng/ng total bacterial DNA

Median
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Median
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Median
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0.34
0.005
5.03
24.15
13.4
43.1
22.31
6.65
78.56
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not all Th17 cells are pathogenic; in fact, Th17 cells generated with TGF-β1 and IL-6 produce
IL-17 but do not readily induce autoimmune disease without further exposure to IL-23.34 Th17
cells are generated in the small intestine38 and act on epithelia via IL-17A and IL-17F production.
This directly up-regulates the CCL20 production by the intestinal epithelial cells, leading to
the subsequent recruitment of CCR6-expressing Th17 cells.38 Th17 cells function as a ‘border
patrol’ in the intestine; these cells are defined as CD4+TCRβ+ T-cells that express RORγt, which,
in turn, promotes the transcription of IL-17A;39 therefore these cells are considered to be a subset
distinct from Th1 cells. Interestingly, IFN-γ (rather than classically thought toll-like receptor
(TLR) ligands) was recently shown to contribute to AMP expression in intestinal epithelia.16
The ChAT+ Th17 population that we identified produced IL-17A, IL-22 and significantly elevated
levels of IFN-γ and as such could further contribute to AMP expression in-vivo. Hence, ChAT+
Th17 cells can act on epithelial AMP production via multiple routes: via ACh directly acting on
muscarinic receptors,40 via the production of IL-22 acting on epithelial AMP secretion,36 and via
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Figure 8. Proposed scheme of ChAT+ Th17 cell generation and functions. The data presented suggest
the following cascade of events. ChAT+ Th17 cells in the gut are mediated by sympathetic activity and
stimulate to antimicrobial peptide (AMP) secretion by the gut epithelia, to maintain healthy gut homeostasis.
This cascade of events demonstrates a sympathetic/adrenergic potential to modulate microbiota diversity
in an array of disease entities.

the production of IFN-γ.16 However, we demonstrate that ACh is a critical contributor of AMP
production in-vivo because CD4ChAT-/- mice showed reduced AMP expression while IL-17A and
IL-22 levels were similar.
Our findings suggest that in the absence of ChAT+ T-cells, reduced AMP expression is
associated with increased bacterial richness and diversity in the small intestine, whereas the total
bacterial load remained equal. The significance of this result is intriguing because reduced
bacterial diversity and richness in the colon has commonly been associated with inflammation.41
However, the pathological significance of alterations in diversity and richness in the upper
gastrointestinal tract that harbours a lower bacterial load than the colon remains unknown.
Increased diversity and richness in the small intestine may indicate an altered host-microbiota
homeostasis in the small intestine of CD4ChAT-/- mice.
In the gut, efferent vagal activity may lead to peripheral release of its principal
neurotransmitter ACh, but one should keep in mind that the vagal nerve particularly projects
to other post-ganglionic enteric neurons, organised in the enteric nervous system (ENS).
The ENS forms a dense network of nerve fibres closely connecting to intestinal immune cells,
both in the submucosal (lamina propria) and muscular externa compartment of the intestine.7
The relay of vagal signals via the ENS implies that vagal signals are amplified by the ENS to induce
the release of a variety of neurotransmitters, including ACh, in the intestinal microenvironment
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leading to modulation of the immune response. Although a direct vagal synapse to immune
cells in the gut lamina propria is not evident,42 cholinergic signalling via non-neuronal cells may
play an important role. Interestingly, we observed that adrenergic neurotransmitters stimulate
ChAT+ Th17 cell generation in-vitro and in-vivo, via adrenergic β2 receptors on DCs. In contrast
to cholinergic (vagal) innervation, adrenergic innervation is very well documented for spleen,
lymph nodes, thymus, and bone marrow.43 Hence, adrenergic imprinting of DCs maturing in
these lymphoid organs represents a very powerful immune-modulatory potential, modulating
various inflammatory processes including lymphocyte egress from the spleen.44 We and others
demonstrated that a relatively short exposure of maturing DCs suffices to induce ChAT+ Th17
in-vitro, confirming earlier observations.12, 45
In accordance to a role for T-cells in mediating vagal anti-inflammatory effects in intestinal
inflammation, vagus nerve stimulation (VNS) fails to reduce inflammation in nude mice that lack
T-cells.9 Adoptive transfer of ACh-synthesising T-cells into nude mice restores some vagal antiinflammatory action. An exception is the specific anti-inflammatory actions of VNS is in a model
of postoperative ileus, where vagal efferent fibres act directly on muscularis macrophages and
are independent of T-cells.46 As we demonstrate, the presence of this cell population is not
restricted to the spleen, but can also be found in other lymphoid structures such as PPs or MLNs
that present with a comparable distribution of adrenergic fibres.11 We show that the target cells in
the intestinal mucosa affected by ChAT+ T-cells include epithelia and, potentially, macrophages,
but other cholinergic receptors are expressed by alternative potential target cells as well.14, 47
Notably, intestinal macrophages in the intestinal mucosa do express functional nicotinic ACh
receptors (nAChR), although not of the α7 nAChR subtype but rather of α4β2 nAChR subtype.48
Our data implicate that ACh can no longer be considered simply as a neurotransmitter but
rather as a ubiquitous intercellular messenger that is important in integrating many aspects of
intestinal physiology in health and disease. In the intestine, we demonstrate the physiological
relevance of non-neuronal ACh release by ChAT+ Th17 cells as novel regulatory system of
the adrenergic system to mediate host defence mechanisms.
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ACETYLCHOLINE-PRODUCING T-CELLS
CONTRIBUTE TO INNATE IMMUNE DRIVEN COLITIS
BUT ARE REDUNDANT IN T-CELL DRIVEN COLITIS

3

ABSTRACT
Clinical trials suggest that vagus nerve stimulation presents an alternative approach to classical
immune suppression in Crohn’s disease. T-cells capable of producing acetylcholine (ChAT+
T-cells) in the spleen are essential mediators of the anti-inflammatory effect of vagus nerve
stimulation. Besides the spleen, ChAT+ T-cells are found abundantly in Peyer’s patches of
the small intestine. However, the role of ChAT+ T-cells in colitis pathogenesis is unknown. Here,
we made use of CD4creChATfl/fl mice (CD4ChAT-/- mice), lacking ChAT expression specifically in
CD4+ T-cells. Littermates (ChATfl/fl mice) served as controls. In acute dextran sulphate sodium
(DSS)-induced colitis (7 days of 2% DSS in drinking water), CD4ChAT-/- mice showed attenuated
colitis and lower intestinal inflammatory cytokine levels compared to ChATfl/fl mice. In contrast,
in a resolution model of DSS-induced colitis (5 days of 2% DSS followed by 7 days without DSS),
CD4ChAT-/- mice demonstrated a worsened colitis recovery and augmented colonic histological
inflammation scores and inflammatory cytokine levels as compared to ChATfl/fl mice. In a transfer
colitis model using CD4+CD45RBhigh T-cells, T-cells from CD4ChAT-/- mice induced a similar
level of colitis compared with ChATfl/fl T-cells. Together, our results indicate that ChAT+ T-cells
aggravate the acute innate immune response upon mucosal barrier disruption in an acute DSSinduced colitis model, while they are supporting the later resolution process of this innate
immune driven colitis. Surprisingly, ChAT expression in T-cells seems redundant in the context
of T-cell driven colitis.

New & noteworthy
By using three different types of experimental colitis, we provide evidence that in DSS-colitis,
ChAT+ T-cells worsen the acute innate immune response, while they support the later healing
phase of this innate immune driven colitis.
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INTRODUCTION

I

Vagus nerve stimulation (VNS) is well recognised for its anti-inflammatory potential. It can lower
inflammatory cytokine levels and dampen inflammation in animal models for sepsis, ileus, colitis
and arthritis.1-6 Currently, VNS is investigated in complex immune disorders like Crohn’s disease
(CD) and rheumatoid arthritis.7, 8 In clinical trials, five out of seven patients with CD responded
to VNS,8 and fifty percent of patients with rheumatoid arthritis were in remission or had a good
response to VNS.7 The mechanism by which VNS improves CD is likely to be indirect since
acetylcholine-producing nerves do not reach the inflamed intestinal mucosa.9 Furthermore,
vagal denervation did not affect the course of colitis,10 in line with the observation that vagal
innervation of the intestine, as identified with retrograde tracing, is sparse in the mucosal and
submucosal layer of the intestine.11 In general, it is recognised that the anti-inflammatory effect
of VNS in endotoxaemia involves activation of the sympathetic, adrenergic splenic nerve and
the presence of acetylcholine-producing T-cells in the spleen.12, 13 Choline acetyltransferase
(ChAT), the rate-limiting enzyme required for the synthesis of acetylcholine, can be used as
marker for acetylcholine-producing T-cells.13-15 ChAT+ T-cells in the spleen have a regulatory,
memory phenotype (CD44highCD62LlowCD45RBlow cells).13 Upon activation, splenic ChAT+ T-cells
produce interleukin (IL)-10, interferon (IFN)-γ and IL-17, indicating that ChAT expression in
the spleen is not restricted to a specific T-cell subset.13 A recent study showed that mice surviving
sepsis after caecal ligation and puncture have higher vagus nerve activity and an increased
number of ChAT+ T-cells in the spleen.16 Although most studies have focused on splenic ChAT+
T-cells, Olofsson et al. showed that blood-born ChAT+ T-cells are important in regulating blood
pressure by secreting acetylcholine.17
We and others demonstrated that ChAT+ T-cells also reside in the intestinal mucosa and
Peyer’s patches (PPs).13, 14, 18 Because many non-neuronal cells in the intestine express receptors
for acetylcholine, ChAT+ T-cells likely interact with their direct surrounding through secretion
of acetylcholine.19-23 ChAT+ T-cells in the gut express IL-17, IL-22 and IFN-γ, in essence resembling
a T-helper 17 (Th17) cell phenotype. Interestingly, ChAT expression in T-cells increased
upon activation via adrenergic β2 receptors.18 We showed that these ChAT+ T-cells stimulate
antimicrobial peptide expression and that mice lacking ChAT expression in CD4+ T-cells display
a higher microbiota diversity in the small intestine.18 However, the relevance of ChAT+ T-cells in
an inflamed setting, such as colitis, is unclear. To this end, we aimed to investigate the role of
acetylcholine-producing T-cells in diverse models of experimental colitis to study their role in
innate, wound healing and effector T-cell derived functions.
In this study, we established that ChAT+ T-cells are abundant in colon and PPs as compared
to spleen and peripheral blood. Surprisingly, ChAT+ T-cells aggravate DSS-induced colitis whilst
ameliorating colitis in a DSS-induced resolution model. ChAT+ T-cells do not play a role in
the pathogenic effector function of T-cells a T-cell driven colitis model.
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MATERIALS AND METHODS
Mice
Adult female C57BL/6 mice (Charles River Laboratories, Maastricht, The Netherlands), adult male
and female ChAT-enhanced green fluorescent protein (eGFP)24 mice and adult male and female
Rag1-/- mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). Adult male and
female CD4creChATfl/fl mice (described earlier18) were bred in our own facility. Mice were housed
under specific pathogen free conditions in individually ventilated cages in the animal research
institute of the Academic Medical Center in Amsterdam. Animals were maintained on a 12/12
hours light/dark cycle under constant temperature (20° C ± 2°C) and humidity (55%) and ad
libitum food and drinking water. Mice were handled in accordance with guidelines of the Dutch
Central Committee for Animal Experiments and the local Animal Research Ethics Committee of
the University of Amsterdam. The last ethics committee approved the experimental protocols.

Flow cytometry
In order to determine the frequency of ChAT+ T-cells, we collected the PPs, mesenteric
lymph nodes (MLNs), spleen and colon in RPMI-1640 (ThermoFisher Scientific, Landsmeer,
The Netherlands) on ice and blood in a heparin tube from four adult ChAT-eGFP mice (2 male and
2 female) and four adult female C57BL/6 mice. Colon tissue was cut open longitudinally, cut in
0.5 cm pieces and washed with phosphate buffered saline (PBS). Subsequently, it was incubated
in calcium/magnesium-free Hanks’ balanced salt solution (HBSS; Lonza, Basel, Switzerland)
supplemented with 2% (v/v) foetal calf serum (FCS; Bodinco, Alkmaar, The Netherlands)
containing 5 mM EDTA (ThermoFisher Scientific) for 20 minutes, shaking at 230 rpm at 37°C. After
incubation, we washed the tissue pieces with PBS and cut them into 0.1 cm pieces. Tissue pieces
were incubated for 40 minutes under vigorous shaking at 37°C with calcium/magnesium-free
HBSS supplemented with 2% FCS, 62.5 µg/ml Liberase TL and 200 µg/ml DNase I (both enzymes
from Roche Applied Bioscience, Almere, The Netherlands). The colon cell suspension was
passed through a 40 µm cell strainer. PPs, MLNs and spleens were mashed and flushed through
a 40 µm cell strainer. Erythrocytes were lysed in the spleen and blood samples by incubation
with erythrocyte lysis buffer (containing 155 mM NH4Cl, 10 mM KHCO3 and 0.1 mM EDTA) for 5
minutes on ice. All cell suspensions were washed with RPMI-1640, resuspended in FACS buffer
(PBS with 0.5% Bovine Serum Albumin (BSA), 0.01% NaN3 and 0.3 mM EDTA) and stained with
PeCy7-conjugated CD4 (RM4-5; Affymetrix, Vienna, Austria). Cell staining was analysed using
a FACS Fortessa (BD Bioscience, San Jose, CA, USA).
To determine the frequency of ChAT expression in the cell subset that is used for T-cell
transfer, we collected spleens from four adult female ChAT-eGFP mice and four adult female
C57BL/6 mice, and mashed and flushed them through a 40 µm cell strainer. Erythrocytes were
lysed by incubation with erythrocyte lysis buffer for 5 minutes on ice. Cell suspensions were
washed with RPMI-1640, resuspended in FACS buffer and stained with PeCy7-conjugated CD4
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and APC-conjugated CD45RB (C363-16A; Biolegend, San Diego, CA, USA). Cell staining was
analysed using a FACS Fortessa.

I

Dextran sulphate sodium (DSS)-induced colitis

1

For the acute DSS-induced colitis model in mice, 2% (w/v) DSS (TdB Consultancy, Uppsala,
Sweden) was added to the drinking water for seven consecutive days. For the resolution model
of DSS-induced colitis, 2% (w/v) DSS was added to the drinking water for five consecutive days,
followed by normal drinking water for a subsequent seven days, making the total experiment
length 12 days. Daily replacement of drinking water with fresh DSS solutions was performed.
For the acute model, ten adult male or female mice (from both genotypes: CD4creChATfl/fl
and ChATfl/fl) received DSS, five extra mice of each genotype were kept on normal drinking
water as control groups. For the resolution model, nine adult male or female mice (from both
genotypes: CD4creChATfl/fl and ChATfl/fl) received DSS, five extra mice of each genotype were
kept on normal drinking water as control groups. Gender and age were equally distributed over
the groups. During the study, bodyweight and behaviour were monitored daily. After seven
or twelve days, mice were sacrificed and disease activity index was determined, measuring
inflammation (0-3), diarrhoea (0-3) and occult blood in the stool (0-3) as described before.25
We measured colon wet weight and colon length. Colon weight per cm, indicating oedema,
was used as disease parameter. Colon tissue was cut in half longitudinally for histopathology.
The other half of the colon was cut in half and used for measuring cytokine mRNA levels and
protein concentrations.
Two percent DSS in the drinking water for seven consecutive days was given to ten ChAT-eGFP
mice to address frequency changes due to acute DSS-induced colitis. Five extra ChAT-eGFP
mice receiving normal drinking water served as control group. Both male and female adult mice
were used and gender was distributed equally over the groups. During the study, bodyweight
and behaviour were monitored daily. After seven days, the animals were sacrificed and PPs and
MLNs were collected, mashed, and flushed through a 40 µm cell strainer. Cell suspensions were
washed with RPMI-1640, resuspended in FACS buffer and stained with PeCy7-conjugated CD45
(30-F11; Biolegend, San Diego, CA, USA), DAPI (Brunschwig, Amsterdam, The Netherlands),
PE-conjugated CD3 (145-2C11; BD Bioscience), and PerCP-Cy5.5-conjugated CD4 (RM4-5;
Affymetrix). Cell staining was analysed using a SH800S Cell Sorter (Sony Biotechnology,
Weybridge, United Kingdom).
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T-cell transfer colitis
We applied the T-cell transfer model as described.26, 27 In short, CD4+CD45RBhigh cells were isolated
from spleens with magnetic bead depletion and fluorescence-activated cell sorting. Spleens
from CD4creChATfl/fl mice and littermate controls (ChATfl/fl mice) were used. Eleven Rag1-/- mice
per group were transferred with 3x105 CD4+CD45RBhigh cells intraperitoneally (i.p.). Five Rag1-/mice did not receive the cell transfer and served as control group. To check if ChAT+ T-cells
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could be traced back at the end of the transfer experiment, four Rag1-/- mice were injected
with CD4+CD45RBhigh cells from spleens of ChAT-eGFP mice. Adult male and female Rag1-/- mice
were randomly divided over the groups, creating identical groups concerning gender and age.
Bodyweight and behaviour were assessed three times a week. Animals reaching bodyweight
loss of 20% from start and showing sickness behaviour were sacrificed before seven weeks.
In that case, all parameters were taken along, tissues were still assessed and last bodyweight
carried forward was used in the analysis of the bodyweight over time. After three, five and
seven weeks, endoscopy was performed under anaesthesia with 3% isoflurane/O2 to assess
colonic inflammation. The Olympus URF type V endoscope (Zoeterwoude, The Netherlands)
was rectally inserted for a maximum of 5 cm and videos of the endoscopy were recorded
using a Medicap USB200 Medical Digital Video Recorder (Roermond, The Netherlands), when
retracting the endoscope. A blinded and trained technician determined the murine endoscopic
index of colitis severity (MEICS), consisting of wall thickening, vascularity, visible fibrin,
granularity and stool consistency, scored between 0 and 3.28 This determined a total endoscopy
score ranging from 0 to 15. After seven weeks, the animals were sacrificed. Disease activity index
was determined, measuring inflammation (0-3), diarrhoea (0-3) and occult blood in the stool
(0-3) as described before.25 Spleen weight was measured, a measurement for inflammation and
successful T-cell transfer. We measured colon wet weight and colon length. Colon weight per cm,
indicating oedema, was used as a disease parameter. Colon tissue was cut in half longitudinally
for histopathology. The other half of the colon was cut in half and used for measuring cytokine
mRNA levels and protein concentrations.
Blood was collected from four Rag1-/- mice that received cell transfer from ChAT-eGFP mice
to determine the frequency of ChAT expressing cells seven weeks after transfer. Blood from
five Rag1-/- mice that received cell transfer from ChATfl/fl mice was used as control. Erythrocytes
were lysed by incubation with erythrocyte lysis buffer for 5 minutes on ice. Cell suspension was
washed with RPMI-1640, resuspended in FACS buffer and stained with PeCy7-conjugated CD4.
Cell staining was analysed using a FACS Fortessa.

Histopathology
Colon tissue was fixed in 4% formalin according to protocol and embedded in paraffin for
routine histology. A blinded and experienced researcher evaluated formalin-fixed haematoxylin
and eosin (HE) stained tissue sections microscopically and scored the sections based on four
(T-cell transfer colitis) or five (DSS-induced colitis) characteristics of inflammation explained
in Table 1 and Table 2. This resulted in the mouse colitis histology index (MCHI), based on
Koelink et al.29

RNA isolation, cDNA synthesis and quantitative PCR analysis
We extracted RNA from frozen colon tissue after homogenisation of the samples in TriPure
isolation reagent according to manufacturer’s instructions (Roche Applied Science). RNA from

78

Table 1. MCHI for T-cell transfer colitis model. 29 Goblet cell loss is weight 1x, crypt density 2x, hyperplasia 2x
and submucosal infiltrate 3x. Total score ranges from 0 to 22.
0
Goblet
None
cell loss
Crypt density Normal
Hyperplasia None
Submucosal None
infiltrate

I

1

2

3

< 10%

10-50%

> 50%

Decrease of < 10%
Slightly increased
crypt length
Individual cells

Decrease of ≥ 10%
2-3 times increased
crypt length
Infiltrate(s)

1

> 3 times increased
crypt length
Large infiltrate(s)

2
3

Table 2. MCHI for DSS-induced colitis model. 29 All subscores are weight equal. Total score ranges from 0 to 14.
0
Goblet
None
cell loss
Crypt density Normal
Hyperplasia None
Submucosal None
infiltrate
Area involved None

1

2

3

< 10%

10-50%

> 50%

Decrease of < 10%
Slightly increased
crypt length
Individual cells

Decrease of ≥ 10%
2-3 times increased
crypt length
Infiltrate(s)

> 3 times increased
crypt length
Large infiltrate(s)

< 10%

10-50%

> 50%

4
5
6
D

the DSS-induced colitis experiments was cleaned with the Bioline ISOLATE II mini kit (GC biotech
B.V., Alphen a/d Rijn, The Netherlands) according to manufacturer’s protocol.
cDNA was synthesised using dNTPs (ThermoFisher Scientific), Random primers (Promega,
Leiden, The Netherlands), Oligo dT primers (Sigma, Zwijndrecht, The Netherlands), Revertaid
and Ribolock (both ThermoFisher Scientific). Quantitative polymerase chain reaction (PCR)
was performed using SensiFAST SYBR No-ROX (GC biotech B.V.) on a LightCycler 480 II (Roche
Applied Science) to analyse expression levels of murine IL-1β, IL-6, IL-10, IL-17, tumour necrosis
factor (TNF)-α, IFN-γ and mucin 2 (Muc2) using LinRegPCR software.30 For normalisation,
murine reference genes hypoxanthine phosphoribosyltransferase (HPRT), glyceraldehyde3-phosphate dehydrogenase (GAPDH), ribosomal protein lateral stalk subunit P0 (RPLP0),
cyclophilin and eukaryotic translation elongation factor 2 (EEF2) were selected, after analysis
for stability in geNorm.31 Primers (synthesised by Sigma) are listed in Table 3.

&

Protein concentrations of cytokines in intestinal tissue
Frozen colon tissue was homogenised on ice in Lysis Buffer (150 mM NaCl, 15 mM Tris, 1 mM
MgCl·6H2O, 1 mM CaCl2, 1% Triton) with protease inhibitor cocktail (Roche Applied Science), pH
7.4, diluted 1:1 with PBS. In these tissue lysates, protein concentrations of IL-6, IL-10, TNF-α, IFN-γ
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Table 3. Primer sequences for qPCR
Gene

Forward sequence

Reverse sequence

IL-1β
IL-6
IL-10
IL-17
TNF-α
IFN-γ
Muc2
HPRT
GAPDH
RPLP0
Cyclophilin
EEF2

GCCCATCCTCTGTGACTCAT
GAGTTGTGCAATGGCAATTCTG
TGTCAAATTCATTCATGGCCT
AAAGCTCAGCGTGTCCAAACA
TGGAACTGGCAGAAGAGGCACT
TACTACCTTCTTCAGCAACAGC
TGAAGACCGAGATTGTGCCC
CCTAAGATGAGCGCAAGTTGAA
GACAACTCATCAAGATTGTCAGCA
CCAGCGAGGCCACACTGCTG
ATGGTCAACCCCACCGTGT
TGTCAGTCATCGCCCATGTG

AGGCCACAGGTATTTTGTCG
TGGTAGCATCCATCATTTCTTTGT
ATCGATTTCTCCCCTGTGAA
CTTCATTGCGGTGGAGAGTC
CCATAGAACTGATGAGAGGGAGGC
AATCAGCAGCGACTCCTTTTC
AGATGACGTTGAGCTGGGTG
CCACAGGACTAGAACACCTGCTAA
TTCATGAGCCCTTCCACAATG
ACACTGGCCACGTTGCGGAC
TTCTGCTGTCTTTGGAACTTTGTC
CATCCTTGCGAGTGTCAGTGA

and monocyte chemoattractant protein (MCP)-1 were measured with a mouse inflammation kit
by BD cytometric bead assay (CBA; BD Bioscience) according to manufacturer’s protocol, with
the exception that reagents were 10 times diluted.

Statistical analysis
Graphs were made with Prism 7.0 (GraphPad Software, La Jolla, CA). For all experiments, we
used a Kolmogorov-Smirnov test to determine normality of distribution. In IBM SPSS Statistics
Version 25 (IBM Corporation, Armonk, NY), an independent T-test or Mann-Whitney U test
(2 groups) or an ANOVA or Kruskal-Wallis test (> 2 groups) was used to check for statistical
significance. If the ANOVA analysis gave a significant difference, then a Bonferroni correction
for multiple comparisons was done. If the Kruskal-Wallis analysis gave a significant difference,
a pairwise comparison with post-hoc Dunn’s test was performed. All data are expressed as mean
(if distributed normally) or median (if not distributed normally) plus standard deviation (SD),
interquartile range (IQR) or individual data points. P-value (P) < 0.05 was considered significant.

RESULTS
ChAT + T-cells are enriched in the intestine compared to peripheral blood and spleen
We first investigated the frequency of ChAT+ T-cells in the spleen, colon, MLNs, PPs, and
peripheral blood. Examples of the flow cytometry plots are shown in Figure 1A. The percentage
of ChAT+ T-cells was highest in the colon and PPs, followed by the MLNs (Figure 1B). Surprisingly,
although its pivotal role in the anti-inflammatory reflex of VNS is described extensively,13, 32-34
the frequency of ChAT+ T-cells in the spleen was much lower than in the structures involved
in intestinal immunity. The frequency of ChAT+ T-cells in the PPs is in line with earlier data.18
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Figure 1. Frequency of ChAT+ T-cells in different organs. (A) Example of the gating of ChAT+CD4+ T-cells.
Shown is spleen tissue. (B) Quantification of the ChAT+ T-cell frequency of the total CD4+ population
measured by flow cytometry in colon, mesenteric lymph nodes (MLNs), Peyer’s patches (PPs), spleen and
peripheral blood of four C57BL/6 mice (left boxes) and ChAT-eGFP mice (right, transparent boxes). (C-D)
ChAT+ T-cell frequency from the total CD4+ cell population measured by flow cytometry in PPs (C) and MLNs
(D). Shown is the difference between ChAT-eGFP mice on normal drinking water (Control) and ChAT-eGFP
mice that are treated with 2% dextran sulphate sodium (DSS) for seven consecutive days (DSS). N = 4-9
mice. Representative of two independent experiments is shown.
Data are expressed as Box-Whisker-Plots indicating the median ± Min-Max. We tested for statistical
significant differences with a Mann-Whitney U test. P < 0.05 was considered significant.

&

Because ChAT+ T-cells are highly enriched in the intestine, we hypothesised that these cells are
crucial for maintaining gut immune homeostasis.

ChAT + T-cells worsen inflammation in acute DSS-induced colitis
We measured the frequency of ChAT+ T-cells during acute DSS-induced colitis using ChAT-eGFP
mice. The frequency of ChAT+ T-cells in the PPs as well as the MLNs slightly increased after
DSS exposure, however not significant (Figure 1C-D). Next, we tested the effect of acute DSSinduced colitis in CD4ChAT-/- mice and ChATfl/fl mice. Although ChAT deficiency did not affect
bodyweight loss over time (Figure 2A), clinical parameters indicated a worsened colitis in ChATfl/fl
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mice as compared to CD4ChAT-/- mice (Figure 2B-D). This was also evident with respect to
cytokine levels in the colon (Figure 2E-F). IL-6 expression was significantly higher in the ChATfl/fl
mice compared with the CD4ChAT-/- mice (resp. mean: 1 vs. 0.35; P = 0.04; Figure 2F) while Muc2
expression was reduced in CD4ChAT-/- mice as compared to ChATfl/fl mice (resp. mean: 0.76 vs.
1; P = 0.02; Figure 2F).

ChAT + T-cells support resolution of intestinal inflammation induced by DSS
Next, we investigated the role of ChAT+ T-cells during resolution of inflammation, in a 5-day DSS
colitis model followed by a recovery period.25 CD4ChAT-/- mice displayed reduced recovery after
DSS-induced colitis represented by a reduced bodyweight (Figure 3A), a higher colitis histology
index (Figure 3D) and higher IL-6 protein levels in the colon as compared to ChATfl/fl mice (resp.
median 0.51 vs. 0.05; P < 0.01; Figure 3E). This trend was also seen at mRNA level of several
inflammatory cytokines (Figure 3F). Of note, not all cytokines were expressed at detectable
levels in the resolution phase of inflammation.

ChAT + T-cells do not play a role in the T-cell transfer model of colitis
Since DSS-induced colitis is mainly characterised by innate driven inflammation, we also
investigated the role of ChAT+ T-cells in a model of T-cell driven colitis. ChAT expression was
found in the CD4+CD45RBhigh T-cells that are transferred to induce colitis (Figure 4A). Seven weeks
after transfer we found an increased frequency, compared to the frequency in the transferred
population, of ChAT+ T-cells in the blood of Rag1-/- mice injected with T-cells from ChAT-eGFP
mice (Figure 4B), indicating that the transferred population has expanded and retained
ChAT expression.
Rag1-/- mice transferred with CD4+CD45RBhigh T-cells from spleens from CD4ChAT-/- mice or
ChATfl/fl lose weight starting after four weeks until the end of the experiment at a similar rate
(Figure 5A). Endoscopic assessment of colonic inflammation showed that after three weeks
inflammation was not apparent, but endoscopy score was increased after five and seven weeks
compared to non-transferred mice (Figure 5B). However, there was no difference between
CD4ChAT-/- or ChATfl/fl T-cell transferred mice. Spleen weight, colon weight/length ratio, disease
activity index and the mouse colitis histology index were all increased in both groups receiving
T-cell transfer compared to non-transferred mice (Figure 5C-F), indicating successful induction
of colitis. In the colon, an upregulation of inflammatory cytokines, like IL-1β, IL-6, TNF-α and
IFN-γ, both at mRNA expression and protein level was seen upon T-cell transfer (Figure 5G-H).
No significant differences were seen between CD4ChAT-/- or ChATfl/fl T-cell transferred mice in
colon cytokine levels.
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Figure 2. ChAT+ T-cells worsen inflammation in acute dextran sulphate sodium (DSS)-induced colitis.
(A) Bodyweight loss of mice over time, compared with day 0. Data are expressed as mean and standard
deviation (SD). (B) Colon weight as a marker of oedema and inflammation, normalised for colon length. (C)
Disease activity index for colitis based on Melgar et al.25 (D) Mouse colitis histology index, based on Koelink
et al.29 (E) Protein levels of interleukin (IL)-6, IL-10, tumour necrosis factor (TNF)-α, interferon (IFN)-γ and
monocyte chemoattractant protein (MCP)-1 in colon homogenates, normalised for total protein levels. (F)
mRNA levels of IL-1β, IL-6, IL-10, IL-17, TNF-α, IFN-γ and mucin 2 (Muc2) in colon homogenates. mRNA levels
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are normalised for reference genes glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and ribosomal
protein lateral stalk subunit P0 (RPLP0) and relative compared to ChATfl/fl mice receiving 2% DSS.
N = 5-10 mice. Data are expressed as mean (B) or median (C, D, E and F (except IL-6 and Muc2)) and
individual data points. We tested for statistical differences between ChATfl/fl mice and CD4ChAT-/- mice
receiving DSS with an independent T-test or a Mann-Whitney U test. P < 0.05 was considered significant.
* P < 0.05.

Figure 3. ChAT+ T-cells support resolution of intestinal inflammation induced by dextran sulphate
sodium (DSS). (A) Bodyweight loss of mice over time, compared with day 0. Data are expressed as mean and
standard deviation (SD). (B) Colon weight as a marker of oedema and inflammation, normalised for colon
length. (C) Disease activity index for colitis based on Melgar et al.25 (D) Mouse colitis histology index, based
on Koelink et al.29 (E) Protein levels of interleukin (IL)-6, tumour necrosis factor (TNF)-α and monocyte
chemoattractant protein (MCP)-1 in colon homogenates, normalised for total protein levels. IL-10 and
interferon (IFN)-γ were below detection limit. (F) mRNA levels of IL-1β, IL-6, IL-10, IL-17, TNF-α, IFN-γ and
mucin 2 (Muc2) in colon homogenates. mRNA levels are normalised for reference genes cyclophilin and
eukaryotic translation elongation factor 2 (EEF2) and relative compared to ChATfl/fl mice receiving 2% DSS.
N = 4-9 mice. Data are expressed as mean (B) or median (C, D, E and F (except IL-10 and Muc2)) and
individual data points. We tested for statistical differences between ChATfl/fl mice and CD4ChAT-/- mice
receiving DSS with an independent T-test or a Mann-Whitney U test. P < 0.05 was considered significant.
* P < 0.05.

DISCUSSION
We show that a significant proportion of T-cells in the spleen and PPs expresses ChAT, and that
the frequency of ChAT+ T-cells is higher in the intestine compared to the frequency in the spleen
and peripheral blood. In spleen, these cells may relay the adrenergic signal from splenic nerve
fibres and produce acetylcholine, connecting the adrenergic and cholinergic system as well as
the autonomic nervous system and the immune system.35 This connection makes these ChAT+
T-cells, that also reside in the intestine, candidates to fulfil a crucial role in intestinal inflammation,
while acknowledging that B-cells, macrophages and dendritic cells are also reported to express
ChAT and the latter also express CD4.14 However, to what extend this is relevant in myeloid cell
function and in our model is unclear.36 We demonstrated earlier that the ChAT+ subset in PPs
lacked markers specific for myeloid cells such as CD11b and CD11c.18
In the present study, we investigated ChAT+ T-cells in three different colitis models. Our
results suggest a dual role of ChAT+ T-cells in colitis since the outcome depends on the stage of
the colitic process. ChAT+ T-cells aggravate acute DSS-induced colitis, but are seemingly required
to secure a proper resolution of innate immune driven inflammation, whereas the expression of
ChAT is redundant in T-cell driven colitis. It is important to emphasise that the differential role
of ChAT+ T-cells in these models may be due to the fact that in each of these models different
cells play an effector role.
We did not measure acetylcholine levels in the intestine in these experiments. Acetylcholine
is a neurotransmitter with a very short half-life, predominantly exerting an autocrine
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and paracrine function, which is rapidly broken down and notoriously hard to measure.
Furthermore, the levels are not informative with regard to the source of acetylcholine, arguing
against the value of these measurements since abundant cholinergic neurons in the intestine
will complicate the interpretation of the measured acetylcholine level. Noteworthy, cholinergic
fibres are the main source of acetylcholine in the intestine.37
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Figure 4. ChAT+ T-cell frequency before and after T-cell transfer. (A) Gating strategy and quantification
of ChAT+ T-cells in the T-cell population of the spleen that is used for T-cell transfer. Spleens from four
ChAT-eGFP and four C57BL/6 mice are used. (B) Gating strategy and quantification of ChAT+ T-cells in
peripheral blood of Rag1-/- mice seven weeks after T-cell transfer of ChATfl/fl mice or ChAT-eGFP mice. Five
Rag1-/- mice receiving cells from ChATfl/fl mice and four Rag1-/- mice receiving cells from ChAT-eGFP mice
were used. Median and individual data points are shown.

Figure 5. ChAT+ T-cells do not play a role in the T-cell transfer model of colitis. (A) Bodyweight loss of
mice over time, compared with day 0. Data are expressed as mean and standard deviation and last weight
carried forward is used for animals that were sacrificed before the endpoint at seven weeks. (B) Endoscopy
score as marker for intestinal inflammation based on Becker et al.28 Measured after three, five and seven
weeks. Three animals are used as example to the right, snapshots from the movies from week three and
week seven are taken. (C) Spleen weight relative to total bodyweight as measurement of successful T-cell
transfer. (D) Colon weight as a marker of oedema and inflammation, normalised for colon length. (E)
Disease activity index for colitis based on Melgar et al.25 (F) Mouse colitis histology index, based on Koelink
et al.29 (G) Protein levels of (IL)-6, IL-10, tumour necrosis factor (TNF)-α, interferon (IFN)-γ and monocyte
chemoattractant protein (MCP)-1 in colon homogenates, normalised for total protein levels. (H) mRNA
levels of IL-1β, IL-6, IL-10, IL-17, TNF-α, IFN-γ and mucin 2 (Muc2) in colon homogenates. mRNA levels are
normalised for reference genes hypoxanthine phosphoribosyltransferase (HPRT) and glyceraldehyde-3phosphate dehydrogenase (GAPDH) and relative compared to Rag1-/- mice receiving T-cell transfer from
ChATfl/fl mice.
N = 5-11 mice. Data are expressed as mean (B and C) or median (D, E, F, G and H (except IL-1β, IL-6
and TNF)) and individual data points. We tested for statistical differences between Rag1-/- mice receiving
T-cell transfer from ChATfl/fl mice or CD4ChAT-/- mice with an independent T-test or a Mann-Whitney U test.
P < 0.05 was considered significant.

86

A

I

Bodyweight (%)

140
No transfer

120

ChATﬂ/ﬂ cells
CD4ChAT-/- cells

100

1

arrows indicate endoscopy
80
60

2

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49

Days

10

10

5

5

5

ChATﬂ/ﬂ cells

5

0

4

E
6

100

50

0

IL-6

4

2

0

IL-10
2.0
1.8

TNF-α
15

0.2

10

1.0

5

0.5

0

0.0

IL-1β
2.5
2.0

0

IL-6

IL-10

4

4

3

3

2

2

1.5
1.0
0.5
0.0

6

No transfer

15

ChATﬂ/ﬂ cells

10

-/-

CD4ChAT cells

5

D

0

MCP-1

&

60
40

No transfer

H

20

80

0.4

5

25

IFN-γ
1.5

0.6
10

5

F

150

Mouse colitis histology index

10

3

CD4ChAT-/- cells

D
15

50
40

pg/mg total protein

0

Disease activity index

Spleen weight/bodyweight (mg/g)

0

No transfer

Week 3

10

Colon weight/length (mg/cm)

Endoscopy score

15

G

mRNA relative expression

Week 7

15

0

C

Week 5

Week 3
15

Week 7

B

1

1

0

0

20

0.0

ChATﬂ/ﬂ cells

TNF-α

IL-17
3

2

1

0

0

CD4ChAT-/- cells
IFN-γ

Muc2

2.0

2.0

8

1.5

1.5

6

1.0

1.0

4

0.5

0.5

2

0.0

0.0

0

87

In DSS-induced colitis, DSS causes damage to the intestinal epithelial layer and triggers
a strong innate immune response.38 Leukocytes are recruited upon inflammation, producing
inflammatory cytokines like TNF-α and these leukocytes are potential target cells of
acetylcholine produced by the ChAT+ T-cell. In addition to this, ChAT+ T-cells present in
lymphoid structures in the intestine are activated by the innate immune system and produce
proinflammatory mediators like IFN-γ and IL-17, contributing to the inflammatory process. This
is likely since we showed before that ChAT+ T-cells in the intestine in a homeostatic condition
produce these factors.18 Additionally, we showed in the current study that IFN-γ protein
concentration and IL-17 expression are both lower in CD4ChAT-/- mice receiving DSS as compared
to ChATfl/fl mice (Figure 2). Our results from the acute DSS-induced colitis are surprising in
the context of papers that show that ChAT+ T-cells are capable of reducing the TNF-α secretion
of inflammatory monocytes and macrophages, and are important in the anti-inflammatory effect
of VNS.13, 32, 39 However, these studies did not focus on the particular phenotype of ChAT+ T-cells
in the intestine and what they produce besides acetylcholine. It is unlikely that acetylcholine
itself has an inflammatory effect in acute colitis, since there is widespread evidence showing
that acetylcholine has potent anti-inflammatory effects on innate immune cells and intestinal
epithelial cells.40-43
The role of ChAT+ T-cells and acetylcholine in the resolution of inflammation has not
been previously addressed. The vagus nerve is described to stimulate resolution in peritoneal
inflammation44 and after Escherichia coli infection.45 One may hypothesise that the production
of acetylcholine by ChAT+ T-cells in the intestine produces an autocrine trigger affecting their
differentiation and effector function depending on the tissue microenvironment and colitis
stage. The data from the DSS-induced colitis experiments suggest a bivalent role for CD4+ChAT+
T-cells. This could indicate that other CD4+ cells such as dendritic cells may be involved.
However, only a small portion of CD3-CD4- cells express ChAT and these cell populations were
not different between DSS and control groups (data not shown).
The T-cell transfer colitis model, which we used as a third experimental colitis model, is
a model for T-cell mediated inflammation in contrast to innate immune mediated inflammation
in DSS-induced colitis. We did not find a role for ChAT+ T-cells as CD4creChATfl/fl T-cells
produced similar colitis as compared to ChATfl/fl T-cells. Although we were able to trace back
the ChAT+ T-cells in peripheral blood seven weeks after transfer, the frequency of ChAT in
the transferred T-cell population at the beginning is very low and may not be sufficient to alter
the disease course. Another study showed that co-transfer of ChAT+ T-cells reduced hallmarks
of the disease.14 However, they also show that these cells have a regulatory phenotype, which
could be the primary cause of the inhibition of T-cell transfer colitis. Our results suggest however
that the relative low amount of ChAT+ T-cells in the CD4+CD45high T-cell population is not able to
regulate the large amount of pathogenic T-effector cells.
Critical next steps would be to phenotype ChAT+ T-cells in the different phases of intestinal
inflammation and to determine the frequency and phenotype of ChAT+ T-cells in the intestine of
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patients with IBD. A first study with patients with ulcerative colitis shows less immunoreactivity
for non-neuronal ChAT in the mucosa.46
In conclusion, our study reveals a dual role of ChAT+ T-cells in intestinal inflammation,
aggravating the acute innate immune response while supporting the resolution process. This
difference might be explained by a change in phenotype or activity of the cell depending on
the phase of inflammation. This knowledge is important in optimising the current field of nerve
stimulation in complex immune disorders and emphasises the need for a disease-, location- and
time-specific approach.
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PART
NEUROMODULATION OF
INTESTINAL IMMUNE CELLS

II

LOSS OF INTESTINAL SYMPATHETIC
INNERVATION ELICITS AN
INNATE IMMUNE DRIVEN COLITIS

4

ABSTRACT
Background
Both the parasympathetic and sympathetic nervous system exert control over innate immune
responses. In inflammatory bowel disease, sympathetic innervation in intestinal mucosa is
reduced. Our aim was to investigate the role of sympathetic innervation to the intestine on
regulation of the innate immune responses.

Methods
In lipopolysaccharide (LPS)-stimulated macrophages, we evaluated the effect of adrenergic
receptor activation on cytokine production and metabolic profile. In-vivo, the effect of
sympathetic denervation on mucosal innate immune responses using 6-hydroxydopamine
(6-OHDA), or using surgical transection of the superior mesenteric nerve (sympathectomy) was
tested in Rag1-/- mice that lack T- and B-cells.

Results
In murine macrophages, adrenergic β2 receptor activation elicited a dose-dependent reduction
of LPS-induced cytokines, reduced LPS-induced glycolysis and increased maximum respiration.
Sympathectomy led to a significantly decreased norepinephrine concentration in intestinal
tissue. Within 14 days after sympathectomy, mice developed clinical signs of colitis, colon
oedema and excess colonic cytokine production. Both 6-OHDA and sympathectomy led to
prominent goblet cell depletion and histological damage of colonic mucosa.
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Conclusions

I

We conclude that the sympathetic nervous system plays a regulatory role in constraining innate
immune cell reactivity towards microbial challenges, likely via the adrenergic β2 receptor.

1

Key words: inflammatory bowel disease, colitis, autonomic nervous system, sympathetic
innervation, norepinephrine
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INTRODUCTION
The intestinal mucosa is home to a dense immune cell network that delicately needs to balance
responses to microbiota in the gut lumen. In inflammatory bowel disease (IBD), a complex and
multifactorial disease, this crucial balance in the immune system is distorted. Although several
therapeutic options are available, not all patients respond to treatment.
Recent trials have taken an original approach for immune suppression in IBD based on
the recognition of the nervous system as a negative regulator of inflammatory processes.
The vagus nerve has been identified to negatively regulate inflammation in multiple models
through the cholinergic anti-inflammatory pathway.1 Vagus nerve stimulation (VNS) improves
colitis in rats.2 Furthermore, current pilot studies of VNS are undertaken to support a role for
vagus nerve activity in active Crohn’s disease (NCT02311660 and Bonaz et al.3). In addition,
earlier studies have put forward that acetylcholine, the main neurotransmitter of the vagus
nerve, is a potent immune modulator in gut inflammation (reviewed in4). However, based
on anatomical considerations, vagus nerve terminals do not directly innervate mucosal cells
nor synapse with mucosal immune cells.5 Moreover, given the short half-life of acetylcholine,
cholinergic modulation of target cells requires close cell-cell interaction and it is unclear
whether cholinergic neurons interact with immune cells in the colonic mucosa.
Instead, more recent studies indicate that VNS reduces inflammation through vagal
afferent activity and subsequent activation of the sympathetic greater splanchnic nerves.6, 7
The sympathetic nervous system innervates all layers of the intestine and the gut-associated
lymphoid tissue.8, 9 Furthermore, catecholamine levels and sympathetic innervation in
the intestine of patients with IBD is decreased.10, 11 Animal models that address the role of
adrenergic innervation in colitis have yielded contrasting data. Activating the adrenergic α2
receptor worsened experimental colitis, whereas activation of the adrenergic β3 receptor
ameliorates experimental colitis.12, 13 Furthermore, chemical sympathectomy resulted in
a decreased severity of acute experimental colitis but worsened chronic experimental colitis.10, 14
We recently established that sympathetic, rather than vagal innervation plays a regulatory
role in experimental colitis severity.15 In agreement, previous research has shown that one of
the main neurotransmitters of the sympathetic nervous system, norepinephrine, has an antiinflammatory effect on innate immune cells.16, 17 Norepinephrine can also activate inflammatory
cells depending on the binding affinity with different receptors.18, 19
The aim of this study was to evaluate potential regulatory role of sympathetic innervation on
the level of activation of innate immune cells in the gut mucosa. We show in-vitro that adrenergic
β2 receptor activation strongly inhibited inflammatory activation by lipopolysaccharide (LPS).
In-vivo, by using either chemical or surgical sympathectomy in Rag1-/- mice, we show that
sympathectomy induces an inflammatory activation of innate immune cells leading to colitis.
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MATERIALS AND METHODS
Mice
Female C57BL/6 inbred mice (8-12 weeks old) were purchased from Charles River Laboratories
(Maastricht, The Netherlands) and male and female Rag1-/- mice (8-12 weeks old) from
The Jackson Laboratory (Bar Harbor, ME, USA). Rag1-/-Adrβ2-/- mice, male as well as female,
were kindly provided to us by the laboratory of Philippe Blancou at the Institute of Molecular
and Cellular Pharmacology (Valbonne, France). Animals were housed under specific pathogen
free conditions in individually ventilated cages in our animal facility at the Academic Medical
Center in Amsterdam. Animals were maintained on a 12/12 hours light/dark cycle under constant
condition of temperature (20°C ± 2°C) and humidity (55%) and ad libitum food and water. Mice
were handled in accordance with guidelines of the Animal Research Ethics Committee of
the University of Amsterdam. The same ethics committee approved the experimental protocols.

Murine bone marrow-derived macrophages (BMDM)
Bone marrow cells from tibiae and femurs of adult female C57BL/6 mice were cultured for
eight days in RPMI-1640 with HEPES (ThermoFisher Scientific, Landsmeer, The Netherlands)
supplemented with 10% (v/v) foetal calf serum (FCS; Bodinco, Alkmaar, The Netherlands), 100
U/ml pen/strep (Lonza, Basel, Switzerland), 2mM L-Glutamine (ThermoFisher Scientific) and
15% (v/v) L929- cell (ATCC, Manassas, VA, USA) conditioned culture medium as a source for
macrophage colony-stimulating factor (M-CSF). Cells were harvested with 4 mg/ml lidocaine
(Sigma, Zwijndrecht, The Netherlands). BMDM were treated with 100 ng/ml lipopolysaccharide
(LPS; Bio-Connect, Huissen, The Netherlands) for 18 hours. As a pre-treatment, we used
salbutamol, norepinephrine and propranolol (all Sigma) in dosages ranging from 0.1 µM to
10 µM. After 18 hours, supernatant was collected for protein determination and BMDM were
collected for RNA isolation.
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Human peripheral-blood-derived macrophages
Peripheral blood mononuclear cells were isolated from healthy donor buffy coats (Sanquin,
Amsterdam, The Netherlands) using Ficoll Paque Plus (GE Healthcare, Hoevelaken,
The Netherlands) density centrifugation. Subsequently, monocytes were isolated by Percoll
(GE Healthcare) density gradient as previously described. 20 Cells were cultured at 500,000
cells/ml in a 12-wells plate in RPMI-1640 (ThermoFisher Scientific) and adhered for 1 hour
and subsequently washed with warm phosphate-buffered saline (PBS). We then added IMDM
medium containing HEPES and L-glutamine (Lonza) with 10% (v/v) FCS, 100 U/ml pen/strep
and 20 ng/ml recombinant human m-csf (PeproTech, London, UK). Cells were cultured for 8
days to differentiate to macrophages and subsequently treated with 100 ng/ml LPS for 18 hours.
As a pre-treatment we used salbutamol, norepinephrine and propranolol in dosages ranging
from 0.1 µM to 10 µM. After 18 hours, we collected supernatant for protein determination and
macrophages were collected for RNA isolation.
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Chemical sympathectomy
6-hydroxydopamine (6-OHDA; Sigma), was dissolved in sterile saline containing 0.1% L-ascorbic
acid (Sigma) as an antioxidant and was injected intraperitoneally (i.p.) at a concentration of
80 mg/kg body weight on three consecutive days 7 days before the experiment. To maintain
sympathectomy, we injected mice i.p. with 6-OHDA (80 mg/kg) every 10 days thereafter.
Control animals were injected with saline containing 0.1% L-ascorbic acid as a vehicle.
During the experiment, we recorded bodyweight and behaviour daily. After 28 days, we
sacrificed mice and organs were collected. We measured colon wet weights and colon length.
Colon weight per 6 cm was used as a disease parameter. Colon tissue was cut in half longitudinally
for histopathology. The other half was used for protein analysis.

Intestine-specific sympathectomy
Sympathetic innervation of the intestine was disrupted by transecting the superior mesenteric
nerve along the mesenteric artery (described previously15, 21). Levels of norepinephrine in ileal
tissue after surgery were analysed by mass spectrometry (described previously15). The surgical
procedure was performed on anaesthetised animals under 2% isoflurane/O2. Pre-operatively,
animals were treated with Metacam 5 mg/kg (Boehringer, Ingelheim am Rein, Germany).
Following sympathectomy or sham laparotomy, we recorded bodyweight. After two weeks,
just before sacrifice, we rated colonic inflammation by endoscopy of the colon under anaesthesia
with 3% isoflurane/O2. The Olympus URF type V endoscope (Zoeterwoude, The Netherlands)
was rectally inserted for a maximum of 5 cm and videos of the endoscopy were recorded
using a Medicap USB200 Medical Digital Video Recorder (Roermond, The Netherlands), when
retracting the endoscope. A blinded and trained technician determined the adjusted murine
endoscopic index of colitis severity (MEICS), consisting of wall thickening, vascularity, visible
fibrin and granularity.22 Wall thickening grade 0 - transparent; 1 - moderate; 2 - marked; 3 intransparent. Vascularity grade 0 - normal; 1 - moderate; 2 - marked; 3 - bleeding. Visible fibrin
grade 0 - none; 1 - little; 2 - marked; 3 - extreme. Granularity score 0 - none; 1 - moderate;
2 - marked; 3 - extreme. This determined a total endoscopy score ranging from 0 to 12. After
endoscopy, animals were sacrificed and organs collected. We measured colon wet weights and
colon length. Colon weight per 6 cm was used as a disease parameter. Colon tissue was cut in
half longitudinally for histopathology. The other half of the colon and the last 5 cm of the ileum
were used for quantitative PCR analysis.

Isolation and sorting of colonic lamina propria cells
To isolate single cell populations with fluorescence activated cell sorting, a follow up
sympathectomy experiment was performed. After two weeks animals were sacrificed and
colons were cut open longitudinally and cut in 0.5 cm pieces, washed with PBS and incubated
in calcium/magnesium-free Hanks’ balanced salt solution (HBSS; Lonza) supplemented with 2%
(v/v) FCS containing 5 mM EDTA (ThermoFisher Scientific) for 20 min, shaking at 230 rpm at
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37°C. After incubation, tissue was washed with PBS and cut into 0.1 cm pieces. Tissue pieces
were incubated for 45 min under vigorous shaking at 37°C with calcium/magnesium-free
HBSS supplemented with 2% FCS, 62.5 µg/ml Liberase TL (Roche Applied Bioscience, Almere,
The Netherlands; Cat No 05401020001) and 200 µg/ml DNase I (Roche Applied Bioscience;
Cat No 11284932001). To obtain a single cell suspension, we passed the suspension through
a 100 µm cell strainer after complete digestion. Cells were stained for 30 min on ice in PBS
containing 0.5% bovine serum albumin (BSA; Sigma) and 2 mM EDTA with the following specific
antibodies: APC-Cy7 –conjugated anti-CD45 (30-F11; Biolegend, San Diego, CA, USA), DAPI
(Brunschwig, Amsterdam, The Netherlands), PerCP-conjugated CD11b (M1/70; Biolegend),
FITC-conjugated Ly6G (1A8; Biolegend), PE-conjugated CD64 (X54-5/7.1; Biolegend), Alexa700conjugated CD11c (N418; Affymetrix, Vienna, Austria), APC-conjugated Ly6C (HK1.4; Affymetrix)
and Pe-Cy7-conjugated MHC-II (AF6-120.1; Biolegend). Cells were sorted using a FACS Aria cell
sorter (BD Bioscience, San Jose, CA, USA) and collected in RPMI 1640 with 40 U/ml Ribolock
(ThermoFisher Scientific).

RNA isolation, cDNA synthesis and quantitative PCR analysis
RNA was isolated from murine BMDM and human macrophages with the Bioline ISOLATE II mini
kit (GC biotech B.V., Alphen a/d Rijn, The Netherlands) according to manufacturer’s protocol.
We extracted RNA from frozen ileal and colonic tissue after homogenisation of the samples in
TriPure isolation reagent according to manufacturer’s instructions (Roche Applied Science).
RNA isolation from sorted colonic lamina propria cells was performed with the Bioline ISOLATE
II micro kit (GC biotech B.V.) following manufacturer’s instructions.
cDNA was synthesised using dNTPs (ThermoFisher Scientific), Random primers (Promega,
Leiden, The Netherlands), Oligo dT primers (Sigma), Revertaid and Ribolock. Quantitative
polymerase chain reaction (PCR) was performed using SensiFAST SYBR No-ROX (GC biotech
B.V.) on a LightCycler 480 II (Roche Applied Science) to analyse expression levels of murine
interleukin (IL)-1β, IL-6, IL-10, IL-12, IL-22, tumour necrosis factor (TNF)-α, nitric oxide synthase
2 (Nos2), arginase 1 (Arg1), regenerating islet-derived protein 3γ (Reg3γ), defensin α (DefA) and
mucin 2 (Muc2) using LinRegPCR software. 23 For normalisation murine reference genes β-actin,
ubiquitin, hypoxanthine phosphoribosyltransferase (HPRT), cyclophilin and glyceraldehyde-3phosphate dehydrogenase (GAPDH) were selected, after analysis for stability in geNorm.24 In
human macrophages, expression levels of human IL-1β, IL-6, IL-10, IL-12, TNF-α were measured
and normalised using human reference genes β-actin and β2 microglobulin, selected after
analysis for stability in geNorm. Primers (synthesised by Sigma) are listed in Table 1 (murine) and
Table 2 (human).
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Measurement of protein concentrations of cytokines
Frozen colonic tissue was homogenised on ice in Greenberger Lysis Buffer (150 mM NaCl, 15 mM
Tris, 1 mM MgCl·6H2O, 1 mM CaCl2, 1% Triton) with protease inhibitor cocktail (Roche Applied
Science; Cat No 11697498001), pH 7.4, diluted 1:1 with PBS.
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Table 1. Mouse primers
Gene

Forward sequence

Reverse sequence

IL-1β
IL-6
IL-10
IL-12
TNF-α
Nos2
Arg1
IL-22
Reg3γ
DefA
Muc2
β-actin
Ubiquitin
HPRT
Cyclophilin
GAPDH
RPLP0

GCCCATCCTCTGTGACTCAT
GAGTTGTGCAATGGCAATTCTG
TGTCAAATTCATTCATGGCCT
AGACCCTGCCCATTGAACTG
TGGAACTGGCAGAAGAGGCACT
TTCTGTGCTGTCCCAGTGAG
CTCCAAGCCAAAGTCCTTAGAG
CGGCTCATCGGGGAGAAAC
TCCACCTCTGTTGGGTTCAT
CGCAGCCATGAAGAAACTTG
TGAAGACCGAGATTGTGCCC
TTCTTTGCAGCTCCTTCGTT
AGCCCAGTGTTACCACCAAG
CCTAAGATGAGCGCAAGTTGAA
ATGGTCAACCCCACCGTGT
ATGTGTCCGTCGTGGATCTGA
CCAGCGAGGCCACACTGCTG

AGGCCACAGGTATTTTGTCG
TGGTAGCATCCATCATTTCTTTGT
ATCGATTTCTCCCCTGTGAA
CGGGTCTGGTTTGATGATGTC
CCATAGAACTGATGAGAGGGAGGC
TGAAGAAAACCCCTTGTGCT
AGGAGCTGTCATTAGGGACATC
TGACTGGGGGAGCAGAACG
AAGCTTCCTTCCTGTCCTCC
GAATCAGCCTGGACCTGGAA
AGATGACGTTGAGCTGGGTG
ATGGAGGGGAATACAGCCC
ACCCAAGAACAAGCACAAGG
CCACAGGACTAGAACACCTGCTAA
TTCTGCTGTCTTTGGAACTTTGTC
ATGCCTGCTTCACCACCTTCT
ACACTGGCCACGTTGCGGAC

Table 2. Human primers
Gene

Forward sequence

Reverse sequence

IL-1β
IL-6
IL-10
IL-12
TNF-α
β-actin
β2 microglobulin

GAAGCTGATGGCCCTAAACA
AGTGAGGAACAAGCCAGAGC
GCCACCCTGATGTCTCAGTT
ATGCCTTCACCACTCCCAAA
CCTGCTGCACTTTGGAGTGA
AGAGCTACGAGCTGCCTGAC
CTCGCGCTACTCTCTCTCTTTCT

AAGCCCTTGCTGTAGTGGTG
GTCAGGGGTGGTTATTGCAT
GTGGAGCAGGTGAAGAATGC
TAGAGTTTGTCTGGCCTTCTGG
GAGGGTTTGCTACAACATGGG
AGCACTGTGTTGGCGTACAG
TGCTCCACTTTTTCAATTCTCT

In supernatant of BMDM and colonic tissue, concentrations were determined of IL-1β, IL-4,
IL-6 IL-10, IL-17, interferon (IFN)-γ and TNF-α by sandwich enzyme-linked immunosorbent
assay (ELISA; R&D systems, Abingdon, UK) according to manufacturer’s protocol. Values
were normalised using total protein levels measured with the Pierce BCA Protein Assay Kit
(ThermoFisher Scientific) following manufacturer’s protocol. In supernatants of human
macrophages, protein concentrations of IL-1β, IL-6, IL-10, IL-12 and TNF-α were measured with
a human inflammation kit by BD Cytometric Bead Assay (CBA; BD Bioscience) according to
manufacturer’s protocol, with the exception that reagents were 10 times diluted.

Extracellular flux assay measuring energy metabolism
BMDM were plated in a Seahorse 96-well XF plate (Agilent, Santa Clara, CA, USA) and adhered
for one hour at room temperature and then equilibrated at 37°C. Three hours after plating,
104

BMDM were treated with 100 ng/ml LPS for 18 hours. As a pre-treatment, we used salbutamol,
norepinephrine and propranolol in dosages ranging from 0.1 µM to 10 µM. Experiment was
adapted from a previously published protocol.25, 26 In short, oxidative phosphorylation in BMDM
was measured by the Oxygen Consumption Rate (OCR, pmol/min) and glycolysis was measured
by Extracellular Acidification Rate (ECAR, pmol/min). Glucose, oligomycin, trifluoromethoxy
carbonylcyanide phenylhydrazone (FCCP), rotenone and antimycin A (all Sigma) were used to
measure OCR and ECAR. We used Seahorse XFe96 Analyzer (Agilent Technologies, Amstelveen,
The Netherlands) for the assay and Wave Desktop Software version 2.3 (Agilent) to calculate
the OCR and ECAR.

Colon tissue was fixed in 4% formalin according to protocol and embedded in paraffin for routine
histology. A blinded and experienced pathologist evaluated formalin-fixed haematoxylin and
eosin (HE) stained tissue sections microscopically and scored the sections based on seven
characteristics of inflammation explained in Table 3. This resulted in a total histology score
ranging from 0 to 23.

Statistical analysis
Graphs were made with Prism 7.0 (GraphPad Software, La Jolla, CA). For all experiments, we used
a Kolmogorov-Smirnov test to determine normality of distribution. In IBM SPSS Statistics Version
23 (IBM Corporation, Armonk, NY), an independent T-test or Mann-Whitney U test (2 groups) or
an ANOVA or Kruskal-Wallis test (> 2 groups) was used to check for statistical significance. When
the ANOVA analysis gave a significant difference, then a Bonferroni correction for multiple
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Table 3. Histology score adapted from Read et al. 27
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comparisons was done. When the Kruskal-Wallis analysis gave a significant difference, a pairwise
comparison with post-hoc Dunn’s test was done. All data are expressed as mean (if distributed
normally) or median (if not distributed normally) plus standard deviation (SD), interquartile
range (IQR) or individual data points. P-value (P) < 0.05 was considered significant.

RESULTS
Adrenergic receptor activation reduces LPS-induced inflammatory responses in
macrophages.
We first investigated the effect of adrenergic receptor activation on LPS-activated bone
marrow-derived macrophages (BMDM). BMDM were pre-treated with different dosages of
norepinephrine and subsequently stimulated with 100 ng/ml LPS. The lowest concentration
(0.1 µM) of norepinephrine increased LPS-induced mRNA expression levels of IL-1β, IL-6, IL-12
and TNF-α whereas higher norepinephrine concentrations significantly decreased cytokine
expression and release (Figure 1A-B). For the anti-inflammatory cytokine IL-10, the opposite
effect was observed. In absence of LPS stimulation, norepinephrine did not alter mRNA
expression (data not shown). Propranolol, a non-selective β-blocker, reversed effects elicited
by norepinephrine showing that effects on cytokine release through norepinephrine mainly
involve adrenergic β receptors.
To specify the role of the adrenergic β2 receptor, LPS-exposed BMDM were pre-treated with
salbutamol, a selective adrenergic β2 receptor agonist. Salbutamol dose-dependently reduced
LPS-induced mRNA expression of IL-1β, IL-6, IL-12 and TNF-α, and elevated IL-10 expression
(Figure 1C). In absence of LPS stimulation, salbutamol did not alter mRNA expression (data not
shown). Propranolol blocked the effect of salbutamol. In agreement with transcriptional data,
LPS-elicited protein levels of IL-1β, IL-6 and TNF-α were reduced by salbutamol pre-treatment
(Figure 1D). Complimentary to data shown in Figure 1, Arg1, a marker for anti-inflammatory, M2
polarised macrophages,28 was upregulated after pre-treatment with 10 µM norepinephrine and
salbutamol compared to vehicle control (Figure 2). Interestingly, propranolol further increased
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Figure 1. Lipopolysaccharide (LPS)-exposed bone marrow-derived macrophages (BMDM) produced
less proinflammatory cytokines after pre-treatment with norepinephrine or salbutamol. (A&C) mRNA
expression levels of interleukin (IL)-1β, IL-6, IL-10, IL-12 and tumour necrosis factor (TNF)-α in cell lysate of
BMDM after treatment with 100 ng/ml LPS for 18 hours and pre-treatment with different concentrations of
norepinephrine (A) or salbutamol (C) together with propranolol, normalised for reference genes β-actin
and Ubiquitin. Expression is relative to mRNA expression in BMDM not exposed to any treatment. (B&D)
Protein levels of IL-1β, IL-6 and TNF-α in supernatant of BMDM after treatment with 100 ng/ml LPS for 18
hours and pre-treatment with different concentrations of norepinephrine (B) or salbutamol (D) together
with propranolol, normalised for total protein levels.
N = 4 mice. Data are expressed as median and individual data points. We tested for statistical significant
differences with a Kruskal-Wallis test and post-hoc Dunn’s test. P < 0.05 was considered significant. *P < 0.05;
** P ≤ 0.01; *** P ≤ 0.001.
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Figure 2. Lipopolysaccharide (LPS)-exposed bone marrow-derived macrophages (BMDM) had an
increased anti-inflammatory phenotype after adrenergic receptor activation. mRNA expression levels of
Arginase 1 (Arg1) and nitric oxide synthase 2 (Nos2) in cell lysate of BMDM after treatment with 100 ng/ml
LPS for 18 hours and pre-treatment with different concentrations of norepinephrine (A) or salbutamol (B)
together with propranolol, normalised for reference genes β-actin and Ubiquitin. Expression is relative to
mRNA expression in BMDM not exposed to any treatment.
N = 4 mice. Data are expressed as median and individual data points. We tested for statistical significant
differences with a Kruskal-Wallis test and post-hoc Dunn’s test. P < 0.05 was considered significant.
* P < 0.05; ** P ≤ 0.01.

expression of LPS-induced Nos2, a marker for proinflammatory, M1 polarised macrophages,28
whereas activation of adrenergic β2 receptors did not lead to decreased Nos2 mRNA
expression (Figure 2).
We next analysed human peripheral-blood-derived macrophages in a similar setup.
A significant difference was reached for IL-6 mRNA expression comparing 1 µM norepinephrine
pre-treatment to norepinephrine combined with propranolol as a pre-treatment (resp.
median(IQR): 0.8(0.1) vs. 1.5(0.2); P = 0.025; Suppl. Figure 1A). However, in contrast to mouse
cells, LPS-exposed human macrophages showed no significant reduction of cytokines
production after pre-treatment with salbutamol (Suppl. Figure 1C-D).

Adrenergic receptor activation affects the metabolic profile of LPS-stimulated
macrophages.
Macrophage activation elicits changes in their metabolic profile according to their activation
state. It has been shown that LPS-exposed BMDM adopt a glycolytic metabolic profile, whereas
IL-4 stimulation elicits an oxidative phosphorylation driven metabolic profile.25 To investigate
the effect of adrenergic receptor activation on LPS-induced glycolytic metabolic profile of
BMDM, we made use of an extracellular flux assay. Pre-treatment with norepinephrine and
salbutamol inhibited LPS-induced glycolysis and led to a metabolic profile indicating higher
oxidative phosphorylation. Propranolol pre-treatment reversed the effect of norepinephrine
(Figure 3) demonstrating that these effects were mediated through adrenergic β receptors.
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Figure 3. Pre-treatment with norepinephrine or salbutamol altered the metabolic profile of
lipopolysaccharide (LPS)-exposed bone marrow-derived macrophages (BMDM). (A-B) Metabolic
parameters (described in van den Bossche et al.25) of BMDM after treatment with 100 ng/ml LPS for 18
hours and pre-treatment with different concentrations of norepinephrine (A) or salbutamol (B) together
with propranolol. Data are shown relative to BMDM not exposed to any treatment (control). (C) Maximum
respiration of BMDM after treatment with 100 ng/ml LPS for 18 hours and pre-treatment with different
concentrations of norepinephrine or salbutamol together with propranolol. Data are shown relative
to BMDM not exposed to any treatment (red dashed line). N = 6 mice. Data are expressed as mean and
individual data points. We tested for statistical significant differences with an ANOVA and post-hoc
Bonferroni correction. P < 0.05 was considered significant. * P < 0.05.
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Figure 4. Rag1-/- mice showed a higher histology score after treatment with 6-OHDA. (A) Bodyweight
of mice over time. (B) Colon weight as a marker of inflammation, normalised for colon length. (C) Protein
levels of interleukin (IL)-4, IL-10, IL-17, interferon (IFN)-γ and tumour necrosis factor (TNF)-α in colon
homogenates, normalised for total protein levels. (D) Total histology score as described in Table 3 and
goblet cell depletion subscore. Representative pictures are shown of a haematoxylin and eosin (HE)
staining of the colon. 2x magnification. The areas within the red boxes are examples of goblet cell depletion.
The black box shows an area with normal goblet cell numbers. An enlargement is shown to the right. For
more examples and details of the histology score, see also suppl. figure 2.
N = 10 mice. Data are expressed as mean (A, B and C) or median (TNF-α from C and D) and individual
data points (all except A where standard deviation is shown). We tested for statistical significant differences
with an independent T-test or a Mann-Whitney U test. P < 0.05 was considered significant. * P < 0.05.
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Figure 5. Rag1-/- mice developed colitis after intestine-specific sympathectomy. (A) Bodyweight of
mice over time, comparing mice after sympathectomy (sx) to mice after a sham operation (sham). (B)
Norepinephrine levels in ileum normalised per gram tissue. (C) Colon weight as a marker of inflammation,
normalised for colon length. (D) Total histology scores as described in Table 3 and goblet cell depletion
subscore. Representative pictures are shown of a haematoxylin and eosin (HE) staining of the colon. 10x
magnification. (E) Total endoscopy score at day 14. Representative pictures are shown. (F) mRNA expression
levels in ileum homogenates of interleukin (IL)-22, regenerating islet-derived protein 3 γ (Reg3γ), defensin
α (DefA) and mucin 2 (Muc2). (G) mRNA expression levels of goblet cell marker Muc2 and cytokines IL-1β,
IL-6, IL-10, IL-12, IL-22 and tumour necrosis factor (TNF)-α in colon homogenate. (F-G) Expression in
ileum was normalised for reference genes β-actin and hypoxanthine phosphoribosyltransferase (HPRT).
Expression in colon was normalised for reference genes ubiquitin and cyclophilin. Expression is relative to
the sham group.
N = 10-16 mice. Data are expressed as mean (D, Reg3γ and DefA from F and IL-22 and TNF-α from G) or
median (A-C, E, IL-22 and Muc2 from F and G) and individual data points or interquartile range is shown. We
tested for statistical significant differences with an independent T-test or a Mann-Whitney U test. P < 0.05
was considered significant. * P < 0.05; ** P ≤ 0.01; *** P ≤ 0.001.
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Salbutamol treatment showed similar results as norepinephrine indicating that signalling via
the adrenergic β2 receptor caused the change in metabolic profile.

I

Treatment with 6-OHDA induces histologic abnormalities in Rag1 -/- mice.

1

To assess the impact of the sympathetic nervous system in-vivo, we made use of treatment with
the catecholaminergic neurotoxin 6-OHDA, which causes chemical sympathetic denervation if
systemically administered.29 To be able to study the influence of the sympathetic denervation
on myeloid immune cells, we used Rag1-/- mice, lacking T- and B-cells. No differences were
observed in bodyweight loss over time, colon weight or colonic cytokine levels between
Rag1-/- mice treated with 6-OHDA and Rag1-/- mice without 6-OHDA treatment (Figure 4A-C).
However, 6-OHDA led to histological features of colitis and the subscore ‘goblet cell depletion’
was significantly elevated in mice treated with 6-OHDA (median(IQR): 1(0.5)) compared to
the mice without treatment with 6-OHDA (median(IQR): 0(0.3); P = 0.015; Figure 4D). These
results indicate that chemical sympathetic denervation decreases the number of goblet cells in
the intestinal epithelium, which is also a known histological feature of colitis.

2
3
4
5

Rag1 -/- mice develop colitis after intestine-specific sympathectomy.
As 6-OHDA is an established method to achieve sympathetic dysfunction, it is not selective
and may not cause complete denervation. To achieve the latter, we next performed surgical
sympathectomy (or a control laparotomy (sham)) by cutting the superior mesenteric nerve
supplying sympathetic innervation to the intestine. As expected, after surgery a drop in
bodyweight was observed in both operated groups due to surgery. Mice in the sham group
quickly recovered from this initial weight loss. In contrast, mice in the sympathectomy group
did not gain weight over a time period of 12 days (Figure 5A). Ileal norepinephrine levels in
the sympathectomy group (median(IQR): 136(83.45) pmol/gr) were significantly lower compared
to the sham group (median(IQR): 768.5(362.7) pmol/gr; P < 0.001; Figure 5B). Colon weights were
significantly higher in the sympathectomy group (median(IQR): 288(64.1) mg/6cm) compared
to the sham group (median(IQR): 256.7(60.6) mg/6cm; P = 0.002; Figure 5C). Total histology
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Figure 6. The colon myeloid immune compartment of Rag1-/- mice shifted towards a more proinflammatory
phenotype after intestine-specific sympathectomy. (A) Gating strategy. (B) Frequency of parent (%) and
absolute cell number of different myeloid populations (CD45+: CD45+ cells, Mo: monocytes, DC: dendritic
cells) in the colon of Rag1-/- mice two weeks after sympathectomy (sx) or a sham operation (sham). (C)
Frequency of parent (%) of immature monocytes and resident macrophages present in the colon. (D)
Absolute cell numbers of immature monocytes and resident macrophages present in the colon. (E) mRNA
expression levels of interleukin (IL)-1β, IL-6, IL-10, IL-12 and tumour necrosis factor (TNF)-α in sorted
immature monocytes and resident macrophages from the colon. We normalised expression for reference
genes β-actin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
N = 10-11 mice pooled per 2-3 animals for analysis. Data are expressed as median and individual
data points. We tested for statistical significant differences with a Mann-Whitney U test. P < 0.05 was
considered significant.
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score for colitis was significantly higher in the sympathectomy group (mean(SD): 6.5(3.7))
compared to the sham group (mean(SD): 3(2.1); P = 0.002; Figure 5D; Suppl. Figure 2). In addition
to inflammatory parameters, mRNA expression of antimicrobial peptide Reg3γ was significantly
decreased in the ileum of the sympathectomy group (mean(SD): 0.6(0.3)) compared to the sham
group (mean(SD): 1.0(0.4); P = 0.03) whilst other genes involved in mucosal antimicrobial
defence were not affected (Figure 5F). In the colon, transcript levels of IL-1β, IL-6 and IL-10 were
significantly higher after sympathectomy compared to sham (IL-1β median(IQR): 2.0(1.8) vs.
0.8(0.5); P < 0.0001; IL-6 median(IQR): 1.8(1.9) vs. 0.7(0.6); P = 0.001; IL-10 median(IQR): 1.5(1.6)
vs. 1.0(0.7); P = 0.009; Figure 5G).
Considering this upregulation of colonic cytokines after sympathectomy and the effect
of norepinephrine on murine macrophages (Figure 1), the colitis seen after sympathectomy
is likely due to enhanced reactivity of monocyte and macrophage cell populations to luminal
microbiota. In-vitro, adrenergic receptor activation reduced LPS-induced inflammatory
responses in BMDM from Rag1-/- mice, similar to BMDM derived from C57BL/6 mice (Suppl.
Figure 3A). However, Rag1-/- mice that also lack the adrenergic β2 receptor (Rag1-/-Adrβ2-/mice) showed no reduced expression of IL-6, IL-12 and TNF-α and no increased expression of
IL-10 and Arg1 after pre-treatment of norepinephrine or salbutamol (Suppl. Figure 3B). This
underlines the critical importance of the adrenergic β2 receptor in reducing LPS-induced
inflammatory responses.
To determine the effect of sympathectomy on different colonic myeloid subsets, we
isolated these cells after sympathectomy or sham surgery in Rag1-/- mice. We regarded
CD11b+Ly6G-CD64+CD11c-/lowLy6C+ cells as immature monocytes and CD11b+Ly6G-CD64+CD11c-/
low
Ly6C+MHCIIhigh cells as resident macrophages in the colon (Figure 6A), adapted from Bain
et al.30, 31 We found no difference in the total innate immune compartment in the mucosa between
the sympathectomy and the sham group (Figure 6B). Further analyses suggested an elevated
frequency and absolute cell number of immature monocytes after sympathectomy, possibly
reflecting a colitic state of the tissue (Figure 6C-D). We next analysed mRNA expression of these
two subsets and found that both subsets had higher mRNA expression levels of proinflammatory
cytokines and lower mRNA expression levels of IL-10 in the sympathectomy group compared
to the sham group (Figure 6E). However, this did not reach statistical significance. Irrespective,
our results imply that intact sympathetic innervation of the colon is required in regulation of
the intestine myeloid compartment in Rag1-/- mice.

DISCUSSION
Regulation of immune responses has long been viewed as autonomous, mediated by interactions
between immune cells in a largely self-regulated system. However, more recent research has
provided substantial evidence that in this balance, the nervous system has an active regulatory
function.32 Over the last decades, the vagus nerve has been extensively studied for its potential
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in IBD treatment.2, 3 We recently demonstrated that for experimental IBD models, sympathetic,
rather than vagal, innervation to the gut plays a critical role in maintaining immune homeostasis.15
Here, we show that adrenergic receptor activation has a potent anti-inflammatory effect on
murine macrophages and that abrogation of sympathetic innervation to the intestine causes
innate immune driven colitis in Rag1-/- mice.
LPS-exposed murine BMDM produced lower mRNA and protein levels of proinflammatory
cytokines after adrenergic receptor stimulation. These findings are in line with previous data
that showed that dendritic cell tolerogenic capacity increases after stimulation with adrenergic
receptor agonists.16 Salbutamol, an adrenergic β2 receptor selective agonist, caused similar
or even stronger effects as compared to norepinephrine indicating that the adrenergic β2
receptor is the main receptor responsible for the anti-inflammatory effect. Salbutamol is
a very strong agonist and more potent than norepinephrine for activating the adrenergic β2
receptor, which might explain differences in effect between norepinephrine and salbutamol.
Furthermore, norepinephrine binds to all adrenergic receptors potentially causing opposing
effects than solely adrenergic β2 receptor activation with salbutamol. It should be emphasised
that there are different classes of adrenergic receptors, which elicit distinct biological responses
upon binding. Likewise, many immune cells express adrenergic receptors but the eventual
outcome of receptor ligation differs depending on norepinephrine concentration, expression
of adrenergic receptor subclass, and also on the time point of sympathetic nervous system
activation in relation to immune responses.18 For instance, adrenergic α2 receptor activation
led to progression of acute colitis, whereas adrenergic β3 receptor activation ameliorated
experimental colitis.12, 13 Also in our in-vitro setting, lower levels of norepinephrine led to
more proinflammatory state, but higher concentrations resulted in the opposite, an antiinflammatory state. This is likely explained by specific binding affinities for the receptors at
different concentrations and brings into perspective the decreased sympathetic innervation,
and subsequent norepinephrine level, in IBD patients.10, 11 This is exemplified by our observations
on the effects of different concentrations of norepinephrine on cytokine production. Expression
of anti-inflammatory cytokine IL-10 is increased at norepinephrine concentrations of 10 µM,
whereas proinflammatory cytokines as TNF-α are already increased by lower concentrations.
It is known that macrophages exhibit a different metabolic profile depending on their
activation state.25 In addition to this, there is also evidence that Krebs cycle intermediates function
as immune signalling molecules.33 Because we show that norepinephrine affects the metabolic
state of macrophages, our results indicate the importance of adrenergic stimulation for proand anti-inflammatory properties of these cells.
We observed no pronounced anti-inflammatory effect of adrenergic receptor stimulation
in human macrophages. However, it has been shown that adrenergic β receptor signalling
lowers TNF-α production in whole blood treated with LPS.17, 34 Furthermore, in LPS-exposed
human monocytes, adrenergic α1 receptor activation is shown to reduce IL-1β production.35
In addition to this, in different human macrophage cell lines, the effect of norepinephrine
on proinflammatory cytokine production is inconsistent.17, 36 These in-vitro studies were not
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Figure 7
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Figure 7. Hypothesised model. Schematic overview of the colon before and after sympathetic denervation.
In Rag1-/- mice after sympathectomy, there are more immature monocytes (‘Mo’, in red) compared to
mature macrophages (‘Mφ’, in blue), there is goblet cell depletion and levels of proinflammatory cytokines
are higher compared to the sham group.

performed in differentiated primary human macrophages making comparison with our results
difficult. An explanation might be that human macrophages desensitise to adrenergic receptor
activation. However, the importance of our findings in human colitis has to be established.
Our results complement a recent study showing that macrophages in the intestinal
muscularis polarise towards an anti-inflammatory, tissue-protective macrophage after
adrenergic β2 receptor activation.37 Additionally, our work is in line with increasing recognition
that the sympathetic nervous system is crucial to regulate the immune response targeting
lymphoid organs. Earlier work showed that the anti-inflammatory effect of the vagus nerve
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depends on the spleen and in its sympathetic innervation.38-41 Furthermore, it is suggested that
the sympathetic splanchnic nerve is necessary for the cholinergic anti-inflammatory pathway
and interaction with the spleen.6 Another study showed that the sympathetic nervous system
controls lymphocyte egress from lymph nodes and numbers of circulating lymphocytes.42
Furthermore, catecholamines increase migration and proliferation potential of myeloid
precursor cells from bone marrow.43
As our main interest was the innate immune response, we made use of Rag1-/- mice to
evaluate the effect of 6-OHDA or surgical sympathectomy. Our data indicate that in both
models, sympathetic denervation causes some degree of colitis without an additional trigger
of inflammation, with one of the major characteristics being loss of goblet cells. It needs to be
emphasised that Rag1-/- mice have other immune cells besides myeloid cells like natural killer
cells and innate lymphoid cells that we did not investigate. However, since norepinephrine has
a very potent effect in-vitro on macrophages and that denervation in-vivo leads to alterations in
macrophages it is likely that these cells are critical in maintaining immune homeostasis.
Here, we describe colitis upon sympathectomy only seen in Rag1-/‑ mice since we confirmed
in an earlier report that wild-type mice, C57BL/6, do not develop colitis upon sympathectomy.15
This is likely due to T-cells that exert important regulatory functions that control macrophage
polarisation by expressing cytokines like IFN-γ, IL-4 and IL-10.44-46 If T-cells and thus these
signals are absent, myeloid cells likely need a critical level of sympathetic input to maintain
immune homeostasis in the gut mucosa where inappropriate immune responses to commensal
bacteria need to be reduced (Figure 7). In addition to this, previous research has shown that
the sympathetic nervous system also interacts with the lymphocyte compartment and it
is already known for a long time that lymphocytes express adrenergic β2 receptors.47 We
showed that T-cells in the intestine respond to adrenergic receptor signalling and express
acetylcholine.48 Another study showed that adrenergic receptor signalling regulates lymphocyte
egress from lymph nodes.42 Thus the anti-inflammatory effect of the sympathetic nervous
system in a physiological setting functions in two ways interacting with both the myeloid
as well as the lymphoid compartment, highlighting the elegance and complexity of this
neuroimmune interaction.
Most of the work discussed, our work included, concerns mouse data and the next critical
step would be to further investigate effects of the sympathetic nervous system on the mucosal
immune compartment in the human setting. It would be highly interesting to investigate
the capability of human intestinal macrophages and lymphocytes to respond to norepinephrine.
Our data suggests that locally activating adrenergic β2 receptors in the intestine with agonists
or nerve stimulation might be beneficial for patients with IBD. In addition to this it is known that
catecholamine levels in the intestine of patients with IBD is decreased.11
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CONCLUSIONS
Our data indicate that, in the absence of lymphocytes, intact sympathetic innervation is required
for mucosal immune homeostasis. This is a step towards better understanding of the (patho)
physiology of neuroimmune interaction in the context of colon inflammation, paving the way
for targeted restoration of sympathetic innervation patterns inflamed colonic mucosa.
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Suppl. Figure 1. Lipopolysaccharide (LPS)-exposed human macrophages show a mild reduction of
cytokines at protein level after pre-treatment with salbutamol. (A&C) mRNA expression levels in cell
lysate of interleukin (IL)-1β, IL-6, IL-10, IL-12 and tumour necrosis factor (TNF)-α of human macrophages
derived from peripheral blood after treatment with 100 ng/ml LPS for 18 hours and pre-treatment with
different concentrations norepinephrine (A) or salbutamol (C) together with propranolol, normalised for
reference genes β-actin and β2 microglobulin. (B&D) Protein levels in supernatant of IL-1β, IL-6, IL-10, IL-12
and TNF-α of human macrophages derived from peripheral blood after treatment with 100 ng/ml LPS for 18
hours and pre-treatment with different concentrations norepinephrine (B) or salbutamol (D) together with
propranolol. Expression and protein levels are normalised per donor to LPS-exposed macrophages without
pre-treatment since cytokine levels of LPS-untreated macrophages was often not detectable.
N = 3 human buffy coats. Data are expressed as median and individual data points. We tested for
statistical significant differences with a Kruskal-Wallis test and post-hoc Dunn’s test. P < 0.05 was considered
significant. * P < 0.05.
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Suppl. Figure 2. Haematoxylin and eosin (HE) stainings of the colon showing examples of subscores
found comparing Rag1-/- mice after sham laparotomy with sympathectomy. (A) The left pictures
represents no infiltration of leukocytes, score 0. The middle picture represents a score 1, infiltration in
the mucosa (indicated with an asterisk). The right picture represents a score 3, infiltration in the muscularis
(indicated with an asterisk). 10x magnification (B) The areas within the red boxes show goblet cell depletion.
The middle picture represents a score 1 (less than 10%), and the right picture is an example of a score 2 (10%50%). An enlargement of goblet cell depletion is shown of the right picture. 5x magnification. (C) Asterisk
shows crypt loss. In this experiment no score higher than 1 (less than 10%) was found. 5x magnification.
(D) Asterisk shows a crypt abscess (in the crypt left of the asterisk). 10x magnification (E) This picture
shows an example of an ulcer. 10x magnification. (F) Epithelial crypt length, indicated with a red arrow.
The left picture represents no epithelial hyperplasia, score 0. The middle picture represents a score of 1
(slight hyperplasia), indicated with an asterisk. The right picture represents subscore 2 of hyperplasia (2-3x
increase of crypt length). 10x magnification.
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Suppl. Figure 3
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Suppl. Figure 3. Adrenergic β2 receptor activation reduced lipopolysaccharide (LPS)-induced
inflammatory responses in macrophages derived from Rag1-/- mice. (A) mRNA expression levels of
interleukin (IL)-1β, IL-6, IL-10, IL-12 and tumour necrosis factor (TNF)-α in cell lysate of BMDM from Rag1-/littermate controls of Rag1-/-Adrβ2-/- mice after treatment with 100 ng/ml LPS for 18 hours and pre-treatment
with 10 µM norepinephrine or 10 µM salbutamol. (B) mRNA expression levels of IL-1β, IL-6, IL-10, IL-12 and
TNF-α in cell lysate of BMDM from Rag1-/-Adrβ2-/- mice after treatment with 100 ng/ml LPS for 18 hours and
pre-treatment with 10 µM norepinephrine or 10 µM salbutamol. We normalised expression for reference
genes glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and ribosomal protein, large, P0 (RPLP0).
Expression is relative to mRNA expression in LPS-stimulated BMDM.
N = 4 mice. Data are expressed as median and individual data points. We tested for statistical significant
differences with a Kruskal-Wallis test and post-hoc Dunn’s test. P < 0.05 was considered significant. * P < 0.05.
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NEURONAL CONTROL OF
EXPERIMENTAL COLITIS OCCURS VIA
SYMPATHETIC INTESTINAL INNERVATION

5

ABSTRACT
Background
Vagus nerve stimulation is currently clinically evaluated as a treatment for inflammatory bowel
disease. However, the mechanism by which this therapeutic intervention can have an immuneregulatory effect in colitis remains unclear. We determined the effect of intestine-specific
vagotomy or intestine-specific sympathectomy of the superior mesenteric nerve (SMN) on
dextran sulphate sodium (DSS)-induced colitis in mice. Furthermore, we tested the efficacy of
therapeutic SMN stimulation to treat DSS-induced colitis in rats.

Methods
Vagal and SMN fibres were surgically dissected to achieve intestine-specific vagotomy and
sympathectomy. Chronic SMN stimulation was achieved by implantation of a cuff electrode.
Stimulation was done twice daily for 5 minutes using a biphasic pulse (10 Hz, 200 µA, 2 ms).
Disease activity index (DAI) was used as a clinical parameter for colitis severity. Colonic cytokine
expression was measured by quantitative PCR and ELISA.

Key Results
Intestine-specific vagotomy had no effect on DSS-induced colitis in mice. However, SMN
sympathectomy caused a significantly higher DAI compared to sham-operated mice. Conversely,
SMN stimulation led to a significantly improved DAI compared to sham stimulation, although no
other parameters of colitis were affected significantly.

Conclusions & Inferences
Our results indicate that sympathetic innervation regulates the intestinal immune system as
SMN denervation augments, and SMN stimulation ameliorates DSS-induced colitis. Surprisingly,
intestine-specific vagus nerve denervation had no effect in DSS-induced colitis.
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Key points
•

•
•

Previous research has shown that the autonomic nervous system can regulate
the immune response. We address which arm of the autonomic nervous system plays
a dominant regulatory role in immune homeostasis.
This study shows that sympathetic innervation rather than vagal innervation is important
in regulating inflammation in experimental colitis models.
Manipulating the sympathetic nervous system might be a potential therapeutic target
for IBD.
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INTRODUCTION
Currently available therapies for inflammatory bowel disease (IBD) are expensive and not always
effective.1 In addition, most of the current pharmacological treatments are immunosuppressive
and therefore could have serious side effects. The development of new targeted therapies that
suppress, or rather regulate, the immune response in IBD is therefore necessary.
Previous research has implicated that the autonomic nervous system, specifically
through acetylcholine, derived from the vagus nerve, can mediate the immune response.2, 3
Furthermore, preclinical and clinical studies have mainly focused on this immune regulatory
role of the vagus nerve, particularly in rheumatoid arthritis and IBD. For instance, Ghia et al.
showed that disruption of the subdiaphragmatic vagus nerve worsened experimental colitis.4-6
Furthermore, an ongoing trial with vagus nerve stimulation in patients with Crohn’s disease
reported clinical, biological and endoscopic remission in five out of seven patients treated with
vagus nerve stimulation and the stimulation was well tolerated.7 However, the mechanism of
action of vagus nerve stimulation in IBD is unclear for a number of reasons. Firstly, the distal
colon is only sparsely innervated by the vagus nerve.8 Secondly, the vagal neuromodulation
of the immune system in models of sepsis does not occur by direct action on target immune
cells, but is mediated via adrenergic β2 receptors on acetylcholine-secreting lymphocytes in
the spleen.9, 10 Thirdly, the spleen and other lymphoid tissue may not be directly innervated by
the vagus nerve but rather by sympathetic fibres.11 This is strengthened by the observation that
bilateral transection of the sympathetic splanchnic nerves increased the inflammatory response
to systemic lipopolysaccharide (LPS), whereas bilateral vagotomy of the cervical vagus nerve
did not.12 Therefore the vagal anti-inflammatory potential likely requires multiple components
of the autonomic nervous system and the above considerations emphasise the importance of
the sympathetic nervous system in regulating the immune response. Noteworthy in this respect,
catecholamine levels in the colon of IBD patients are lower and the sympathetic innervation is
seemingly negatively affected in inflamed tissue.13, 14 In addition to the above considerations, it
should be noted that vagus nerve stimulation and denervation are affecting both efferent and
afferent/sensory fibres. More recent studies imply that the afferent rather than efferent vagal
fibres may mediate the vagal anti-inflammatory potential to reduce systemic tumour necrosis
factor (TNF), involving the activity of splanchnic sympathetic nerves.12, 15 However, a recent
publication from Patel et al. describe that the anti-inflammatory effect of the vagus nerve is
mediated by the efferent fibres,16 concluding that the precise mechanisms are still a matter of
hot debate.
The activity of the sympathetic nervous system can have both anti- as well as proinflammatory
effects on intestinal inflammation.14, 17, 18 Norepinephrine, one of the main neurotransmitters
of the sympathetic nervous system, generally causes a reduction of cytokine secretion via
the activation of adrenergic β2 receptors expressed on myeloid immune cells.19 However, it can
also stimulate proinflammatory properties of myeloid immune cells, indicating the importance
of the microenvironment in the response.20 To understand the vagal anti-inflammatory action
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and its interaction with sympathetic activity in the context of colitis, we studied the regulatory
role of both the vagal and sympathetic extrinsic innervation in the intestinal immune system.
To this end, we surgically cut the coeliac branch of the vagus nerve (vagotomy) or the superior
mesenteric nerve (SMN), which mainly supplies sympathetic innervation of the gastrointestinal
tract (sympathectomy). Our aim was to determine the effect of intestine-specific vagotomy,
sympathectomy, or a combination of both procedures, on the outcome of dextran sulphate
sodium (DSS)-induced colitis in mice.
We show that vagotomy had no effect on DSS-induced colitis whilst sympathectomy (and
the combination of vagotomy and sympathectomy) worsened DSS-induced colitis. Implanting
a cuff electrode around the SMN to stimulate the SMN clinically ameliorated DSS-induced colitis
in rats. Our data implicate a prominent regulatory function of the sympathetic SMN rather than
the vagal nerve in maintaining intestinal immune homeostasis.
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MATERIALS AND METHODS
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Animals
Female C57BL/6 inbred mice (8-12 weeks old) were purchased from Charles River Laboratories
(Maastricht, The Netherlands) and male Sprague Dawley rats (approx. 300 grams at start of
operation) were purchased from Envigo (Horst, The Netherlands). The animals were housed
under specific pathogen free conditions in our animal facility at the Academic Medical Center
(AMC) in Amsterdam. Animals were maintained on a 12/12 light/dark cycle under constant
condition of temperature (between 20°C and 24°C) and humidity (55%) and ad libitum food and
water. Mice and rats were handled in accordance with the guidelines of the Animal Research
Ethics Committee of the University of Amsterdam and prior to the experiments; the same ethics
committee approved the experimental protocols.
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Surgical vagal and sympathetic denervation of the intestine
We specifically denervated the vagal innervation of the intestine by cutting the coeliac branch
of the vagus nerve, as described previously.21, 22 The sympathetic innervation of the intestine
was transected at the SMN that is located along the mesenteric artery (described previously by
Olivier et al.22) (Figure 1). To determine the efficacy of the sympathectomy, the norepinephrine
content of the ileum tissue was determined at Brains On-Line (Groningen, The Netherlands)
using tissue homogenisation, derivatisation of norepinephrine with SymDAQ and subsequent
detection by HPLC coupled tandem mass spectrometry.23, 24 We also combined both
aforementioned surgeries (number 1 and 2 in Figure 1). All surgical procedures were performed
on anaesthetised mice by injecting intraperitoneally (i.p.) a mixture of fentanylcitrate/fluanisone
(Janssen, Beerse, Belgium) and midazolam (Roche, Woerden, The Netherlands). Finadyne
(Intervet, De Bilt, The Netherlands) was injected subcutaneously pre- and postoperatively.
Before the start of DSS, mice had a recovery period of two weeks.
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Parasympathetic nervous system

Sympathetic nervous system

vagus nerve

selective vagotomy (1)

selective sympathectomy (2)
or cuff placement (3)

\\

coeliac plexus

superior mesenteric
ganglion

Figure 1. Graphical representation of the three different operation procedures. The selective vagotomy
(indicated with number 1) consists of cutting the coeliac branch of the vagus nerve as described
in the Materials and Methods section and in detail by Cailotto et al. and Olivier et al.21, 22 To achieve
a selective sympathectomy, we transected the superior mesenteric nerve (indicated with number 2).
Both operations described above were done in mice and we also combined them (number 1 and 2).
The stimulation of the SMN, indicated with number 3, was performed at the identical location compared
to the selective sympathectomy. This procedure was done in rats and is described in detail in the Materials
and Methods section.

Surgical implantation and stimulation of a cuff electrode around the SMN
Cuff electrodes (500 μm tunnelcuff tripolar; CorTec GmbH, Freiburg, Germany) were implanted
around the superior mesenteric artery. The electrode was fixed with one suture in the flaps of
the electrode (example shown in Figure 4E). First, an incision was made in the skin of the head,
the skull was cleaned and four screws (Fabory, Nootdorp, The Netherlands; Art No. 51120 M1,
2 x 3) were used to attach the pedestal (PlasticsOne, Phoenix, AZ, USA; Cat No MS303-120).
This was further secured with dental cement (Simplex rapid powder with Simplex rapid
liquid; Kemdent, Swindon, UK). Via another incision in the abdominal wall, the cuff wires
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were led towards the skull and attached to the pedestal, connecting the wires to the pulse
generator (NeuroLog System; Digitimer, Welwyn Garden City, UK). The whole procedure was
performed on rats under anaesthesia with 3% isoflurane/O2. Pre-operatively and 24 hours postoperatively, Metacam 1 mg/kg (Boehringer, Ingelheim am Rein, Germany) and Baytril 10 mg/kg
(Bayer Healthcare, Whippany, NJ, USA) were given subcutaneously.
To address the safety of the operation and the stimulation, a pilot study in rats was
performed. After placement of the cuff electrode around the SMN, the nerve was stimulated
perioperative and blood flow in the superior mesenteric vein was measured with a flow probe
(BLF22 Transonic Tissue Perfusion Monitors; Transonic Systems, Elsloo, The Netherlands). In
addition to this, the cuff electrode was placed around the SMN in four rats that also received
a telemetric transmitter with two connected EMG electrodes in the left external abdominal
oblique muscle wall (Physiotel Implant TA10AE-F20; Data Sciences International, St Paul, MN,
USA). After recovery of the surgery, pain was assessed during stimulation, based on behavioural
changes and abdominal muscle wall contraction measured with the telemetric transmitter.25

DSS-induced colitis in mice
For the acute DSS-induced colitis model in mice, 2% (w/v) DSS (TdB Consultancy, Uppsala,
Sweden) was added to the drinking water ad libitum for seven consecutive days. Daily
replacement of drinking water with fresh DSS solutions was performed. During the study,
bodyweight and behaviour were monitored daily. At the end of the study, stool consistency
and presence of blood in cage and bedding or stools was assessed, the mice were sacrificed
and the colon tissue was collected. The disease activity index (DAI), ranging from 0-12, was used
to assess the clinical outcome of the DSS-induced colitis. DAI was determined by combining
scores of weight loss, stool consistency and occult blood in the stool.26, 27 Weight loss compared
to the weight at day zero: grade 0: <1%, 1: 1-5%, 2: 5-10%, 3: 10-20%, 4: >20%. Stool consistency:
grade 0: normal stool, 2: loose stools, 4: watery diarrhoea. Occult blood: grade 0: no blood
present, 2: visual pellet bleeding, 4: gross bleeding.
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DSS-induced colitis in rats
Since DSS-induced colitis is not a commonly used model in rats, DSS was tested in different
regimens ranging from 4% to 5% DSS and five days of treatment until nine days of treatment.
Bodyweight, behaviour, stool consistency and presence of blood in cage and bedding or stools
were monitored daily.
Two weeks after the cuff electrode implantation, 5% (w/v) DSS was added to the drinking
water of the rats for nine consecutive days and daily replacement of drinking water with
fresh DSS solutions was performed. During the experiment, bodyweight, behaviour, stool
consistency and presence of blood in cage and bedding or stools were monitored daily.
Electrical stimulation of the SMN twice daily for 5 minutes with a biphasic pulse (10 Hz,
200 µA, 2 ms) was started after three days of DSS. The control rats (the sham group) were
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also connected to the pulse generator, but no stimulus was given. DAI was determined as
the clinical outcome of the DSS-induced colitis. Just before sacrifice after nine days, endoscopy
of the colon was performed under anaesthesia with 3% isoflurane/O2. The Olympus URF type
V endoscope (Zoeterwoude, The Netherlands) was rectally inserted for a maximum of 10 cm
and videos of the endoscopy were recorded using a Medicap USB200 Medical Digital Video
Recorder (Roermond, The Netherlands), when retracting the endoscope. A blinded and trained
technician determined the adjusted murine endoscopic index of colitis severity (MEICS28). It
consisted of wall thickening, vascularity, visible fibrin and granularity. Wall thickening: grade 0:
transparent, 1: moderate, 2: marked, 3: intransparent. Vascularity: grade 0: normal, 1: moderate,
2: marked, 3: bleeding. Visible fibrin: grade 0: none, 1: little, 2: marked, 3: extreme. Granularity:
grade 0: none, 1: moderate, 2: marked, 3: extreme. This determined a total endoscopy score
ranging from 0 to 12. After endoscopy, the rats were sacrificed and tissue was collected. In
order to determine the norepinephrine levels after stimulation, ileum tissue was sent for mass
spectrometry analysis as described earlier. The colon was cut in half longitudinally and the most
distal 5 cm was used for immunohistochemistry. The other parts of the distal colon were used
for mRNA expression analysis and protein analysis.

Determination of mRNA expression levels in colonic tissue
mRNA was extracted from frozen colonic tissue after homogenisation of the samples in
TriPure isolation reagent (Roche Applied Science, Almere, The Netherlands) according to
the manufacturer’s instructions. For mouse colonic tissue, the RNA was cleaned with the Bioline
ISOLATE II RNA mini kit (GC biotech B.V., Alphen a/d Rijn, The Netherlands) and cDNA was
synthesised from the RNA using the Revertaid first strand cDNA synthesis kit (ThermoFisher
Scientific, Landsmeer, The Netherlands). For rat colonic tissue, RNA was cleaned with lithium
chloride (Sigma, Zwijndrecht, The Netherlands) and the Bioline ISOLATE II RNA mini kit (GC
biotech B.V.). RNA was converted into cDNA using dNTPs (ThermoFisher Scientific), Random
primers (Promega, Leiden, The Netherlands), Oligo dT primers (Sigma), Revertaid and Ribolock
enzymes (ThermoFisher Scientific). To determine which genes can be indicative for inflammation
in the DSS-induced colitis model in rats, a RT2 Profiler PCR Array (Rat Chemokines & Receptors,
PARN-022ZA; Qiagen, Venlo, The Netherlands) was performed in distal colonic tissue in four rats
after DSS treatment and two control rats, not receiving DSS treatment. Afterwards, the top-5
upregulated genes after DSS treatment was determined and the expression levels of these
genes were assessed with quantitative PCR.
Quantitative PCR was performed using SensiFAST SYBR No-ROX (GC biotech B.V.) on
a LightCycler 480 (Roche Applied Science) and expression levels of interleukin (IL)-1β, IL-6, IL-10,
TNF-α, IL-12, IL-17, interferon (IFN)-γ, chemokine (C-C motif) ligand 3 (CCL) 3, chemokine (C-X-C
motif) ligand (Cxcl)1, Cxcl2 and Cxcl3 were analysed using LinRegPCR software. 29 These were
normalised for reference genes cyclophilin, ubiquitin and β2 microglobulin which were selected
after analysis for stability in geNorm.30 The primers (synthesised by Sigma) are given in Table 1.
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Table 1. Primers used for quantitative PCR analysis of our genes of interest and reference genes for mice
(prefix m) and rat (prefix r). Primers synthesised by Sigma.
Gene of interest

Forward primer

Reverse primer

mIL-1β
mIL-6
mIL-10
mTNF-α
mIL-12
mIL-17
mIFN-γ
mCyclophilin
mUbiquitin
rCxcl3
rCCL3
rCxcl2
rCxcl1
rIL-1β
rCyclophilin
rβ2 microglobulin

CTCGTGCTGTCGGACCCAT
GAGTTGTGCAATGGCAATTCTG
GGACAACATACTGCTAACCG
TGGAACTGGCAGAAGAGGCACT
AGACCCTGCCCATTGAACTG
AACCGTTCCACGTCACCCT
TACTACCTTCTTCAGCAACAGC
ATGGTCAACCCCACCGTGT
AGCCCAGTGTTACCACCAAG
CTGCACCCAGACAGAAGTCA
TGCCCTTGCTGTTCTTCTCT
CCCTCCTGTGCTCAAGACTC
TGTTGAAGCTTCCCTTGGAC
TCTCACAGCAGCATCTCGAC
AGCACTGGGGAGAAAGGAT
ACATCCTGGCTCACACTGA

TGCCGTCTTTCATTACACAGGA
TGGTAGCATCCATCATTTCTTTGT
GGGGCATCACTTCTACCAG
CCATAGAACTGATGAGAGGGAGGC
CGGGTCTGGTTTGATGATGTC
GCACTGAGCTTCCCAGATCAC
AATCAGCAGCGACTCCTTTTC
TTCTGCTGTCTTTGGAACTTTGTC
ACCCAAGAACAAGCACAAGG
GGGAGGGGCTCTTCAGTAAC
AAAGGCTGCTGGTCTCAAAA
GGAGGAGCAGGACCAGTACA
GAGACGAGAAGGAGCATTGG
CATCATCCCACGAGTCACAG
AGCCACTCAGTCTTGGCAG
ATGTCTCGGTCCCAGGT
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Immunohistochemistry
Swiss rolls of the distal colon were fixated in 4% formalin. Afterwards the tissue was embedded
at the Pathology department of the AMC in paraffin for routine histology. A blinded and
experienced pathologist evaluated formalin-fixed haematoxylin and eosin (HE) stained tissue
sections microscopically. The pathologist scored the distal colon based on eight characteristics
of inflammation explained in Table 2. This resulted in a total histology score ranging from 0 to 24.
The proximal colon was stained for tyrosine hydroxylase overnight at room temperature
with a rabbit polyclonal antibody (1:1500) (P40101-150, Pel-Freez Biologicals, Rogers, AR, USA).
As secondary antibody, BrightVision Poly-AP from Immunologic (Duiven, The Netherlands) was
used following manufacturer’s protocol. The staining was visualised with Liquid Permanent Red
(LPR; Agilent Pathology Solutions, Santa Clara, CA, USA) and quantified in ImageJ based on two
pictures taken blinded and randomly at a 100x magnification. The submucosa and muscularis
were selected and the RenyiEntropy was applied. The positive area fraction was normalised
against the nuclei stained with haematoxylin.
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Measurement of protein levels of colonic cytokines
Frozen colonic tissue on ice was homogenised in Greenberger Lysis Buffer (150 mM NaCl, 15
mM Tris, 1 mM MgCl·6H2O, 1 mM CaCl2, 1% Triton) with protease inhibitor cocktail from Roche
Applied Science (Cat No 11697498001), pH 7.4, diluted 1:1 with PBS. The protein concentrations of
IL-1β, IL-6 and TNF-α were determined by sandwich enzyme-linked immunosorbent assay (ELISA;
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Table 2. Histology score Adjusted from Ten Hove et al.45
Score

0

1

2

3

Area involved
Follicles
Oedema
Fibrosis
Erosion/ulceration
Crypt loss
Granulocytes
Mononuclear cells

0%
Normal (0-1)
Absent
Absent
Absent
0%
Normal
Normal

1-10%
Little (2-3)
Little
Little
Lamina propria
1-10%
Few
Few

10-50%
Moderate (4-5)
Moderate
Moderate
Submucosa
10-50%
Moderate
Moderate

>50%
Extensive (>6)
Extensive
Extensive
Transmural
>50%
Extensive
Extensive

R&D systems, Abingdon, UK) according to manufacturer’s protocol. The values were normalised
against total protein levels measured with the Pierce BCA Protein Assay Kit (ThermoFisher
Scientific) following manufacturer’s protocol.

Statistical analysis
Graphs were made with Prism 7.0 (GraphPad Software, La Jolla, CA, USA). In IBM SPSS Statistics
Version 23 (IBM Corporation, Armonk, NY, USA), a Mann-Whitney U test (two groups) or
a Kruskal-Wallis test (> two groups) was used to check for statistical significance. If the KruskalWallis analysis gave a significant difference, a pairwise comparison was done with the post-hoc
Dunn’s test. All data are expressed as median plus the individual data points. P-value (P) < 0.05
was considered significant.

RESULTS
Intestine-specific vagotomy did not affect DSS-induced colitis in mice.
To investigate the vagal control of gut inflammation, the vagus nerve was denervated at
the level of the coeliac plexus (vagotomy), as described earlier (Figure 1).21, 22 As control, mice
received a sham operation leaving the coeliac branch of the vagus nerve intact. After two weeks,
the mice were treated with 2% DSS during a seven day period. No difference in bodyweight or
the clinical score of colitis (DAI) between vagotomy and sham was observed (Figure 2A-B). In
addition, no change in mRNA expression levels of different inflammatory cytokines in the colon
was seen (Figure 2C). We conclude that the vagus nerve innervating the intestine does not affect
the course of DSS-induced colitis in mice.

Lesioning the superior mesenteric nerve augmented colitis.
Next, the effect of sympathectomy of the intestine by lesioning the SMN (Figure 1) was
assessed. Successful denervation was measured and quantified by reduction in norepinephrine
levels in the ileum. No detectable norepinephrine levels were observed two weeks post
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Figure 2. Intestine-selective vagotomy did not change the course of colitis. (A) Bodyweight of the mice
relative to day 0 during the course of dextran sulphate sodium (DSS)-induced colitis presented as median
with interquartile range. Mice in the sham group were operated, without vagotomy (vx). (B) Disease activity
index combining weight loss, stool consistency and presence of blood in the stool compared between sham
mice and mice after vx. (C) mRNA expression levels of interleukin (IL)-1β, IL-6 and tumour necrosis factor
(TNF)-α in whole colonic homogenate. We normalised the expression to the reference genes cyclophilin
and ubiquitin. Expression is relative to mRNA expression in the colon of control mice receiving normal
drinking water and only had a sham operation.
Representative experiment of four independent experimental sets of N = 4-8 mice is shown. Data
are expressed as median and the individual data points. We tested for statistical significant differences
at the final day of the experiment between vx and sham with a Mann-Whitney U test. P < 0.05 was
considered significant.
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denervation, although the levels were below detection limit in four out of eight sham-operated
mice (Figure 3A).
In contrast to vagotomy, sympathectomy significantly worsened the primary clinical
outcome measure of colitis, the DAI, compared with the sham group (median(interquartile
range (IQR)): sympathectomy 4(3) vs. sham 1.8(2.6); P = 0.01). A combination of vagotomy
and sympathectomy also significantly worsened the DAI compared with sham operated mice
(median(IQR): combined denervation 5.5(3.5) vs. sham 1.8(2.6); P = 0.005) without affecting
bodyweight per se (Figure 3B-C). The effect of sympathectomy or combined denervation on
the clinical outcome of colitis was more apparent compared to inflammatory mediators, as
elevation of expression of inflammatory cytokines IL-1β, IL-6 and IL-17 did not reach significance,
although a trend towards enhanced expression of these three cytokines was eminent in
both the entire colon and distal colon (Figure 3D-E). Among those, the anti-inflammatory
cytokine IL-10 was significantly upregulated in the distal colon comparing sympathectomy
with sham after 2% DSS treatment (median(IQR): sympathectomy 6.4(15.2) vs. sham 2.2(2.8);
P = 0.047) (Figure 3E).

Stimulating SMN activity improved the clinical outcome of colitis.
Since the decrease in norepinephrine levels due to sympathectomy was accompanied by an
increase in the DAI of DSS-induced colitis, we hypothesised that stimulating the SMN would
lead to increased norepinephrine levels and thus a reduced colitis. This hypothesis was tested
in rats since SMN stimulation is technically difficult in mice. To this end, a DSS-induced colitis
in rats was set up. In rats, 5% DSS in the drinking water for five till nine days caused a significant
decrease in bodyweight that was most pronounced after nine days (median(IQR): nine days 5%
DSS 95.4%(6.9%) vs. control 106.5%(3.4%); P < 0.001) (Figure 4A-B). A significant increase in DAI
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Figure 3. Intestine-specific sympathectomy lowered norepinephrine levels and increased disease
activity index. (A) Norepinephrine levels in the ileum measured with mass spectrometry in pmol per gram
tissue. Detection limit was 40 pmol/gr tissue, depicted with the dashed line and the grey area in the graph.
In the sham group, four out of the eight mice had measurable levels of norepinephrine in ileum tissue
versus zero of the eight mice after selective sympathectomy (sx). (B) Bodyweight of the mice relative
to day 0 during the course of dextran sulphate sodium (DSS)-induced colitis presented as median with
interquartile range. (C) Disease activity index compared between mice after sham, mice after sx and mice
after sx combined with selective vagotomy (cx). (D-E) mRNA expression levels of interleukin (IL)-1β, IL-6,
IL-10, tumour necrosis factor (TNF)-α, IL-12, IL-17 and interferon (IFN)-γ in homogenates of the entire colon
(D) or distal colon (E). We normalised the expression to the reference genes cyclophilin and ubiquitin.
Expression is relative to mRNA expression in the colon of control mice receiving normal drinking water and
only had a sham operation.
Representative experiment of two independent experimental sets of N = 8-9 mice is shown. Data
are expressed as median and the individual data points. We tested for statistical significant differences at
the final day of the experiment between sham, sx and cx with a Kruskal-Wallis test and a pairwise comparison
was done with the post-hoc Dunn’s test. P < 0.05 was considered significant. * P < 0.05; ** P ≤ 0.001.
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after nine days of 5% DSS was observed (median(IQR): nine days 5% DSS 7.5(1.5) vs. control 0(0);
P < 0.001) (Figure 4C).
To identify appropriate biomarkers that best reflect the severity of rat DSS-induced colitis,
a transcription array was performed on RNA isolated from distal colons of rats treated with 5%
DSS for nine days. The five genes that were most upregulated in distal colonic tissue of the DSS-
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treated rats compared to the control rats were Cxcl3, CCL3, Cxcl2, Cxcl1 and IL-1β, and were
therefore used for further analysis (Figure 4D).
SMN electrical stimulation using a cuff electrode (Figure 4E) around the superior mesenteric
artery, along which the nerve fibres of the SMN are positioned, normally causes a pulsedependent change in blood flow in the mesenteric vein. To avoid this, the stimulation parameters
were chosen such that no blood flow change occurred; a biphasic stimulus of 200 µA, 10 Hz and
2 ms (Figure 4F). Further studies need to be performed to optimise these parameters regarding
energy consumption.
Pain was monitored by observation and by implanting a telemetric transmitter that
registered abdominal muscle wall contraction, a pain signal. Stimulation with 200 µA, 10 Hz, 2 ms
for seconds to minutes did not show any visual signs of pain or enhanced abdominal muscle
wall contractions (data not shown). Figure 4G shows the final stimulation parameters that
we used.
SMN stimulation started three days into DSS treatment did not change bodyweight loss
(Figure 5A). Norepinephrine levels in the ileum and the staining intensity of tyrosine hydroxylase
in the proximal colon were also unaffected (Figure 5B-D). However, the DAI was significantly
improved in the group of rats that underwent SMN stimulation compared to the sham group
(median(IQR): stimulation 1.5(2) vs. sham 7.5(5.5); P = 0.01) (Figure 5E). Lastly, the endoscopy
scores, histology scores, protein levels of different proinflammatory cytokines, and the mRNA
expression levels of the different biomarkers did not change upon stimulation compared to
sham (Figure 6A-D).
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Figure 4. 5% dextran sulphate sodium (DSS) for nine days was effective as an acute DSS-induced
colitis model in rats. (A) Bodyweight relative to day 0 of the rats during the course of DSS-induced colitis
presented as median with interquartile range. (B) Different DSS treatment regimens ranging from 4% to
5% DSS and five days to nine days. Depicted is the bodyweight relative to day 0 of the rats at the end
of the experiment. (C) Disease activity index at the end of the experiment comparing the different DSS
treatment regimens with rats that received normal drinking water (control). (D) Graph showing the Log2
fold change (Log2 FC) of 83 different genes comparing four rats that received 5% DSS for nine days versus
two rats that received normal drinking water. Data are analysed with the web-based software provided by
Qiagen. The chosen upregulated genes due to the DSS treatment are annotated. Both the fold change
as well as the quality assessment (QA) was taken into account. Quality was assessed with the Qiagen
software and divides the genes into three groups, depicted in green, yellow and red. (E) Picture of a 500
μm tunnelcuff tripolar used in this study. (F) Blood flow in the mesenteric vein measured with a flow probe
before, during and after stimulation (indicated with grey rectangle) of the superior mesenteric nerve with
200 µA, 400 µA or 600 µA. We used a biphasic current with a frequency of 10 Hz and duration of 2 ms, as
shown in G. Representative graph (one rat) of seven rats is shown. (G) The final stimulation parameters.
A-C: N = 3-16 rats. Data are expressed as median and the individual data points. We tested for statistical
significant differences at the final day of the experiment with a Kruskal-Wallis test with a pairwise comparison
was done with the post-hoc Dunn’s test. P < 0.05 was considered significant. ** P ≤ 0.001.

&

141

Willemze et al. Figure 5

A

B
110

Bodyw eight (%)

n m o l/ gr t issu e

stimulation bidaily

105

sham

100

stim

95
90

2.0
sham
1.5

stim

1.0
0.5

85
80

Norepinephrine
2.5

0

1

2

3

4

5

6

7

8

0.0

9

Days

C

stim

negative control

Tyrosine Hydroxylase

sham

E

Tyrosine hydroxylase

10

80
60
40
20
0

sham
stim

Disease activity index

nor m alized f or cell num ber

Ar ea fr act ion po sit ive

D

*

8
6

sham
stim

4
2
0

Figure 5. Stimulation of the superior mesenteric nerve improved the disease activity index of dextran
sulphate sodium (DSS)-induced colitis. (A) Bodyweight relative to day 0 of the rats during the course of
DSS-induced colitis presented as median with interquartile range. (B) Norepinephrine levels in the ileum
measured with mass spectrometry in nmol per gram tissue compared between rats after sham stimulation
(sham) and rats after superior mesenteric nerve stimulation (stim), both groups had DSS-induced colitis.
(C) Representative pictures are shown of tyrosine hydroxylase stainings in the proximal colon of a rat after
sham and a rat after stim. 100x magnification; insert is 400x magnification. One example of the negative
control is shown, taken at 100x magnification. (D) Tyrosine hydroxylase staining quantified. (E) Disease
activity index compared between rats after sham or stim, both groups had DSS-induced colitis.
Representative experiment of three independent experiments of N = 4-10 rats per group is shown. Data
are expressed as median and the individual data points. We tested for statistical significant differences at
the final day of the experiment with a Mann-Whitney U test. P < 0.05 was considered significant. *P < 0.05.
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Figure 6. Stimulation of the superior mesenteric nerve did not change other indicators of dextran
sulphate sodium (DSS)-induced colitis. (A) Total score of the endoscopy. Representative pictures
are shown of the colon of a rat after sham stimulation (sham) and a rat after superior mesenteric nerve
stimulation (stim). (B) Total score of the histology as described in Table 2. Representative pictures are shown
of a haematoxylin and eosin (HE) staining of the distal colon comparing a rat from the sham group with a rat
from the stim group. 100x magnification. (C) Protein levels (pg/mg of total protein) of interleukin (IL)-1β,
IL-6 and tumour necrosis factor (TNF)-α in homogenates of the distal colon. We normalised the levels to
total protein measured with a BCA assay. (D) mRNA expression levels of chemokine (C-X-C motif) ligand
(Cxcl)3, chemokine (C-C motif) ligand (CCL)3, Cxcl2, Cxcl1 and IL-1β in homogenates of the distal colon
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after stim or sham. We normalised the expression to the reference genes cyclophilin and β2 microglobulin.
Expression is relative to mRNA expression in the distal colon of rats from the sham group.
Representative experiment of three independent experimental sets of N = 4-10 rats is shown. Data are
expressed as median and the individual data points. We tested for statistical significant differences with
a Mann-Whitney U test. P < 0.05 was considered significant.

DISCUSSION
The results of our study demonstrate that vagotomy at the level of the intestine has no effect on
DSS-induced colitis. In contrast, sympathectomy alone or combined with vagotomy worsened
the clinical parameters of colitis. Although proinflammatory cytokine expression was not
significantly affected, the increased DAI showed a moderate but significant worsening of DSSinduced colitis. Conversely, we show that stimulation of the SMN can be executed safely and
reduces the severity of DSS-induced colitis in rats, again without affecting colonic cytokine
levels significantly in our treatment groups.
In our study, the intestine-specific vagotomy had no effect on the DSS-induced colitis in
mice in contrast to previous work by Ghia and colleagues that did show a worsening effect of
vagotomy on experimental colitis.4-6 We hypothesise that this discrepancy can be explained
by our more specific surgical procedures. In earlier work, a subdiaphragmatic vagotomy was
performed where all the vagal fibres below the diaphragm were cut. In this setting, a pyloroplasty
needs to be performed to prevent stasis of food in the stomach due to pylorus spasm. We
performed a procedure to lesion the vagus nerve more distal to the intestine, which does not
require a pyloroplasty.21, 22 Based on the observation that the systemic anti-inflammatory effect
of stimulation of the vagus nerve requires intact innervation to the spleen,31, 32 it is believed that
this effect is mediated through the coeliac branch of the vagus nerve that directly interacts with
the splenic sympathetic nerve.33 Although this may be a valid pathway for vagal stimulation,
from our results of experimental vagal denervation at the coeliac level, we cannot conclude that
the vagus nerve provides basal input to control mucosal immune homeostasis. Data from our
experimental models rather support the notion that the sympathetic innervation to the viscera
is important in controlling inflammation.12, 34
Sympathectomy worsened DSS-induced colitis compared to the sham group, reflected in
their DAI. This indicates that the sympathetic nervous system is important for the regulation
of the mucosal immune response. In addition to this, we showed that norepinephrine levels in
the ileum are lower after sympathectomy as compared to the sham group. The worsening of
the clinical outcome after sympathectomy could be explained by the anti-inflammatory effects
norepinephrine exerts via the adrenergic β2 receptor on myeloid cells relevant to the course
of colitis in this model.9, 19, 35 Besides the adrenergic β2 receptor, Vasina et al. already published
in 2008 that also adrenergic β3 receptor activity ameliorates experimental colitis.18 However,
sympathectomy only worsened the clinical outcome, whilst the inflammatory mediators in
the colon were not significantly affected, except for the anti-inflammatory cytokine IL-10,
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probably as a counter mechanism to dampen the inflammation. This could be due to the animal
model that we used. DSS-induced colitis may be too severe to visualise worsening of colitis upon
denervation. Furthermore, we did not measure neurotransmitters other than norepinephrine
that potentially have immune modulatory properties such as adenosine triphosphate, vasoactive
intestinal peptide (VIP), substance P or neuropeptide Y.20 In addition to this, norepinephrine
and its receptors have a dual role in inflammation. Besides the previously mentioned antiinflammatory effect, the adrenergic α2 receptor has proinflammatory effects and blockade of
this receptor ameliorates colitis.17 Lastly, an early study showed that sympathectomy improved
trinitrobenzenesulforic acid (TNBS)-induced colitis.
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SMN stimulation only affected DAI and did not affect histology or endoscopy score. In earlier
studies, DAI and histological examination correlate well after DSS-induced colitis in mice.37, 38

3

However, less studies have quantified disease scores in DSS-induced colitis in rats and the related
histology and endoscopy score. In DSS-induced colitis in rats, it is possible that the increase in
histology and endoscopy score, noted in the current study, precedes the increase in DAI, that
might only be apparent after longer follow-up. The discrepancy between DAI and histology after
SMN stimulation should be noted and interpreted with care.
In our current study, the levels of norepinephrine in the ileum did not increase after
SMN stimulation compared to sham. This could be due to number of reasons. Firstly, we
stimulated the structure only twice a day. To our knowledge, in published studies where
tissue catecholamine was assessed, stimulation was performed continuously and tissues were
harvested immediately upon cessation of stimulation. We are not aware of any studies that
measured tissue catecholamine concentration upon chronic stimulation. Secondly, it is possible
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that with the multitude of second messenger systems and signalling cascades involved in
inflammation control, a small spike in catecholamine concentration closer to the site of action
is adequate to drive the resultant molecular effects and the released, unbound catecholamine
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could have been degraded or reabsorbed. Thirdly, we harvested tissues at the end of the seven
day stimulation period. All or a combination of the above factors could have resulted in no net
change in catecholamine concentration in the ileum of our animals. Lastly, the SMN does not
completely innervate the colon and inclusion of the inferior mesenteric nerve (which was not
possible in our study due to technical constraints) for stimulation may provide a more optimal
activation of the distal part of the colon.
Another confounder that has to be kept in mind is the fact that the animals are housed
below lower critical temperature.39 However, 20-26°C is recommended by the NRC to avoid
heat stress and adequate resources for thermoregulation are provided in our animal facility to
avoid cold stress.40 Considering this, we do not anticipate that the ambient temperature during
experimentation affects sympathetic activation to interfere with our observations. Furthermore,
research into cold stress and the effect of low temperatures on the sympathetic nervous system
usually study temperatures around 4°C.41-43 Lastly, the sympathetic activation upon cold stress
does not act at the same level on different tissues like brown adipose tissue and the intestine.44
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In conclusion, this study shows that lesioning vagal innervation to the intestine does not
affect DSS-induced colitis. In contrast, sympathetic innervation plays a more critical role as
immune regulatory mechanism in the gut mucosa. Our study contributes to the development of
nerve stimulation as novel treatment for IBD and warrants further studies into a more targeted
therapeutic stimulation of nerves more distal to the inflamed mucosal tissue.
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β -BLOCKER USE IS ASSOCIATED WITH A HIGHER
RELAPSE RISK OF INFLAMMATORY BOWEL
DISEASE – A DUTCH RETROSPECTIVE
CASE-CONTROL STUDY

6

ABSTRACT
Objective
Inflammatory bowel disease (IBD) is a multifactorial disease and many factors may influence
the disease course, like the concomitant use of medication. An example thereof is the use of
β-blockers, antagonising adrenergic β receptors. Adrenergic β receptor activation has potent
anti-inflammatory effects on the immune system. We addressed whether an association exists
between the use of β-blockers and the course of IBD, defined by the risk of a disease relapse in
IBD patients.

Methods
In this retrospective case-control study, we used a population-based cohort of patients with
IBD. We identified colitis relapses using IBD medication prescriptions as a proxy. We calculated
the number of relapses per 100 person-years and compared this between patients with IBD using

β-blockers and patients with IBD not using β-blockers. We used Cox proportional hazards models
with shared frailty to compare the relative relapse risk between both groups.

Results
A total of 250 patients with IBD were included, of which 30 patients used a β-blocker for at least
three months. With the Cox proportional hazards model with shared frailty, adjusted for age and
gender, we observed a 54% (hazard ratio: 1.54; 95% confidence interval: 1.05-2.25; P = 0.03) higher
risk of a relapse in the group of patients with IBD using β-blockers versus the group not using

β-blockers.
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Conclusion

I

Even in this limited cohort study, we show that patients with IBD using β-blockers have an
increased relapse risk. Indeed, concomitant medication use seems to be a factor that can influence
the course of IBD, and this should be acknowledged while making decisions about treatment of
IBD and follow-up.
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INTRODUCTION
Inflammatory bowel disease (IBD) is a multifactorial disease and many factors might influence
the course of IBD, like concomitant medication use,1, 2 more specifically, β-blockers, a medication
group primarily prescribed for cardiovascular disease and used by approximately 10% of
the Dutch population.3 β-blockers antagonise adrenergic β receptors and therefore the activity
of the sympathetic nervous system.
It is well known that the sympathetic nervous system can influence immune
responses.4 The most prominent neurotransmitters of the sympathetic nervous system are
the catecholamines, in particular norepinephrine. Adrenergic receptors have been implicated
in the severity of colitis and intestinal mucosal cytokine levels.5 The intensity of sympathetic
innervation, as judged by the number of tyrosine hydroxylase-positive sympathetic nerve
fibres in the colonic mucosa, is decreased in inflamed colonic tissue of patients with IBD, and in
colitis mouse models.6-8 This feature may perpetuate ongoing disease, or be a consequence of
chronic inflammation. Previous research has shown that norepinephrine, through adrenergic β
receptors, can have anti-inflammatory effects, for example, in a murine colitis model or a model
of murine arthritis.9, 10 In-vitro, norepinephrine causes a reduced cytokine production of innate
immune cells, thus dampening inflammation.11, 12 Furthermore, Oberbeck et al. showed that
propranolol, a β-blocker, worsened clinical outcome and reduced survival in a murine sepsis
model.13, 14 On the other hand, Pauschinger et al. reported that treatment with a β-blocker
resulted in a reduction of proinflammatory cytokines induced by experimental myocarditis.15
Epidemiological study of the association of common medication targeting adrenergic
receptor activity and IBD disease relapses could complement previous studies on the role of
sympathetic intestinal innervation and colitis. We hypothesise that patients with IBD using
a β-blocker have an increased risk of a disease relapse. We addressed whether an association
exists between the use of β-blockers and the course of IBD, as defined by the number of disease
relapses in patients with IBD. To this end, a retrospective cohort study was performed using
a population-based cohort,16 comparing the number of relapses between patients with IBD
using β-blockers and those not using β-blockers.

MATERIALS AND METHODS
Data sources
The study was carried out in accordance with the principles of the Declaration of Helsinki and
approved by the Medical Ethics Committees of all participating hospitals. All patients included
in this study were under the care of a gastroenterologist or an internal medicine specialist in one
of the three participating hospitals (Academic Medical Center (AMC), Tergooi Ziekenhuizen
and Flevoziekenhuis) at some point between 1 January 2004 and 1 January 2012.16
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Inclusion criteria were a minimum age of 18 years and a diagnosis of IBD according to
the Lennard Jones criteria (i.e. compatible endoscopic picture and clinical signs in absence
of an infectious colitis, supported by histological examination of mucosal biopsy or surgical
specimen). The database contained patient data such as date of birth, gender, ethnicity, age at
diagnosis and smoking habits. It also contained disease-specific data such as IBD type (Crohn’s
disease (CD), ulcerative colitis (UC) or IBD-unclassified (IBD-u)), previous IBD-related surgery,
prior appendectomy (as appendectomy appears to be protective against UC onset, but a risk
factor for CD17), previous IBD medication, disease activity and IBD phenotype (according to
the Montreal classification). These variables were measured at the time of patient inclusion.
In addition, we collected drug history data from the outpatient pharmacy. In 2011, drug history
overviews were requested from the outpatient pharmacy for all patients in the cohort. The drug
history overviews consisted of a list of prescriptions with the prescription date, name of
the drug, and dosage.

Study population
The study population for this study was constructed from the population-based cohort
combined with the drug history overviews. Inclusion criteria were the availability of at least
six months of a drug history and the presence of at least one prescription for the treatment
of IBD, henceforth called ‘IBD medication’. The following medications were considered as
IBD medications: 5-aminosalicylic acid (5-ASA), corticosteroids, thiopurines, methotrexate,
cyclosporine, tacrolimus and anti-TNF agents.
A patient was considered a β-blocker user if there were prescriptions available for
a β-blocker in the drug history for at least three consecutive months, including all systemically
acting non-selective and selective β-blockers. Drug histories were manually reviewed to identify
prescriptions for β-blockers. The index date for patients not using β-blockers was defined as
the date of the earliest prescription available, irrespective of the indication, on the condition
that the patient was 18 years or older and had a diagnosis of IBD. The index date for patients using
a β-blocker was defined as the date of the earliest prescription after three months of β-blocker
use, on the condition that the patient was 18 years or older and had a diagnosis of IBD. Patients
were censored at the date of their last available prescription or at end of the observation period,
1 January 2012.
Reasons for exclusion were an unclear or incomplete drug history or suspicion of
rheumatoid arthritis based on drug prescriptions for rheumatoid arthritis by a rheumatologist.
We considered it necessary to exclude these patients since IBD and rheumatoid arthritis are
treated with similar medication, which could lead to an overestimation of relapses.
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Primary outcome
The primary outcome was the occurrence of a relapse between the index date and end date.
Relapses were identified by using prescriptions for IBD medication, as mentioned above, as
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a proxy. A relapse was defined as an increase in IBD medication level or the start of steroids,
after a period of stable medication use of at least four months. Stable medication use was
defined as no changes in IBD medication level. The levels were defined as shown in Table 1.
The order of the levels was based on the order in which IBD medication is prescribed according
to the guidelines of the European Crohn’s and Colitis Organization (ECCO).18, 19 Furthermore,
the guidelines state that steroid-free remission should be achieved, indicating that steroids are
only used to induce remission, not to maintain it. Therefore, the prescription of steroids can be
considered as a relapse.

Sensitivity analysis
To evaluate the sensitivity of our method, 30 patients were randomly selected from patients
treated in the Academic Medical Center since their electronic patient records were available
to us. Medical history was retrieved from the electronic patient record, and relapses within
the study period as stated by the treating physician were determined. This number was
compared to the number of relapses found with medication prescriptions as a proxy.

Statistical analysis
To evaluate the similarity between the groups, a number of variables were taken into account,
as listed in Table 2. For categorical variables the Chi-squared test was used, or Fisher’s exact
test in case of small groups. For numerical variables, the Student’s t-test or Mann-Whitney test
was used.
We calculated the absolute number of relapses per 100 person-years and, by means of Cox
regression analysis, the relative risk of relapses between the two groups. For the regression
analysis, an extension of the Cox proportional hazards model was used; the Cox proportional
hazards model with shared frailty. This extension corrects for within-patient correlation since
one individual can experience multiple relapses, ‘events’.20, 21 We calculated both unadjusted and
adjusted hazard ratios, adjusting for age and gender. Furthermore, we stratified the analysis by
IBD type. Patients with IBD-u were excluded from this stratification.
All statistical analyses were performed with R (version 3.1.2, R Foundation for Statistical
Computing, Vienna, Austria) with the use of the coxme package.

Table 1. IBD medication levels
Levels

Medication type

Level 0
Level 1
Level 2
Level 3
Level 4

No IBD medication
5-ASA
Thiopurines
Methotrexate
Cyclosporine, tacrolimus, anti-TNF agents

5-ASA, 5-aminosalicylic acid; IBD, inflammatory bowel disease; TNF, tumour necrosis factor.
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Table 2. Patient characteristics divided in β-blocker users and non-β-blocker users.
β-blocker users Non-β-blocker Significance

Variable

(n = 30)

users (n = 220) (P-value)

Age [median (IQR)]
Male [n (%)]
Follow-up in months [median (IQR)]
Age at diagnosis [median (IQR)]
Disease duration [median (IQR)]
Smoking† [n (%)]
Yes
No
Missing
Appendectomy [n (%)]
Antibiotics prescriptions per year [n (%)]
0
1
>1
IBD type [n (%)]
Ulcerative colitis
Crohn’s disease
IBD-u

65 (58-71)
13 (43.3)
57 (42-75)
51 (37-63)
3.8 (0.9-15.3)

48 (39-59)
91(41.4)
55 (23-105)
35 (25-47)
3.2 (0.4-10.6)

14 (46.6)
16 (53.3)
0 (0)
6 (20.0)

105 (47.7)
109 (49.5)
6 (3)
18 (8.2)

23 (76.6)
5 (16.7)
2 (6.7)

183 (83.2)
23 (10.5)
14 (6.3)

19 (63.3)
10 (33.3)
1 (3.3)

121 (55.0)
80 (36.4)
19 (8.6)

< 0.001
0.99
0.66
< 0.001
0.19
0.95

0.05
0.40

0.60

P-values in bold are significant. † Smoking is defined as being a smoker in the last 20 years.
IQR, interquartile range; IBD, inflammatory bowel disease; IBD-u, inflammatory bowel disease unclassified.

RESULTS
Study population
Drug history overviews were received in paper format for 372 patients. A total of 361 fulfilled
the inclusion criteria. After reviewing the drug history, 111 patients from the 361 patients were
excluded. The inclusion flow chart is presented in Figure 1. Prescriptions for five different
β-blockers or combinations of these were found in the drug histories (Table 3).
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Patient characteristics
There was a significant difference in the median age of the two groups (P < 0.001) (Table 2).
The patients with IBD using β-blockers had a median age of 65 (interquartile range (IQR): 58-71)
years, whereas the patients with IBD not using β-blockers had a median age of 48 (IQR: 39-59)
years. Smoking habits and use of antibiotics were similar in patients using β-blockers and patients
not using β-blockers. The median age at diagnosis was significantly higher in the patients using
β-blockers compared with those not using β-blockers (respectively 51 (IQR: 37-63) years vs. 35
(IQR: 25-47) years; P < 0.001). Disease duration at the time of entry into the study was similar
between the group of patients using β-blockers and the patient group not using β-blockers
(respectively 3.8 (IQR: 0.9-15.3) years vs. 3.2 (IQR: 0.4-10.6) years; P = 0.19). The proportion of
157

372 patients with drug history
Excluded: n = 11
Inclusion criteria not met
361 patients
Excluded: n = 65
Less than six months drug history available
296 patients
Excluded: n = 16
No prescription for any IBD medication available
280 patients
Excluded: n = 22
Drug history missing important information
258 patients
Excluded: n = 7
Suspicion of rheumatoid arthritis
251 patients
Excluded: n = 1
Unclear when patient was diagnosed
250 patients
Figure 1. Inclusion flow chart.

patients who had an appendectomy was 20.0% in the patients using β-blockers versus 8.2% in
the patient group not using β-blockers (P = 0.05). However, differences in both age at diagnosis
as well as the appendectomy rate were lost when comparing patients using β-blockers with
30 age-matched patients not using β-blockers [median age at diagnosis and appendectomy
rate of the 30 age-matched patients not using β-blockers were 42 (IQR: 34-61) years
(P = 0.24 vs. patients using β-blockers) and n = 3 appendectomies (10%) (P = 0.5 vs. patients
using β-blockers), respectively].

Clinical characteristics
Considering the IBD phenotype (Montreal classification), disease activity and medical therapy,
no significant differences were observed between the patients with IBD who used or did not
use β-blockers (Table 4). Overall, 55% of the patients with UC and IBD-u in the patient group
using β-blockers were in remission at inclusion compared with 65% in the patient group not
using β-blockers, and 60% of the patients with CD using β-blockers were in remission compared
with 58.8% of the patients not using β-blockers. More than 80% of the patients had used 5-ASA
therapy before inclusion. Systemic steroids and local steroids were prescribed at some point
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Table 3. Prescribed β-blockers
β-blocker

Type

Patients with prescription [n (%)]

Metoprolol
Atenolol
Propranolol
Sotalol
Bisoprolol
Combination

Selective β1-blocker
Selective β1-blocker
Non-selective β-blocker
Non-selective β-blocker
Selective β1-blocker
Both

17 (57)
4 (13)
3 (10)
2 (7)
1 (3)
3 (10)

1
2

Table 4. Clinical characteristics of patients using β-blockers versus not using β-blockers.
β-blocker users

Variable [n (%)]
Montreal classification UC/IBD-u
Extent
E1: proctitis
E2: left-sided UC
E3: extensive UC
Missing
Severity
S1: mild
S2: moderate
S3: severe
Missing
Montreal classification CD
Age at diagnosis
A1: below 16 years
A2: between 17 and 40 years
A3: above 40 years
Missing
Localisation
L1: ileal
L2: colonic
L3: ileocolonic
L4: upper GI
Missing
Behaviour
B1: non-stricturing, non-penetrating
B2: stricturing
B3: penetrating
Missing
Disease activity UC/IBD-u at inclusion
SCCAIa < 3 (remission)
SCCAIa > 3 (active disease)
Missing

(n = 30)

Non-β-blocker
users (n = 220)

4 (20)
12 (60)
4 (20)
0 (0)

24 (17.1)
60 (42.9)
54 (38.6)
2 (1.4)

4 (20)
10 (50)
4 (20)
2 (10)

30 (21.4)
76 (54.3)
19 (13.6)
15 (10.7)

0 (0)
5 (50)
5 (50)
0 (0)

9 (11.3)
49 (61.3)
22 (27.5)
0 (0)

2 (20)
3 (30)
2 (20)
2 (20)
1 (10)

23 (28.8)
25 (31.3)
28 (35)
2 (2.5)
2 (2.5)

4 (40)
3 (30)
2 (20)
1 (10)

32 (40)
20 (25)
22 (27.5)
6 (7.5)

11 (55)
9 (45)
0 (0)

91 (65)
48 (34.3)
1 (0.7)
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0.13

0.91

0.79
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Table 4. (continued)
β-blocker users

Variable [n (%)]
Disease activity CD at inclusion
HBIb < 5 (remission)
HBIb 5-7 (mild)
HBIb 8-16 (moderate)
HBIb > 16 (severe)
Missing
Medical therapy
5-ASA
Steroids systemic
Steroids local
Thiopurines
Methotrexate
Cyclosporine
Anti-TNF agents

(n = 30)

Non-β-blocker
users (n = 220)

6 (60)
1 (10)
3 (30)
0 (0)
0 (0)

47 (58.8)
20 (25.0)
11 (13.8)
1 (1.3)
1 (1.3)

25 (83.3)
13 (43.3)
10 (33.3)
8 (26.7)
1 (3.3)
0 (0)
2 (6.7)

184 (83.6)
111 (50.5)
68 (30.9)
97 (44.1)
8 (3.6)
4 (1.8)
17 (7.7)

Significance
(P-value)
0.55

1.00
0.59
0.95
0.11
1.00
1.00
1.00

Cut-off value for remission was based on a publication by Higgins et al.22
Levels of HBI were based on the original publication of the HBI.23
5-ASA, 5-aminosalicylic acid; CD, Crohn’s disease; GI, gastrointestinal; HBI, Harvey Bradshaw index; IBD-u, inflammatory bowel
disease unclassified; SCCAI, simple clinical colitis activity index; TNF, tumour necrosis factor; UC, ulcerative colitis.
a

b

during the follow-up to 43.3% (systemic) and 33.3% (local) of the patients in the β-blocker
group, and to 50.5% (systemic) and 30.9% (local) of the patients not using β-blockers. Anti-TNF
was prescribed to 6.7% of the patients using β-blockers and to 7.7% of the patients not using

β-blockers. In conclusion, clinical characteristics were not significantly different between
the two groups at inclusion.

Sensitivity analysis
In 30 patients, 44 relapses were identified by our method and 38 relapses were identified in
the patient records. In 15 of the 30 (50%) patients, the number of relapses calculated from
the drug history corresponded exactly to the records. In nine of the 30 (30%) patients, our
method overestimated the number of relapses, whereas in six of the 30 (20%) patients, our
method underestimated the number of relapses. Calculating the Spearman correlation of these
two methods resulted in an r of 0.452 (95% confidence interval (CI): 0.10-0.70), meaning that
these two methods correlated significantly (P = 0.012) (Figure 2).

Comparison of patients with IBD using versus not using β -blockers.
When analysing the entire group of 250 patients with IBD, 380 relapses were observed in
250 patients, varying from zero to nine relapses per patient. In the patient group using

β-blockers, 18 of the 30 (60.0%) patients experienced at least one relapse, compared with 139 of
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relapses based on drug history
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Figure 2. Correlation between the number of relapses calculated with the drug history (y-axis) and
the number of relapses calculated based on the patient record (x-axis). n = 30 patients.
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Table 5. Output for the unadjusted and adjusted shared frailty Cox proportional hazards model.
Variable

Estimates
Hazard ratio

95% confidence interval

Unadjusted

β-blocker use

1.26

0.88-1.80

Adjusteda

Frailty effect
β-blocker use
Frailty effect

1.54

1.05-2.25

β-blocker use

1.33

0.83-2.15

0.24
< 0.001

1.59
-

0.78-3.22

0.20
< 0.001

Ulcerative colitis
Adjusteda

Frailty effect
Crohn’s Disease
Adjusteda

β-blocker use

Frailty effect

5

P-value
0.21
< 0.001
0.03
< 0.001

6
D
&

Output of the model for the entire group of 250 patients with IBD as well as stratified for IBD type.
P-values in bold are significant. a Adjusted for age and gender.

the 220 (63.2%) patients in the group not using β-blockers (139/220). In the patient group using
β-blockers, 21 relapses per 100 person-years (95% CI: 14.0-28.6) were observed. In the group
not using β-blockers, 29 relapses per person-years (95% CI: 26.2-32.4) were noted. By means of
a Cox regression analysis, the unadjusted risk of a relapse in the patient group using β-blockers
was 26% higher compared with the group not using β-blockers (hazard ratio (HR): 1.26; 95% CI:
0.88-1.80; P = 0.21) over a median follow-up time of 55 months (Table 5). The risk of a relapse
adjusted for age and gender in the group using β-blockers was 54% higher than in the group not
using β-blockers (adjusted HR: 1.54; 95% CI: 1.05-2.25; P = 0.03) over a median follow-up time of
55 months.
The analysis was repeated whilst stratifying for IBD type. In the patients with UC using
β-blockers, we observed a risk of a relapse that was 33% higher than in the UC patient group
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not using β-blockers (adjusted HR: 1.33; 95% CI: 0.83-2.15; P = 0.24) over a median follow-up
time of 54 months. For patients with CD using β-blockers, there was a 59% increase in the risk
of a relapse compared with the patients with CD not using β-blockers (adjusted HR: 1.59; 95%
CI: 0.78-3.22; P = 0.20) over a median follow-up time of 55 months. However, neither of these
results were statistically significant, which may reflect the relatively small sample size.

DISCUSSION
The results of our study show that patients with IBD using β-blockers have an increased risk of
a disease relapse compared with patients with IBD not using β-blockers. After adjusting for age
and gender, the patient group using β-blockers had a 54% higher risk of relapse over 55 months
compared to patients not using β-blockers. The models stratified for CD or UC also showed
a trend towards an increased risk of relapse in patients using β-blockers, but these results did
not reach statistical significance, possibly owing to the small sample size in the stratified analysis.
Our results might be explained by the fact that norepinephrine, signalling via adrenergic
β receptors, has anti-inflammatory properties by acting on a variety of immune functions,
such as cytokine secretion, chemotaxis, phagocytosis and lymphocyte trafficking from lymph
nodes.8, 24 Our finding is in line with previous research surrounding the role of the sympathetic
nervous system in IBD and the effect of norepinephrine on the immune system studied in-vitro
as well as in-vivo.9, 11, 12 Although most studies describe adrenergic β receptor activation being
anti-inflammatory, low concentrations of norepinephrine may result in proinflammatory
effects, but these are mediated via adrenergic α receptors.8, 25 Although outside the scope of
this study, measuring adrenergic activity and linking this to β-blocker use could have been of
value, thereby allowing one to assume causality between β-blockade and altered adrenergic
activity. There are indirect ways to measure this, that is norepinephrine concentrations in
the intestine or a tyrosine hydroxylase staining. However, differences in norepinephrine
levels only reflect a specific time point and tyrosine hydroxylase positivity merely indicates
sympathetic innervation, not reflecting sympathetic activity per se. Furthermore, β-blockers
act downstream of norepinephrine, making the norepinephrine levels irrelevant. Heart rate
variability can also be used to measure the autonomic nervous system activity.26 However, this
is only a general indicator of the sympathovagal tone and it is well known that β-blockers affect
the heart rate variability.27
Some uncertainties need to be considered when interpreting our findings. The results
found in this study might be confounded by the age difference between the patient group using
β-blockers and the group not using β-blockers; however, this was corrected for in the adjusted
analysis. This difference in age was expected, as patients with an indication for a β-blocker
are typically older, as confirmed by the mean age of the β-blocker users found in our cohort.
Although we adjusted for age and gender, there may be residual confounding that we were not
able to adjust for owing to the lack of data. Using a propensity score would have strengthened
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this study. Unfortunately, the database was too small to perform this analysis. We did not know
the indication of the β-blocker prescription. Furthermore, we could not adjust for body mass
index, which is known to be associated with both cardiovascular diseases and IBD.28 In addition,
we did not adjust for smoking, owing to the lack of detailed data on smoking behaviour, although
the data available to us on smoking showed no difference between the two groups.
Our method used for identifying relapses remains a point of discussion. Firstly, prescriptions
handed by the outpatient pharmacy do not necessarily reflect medication actually used.
Medication can be prescribed but not used; conversely, medication that is used is not always
prescribed via the outpatient pharmacy. Of note, the same applies for the use of β-blockers.
We cannot be sure that the β-blockers prescribed are indeed used and vice versa. In addition
to this, corticosteroids and anti-TNF agents can be administered intravenously and this would
be provided by the inpatient pharmacy. Not having access to this information could lead to an
underestimation of the number of relapses. However, in the 30 patients used for the sensitivity
analysis, a slight overestimation of the number of relapses was seen. Secondly, changing
medication type or starting corticosteroids treatment does not necessarily mean there
is a relapse. It could be because of side effects for which a change in medication is needed.
Nevertheless, noting the aforementioned considerations, miscalculating the number of relapses
can be expected to occur equally in either patient group, using or not using β-blockers, and
therefore is not likely to affect the outcome of our regression analysis.
Our study shows that patients with IBD taking β-blockers have an increased risk of a disease
relapse compared with patients with IBD not taking β-blockers. Indeed, concomitant medication
use seems to be one of the factors that can influence the course of IBD, and this should be
acknowledged while making decisions about treatment and follow-up. Although this is certainly
a step towards clarifying a possible role of concomitant drug use in the epidemiology of IBD,
these results should be confirmed in a larger, preferably prospective, cohort. A logical next step
would also be to determine if a causal relation exists between β-blockers and the risk of an IBD
relapse. Whether the indication for the β-blocker is related to IBD or whether β-blocker use
itself is causal for an IBD relapse, warrants further investigation.
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GENERAL DISCUSSION AND
FUTURE PERSPECTIVE

D

GENERAL DISCUSSION
In this thesis, we investigated the regulatory role of the autonomic nervous system in
gastrointestinal immune function and reactivity. Firstly, we studied acetylcholine-producing
T-cells that reside in the intestine and showed that they contribute to innate host defence
mechanisms and colitis. Secondly, we investigated the role of extrinsic sympathetic innervation
on innate immunity and demonstrated that macrophages are regulated by norepinephrine
in-vitro and in-vivo and that the sympathetic nervous system is important in maintaining
mucosal homeostasis. Thirdly, we addressed the role of extrinsic innervation of the vagus nerve
and the sympathetic nervous system on experimental colitis, showing that predominantly
the sympathetic innervation is important in regulating intestinal inflammation. Lastly, we
illustrated the relevance to human inflammatory bowel disease (IBD) by performing an
epidemiological study to delineate the effect of medication that intervenes with adrenergic
receptor signalling (β-blockers) on the disease course, i.e. the risk of a relapse.

The phenotype and function of acetylcholine-producing T-cells (ChAT + T-cells) in
the intestine.
We showed that T-cells that express choline acetyltransferase (ChAT) – the rate limiting enzyme
for the synthesis of acetylcholine – are not only present in the spleen, where they were previously
identified,1 but also in the intestine, confirming earlier research. 2 Besides acetylcholine, these
T-cells express interleukin (IL)-17, IL-22 and interferon (IFN)-γ, corresponding with a T-helper
17 (Th17) cell phenotype. Th17 cells are found at sites of inflammation and are often associated
with autoimmune diseases. However, it seems that there are several sub-phenotypes of Th17
cells, not all inflammatory.3 In addition to this, it depends on the factors that generate Th17 cells
whether the cell will be pathogenic or not.4 We showed that ChAT+ Th17 cells are generated by
adrenergic receptor activation on dendritic cells. This is relevant since it is well documented that
lymphoid tissue is innervated by the adrenergic sympathetic nervous system.5 Furthermore, it
has been suggested before that norepinephrine from the splenic nerve is necessary to induce
ChAT+ T-cells in the spleen.1, 6 To assess the function of ChAT+ T-cells, we generated CD4creChATfl/fl
mice (CD4ChAT-/- mice), missing the capacity to express ChAT specifically in CD4 cells. We
observed lower antimicrobial peptide levels and higher microbiota diversity in the small intestine
of these CD4ChAT-/- mice as compared to their control littermates. This might be due to lower
acetylcholine levels in the small intestine since levels of IL-17 and IL-22 were unaffected. We
found that the total ChAT expression in the small intestine was decreased in CD4ChAT-/- mice,
indicating that ChAT+ T-cells are a crucial source of acetylcholine in the intestine. The potential
significance of the changed microbiota composition is intriguing since pathology is commonly
associated with a decrease in bacterial diversity.7 However, this is usually investigated in the large
intestine and implications of the increase in bacterial diversity in the small intestine as we found
are unclear. It is conceivable that this indicates an altered host-microbiota homeostasis in
the small intestine of CD4ChAT-/- mice.
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To address the effect of this ChAT+ T-cell in experimental colitis, we treated CD4ChAT-/- mice
and control littermates (ChATfl/fl mice) with dextran sulphate sodium (DSS). Analysing the model
at two different time points gave contrasting results. After seven days of 2% DSS in the drinking
water, a model for acute colitis, CD4ChAT-/- mice had less intestinal inflammation than ChATfl/fl
mice. However, after five days of 2% DSS in the drinking water plus a recovery period of
seven days with normal drinking water – a model for the resolution phase of inflammation –
CD4ChAT-/- mice did worse as compared to ChATfl/fl mice. It seems that ChAT+ T-cells aggravate
the acute phase, but promote and support a proper resolution of innate immune driven colitis.
Acute inflammation might trigger the ChAT+ T-cell to actively produce high amounts of IL-17
and IFN-γ, while in the resolution phase acetylcholine may become a significant contributor.
This seems plausible since it has been shown before that the vagus nerve, thus acetylcholine,
contributes to the resolution of inflammation8, 9 and it is widely accepted that acetylcholine is
a potent anti-inflammatory agent.10-13
In conclusion, ChAT+ T-cells are enriched in the intestine, have a Th17-like phenotype and
are important in the host-microbiota homeostasis in the small intestine. In the context of colitis,
the cells contribute to acute inflammation, while they also support the later resolution of innate
immune driven colitis. A critical next step is to address the phenotype, frequency and function
of these acetylcholine-producing T-cells in humans, comparing healthy subjects with patients
with IBD.

The impact of the extrinsic sympathetic innervation of the intestine on innate
immune cells
In the next part of this thesis, we showed that norepinephrine exerts an anti-inflammatory
effect on bone marrow-derived macrophages (BMDM). Salbutamol, an adrenergic β2 receptor
selective agonist, can replicate this effect, indicating that the anti-inflammatory effect of
norepinephrine is exerted via the adrenergic β2 receptor. In-vivo, disruption of the sympathetic
intestinal innervation by transecting the superior mesenteric nerve (sympathectomy) in Rag1-/mice that lack lymphocytes, caused spontaneous colitis. This suggests that in a setting without
lymphocytes, sympathetic input towards innate immune cells is crucial to maintain homeostasis
in the gut. Sympathectomy in wild-type, C57BL/6 mice does not cause spontaneous colitis.14
Adding to this observation is a recent study showing that macrophages in the intestinal
muscularis in mice become more anti-inflammatory upon activation of the adrenergic β2
receptor.15 We did not observe a pronounced anti-inflammatory effect of norepinephrine nor
salbutamol on human macrophages, challenging the translation from our murine observations
to humans. However, it has been shown that adrenergic receptor activation in whole blood and
on human monocytes reduces the production of inflammatory cytokines.16-18
Using Rag1-/- mice makes it easier to elucidate the effect of the sympathetic nervous system
on innate immune cells, but harder to translate the results to a physiological setting. Since
wild-type mice do not develop colitis upon sympathectomy, lymphocytes are likely to be crucial
in regulating macrophages. This is supported by literature since it is previously reported that
170

T-cells have regulatory properties controlling macrophage polarisation by expressing IFN-γ,
IL-4 and IL-10.19-21 In addition to this, we know that T-cells express adrenergic receptors and that
adrenergic signalling can regulate lymphocyte behaviour.22, 23 It is very likely that the sympathetic
nervous system acts on innate immune cells in a direct manner, via adrenergic β2 receptor
signalling, as well as in an indirect way, via T-cells, stressing the complexity and elegance of
the neuroimmune interaction.
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The effect of the vagus nerve and superior mesenteric nerve on experimental
colitis
It is known that vagus nerve stimulation (VNS) at the cervical level dampens systemic
inflammation.24 Furthermore, VNS is currently being investigated as a potential treatment for IBD
(NCT02311660 and Bonaz et al.25). However, how VNS works in intestinal inflammation is unclear.
Interestingly, we found that disrupting the vagus nerve at the level of the intestine (vagotomy)
did not alter the course of acute DSS-induced colitis. This is in contrast with earlier work that
showed that vagotomy below the diaphragm worsened colitis.26-28 However, this vagotomy was
performed at a different, less intestine-specific level compared with the vagotomy descripted
in this thesis.
The current hypothesis is that the spleen together with its sympathetic innervation
is necessary for the anti-inflammatory effect of VNS in intestinal inflammation.6, 29, 30 We
hypothesised that the sympathetic intestinal innervation rather than the vagal intestinal
innervation has potent anti-inflammatory properties. Sympathectomy, transecting the superior
mesenteric nerve, indeed worsened acute DSS-induced colitis, indicating that the sympathetic
nervous system is crucial in regulating the mucosal immune system. Furthermore, intestinal
norepinephrine levels dropped due to sympathectomy, losing its potent anti-inflammatory
effect that is previously shown by others and in this thesis as well. 31, 32 In our hands, directly
stimulating the superior mesenteric nerve improved the clinical outcome of acute
DSS-induced colitis.
It would have been of interest to investigate the effect of the inferior mesenteric nerve as
well since it innervates the lower part of the colon. However, this nerve is harder to reach and
cuff with an electrode. Therefore, we did not further pursue this option. In the future, the effect
of nerve stimulation may be increased with combining stimulation of the superior mesenteric
nerve with stimulation of the inferior mesenteric nerve. Another important note is that nerve
stimulation in the context of inflammation is a relatively new research field and a lot is unclear
concerning the stimulation frequency and parameters. It might be beneficial to stimulate more
often during the day or even constantly. However, overstimulation can damage the nerve or lead
to nerve exhaustion, causing a decrease in action potential firing rate and thus the opposite of
the desired effect. This makes this field very interesting but challenging, with a lot of remaining
questions to be answered.
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The effect of β -blocker use on the risk of a relapse of IBD
In the last chapter of this thesis, we showed that the risk of a disease relapse was higher in
patients with IBD using β-blockers compared with patients not using β-blockers. This is
consistent with other chapters of this thesis emphasising the relevance of the sympathetic
nervous system in regulating the intestinal immune response. In this particular study, we showed
an association between β-blocker use and disease relapse in a retrospective case-control study.
The algorithm, that we used, based on medication prescriptions, has some uncertainties.
Prescribed drugs are not necessarily taken and conversely, sometimes patients take medication
that they get elsewhere. Furthermore, we miss intravenous medication given in the hospital, like
corticosteroids and anti-TNF agents. In addition to this, medication change, in our algorithm
indicating a relapse, is not always due to disease activity, but rather due to side effects. These
assumptions could lead to an error in estimating the relapse rate. However, we suspect that
this will be distributed equally among both groups and a sensitivity analysis comparing our
algorithm with relapses based on the medical chart, indicated that the two methods correlated.
As a follow-up study, it would be very interesting to confirm our results in a larger,
prospective cohort and to show a potential causal relationship. However, likely very large,
logistically unrealistic groups will be necessary with a very long follow-up time. Nevertheless,
a prospective cohort that can replicate these results with clear and objective measurements
for disease relapse, such as endoscopy and faecal calprotectin, and on the other hand patient
reported outcomes, would greatly strengthen our conclusion. Registering the indication for
β-blocker use would answer the remaining question whether there is a relationship between
β-blocker use and a disease relapse or between the indication for β-blockers (i.e. cardiovascular
diseases, migraine etc.) and a disease relapse. Currently, we can conclude that concomitant
medication use is an important factor that can influence disease course of IBD. Physicians have
to take this into account during treatment selection and follow-up.
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FUTURE PERSPECTIVE
After years of research, questions undeniably remain and new questions arise. However, it
has become evident that the parasympathetic and sympathetic nervous system cooperate in
the context of inflammation.33 This is intriguing because they traditionally counterbalance each
other.34 Furthermore, the dogma that there is a strict division between the immune system and
autonomic nervous system has been challenged and set aside, and the importance of the antiinflammatory effect of the autonomic nervous system is well-established.35, 36 However, how
VNS works in the setting of intestinal inflammation is still unclear. The current paradigm is that
mainly the afferent arm of the vagus nerve is responsible for the anti-inflammatory effect of
VNS, while the downstream pathways after this afferent vagus nerve activation are matter of
hot debate.29 We believe that the sympathetic nervous system is a major part of the efferent
arm of the ant-inflammatory reflex of VNS. Undiscussed in this thesis but highly conceivable
is that the autonomic nervous system not only directly targets intestinal tissue but also relays
to the enteric nervous system, adding an extra dimension to these reflexes and highlighting
the complexity of the neuroimmune interplay.37 Furthermore, this thesis underlines the earlier
defined dual role of norepinephrine and the sympathetic nervous system. We believe it can
potently act anti-inflammatory if the right receptors are targeted. Hopefully, by specifically
targeting the right nerves this desirable effect will be achieved. Exactly this is where the current
challenges lie, which we started to address in this thesis. Subsequent questions concern which
nerves to target in humans and the search for the right stimulation parameters. Electrodes
suitable for specific nerve targeting in humans need to be further developed and tested for
efficacy and safety. These future experiments will determine whether neuromodulation will
become an alternative treatment option for complex immune diseases.
Concluding, the neuroimmune interaction is a potential therapy target in immune disorders
like IBD and might support or even replace the current, conventional therapies. Translating
the current knowledge to humans is difficult and future research needs to focus on the role
of this neuroimmune interaction in humans. This concerns translating the current findings
from animal models and next, investigating if there are easy and acceptable ways to interfere
with these interactions in humans. Our results increase the fundamental knowledge about
the neuroimmune interaction and are part of the first steps to answer these questions in humans.
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SUMMARY
SUMMARY
The mucosal immune system in the gut is a complex, well-developed network that needs
to maintain balance between tolerance against commensal microbiota and harmless food
allergens, and an active immune reaction to fight potentially pathogenic microorganisms. It is
known that in this balancing act, the immune system and the nervous system interact with each
other. In this thesis we further explored this interaction, specifically related to the autonomic
nervous system and the mucosal immune system of the intestine. We questioned the role of
neurotransmitters and innervation of the intestine, in the context of experimental colitis and
inflammatory bowel disease (IBD). We focussed on IBD because it has a high disease burden,
the pathogenesis is still incompletely understood, and therapies are not always effective and
can have severe side effects. Understanding the connection between the nervous system and
the gastrointestinal immune system will benefit the knowledge about the pathophysiology of
colitis and potential ways to interfere with this neuroimmune interaction as therapeutic target.
Chapter 1 provides an overview of the current understanding about neural reflex pathways
and its potential to regulate intestinal inflammation. It seems that the action of neural reflexes
depends on the affected tissue and the type of inflammation. It also became clear that vagus
nerve stimulation (VNS), with the intention to stimulate efferent vagal fibres, has a potent
anti-inflammatory activity. However, since lymphoid organs and colon mucosa are innervated
by the sympathetic nervous system, a cooperation between the cholinergic and adrenergic
system seems likely. What the working mechanism is of this anti-inflammatory neural reflex
in intestinal inflammation remains to be established, but evidence suggests an afferent vagal
arm that subsequently activates efferent sympathetic neurons required for a downstream antiinflammatory effect. Despite these gaps in knowledge, several clinical trials with VNS that are
ongoing or recently finished suggest an anti-inflammatory effect on intestinal inflammation.
New insights over the years have provided evidence that the anti-inflammatory effect of
VNS depends on the spleen, the splenic nerve and specific T-cells residing in the spleen. These
T-cells are capable of producing the neurotransmitter acetylcholine. In the first part of this
thesis we showed that these acetylcholine producing T-cells (defined by their expression of
choline acetyltransferase (ChAT), an enzyme important for the synthesis of acetylcholine) are
not only present in the spleen, but also in relatively high numbers in the intestine. In chapter
2, ChAT expressing (ChAT+) T-cells residing in the gut were classified and had characteristics of
T-helper 17 (Th17) cells. ChAT+ T-cells were generated after interaction with dendritic cells that
received adrenergic β2 receptor activation. Consequently, sympathetic activity is essential for
the generation of ChAT+ T-cells. In mice deficient of ChAT expression in CD4+ T-cells (CD4creChATfl/fl
mice; hereafter referred to as CD4ChAT-/- mice), we observed an impaired defence mechanism
against microbes and an increased microbiota diversity in the small intestine as compared to
ChATfl/fl control littermates. We show that these cells are an important non-neuronal source of
acetylcholine in the gut and contribute to the host defence.
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Chapter 3 addresses the role of ChAT+ T-cells in experimental colitis. We made use of three
different experimental colitis models: an acute dextran sulphate sodium (DSS)-induced colitis
model, a resolution model of intestinal inflammation and T-cell transfer colitis. No effect of
ChAT+ T-cells was observed in the T-cell transfer colitis. The two DSS-induced colitis models
gave opposite results; while CD4ChAT-/- mice had less severe colitis compared with ChATfl/fl
mice in the acute model, they displayed an attenuated colitis and less potential to recover
in the resolution model of inflammation. We speculate that these differences might be due
to a change in phenotype and function of the ChAT+ T-cell during the different phases of
inflammation. A next step would be to address the phenotype of ChAT+ T-cells in different phases
of colitis and to translate these findings to humans in the context of a healthy intestine and IBD.
Next, we used several techniques to modulate the nervous system. Chapter 4 focusses
on the potential regulatory role of the sympathetic nervous system in the gut on innate
immune cell reactivity. First, we showed in-vitro that macrophages become less inflammatory
upon activation of the adrenergic β2 receptor. Second, in a setting without lymphocytes,
sympathetic innervation towards the intestine is crucial for mucosal homeostasis since intestinal
sympathectomy caused colitis in Rag1-/- mice.
Chapter 5 discusses both the parasympathetic as well as the sympathetic intestinal
innervation and its influence on DSS-induced colitis. Although VNS in the setting of colitis seems
promising and it has been shown before that vagotomy worsens colitis, we found no difference
in the course of colitis upon vagotomy. Transecting the sympathetic input towards the intestine,
the superior mesenteric nerve, did worsen DSS-induced colitis. Hypothesising that stimulation
of the superior mesenteric nerve ameliorates colitis, we developed a cuff electrode to stimulate
the superior mesenteric nerve several times a day over a longer period in a conscious animal.
We showed that electrical stimulation of this nerve is effective in reducing symptoms of DSSinduced colitis. This effect may even be increased by altering the stimulation parameters or
shortening the time between stimulations.
Evidently, it is crucial to validate findings from experimental animal studies in the human
setting. However, studies concerning the interaction between the adrenergic sympathetic
nervous system and IBD are scarce. Approximately 10% of the Dutch population uses a β-blocker.
This drug is mainly used for cardiovascular diseases and blocks the adrenergic β receptors,
blocking the effect of norepinephrine and the sympathetic nervous system. In chapter 6, we
collected the medical history of IBD patients in a population-based Dutch cohort and developed
an algorithm to determine whether a patient had a relapse. We found that patients with IBD
using a β-blocker have an increased relapse risk versus patient not using a β-blocker. A next
step would be to validate this in a larger cohort with more data available concerning disease
course and disease activity. However, we can conclude that concomitant medication use is
a factor that can alter the course of IBD and it has to be considered while making decisions about
IBD treatment.
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I

De darm heeft als taak het opnemen van voedingsstoffen en afvoeren van afvalstoffen en staat
daardoor continu bloot aan de omgeving. Vanwege deze blootstelling is het afweersysteem in

1

de darm, in een gezonde situatie, goed ontwikkeld. Dit afweersysteem heeft de ingewikkelde
taak de balans te bewaken tussen enerzijds het tolereren van bacteriën die noodzakelijk zijn
voor een goede spijsvertering en anderzijds gevaarlijke bacteriën actief bestrijden en opruimen.

2

Het afweersysteem in de darm

3

De eerste verdedigingslinie van de darm zijn epitheelcellen. Deze vormen een enkele laag cellen
die met stevige verbindingen goed aan elkaar verbonden zijn en zo een barrière opwerpen voor
bacteriën. Daarnaast produceren ze een dikke, taaie laag slijm die moeilijk te doordringen is

4

voor bacteriën en maken ze bovendien eiwitten die micro-organismen kunnen beschadigen.
Direct onder deze laag darmepitheel zitten verschillende cellen die behoren tot het
afweersysteem, zoals T-cellen, B-cellen, dendritische cellen en macrofagen. Deze zijn verspreid

5

door de gehele darmwand aanwezig, maar concentreren zich ook op bepaalde plekken zoals
in Peyer’s patches (PPs). Dit zijn stations van het afweersysteem in de darmwand die actief
de darm en inhoud scannen op potentieel gevaar. Dendritische cellen presenteren stukjes van

6

een micro-organisme, antigenen, aan T- en B-cellen, ook wel lymfocyten genaamd. Lymfocyten
zijn verantwoordelijk voor het opbouwen van een effectieve afweerreactie met antilichamen

D

waarbij B-cellen deze antilichamen produceren en daarbijgeholpen worden door T-cellen. Er
zijn in de darm ook macrofagen actief die micro-organismen effectief kunnen bestrijden door
ze op te nemen en af te breken. Vervolgens kunnen ook macrofagen antigenen presenteren aan
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lymfocyten. Foutjes in dit complexe systeem kunnen leiden tot ontstekingsziekten van de darm,
inflammatoire darmziekten (inflammatory bowel disease; IBD).

Inflammatoire darmziekten (IBD)
IBD is in te delen in twee subtypes; de ziekte van Crohn (Crohn’s disease; CD) en colitis ulcerosa
(ulcerative colitis; UC). CD kan voorkomen over de gehele lengte van het maag-darmkanaal en
kenmerkt zich door diepe ontsteking van alle lagen van de darm, waarbij gezond darmweefsel
afgewisseld wordt met ontstoken darmweefsel. Meestal is de ziekte actief in het laatste stukje
van de dunne darm. Symptomen zijn vaak niet-specifiek zoals vermoeidheid, gewichtsverlies,
buikpijn en diarree. Bij UC is er sprake van oppervlakkige ontsteking van de dikke darm, alleen
de bovenste laag van de darm is aangedaan. Patiënten met UC hebben klachten van bloederige
diarree, buikpijn en hevige aandrang. De impact van de ziekte op het leven van de patiënt is groot
en IBD komt steeds vaker voor, circa 3 op de 1000 Europeanen heeft IBD. De therapeutische
opties voor IBD zijn de afgelopen jaren sterk toegenomen en verbeterd. Echter, er is nog
geen genezing mogelijk en niet elke behandeling slaat aan in elke patiënt. Daarnaast is
de medicatie duur en kunnen er ernstige bijwerkingen optreden. Er is dus nog steeds vraag
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naar therapeutische alternatieven en een interessante nieuwe benadering is stimulatie van een
zenuw genaamd de nervus vagus (vagus nerve stimulation; VNS).

Het autonome zenuwstelsel
De nervus vagus is de belangrijkste zenuw van het parasympatische zenuwstelsel, onderdeel van
het autonome zenuwstelsel. Het autonome zenuwstelsel, gevormd door het parasympatische
en het sympathische zenuwstelsel, reguleert vele functies van het lichaam, waaronder
de hartslag, bloeddruk en lichaamstemperatuur. Het parasympatische zenuwstelsel heeft als
belangrijkste neurotransmitter acetylcholine en is traditioneel actief als het lichaam in rust is.
Het sympathische zenuwstelsel bestaat uit meerdere grote zenuwen die alle organen voorzien
van zenuwtoevoer, ook wel innerveren of innervatie genaamd, en heeft als voornaamste
neurotransmitter noradrenaline. Traditioneel is het sympathische zenuwstelsel actief bij
lichamelijke activiteit.

Dit proefschrift
Het is al geruime tijd bekend dat het autonome zenuwstelsel en het afweersysteem met
elkaar communiceren en elkaar kunnen beïnvloeden. In dit proefschrift onderzochten we
de interactie tussen het autonome zenuwstelsel en het afweersysteem, specifiek gericht
op het afweersysteem in de darm. Ons doel was de relatie tussen innervatie van de darm en
darmontsteking verder te verhelderen.
Hoofdstuk 1 geeft een overzicht van de huidige kennis over de mogelijke zenuwverbindingen
die ontsteking kunnen beïnvloeden. Het effect lijkt afhankelijk van het soort ontsteking en
het type weefsel dat betrokken is. In de loop der jaren is naar voren gekomen dat VNS sterk
ontstekingsremmend kan werken, maar hier wel het sympathische zenuwstelsel voor nodig
heeft. Dit komt onder andere doordat alle organen betrokken bij het afweersysteem, zoals
de milt en lymfeklieren, uitsluitend geïnnerveerd worden door het sympathische zenuwstelsel.
Wat precies het effect is van het sympathische zenuwstelsel op darmontsteking is nog
niet duidelijk.
Sinds het eerste onderzoek dat liet zien dat VNS ontstekingsremmend is, hebben
vervolgonderzoeken aangetoond dat de milt betrokken is bij dit effect. Nog specifieker gaat
het om T-cellen in de milt die acetylcholine kunnen produceren, de neurotransmitter van
de nervus vagus en het parasympatische zenuwstelsel. Deze T-cellen beschikken over het
enzym choline acetyltransferase (ChAT), dat nodig is voor de aanmaak van acetylcholine, en
worden daarom ook wel ChAT+ T-cellen genoemd. In hoofdstuk 2 toonden we aan dat deze
ChAT+ T-cellen zich ook in de darm bevinden en lijken op T-helper 17 (Th17) cellen, cellen die
helpen bij verschillende ontstekingsprocessen. Er bestaan meerdere soorten gespecialiseerde
T-cellen. Dendritische cellen hebben in grote mate invloed op wat voor soort T-cel een nog
jonge T-cel zal worden. Dit doen ze door het presenteren van antigenen. We zagen dat met
name dendritische cellen die gestimuleerd waren met noradrenaline, de neurotransmitter van
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het sympathische zenuwstelsel, T-cellen aanzetten tot het worden van ChAT+ T-cellen. Tot slot
waren we benieuwd wat in een normale situatie de functie van deze ChAT+ T-cel is. Genetisch
gemodificeerde muizen die specifiek het enzym ChAT in T-cellen misten (CD4ChAT-/- muizen),
maakten in de dunne darm minder eiwitten aan die betrokken zijn bij het onschadelijk maken
van micro-organismen. Daarnaast was de diversiteit van bacteriën in de dunne darm hoger in
vergelijking met normale muizen. Uit dit hoofdstuk kan je concluderen dat ChAT+ T-cellen in
de darm een belangrijke bron zijn, naast zenuwen, voor acetylcholine en dat het gebrek aan
deze T-cellen het afweersysteem van de darm benadeelt.
In het vervolghoofdstuk, hoofdstuk 3, gebruikten we wederom CD4ChAT-/- muizen en stelden
we ze bloot aan verschillende vormen van experimentele darmontsteking: darmontsteking
door T-cellen en darmontsteking waarbij het aangeboren afweersysteem betrokken is, door
de stof DSS. We keken bij darmontsteking door DSS op twee momenten; tijdens de acute fase
van ontsteking en in de herstelfase na ontsteking. Er was geen verschil in de darmontsteking
door T-cellen tussen muizen met en zonder ChAT in T-cellen. Echter, de twee momenten na
darmontsteking door DSS gaven tegenovergestelde resultaten. CD4ChAT-/- muizen hadden
mildere acute darmontsteking maar herstelden slechter vergeleken met muizen die wel ChAT in
hun T-cellen hadden. Een mogelijke verklaring zou kunnen zijn dat ChAT+ T-cellen verschillende
functies hebben in de verschillende fases van ontsteking. Een interessante vraag die na dit
onderzoek onbeantwoord blijft is of de ChAT+ T-cel ook terug te vinden is in de darmen van een
patiënt met IBD en hoe dit zich verhoudt tot een gezonde darm.
Hoofdstuk 4 concentreert zich op de invloed van het sympathische zenuwstelsel op
de aangeboren afweer, met een focus op macrofagen. Noradrenaline kan binden aan zogenaamde
adrenerge receptoren en zo de cel waar de receptor op zit activeren. Activatie via de adrenerge
β2 receptor, een subtype van deze receptoren, zorgde voor een ontstekingsremmend karakter
van macrofagen. Daarnaast ontwikkelden muizen met alleen aangeboren afweer spontaan
darmontsteking nadat we de sympathische darmzenuw hadden doorgesneden. Dit benadrukt
het belang van het sympathische zenuwstelsel voor het goed werken van het aangeboren
afweersysteem in de darm.
Ondanks het feit dat stimulatie van de nervus vagus darmontsteking in eerdere onderzoeken
lijkt te remmen, vonden wij in hoofdstuk 5 geen verergering van darmontsteking in muizen
na het doorsnijden van de nervus vagus. Dit is verrassend en zou verklaard kunnen worden
doordat we de nervus vagus zeer dicht bij de darm hebben doorgesneden. Het doorsnijden
van de sympathische darmzenuw zorgde wel voor een verergering van darmontsteking.
Omdat stimulatie van de sympathische darmzenuw mogelijk darmontsteking kan verminderen,
ontwikkelden we een nieuwe techniek om meerdere malen per dag en over een langere periode
zenuwstimulatie toe te passen in een wakkere rat. We toonden dat dit veilig en pijnloos kan
en effectief de symptomen van darmontsteking verbetert. Aangezien het onderzoek naar
zenuwstimulatie nog in de kinderschoenen staat en er nog veel onbekend is kan het effect
van zenuwstimulatie mogelijk nog versterkt worden door anders te stimuleren of bijvoorbeeld
kortere pauzes tussen de stimulaties toe te passen.
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Het zal duidelijk zijn dat elk resultaat gevonden in muizen uiteindelijk gevalideerd zal
moeten worden in mensen. Hoofdstuk 6 beschrijft dan ook een studie naar de invloed van het
sympathische zenuwstelsel op IBD. Circa 1 op de 10 Nederlanders gebruikt een bètablokker,
een veelgebruikt medicijn bij hart- en vaatziekten. Deze medicijnen blokkeren de adrenerge β
receptoren, van belang voor de werking van noradrenaline en dus het sympathische zenuwstelsel.
Uit een Nederlandse database met patiënten met IBD verzamelden we medicatiegegevens en
hebben we bekeken of een patiënt een opvlamming van de ziekte had. Met een statistisch
rekenmodel berekenden we dat patiënten met IBD die een bètablokker slikken een grotere kans
hebben op een opvlamming van de ziekte in vergelijking met patiënten die geen bètablokker
slikken. Een volgende stap die nu gezet moet worden is het bevestigen van deze uitkomst in
een grotere groep patiënten met IBD. Ons advies is dan nog beter het ziektebeloop en de reden
voor het gebruik van een bètablokker vast te leggen. Uit dit onderzoek kunnen we concluderen
dat het van groot belang is dat artsen rekening houden met gelijktijdig gebruik van andere
medicijnen bij het maken van beslissingen over de behandeling en het vervolgen van IBD.

Eindconclusie
Dit proefschrift bevestigt dat het autonome zenuwstelsel het afweersysteem kan beïnvloeden
en dat deze systemen met elkaar communiceren. Specifiek draagt dit proefschrift bij aan
de kennis over het verband tussen het autonome zenuwstelsel en het afweersysteem in de darm.
T-cellen zijn naast zenuwen een belangrijke bron voor acetylcholine in de darm en deze cellen
zijn betrokken bij het in stand houden van een gezond, goed functionerend afweersysteem
in de darm. We laten zien dat met name het sympathische zenuwstelsel ontstekingsremmend
werkt. Daarnaast beschrijven we een nieuwe techniek voor zenuwstimulatie over een langere
periode in een wakker dier. Deze techniek kan breed toegepast worden en zo het onderzoeksveld
verder evolueren. Tot slot laat onze studie naar de invloed van bètablokkers op het beloop van
IBD zien dat dit verband tussen zenuwen en afweercellen ook in mensen van belang is.
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