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GENERAL INTRODUCTION

Homeostatic conditions in the intestinal tract
The intestinal tract is a complex organ system responsible for digestion of food and 
absorbance of nutrients, water, and electrolytes. Additionally, the intestines are critical for 
protection of the body’s internal milieu from potential harm posed by external pathogens. 
The intestine serves as a physical and chemical barrier restricting invasion of pathogenic 
bacteria, viruses, and fungi into the systemic circulation. This barrier is orchestrated by a 
network of immune cells present in the lamina propria, epithelial cells lining the intestine, 
mucus and antimicrobial peptides produced by specialized epithelial cells, and the intestinal 
commensal microbiome. Maintaining the balance between tolerating commensal bacteria 
and dietary antigens, and mounting an active response against pathogens is paramount for 
intestinal health. Disturbances in this equilibrium can lead to dysregulated immune responses 
and trigger an inflammatory state, such as in inflammatory bowel disease (IBD)1.

Inflammatory bowel disease
IBD comprising both Crohn’s disease and ulcerative colitis is a chronic inflammatory condition 
of the intestine. While Crohn’s disease can affect the entire length of the gastro-intestinal tract 
in a transmural manner with inflamed areas alternating with healthy tissue in an irregular 
pattern, ulcerative colitis is limited to the colon and is characterized by uninterrupted 
superficial mucosal damage leading to ulcerations2. Symptoms include fatigue, weight loss, 
abdominal pain, and bloody diarrhea3,4. Over the years, the therapeutic landscape for IBD 
has evolved enormously varying from well tolerated medication to aggressive drugs with 
severe side effects. Existing treatments (e.g. corticosteroids, thiopurines, and monoclonal 
antibodies) generally aim for inhibition of inflammation and symptom reduction or relief, but 
do not cure the disease5.

The autonomic nervous system and its role in intestinal inflammation
Many functions in the gastrointestinal tract are dependent on the autonomic nervous system 
(ANS), emphasizing the importance of neuronal signaling for intestinal health. Innervation of 
the gastrointestinal tract occurs via intrinsic enteric neurons and extrinsic projections of the 
autonomic nervous system (ANS) including sympathetic and parasympathetic efferents plus 
visceral afferents. The parasympathetic nervous system (PNS), mainly via the vagus nerve, 
uses acetylcholine to activate cholinergic receptors like nicotinic and muscarinic receptors. 
Neurons from the sympathetic nervous system (SNS) originate from the spinal cord and 
activate neurons in the prevertebral and paravertebral ganglia. As main neurotransmitter, (nor)
epinephrine activates α1,2 or β1-3 adrenergic receptors (ARs). Both systems are complementary, 
with the PNS promoting relaxation and energy conservation, while the SNS primes the body 
for activity and stress. Enteric neurons in the gastrointestinal wall serve various functions and 
receive input from both sympathetic and parasympathetic neurons, releasing acetylcholine, as 
well as other neurotransmitters and neuropeptides6,7. A schematic overview of the autonomic 
innervation of the intestine is shown in Figure 1.

Besides motility of the gastrointestinal wall, mucosal secretion, and vasoregulation8, it 
has become increasingly evident that the ANS acts as regulator of intestinal immunity. 
Experimental studies over the past decades have demonstrated that vagus nerve stimulation 
(VNS) reduces the release of pro-inflammatory cytokines in acute inflammation9,10. 
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Chapter 01

Figure 1. Schematic overview of the sympathetic (orange) and parasympathetic (vagal; green) 
innervation of the intestines. Sympathetic nerve fibers reach crypts directly or synapse with enteric 
neurons (blue), whereas vagal nerve fibers only synapse with enteric neurons. CG, celiac ganglion; CM, 
circular muscle; IMG, inferior mesenteric ganglion; LM, longitudinal muscle; SMG, superior mesenteric 
ganglion. From: Ten Hove AS et al, 202115.

After it had been demonstrated that VNS could be safely applied in humans11,12, the first clinical 
studies assessing anti-inflammatory efficacy in chronic inflammatory diseases like rheumatoid 
arthritis and IBD were carried out and showed promising results13,14.

Initially, the vagal tone-induced anti-inflammatory effect, a reflex pathway that was later 
termed the Cholinergic Anti-Inflammatory Pathway16, was hypothesized to be dependent on 
cholinergic neurons. The splenic nerve, likely activated by the vagus nerve, plays a critical role 
in this pathway17,18 and it was believed that acetylcholine release by CD4+ T cells19 through β2-AR 
activation was required, in turn stimulating α7 nicotinic receptors on macrophages20. However, 
recent findings challenged this notion, indicating that the activation of the anti-inflammatory 
pathway by vagus or splenic nerve stimulation does not rely on CD4+ T cells. Instead, it was 
found that the pathway’s action is directly mediated by norepinephrine acting on β2-ARs on 
splenic macrophages20.
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These mechanistic studies instigated research in the potency of sympathetic nerve stimulation 
in enhancing inflammation. The anti-inflammatory effects of sympathetic neurotransmitters 
have been described in different disease models like arthritis and sepsis21,22 and β2-ARs were 
found to play a critical role23-25. Denervation of the sympathetic mesenteric nerve bundle 
innervating the intestine was found to worsen dextran sulfate sodium-induced colitis in 
mice, while this was ameliorated by electrical stimulation, again via β2-ARs26,27. Yet, effects 
of sympathetic neuronal stimulation on intestinal inflammation are ambiguous, since 
such molecular routes depend to a large extent on receptor density, neurotransmitter 
concentration, and disease model and context28,29.

Autonomic nervous system in mucosal healing
Other than reduction of intestinal inflammation, the ultimate goal in the treatment of IBD is 
to achieve complete mucosal healing. Paradoxically, many existing therapies restrict rather 
than stimulate this. Commonly used monoclonal antibodies blocking Tumor Necrosis Factor 
α, Interferon (IFN-)γ, or Interleukin (IL-)17 prevent the production of inflammatory mediators 
that typically stimulate mucosal healing30-32. For example, exposure of epithelial cells to IFN-γ 
leads to degranulation and extrusion of Paneth cells33, a process that has shown to be of critical 
importance in the pathogenesis of IBD34. Blocking this cytokine could prevent this. However, 
it has also been proven that IFN-γ augments epithelial restitution in wounded intestinal 
epithelial cell monolayers by promoting the production of transforming growth factor β1, 
a crucial factor in mucosal healing35,36. Therefore, there is a need for innovative treatments 
targeting mucosal healing.

To date, the ANS has shown to promote intestinal epithelial cell proliferation, a process that 
is cornerstone of mucosal healing. Acetylcholine was found to be critical in proliferation 
via muscarinic receptors expressed by intestinal stem cells, and α2β4 nicotinic receptors 
in Paneth cells37-39. However, since parasympathetic fibers are thought to terminate in the 
enteric plexuses, modulation of the vagal tone cannot directly impact epithelial processes 
and hence, this effect is supposed to be mediated by non-neuronal acetylcholine. In contrast, 
sympathetic nerve fibers can reach the submucosa and mucosa. The finding of enhanced 
epithelial cell proliferation by sympathetic neuronal activity, through α2A-ARs in particular, is 
therefore intriguing40. Investigating the potency and efficacy of sympathetic nerve stimulation 
in advancing mucosal healing could bring about a paradigm shift in the treatment of IBD and 
other conditions in which the intestinal mucosa is damaged.
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Chapter 01

OUTLINE OF THIS THESIS

In this thesis, the role of the ANS in obtaining and conserving the intestinal homeostasis under 
various conditions is discussed.

In Chapter 2, neuro-immune interactions in the intestine are discussed with a specific focus 
on the implication of parasympathetic and sympathetic neuromodulation in IBD. We review 
current knowledge on intestinal innervation and the potency of cholinergic and adrenergic 
neuronal systems to modulate intestinal immunity and highlight novel developments and 
clinical trials.

The importance of the spleen and splenic nerve bundle in the anti-inflammatory pathway 
triggered by VNS moved us to investigate the potency of splenic nerve bundle stimulation in 
the treatment of colitis, using various murine disease models. This is the attention of Chapter 
3. To unravel the activated pathways, changes in splenic immune cell compositions upon 
splenic nerve bundle stimulation in healthy state were studied and are described.

The impact of sympathetic nerve activity on mucosal immune and epithelial functions was 
investigated through different approaches. In Chapter 4, we describe the use of a chemical 
sympathetic denervation model in rodents with 6-hydroxydopamine. We address the 
genotype of the mucosal state and the functioning of the epithelial barrier and antimicrobial 
host defense. In contrast, in Chapter 5 effects of sympathetic nerve stimulation on the 
intestinal epithelial layer are discussed. AR α2A was identified as key receptor in the epithelial 
proliferation pathway and hence, this receptor is highlighted specifically.

The coronavirus disease 2019 (COVID-19) pandemic caused by severe acute respiratory 
syndrome coronavirus (SARS-CoV-) 2 led to a global health crisis. Infected patients deal with 
an enormous cytokine storm that, in absence of vaccines, resulted in high mortality rates. The 
application of VNS was put forward as possible therapy numerous times because of its anti-
inflammatory capacity. In Chapter 6, we assess and delineate the potency of this treatment 
in reducing intestinal SARS-CoV-2 infection.

Research on the epithelial cell proliferation-promoting actions of the ANS is still conflicting. In 
Chapter 7 existing literature on this matter is reviewed15. Intestinal crypt innervation is discussed 
designating plausible directions for neuromodulatory interventions to aid mucosal healing.
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ABSTRACT

Inflammatory bowel diseases (IBD) have a complex, multifactorial pathophysiology with 
an unmet need for effective treatment. This calls for novel strategies to improve disease 
outcome and quality of life for patients. Increasing evidence suggests that autonomic nerves 
and neurotransmitters, as well as neuropeptides, modulate the intestinal immune system, 
and thereby regulate the intestinal inflammatory processes. Although the autonomic nervous 
system is classically divided in a sympathetic and parasympathetic branch, both play a 
pivotal role in the crosstalk with the immune system, with the enteric nervous system acting 
as a potential interface. Pilot clinical trials that employ vagus nerve stimulation to reduce 
inflammation are met with promising results. In this paper, we review current knowledge on 
the innervation of the gut, the potential of cholinergic and adrenergic systems to modulate 
intestinal immunity, and comment on ongoing developments in clinical trials.
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Chapter 02

INTRODUCTION

I  nflammatory bowel diseases (IBD) are chronic, debilitating conditions that have a 
major impact on quality of life of an increasing amount of patients worldwide1. Extensive 
experimental and clinical work has been conducted to understand the etiology of IBD and to 
develop corresponding therapies. Current treatment strategy for IBD is mainly based on a step-
up approach, starting with relatively mild immunomodulatory agents such as 5-aminosalicylic 
acid and steroids, followed by immunosuppressants like thiopurines and methotrexate, 
before considering more aggressive drugs (i.e. biologicals) and eventually surgery as a last 
resort. However, this strategy is not equally effective for all patients and is accompanied by 
substantial costs and side-effects. The necessity for development of novel therapies has 
ignited innovative views on how IBD and other immune-mediated diseases should be treated. 
In this respect, it is acknowledged that the nervous system is a regulator of immune function 
which can potentially be harnessed to achieve immunosuppression in IBD. Especially the 
vagus nerve and its main neurotransmitter acetylcholine (ACh) have been put forward, since 
stimulation of the vagus nerve (VNS) was shown to reduce local and systemic inflammation 
in animal models of endotoxemia, arthritis, and colitis2-5. Clinical trials are therefore currently 
being conducted to determine the beneficial effects of VNS in patients6,7.

The mechanism via which VNS can reduce inflammation is yet to be fully elucidated. Although 
the intestine is densely innervated, it is not clear whether vagal efferent nerves actually 
innervate mucosal cells. This might indicate a role for other types of nerves8. Furthermore, 
it was demonstrated that all sorts of immune cells in the gut could be the target of a wide 
variety of neurotransmitters such as ACh, but also epinephrine, norepinephrine (NE), nitric 
oxide, and a large number of neuropeptides that act as immune modulators. This review aims 
to delineate the role of neuronal innervation in reducing the progression and relapse of IBD 
and to indicate potential directions for new developments on neuromodulatory treatments.

Innervation of the gut
The autonomic nervous system regulates key functions of the gastrointestinal tract such as 
motility, secretion and vasoregulation, and acts autonomous in that its activities are not under 
direct conscious control. It represents the extrinsic control of the intestine and is classed 
as in sympathetic and parasympathetic branches based on anatomy and neurotransmitter 
function. The sympathetic and parasympathetic systems originate in the central nervous 
system (with cell bodies in the brainstem and spinal cord), while the intrinsic neurons of the 
enteric nervous system (ENS) reside within the wall of the gastrointestinal tract. The ENS is a 
distinct part of the central nervous system that can act either independently or in response 
to external triggers originating from sympathetic and parasympathetic nerves. The ENS 
is composed of small aggregations of nerve cells, called enteric ganglia, that form nerve 
fibers innervating effector tissues such as the intestinal muscular layer, blood vessels and 
gastroenteropancreatic endocrine cells. It is divided into the myenteric plexus (MP) and the 
submucosal plexus (SMP). The MP, also known as Auerbach’s plexus, is the outer of the two 
major ENS plexuses and is comprised of the neurons that are located between the muscle 
layers of the gastrointestinal tract. It reaches from the esophagus to the internal sphincter and 
is primarily involved in the regulation of smooth muscle motor patterns like peristalsis. The 
SMP (Meissner’s plexus) is the network of neurons located between the muscle layers and the 
mucosa. Its function is to regulate reflexes like secretion and absorption as well as the smooth 
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muscle motor function. The SMP is present in the small and large intestines, but is lacking in 
the esophagus and the greater part of the stomach. The ENS contains neurotransmitters such 
as ACh and is believed to regulate intestinal immunity9. The crosstalk between the gut and 
the nervous system also comprises neuropeptides that are important mediators between the 
nervous system and neurons or other cell types in effector tissues. These small proteins such 
as substance P (SP), calcitonin-gene related peptide (CGRP), neuropeptide Y (NPY), vasoactive 
intestinal polypeptide (VIP), serotonin, somatostatin, and corticotropin-releasing factor are 
important in multimodal neuronal communication. Of note, the distribution of these peptides 
has been widely studied. The abovementioned neuropeptides originate from the dorsal 
root ganglia10. Although a direct link has not been established yet, it is very likely that these 
molecules act as messengers in the gut-brain axis.

Most of the parasympathetic innervation of the intestine is through the vagus nerve, 
especially given the recent observation of the sacral preganglionic innervation to the lower 
gut is sympathetic of nature, not parasympathetic11. Preganglionic neurons of vagal efferents 
originate from the motor neurons of the dorsal motor nucleus and synapse with postganglionic 
neurons within the MP. The parasympathetic nervous system (PNS) is cholinergic and ACh is 
the neurotransmitter that is released at both ends which binds to muscarinic and nicotinic 
receptors. The distal part of the colon is innervated by pelvic nerves that arise from S2, S3 and 
S4 nerve roots of the sacral plexus. The stomach and upper gastrointestinal tract are most 
densely innervated by parasympathetic nerves.

Sympathetic innervation arises from preganglionic fibers from the thoracolumbar 
intermediolateral nucleus of the spinal cord and synapses with postganglionic noradrenergic 
neurons in prevertebral and paravertebral ganglia at the site of the gastrointestinal tract. The 
celiac-mesenteric ganglia provide innervation to the stomach, the small intestine and the 
proximal part of the large intestine. The remaining part of the large intestine is innervated 
through the inferior mesenteric ganglia. The rectum is innervated by fibers originating from 
the pelvic ganglia. In contrast to the vagus nerve, sympathetic nerves spread throughout 
the entire depth of the gastrointestinal wall where they influence physiological functions 
such as motility, secretion and intestinal vasculature12-14. Like the vagal fibers, sympathetic 
nerves synapse with the MP and SMP. The main neurotransmitter of the sympathetic nervous 
system (SNS), NE, binds to adrenergic GPCR receptors, which contain α and β subunits, with 
each several subtypes.

In the early 90s it was already discovered that patients with IBD suffer from autonomic 
dysfunction15. This is reflected by a reduced pan-enteric innervation pattern leading to 
functionally reduced neuronal activity. For instance, inflammation in the intestine is shown to 
reduce the innervation of the stomach16. Innervation of the colon is subject to change following 
inflammatory processes in the gut mucosa. In line with this, colitis is associated with loss of 
neurons, altered neurochemical content and reduced neurotransmitter release in both animals 
as patient populations. This concerns the PNS and SNS as well as the ENS17. Moreover, both 
noradrenergic and cholinergic neuronal pathways mediate stress-induced reactivation of 
colitis in the rat18. This suggests a pivotal role for the autonomic nervous system in regulating 
intestinal immunity.
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Chapter 02

The anti-inflammatory pathway and cholinergic modulation of intestinal inflammation
The cholinergic anti-inflammatory pathway
The influence of neurons on inflammation in the gut first came to attention when the cholinergic 
anti-inflammatory pathway (CAIP) was described (Figure 1). This pathway has been suggested 
to work as a reflex mechanism via which the nervous system can control excessive immune 
reactions19. The mechanism has been proposed after it was shown that VNS could attenuate 
the inflammatory response in an endotoxemia model5. Immunity and inflammation are crucial 
defense mechanisms to protect against potential threats. Obviously, regulation of these 
processes is essential, since uncontrolled functioning could lead to autoimmune disorders. 
The nervous system, using rapid nerve signals and promptly acting neurotransmitters, might 
have developed into a control mechanism to sustain excessive inflammatory reactions, leading 
to a homeostatic immune environment. The etiological reason for such a neuronal immune-
regulatory system can be supported by the integrative, direct acting, and targeted reactivity 
that the neuronal system has in favor over humoral immunoregulation, with slow acting 
secreted and diffusing mediators. Initially, it was suggested that the CAIP was a clear-cut 
system in which immune cells are targeted by the vagus nerve via its neurotransmitter ACh. 
However, several anatomical and physiological controversies about the CAIP desired further 
elucidation of this theory.

The CAIP is commonly proposed as a reflex mechanism in which the vagus nerve functions 
as both the afferent and efferent part22. Various experimental studies have indeed shown 
that afferent vagal nerve fibers can be activated by different stimuli to control inflammation. 
Afferent fibers can react to pathogen-associated molecules such as endotoxin and viral 
nucleic acids, but also to ATP and cytokines which are released by host cells during the 
course of inflammation23. Vagal afferents further contain receptors for hormones such 
as cholecystokinin, which are released after duodenal intake of high-fat nutrition24. The 
contribution of the efferent part of the vagus nerve is mostly substantiated by the positive 
effect of VNS in models such as endotoxemia and ileus5,25. However, this interpretation 
overlooks the reality that VNS activates not solely efferent but also afferent fibers. Secondly, 
it was observed that the spleen was necessary for the anti-inflammatory effect of VNS26. 
This is conflicting, since the spleen is sympathetically innervated and no connections are 
found between the vagus nerves and splenic nerve bundles thus far, although superior 
parts of the spleen receive cholinergic innervation in the mouse20,27. The role of the spleen 
in the CAIP is further discussed below. On the efferent part of the anti-inflammatory 
pathway, Martelli and colleagues have pointed out that the greater splanchnic nerves are 
a likely candidate to exert this function rather than the vagus nerve21,28. Recently, they 
have shown with electrophysiological experiments that the vagus nerve could indeed 
activate the sympathetic splanchnic nerves via a route involving central systems. Strikingly, 
cutting the splanchnic nerves completely abolished the anti-inflammatory effects of VNS, 
suggesting that the splanchnic nerves represent the efferent arm of the anti-inflammatory 
pathway29. Instead of focusing on intervention of the vagus nerve through electrical 
stimulation, stimulating the bilateral splanchnic nerves might therefore be an interesting 
therapeutic option and should be investigated in future experimental disease models such 
as those where vagal nerve stimulation has been successful (e.g. RA, IBD, sepsis models).
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Figure 1. Schematic overview of the existing theories on the (cholinergic) anti-inflammatory 
pathway. The theory of the cholinergic anti-inflammatory pathway entails that efferent fibers suppress 
inflammation via the splenic nerve bundles. The nerve bundles that innervate the spleen are sympathetic 
of nature, although cholinergic innervation of the superior pole of the murine spleen was also described 
(via an apical nerve20). It is hypothesized that vagal fibers and the splenic nerve synapse in the celiac 
ganglion (CG), but no anatomical studies have established this thus far. An alternative theory assumes 
that the greater splanchnic nerves comprise the anti-inflammatory pathway21. Both sympathetic and 
cholinergic nerves innervate the large intestine, although the distal part only receives innervation from 
sympathetic nerves that originate from the sacrum. SMG = superior mesenteric ganglion; SMN = superior 
mesenteric nerves.
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Chapter 02

VNS in experimental colitis and underlying mechanisms
The potential anti-inflammatory effects of VNS gave rise to the idea that the vagus nerve is a 
prospective target for the treatment of IBD. This was substantiated by the fact that vagotomy 
exacerbated acute and relapsing dextran sulfate sodium (DSS)-induced colitis in rodents3,30,31. 
In these experiments, ventral and dorsal truncal branches of the vagus nerve were cut at 
the level of the diaphragm. In vagotomized animals, disease outcomes such as histology 
scores worsened while colonic inflammatory cytokine levels increased. Vagotomy did not 
change the course of colitis in macrophage-deficient mice, underlining previous findings 
that gut macrophages are the end-target of the vagus nerve25,32. Of particular importance is 
that vagotomized animals needed a pyloroplasty to sustain food passage, indicating a non-
selective effect of the vagotomy3,30,31. A more selective approach was recently performed33. In 
this study, only the vagal branches that project to the intestines were cut. Interestingly, unlike 
ligation of the vagus branches at the more proximal cervical level, this approach did not affect 
the severity of colitis33. This observation suggests that vagotomy performed at the more distal 
level targeting vagal branches supplying the intestine does not suffice to modulate the disease. 
Probably, vagal immunomodulation of colitis (or IBD) requires other (non-vagal) neural 
branches that are critically dependent of the cervical vagus, being afferent of efferent in nature.

Hereafter, the potential of VNS to improve IBD was investigated in several colitis models. In 
general, a beneficial effect of VNS is shown on colitis outcomes such as disease activity index 
(DAI), macroscopic and histologic scores and colonic cytokine levels in 2,4,6-trinitrobenzene 
sulphonic acid (TNBS)- and oxazolone-induced colitis4,34-36. Stimulation parameters vary 
between experiments, which makes it difficult to compare experiments. The indiscriminate 
effect of VNS was also shown in these studies, where changes in heart rate following VNS were 
reported. However, in humans this might be dependent on the location of the stimulator (left or 
right vagus nerve) 37 and stimulating the vagus nerve below the diaphragm might prevent off-
target effects38. A detailed overview of performed animal studies can be appreciated in Table 1.

Following the discovery of the anti-inflammatory potential of VNS, mechanistic studies were 
performed to delineate the underlying mechanism. The vagus nerve mainly exerts its function 
via the neurotransmitter ACh. Multiple receptors exist for ACh, which are traditionally classified 
in muscarinic and nicotinic cholinergic receptors, based on their working mechanism. Nicotinic 
receptors are directly linked to ion channels, whereas muscarinic receptors are G protein-
linked receptors that affect cell signaling via e.g. cyclic adenosine monophosphate (cAMP). 
Following the initial study on VNS, it was demonstrated that VNS was dependent on the α7 
nicotinic acetylcholine receptor (α7nAChR) 42. This receptor is located in the brain but is also 
present on immune cells such as macrophages, dendritic cells and T-cells43-45. When located 
on neurons, activation causes swift desensitization via the modulation of intracellular calcium. 
When located on non-neuronal cells such as immune cells however, different mechanisms 
are described, including classical ion flux, modulation of cAMP or inhibition of p38 mitogen-
activated protein (MAP)-kinases, ultimately leading to an inhibition of the release of pro-
inflammatory cytokines like tumor necrosis factor TNFα46. Stimulation of the α7nAChR, both 
through pharmacological agonists and VNS, has been shown to be potentially beneficial for a 
wide variety of diseases ever since. These include fatty liver disease, kidney ischemia, arthritis 
and schizophrenia6,47-50. In colitis models, selective agonists for α7nAChR reduced immune cell 
infiltration and disease severity, but have also been shown to worsen colitis51-53. The relevance 
of α7nAChRs was also demonstrated in a model of postoperative ileus, which is a postsurgical 
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state of intestinal hypomotility with an inflammatory origin54. Matteoli et al showed that 
surgical inflammation and intestinal transit in mice were improved by VNS. The end targets 
of VNS were found to be macrophages that express α7nAChR and lie in close proximity to 
cholinergic myenteric neurons that are believed to communicate with vagal efferents32.

Although the α7nAChR is a plausible target of VNS in sepsis models, vagotomy has been 
shown to worsen colitis independent of α7nAChR as well31. Therefore, the influence of other 
cholinergic receptors in the setting of colitis should not be overlooked. Nicotinic receptors 
such as α5 are for instance protective in colitis, while VNS improved phagocytic capacities of 
intestinal macrophages via α2β4 receptors55,56. Colitis could also be ameliorated by muscarinic 
receptor agonists, although these agonists are believed to primarily act on receptors that 
are located in the central nervous system44,57. In the colonic epithelium however, colitis 
affects muscarinic receptors that protect against cytokine-induced barrier dysfunction and 
maintain intestinal mucosal homeostasis, indicating a local role for muscarinic receptors in 
immunological homeostasis58-60.

Besides neuronal sources of ACh, immune cells such as T- and B-cells potentially participate 
actively in the cholinergic system and the anti-inflammatory pathway through their production 
of ACh. This is already extensively reviewed by Fuji and colleagues61,62. In brief, these cells 
are characterized by the presence of choline acetyltransferase (ChAT), which is the rate-
limiting enzyme for the synthesis of ACh. Immunological activation of T-cells upregulates the 
expression of ChAT, indicating an increase in the production of ACh. This can subsequently 
regulate immune function, since immune cells express all types of muscarinic receptors 
(M1-M5) and a vast amount of nicotinic receptors. In the intestine, ChAT+-T-cells have already 
been linked to the production of antimicrobial peptides and microbial diversity, though the 
participation of ACh immune cells in colitis is not clarified yet63.

Importance of the spleen in mediating the CAIP
In further research on the CAIP, the spleen was recognized as an essential part as splenectomy 
and ablation of the splenic nerve in rodents abolished the effects of VNS26,64. Cutting the splenic 
nerve bundles also abrogated the positive effects of muscarinic receptor agonists on colitis57. 
Two decades ago, it was already demonstrated that splenic nerve activity increases in response 
to endotoxemia65. The sympathetic splenic nerve bundles surround the splenic artery and derive 
from the greater splanchnic nerves after synapsing in the celiac ganglia. Immunohistochemical 
studies in rodents revealed that the splenic nerve bundles enter the spleen via the splenic 
artery and its terminal branches. There, the majority of nerve branches are found in the white 
pulp, where they form a possible synaptic-like connection with leukocytes12,66. Various studies 
suggest that the spleen is also innervated by parasympathetic fibers, but strong histological 
evidence for this statement is lacking in current literature67. The participation of the spleen 
in the anti-inflammatory pathway has given rise to a great deal of debate. Although small 
branches of the vagus nerve reach the celiac ganglia, no anatomical evidence can be found for a 
connection between the vagus nerve and the splenic sympathetic neurons in tracing studies27.

ChAT+-T-cells provided an explanation for this problem. Rosas-Ballina et al. demonstrated 
that following VNS, ChAT+-T-cells release ACh in the spleen, thereby possibly relaying the 
parasympathetic signal68. Furthermore, it was found that VNS increased plasma NE via the 
α7nAChR located on splenic sympathetic neurons. 
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It is therefore suggested that ACh released by ChAT+-T-cells acts on the α7nAChRs that are 
located on splenic sympathetic nerves, resulting in the release of NE. This subsequently 
leads to reduction of pro-inflammatory cytokines and systemic inflammation by NE acting 
on the β-adrenergic receptors on myeloid cells such as macrophages (Figure 2A) 69. Indeed, 
immunomodulation via the splenic nerve fibers appears to be dependent on β-adrenergic 
receptors and can inhibit the production of TNFα independently of α7nAChR70,71.

Although this is an elegant theory, there should be a clear anatomical connection in the spleen 
that lies at the basis of the interaction between immune cells and neurons. Rat studies have 
demonstrated such a relationship, however only few ChAT+-T-cells and -B-cells are actually 
located near sympathetic neurons in the murine spleen72. Possibly, ChAT+-cells are affected 
in an indirect manner via the adrenergic activation of stromal cells in the spleen expressing 
CXCL13, a chemokine that can recruit B-cells through their receptor CXCR572. β-adrenergic 
activation has previously been shown to control lymphocyte egress in secondary lymphoid 
organs and might therefore be the mechanism via which splenic nerve stimulation could inhibit 
systemic inflammation73. Alternatively, NE that is released by the sympathetic neurons could 
act directly on β-adrenergic receptors of macrophages (Figure 2B and C) 74. Nevertheless, 
stimulation of the splenic nerve bundles with either electrical stimulation20 or ultrasound75 
was able to reduce symptoms in mouse models of rheumatoid arthritis.

Translational studies like recently performed by Verlinden et al, will further clarify whether 
neurons in the spleen have the potential to influence immune cells76. It was already 
demonstrated that septic patients show a loss of sympathetic splenic nerves, indicating a 
regulating role in disease77. Nevertheless, recent insights also show that the spleen might not be 
as essential as previously believed, since the anti-inflammatory properties of splanchnic nerve 
stimulation are spread across other abdominal organs such as the liver and adrenal glands78.

  Sympathetic modulation of gut immunity
It has been recognized for a long time that the SNS is a strong modulator of inflammatory 
activation. Colonic macrophage TNF and IL-6 secretion has been shown to be regulated 
by sympathetic innervation79. Moreover, the anti-inflammatory prospect of sympathetic 
neurotransmitters such as epinephrine and NE has been described in different disease models 
like arthritis and sepsis74,80. The a- and b-adrenergic receptors are, like cholinergic receptors, 
present on nearly all types of immune cells. There are however differences in the expression 
of these receptors, since for instance monocytes show greater β-adrenergic receptor density 
than lymphocytes81. Especially the β2-adrenergic receptor is involved in the suppression of 
pro-inflammatory cytokine release following stimuli such as lipopolysaccharide in vitro and 
lymphocyte expansion73,82,83. β2-adrenergic receptor stimulation controls inflammation by driving 
rapid IL-10 secretion84. NE therefore has gained increasing recognition as a modulator of intestinal 
inflammation. Moreover, in a DSS-colitis model sympathetic denervation lead to worsening of 
the DSS-induced colitis, whereas sympathetic stimulation caused improvement85. This anti-
inflammatory effect of NE acting on β2-adrenergic receptors was highlighted in a human study by 
the finding that patients with IBD that were using b-blockers had an increased risk of developing 
a disease relapse compared to patients with IBD that were not using b-blockers57. Next to this 
direct anti-inflammatory effect, high concentrations of NE can also result in apoptosis in different 
cell types86-90. In lymphocytes, this is mediated by again, the β2-adrenergic receptor91. This counts 
as an anti-inflammatory mechanism as well, in the case that pro-inflammatory cells are targeted.
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Figure 2. Mechanisms via which stimulation of the splenic nerve can control inflammation. (A) 
Stimulation of the splenic nerve causes the release of norepinephrine (NE), which binds to receptors on 
choline acetyltransferase (ChAT)+ T-cells. These cells produce acetylcholine (ACh), which reduces the 
production of inflammatory cytokines such as tumor necrosis factor (TNF)-α by binding to the α7 nicotinic 
acetylcholine receptor (α7nAChR) of macrophages. 68 (B) Released NE could directly bind to β2-adrenergic 
(β2-AR) on macrophages (or other target cells). (C) Upon activation by NE, splenic stromal cells produce 
chemokines such as CXCL13, which control the distribution of ChAT+ lymphocytes. 72 Mϕ = macrophage
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Figure 3. Innervation of the intestinal wall. Both sympathetic and cholinergic nerves innervate the 
intestinal wall, where they synapse with the enteric nervous system (ENS). Only the sympathetic nerve 
fibers reach the mucosal layer of the intestine, where they can interact with immune cells. ChAT+ T-cells 
reside in the intestinal wall, possibly contributing to immunological homeostasis. Mϕ = macrophages; 
NE = norepinephrine; ACh = acetylcholine.

Of note, the antagonizing effects of sympathetic activity must be appreciated at the receptor 
level. That is, in low concentrations (10-9 to 10-7 M), NE binds to α-adrenergic receptors that have 
pro-inflammatory properties, whereas in higher concentrations (10-7 to 10-5 M) NE has more 
affinity for β-adrenergic receptors with its anti-inflammatory effects. The opposite applies for 
adenosine, another neurotransmitter of the SNS that binds to A1 or A2 adenosine receptors92. 
Together with the facts that sympathetic nerve fibers are lost in inflammatory conditions and 
NE levels are decreased, a normally present anti-inflammatory b-adrenergic zone becomes a 
pro-inflammatory a-adrenergic zone.

The association between the SNS and the inflamed intestine is reciprocal as the intestinal 
inflammation can also affect the nerves and its adrenergic activity. Sympathetic innervation 
is markedly decreased in inflamed colonic tissue of IBD patients, as well as in various 
colitic mouse models. In IBD patients, a loss of tyrosine hydroxylase (TH)+ nerve fibers was 
demonstrated, with TH being the rate-limiting enzyme for the production of epinephrine 
and NE. Furthermore, a marked preponderance of pro-inflammatory SP+ fibers was found40. 
The increased presence of nerve repellent factors such as semaphorin 3C, a protein that 
exerts repulsive actions against sympathetic fibers specifically, possibly contributes to this 
differential loss93. Fontgalland and colleagues suggest that somatostatin and NOS, both anti-
inflammatory neuropeptides, also interfere with the nerve loss as both somatostatin- and 
NOS-labeled nerves are reduced in inflamed tissue94.

The loss of sympathetic nerves in inflamed tissue would logically result in a reduction in 
sympathetic neurotransmitter levels. Significantly lower NE levels were indeed found in 
Crohn’s disease patients compared to healthy controls95. This is supported by the fact that 
the release of NE from sympathetic nerve terminals is restricted in inflamed tissue96-98. The 
inflammation induced inhibition could augment to the chronicity of the inflammation as NE 
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negative immune regulation is dampened. Moreover, next to the anti-inflammatory role of the 
SNS that is the focus of this review, the main role of sympathetic nerves lies in vasoregulation. 
Loss of these nerves results in an impaired blood flow, which could add up to sustaining the 
inflamed environment. The SNS can exert opposing pro- and anti-inflammatory functions, 
depending on the concentration of neurotransmitters and neuropeptides (that is reliant on 
their release and the presence of sympathetic nerves), the amount and availability of receptors, 
the receptor affinity and the timing of sympathetic activity. No consensus exists on the role 
of the SNS as well as the inflammatory milieu in continuance of the inflammatory processes. 
Interestingly, a similar discussion on the direction of neuroanatomical change endures in the 
field of rheumatology99-101. It has still to be elucidated whether the changes in sympathetic 
activity are the result of chronic inflammation or vice versa. It could be a combination as the SNS 
seems to act conflicting. Exerting pro-inflammatory effects have been observed at the early 
inflammatory phase and anti-inflammatory in the chronic phase of inflammation40. Different 
experimental models of colitis (acute and chronic) might provide more clarity on the role of 
the SNS in different stages of the disease. However, both loss of sympathetic activity and local 
inflammation may lead to an unfavorable situation that supports the ongoing disease processes.

Neuropeptides
Various subtypes of previously mentioned neuropeptide receptors are also present on 
immune cells suggesting a possible impact of these molecules on immunity. Due to the anti-
inflammatory properties, the therapeutic potential of these have been studied extensively, 
both in experimental and clinical setting. In TNBS-induced colitis administration of VIP induced 
a remarkable amelioration with lower levels of pro-inflammatory chemokines and cytokines, 
inhibition of Th1 responses and induction of a Th2 immune response. Administration of CGRP 
had a similar effect102,103. In rat CGRP protected the colonic mucosa against TNBS in both the 
early and late phase of inflammation, while the antagonist of CGRP, hCGRP, exacerbated 
TNBS-induced inflammation104. Results on substance P are conflicting with studies showing 
beneficial effects in DSS- and TNBS-induced colitis models105,106 and studies showing the 
opposite107,108. NPY, one of the most abundant peptides in the autonomic nervous system, 
and serotonin have a pro-inflammatory effect109-114. However, these results have not been 
supported by clinical evidence and hence, clinical significance of these results remains unclear.

Neuronal innervation and microbiota
Not only does the SNS impact the intestinal immunity directly, it has also been suggested 
that there is an association with the gut microbiota. Firmicutes (F) and Bacteroidetes (B) are 
two major phyla of the domain Bacteria and dominate the human intestinal microbiota. An 
increased F/B ratio has been associated with obesity115 and IBD116. Therefore, these days it 
is being used as marker for pathological conditions117. Yang and colleagues made use of a 
new bone marrow chimera mouse model lacking b-adrenergic receptor 1 or 2 and showed a 
significant shift in the Bacilli class of Firmicutes in the colon, more specifically in the family 
of Lactobacillaceae. This was in line with the findings that were published by Bartley et 
al117 who showed that reduced b-adrenergic signaling leads to beneficial shifts in the gut 
microbiota. However, no significant change was found in F/B ratio. Intriguingly, in both studies 
the sympathetic depletion lead to a beneficial shift in the gut microbiota composition (i.e., 
comparable diversity and richness, and decreased Proteobacteria phylum) associated with 
immune suppression118. This is in sharp contrast with the anti-inflammatory effects of NE on 
cytokine level.
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The role of the PNS in modulation of the gut microbiome is still equivocal. Late research in 
Parkinson’s Disease, a common neurogenerative disorder, has demonstrated that atrophy of 
the vagus nerve represents an important route of disease progression119. This pathogenesis 
has been associated with changes in the gut microbiota composition and inflammation120-122. 
However, this could also be the cause of Parkinson Disease rather than the result, since VNS 
did not alter gut microbiota compositions in mice in another study focusing on Amyotrophic 
Lateral Sclerosis123. In this study, during surgery the animals of the experimental group 
received one hour of VNS. Chronic use of VNS might affect the microbiota and these studies 
are therefore warranted.

The intestinal microbiome greatly interacts with the mucus barrier. The intestinal epithelium 
is covered by a dense layer of mucus that functions as the primary defense barrier hosting 
antimicrobial peptides and preventing bacterial translocation into underlying tissues. Goblet 
cells (GC) are simple columnar epithelial cells that act as the primary source of mucins that 
form the mucus layer. Interestingly, ulcerative colitis but not Crohn’s Disease has been 
associated with a defective colonic mucus layer and a reduced number of GC124. Various types 
of GC exist and their differentiation is based on their location and function. The surface GC 
secrete mucins continuously to maintain the mucus layer, whereas GC located in the intestinal 
crypts secrete mucins upon stimulation. The secretion is party controlled by the PNS, since 
it has been shown that acetylcholine induces rapid transient increase in mucus secretion in 
mouse, rat, rabbit and human colon125-128. The critical role for the autonomic nervous system 
is stressed by the finding of altered GC differentiation in Hirschprung disease. The congenital 
aganglionosis leads to increased GC differentiation and proliferation resulting in changed 
mucus properties, increasing the susceptibility for inflammation129. Taken together, the 
autonomic nervous system is able to modulate the intestinal microbiota, possibly through 
the PNS and assured through the SNS.

Impact of the autonomic nervous system on intestinal epithelial proliferation
Mucosal healing is considered to be a major prognostic factor in the management of IBD. The 
SNS as well as the PNS have been linked to enhanced cell proliferation and tissue regeneration 
in multiple organs130. Recent studies show that the nervous system can also alter intestinal 
epithelial cell proliferation131. However, the mechanism of this effect has not been identified 
yet. It can be either indirectly (via food intake132, or inflammation as previously described), or 
directly. The latter could be due to the fact that sympathetic nerves come in close contact to 
the intestinal epithelium and hence autonomic neurotransmitters can bind to receptors on 
proliferating cells in the intestinal epithelium.

Surgical and chemical ablation of autonomic nerves with subsequent loss of neurotransmitters 
has been associated with an alteration in intestinal epithelial cell proliferation. Various 
studies have aimed to identify the underlying pathway. However, results are indecisive on 
whether autonomic neuronal activity would be anti- or pro-proliferative. After SNS or PNS 
denervation, epithelial cell proliferation has shown to either decrease130,133-135 or increase136. 
Results are time dependent and effects seem to recover due to compensatory mechanisms, 
such as upregulation of adrenergic or cholinergic receptor expression, compensation by non-
denervated branch, and modulation of the ENS137. No data exist on change in epithelial cell 
proliferation after sympathetic or parasympathetic stimulation, rather than denervation. 
Potentially, this has a more long-lasting and substantial effect.
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Both sympathetic and parasympathetic neurotransmitter receptors are expressed in the crypt, 
villus and epithelial stem cells (Figure 4 and 5) 138,139. NE and ACh released from these terminals 
could bind to receptors on stem cells, transit amplifying cells131, a combination of these or 
interact with other cells involved in epithelial cell proliferation pathways. Lgr5+ crypt base 
columnar cells, which lie deep in the crypts of Lieberkühn are known for their important role 
in cell proliferation. However, cell types like Paneth cells, interspersed among the stem cells, 
or stroma cells such as (myo)fibroblasts and glia cells could also take part in these processes, 
since they are in close proximity. It is likely that they impact epithelial cell proliferation and 
differentiation partly through the release of cytokines. Cytokines influence the expression of 
tight junctions and stem cell proliferation and have therefore a pivotal role in modulating the 
intestinal epithelial barrier and its underlying cells. This also accounts for other factors, such 
as neuropeptides. For instance, SP has a pro-proliferative role in epithelial cell growth140,141. 
Its receptors are present in colonic mucosa.

Enteric glial cells (EGC) reside beneath the epithelial layer. Their astrocyte-like shape suggests 
a communicating role with the central nervous system. Neunlist and colleagues showed 
that EGC inhibit intestinal cell proliferation through a transforming growth factor (TGF)-β1-
dependent pathway142. This anti-proliferative effect was underlined by another study that 
demonstrated an additive upregulation of differentiation-related genes via activation of 
peroxisome proliferator-activated receptor γ, PPARγ143. Conversely, in a more recent study 
genetic ablation of EGC did not alter intestinal epithelial proliferation. Despite this, it is 
thought that EGC might influence the epithelium when ‘activated’ by certain infectious or 
immunological conditions. Glia can adopt pro- or anti-inflammatory phenotypes depending on 
the context144 and EGC regulate the neurotoxic effects of intestinal inflammation145. Given the 
fact that these cells express β2-adrenergic receptors146, they could play a role in the proposed 
interaction between the SNS and epithelial proliferation.

The role of the PNS in epithelial cell proliferation remains debatable, since no direct innervation 
of the epithelium has been demonstrated yet. It is likely that the ENS plays an important role 
in this pathway connecting the PNS to the intestinal epithelial barrier through ACh signaling. 
Also, denervation of the PNS alters the proliferative rate of the intestinal epithelium while the 
ENS remains intact133-135,147. Despite the fact that the ENS as well as the PNS exert their functions 
through ACh, hindering the demonstration of the parasympathetic attribution to epithelial 
proliferation, this suggests that the PNS can modulate the proliferation directly.

Thus, modulation of (para)sympathetic activity could have a beneficial effect in proliferative 
processes in the intestinal epithelium either directly or indirectly via various cell types and 
could hence act as new therapeutic target in processes such as wound healing in IBD or 
postoperatively. Further research is needed to enlighten the involved pathways.

Clinical studies in the field of bioelectronics
The extensive connections between the autonomic nervous system and the intestine together 
with the prevalence of the intestinal disturbances or diseases that are associated with neuronal 
activity makes the innervation of the gut an appealing target for new treatment methods. 
So far, various clinical trials have investigated the use and efficacy of (para)sympathetic 
neuromodulatory techniques in the treatment of inflammation. 
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Figure 4 (left). Proposed model of innervation of the intestinal crypt. Sympathetic nerves can affect 
the proliferation in the crypt in multiple ways. Sympathetic neural activity inhibits proliferation through 
fibroblasts (that produce bone morphogenetic protein (BMP) and transforming growth factor (TGF-β)) 
and enteric glia cells that express adrenergic receptors. Enteric glia cells can also produce neurotrophic 
factors that are critical in the growth, survival and differentiation of nerves. In addition, adrenergic 
receptors are present on cells within the crypt, suggesting that sympathetic neural activity affects 
proliferative processes directly.

Figure 5 (right). Inflammatory processes in the intestinal crypt. In inflammatory state, enteric glia 
cells are activated by pro-inflammatory cytokines and factors like antimicrobial peptides. Under influence 
of sympathetic neural activity neurotrophic factors are produced and extruded. Inflammatory cells like 
neutrophils, T-helper (Th-)cells and type 3 innate lymphoid cell (ILC3), interleukin (IL-)22 is produced, 
that plays a pivotal role in modulating inflammation and stimulating host defense/antimicrobial peptide 
secretion.

Bioelectronic Medicine, mainly represented by VNS, opens new therapeutic avenues for 
treatment modalities for IBD. It has already proven its efficacy in rheumatoid arthritis6, 
sepsis148, kidney ischemia-reperfusion injury48 and Crohn’s Disease7,34,35. Trials on application 
of VNS are still ongoing in postoperative ileus, juvenile idiopathic arthritis and systemic lupus 
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erythematosus. A small clinical trial performed by Bonaz et al demonstrated that cervical VNS 
was able to reduce clinical and biological symptoms in 5 out of 7 subjects with active Crohn’s 
Disease7. Well-designed, randomized-controlled studies have to be conducted to confirm these 
promising results. Since cervical VNS also influences physiological functions such as heart 
rate, stimulation of the abdominal branches of the vagus nerve might be a more targeted 
approach149.

In recent years, developments on non-invasive neuromodulatory techniques has been 
of interest. Transcutaneous VNS (tVNS) appeals promising as no surgical implantation is 
required. Instead, the auricular concha that is innervated by the vagus nerve can be stimulated 
transcutaneously150,151. Several devices have been investigated, such as The Cerbomed NEMOS 
stimulator (Erlangen, Germany) and the electroCore LLC gammaCore device (Basking Ridge, 
NJ, USA), which was originally designed to treat primary headache delivering electrical signals 
to the cervical part of the vagus nerve. Lerman et al have shown that tVNS through use of 
the gammaCore device decreased cytokine and chemokine levels in healthy individuals152. 
Although the advancement in these noninvasive techniques is encouraging, risk for 
noncompliance should be taken into account.

Concluding remarks and future perspectives
In the last decades, many studies have revealed an important role of the autonomic nervous 
system in modulating intestinal immunity. Through research into the role of both the SNS as 
well as the PNS, the role of the SNS has been cued as fundamental in the intervention of immune 
processes. Many open questions however remain. Further research is needed to elucidate the 
specific cells under influence of neurotransmitters in both healthy and diseased conditions 
since data are conflicting. For instance, specialized epithelial cells including those present 
in the crypt stem cell niche, express neurotransmitter receptors but whether such cells are 
truly innervated and functionally affected remains to be established. Local neurotransmitter 
concentrations critically direct the types of receptors activated especially in the case of 
adrenergic receptor classes, further complicating conclusive studies in this field. Nonetheless, 
it is evident that the autonomic nervous system has great potential to serve as therapeutic 
target for inflammatory diseases and to that end the advancement of new neuromodulatory 
techniques has to be pursued. The importance of inflammatory reflexes in regulating acute 
and chronic intestinal inflammatory disorders is emerging and the ENS appears as a pivotal 
element linking sympathetic and more particularly vagal inputs to the immune system.

Clinically, an added immune regulatory function by neural interfacing may provide us with a 
powerful tool to enhance remission in IBD patients. Such applications may be more feasible 
and less invasive than originally thought, making use of implantable devices. Neural interfacing 
technology provides the basis for mapping neural signals and for Bioelectronic Medicines. 
Electrode-based interfaces must be adapted to interrogate visceral nerve activity effectively, 
but more pre-clinical work seems necessary to determine this as a true treatment paradigm.
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ABSTRACT

Background
Vagus nerve stimulation has been suggested to affect immune responses, partly through 
a neuronal circuit requiring sympathetic innervation of the splenic nerve bundle and 
norepinephrine (NE) release. Molecular and cellular mechanisms of action remain elusive. 
Here, we investigated the therapeutic value of this neuromodulation in inflammatory bowel 
disease (IBD) by applying electrical splenic nerve bundle stimulation (SpNS) in mice with 
dextran sulfate sodium (DSS)-induced colitis.

Methods
Cuff electrodes were implanted around the splenic nerve bundle in mice, whereupon mice 
received SpNS or sham stimulation. Stimulation was applied 6 times daily for 12 days during DSS-
induced colitis. Colonic and splenic tissues were collected for transcriptional analyses by qPCR 
and RNA-sequencing (RNA-seq). In addition, murine and human splenocytes were stimulated 
with lipopolysaccharide (LPS) in the absence or presence of NE. Single-cell RNA-seq data from 
publicly available data sets were analyzed for expression of β-adrenergic receptors (β-ARs).

Results
Colitic mice undergoing SpNS displayed reduced colon weight/length ratios and showed 
improved Disease Activity Index scores with reduced Tumor Necrosis Factor α mRNA expression 
in the colon compared with sham stimulated mice. Analyses of splenocytes from SpNS mice 
using RNA-seq demonstrated specific immune metabolism transcriptome profile changes 
in myeloid cells. Splenocytes showed expression of β-ARs in myeloid and T cells. Cytokine 
production was reduced by NE in mouse and human LPS-stimulated splenocytes.

Conclusions
Together, our results demonstrate that SpNS reduces clinical features of colonic inflammation 
in mice with DSS-induced colitis possibly by inhibiting splenic myeloid cell activation. Our data 
further support exploration of the clinical use of SpNS for patients with IBD.
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BACKGROUND

Inflammatory bowel diseases (IBD) are debilitating conditions that greatly affect the daily 
life of patients. At present, treatment modalities for IBD mainly consist of anti-inflammatory 
agents with increasing intensity if disease remains uncontrolled. However, pharmaceutical 
treatment is accompanied with substantial side effects and has a high financial burden. In this 
light, novel therapies that can improve disease outcome of patients with IBD are warranted.

It is increasingly acknowledged that the autonomic nervous system possesses a regulatory 
activity towards the immune response. Vagus nerve stimulation (VNS) was found to improve 
clinical outcomes in small scale clinical trials in patients with rheumatoid arthritis and Crohn’s 
disease1-3. Similarly, in experimental colitis rat models, VNS decreased disease parameters 
and colonic cytokines4-7. Despite a positive outlook for the use VNS as immunosuppressive 
treatment, it has become evident that VNS affects many organs, acts on immune cells 
indirectly8, and therefore has off-target effects such as cardiovascular changes restricting its 
clinical application9.

It has been shown that the anti-inflammatory effect of VNS in experimental endotoxemia 
rests on innervation of the spleen through the splenic nerve bundle10,11. Accordingly, anti-
inflammatory activity in experimental colitis of cholinergic agonists relies on splenic 
innervation12-14. Since the anatomical and functional connection between the vagus nerve 
and the sympathetic splenic nerve bundle remain topic of debate, therapeutic efficacy of 
nerve stimulation might be improved through directly targeting the splenic nerve bundle 
instead of the vagus nerve15. Interestingly, it has been reported that stimulation of the splenic 
nerve bundle could be as effective as VNS in murine models of endotoxemia and arthritis9,16. 
Moreover, ultrasound stimulation of the splenic nerve bundle improves disease outcome in a 
setting of dextran sulfate sodium (DSS)-induced colitis17. Yet, thus far the effect of electrical 
splenic nerve bundle stimulation (SpNS) in experimental colitis is not well understood.

In this study, we demonstrate that electrical SpNS using implanted cuff electrodes in mice 
with DSS-induced colitis ameliorated colitis. Further, we investigated the potential role of 
adrenergic receptor (AR) activation in splenic myeloid cells that could be mediating this effect.

METHODS

Animals
Female C57BL/6N mice (8-12 weeks old) were purchased from Charles River Laboratories 
(Maastricht, the Netherlands). The animals were housed under specific pathogen free 
conditions in individually ventilated cages in the animal facility at the Amsterdam UMC, 
location Academic Medical Center (AMC), 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%) 
with ad libitum food and water. Mice handling and experimental protocols were in accordance 
with the local guidelines and approved by the local Animal Research Ethics Committee.

Surgical implantation and stimulation of cuff electrodes around the splenic 
neurovascular bundles and the cervical vagus nerve
First, an incision was made in the skin of the head and the skull was cleaned to attach the head 
mount, Preci-Dip (RS components, Haarlem, the Netherlands) with dental cement (Super-

Binnenwerk Anne - V3 Final.indd   45Binnenwerk Anne - V3 Final.indd   45 03-12-2023   16:0403-12-2023   16:04



46

Bond C&B, Sun medical, Hofmeester Dental, Rotterdam, the Netherlands) according to the 
manufacturer’s protocol. Second, an incision was made in the left flank to reach the spleen and 
to place the cuff electrode (100 µm micro cuff sling, CorTec GmbH, Freiburg, Germany) around 
the splenic artery, or an incision was made in the neck to expose the left cervical vagus nerve 
to place the cuff. The wires of the cuff were led subcutaneously to the skull and attached to 
the head mount. The whole procedure was performed in mice under anesthesia with 2-2,5% 
isoflurane/O2. Pre-operatively and 24 hours post-operatively, meloxicam (Metacam) 1 mg/
kg (Boehringer, Ingelheim am Rein, Germany) and enrofloxacin (Baytril) 10 mg/kg (Bayer 
Healthcare, Whippany, NJ, USA) were administered subcutaneously. Before the start of DSS 
treatment, mice had a recovery period of 10 days and were tethered and single housed 5 days 
before start of stimulation. Before start of stimulation, mice were paired based on weight 
and then randomly allocated (1:1) to the sham or stimulation group (Table 1). Stimulation 
started at the same day as the treatment with DSS and was performed 6 times per 24 hours 
(every 4 hours) for 2 minutes with a biphasic pulse (650 µAmp, 10 Hz, 100 µs per phase). Mice 
were observed during the first stimulations for behavioral changes and altered breathing 
patterns. Before, during and after the experiment, cuff functioning was ensured by measuring 
impedance using a Minirator MR Pro (NTI Audio, Essen, Germany). If the impedance was >25 kΩ 
before start of stimulation, the mouse was allocated to the sham group. Animals that received 
sham stimulation underwent the same surgical procedure with cuff placement, were tethered 
to a wire but no actual stimulation was performed.

Surgical splenic denervation
Via a midline incision the spleen and splenic artery were located. Selective denervation was 
achieved by cutting the catecholaminergic nerve fibres running along the splenic artery. Sham-
operated animals underwent a laparotomy without denervation. Surgery was performed on 
anesthetized 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 the DSS-induced colitis experiment, mice had a recovery period of two weeks.

Acute SpNS and endotoxemic shock
Seven days following implantation, animals were injected i.p. with a lethal dose of 
lipopolysaccharide (LPS; 400 µg). Electrostimulation was applied using a PlexStim V2.3 (Plexon) 
starting at -10, 0 and +20 minutes relative to LPS injection. Mice were electrically stimulated with 
the same parameters as above at 16, 20, 24, 30, 34 and 38 hours after LPS injection. Survival was 
followed over 4 days. Serum was collected at 90minutes after LPS injection and assessed for 
Tumor Necrosis Factor (TNF)-α levels. Again, controls were fully Cortec implanted mice, which 
did not receive electrical stimulation (sham). Electrostimulation were rectangular charged-
balanced biphasic pulses (650 μAmp, 10 Hz, 100 μs per phase) for 2 minutes. For TNF-α, retro-
orbital blood sampling was performed under isoflurane anesthesia. TNF-α levels were measured 
by ELISA (Mouse TNF-alpha DuoSet, R&D Systems) following manufacturer instructions.

Dextran sulfate sodium (DSS)-induced colitis
Two percent (w/v) DSS (TdB Consultancy, Uppsala, Sweden) was added to the drinking water 
for 5 consecutive days. Daily replacement of drinking water with fresh DSS solutions was 
performed. After 5 days, DSS drinking water was replaced by normal drinking water and 
animals were followed for weight and behavior for the subsequent 7 days, making the total 
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experiment length 12 days. During the study, bodyweight was monitored daily. At the end of the 
study, mice were sacrificed, and the colon weight and length were measured, as parameter for 
colitis. Then, the tissue was snap-frozen in liquid N2 and stored at -80°C or put in 10% formalin 
for further processing. The disease activity index (DAI), ranging from 0-9, was used to assess 
the clinical outcome of the DSS-induced colitis. DAI was determined by combining scores of 
stool consistency (0-3), occult blood in the stool (0-3), and macroscopic inflammation (0-3) 18.

Mouse ID Impedance according  
to manufacturer

Impedance 
before DSS

Impedance 
during DSS

Impedance 
after DSS

Group

#26 3.7 10 11 11 Stim

#27 4.6 13 Sham

#28 4.8 13 Sham

#29 3.6 18 14 15 Stim

#30 4.5 18 Sham

#31 6.8 17 14 13 Stim

#32 4.8 > 50 Sham

#33 5.1 16 Sham

#34 3.6 9.7 11 11 Stim

#35 4.4 14 Sham

#36 3.9 18 14 14 Stim

#37 4.6 21 Sham

#38 3.6 15 14 13 Stim

#39 5.1 26 Sham

#40 3.9 19 13 12 Stim

#41 5.1 18 14 14 Stim

#42 5.9 20 21 1 Stim

#43 3.9 16 16 15 Stim

#44 4.6 20 Sham

#45 4.3 2.4 Sham

#46 6.9 17 15 14 Stim

#47 4.1 20 Sham

#48 4.6 17 Sham

#49 4.2 18 14 13 Stim

#50 4.6 17 16 16 Stim

#51 4.8 27 Sham

#52 4.8 18 15 16 Stim

#53 6.2 14 11 12 Stim

#54 5.1 35 Sham

#55 5.1 > 50 Sham

#56 4.8 23 Sham

Table 1. Impedance measurements. DSS = dextran sulfate sodium
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Endoscopy was performed at day 8 after start of DSS. Endoscopy was performed under 
anesthesia 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), while 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, with each 
component scoring between 0 and 319.

Histology
Swiss rolls of the distal colon were fixated in 10% formalin. Afterwards the tissue was 
embedded at the Pathology department of the Amsterdam UMC, location AMC, in paraffin 
for routine histology. A blinded and experienced pathologist evaluated formalin-fixed 
hematoxylin and eosin (HE) stained tissue sections microscopically. The pathologist scored the 
distal colon based on eight characteristics of inflammation. 20 This resulted in a total histology 
score ranging from 0 to 24.

RNA isolation and RNA sequencing analysis
RNA was extracted from snap-frozen colon tissue after homogenization of the samples in 
TriPure isolation reagent (Roche Applied Science, Almere, the Netherlands) according to the 
manufacturer’s instructions. For RNA sequencing (RNA-seq), RNA quality was assured using 
the Bioanalyzer (Agilent, Santa Clara, USA) where samples with a RIN score of >8 were used for 
further analyses. mRNA was converted into cDNA with the KAPA mRNA HyperPrep Kit (Roche), 
whereupon the cDNA was prepared for sequencing on the HiSeq4000 at the Core Facility 
Genomics, Amsterdam UMC, in a 50 bp single-ended fashion to a depth of 40 million reads per 
sample. The raw reads were checked for quality using FastQC (v0.11.8) and MultiQC (v1.7) 21,22 
and were subsequently mapped using STAR (v2.7.3) against mouse genome GRCm38. 23 Post-
alignment processing was done using SAMtools (v1.9) 24, whereupon reads were counted using 
featureCounts as found in the Subread package (v1.6.4) 25,26. Gene features were obtained from 
Ensembl (v98) 27. Resulting counts were imported and analyzed in the R statistical environment 
(v3.6.2) using packages obtained from Bioconductor (v3.10) 28. DESeq2 was used to perform 
the pairwise differential expression analyses29. Plots were made using pheatmap (v1.0.12) 
and ggplot2 (v3.3.1) 30,31.

cDNA synthesis and quantitative PCR analysis
For quantitative polymerase chain reaction (qPCR), RNA was further cleaned from DSS 
with the Bioline ISOLATE II RNA mini kit (GC biotech B.V., Alphen a/d Rijn, the Netherlands). 
cDNA was synthesized using dNTPs (ThermoFisher Scientific, Landsmeer, the Netherlands), 
Random primers (Promega, Leiden, the Netherlands), Oligo dT primers (Sigma, Zwijndrecht, 
the Netherlands), Revertaid and Ribolock (ThermoFisher Scientific) according to the 
manufacturer’s instructions. PCR was performed using SensiFAST SYBR No-ROX (GC biotech 
B.V.) on a LightCycler 480 II (Roche Applied Science) to analyze expression levels of genes of 
interest using LinRegPCR software32. For normalization the reference genes hypoxanthine 
phosphoribosyltransferase (Hprt), cyclophilin, Non-POU Domain Containing Octamer Binding 
(Nono) and ribosomal protein lateral stalk subunit P0 (Rplp0) were selected, after analysis for 
stability in geNorm33. Primers (synthesized by Sigma) are listed in Table 2.
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Gene Forward sequence Reverse sequence

IL-1β GCCCATCCTCTGTGACTCAT AGGCCACAGGTATTTTGTCG

Il-6 GAGTTGTGCAATGGCAATTCTG TGGTAGCATCCATCATTTCTTTGT

Il-10 TGTCAAATTCATTCATGGCCT ATCGATTTCTCCCCTGTGAA

Il-12 AGACCCTGCCCATTGAACTG CGGGTCTGGTTTGATGATGTC

TNF-α TGGAACTGGCAGAAGAGGCACT CCATAGAACTGATGAGAGGGAGGC

Mmp-7 TCTGCATTTCCTTGAGGTTG AGGAAGCTGGAGATGTGAGC

Acod-1 ACTCCTGAGCCAGTTACCCT GGTGGTTCACTTTCAAGCCG

Cxcl1 CCACACTCAAGAATGGTCGC TCTCCGTTACTTGGGGACAC

Cxcl2 CCCAGACAGAAGTCATAGCCAC TGGTTCTTCCGTTGAGGGAC

S100a8 ACTTCGAGGAGTTCCTTGCG TGCTACTCCTTGTGGCTGTC

S100a9 TGGGCTTACACTGCTCTTACC GGTTATGCTGCGCTCCATCT

Hprt CCTAAGATGAGCGCAAGTTGAA CCACAGGACTAGAACACCTGCTAA

Cyclophilin ATGGTCAACCCCACCGTGT TTCTGCTGTCTTTGGAACTTTGTC

Nono AAAGCAGGCGAAGTTTTCATTC ATTTCCGCTAGGGTTCGTGTT

Rplp0 CCAGCGAGGCCACACTGCTG ACACTGGCCACGTTGCGGAC

Table 1. Primer sequences for qPCR

Protein concentrations of cytokines in intestinal tissue
Snap-frozen colon tissue was homogenized 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), pH 7.4, diluted 1:1 with phosphate buffered saline (PBS). In these tissue 
lysates, protein concentrations of IL-6, IL-10, IL-12, TNF-α, interferon (IFN)-γ and monocyte 
chemoattractant protein (MCP)-1 were measured with a mouse inflammation kit by BD 
cytometric bead assay (CBA; BD Bioscience, San Jose, CA, USA) according to manufacturer’s 
protocol, with the exception that reagents were 10 times diluted.

Adrenergic cell culture assays
Murine spleens were obtained from female C57BL/6 mice. Human splenic tissue was obtained 
from patients that underwent distal pancreatectomy for pancreatic cancer during which the 
spleen was taken out as part of the procedure. Splenic tissue was obtained in consultation with 
a pathologist to assure that tissue was not affected by any tumorous tissue. The Medical Ethics 
research Committees United (MEC-U, Nieuwegein, the Netherlands) approved the protocol 
(registration number W16.182) and patients provided informed consent for the use of their 
material. Spleens or splenic tissue were immediately homogenized on a 70 µm cell strainer 
and suspended in RPMI-1640 medium (supplemented with 10% fetal calf serum (FCS; Bodinco, 
Alkmaar, the Netherlands), 100 U/ml pen/strep (Lonza, Basel, Switzerland), 2 mM L-Glutamine 
(ThermoFisher Scientific) to obtain a single cell suspension. Cells were counted using the 
Coulter Counter (Beckman Coulter, Indianapolis, USA) and were plated using 1*106 cells per 
well. All conditions were performed in triplicate. Cells were pre-treated with norepinephrine 
(NE) and/or propranolol (both 1 mM, Sigma-Aldrich, Saint Louis, USA) 30 minutes before 
exposure to LPS 100 ng/mL (Bio-Connect, Huissen, the Netherlands). Murine TNF-α was 
assessed after 4 hours in supernatant with ELISA (R&D systems, Minneapolis, USA) according 
to the manufacturer’s instructions. Human cytokines (TNF-α, IL-6, and IL-8) were assessed 
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by means of BD cytometric bead assay (CBA; BD Bioscience, San Jose, CA, USA) according to 
manufacturer’s protocol, with the exception that reagents were 10 times diluted.

Single-cell RNA-sequencing database studies
Publicly available single-cell RNA-sequencing (scRNA-seq) datasets from two C57BL/6JN 
mouse spleens were downloaded from the Gene Expression Omnibus (GEO; GSE109774) 34. 
Alignment was done against GRCh38 using Cell Ranger Software (v3.1.0; 10x Genomics, Inc., 
Pleasanton, CA, USA) and subsequently datasets were imported in Rstudio (v1.3.1093) 35. Seurat 
was used to import, integrate, and cluster data, and plots were made with ggplot2 (v3.3.3) 31,36.  
Cells were filtered for dead cells that were identified by a low (500-5000) gene count. Clusters 
were identified by Louvain clustering method, and annotation was performed with use of 
known markers34. Thereafter, expression of Adrb2 (encoding for β2-AR) was assessed. The 
top 13 principal components were used to calculate the t-distributed stochastic neighbor 
embedding (t-SNE).

Data presentation and statistical analysis
Graphs and statistical analyses were made with Prism 8.3 (GraphPad Software, La Jolla, CA, 
USA). For all data, a Kolmogorov-Smirnov test was used to determine normality of distribution. 
Data are shown as mean (if distributed normally) plus standard deviation or median (if not 
distributed normally), and individual data points. A P value < 0.05 was considered significant. 
Data were compared with the independent t-test or Mann-Whitney U test as appropriate. 
Survival was plotted using Kaplan-Meier’s curves and differences between groups were 
estimated using the log-rank test. In case of multiple groups, a one-way ANOVA and Dunnett’s 
multiple comparison test were used.

RESULTS

Recently, it was shown that SpNS could decrease disease severity in a mouse model of arthritis 
and that SpNS causes the release of splenic NE, which in turn can reduce monocyte and 
macrophage LPS-induced cytokine secretion via β2-AR9. A much debated issue is whether NE 
targets β2-AR on macrophages or T cells that produce acetylcholine8. Therefore, the expression 
of Adrb2 in murine splenocytes was examined using a publicly available scRNA-seq datasets. 
A total of 13,365 features were retrieved in 9,568 individual cells. After quality control, the 
remaining 9,407 cells were annotated to main cell populations (i.e., T, B, natural killer cells (NK), 
dendritic cells, and macrophages) using previously reported markers (Figure 1A) 34. Subsequent 
feature analysis showed a marked expression of Adrb2 in a cluster of cells belonging to the 
B cell population, when compared with other cell populations (log2FoldChange = 0.51, adj 
P = 8.98E-18). In addition, Adrb2 expression by a cluster of cells belonging to the macrophage 
population was found to be significantly increased when compared to other cell populations 
(log2FoldChange = 0.31, adj P = 0.009) (Figure 1B).

Hereafter, LPS-induced inflammatory activation on both murine and human splenocyte 
cultures was investigated. In line with earlier investigations, NE decreased the release of 
TNF-α following LPS challenge in murine and human splenocytes. This effect was abrogated 
by pre-treatment with propranolol, demonstrating a mechanism involving β-ARs (Figure 1C, D).

As earlier studies demonstrated that vagotomy aggravates colitis outcome in a DSS-induced 
animal model through splenic innervation, and VNS ameliorates Crohn’s disease in patient
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Figure 1. Distribution of Adrb2 in murine splenocytes and decrease of pro-inflammatory cytokines 
by NE in murine and human splenocyte cultures. (A) Cell type clusters visualized by t-SNE clustering 
(color coding) based on the expression of known marker genes. (B) t-SNE and dotplot showing Adrb2 
expression per cell type. N = 2 mice. (C) Protein levels of TNF-α in supernatant from murine splenocytes 
after treatment with LPS and pretreatment with norepinephrine and/or propranolol. N = 3 mice. (D) 
Protein levels of TNF-α, IL-6 and IL-8 in supernatant from human splenocytes after treatment with LPS 
and pretreatment with norepinephrine and/or propranolol. N = 5 subjects. For both murine and human 
data, protein levels were relative compared with LPS condition. * indicates a significant difference 
compared to LPS treated splenocytes. Statistical differences were assessed with a one-way ANOVA and 
Dunnett’s multiple comparison test. t-SNE t-distributed stochastic neighbor embedding, nKT natural 
killer T cell, DC dendritic cell, Adrb2 adrenergic receptor β2, TNF tumor necrosis factor, IL interleukin, LPS 
lipopolysaccharide, NE norepinephrine

trials, we hypothesized that disrupting the splenic nerve bundle (SplX) would worsen colitis37. 
As expected, mice receiving DSS in drinking water lost weight, showed an increased DAI 
and had a shortened colon due to edema compared to control mice (Additional File 1). The 
expression of inflammatory colonic cytokines was also increased.

However, splenic nerve bundle denervation did not alter these outcomes significantly when 
compared to sham-operated animals. Hence, we could not demonstrate a tonic and intrinsic 
role for splenic innervation for regulation of immune responses in this model. Notably, VNS 
using chronic nerve cuffs around the left cervical vagal branch did not ameliorate disease 
in the setting of DSS-induced colitis (Additional File 2). To address the role of splenic nerve 
activity in the immune response in DSS-induced colitis, we next assessed the effect of SpNS by 
implanting a cuff around the splenic artery and surrounding nerve bundle (Additional File 3). 
Electrical stimulation of the nerve bundle can be varied in amplitude, current, and frequency. 
Using the stimulation parameters depicted in Additional File 3, SpNS led to a reduced induction 
of systemic TNF-α and increased survival in LPS-injected mice (Figure 2A, B).
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Figure 2. SpNS reduces systemic TNF-α and survival after LPS injection. (A) Systemic TNF-α levels 90 
min after LPS injection. (B) Survival after LPS injection. N = 4–10 per group. Data are expressed as mean 
and individual data points. *indicates a significant difference compared to control. Statistical differences 
between Sham and Stim mice were assessed using an independent t-test. Statistical difference in survival 
was assessed using the log-rank test. P < 0.05 was considered significant. SpNS splenic nerve plexus 
stimulation, TNF tumor necrosis factor; LPS lipopolysaccharide

Using the stimulation parameters established, we next implanted cuff electrodes around 
the splenic nerve bundle and artery and tested the stimulation regiment in conscious, freely 
moving mice, in the setting of DSS-induced colitis. SpNS applied 6 times daily for 12 days 
reduced the colon weight/length ratio (40.4 vs. 51.8 mg/cm; P = 0.01) and DAI (0 vs. 1.5; P = 0.06) 
when compared with sham stimulated mice (Figure 3A). No clear difference in the loss of 
bodyweight over time was observed (Figure 3B). At day 8, during the peak of DSS-induced 
colitis, comparable endoscopic scores (4.3 vs. 6.1; P = 0.14) were found in the animals treated 
with SpNS versus animals that underwent sham-stimulation (Figure 3C). At the end of the 
experiment, spleen weight (98.5 vs. 133.0; P = 0.07), histology scores (4 vs. 11.5; P = 0.18), and 
protein expression of cytokines in the colon were not significantly different between mice that 
received SpNS and sham stimulated mice, although trends towards amelioration of colitis in 
SpNS-treated mice were evident (Figure 3D-F).

Because SpNS ameliorated clinical features of colitis, we aimed to identify molecular events 
following SpNS. Transcriptional profiling by means of RNA-seq was performed on spleens from 
mice with DSS-induced colitis that received sham stimulation and mice with DSS-induced 
colitis that received SpNS. The top 50 genes that were differentially expressed between sham 
stimulated mice and SpNS mice are listed in Figure 4A. The downregulation of nitric oxide 
synthase 2 (Nos2) and gene signatures associated with immune metabolism prompted us to 
further focus on genes and pathways that are involved in cellular immune metabolism, which 
is known to be influenced by β2-AR activation38.
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Figure 3. SpNS improves DSS-induced colitis. (A) Colon weight/length and Disease Activity Index at 
day 12. (B) Bodyweight loss of mice over time, compared with day 0. Data are expressed as mean and 
SD. (C) Endoscopy score at day 8 and two representative images. (D) Spleen weight. (E) Histology score 
and two representative images are shown of a hematoxylin and eosin staining, magnification 10×. (F) 
Protein levels of MCP-1 IL-6, TNF-α and IFN-γ in colon homogenates, normalized for total protein levels. 
N = 15–16 per group. All mice (both sham and stim) were implanted with a cuff electrode, were allowed 
to recover for 10 days and then received DSS in drinking water for 5 days followed by a 7 day recovery 
period. Data are expressed as mean or median and individual data points. Statistical differences between 
sham and stim mice were assessed using an independent t-test or a Mann–Whitney U test. P < 0.05 
was considered significant. DSS dextran sulfate sodium, SpNS splenic nerve plexus stimulation, MCP 
monocyte chemoattractant protein, IL interleukin, TNF tumor necrosis factor, IFN interferon

For instance, Hypoxia-Inducible Factor (HIF)-1α marks the cellular response to systemic oxygen 
levels in various cells, including activated macrophages39. Expression of genes in the HIF-1α 
signaling pathway was significantly reduced in SpNS spleens (P = 0.007), while expression of 
genes encoding proteins relevant to oxidative phosphorylation was relatively increased in 
SpNS spleen cells (P < 0.001, Figure 4B). This suggests that SNS favors the metabolic state of 
oxidative phosphorylation over glycolytic states in stimulated splenocytes, corresponding to 
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our earlier observation of NE-simulated macrophages38 and characteristics of macrophages 
found in tissue mucosa of colitis in remission40.

Next, to explore the underlying mechanisms through which SpNS affected intestinal 
inflammation, we performed bulk RNA-seq. Differentially expressed genes in colon were 
assessed between mice that did not receive stimulation or DSS, sham stimulated mice with 
DSS-induced colitis, and SpNS-treated mice with DSS-induced colitis (Additional File 4).

Comparing the transcriptomes of mice with DSS-induced colitis (without SpNS) and control 
mice indicated an expected induction of genes encoding pro-inflammatory cytokines, such as 
TNF-α, and genes involved in wound healing and remodeling, such as Matrix Metalloproteinase 
(MMP)-7 (Additional File 5). When comparing sham stimulated and SpNS mice with DSS colitis, 
87 genes were differentially expressed in the colonic tissue of which the top 40 are shown in 
Figure 5A. Genes that were significantly different were predominantly found in the domains 
of leukocyte chemotaxis and migration. Noteworthy is the SpNS-induced downregulation of 
S100A8 and S100A9, which encode subunits of calprotectin, the clinical biomarker for IBD. 
Genes of interest for colonic inflammation were validated in a second independent experiment 
using qPCR. Indeed, TNF-α was significantly reduced in mice that received SpNS compared 
with sham stimulated animals (0,44 vs. 1.00 respectively, P = 0.009; Figure 5B). As we showed 
in the spleen, genes in the HIF-1α signaling pathway were reduced, although this effect was 
less pronounced in the colon compared with the spleen (Figure 5C).

Figure 4. SpNS induces transcriptomic changes in the spleen. (A) Heatmap of the top 50 differentially 
expressed genes when comparing sham and SpNS mice. (B) GSEA plots showing depletion and enrichment 
of HIF-1 signaling pathway and Oxidative phosphorylation pathway associated genes among the SpNS 
mice. SpNS splenic nerve plexus stimulation, GSEA gene set enrichment analysis, NES normalized 
enrichment score, HIF hypoxia-inducible factor
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Figure 5. SpNS induces transcriptomic changes in the colon. (A) Heat map of top 40 differently 
expressed genes when comparing between sham and SpNS mice. (B) mRNA levels of TNF-α, IL-6, IL-1α, 
IL-1β, IL-10, IL-12, MMP-7, ACOD1, CXCL1, CXCL2, S100A8 and S100A9. mRNA levels are normalized against 
reference genes Nono and RPLP0. N = 15–16 per group. (C) GSEA plots showing depletion of HIF-1 signaling 
pathway associated genes among the SpNS mice. Data are expressed as mean (TNF-α) or median (other) 
and individual data points. Statistical differences between sham and stim mice were assessed using an 
independent t-test or a Mann–Whitney U test. P < 0.05 was considered significant. DSS dextran sulfate 
sodium, SpNS splenic nerve plexus stimulation, HIF hypoxia-inducible factor, Nono non-POU domain-
containing octamer-binding protein, RPLP0 ribosomal protein lateral stalk subunit P0, TNF tumor necrosis 
factor, IL interleukin, MMP matrix metalloproteinase, ACOD cis-aconitate decarboxylase, CXCL chemokine 
(C-X-C motif) ligand, S100 S100 calcium-binding protein, GSEA gene set enrichment analysis
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DISCUSSION

Here, we demonstrate that SpNS induced transcriptional changes in the spleen, and reduced 
clinical signs of colitis such as colon oedema and histological parameters scored in the 
assessment of colitis, while having a limited effect on colon inflammation. The results of this 
study support both ex and in vivo studies in models of endotoxemia demonstrating SpNS 
can be used to reduce inflammatory activation of splenocytes16,41,42. Recently, the effect of 
both electrical and ultrasound SpNS was found to improve inflammation in two different 
animal models of arthritis9,43. Similarly, ultrasound stimulation of the spleen and splenic 
nerve bundle improved DSS-induced colitis17. Although it could not be excluded that other 
organs were affected by this stimulation, the immune modulatory effects were not observed 
in splenectomized animals and therefore ultrasound was thought to target the spleen and 
splenic nerve bundle directly. Our results largely corroborate the observations made by 
Nunes et al. regarding the weight loss and decrease in colon density and histology scoring 
after stimulation. In line, in our studies a negative regulation of expression of various cytokines 
by SpNS was noted, depending on the starting time of stimulation after the induction of DSS-
induced colitis. This highlights the complexity of the DSS model, in which duration of DSS and 
moment of outcome measurement vary throughout literature44,45. The fact that both electrical 
(this study) and ultrasound (Nunes et al.) SpNS reduce disease severity following DSS-induced 
colitis strengthens the idea that SpNS might hold potential as a therapy for patients with IBD, 
although further mechanistic studies are warranted.

The parameters used in this study were similar to the stimulation settings that were used 
in an earlier reported model of experimental arthritis9. Interestingly, the anti-inflammatory 
effects of SpNS in the arthritis experiments were more profound than what we have found in 
our study. It may well be that the pathology in the collagen-induced arthritis model is primarily 
dependent on systemic cells and cytokines, and is therefore better controlled through SpNS 
compared to DSS-induced colitis, which is a more mucosal inflammatory process. Noteworthy, 
Guyot et al. focused on stimulation of a nerve branch that innervated the cranial pole of the 
spleen, which consists of cholinergic and adrenergic fibers in contrast to the adrenergic, 
arterial branches. Conversely, in our present study we focused on stimulation of the nerves 
that run along the artery, because this bundle resembles human anatomy regarding splenic 
innervation more accurately and is surgically accessible in human46,47.

While VNS has been found to result in anti-inflammatory effects in various experimental 
conditions such as sepsis, postoperative ileus, rheumatoid arthritis and kidney disease, we 
were unable to demonstrate any anti-inflammatory effects of VNS in our DSS-induced colitis 
model48-51. Histologic examination of the cuff showed intact neural tissue and stimulation 
parameters used were similar to other studies, making it unlikely that VNS was taking place 
insufficiently, or vagus nerve bundles were damaged15,52. There could be several other 
explanations for this contradiction. In earlier studies VNS was shown efficacious in reducing 
colitis in rats under 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis and only 
improved survival from oxazolone-induced colitis in mice, both representing more detrimental 
models of colitis6,53. For the DSS-induced colitis model no beneficial effect of stimulation has 
been reported previously, although vagotomy did worsen colitis37. Furthermore, VNS did not 
improve the histology score in all studies, which is the conventional outcome parameter for 
experimental colitis4. While we could not replicate the anti-inflammatory effect of VNS, it still 
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holds potential as it seems to improve outcome of patients with Crohn’s disease in a limited, 
non-randomized controlled clinical trial2. The off-target effects such as heart rate depression 
remain undesirable, but this might be prevented by application of subdiaphragmatic VNS7.

Although we discuss indirect modulation of colitis through the splenic nerve plexus and vagus 
nerve, it should be noted that sympathetic nerve stimulation or stimulation of other nerves 
directly innervating the colon such as the superior mesenteric nerve and sacral nerves have all 
been shown to improve experimental colitis in earlier studies54-56. This underlines the potential 
of neuromodulation as a treatment for IBD patients.

Our analysis showed that inflammatory gene transcription during DSS-induced colitis is 
counteracted by SpNS in spleen and colon. Our approach is one of a preventive intervention into 
DSS-induced colitis, rather than a treatment of an established colitis, which is a limitation of this 
study. Another drawback of the current study is that the observed signal could well be the result 
of an interplay between the proportional representation of various cell types as well as changes 
in their transcriptional profiles. From earlier studies we know that SpNS causes transcriptional 
changes in the T and B cell populations present in the spleen43. However, we previously 
demonstrated that the AR activity affects the macrophage potential to adapt their metabolic 
profile in vitro, supporting our interpretations in the current study38. Inflammatory macrophage 
activation blunts oxidative phosphorylation, thereby preventing repolarization, strictly directing 
inflammatory cell expression39. Having identified SpNS-associated differences in the expression of 
HIF-1α and oxidative phosphorylation, it is enticing for us to suggest that SpNS affects macrophage 
activation quite specifically. This is also supported by the scRNA-seq results showing a large portion 
of macrophages expressing Adrb2. The latter could at least in part provide a mechanism for the 
beneficial action of splenic nerve bundle activation on immune driven pathology such as in colitis 
or collagen-induced arthritis9. Nonetheless, future studies are necessary to disentangle which 
SpNS-associated differences are the result of cellular heterogeneity and the transcriptome thereof.

CONCLUSIONS

In conclusion, we demonstrated the effects of SpNS in a murine model of colitis and showed 
that SpNS ameliorated clinical features of colitis and caused differential expression of genes in 
the spleen and colon involved in inflammation. Future experimental studies should focus on the 
connection between the spleen and colon to gain more insight in the therapeutic mechanisms 
of SpNS. Meanwhile, a clinical trial in patients undergoing esophagectomy will investigate 
safety and feasibility of SpNS for application in humans (www.clinicaltrials.gov; NCT04171011).

Binnenwerk Anne - V3 Final.indd   57Binnenwerk Anne - V3 Final.indd   57 03-12-2023   16:0503-12-2023   16:05



58

REFERENCES

1. Koopman FA, Chavan SS, Miljko S, Grazio S, Sokolovic S, Schuurman PR, et al. Vagus nerve stimulation 
inhibits cytokine production and attenuates disease severity in rheumatoid arthritis. Proc Natl Acad Sci 
U S A. 2016;113(29):8284-9.

2. Bonaz B, Sinniger V, Hoffmann D, Clarencon D, Mathieu N, Dantzer C, et al. Chronic vagus nerve stimulation 
in Crohn’s disease: a 6-month follow-up pilot study. Neurogastroenterol Motil. 2016;28(6):948-53.

3. Genovese MC, Gaylis NB, Sikes D, Kivitz A, Horowitz DL, Peterfy C, et al. Safety and efficacy of 
neurostimulation with a miniaturised vagus nerve stimulation device in patients with multidrug-
refractory rheumatoid arthritis: a two-stage multicentre, randomised pilot study. Lancet Rheumatol. 
2020(2):e527-38.

4. Meregnani J, Clarencon D, Vivier M, Peinnequin A, Mouret C, Sinniger V, et al. Anti-inflammatory effect of 
vagus nerve stimulation in a rat model of inflammatory bowel disease. Auton Neurosci. 2011;160(1-2):82-9.

5. Sun P, Zhou K, Wang S, Li P, Chen S, Lin G, et al. Involvement of MAPK/NF-kappaB signaling in the activation 
of the cholinergic anti-inflammatory pathway in experimental colitis by chronic vagus nerve stimulation. 
PLoS One. 2013;8(8):e69424.

6. Jin H, Guo J, Liu J, Lyu B, Foreman RD, Yin J, et al. Anti-inflammatory effects and mechanisms of vagal 
nerve stimulation combined with electroacupuncture in a rodent model of TNBS-induced colitis. Am J 
Physiol Gastrointest Liver Physiol. 2017;313(3):G192-G202.

7. Payne SC, Furness JB, Burns O, Sedo A, Hyakumura T, Shepherd RK, et al. Anti-inflammatory Effects of 
Abdominal Vagus Nerve Stimulation on Experimental Intestinal Inflammation. Front Neurosci. 2019;13:418.

8. Rosas-Ballina M, Olofsson PS, Ochani M, Valdes-Ferrer SI, Levine YA, Reardon C, et al. Acetylcholine-
synthesizing T cells relay neural signals in a vagus nerve circuit. Science. 2011;334(6052):98-101.

9. Guyot M, Simon T, Panzolini C, Ceppo F, Daoudlarian D, Murris E, et al. Apical splenic nerve electrical 
stimulation discloses an anti-inflammatory pathway relying on adrenergic and nicotinic receptors in 
myeloid cells. Brain Behav Immun. 2019;80:238-46.

10. Huston JM, Ochani M, Rosas-Ballina M, Liao H, Ochani K, Pavlov VA, et al. Splenectomy inactivates the 
cholinergic antiinflammatory pathway during lethal endotoxemia and polymicrobial sepsis. J Exp Med. 
2006;203(7):1623-8.

11. Rosas-Ballina M, Ochani M, Parrish WR, Ochani K, Harris YT, Huston JM, et al. Splenic nerve is required 
for cholinergic antiinflammatory pathway control of TNF in endotoxemia. Proc Natl Acad Sci U S A. 
2008;105(31):11008-13.

12. Munyaka P, Rabbi MF, Pavlov VA, Tracey KJ, Khafipour E, Ghia JE. Central muscarinic cholinergic activation 
alters interaction between splenic dendritic cell and CD4+CD25- T cells in experimental colitis. PLoS One. 
2014;9(10):e109272.

13. Ji H, Rabbi MF, Labis B, Pavlov VA, Tracey KJ, Ghia JE. Central cholinergic activation of a vagus nerve-to-
spleen circuit alleviates experimental colitis. Mucosal Immunol. 2014;7(2):335-47.

14. Grandi A, Zini I, Flammini L, Cantoni AM, Vivo V, Ballabeni V, et al. alpha7 Nicotinic Agonist AR-R17779 
Protects Mice against 2,4,6-Trinitrobenzene Sulfonic Acid-Induced Colitis in a Spleen-Dependent Way. 
Front Pharmacol. 2017;8:809.

15. Brinkman DJ, Ten Hove AS, Vervoordeldonk MJ, Luyer MD, de Jonge WJ. Neuroimmune Interactions in 
the Gut and Their Significance for Intestinal Immunity. Cells. 2019;8(7).

16. Vida G, Pena G, Deitch EA, Ulloa L. alpha7-cholinergic receptor mediates vagal induction of splenic 
norepinephrine. J Immunol. 2011;186(7):4340-6.

17. Nunes NS, Chandran P, Sundby M, Visioli F, da Costa Goncalves F, Burks SR, et al. Therapeutic ultrasound 
attenuates DSS-induced colitis through the cholinergic anti-inflammatory pathway. EBioMedicine. 
2019;45:495-510.

18. Melgar S, Karlsson A, Michaelsson E. Acute colitis induced by dextran sulfate sodium progresses to 
chronicity in C57BL/6 but not in BALB/c mice: correlation between symptoms and inflammation. American 
journal of physiology Gastrointestinal and liver physiology. 2005;288(6):G1328-38.

Binnenwerk Anne - V3 Final.indd   58Binnenwerk Anne - V3 Final.indd   58 03-12-2023   16:0503-12-2023   16:05



59

Chapter 03

19. Becker C, Fantini MC, Wirtz S, Nikolaev A, Kiesslich R, Lehr HA, et al. In vivo imaging of colitis and colon 
cancer development in mice using high resolution chromoendoscopy. Gut. 2005;54(7):950-4.

20. ten Hove T, Drillenburg P, Wijnholds J, Te Velde AA, van Deventer SJ. Differential susceptibility of multidrug 
resistance protein-1 deficient mice to DSS and TNBS-induced colitis. Dig Dis Sci. 2002;47(9):2056-63.

21. Andrews S. FastQC: a quality control tool for high throughput sequence data. http://www.bioinformatics.
babraham.ac.uk/projects/fastqc.

22. Ewels P, Magnusson M, Lundin S, Kaller M. MultiQC: summarize analysis results for multiple tools and 
samples in a single report. Bioinformatics. 2016;32(19):3047-8.

23. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: ultrafast universal RNA-seq 
aligner. Bioinformatics. 2013;29(1):15-21.

24. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The Sequence Alignment/Map format 
and SAMtools. Bioinformatics. 2009;25(16):2078-9.

25. Liao Y, Smyth GK, Shi W. The Subread aligner: fast, accurate and scalable read mapping by seed-and-vote. 
Nucleic Acids Res. 2013;41(10):e108.

26. Liao Y, Smyth GK, Shi W. featureCounts: an efficient general purpose program for assigning sequence 
reads to genomic features. Bioinformatics. 2014;30(7):923-30.

27. Zerbino DR, Achuthan P, Akanni W, Amode MR, Barrell D, Bhai J, et al. Ensembl 2018. Nucleic Acids Res. 
2018;46(D1):D754-D61.

28. Team RDC. R: A language and environment for statistical computing http://www.r-project.org/2008.

29. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data with 
DESeq2. Genome Biol. 2014;15(12):550.

30. Kolde R. pheatmap: Pretty heatmaps. . 2015.

31. Wickham H. ggplot2: Elegant Graphics for Data Analysis. http://ggplot2.org2009.

32. Ruijter JM, Ramakers C, Hoogaars WM, Karlen Y, Bakker O, van den Hoff MJ, et al. Amplification efficiency: 
linking baseline and bias in the analysis of quantitative PCR data. Nucleic Acids Res. 2009;37(6):e45.

33. Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A, et al. Accurate normalization of 
real-time quantitative RT-PCR data by geometric averaging of multiple internal control genes. Genome 
Biol. 2002;3(7):RESEARCH0034.

34. Tabula Muris C, Overall c, Logistical c, Organ c, processing, Library p, et al. Single-cell transcriptomics of 
20 mouse organs creates a Tabula Muris. Nature. 2018;562(7727):367-72.

35. Team R. RStudio: Integrated Development for R. RStudio, PBC; 2020.

36. Stuart T, Butler A, Hoffman P, Hafemeister C, Papalexi E, Mauck WM, 3rd, et al. Comprehensive Integration 
of Single-Cell Data. Cell. 2019;177(7):1888-902 e21.

37. Ghia JE, Blennerhassett P, Kumar-Ondiveeran H, Verdu EF, Collins SM. The vagus nerve: a tonic 
inhibitory influence associated with inflammatory bowel disease in a murine model. Gastroenterology. 
2006;131(4):1122-30.

38. Willemze RA, Welting O, van Hamersveld P, Verseijden C, Nijhuis LE, Hilbers FW, et al. Loss of intestinal 
sympathetic innervation elicits an innate immune driven colitis. Mol Med. 2019;25(1):1.

39. Van den Bossche J, Baardman J, Otto NA, van der Velden S, Neele AE, van den Berg SM, et al. Mitochondrial 
Dysfunction Prevents Repolarization of Inflammatory Macrophages. Cell Rep. 2016;17(3):684-96.

40. Vos AC, Wildenberg ME, Arijs I, Duijvestein M, Verhaar AP, de Hertogh G, et al. Regulatory macrophages 
induced by infliximab are involved in healing in vivo and in vitro. Inflamm Bowel Dis. 2012;18(3):401-8.

41. Kees MG, Pongratz G, Kees F, Scholmerich J, Straub RH. Via beta-adrenoceptors, stimulation of 
extrasplenic sympathetic nerve fibers inhibits lipopolysaccharide-induced TNF secretion in perfused 
rat spleen. J Neuroimmunol. 2003;145(1-2):77-85.

42. Cotero V, Fan Y, Tsaava T, Kressel AM, Hancu I, Fitzgerald P, et al. Noninvasive sub-organ ultrasound 
stimulation for targeted neuromodulation. Nat Commun. 2019;10(1):952.

43. Zachs DP, Offutt SJ, Graham RS, Kim Y, Mueller J, Auger JL, et al. Noninvasive ultrasound stimulation of 
the spleen to treat inflammatory arthritis. Nat Commun. 2019;10(1):951.

Binnenwerk Anne - V3 Final.indd   59Binnenwerk Anne - V3 Final.indd   59 03-12-2023   16:0503-12-2023   16:05



60

44. Chassaing B, Aitken JD, Malleshappa M, Vijay-Kumar M. Dextran sulfate sodium (DSS)-induced colitis in 
mice. Curr Protoc Immunol. 2014;104:15 25 1-15 25 14.

45. Eichele DD, Kharbanda KK. Dextran sodium sulfate colitis murine model: An indispensable tool for advancing our 
understanding of inflammatory bowel diseases pathogenesis. World J Gastroenterol. 2017;23(33):6016-29.

46. Heusermann U, Stutte HJ. Electron microscopic studies of the innervation of the human spleen. Cell 
Tissue Res. 1977;184(2):225-36.

47. Cleypool CGJ, Lotgeringk Bruinenberg D, Roeling T, Irwin E, Bleys R. Splenic artery loops: Potential splenic 
plexus stimulation sites for neuroimmunomodulatory based anti-inflammatory therapy? Clin Anat. 2020.

48. Borovikova LV, Ivanova S, Zhang M, Yang H, Botchkina GI, Watkins LR, et al. Vagus nerve stimulation 
attenuates the systemic inflammatory response to endotoxin. Nature. 2000;405(6785):458-62.

49. de Jonge WJ, van der Zanden EP, The FO, Bijlsma MF, van Westerloo DJ, Bennink RJ, et al. Stimulation of 
the vagus nerve attenuates macrophage activation by activating the Jak2-STAT3 signaling pathway. Nat 
Immunol. 2005;6(8):844-51.

50. Levine YA, Koopman FA, Faltys M, Caravaca A, Bendele A, Zitnik R, et al. Neurostimulation of the 
cholinergic anti-inflammatory pathway ameliorates disease in rat collagen-induced arthritis. PLoS One. 
2014;9(8):e104530.

51. Inoue T, Abe C, Sung SS, Moscalu S, Jankowski J, Huang L, et al. Vagus nerve stimulation mediates 
protection from kidney ischemia-reperfusion injury through alpha7nAChR+ splenocytes. J Clin Invest. 
2016;126(5):1939-52.

52. Ten Hove AS, Brinkman DJ, Li Yim AYF, Verseijden C, Hakvoort TBM, Admiraal I, et al. The role of nicotinic 
receptors in SARS-CoV-2 receptor ACE2 expression in intestinal epithelia. Bioelectron Med. 2020;6:20.

53. Meroni E, Stakenborg N, Gomez-Pinilla PJ, De Hertogh G, Goverse G, Matteoli G, et al. Functional 
characterization of oxazolone-induced colitis and survival improvement by vagus nerve stimulation. 
PLoS One. 2018;13(5):e0197487.

54. Willemze RA, Welting O, van Hamersveld HP, Meijer SL, Folgering JHA, Darwinkel H, et al. Neuronal control 
of experimental colitis occurs via sympathetic intestinal innervation. Neurogastroenterol Motil. 2018;30(3).

55. Guo J, Jin H, Shi Z, Yin J, Pasricha T, Chen JDZ. Sacral nerve stimulation improves colonic inflammation 
mediated by autonomic-inflammatory cytokine mechanism in rats. Neurogastroenterol Motil. 
2019;31(10):e13676.

56. Tu L, Gharibani P, Zhang N, Yin J, Chen JD. Anti-inflammatory effects of sacral nerve stimulation: a novel 
spinal afferent and vagal efferent pathway. Am J Physiol Gastrointest Liver Physiol. 2020;318(4):G624-G34.

Binnenwerk Anne - V3 Final.indd   60Binnenwerk Anne - V3 Final.indd   60 03-12-2023   16:0503-12-2023   16:05



61

Chapter 03

Binnenwerk Anne - V3 Final.indd   61Binnenwerk Anne - V3 Final.indd   61 03-12-2023   16:0503-12-2023   16:05



Binnenwerk Anne - V3 Final.indd   62Binnenwerk Anne - V3 Final.indd   62 03-12-2023   16:0503-12-2023   16:05



4
SYMPATHETIC INNERVATION 

MODULATES MUCOSAL  
IMMUNE HOMEOSTASIS AND  
EPITHELIAL HOST DEFENSE

Shilpashree Mallesh*
Anne S. ten Hove*
Reiner Schneider
Bianca Schneiker

Patrik Efferz
Jörg C. Kalff

Wouter J. de Jonge
Sven Wehner

* Shared first authorship

Cells, 2022

Binnenwerk Anne - V3 Final.indd   63Binnenwerk Anne - V3 Final.indd   63 03-12-2023   16:0503-12-2023   16:05



64

ABSTRACT

Intestinal mucosal cells, such as resident macrophages and epithelial cells, express 
adrenergic receptors and are receptive to norepinephrine, the primary neurotransmitter of 
the sympathetic nervous system (SNS). It has been suggested that the SNS affects intestinal 
immune activity in conditions, such as inflammatory bowel disease; however, the underlying 
mechanisms remain ambiguous. Here, we investigated the effect of SNS on mucosal immune 
and epithelial cell functions. We employed 6-OHDA-induced sympathetic denervation 
(cSTX) to characterize muscularis-free mucosal transcriptomes by RNA-seq and qPCR, and 
quantified mucosal immune cells by flow cytometry. The role of norepinephrine and cytokines 
on epithelial functions was studied using small intestinal organoids. cSTX increased the 
presence of activated CD68+CD86+ macrophages and monocytes in the mucosa. In addition, 
through transcriptional profiling, the pro-inflammatory cytokines IL-1β, TNF-α, and IFN-γ were 
induced, while Arg-1 and CD163 expression was reduced. Further, cSTX increased intestinal 
permeability in vivo and induced genes involved in barrier integrity and antimicrobial 
defense. In intestinal organoids, similar alterations were observed after treatment with pro-
inflammatory cytokines, but not norepinephrine. We conclude that a loss in sympathetic input 
induces a pro-inflammatory mucosal state, leading to reduced epithelial barrier functioning 
and enhanced antimicrobial defense. This implies that the SNS might be required to maintain 
intestinal immune functions during homeostasis.
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INTRODUCTION

The intestinal epithelium is a single layer of cells, including enterocytes and specialized 
secretory epithelial cells (IECs), such as Paneth cells1, goblet cells2, and enteroendocrine 
cells3. Stem cells residing in the crypt are critical for the rapid self-renewal of this layer4, which 
forms a protective barrier against invading antigens, thereby contributing to intestinal immune 
homeostasis5. The epithelial barrier comprises a chemical and physical layer5. The chemical 
barrier is composed of antimicrobial peptides (AMPs), such as cathelicidins, defensins6, 
and lectins, such as regenerating islet-derived protein (Reg-)3. Reg3γ is mainly secreted by 
Paneth cells and provides spatial separation between the microbiome and the epithelium7, 
while defensins protect the intestine against bacterial infection by destroying bacteria or 
inhibiting bacterial growth8. Epithelial cell junctions, the glycocalyx on the microvilli, and 
mucus produced by goblet cells form the physical barrier inhibiting the invasion of the 
mucosa by luminal agents5. Epithelial barrier integrity is critical, as its dysfunction can lead to 
inflammation and the pathogenesis of immune disorders, such as inflammatory bowel disease.

Neuronal innervation is known to play a role in maintaining barrier function. The intestine 
is innervated by the intrinsic neurons of the enteric nervous system and by the axons of the 
extrinsic sympathetic and parasympathetic nervous systems9. While parasympathetic neurons 
synapse with enteric neurons in the submucosal and myenteric plexuses, it is suggested that 
sympathetic neurons directly innervate mucosal cells, Peyer’s patches10, and secondary and 
ectopic lymphoid structures in the mucosa11. This is endorsed by the expression of adrenergic 
receptors (ARs) receptive to the pre- and postganglionic sympathetic neurotransmitter 
norepinephrine in various intestinal cell types, including epithelial and mucosal immune 
cells, such as innate lymphoid cells and tissue-resident muscularis macrophages12,13. For 
years, the SNS has been acknowledged as a distinct regulator of intestinal immunity, as 
was demonstrated by our group14 and others15. Furthermore, sympathetic innervation was 
essential to control experimental colitis14. A role for the β2-AR to mediate polarization of 
intestinal muscularis macrophages has been shown upon luminal infection with Salmonella 
Typhimurium13. More recently, our groups showed that muscularis macrophages’ polarization 
also changes upon surgical intestinal manipulation in an SNS-dependent manner16. In contrast 
to the distinct effect on resident macrophages of the muscularis externa, less is known about 
the role of the SNS on mucosal homeostasis, although many mucosal cells are known to 
express ARs. Mucosal macrophages express β2-ARs13, and almost all enterocytes, including 
specialized epithelial cell subtypes, express a variety of ARs17,18. Herein, we aimed to assess 
the molecular and functional role of the SNS in mucosal homeostasis by the use of a chemical 
sympathectomy (cSTX) approach based on the application of 6-hydroxydopamine (6-OHDA), 
an effective model of intestinal muscularis SNS denervation, was recently shown to be superior 
to both genetic ablations of AR activation and surgical STX16. Our data show that cSTX led to a 
mucosal pro-inflammatory genotype controlling host defense, indicating a major role of SNS 
in modulating mucosal homeostasis.

Binnenwerk Anne - V3 Final.indd   65Binnenwerk Anne - V3 Final.indd   65 03-12-2023   16:0503-12-2023   16:05



66

MATERIALS AND METHODS

Animals
Eight- to ten-week-old C57BL6/J male mice were used for chemical denervation and the 
loop model to assess intestinal permeability. The ethics committee of the University of Bonn 
approved the animal experiments under animal proposal number AZ 81-02.04.2018.A221, 2 
April 2018. The mice were maintained under pathogen-free conditions with a 12 h dark/light 
illumination cycle, temperature of 20-25 °C, and humidity of 45-65%.

Chemical denervation procedure (cSTX)
An amount of 80 mg/kg 6-hydroxydopamine (6-OHDA, Sigma Aldrich, Saint Louis, MO, USA), a 
neurotoxin that targets catecholaminergic nerve terminals19, was dissolved in 0.1% L-ascorbic 
acid-containing sterile saline and injected intraperitoneally for three consecutive days. Two 
weeks after cSTX, the mice were sacrificed by cervical dislocation, and subsequent analyses 
were carried out.

Flow cytometry
The muscularis-free mucosal tissue from the small bowel was enzymatically digested for 40 
min in a shaking water bath at 37 °C. The enzymatic mixture contained 0.1% collagenase type 
II (Worthington Biochemical Corporation, Lakewood, NJ, USA), 0.1 mg/mL deoxyribonuclease 
I (Worthington Biochemical corporation, Lakewood, NJ, USA), 2.4 mg/mL dispase II (Neutral 
protease grade II, La Roche, Mannheim, Germany), 0.7 mg/mL trypsin inhibitor (PanReac 
Applichem ITW reagents, Darmstadt, Germany), and 1 mg/mL bovine serum albumin (PanReac 
Applichem ITW reagents) diluted in sterile, cold PBS. After enzymatic digestion, the cell 
suspension was filtered with 70 µm gauze, and single cells were obtained. These cells were 
stained with anti-mouse CD16/32 (Trustain fcX 0.5 mg/mL, Biolegend, San Diego, CA, USA) 
and fluorochrome-labeled monoclonal antibodies against Alexa fluor 647 anti-mouse Ly6G 
(0.5 mg/mL, Biolegend), PE anti-mouse F4/80 (0.2 mg/mL, Biolegend), FITC anti-mouse CD45 
(0.5 mg/mL, Biolegend), and PE Cy7 anti-mouse Ly6C (0.2 mg/mL, Biolegend) for 30 min at 4 
◦C. The dead cells were excluded using Hoechst-33342+ (Sigma) dye. Flow cytometry analysis 
was performed on a Canto II device (FACS Canto, BD Biosystems, Heidelberg, Germany) using 
FACS Diva software (BD Biosciences, Heidelberg, Germany). The gating strategy is described 
in the figure legends, and the analysis was performed using the FlowJo software (7.6.5, Tree 
Star Inc., Ashland, TN, USA).

RNA sequencing
fcX 0.5 mg/mL, Biolegend, San Diego, CA, USA) and fluorochrome-labeled monoclonal 
antibodies against Alexa fluor 647 anti-mouse Ly6G (0.5 mg/mL, Biolegend), PE anti-mouse 
F4/80 (0.2 mg/mL, Biolegend), FITC anti-mouse CD45 (0.5 mg/mL, Biolegend), and PE Cy7 anti-
mouse Ly6C (0.2 mg/mL, Biolegend) for 30 min at 4 ◦C. The dead cells were excluded using 
Hoechst-33342+ (Sigma) dye. Flow cytometry analysis was performed on a Canto II device 
(FACS Canto, BD Biosystems, Heidelberg, Germany) using FACS Diva software (BD Biosciences, 
Heidelberg, Germany). The gating strategy is described in the figure legends, and the analysis 
was performed using the FlowJo software (7.6.5, Tree Star Inc., Ashland, TN, USA).

16S bacterial sequencing
The stool DNA from mouse ceca was isolated using Qiagen Power fecal Pro DNA QIAamp. The 
16S bacterial sequencing of the V3 and V4 regions from the extracted fecal DNA was carried 
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out at Atlas GmBH, Berlin, Germany. Illumina’s BaseSpace App was used for standard analyses 
to generate reads. In addition, Atlas GmBH was used for bioinformatic analysis to obtain 
taxonomic bar and diversity plots. The graphs were plotted using GraphPad Prism software 
version 8.4.3 (Dotmatics, San Diego, CA, USA).

Hematoxylin and eosin staining
Freshly dissected intestinal tissues from vehicle- and cSTX-treated mice were fixed in 4% 
Histofix (Carl Roth, Karlsruhe, Germany) at room temperature. After 24 h, the tissues were 
rinsed with running tap water for 1 h. The tissues were then embedded in a paraffin block 
after clearing through Xylene for 1 h. Next, sections were obtained on a microtome at 8 µm 
thickness and floated in a water bath at 40 °C. Sections were then transferred onto glass slides 
and stained with hematoxylin and eosin (HE). A Nikon Eclipse TE2000-E microscope was used 
to capture images at 4× magnification, and histopathological changes were observed.

Immunofluorescence staining
Paraffin-embedded tissue sections were used to perform immunofluorescence staining. First, 
the sections were incubated in Triton X (Sigma, Munich, Germany) at room temperature for 15 
min and then blocked with 3% BSA (Applicher, Darmstadt, Germany) for 1 h. The sections were 
then incubated with primary antibodies at 4 °C overnight (TH; Millipore, Burlington, VT, USA), 
Iba1, and Muc2. Next, the sections were washed 3 times and incubated with the secondary 
antibodies for 1 h at room temperature. Finally, the sections were washed, embedded with 
a coverslip, and stored in the dark. A Nikon Eclipse TE2000-E fluorescence microscope was 
used to capture images at 20× magnification.

RNA isolation and quantitative RT-PCR from mucosal samples
A TRIzol-based approach was used to isolate the total RNA from the muscularis-free mucosal 
tissue of vehicle- and cSTX-treated mice. An amount of 1 mL of TRIzol (Life Technologies, 
Darmstadt, Germany) was added to 20 mg of muscularis-free mucosal tissue and homogenized 
with ceramic beads. The tissue suspension was incubated with cold chloroform followed by 
15 min of centrifugation at max speed. The upper transparent layer was transferred to new 
tubes and incubated with 0.5 mL of cold isopropanol on ice. The pellet was washed twice with 
1 mL of 70% ethanol following centrifugation. The samples were vacuum-dried, and 30 µL of 
RNAse-free water was added to the pellet and incubated on a thermocycler at 37 °C for 5 min 
at 550 rpm. cDNA was isolated using a High-Capacity cDNA Reverse Transcription Kit (Life 
Technologies, Darmstadt, Germany), and quantitative PCR was performed using SYBR green 
and a real-time PCR detection system.

In vivo murine ileal loop model
This in vivo model was performed in BL6 mice for the ileum, as mentioned previously20. In 
short, mice were anesthetized by the inhalation of isoflurane (3-5% at 3-5 L/min flow, AbbVie, 
Wiesbaden, Germany), and a midline incision of approximately 1 cm was made to open the 
skin and peritoneum. A segment of the terminal ileum, about 4 cm long, was ligated without 
disrupting the blood vessels. The stool content was carefully flushed out using ice-cold PBS, 
and the cut ends were re-ligated using nonabsorbable silk suture 5.0. Next, 1 mg/kg 4 kDa 
FITC-dextran (70 kDa; Sigma-Aldrich, Munich, Germany) was injected into this loop. The loop 
was re-inserted into the abdominal cavity, and the peritoneum and skin were closed with 
two layers of continuous sutures. The mice were anesthetized for 2 h by the inhalation of 1% 
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isoflurane. After 2 h, the fluorescence intensity in the blood serum, which was obtained from 
cardiac puncture, was measured to check for the presence of FITC-dextran.

Organoid culture
Small intestinal organoids were obtained from female and male wild-type C57BL/6 mice. 
First, the small intestines were opened longitudinally, and villi were scraped with a coverslip. 
Afterward, the intestines were cut into small pieces (2-4 mm), transferred to a 50 mL tube, 
and washed with 10 mL of cold PBS by pipetting up and down approximately 10 times. Next, 
the pieces were incubated in 25 mL of 2 mM EDTA in PBS for 30 min at 4 °C while constantly 
rotating (100 rpm). The supernatant was then removed, and 10 mL of ice-cold PBS containing 
10% fetal bovine serum was added and pipetted up and down a few times. The first fraction 
of the supernatant was discarded, while the 4 subsequent fractions were collected in a 50 mL 
tube after passing through a 70 µM cell strainer. Next, the crypts were pelleted with a centrifuge 
for 5 min at 800 rpm and collected in Matrigel (Corning Life Sciences B.V., Amsterdam, The 
Netherlands) for seeding (20 µL per well; 48-wells plate). The plate was left in an incubator at 
37 °C with 5% CO2 for 15 to 30 min. Then, 250 µL of complete growth medium was added to 
the well. Typically, the medium was refreshed every 2-3 days, and organoids were passaged 
weekly in a split ratio of 1:3 to 1:5, depending on density21,22.

Microarray analysis
The small intestinal organoids of mice (n=6) were stimulated for 24 h with the following 
cytokines: TNF-α at 10 ng/mL (Ref no 315-01A), IL-1β at 10 ng/mL (Ref no 211-11B), and IFN-γ 
at 10 ng/mL (Ref no 315-05, all PeproTech EC Ltd., London, UK). RNA was extracted from two 
pooled wells using 500 µL of QIAzol Lysis Reagent (Ref no 79306, Qiagen, Hilden, Germany). 
After that, RNA was processed for hybridization to Affymetrix Mouse Genome 430 2.0 Array 
GeneChips (Affymetrix, Santa Clara, CA, USA). Normalization was conducted using MAS 5.0. 
The analysis of microarray experiments was performed using RStudio software (v1.4, Rstudio, 
Boston, MA, USA). Comparative analysis was conducted using the limma R package (v3.48.3, 
Rstudio, Boston, MA, USA).

Quantitative RT-PCR from organoids
According to the manufacturer’s protocol, the total RNA was isolated from three pooled 
wells for organoids using Bioline ISOLATE II RNA Mini Kit (GC Biotech, Alphen aan den Rijn, 
The Netherlands). cDNA was synthesized by using deoxynucleotide triphosphates (Thermo 
Fisher Scientific, Waltham, MA, USA), random primers (Promega, Leiden, The Netherlands), 
Oligo dT primers (Sigma-Aldrich Chemie NV, Zwijndrecht, The Netherlands), Revertaid, and 
Ribolock (both Thermo Fisher Scientific). Quantitative PCR was performed with SensiFAST 
SYBR No-ROX (GC Biotech) and a CFX Connect Real-Time PCR Detection System (Bio-Rad 
Laboratories B.V., Lunteren, The Netherlands). Analysis was performed with LinRegPCR 
software. For normalization, reference genes were used that were previously selected with 
GeNorm software. Primers were obtained from Sigma. Table S1 shows the primer sequences.

Western blot
Mucosal samples of 6-OHDA- or vehicle-treated mice were lysed in RIPA buffer (Thermo Fisher 
Scientific, Waltham, MA, USA), centrifuged at maximum speed for 20 min, and prepared 
with loading buffer (Biorad, Hercules, CA, USA) to load 30 µg of protein. All samples were 
processed using the Biorad Western Blot systems (any KD SDS-gels, Trans-Blot Turbo System) 
and incubated with the antibodies mentioned in the appendix (Claudin-3) overnight at +4 °C. 
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Next, the blot was washed 3 times with PBS-T and incubated with HRP-secondary antibodies 
(Thermo Fisher Scientific, Waltham, MA, USA) for 2 h at room temperature and imaged with a 
Biorad ChemiDoc Imaging System.

Statistical analysis
GraphPad Prism version 8.4.3 software was used to perform the statistical analysis (GraphPad, 
San Diego, CA, USA). An unpaired t-test, or one-way or multiple two-waycomparison ANOVA 
test were performed, and the significance levels were indicated as P ≤ 0.05 (*), P ≤ 0.01 (**), 
and P ≤ 0.001 (***). Values were expressed as the mean + SEM.

RESULTS

Sympathetic denervation leads to the induction of pro-inflammatory genes in  
the intestinal mucosa

To investigate 6-OHDA-mediated cSTX, known to effectively eliminate sympathetic projections 
towards the muscularis externa also deplete sympathetic innervation of the lamina propria 
and mucosa, we studied tyrosine hydroxylase-positive (TH+) cells within different parts of 
the intestinal tract two weeks after 6-OHDA or vehicle administration. TH is the rate-limiting 
enzyme of catecholamines and is, therefore, considered a typical marker of sympathetic 
neurons. The experimental setup is shown in Supplementary Figure S1. The efficacy of cSTX 
on the mucosal level was confirmed in paraffin-embedded tissue sections of small bowel, 
cecum, and colon samples showing a complete loss of TH+ neurons along the intestinal tract 
in the cSTX-treated mice compared with the vehicle-treated mice (Figure 1A-C). Enlarged 
figures from Figure 1A-C are shown in Supplementary File S1. As sympathetic neuronal activity 
can modulate resident macrophage functions13,23, we aimed to study the effect of cSTX on 
these cells. Ionized calcium-binding adaptor molecule 1 (Iba1), an intracellular marker of fully 
differentiated macrophages, was present in the lamina propria mucosa along the intestinal 
tract, independent of innervation status (Figure 1D-F). Flow cytometry analysis of muscularis-
free mucosa revealed a three-fold increase in mucosal CD45+ cells after cSTX compared with 
vehicle-treated mice (Figure 1G-K). As part of the CD45+ cell population, MHCII+ F4/80+ resident 
macrophages exhibited an increase of five-fold or more in the mucosa after cSTX compared 
with vehicle treatment (Figure 1L,M). Notably, our previous study showed normal immune cell 
levels in the muscularis externa two weeks after 6-OHDA treatment, indicating a pronounced 
role of the SNS in mucosal homeostasis.

Furthermore, elevated levels of CD68+CD86+ cells indicated that macrophages acquired 
an activated phenotype after cSTX (Figure 1N,O). We also observed a distinct increase in 
Ly6C+Ly6G- monocytes, a subset known to play a critical role in the worsening of inflammation24 
(Figure 1P,Q). In line with the elevated activated macrophage numbers, we observed an 
increase in the gene expression of pro-inflammatory markers, such as Tumor Necrosis Factor 
(TNF-)α (75-fold), interleukin (IL-)1β (3.5-fold), and interferon (IFN-)γ (2.5-fold) (Figure 1R), 
in muscularis-free mucosa tissue. Simultaneously, strongly reduced Arginase-1 (Arg1) and 
CD163 gene expression levels were shown in cSTX-treated compared with vehicle-treated mice 
(Figure 1S). These data imply that sympathetic denervation leads to, increases, and activates 
tissue resident macrophages. Notably, the elevated immune cell levels detected fourteen days 
after cSTX in the lamina propria seem to be a direct consequence of a missing sympathetic 
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Figure 1. Pro-inflammatory gene expression in the mucosa after cSTX. Mice were injected with 
6-OHDA to achieve a chemical sympathectomy (cSTX) within the intestinal lamina propria. Controls were 
injected with a vehicle (Veh). (A-C). Two weeks after the last injection, cSTX efficacy was visualized by 
immunofluorescence staining for TH showing a complete loss of TH+ fibers in the ileum (A), caecum (B), and 
colon (C) upon cSTX. (D-F) Immunofluorescence staining for Iba1 shows the presence of Iba1+ macrophages 
throughout ileum (D), caecum (E), and colon (F) in the Veh and cSTX-treated mice. (G-I). Representative FACS 
dot plots of muscularis-free lamina propria preparations of cSTX and Veh-treated mice demonstrating the 
gating strategy based on forward/sideward scatter (G), singlets (H), and Hoechst- live dead exclusion (I). 
(J,L,N,P) Representative FACS dot plots showing CD45+ immune cells (J), the ratio of MHCII+ F4/80+ (L), the 
percentage of CD86+ vs. CD68+ (N), the percentage of Ly6C+ vs. Ly6G+ cells (P) upon cSTX as compared to the 
Veh group. (K,M,O,Q) Bar graphs showing the quantification of CD45+ cell numbers (K) n = 4, MHCII+ F4/80+ 
cell numbers (M) n = 4, CD86+ C68+ cell numbers (O) n = 4, Ly6C+ Ly6G- monocytes (Q) n = 4. (R-S) mRNA levels 
of proinflammatory genes (R) and anti-inflammatory genes (S) n=6, were measured by qPCR in mucosal 
tissue samples of Veh (white) and cSTX-treated mice (red). Values in each column are displayed as mean ± 
SEM, and an unpaired t-test was carried out for statistical analysis (*P < 0.05, **P < 0.01, and ***P < 0.001).
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denervation, as our previous study showed that the immunological side effects of the 6-OHDA 
injection are an immediate, but transient, event in the muscularis externa16.

Sympathetic neurons modulate epithelial homeostasis
To acquire a more comprehensive overview of altered molecular pathways after cSTX, we next 
performed bulk 30 mRNA sequencing of the mucosal samples of mice treated with 6-OHDA or 
the vehicle. Principal component analysis (PCA) showed that the individual groups clustered 
at different axes, indicating significant differences in gene expression (Figure 2A). Functional 
enrichment analysis of differentially expressed genes (P≤0.05 and FDR fold change ±2) showed 
enrichment in genes connected to multiple immune-related and host defense gene ontology 
(GO) terms (Figure 2B). As it has been demonstrated before that sympathectomy induces 
the molecular signatures of colitis14, we assessed the gene sets generally associated with 
immune and epithelial cell functions. Indeed, genes related to the GO-term “epithelial cell 
development” were enriched (Figure 2C). A heat map analysis showed differentially expressed 
genes of the GO term “Epithelial cell development. Additionally, we analyzed the expression 
of other genes known to be involved in epithelial integrity, antimicrobial function, and barrier 
integrity by qPCR. Trefoil Factor 3 (Tff3), required for epithelial homeostasis by maintaining 
the surface integrity25, was increased 16-fold (Figure 2D), and Ptgs-1 (encoding COX-1), critical 
for keeping cell integrity26, was increased by 40-fold in cSTX-treated mice when compared 
with vehicle controls (Figure 2E). Additionally, Tgfb1 was upregulated significantly (Figure 2F) 
in tissue after cSTX.

We speculated that, along with the transcriptional changes of genes involved in epithelial 
development, the tight junction genes and barrier integrity might also be disturbed. Indeed, 
a heat map analysis showed transcriptional differences in genes related to tight junctions in 
cSTX-treated mice (Figure S2). qPCR analysis showed that claudin and occludin expression in 
mucosal samples of cSTX-treated mice were increased (Cldn3 (seven-fold), Cldn2 (three-fold), 
and Ocln (two-fold)) (Figure 2G,J,K). In line with this, we also observed an increase of more 
than five-fold in claudin-3 protein expression in cSTX-treated mice (Figure 2H,I), confirming 
altered transcriptional regulation of intestinal barrier-maintaining genes. We next assessed 
functional intestinal integrity in vivo by permeability measurement. First, a loop of the murine 
terminal ileum was ligated without disrupting the blood supply. Afterward, fluorescein 
isothiocyanate (FITC)-dextran was injected into the isolated loop (Figure 2L). After 2 h, the 
mice were sacrificed, and the fluorescence levels in the plasma were measured and showed 
to be increased in mice subjected to cSTX compared with vehicle-treated controls (Figure 2M). 
These findings verify disturbed barrier integrity after cSTX.

Notably, although these data show evident inflammatory induction, the effects are limited 
to a molecular level and do not induce morphological changes, since hematoxylin and eosin 
stainings showed no visible signs of pronounced inflammation or tissue damage in cSTX-
treated versus vehicle-treated mice (Figure 2N).
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Figure 2. The primary immune status of the intestinal mucosa is altered after cSTX. Mice were 
injected with 6- OHDA to achieve chemical sympathectomy (cSTX). Controls were injected with the vehicle 
(Veh). The muscularis-free lamina propria specimen underwent 3´mRNA bulk sequencing two weeks 
after the last injection. (A) PCA plot shows clustering vehicle and cSTX samples (n = 3). (B) Functional 
enrichment analysis of the differentially expressed genes identified several GO terms related to the host́ s 
immune response and defense mechanisms. (C) The heat map shows the fold change of genes related to 
the GO term epithelial cell development. (D-F) The mRNA levels of mucosal repair genes were measured 
by qPCR in the mucosal samples of vehicle (white) and cSTX-treated mice (red). (G,J-K) The mRNA levels 
of tight junction genes were measured by qPCR in the vehicle (white) and cSTX-treated mice (red) mucosal 
samples. (H) cSTX-treated mice showing increase in claudin-3 protein expression as compared to vehicle 
treated mice. (I) Quantification of protein expression normalized to β actin showing increase in claudin-3 
protein in cSTX-treated mice (n = 5) compared to vehicle (n = 4). (L) The loop model shows a 4-cm ligation 
at the terminal ileum. (M) Increased intestinal permeability in cSTX mice (red) compared to the vehicle-
treated mice (white) was measured by the fluorescence in the plasma. (N) Compared to vehicle-treated 
mice, hematoxylin and eosin staining of intestinal tissue show no visible signs of damage upon cSTX. N=5. 
Values in each column are displayed as mean ± SEM, and an unpaired t-test was carried out for statistical 
analysis (*P < 0.05, **P < 0.01, and ***P < 0.001)
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Figure 3. cSTX elevates tight junction and antimicrobial gene expression in the mucosa. Mice were 
injected with 6-OHDA to achieve a chemical sympathectomy (cSTX) within the intestinal lamina propria. 
Controls were injected with a vehicle (Veh). The muscularis-free lamina propria specimen under-went 
3´mRNA bulk sequencing and qPCR analysis two weeks after the last injection. (A) The mRNA levels of 
the Muc-2 gene were measured by qPCR in the mucosal samples of vehicle (white) and cSTX-treated mice 
(red) n = 6. (B) The heat map displays the hierarchical clustering of differentially expressed genes related 
to the antimicrobial humoral response GO term (n = 3). (C) Volcano plot showing up- and downregulated 
genes and highlighted antimicrobial defense genes in the cSTX compared to the Veh group. (D) Relative 
mRNA induction (normalized to the Veh group) of individual antimicrobial defense genes was measured 
by qPCR in the mucosal samples of vehicle (white) and cSTX-treated mice (red) n = 6. (Values in each 
column are displayed as mean ± SEM, and an unpaired t-test was carried out for statistical analysis (*P 
< 0.05, **P < 0.01, and ***P < 0.001).

Sympathetic denervation induces expression of antimicrobial defense genes
The enhanced expression of the pro-inflammatory genes IL-1β, TNF-α, and IFN-γ, and epithelial 
repair genes, such as Tff3, together with the loss of functional barrier integrity associated 
with cSTX, prompted us to further investigate the role of the sympathetic innervation in the 
host defense mechanisms of the epithelial cells. As a part of the host defense strategy, the 
epithelium produces a protective mucus layer and antimicrobial peptides. We studied the 
expression of Muc2, the gene responsible for the mucus-forming protein mucin in the intestinal 
tract, by qPCR and observed a three-fold increase in the mucosal samples of cSTX-treated 
mice (Figure 3A). In contrast to the gene expression data, Muc2 (Figure S3A) protein expression 
was diminished after cSTX. In line with this, alcian blue-positive goblet cells were reduced 
following denervation (Figure S3B). Furthermore, differential expression analysis showed 
the hierarchical clustering of antimicrobial genes connected to the GO term “antimicrobial 
humoral response” (Figure 3B). Antimicrobial defense genes, including alpha-defensins (Defa) 
and Reg3g, were among the significantly cSTX-enriched genes (Figure 3C). The qPCR data 
demonstrated increased expression of Defa1 (6-fold), Reg3g (4-fold), Defb3 (3.5-fold), and 
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Lyz1 (3.5-fold) in cSTX-treated mice (Figure 3D). We interpret these findings as the potential 
involvement of the SNS in the modulation of the intestine’s antimicrobial defense.

Sympathetic neuronal activity impacts epithelial cell functions indirectly via cytokines
We next investigated whether sympathetic neuronal activity affects epithelial gene expression 
directly or indirectly through other cell types. To test this, we generated small mouse intestinal 
organoids and basolaterally stimulated these with norepinephrine. After 72 h of stimulation, 
we observed no differences in the mRNA levels of Cldn2, Cldn3, Defa1, Defb3, Muc2, Ocln, Reg3g, 
and Tff3 when compared with the vehicle-stimulated organoids (Figure S4A). The in vivo studies 
demonstrated increased gene expression of the cytokines IFN-γ, IL-1β, and TNF-α, which are 
likely derived from mucosal cells. We hypothesized that sympathetic neuronal activity affects 
epithelial gene expression and function via immune-cell-secreted cytokines. To that end, we 
performed a microarray analysis of organoids stimulated with cytokines that we found to be 
upregulated after cSTX. Organoids were cultured in equal settings, and twenty-four hours 
after stimulation, the genes were analyzed for differential expression comparing cytokine-
stimulated and vehicle-stimulated organoids. The top 30 up- and downregulated genes are 
shown in heat maps (Figure 4A). From the analyses of transcriptional profiling, we observed 
an increase in the expression levels of Cldn2, Cldn3, and Reg3g after stimulation with IFN-γ and 
TNF-α when compared with vehicle-stimulated organoids (Figure 4B). Treatment with IL-1β did 
not affect any of these genes. Further investigation with gene set enrichment analyses (GSEA) 
(Figure S4B) showed the enrichment of genes expressing tight junctions following treatment 
with IFN-γ (normalized enrichment score (NES) = 1.96; P < 0.001) and antimicrobial peptides 
upon treatment with TNF-α (NES = 2.04; P < 0.001) when compared with non-stimulated 
organoids (Figure 4C).

In addition, treatment with IL-1β led to an enrichment in antimicrobial peptide genes compared 
with non-stimulated organoids (NES = 2.09; P < 0.001). These data indicate that specific 
cytokines can modulate the gene expression patterns of tight junctions and antimicrobial 
peptides in intestinal epithelial organoids. As the cytokines IFN-γ and TNF-α mainly originate 
from immune cells in vivo, our data suggest that the SNS exerts its supportive functions on 
epithelial barrier function by affecting mucosal immune cell cytokine production.

Sympathetic denervation alters the intestinal microbial composition
As we demonstrated, epithelial cell function and AMP production are regulated through the 
SNS, and, conversely, recent studies showed elevated sympathetic activity after antibiotic 
treatment27; therefore, we tested the effect of cSTX on microbial composition in the intestine. 
To that end, we analyzed how the microbiome in cSTX-treated mice would be altered through 
the 16S sequencing of the microbial samples of cecum two weeks after 6-OHDA or vehicle 
treatment using 16S sequencing. PCA showed that the individual groups clustered separately, 
indicating an effect of cSTX on the microbiome’s composition (Figure 5A). However, the 
microbial species richness was similar between the cSTX- and vehicle-treated mice (Figure 
5B). Likewise, both groups had an equal median Shannon index value, indicating similar 
species evenness upon cSTX (Figure 5C). The analysis of lower phylogenetic levels did not 
show quantitative changes in phylum (data not shown). However, significant changes in cSTX 
samples occurred at the order level. An increase in Bacilli Erysipelotrichales and a reduction 
in the Clostridia Vadin BB group species were observed (Figure 5D,F).  
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Figure 4. Microarray analysis of mouse small intestinal organoids stimulated with IFN-γ, IL-1β and 
TNF-α. (A) Heat maps showing the top 20 up-and downregulated genes upon stimulation of organoids 
with cytokines. (B) Expression levels (log2) of Muc2, Ocln, Reg3g, Tff3, Cldn2, and Cldn3 in organoids after 
stimulation with vehicle or cytokines IFN-γ, IL-1β and TNF-α (10 ng/mL). N = 6. (C) Gene set enrichment 
analyses (GSEA) for tight junctions after IFN-y treatment (left) and antimicrobial peptides after TNF-a 
treatment (right) with normalized enrichment scores (NES) of 1.96 and 2.04, respectively. The Y-axis 
shows the enrichment score, while the X-axis represents the specific gene ontology (tight junction or 
antimicrobial peptide) set genes. The green line connects the points of enrichment score and genes. 
Normalization was done by MAS 5.0. Analysis of microarray experiments was performed using Rstudio 
software (v1.4). Comparative analysis was performed using the limma R package (v3.46.0). Moderated t 
statistic was used for statistical analysis.
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Figure 5. Intestinal sympathetic neurons modulate a specific bacterial population. C57BL/6 mice 
who underwent saline or 6-OHDA treatment were sacrificed 17 days later (n = 3). DNA was isolated from 
the caecum stool samples and was subjected to 16S rRNA sequencing. (A) PCA shows the clustering of 
individual groups (veh in blue and cSTX in red). (B-C) Microbial richness (B) and median Shannon’s index 
(C) were similar between veh and cSTX groups. (D,F) Stacked row dia-gram showing the relative frequency 
of bacterial composition at the level of order (D) and family (F) in the vehicle (white) and cSTX-treated mice 
(red). (E,G,H) Bar graphs with individual data points show significant changes in Bacilli Erysipilotrichales 
and Clostridia Vadin BB60 composition at the level of order (E), family (G), and genus (H). Values in each 
column are displayed as Mean ± SEM, and an unpaired t-test was carried out for statistical analysis (*P < 
0.05, **P < 0.01, and ***P < 0.001).

Further, Bacilli Erysipelotrichaceae was increased, and two species of Clostridia, 
Ruminococcaceae and Vadin BB group, were reduced at the family level (Figure 5E,G). 
Similarly, we observed an increase in Bacilli Faecalibaculum and reduction in the Clostridia 
Vadin BB group at the genus level (Figure 5H). These data suggest that the loss of sympathetic 
neurons led to increased Bacilli compositions, while the Clostridia species were reduced. 
Thus, the microbiome composition seems to be connected to a properly functioning intestinal 
sympathetic neuronal system.

DISCUSSION

Sympathetic neuronal innervation projects to the intestinal mucosa and profoundly 
influences intestinal functions. While the interaction between IECs and immune cells in 
mucosal homeostasis has been studied extensively28-30, the role of SNS in this interplay 
remains unexplored. In this study, we focused on the immunomodulatory role of the SNS in 
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the mucosa, with a particular interest in IECs. We previously showed that STX could effectively 
be induced chemically in the intestinal muscularis using the neurotoxin 6-OHDA, which leads 
to a reduced number of TH+ neurons14,16. As these studies described an immunomodulatory 
role of the SNS in regulating muscularis macrophage functions in the muscularis externa, we 
aimed to investigate the effect of the SNS on mucosal immune homeostasis and epithelial 
functions. We performed flow cytometry analysis on muscularis-free mucosal tissue two 
weeks after denervation. An increased number of MHCII+ F4/80+ and CD68+CD86+ cells31 was 
found, indicating the role of the SNS in the regulation of mucosal macrophage functions.

Interestingly, we also found increased Ly6C+Ly6G- monocyte numbers in the mucosa two weeks 
after denervation. This is contrary to our previous observations in the muscularis layer, where 
we observed an increase in monocyte numbers on day four after denervation that rapidly 
dropped to the control levels16. This implies that the role of the SNS in immune cell modulation is 
tissue-specific and different between the muscularis and mucosal layers. Further, the classical 
pro-inflammatory genes (e.g., IFN-γ, IL-1β and TNF-α) were upregulated, and anti-inflammatory 
genes were downregulated (e.g., Arg1 and CD163) 32 in the mucosa after denervation. Although 
the cellular source of the cytokines and inflammatory markers has not been studied, we 
speculate that it is the resident cell immune cells, particularly macrophages, that are 
abundantly present (Figure 1D-F) along the complete intestine’s lamina propria mucosae.

IECs contribute to the developing immune system by producing cytokines and chemokines in 
response to commensal bacteria28,32. The mucosal macrophages located beneath the epithelial 
layer initiate the adaptive immune system and play a role in sampling and clearing pathogenic 
bacteria33. Furthermore, IECs secrete mucins and AMPs to support and maintain the intestinal 
barrier and homeostasis and provide pathways for the delivery of luminal bacteria to these 
antigen-presenting cells29. As we observed changes in the immune cell numbers upon cSTX, 
we investigated its impact on the barrier and defensive functions. Indeed, we found multiple 
lines of evidence that the sympathetic mucosal innervation controls barrier integrity and 
epithelial antimicrobial responses. Firstly, and most importantly, the epithelial permeability 
was diminished upon SNS, as shown in a FITC dextran loop model34. Secondly, we found an 
increased expression of Cldn3, Cldn2 and Ocln upon denervation. These genes code for a 
protein involved in tight junction formation, which is necessary to connect adjacent epithelial 
cells, regulate intestinal permeability, and is crucial for intestinal barrier function35,36. Although 
these findings show that the barrier permeability is affected, it seems controversial that 
tight junction gene expression and permeability increase simultaneously. As we confirmed 
tight junction molecule expression at the transcriptional level and with claudin-3 also 
representative at the protein level, we interpreted the increased permeability in cSTX-treated 
animals as a consequence of impaired tight junction assembly. The induced gene expression 
of tight junction genes indicates that compensatory mechanisms are required to counteract 
the detrimental effects of cSTX on the integrity of the intestinal barrier.

Increased expression of Muc2 and Tff3 after cSTX was observed. Muc2 expression supports 
the mucous layer at the epithelial surface, and Tff3 modulates the intestinal physical barrier 
by offering structural integrity to mucus and promoting IEC migration and repair37. The role of 
Muc2 seems to be crucial in intestinal inflammatory disorders, as Muc2-deficient mice show 
epithelial cell structure deformation, leading to increased inflammatory cell infiltration and 
developing spontaneous colitis38,39. Furthermore, these mice showed increased IL-1β and 
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TNF-α expression levels compared with wildtype controls. In line with this, we observed a 
reduced number of goblet cells and Muc2 protein expression following cSTX, highlighting the 
role of sympathetic neurons in mucosal immune disorders. Acute intestinal wound healing 
also requires Muc2, and Muc2-deficient mice have severe healing disturbances of intestinal 
anastomosis40, highlighting their role in mucosal homeostasis41. The third level of evidence for 
a protective barrier role of the SNS comes from our observation of increased mRNA levels in 
AMP genes. Several AMPs belonging to the class of α- and β-defensins and cathelicidins were 
induced upon cSTX. α-defensins comprise most of the secretory granules of Paneth cells but 
are also produced by immune cells42. While beta-defensins are mainly produced by epithelial 
cells43, the high presence of α-defensins transcripts and simultaneous induction of Reg3γ 
indicates that the AMP response might be derived from the Paneth cell compartment or immune 
cells. Although our data provide evidence of a possible contribution of the SNS in the regulation 
of the antimicrobial host defense at the epithelial barrier, final proof of increased host defense 
mechanisms requires future studies, including bacterial killing capacity assays, which have 
been previously used to measure the overall antimicrobial capacity of luminal contents44.

After the in vitro norepinephrine stimulation of mouse organoids, which do not contain immune 
cells, but include Paneth cells as part of the epithelial cell populations, we did not observe any 
differences in the tight junction or AMP expression levels compared with the controls. This 
prompted us to investigate whether SNS indirectly impacts epithelial cells, i.e., via cytokines 
secreted by immune cells. Indeed, organoid stimulation with the pro-inflammatory cytokines 
IFN-γ, IL-1β and TNF-α led to elevated levels of Cldn2, Cldn3 and Reg3g, indicating that immune 
cells might serve as a linkage between sympathetic neurons and epithelial cells through the 
secretion of inflammatory cytokines. This is in line with previous studies highlighting the 
cytokine-mediated secretion of AMPs and modulation of alternative epithelial cell functions, as 
reviewed in45,46. It is also explanatory for the expression of cytokine receptors, such as IFN-γR47 
and TNFR148, in epithelial cell types. The finding that enhanced IFN-γ signaling on epithelial 
cells is associated with epithelial damage47 further supports that SNS-mediated inflammation 
is causative and not the consequence of cSTX-induced mucosal barrier dysfunction.

The change in epithelial biology, particularly the induced antimicrobial host defense, 
suggested that the sympathetic denervation might also impact the gut microbiome, as 
a shift in the gut microbiome is likely associated with the pathophysiology of the gut49. 
Although the role of SNS in gut dysbiosis through interaction with epithelial and immune cell 
populations is not well understood, recent studies have described the connection between 
the SNS and the microbial composition23,50, and their impact on mucosal physiology. Herein, 
we found supportive evidence of a relationship between the SNS and the intestinal microbial 
composition. Though we did not observe significant changes in the higher hierarchical levels, 
we observed distinct changes upon denervation at the order, family, and genus levels. Bacilli, 
Erysipelotrichaceae, Clostridia Ruminococcaceae, and Clostridia Vadin BB were among the 
microbiota with different levels between cSTX- and vehicle-treated mice.

Interestingly, the more abundant Gram-positive Erysipelotrichaceae are associated with 
inflammation-related gastrointestinal disorders51. For example, they have been shown to 
increase in the lumen of colorectal cancer patients52. In inflammatory bowel disease, the 
findings seem inconsistent, as some researchers observed an inflammationassociated 
increase53,54, while others observed a decrease55. While it remains unclear if the observed 
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microbial changes upon cSTX treatment are causative of the altered immune and epithelial 
functions, our findings show that the SNS can shape microbial composition. Our results 
suggest that, besides recent findings of an effect of microbiota on sympathetic neuronal 
functioning27, a reciprocal interaction of the SNS affecting the luminal microbiome might also 
be relevant. However, more studies are needed to decipher the molecular interactions and 
relevance of the SNS-microbiome counteractions.

CONCLUSIONS

In summary, we show that the SNS plays an essential role in modulating mucosal homeostasis. 
Sympathetic depletion abrogated anti-inflammatory genes in the intestine and shaped 
the basic mucosal profile to a pro-inflammatory pattern. In addition, tight junction and 
antimicrobial defense genes were elevated upon denervation. The link between increased 
immune cell numbers and the upregulation of genes responsible for epithelial barrier functions 
and distinct microbial changes suggests an overarching role of the SNS in regulating intestinal 
immune homeostasis, epithelial function, and microbial composition. Further studies in this 
field are needed to understand the role of this link in gastrointestinal diseases, including 
intestinal mucosal healing, inflammatory bowel disease, and colorectal cancer.
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ABSTRACT

Innervation of the intestinal mucosa by the sympathetic nervous system is well described but 
the effects of adrenergic receptor stimulation on the intestinal epithelium remain equivocal. 
We therefore investigated the effect of sympathetic neuronal activation on intestinal cells 
in mouse models and organoid cultures, to identify the molecular routes involved. Using 
publicly available single-cell RNA sequencing datasets we show that the α2A isoform is the 
most abundant adrenergic receptor in small intestinal epithelial cells. Stimulation of this 
receptor with norepinephrine or a synthetic specific α2A receptor agonist promotes epithelial 
proliferation and stem cell function, while reducing differentiation in vivo and in intestinal 
organoids. In an anastomotic healing mouse model, adrenergic receptor α2A stimulation 
resulted in improved anastomotic healing, while surgical sympathectomy augmented 
anastomotic leak. Furthermore, stimulation of this receptor led to profound changes in the 
microbial composition, likely because of altered epithelial antimicrobial peptide secretion. 
Thus, we established that adrenergic receptor α2A is the molecular delegate of intestinal 
epithelial sympathetic activity controlling epithelial proliferation, differentiation, and host 
defense. Therefore, this receptor could serve as a newly identified molecular target to improve 
mucosal healing in intestinal inflammation and wounding.
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INTRODUCTION

Autonomic neurons are known to influence cells within the intestinal muscularis externa and 
mucosa through the release of catecholamines like (nor)epinephrine acting on adrenergic 
receptors (ARs). Such neuro-immune communication is relevant in for instance the way chronic 
stress is perceived and is demonstrated through the immune-dampening effect of electrical 
stimulation of the mesenteric nerve plexus in mouse colitis models1. Moreover, norepinephrine 
is a strong immunosuppressive neurotransmitter in vitro2,3. Which cells are prone to immune 
regulation through this route is less well described4.

It has been demonstrated that autonomic neuronal activity can also directly affect intestinal 
epithelial functions such as proliferation and differentiation5-9. This is critical in the process of 
intestinal epithelial turnover and self-renewal maintaining a functional mucosal barrier, which 
is impaired in wounded conditions such as inflammatory bowel diseases (IBD), and stress- or 
surgery-induced injury. Sympathetic nerves reach to the level of enteric myofibroblasts and 
intestinal epithelial cells, and ARs are expressed in these cells7,9-11 enabling immune regulation 
and control of homeostasis through this route. Enteric glial cells have been demonstrated to 
promote intestinal mucosal healing12. The loss of sympathetic innervation in intestinal biopsies 
of areas with mucosal damage in patients with Crohn’s disease suggests that sympathetic 
neuronal activity may also be required to achieve mucosal healing13. The AR isoform α2A was 
suggested to play a role in this phenomenon6,9. Yet, thus far mechanistic details and in vivo 
effects have not been entirely characterized14.

In this study, we aimed to investigate the role of sympathetic neuronal activity on intestinal cell 
function and identify responsible receptors and involved pathways. To this end, we reanalyzed 
publicly available single-cell RNA sequencing (scRNA-seq) datasets to study the expression of 
ARs in human and mouse intestinal epithelium and assessed the effects of specific AR agonists 
on mouse small intestinal organoids. In vivo mouse models with specific AR agonist treatment, 
mesenteric nerve plexus denervation, and intestinal wounding were used to confirm observed 
effects. Our results show that adrenergic neuronal activity, in particular through α2A-AR, is an 
important factor in intestinal regeneration and could be a newly identified molecular target 
to improve mucosal healing in intestinal inflammation.

MATERIALS AND METHODS

Ethics statement
Human fetal intestinal tissue (gestational age 19-20 weeks) was obtained by the HIS Mouse 
Facility of the Amsterdam University Medical Center (AUMC) with a written informed consent 
obtained from all donors for the use of the material for research purposes. The tissue was 
obtained with approval of the medical ethical committee of the AUMC together with approval 
of the experimental procedures by the HIS Mouse Facility. All experiments were performed 
according to guidelines and regulations that are mentioned in the Amsterdam UMC Research 
Code regulations and in accordance with Dutch law.

Mice
Female C57BL/6N inbred mice (8-12 weeks old) were purchased from Charles River Laboratories 
(Maastricht, the Netherlands) and acclimated for 1 week before performing experiments. The 
animals were housed under specific pathogen-free conditions in the animal facility at the 
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Amsterdam University Medical Centers, location AMC, Amsterdam, the Netherlands. Animals 
were maintained on a 12/12 light/dark cycle under constant temperature (20 °C ± 2 °C) and 
humidity (55%) conditions with ad libitum drinking water and chow. Mice were handled 
according to the guidelines of the Animal Research Ethics Committee of the University of 
Amsterdam. High flow carbon dioxide was used for euthanasia. Experiments were approved 
by the Dutch Central Animal Experiments Committee. Individual experiments were revised and 
approved by the Animal Research Ethics Committee of the University of Amsterdam. Prior to 
the experiments protocols were approved by this same committee. This study is in accordance 
with the ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines.

UK 14,304 oral gavage
UK 14,304 (Ref. No. U104-25MG; Sigma-Aldrich) was dissolved in DMSO (Sigma-Aldrich) and 
further diluted in dH2O. UK 14,304 was administered with oral gavage at a concentration 
of 2.5 mg/kg body weight in a total volume of 100 μL for either 3 or 21 consecutive days. 
Control animals were given dH2O containing 2% DMSO as vehicle for equal durations. During 
the experiment body weights and behavior were recorded. After 3 and 21 days, mice were 
euthanized and tissues were collected. Intestinal tissues were cut in half longitudinally for 
histopathology and RNA isolation.

Anastomotic healing mouse model
Mice were anesthetized with 2% isoflurane/O2 and were given buprenorphine as an analgesic 
(both intra-operatively and twice post-operatively). A 1 cm midline laparotomy was performed, 
after which the cecum was exteriorized and the ascending colon was macroscopically 
transected 1 cm from the cecum without harming the blood supply. Consequently, an end-to-
end anastomosis was performed using six separate sutures. Next, the colon was repositioned 
and the abdomen was closed. During the procedure, the intestines were kept moist.

In the case of mesenteric denervation, sympathetic denervation of the intestine was achieved 
by transecting the superior mesenteric nerve bundle along the mesenteric artery15. This was 
performed in the same surgical procedure as the creation of the intestinal anastomosis. If mice 
received UK 14,304, they were first subjected to 3 days of daily oral gavage before surgery. 
In all experiments using the anastomotic healing mouse model, mice recovered for 5 days 
before euthanasia.

Mouse intestinal crypt isolation and organoid culture
Small intestinal organoids were established from female wild-type C57BL/6 mice. Small 
intestines were opened longitudinally, and villi were scraped using a cover slip. The intestine 
was cut into small pieces (2-4 mm), transferred to a 50 mL tube, and washed with 10 mL cold 
PBS by pipetting up and down approximately 10 times. Afterwards, the pieces were incubated 
in 2 mM 25 mL EDTA (Ref. No. E7889; Sigma-Aldrich) in PBS for 30 min at 4 °C while constantly 
rotating (100 RPM). The supernatant was removed and 10 mL of ice-cold PBS containing 10% 
FBS was added and pipetted up and down a few times. The first fraction of the supernatant was 
discarded, while the 3 subsequent fractions were collected in a 50 mL tube after passing a 70 
μM cell strainer. The crypts were pelleted using a centrifuge for 5 min at 800 RPM and collected 
in Matrigel (Ref. No. BD356231; Corning Life Sciences B.V., Amsterdam, the Netherlands) (20 
μL per well; 48-wells plate) for seeding. The plate was left in the incubator (37 °C; 5% CO2) for 
15-30 min. Afterwards, 250 μL of complete growth medium was added to the well. Typically, 
the medium was refreshed every 2-3 days and organoids were passaged weekly in a split ratio 
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of 1:3 to 1:5 depending on density16,17. Organoids were stimulated for indicated time periods 
by the addition of indicated agonists (norepinephrine (Ref. No. A7257; Sigma-Aldrich) or UK 
14,304 (Ref. No. U104; Sigma-Aldrich)).

Fetal crypt isolation and monolayer culture
Small intestine was collected from 19 weeks old aborted human fetuses. Tissue was cut 
longitudinally, washed in cold PBS, cut into small pieces and washed 5 times in cold PBS. 
Tissue was incubated for 1 h at 4 °C, vigorously shaken in a dissociation mix of Advanced DMEM/
F12 (Ref. No. 12634010; Thermo Fisher Scientific) containing 5 mM EDTA, 2 mM dithiotreitol 
(Ref. No. D0632; Sigma-Aldrich), penicillin/streptomycin, and FBS. Supernatants containing 
intestinal crypts was collected and centrifuged for 10 min at 950 rpm. Supernatant was 
removed and cells were washed in 10 mL Advanced DMEM/F12. Cells were centrifuged for 
5 min at 950 rpm. Pellet was resuspended in Matrigel in a 24-well cell culture plate. Plate 
was incubated for 15 min at 37 °C and Intesticult Organoid Growth Medium (OGM, Ref. No. 
06010; STEMCELL Technologies, Vancouver, Canada) was added. OGM was supplemented with 
penicillin/streptomycin, primocin (Ref. No. ant-pm-05; InvivoGen), and Rho kinase inhibitor 
IV (STEMCELL Technologies). Medium was refreshed every 2-3 days and cells were passaged 
every 5-8 days. Cells were harvested for monolayer culture after two passages. Single cell 
suspension was acquired by incubating with 1-2 mL TripLE Express Enzyme (Ref. No. 12605010; 
Thermo Fisher Scientific) per donor at 37 °C and vigorously pipetting.

Immunofluorescence
Intestinal samples were fixated in 4% paraformaldehyde (PFA; Ref. No. 1.04005.1000, VWR 
International B.V., Amsterdam, the Netherlands). Afterwards, tissues were processed with a 
tissue processor (Shandon Excelsior ES, Thermo Fisher Scientific). Finally, dehydrated samples 
were paraffin-embedded in the embedding station (HistoCore Arcadia, Leica Microsystems 
B.V., Amsterdam, the Netherlands), cut in 5 μm-thick sections on a microtome (Microm HM 
340E, Thermo Fisher Scientific), and dried overnight at 37 °C. Slides were deparaffinized 
with xylene and rehydrated in a graded series of ethanol. For antigen retrieval, tissues were 
heated in 0.01 M sodium citrate solution (pH 6.0) at 95 °C for 20 min. Non-specific binding was 
prevented by incubation with PBT (PBS, 1% BSA, 1% Triton-X). Tissue sections were incubated 
overnight with the primary antibody at 4 °C. Incubation with the secondary antibody was 
performed at room temperature for 1 h. The following antibodies were used: Lysozyme (1:500; 
Ref. No. A0099, Agilent, Santa Clara, CA, USA), Muc2 (1:200; Ref. No SC-15334, Santa Cruz 
Biotechnology, Dallas, TX, USA). ProLong Antifade Mountant with DAPI was used for mounting 
and staining nuclei. Invitrogen, Images were captured using an Olympus BX51 microscope.

For organoid samples, organoids were first treated with Cell Recovery Solution (Ref. No. 
354253, Corning Life Sciences B.V.), fixed with 4% PFA for 30 min, and embedded in HistoGel 
(Ref. No. HG-4000-012, Thermo Fisher Scientific, Bleiswijk, the Netherlands).

RNAscope (in situ hybridization)
RNAscope in situ hybridization (Advanced Cell Diagnostics, Biotechne, Newark, NJ, USA) was 
performed according to the manufacturer’s protocol Formalin-Fixed Paraffin-Embedded 
Sample Preparation and Pretreatment for RNAscope 2.5 assay and RNAscope 2.5 HD Detection 
Reagent-RED. In brief, slides were deparaffinized, and treated with hydrogen peroxide, target 
retrieval reagents, and protease. Afterwards, samples were treated with hybridizations with 
target-specific probes and amplifiers. All components were provided by the manufacturer 
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(RNAscope 2.5 HD Reagent Kit-RED; Ref. No. 322350). The following probes were used: Hs-
ADRA2A (Ref. No. 602791), and Mm-Adra2a (Ref. No. 425341). After probes were detected by 
Fast RED, slides were washed 3 times with PBS, followed by the staining with the primary 
antibody against Lysozyme overnight at 4 °C. After washing with PBS, sections were stained 
with a secondary antibody (Alexa Fluor 488 in 1:200; Ref. No. A11008, Invitrogen, Thermo 
Fisher Scientific), at room temperature for 60 min. Slides were washed in PBS and mounted 
with ProLong Gold Antifade reagent containing DAPI. Pictures were taken with a Leica DM6000 
microscope using LAS AF software. Image processing was done with ImageJ software (v1.50i) 18.

IncuCyte
Following the seeding of the organoids, the 48-wells plates were placed in the IncuCyte (Essen 
BioScience, Newark, UK) for 5 days. Images were acquired automatically in phase contrast 
every 2 h at 4x. After completion, pictures were analyzed by measuring the circumferences of 
11 organoids throughout the 5 days.

5-ethynyl-2′-deoxyuridine proliferation assay
Organoids were seeded on 48-wells plates and stimulated with agonists for 3 days. ClickIT™ 
EdU kit Plus EdU Alexa Fluor 647 Imaging Kit (Ref. No. C10640, Thermo Fisher Scientific) was 
used according to the manufacturer’s instructions. Briefly, organoids were cultured with 0,2% 
5-ethynyl-2′-deoxyuridine (EdU) diluted in ENR for 16 h to allow incorporation of fluorescently 
labeled EdU into newly synthesized DNA marking proliferating cells. Afterwards, cells were 
harvested with Cell Recovery Solution (Corning) for 30 min on ice at 4 °C, fixed with 4% PFA, 
permeabilized, and labeled with ClickIT-647. Afterwards, FACS was performed using a BD 
LSRFortessa (BD Biosciences, Vianen, the Netherlands) and analysis was done with FlowJo 
(v10.6.1, BD Biosciences).

Apoptosis assay
Organoids were seeded on 48-wells plates and stimulated with agonists for 3 days. Afterwards, 
organoids were harvested with Cell Recovery Solution and a single-cell suspension was made 
by use of incubation with TrypLE for 10 min at 37 °C. Cells were subsequently washed with 10% 
FCS/PBS and processed with FITC Annexin V Apoptosis Detection Kit II (Ref. No. 556570; BD 
Biosciences). Staining was assessed by FACS followed by data analysis using FlowJo software.

ECIS wound healing assay
8 well Electric Cell-Substrate Impedance Sensing (ECIS) array (8W10E) was coated with 10 mM 
L-cysteine, followed by Rat Collagen Type I (Ref. No. 50201; Ibidi GmbH, Gräfelfing, Germany) 
coating of 8 ug per well. Electrodes were stabilized with the electrical stabilization setting of 
the ECIS. Baseline was measured for 30 min. A single cell suspension of human fetal organoids 
(gestational age 19 weeks) was seeded at a density of 250.000 cells/well in 400 uL OGM. Cells 
were incubated until impedance stabilized, indicating a confluent monolayer. Wounding was 
performed for 60 s with a frequency of 50,000 Hz and current of 5500 μA. Cells were refreshed 
every 2-3 days.

RNA isolation, cDNA synthesis, quantitative PCR analysis, and RNA sequencing
Total RNA was isolated from samples using Bioline ISOLATE II RNA Mini Kit (GC Biotech, 
Alphen aan den Rijn, the Netherlands) according to the manufacturer’s protocol. cDNA was 
synthesized by use of deoxynucleotide triphosphates (Thermo Fisher Scientific), Random 
primers (Promega, Leiden, The Netherlands), Oligo dT primers (Sigma, Zwijndrecht, The 
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Netherlands), Revertaid, and Ribolock (both Thermo Fisher Scientific). Quantitative PCR 
(qPCR) was performed with SensiFAST SYBR No-ROX (GC Biotech) and a LightCycler 480 II 
(Roche). Analysis was performed with LinRegPCR software. For normalization reference genes 
were used that were selected with GeNorm software. Primers (all from Sigma) are listed in 
Supplementary Table 1.

For RNA sequencing, RNA quality was assured using the TapeStation 4200 (Agilent). Samples 
with an RNA integrity number (RNA) > 8 were used for further analyses. mRNA was converted 
into cDNA with the KAPA mRNA HyperPrep Kit (Roche). cDNA preparation for sequencing was 
done using the HiSeq4000 at the Core Facility Genomics, Amsterdam UMC, in a 50 bp single-
ended fashion with a depth of 40 M reads per sample. Raw reads were checked for quality with 
FastQC (v0.11.8) and MultiQC (v1.7) 19,20. Mapping was done with STAR (v2.7.3) against mouse 
genome GRCm3821. Post-alignment processing was done using SAMtools (v1.9), whereupon 
reads were counted using featureCounts in the Subread package (v.1.6.4) 22,23. Gene features 
were obtained from Ensembl (v98) 24. Subsequently, counts were imported and analyzed using 
Rstudio with packages obtained from Bioconductor (v3.10) 25. DESeq2 (v1.30.0) was used to 
perform differential expression analyses, and apeglm was used for shrinkage26. Pheatmap 
(v1.0.12) and ggplot2 (v3.3.3) were used to create plots27-29.

Microbiota profiling
Murine fecal pellets were processed using the PSP Spin Stool DNA Plus Kit (Ref. No. 1038110300, 
STRATEC Molecular GmbH, Germany) according to the manufacturer’s protocol. In brief, DNA 
was extracted from 1 or 2 murine fecal pellets depending on their size using mechanical lysis 
and the PSP Spin Stool DNA Plus Kit. After, the samples were placed in Lysing Matrix E tubes 
with 1,400 μl stabilizer. Mechanical lysis was accomplished using the FastPrep in 3 repetitive 
rounds of 30 s at 6.5 m/s and subsequent cooling of 30 s on ice. Further extraction was done 
by heating at 97 °C for 15 min, subsequent cooling on ice for 1 min and centrifugation at 
13,400 g for 1 min. Supernatant was transferred to the PSP InviAdsorb. Negative controls 
(DNA-free water) were processed equally. The Nanodrop 1000 spectrophotometer (Thermo 
Fisher Scientific) was used to measure DNA concentrations.

Using a single-step PCR protocol targeting the V3-V4 region 16S rRNA gene amplicons were 
generated30. The PCR reaction in 20 μl was performed with the following thermocycling 
conditions: denaturation at 98 °C, 25 cycles of denaturation (98 °C for 10 s), annealing (55 °C 
for 20 s), extension (72 °C for 90 s), and final extension at 72 °C for 10 min. PCR products were 
purified using Ampure XP beads (Ref. No. A63882, Beckman Coulter Life Sciences, Woerden, 
The Netherlands), and purified products were pooled in an equimolar manner. Libraries were 
sequenced with a MiSeq platform using V3 chemistry with 2 × 251 cycles.

Forward and reverse reads were truncated to 240 and 210 bases, respectively, and merged 
using USEARCH. Merged reads not passing the Illumina chastity filter had an expected error 
rate higher than 2 or were shorter than 380 bases. Amplified sequence variants (ASVs) were 
inferred for each sample individually with a minimal abundance of 4 reads31. Unfiltered reads 
were mapped against the collective ASV set to determine the abundances. Taxonomy was 
assigned using SILVA 16S ribosomal database V13232.
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Statistical analysis microbiota profiling
Microbial multivariate statistical analysis was performed in R statistical environment (version 
4.0.4) using the packages phyloseq (version 1.34.0) 33 and vegan (version 2.5.7). Samples were 
rarefied to 50,000 reads. Alpha diversity indices were calculated (i.e., species richness and 
Shannon entropy). Microbial composition was assessed using non-metric multidimensional 
scaling plots (NMDS) on weighted UniFrac distance at ASV level based. The latter uses species 
abundance information and weights the branch length with abundance difference. Non-
parametric permutational multivariate analysis of variance (PERMANOVA) was applied using 
the vegan Adonis function on the weighted UniFrac distance matrix. Differences in genus 
relative abundances between groups were found using the DESeq2 method (version 1.30.1) 27. 
Basemean, log2-fold change, and non-adjusted and adjusted P-values of the aforementioned 
analyses at ASV and genus levels are reported in Supplementary Tables 2 and 3.

Single-cell RNA-sequencing database studies
A publicly available single-cell RNA-sequencing dataset of mouse small intestine (GSE92332) 
was downloaded from the Gene Expression Omnibus (GEO) and imported into Rstudio 
(v1.3.1093) 34,35. Seurat (v3.1.5) was used to import, integrate, and cluster the data36. Plots 
were made using ggplot2 (v3.3.3) 29.

In the GSE92332 dataset, cell filtering on dead cells was already performed by the original 
authors. Cells were filtered based on Epcam expression. Louvain clustering analysis identified 
12 clusters, which were annotated using known markers: stem cells (Lgr5, Ascl2, Slc12a2, Axin2, 
Olfm4, Gkn3), enterocytes (Alpi, Apoa1, Apoa4, Fabp1), Paneth cells (Lyz1, Defa17, Defa22, 
Defa24, Ang4), goblet cells (Muc2, Clca3, Tff3, Agr2), enteroendocrine cells (Chga, Chgb, Tac1, 
Tph1, Neurog3), and tuft cells (Dclk1, Trpm5, Gfi1b, Il25) 35. Subsequently, the expression of 
adrenergic receptors was assessed.

For analysis of human samples, publicly available single-cell RNA-sequencing datasets from the 
human small intestine, colon, and rectum (GSE125970) were downloaded from the Sequence 
Read Archive (SRA) 37. Alignment was done against GRCh38 using Cell Ranger software (v3.1.0; 
10 × Genomics, Inc., Pleasanton, CA, USA). All cells were first filtered for dead cells, identified 
by a low (< 200) or high (> 4000) gene count. Next, epithelial cells were selected based on 
EPCAM expression. Clustering analysis identified 31, 26, and 22 clusters for ileal, colonic, and 
rectal samples, respectively. Specifically, we identified stem cells (LGR5, RGMB, SMOC2, ASCL2), 
transit amplifying cells (MKI67, PCNA, TOP2A, CCNA2, MCM5), progenitor cells (SOX9, CDK6, 
MUC4, FABP5, PLA2G2A, LCN2), enterocytes (ALPI, SLC26A3, TMEM37, FABP2), Paneth cells (LYZ, 
CA7, SPIB, CA4, FKBP1A), goblet cells (ZG16, CLCA1, FFAR4, TFF3, SPINK4), enteroendocrine cells 
(CHGA, CHGB, CPE, NEUROD1, PYY), and tuft cells (POU2F3, GFI1B, TRPM5).

Data presentation and statistical analysis
Graphs and statistical analyses were made using Prism 8.3.0 (GraphPad Software, La Jolla, CA, 
USA). Data are shown as mean if distributed normally, or as median if not distributed normally, 
and/or individual data points. A P < 0.05 was considered significant. Data were compared with 
the independent T-test or Mann-Whitney U test as appropriate. One-way ANOVA and Dunnett’s 
multiple comparison tests were used for multiple groups.
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Figure 1. Intestinal epithelial cell expression of adrenergic receptors. (A) Single-cell RNA-sequencing 
of mouse small intestinal epithelial cells. Data were obtained from GSE92332. t-distributed stochastic 
neighbor embedding (t-SNE) visualization of the unsupervised clustering analysis of all cells. (B) 
Visualization of the expression of Adra2a with t-SNE. (C) Dot Plot visualization of the expression of 
adrenergic receptors in cell type classes. (D,E) In situ hybridization (RNAscope) for Adra2a mRNA in mouse 
small intestine in combination with immunofluorescent stainings with DAPI for nuclei (blue) and lysozyme 
(green). Single dots (red) represent expression of a single Adra2a mRNA copy. Magnification: 20x (D) or 40x 
(E). (F) In situ hybridization for Adra2a with immunofluorescent stainings for nuclei and lysozyme in mouse 
small intestinal organoids. (G) Quantitative RT-PCR analysis for adrenergic expression in mouse small 
intestinal organoids (n = 6). Data are shown as median with interquartile range and individual data points.

RESULTS

Adrenergic receptor isoform α2A is expressed in most intestinal epithelial cell types
We sought to establish a detailed insight in the response of the intestinal epithelium to 
sympathetic neuronal activation, as this is currently not well described38. First, we investigated 
the expression of ARs in intestinal epithelium on a single-cell level. To this end, we reanalyzed 
a murine single-cell RNA sequencing (scRNA-seq) dataset35. Cell clusters were identified 
in t-distributed stochastic neighbor embedding (t-SNE) maps using known marker genes 
(Figure 1A) 35. Interestingly, α2A-AR was the only receptor of the ones we investigated that 
was found to be expressed in the small intestinal epithelium, and prominent expression 
was shown throughout various epithelial cell types, such as stem cells, Paneth cells, goblet 
cells, and enteroendocrine cells (Figure 1B,C). For human AR expression profiles, the human 
scRNA-seq dataset of Wang (GSE125970) 37 was studied, showing similar results with α2A-AR 
being expressed most profoundly throughout the ileum, colon, and rectum. Yet, although 
expression of this specific AR was chiefly in stem cells in mice, in humans this was in Paneth 
cells (Supplementary Figure 1). As immunohistochemistry for ARs is difficult because of the 
lack of specificity of available antibodies, we aimed to validate our findings by use of in situ 
hybridization with RNAscope. In line with our scRNA-seq data and earlier research7, expression 
of α2A-AR was found throughout the whole intestinal epithelial layer, both in the villus and 
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stem cell compartment (Figure 1D,E, Supplementary Figure 2A). Similar expression patterns 
were found in mouse small intestinal organoids as demonstrated by RNAscope (Figure 1F, 
Supplementary Figure 2B) and qPCR (Figure 1G). These data suggest that intestinal epithelial 
cells are susceptible for AR stimulation through α2A-AR.
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Figure 2. Bulk RNA-sequencing analysis of organoids stimulated with norepinephrine or UK 14,304. 
(A) Experimental set-up. Mouse small intestinal organoids were grown and after four passages they were 
stimulated with either norepinephrine or UK 14,304 1 μM (or vehicle controls) for four days. Afterwards 
they were harvested and processed (n = 5). (B,C) Heat map visualizing the top 30 upregulated and 
downregulated genes upon stimulation with norepinephrine (B) or UK 14,304 (C) and vehicle control. 
(D) Venn diagrams showing overlap of upregulated and downregulated genes upon stimulation with 
norepinephrine or UK 14,304. (E) Single gene expression analysis of intestinal cell markers Bmi1 (P = 0.089), 
Olfm4 (P = 0.116), Lyz1 (P < 0.0001), Muc2 (P = 0.927), and Tff3 (P = 0.160) in norepinephrine versus vehicle 
control treated organoids. (F) Single gene expression analysis of intestinal cell markers Bmi1 (P = 0.217), 
Olfm4 (P < 0.0001), Lyz1 (P < 0.0001), Muc2 (P = 0.089), and Tff3 (P < 0.0001) in UK 14,304 versus vehicle 
control treated organoids. (G,H) Single gene expression analysis of cell proliferation marker Mki67 in 
norepinephrine (G; P = 0.100) or UK 14,304 (H; P = 0.0001) versus vehicle control treated organoids. (I,J) 
Gene Set Enrichment Analysis (GSEA) of cell type signatures in norepinephrine (I) or UK 14,304 (J) treated 
organoids versus vehicle controls. Blue bars indicate adjusted P < 0.05, and red bars indicate adjusted 
P > 0.05. (K) GSEA of signature of stem cells in UK 14,304 treated organoids versus vehicle controls 
(Normalized enrichment score (NES) = 1.48; P = 0.006). (L) GSEA of signature of Paneth cells in UK 14,304 
treated organoids versus vehicle controls (NES = − 2.61; P = 0.002). (M) GSEA of signature of goblet cells 
in UK 14,304 treated organoids versus vehicle controls (NES = − 2.22; P = 0.003). Statistical significance is 
indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data are shown in boxplots.

General and specific α2A-AR stimulation results in increased epithelial cell proliferation
To explore the pathways that are activated upon intestinal epithelial AR stimulation, mouse 
organoids were stimulated with the general α- and β-AR agonist norepinephrine and the 
complete potent and specific α2-AR agonist UK 14,304 (5-bromo-6-[2-imidazolin-2-ylamino]-
quinoxaline) using concentrations based on literature (Figure 2A) 6,39. The top 30 upregulated 
and downregulated genes that were differentially expressed between vehicle control treated 
organoids and norepinephrine or UK 14,304 treated organoids are shown in heat maps (Figure 
2B,C). The Venn diagrams illustrate that upregulated and downregulated genes are greatly 
overlapping between norepinephrine and UK 14,304 treated organoids (Figure 2D). To study 
expression patterns more in detail, expression levels of specific genes encoding stem cell, 
proliferation, and differentiation genes were assessed. Stem cell marker Olfm4 (P < 0.0001) 
was upregulated upon stimulation, whereas markers of differentiated cell types like Lyz1, and 
Tff3 (both P < 0.0001) were downregulated, in particular in UK 14,304 treated organoids (Figure 
2E,F). Similar changes could be observed in the heat maps with noted downregulation of 
antimicrobial peptides (defensins, Lyz1) and upregulation of stem cell or proliferation markers 
(Slc12a2, Top2a). To assess effects on cell proliferation, Mki67 (encoding for proliferation 
marker protein Ki67) expression was investigated. Results indicated a marked upregulation 
of this cell proliferation marker in UK 14,304 treated organoids (P = 0.0001), but not in 
norepinephrine treated organoids (Figure 2G,H). Since these data demonstrated a distinct 
difference between stem cell and differentiated cell type markers, we hypothesized that 
epithelial cell type composition patterns would be altered. To test this, cell-type signatures 
composed of key transcription factors and specific G-protein coupled receptors were studied. 
By use of previously identified cell type signatures for Gene Set Enrichment Analysis (GSEA) 35, 
we show that the stem cell signature is indeed significantly upregulated, and signatures of tuft 
cells, enterocytes, goblet cells, and Paneth cells are significantly downregulated, both upon 
norepinephrine treatment and UK 14,304 treatment when compared to vehicle controls (Figure 
2I,J). Specific cell type signatures upon stimulation with UK 14,304 of stem cells (NES = 1.48, 
P = 0.006), Paneth cells (NES = − 2.61, P = 0.002), and goblet cells (NES = − 2.22, P = 0.002) are 
shown in respectively Figure 2K-M.
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Figure 3. In vitro experiments of organoids treated with norepinephrine or UK 14,304. (A) Quantitative 
RT-PCR of intestinal epithelial markers in mouse small intestinal organoids that were stimulated with 
norepinephrine in concentrations 0.1 μM, 1 μM, and 10 μM, or vehicle control (n = 4). Data are shown as 
individual data points with median and interquartile range. Muc2 vehicle control versus norepinephrine 
1 μM adj P = 0.024. (B) Quantitative RT-PCR of intestinal epithelial markers in mouse small intestinal 
organoids that were stimulated with UK 14,304 in concentrations 0.1 μM, 1 μM, and 10 μM, or vehicle 
control (n = 6). Data are shown as individual data points with median and interquartile range. Bmi1 
vehicle control versus UK 14,304 1 μM adj P = 0.013; Olfm4 vehicle control versus UK 14,304 10 μM adj 
P = 0.008; Mki67 vehicle control versus UK 14,304 1 μM adj P = 0.033. (C) Representative pictures of vehicle 
treated organoids (left) or UK 14,304 treated organoids (right). (D) Visualization of organoid growth upon 
stimulation with UK 14,304 measured by circumference using the IncuCyte. Data are shown as median 
with standard deviation (SD) (n = 11). Statistical significant differences were assessed at day 5 using: 
vehicle control versus UK 14,304 0.1 μM (adj P = 0.003), 1 μM (adj P = 0.003), and 10 μM (adj P = 0.013). (E) 
FACS analysis of cell proliferation marker 5-ethynyl-2′-deoxyuridine (EdU) in UK 14,304 treated organoids 
versus vehicle control (n = 5). Data are shown as individual data points with median and interquartile 
range. (F) Western blot analysis of p-ERK1/2 and ERK1/2 in lysates of organoids stimulated with UK 14,304 
or vehicle control (n = 4). (G) Quantification of western blot results. Data are shown as individual data 
points with median. P = 0.091, unpaired t test. Statistical significance is indicated as follows: *P < 0.05, 
**P < 0.01, ***P < 0.001.

We next validated our earlier RNA-seq results by qPCR showing increased expression levels of 
stem cell markers and decreased expression of differentiated cell type markers, although not 
all significant (Figure 3A,B). Furthermore, expression of Mki67 was upregulated upon treatment 
with UK 14,304 (adj P = 0.033), in line with earlier data. Therefore, we postulated that increased 
proliferation upon AR stimulation would lead to increased growth and thus increased organoid 
sizes. Thereupon, circumference measurements to assess organoid size were performed for 
five consecutive days on multiple organoids stimulated with the same agonist whilst in culture 
in the IncuCyte (representative pictures shown in Figure 3C).
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Indeed, organoids presented increased growth in all three concentrations compared to vehicle-
treated organoids (vehicle control vs. UK 14,304 0.1 μM (adj P = 0.003), 1 μM (adj P = 0.003), and 
10 μM (adj P = 0.013) (Figure 3D). Successively, EdU labeling for sixteen hours was performed in 
organoids to mark proliferating cells, but increase of proliferation could not be shown through 
this method (Figure 3E). To confirm that increased organoid size in the vehicle stimulated 
group was not the effect of increased apoptosis (leading to extrusion of dead cells into the 
lumen and hence growth of organoids), an apoptosis assay was performed using combined 
propidium iodide/Annexin V stainings to detect early apoptosis and general cell death.

Levels were similar in stimulated versus vehicle-treated samples, implying apoptosis was not 
causative for these changes (Supplementary Figure 3). It was previously demonstrated that 
altered MAPK signaling caused increased epithelial cell proliferation6. To support this, we 
performed a western blot on lysates of stimulation organoids with either UK 14,304 or vehicle 
control. In consistence with earlier studies, an increase in phosphorylated Erk could be noted 
upon UK 14,304 treatment when compared to vehicle control (Figure 3F,G). This is in line with 
earlier research showing enhanced ERK phosphorylation by α2A-AR activation through both 
a Src-dependent and a Src-independent pathway40. Altogether, these data suggest that AR 
stimulation leads to increased cell proliferation, likely due to the promotion of stem cell functions 
through α2A-AR. The consequence of this stimulation is an altered epithelial cell differentiation.

α2A-AR stimulation results in increased epithelial cell proliferation in vivo
To confirm the effects in an in vivo model, we administered the same compound, UK 14,304, 
to healthy wild-type mice via daily oral gavage. To study both acute and chronic effects, this 
was done for either 3 or 21 days (Figure 4A). Treatment led to more active behavior of mice, and 
looser fecal pellets compared to control mice, accompanied by body weight changes (P < 0.0001, 
Figure 4B). Upon euthanasia, intestinal tissues were harvested and assessed for mRNA levels 
and histology. H&E stainings were assessed for villus length and crypt depth being readouts 
for epithelial differentiation and proliferation, respectively, in both duodenum and ileum. 
Representative pictures are shown for ileum samples upon 21 days of vehicle treatment and UK 
14,304 treatment (Figure 4C). Remarkable crypt depth increases were found in both duodenum 
and ileum samples after 21 days (P < 0.0001) (Figure 4D,F). Villus height was found to be increased 
upon UK 14,304 oral gavage after 3 days (P = 0.038), but this effect disappeared after treatment 
for 21 days (Figure 4E). No changes were seen in villus height in ileal samples (Figure 4G). qPCR 
analysis was performed to assess expression level change of stem cell and proliferation markers. 
In line with in vitro data, intestinal stem cell marker Lrig1 was significantly upregulated after 21 
days of oral gavage with UK 14,304 compared to oral gavage with the vehicle control (P = 0.035) 
(Figure 4H). Other markers like Bmi1 and Lgr5 were not significantly upregulated. Unexpected 
was the downregulation of stem cell marker Olfm4 (P = 0.009). Yet, this is explicable as the 
glycoprotein Olfactomedin-4 has an acknowledged versatile character since it is both a marker 
of stem cells and an important mediator of mucosal host defense41-43. Mki67 expression changes 
were not significant (Figure 4I). Amongst markers of differentiated cell types SI (3 days P = 0.0002; 
21 days P = 0.015), Fabp1 (P = 0.001), and Alpi were downregulated (3 days P = 0.015; 21 days 
P = 0.0002) (Figure 4J). Although results were most pronounced in ileum samples, similar effects 
were seen in duodenum and colon (Supplementary Figure 4A,B). This experiment confirmed that 
α2-AR specific stimulation leads to increased stem cell function and a decrease of differentiation.
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Figure 4. Assessment of α2A-AR stimulation on stem cell function in vivo. (A) Experimental set-up. Wild-
type mice were treated with UK 14,304 or vehicle control via daily oral gavage for 3 or 21 days (n = 8). (B) 
Visualization of body weight changes normalized for weight at start of experiment. Results are shown as 
mean with standard deviation (SD) (P = 0.010 at 3 days, P < 0.0001 at 21 days). (C) Representative pictures of 
H&E stains of ileum samples of mice treated with vehicle control or UK 14,304 for 21 days. (D–G) Quantification 
of crypt depth or villus height measurements. Data are shown as individual data points with median and 
interquartile range (n presents the mean of 25 measurements of 8 individual mice). (D) Duodenum crypt 
depth (vehicle control vs. UK 14,304 (21 days) P < 0.0001). (E) Duodenum villus height (vehicle control vs. 
UK 14,304 (3 days) P = 0.038). (F) Ileum crypt depth (vehicle control vs. UK 14,304 (21 days) P < 0.0001). 
(G) Ileum villus height (ns). (H) Quantitative RT-PCR (qPCR) analysis of expression of epithelial stem cell 
markers Bmi1, Lgr5, Lrig1 (vehicle control vs. UK 14,304 21 days P = 0.035), and Olfm4 (vehicle control vs. UK 
14,304 3 days P = 0.009; 21 days P = 0.021) in ileum. Data are shown as individual data points with median and 
interquartile range. (I). qPCR analysis of proliferation marker Mki67 expression in ileum. Data are shown as 
individual data points with median and interquartile range. (J). qPCR analysis of expression of differentiated 
cell type markers Vil1, SI (vehicle control vs. UK 14,304 3 days P = 0.0002; 21 days P = 0.015), Fabp1 (vehicle 
control vs. UK 14,304 21 days P = 0.001), Alpi (vehicle control vs. UK 14,304 3 days P = 0.015; 21 
days P = 0.0002), and Chga in ileum. Data are shown as individual data points with median and interquartile 
range. Statistical significance is indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

α2A-AR stimulation reduces epithelial antimicrobial peptide expression and host defense
We reasoned that the changes in epithelial cell type composition would impact epithelial host 
defense. To study this, we analyzed the mRNA expression of various secretory peptides like 
antimicrobial peptides by qPCR analysis. Intriguingly, expression levels of Defcr5 (P = 0.003), 
Reg3g (P = 0.027), Muc2 (P = 0.0002), and Tff3 (P < 0.0001) were downregulated immensely upon 
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Figure 5. Assessment of α2A-AR stimulation on host defense. (A) Quantitative RT-PCR (qPCR) 
analysis of expression of antimicrobial peptides Lyz1, Defcr5 (vehicle control vs. UK 14,304 21 
days P = 0.003), Reg3g (vehicle control vs. UK 14,304 21 days P = 0.027), Muc2 (vehicle control vs. UK 14,304 
3 days P = 0.0002), and Tff3 (vehicle control vs. UK 14,304 3 days P < 0.0001) in ileum of mice treated with 
UK 14,304 or vehicle control via daily oral gavage for 3 or 21 days (n = 8). Data are shown as individual data 
points with median and interquartile range. (B) Representative pictures of alcian blue stainings of ileum 
samples of mice treated with vehicle or UK 14,304. (C) Representative pictures of immunofluorescent 
stainings for nuclei DAPI; blue) or Muc2 (green) of ileum samples of mice treated with vehicle or UK 14,304. 
(D) Quantification of (B). Data are shown as individual data points with median and interquartile range 
(n presents the mean number alcian blue positive cells of > 15 pictures of 8 individual mice). Vehicle control 
versus UK 14,304 21 days P < 0.0001. (E) Quantification of (C) showing fluorescent signal of Muc2 relative to 
DAPI. Data are shown as individual data points with median and interquartile range (n presents the mean 
number alcian blue positive cells of > 15 pictures of 8 individual mice). Vehicle control versus UK 14,304 21 
days P < 0.0001. (F) Representative pictures of immunofluorescent stainings for nuclei (blue) and lysozyme 
(green). Statistical significance is indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

UK 14,304 treatment, the latter two even already after 3 days of treatment (Figure 5A). Lyz1 
mRNA expression was unaffected. In agreement with previous reports, contrary to mRNA 
levels, protein levels of Muc2 increased as assessed by alcian blue stainings and fluorescent 
stainings (both P < 0.0001) (Figure 5B-E, Supplementary Figure 2C,D) 44. This Muc2 increase also 
evidently leads to morphological changes with goblet cell enlargement in particular (Figure 
4C,D). In line with Lyz1 qPCR results in Figure 5A, protein levels of Lysozyme were unchanged 
upon UK 14,304 treatment (Figure 5F).

α2AAR stimulation induces profound changes in the intestinal microbiome
We were curious to study how these changes in secretory antimicrobial peptides would alter the 
microbial composition. Hence, 16S bacterial sequencing was performed on ileal and colonic fecal 
samples of mice treated with UK 14,304 or vehicle control via oral gavage. Significant differences 
were observed in α-diversity metrics, both in ileal (Richness: vehicle control vs. UK 14,304 21 days 
P = 0.014; Shannon: vehicle control vs. UK 14,304 3 days P = 0.046 and 21 days P = 0.03) and colonic 
(Richness: vehicle control vs. UK 14,304 3 days P = 0.022 and 21 days P < 0.0001; Shannon: vehicle 
control vs. UK 14,304 3 days P = 0.004 and 21 days P < 0.0001) feces (Figure 6A,B), particularly in 
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21 days treated groups. β-diversity visualized using Non-metric Multidimensional Scaling (NMDS) 
plot with Bray-Curtis dissimilarity distances was also significant in ileal (R2 = 0.59; P = 0.001) and 
colonic (R2 = 0.41; P = 0.003) fecal samples (Figure 6C,D). Next, DESeq2 analysis was performed 
to assess differential expression on genus level. Major changes could be observed throughout 
all groups, yet as expected from earlier results, differences were most pronounced in 21 days 
treated groups (Figure 6E-H). We conclude that due to its effect on epithelial proliferation and 
differentiation, α2-AR stimulation also profoundly affects intestinal microbial composition.

Sympathetic denervation worsens anastomotic wound healing
Because we show that AR stimulation leads to increased intestinal proliferation and mucus 
production, we aimed to investigate if sympathetic stimulation would lead to augmented 
wound healing. First, we showed that α2-AR stimulation might benefit wound healing by use of 
human fetal organoids that were cultured in monolayer by using the ECIS epithelial wounding 
platform (Supplementary Figure 5). To explore this further in an in vivo setting, we made use of 
an anastomotic wound-healing mouse model, in which a vessel- sparing anastomosis without 
bowel resection is created in the proximal colon. A validated anastomotic complication 
score45 was used as an outcome measure. This score ranges from 1 (excellent healing) to 6 
(poor healing) and is determined based on presence of adhesions or other abnormalities, 
anastomotic defects, signs of contamination, and signs of clear anastomotic complication 
(e.g. spread of pus, obstruction at anastomosis, peritonitis). Figure 7A shows representative 
pictures of H&E stains of healthy and anastomotic tissue. We first aimed to study the effect 
of inadequate sympathetic activity on wound healing by subjecting mice to the combined 
creation of anastomosis and mesenteric nerve plexus denervation (or sham) (Figure 7B). In 
accordance with our expectations, lack of sympathetic innervation led to worsening of wound 
healing as was shown by increased ACS when compared to sham animals (P = 0.004) (Figure 7C).

We next investigated the molecular effect of AR stimulation in our anastomotic healing model. 
Mice undergoing anastomotic surgery were pre-treated for 3 days with UK 14,304 or vehicle 
control via oral gavage (Figure 7D). Although an improved healing was seen along with a reduction 
of ACS, results were not significant in our tested group (Figure 7E). mRNA expression levels of 
epithelial cell markers and proliferation marker Mki67 were assessed by qPCR analysis (Figure 
7F). Results did not show an increase of the stem cell markers or proliferation marker Mki67, or a 
decrease of the differentiation markers that were observed earlier compared to the control group.

We argued that a potential cause could be a change in α2A-AR availability. Therefore, we studied 
Adra2a expression levels in experimental groups. In bulk RNA-seq data (epithelial cells) Adra2a 
expression was unaltered upon UK 14,304 treatment (Figure 7G). In vivo data of healthy mice 
receiving UK 14,304 showed Adra2a downregulation (P = 0.020) (Figure 7H), whereas this effect 
was reversed in mice undergoing anastomotic surgery after oral gavage with UK 14,304 (Figure 
7I). Figure 7J shows representative pictures of Adra2a expression as assessed by RNAscope in 
intestinal anastomotic tissue of mice that underwent anastomotic surgery (Supplementary 
Figure 2E) demonstrating an elevated expression in tissue surrounding the anastomotic site.
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Figure 6. Microbiome analysis upon α2A-AR stimulation. (A–H) Microbial analyses for fecal samples 
of mice treated with UK 14,304 or vehicle control for 3 or 21 days. (A) α-diversity indices including 
Richness (vehicle control vs. UK 14,304 21 days P = 0.014) and Shannon vehicle control versus UK 14,304 
3 days P = 0.046 and 21 days P = 0.03diversity for ileal feces. (B) α-diversity indices including Richness 
(vehicle control vs. UK 14,304 3 days P = 0.022 and 21 days P < 0.0001) and Shannon (vehicle control vs. 
UK 14,304 3 days P = 0.004 and 21 days P < 0.0001) diversity for colonic feces. (C) β-diversity for ileal feces 
(R2 = 0.59; P = 0.001). (D) β-diversity for colonic feces (R2 = 0.41; P = 0.003). E–H. DESeq2 analysis feces on 
genus level. (E) and (G) demonstrate outcomes in ileal samples for 3, and 21 days, respectively, and (F) 
and (H) for colonic samples for 3, and 21 days, respectively. Only genera with Log2foldchange < − 2 or > 2 
are depicted. Statistical significance is indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 7. Impact of denervation of cell proliferation. (A) Representative pictures H&E stains of healthy 
colonic tissue (upper panel), and colonic tissue with an anastomosis (lower panel). Magnifications: 
20x and 40x. (B,C). Mice were subjected to surgery in which the mesenteric nerve bundle was cut and an 
anastomosis was created. Sham group underwent anastomotic surgery without cutting the mesenteric 
nerve bundle. Mice were euthanized after 5 days (Sham n = 9; Sx n = 10). (B) Experimental set-up. (C) 
Visualization of anastomotic complication score (ACS). Data are shown as individual data points with 
median. P = 0.004. (D–F). Mice were treated with UK 14,304 (green) or vehicle control (grey) via oral 
gavage for 3 days after which they were subjected to surgery for creation of an anastomosis. Mice were 
euthanized after 5 days (n = 10). (D) Experimental set-up. (E) Visualization of anastomotic complication 
score (ACS). Data are shown as individual data points with median. (F) Quantitative RT-PCR (qPCR) 
analysis of epithelial cell markers Bmi, Lrig1, Muc2, Tff3, and proliferation marker Mki67. Data are shown 
as individual data points with median and interquartile range. (G) Single gene expression analysis 
of Adra2a in UK 14,304 versus vehicle control treated organoids assessed by bulk RNA-sequencing 
(experiment Figure 2A) (n = 5). Data are shown in a boxplot. (H) qPCR analysis of expression of Adra2a in 
mice treated with UK 14,304 or vehicle control via oral gavage for 3 or 21 days (experiment Figure 4A) 
(n = 8). Data are shown as individual data points with median and interquartile range. Vehicle control 
versus UK 14,304 3 days P = 0.020. (I) qPCR analysis of expression of Adra2a in mice treated with UK 14,304 
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or vehicle control via oral gavage for 3 days after which they underwent anastomotic surgery (experiment 
Figure 7D) (n = 10). Data are shown as individual data points with median and interquartile range. (J) 
In situ hybridization (RNAscope) for Adra2a mRNA in colonic tissue of mice subjected to anastomotic 
surgery in combination with immunofluorescent stainings with DAPI for nuclei (blue). Single dots (red) 
represent expression of a single Adra2a mRNA copy. Magnification 10x. Statistical significance is indicated 
as follows: *P < 0.05, **P < 0.01.

DISCUSSION

Epithelial stem cell function is critical for intestinal wound healing. Here, we report that 
sympathetic activity through the α2A-AR supports this function, and that α2A-AR is the most 
abundant AR present in the intestinal epithelium. Our data demonstrate that α2A-AR mediates 
sympathetic control of intestinal epithelial cell proliferation and cell composition. Specific 
α2A-AR stimulation results in enhanced epithelial cell proliferation and stem cell function. 
Also, it leads to profound changes in the microbial composition in the intestinal lumen, likely 
through changes in the epithelial secretion of antimicrobial peptides. Additionally, we show 
that the increased cell proliferation resulting from α2A-AR stimulation is the consequence of 
altered MAPK signaling. This study confirms previous reports6,9 and strengthens outcomes 
with in vivo data. Also, this supports our earlier findings that the sympathetic nervous system 
plays a crucial role in modulating mucosal epithelial cell function44.

Our studies demonstrate profound enhancement of mucus production upon α2A-AR 
stimulation compared to controls. The overall expanded mucin load led to the increased 
abundance of mucin degraders like Bifidobacterium, Ruminococcus, and Akkermansia as 
expected. Of interest, it has recently been demonstrated that Akkermansia can promote 
intestinal stem cell-mediated epithelial development and contribute to intestinal homeostasis 
maintenance46. In fact, all mucus-degrading bacteria were suggested to have this effect. Spore-
forming Gram-positive bacteria like Clostridium species (showing an increased abundance 
in our experiments) similarly promote intestinal epithelial cell turnover47. This indicates that 
epithelium and microbiome converge in promoting cell proliferation. In light of the major 
microbiome changes as result of the α2A-AR stimulation, it should be noted that microbial 
composition can be altered by intestinal motility48. Since UK 14,304 is known to influence 
peristalsis leading to intestinal flow and mixing49, we cannot rule out that experimental results 
on microbiome composition may be partly explained by altered motility.

Denervation of the sympathetic mesenteric nerve plexus supplying intestinal tissue negatively 
affected the anastomotic healing process, and specific sympathetic α2A-AR stimulation might 
reverse this. We reason that several factors can explain this. Of course, wound healing is more 
complex than epithelial proliferation and regeneration and has to be studied in context. 
Processes could be affected by the preceding hemostatic and inflammatory states of the 
tissue, although earlier research demonstrated that α2A-AR expression is not affected by 
inflammation50. In our studies, the anastomotic healing mouse model was used. This is an 
invasive model involving all layers of the intestine. In further studies, a model particularly 
focusing on the epithelium could be of use. As demonstrated, the ECIS wound healing assay 
for organoid monolayers has great potential for such studies. Since it was shown that in these 
models variation between samples and wounding is extensive51 large group sizes are required 
in further studies. In the anastomotic healing mouse model effects were studied in colonic 
tissue, whereas other experiments were performed using small intestinal tissue. Adra2a mRNA 
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expression is found to be upregulated upon stimulation in ileum, whereas downregulation is 
observed in colonic samples suggesting that the proliferative effect of α2A-AR stimulation in 
colon could be to a lesser extent compared to ileum. Alternating levels of α2A-AR expression 
along the proximal-distal intestinal tract in humans were demonstrated before7. This could 
be the case in mice as well and offers an explanation for tissue location-specific alterations. 
Differences in results could also be explicated by region-specific responses of sympathetic 
input52. Furthermore, differences in AR availability, and neurotransmitter concentration 
(impacting receptor downregulation or desensitization, as was discussed elsewhere14) 
could modify effects. This is relevant in light of the differences in expression levels of α2A-AR 
throughout our experiments. Optimally, knockout models should be considered to confirm 
the specific role of a receptor. However, for α2A-AR, these are less appropriate since many 
physiological compensatory mechanisms in AR knockout models have been documented53-55. 
Further studies are needed, preferably including scRNA-seq experiments to elucidate epithelial 
functions elicited through adrenergic activation in distinct epithelial subsets.

Sympathetic innervation is decreased during intestinal inflammation seen in IBD13, supported 
by our earlier observation that AR blocker usage is positively associated with IBD relapse 
episodes56. Our study is in line with such data since we demonstrate that sympathetic 
activity elicits promotion of mucosal healing at the level of epithelia. Currently available 
treatments for IBD mostly act by inhibiting inflammatory processes through the blockage of 
specific inflammatory molecules. Paradoxically, many of these hinder the process of mucosal 
healing. The effect of TNF-α for instance, promoting intestinal mucosal repair through Platelet 
Activating Factor receptor signaling, is blocked by common monoclonal antibodies like 
infliximab and adalimumab57. Ustekinumab targeting the Th17 pathway inhibits the production 
of IL-22, a modulator of epithelial repair58 and a factor involved in the stimulation of Paneth 
cell formation and reducing stem cell activity59.

With this study, we shed light on the mechanism through which sympathetic neural activity 
can control epithelial function. Together, we establish that epithelial α2A-AR is a molecular 
relay of sympathetic innervation to affect stem cell activity and wound healing. The potential 
of bioelectronic neuromodulation in ameliorating inflammation in IBD has been studied in 
basic1,60-65 and clinical66-70 context. This current study may reveal potential clinical application of 
improving epithelial barrier and mucosal healing by modulating sympathetic activity through 
electrical stimulation or pharmacological agonists. As such, bioelectronic devices designed 
to activate sympathetic nerves promote the release of norepinephrine and seem challenging 
to tailor for specific ARs. Yet, our data lead to a better understanding of the molecular keys of 
sympathetic control over epithelial functions and host defense.

Binnenwerk Anne - V3 Final.indd   104Binnenwerk Anne - V3 Final.indd   104 03-12-2023   16:0603-12-2023   16:06



105

Chapter 05

REFERENCES

1. Willemze RA, Welting O, van Hamersveld HP, Meijer SL, Folgering JHA, Darwinkel H, et al. Neuronal control 
of experimental colitis occurs via sympathetic intestinal innervation. Neurogastroenterol Motil. 2018;30(3).

2. Takamoto T, Hori Y, Koga Y, Toshima H, Hara A, Yokoyama MM. Norepinephrine inhibits human natural 
killer cell activity in vitro. Int J Neurosci. 1991;58(1-2):127-31.

3. van der Poll T, Jansen J, Endert E, Sauerwein HP, van Deventer SJ. Noradrenaline inhibits lipopolysaccharide-induced 
tumor necrosis factor and interleukin 6 production in human whole blood. Infect Immun. 1994;62(5):2046-50.

4. Brinkman DJ, Ten Hove AS, Vervoordeldonk MJ, Luyer MD, de Jonge WJ. Neuroimmune Interactions in 
the Gut and Their Significance for Intestinal Immunity. Cells. 2019;8(7).

5. Greig CJ, Cowles RA. Muscarinic acetylcholine receptors participate in small intestinal mucosal 
homeostasis. J Pediatr Surg. 2017;52(6):1031-4.

6. Schaak S, Cussac D, Cayla C, Devedjian JC, Guyot R, Paris H, Denis C. Alpha(2) adrenoceptors regulate 
proliferation of human intestinal epithelial cells. Gut. 2000;47(2):242-50.

7. Valet P, Senard JM, Devedjian JC, Planat V, Salomon R, Voisin T, et al. Characterization and distribution 
of alpha 2-adrenergic receptors in the human intestinal mucosa. J Clin Invest. 1993;91(5):2049-57.

8. Zeng H, Li H, Yue M, Fan Y, Cheng J, Wu X, et al. Isoprenaline protects intestinal stem cells from 
chemotherapy-induced damage. Br J Pharmacol. 2020;177(3):687-700.

9. Davis EA, Zhou W, Dailey MJ. Evidence for a direct effect of the autonomic nervous system on intestinal 
epithelial stem cell proliferation. Physiol Rep. 2018;6(12):e13745.

10. Bellono NW, Bayrer JR, Leitch DB, Castro J, Zhang C, O’Donnell TA, et al. Enterochromaffin Cells Are Gut 
Chemosensors that Couple to Sensory Neural Pathways. Cell. 2017;170(1):185-98 e16.

11. Paris H, Voisin T, Remaury A, Rouyer-Fessard C, Daviaud D, Langin D, Laburthe M. Alpha-2 adrenoceptor 
in rat jejunum epithelial cells: characterization with [3H]RX821002 and distribution along the villus-crypt 
axis. J Pharmacol Exp Ther. 1990;254(3):888-93.

12. Van Landeghem L, Chevalier J, Mahe MM, Wedel T, Urvil P, Derkinderen P, et al. Enteric glia promote 
intestinal mucosal healing via activation of focal adhesion kinase and release of proEGF. Am J Physiol 
Gastrointest Liver Physiol. 2011;300(6):G976-87.

13. Straub RH, Wiest R, Strauch UG, Harle P, Scholmerich J. The role of the sympathetic nervous system in 
intestinal inflammation. Gut. 2006;55(11):1640-9.

14. Ten Hove AS, Seppen J, de Jonge WJ. Neuronal innervation of the intestinal crypt. Am J Physiol 
Gastrointest Liver Physiol. 2021;320(2):G193-G205.

15. Willemze RA, Welting O, van Hamersveld P, Verseijden C, Nijhuis LE, Hilbers FW, et al. Loss of intestinal 
sympathetic innervation elicits an innate immune driven colitis. Mol Med. 2019;25(1):1.

16. Farin HF, Van Es JH, Clevers H. Redundant sources of Wnt regulate intestinal stem cells and promote 
formation of Paneth cells. Gastroenterology. 2012;143(6):1518-29 e7.

17. Sato T, Vries RG, Snippert HJ, van de Wetering M, Barker N, Stange DE, et al. Single Lgr5 stem cells build 
crypt-villus structures in vitro without a mesenchymal niche. Nature. 2009;459(7244):262-5.

18. Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of image analysis. Nat Methods. 2012;9(7):671-5.

19. Andrews S. FastQC. A quality control tool for high throughput sequence data. 2010.

20. Ewels P, Magnusson M, Lundin S, Kaller M. MultiQC: summarize analysis results for multiple tools and 
samples in a single report. Bioinformatics. 2016;32(19):3047-8.

21. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: ultrafast universal RNA-seq 
aligner. Bioinformatics. 2013;29(1):15-21.

22. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The Sequence Alignment/Map format 
and SAMtools. Bioinformatics. 2009;25(16):2078-9.

23. Liao Y, Smyth GK, Shi W. featureCounts: an efficient general purpose program for assigning sequence 
reads to genomic features. Bioinformatics. 2014;30(7):923-30.

24. Zerbino DR, Achuthan P, Akanni W, Amode MR, Barrell D, Bhai J, et al. Ensembl 2018. Nucleic Acids Res. 
2018;46(D1):D754-D61.

Binnenwerk Anne - V3 Final.indd   105Binnenwerk Anne - V3 Final.indd   105 03-12-2023   16:0603-12-2023   16:06



106

25. Huber W, Carey VJ, Gentleman R, Anders S, Carlson M, Carvalho BS, et al. Orchestrating high-throughput 
genomic analysis with Bioconductor. Nat Methods. 2015;12(2):115-21.

26. Zhu A, Ibrahim JG, Love MI. Heavy-tailed prior distributions for sequence count data: removing the noise 
and preserving large differences. Bioinformatics. 2019;35(12):2084-92.

27. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data with 
DESeq2. Genome Biol. 2014;15(12):550.

28. Kolde R. pheatmap: Pretty Heatmaps. 2019.

29. Wickham H. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York; 2016.

30. Kozich JJ, Westcott SL, Baxter NT, Highlander SK, Schloss PD. Development of a dual-index sequencing 
strategy and curation pipeline for analyzing amplicon sequence data on the MiSeq Illumina sequencing 
platform. Appl Environ Microbiol. 2013;79(17):5112-20.

31. Edgar RC. UNOISE2: improved error-correction for Illumina 16S and ITS amplicon sequencing. bioRxiv. 2016:081257.

32. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA ribosomal RNA gene database 
project: improved data processing and web-based tools. Nucleic Acids Res. 2013;41(Database issue):D590-6.

33. McMurdie PJ, Holmes S. phyloseq: an R package for reproducible interactive analysis and graphics of 
microbiome census data. PLoS One. 2013;8(4):e61217.

34. Team R. RStudio: Integrated Development for R. RStudio, PBC; 2020.

35. Haber AL, Biton M, Rogel N, Herbst RH, Shekhar K, Smillie C, et al. A single-cell survey of the small intestinal 
epithelium. Nature. 2017;551(7680):333-9.

36. Stuart T, Butler A, Hoffman P, Hafemeister C, Papalexi E, Mauck WM, 3rd, et al. Comprehensive Integration 
of Single-Cell Data. Cell. 2019;177(7):1888-902 e21.

37. Wang Y, Song W, Wang J, Wang T, Xiong X, Qi Z, et al. Single-cell transcriptome analysis reveals differential 
nutrient absorption functions in human intestine. J Exp Med. 2020;217(2).

38. Fu YY, Peng SJ, Lin HY, Pasricha PJ, Tang SC. 3-D imaging and illustration of mouse intestinal neurovascular 
complex. Am J Physiol Gastrointest Liver Physiol. 2013;304(1):G1-11.

39. Cambridge D. UK-14,304, a potent and selective alpha2-agonist for the characterisation of alpha-
adrenoceptor subtypes. Eur J Pharmacol. 1981;72(4):413-5.

40. Wang Q, Lu R, Zhao J, Limbird LE. Arrestin serves as a molecular switch, linking endogenous alpha2-
adrenergic receptor to SRC-dependent, but not SRC-independent, ERK activation. J Biol Chem. 
2006;281(36):25948-55.

41. van der Flier LG, Haegebarth A, Stange DE, van de Wetering M, Clevers H. OLFM4 is a robust marker for stem 
cells in human intestine and marks a subset of colorectal cancer cells. Gastroenterology. 2009;137(1):15-7.

42. Gersemann M, Becker S, Nuding S, Antoni L, Ott G, Fritz P, et al. Olfactomedin-4 is a glycoprotein secreted 
into mucus in active IBD. J Crohns Colitis. 2012;6(4):425-34.

43. Liu W, Yan M, Liu Y, Wang R, Li C, Deng C, et al. Olfactomedin 4 down-regulates innate immunity against 
Helicobacter pylori infection. Proc Natl Acad Sci U S A. 2010;107(24):11056-61.

44. Mallesh S, Ten Hove AS, Schneider R, Schneiker B, Efferz P, Kalff JC, et al. Sympathetic Innervation 
Modulates Mucosal Immune Homeostasis and Epithelial Host Defense. Cells. 2022;11(16).

45. Bosmans JW, Moossdorff M, Al-Taher M, van Beek L, Derikx JP, Bouvy ND. International consensus 
statement regarding the use of animal models for research on anastomoses in the lower gastrointestinal 
tract. Int J Colorectal Dis. 2016;31(5):1021-30.

46. Kim S, Shin YC, Kim TY, Kim Y, Lee YS, Lee SH, et al. Mucin degrader Akkermansia muciniphila accelerates 
intestinal stem cell-mediated epithelial development. Gut Microbes. 2021;13(1):1-20.

47. Park JH, Kotani T, Konno T, Setiawan J, Kitamura Y, Imada S, et al. Promotion of Intestinal Epithelial Cell 
Turnover by Commensal Bacteria: Role of Short-Chain Fatty Acids. PLoS One. 2016;11(5):e0156334.

48. Cremer J, Segota I, Yang CY, Arnoldini M, Sauls JT, Zhang Z, et al. Effect of flow and peristaltic mixing on 
bacterial growth in a gut-like channel. Proc Natl Acad Sci U S A. 2016;113(41):11414-9.

49. Liu L, Coupar IM. Involvement of alpha-2 adrenoceptors in the effects of moxonidine on intestinal motility 
and fluid transport. J Pharmacol Exp Ther. 1997;283(3):1367-74.

Binnenwerk Anne - V3 Final.indd   106Binnenwerk Anne - V3 Final.indd   106 03-12-2023   16:0603-12-2023   16:06



107

Chapter 05

50. Birder LA, Perl ER. Expression of alpha2-adrenergic receptors in rat primary afferent neurones after 
peripheral nerve injury or inflammation. J Physiol. 1999;515 ( Pt 2)(Pt 2):533-42.

51. Gu AY, Kho DT, Johnson RH, Graham ES, O’Carroll SJ. In Vitro Wounding Models Using the Electric Cell-
Substrate Impedance Sensing (ECIS)-Ztheta Technology. Biosensors (Basel). 2018;8(4).

52. Smith-Edwards KM, Edwards BS, Wright CM, Schneider S, Meerschaert KA, Ejoh LL, et al. Sympathetic Input 
to Multiple Cell Types in Mouse and Human Colon Produces Region-Specific Responses. Gastroenterology. 
2021;160(4):1208-23 e4.

53. Chernogubova E, Hutchinson DS, Nedergaard J, Bengtsson T. Alpha1- and beta1-adrenoceptor signaling 
fully compensates for beta3-adrenoceptor deficiency in brown adipocyte norepinephrine-stimulated 
glucose uptake. Endocrinology. 2005;146(5):2271-84.

54. Hutchinson DS, Evans BA, Summers RJ. beta(1)-Adrenoceptors compensate for beta(3)-adrenoceptors 
in ileum from beta(3)-adrenoceptor knock-out mice. Br J Pharmacol. 2001;132(2):433-42.

55. Susulic VS, Frederich RC, Lawitts J, Tozzo E, Kahn BB, Harper ME, et al. Targeted disruption of the beta 
3-adrenergic receptor gene. J Biol Chem. 1995;270(49):29483-92.

56. Willemze RA, Bakker T, Pippias M, Ponsioen CY, de Jonge WJ. beta-Blocker use is associated with a higher 
relapse risk of inflammatory bowel disease: a Dutch retrospective case-control study. Eur J Gastroenterol 
Hepatol. 2018;30(2):161-6.

57. Birkl D, Quiros M, Garcia-Hernandez V, Zhou DW, Brazil JC, Hilgarth R, et al. TNFalpha promotes mucosal 
wound repair through enhanced platelet activating factor receptor signaling in the epithelium. Mucosal 
Immunol. 2019;12(4):909-18.

58. Patnaude L, Mayo M, Mario R, Wu X, Knight H, Creamer K, et al. Mechanisms and regulation of IL-22-
mediated intestinal epithelial homeostasis and repair. Life Sci. 2021;271:119195.

59. He GW, Lin L, DeMartino J, Zheng X, Staliarova N, Dayton T, et al. Optimized human intestinal organoid 
model reveals interleukin-22-dependency of paneth cell formation. Cell Stem Cell. 2022;29(9):1333-45 e6.

60. Brinkman DJ, Simon T, Ten Hove AS, Zafeiropoulou K, Welting O, van Hamersveld PHP, et al. Electrical 
stimulation of the splenic nerve bundle ameliorates dextran sulfate sodium-induced colitis in mice. J 
Neuroinflammation. 2022;19(1):155.

61. Jin H, Guo J, Liu J, Lyu B, Foreman RD, Shi Z, et al. Autonomically mediated anti-inflammatory effects of 
electrical stimulation at acupoints in a rodent model of colonic inflammation. Neurogastroenterol Motil. 
2019;31(8):e13615.

62. Jin H, Guo J, Liu J, Lyu B, Foreman RD, Yin J, et al. Anti-inflammatory effects and mechanisms of vagal 
nerve stimulation combined with electroacupuncture in a rodent model of TNBS-induced colitis. Am J 
Physiol Gastrointest Liver Physiol. 2017;313(3):G192-G202.

63. Meregnani J, Clarencon D, Vivier M, Peinnequin A, Mouret C, Sinniger V, et al. Anti-inflammatory effect of 
vagus nerve stimulation in a rat model of inflammatory bowel disease. Auton Neurosci. 2011;160(1-2):82-9.

64. Payne SC, Furness JB, Burns O, Sedo A, Hyakumura T, Shepherd RK, Fallon JB. Anti-inflammatory Effects of 
Abdominal Vagus Nerve Stimulation on Experimental Intestinal Inflammation. Front Neurosci. 2019;13:418.

65. Sun P, Zhou K, Wang S, Li P, Chen S, Lin G, et al. Involvement of MAPK/NF-kappaB signaling in the activation 
of the cholinergic anti-inflammatory pathway in experimental colitis by chronic vagus nerve stimulation. 
PLoS One. 2013;8(8):e69424.

66. Bonaz B, Sinniger V, Hoffmann D, Clarencon D, Mathieu N, Dantzer C, et al. Chronic vagus nerve stimulation 
in Crohn’s disease: a 6-month follow-up pilot study. Neurogastroenterol Motil. 2016;28(6):948-53.

67. Bregeon J, Neunlist M, Bossard C, Biraud M, Coron E, Bourreille A, Meurette G. Improvement of Refractory 
Ulcerative Proctitis With Sacral Nerve Stimulation. J Clin Gastroenterol. 2015;49(10):853-7.

68. Clarencon D, Pellissier S, Sinniger V, Kibleur A, Hoffman D, Vercueil L, et al. Long term effects of low 
frequency (10 hz) vagus nerve stimulation on EEG and heart rate variability in Crohn’s disease: a case 
report. Brain Stimul. 2014;7(6):914-6.

69. Kibleur A, Pellissier S, Sinniger V, Robert J, Gronlier E, Clarencon D, et al. Electroencephalographic correlates of 
low-frequency vagus nerve stimulation therapy for Crohn’s disease. Clin Neurophysiol. 2018;129(5):1041-6.

70. Sinniger V, Pellissier S, Fauvelle F, Trocme C, Hoffmann D, Vercueil L, et al. A 12-month pilot study outcomes 
of vagus nerve stimulation in Crohn’s disease. Neurogastroenterol Motil. 2020;32(10):e13911.

Binnenwerk Anne - V3 Final.indd   107Binnenwerk Anne - V3 Final.indd   107 03-12-2023   16:0603-12-2023   16:06



Binnenwerk Anne - V3 Final.indd   108Binnenwerk Anne - V3 Final.indd   108 03-12-2023   16:0603-12-2023   16:06



6
THE ROLE OF NICOTINIC RECEPTORS 

IN SARS-COV-2 RECEPTOR  
ACE2 EXPRESSION IN  

INTESTINAL EPITHELIA

Anne S. ten Hove
David J. Brinkman
Andrew Y.F. Li Yim

Caroline Verseijden
Theodorus B.M. Hakvoort

Iris Admiraal
Olaf Welting

Patricia H.P. van Hamersveld
Valérie Sinniger

Bruno Bonaz
Misha D. Luyer

Wouter J. de Jonge

Bioelectronic Medicine, 2020

Binnenwerk Anne - V3 Final.indd   109Binnenwerk Anne - V3 Final.indd   109 03-12-2023   16:0603-12-2023   16:06



110

ABSTRACT

Background
Recent evidence demonstrated that severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) propagates in intestinal epithelial cells expressing Angiotensin-Converting Enzyme 
2 (ACE2), implying that these cells represent an important entry site for the viral infection. 
Nicotinic receptors (nAChRs) have been put forward as potential regulators of inflammation 
and of ACE2 expression. As vagus nerve stimulation (VNS) activates nAChRs, we aimed to 
investigate whether VNS can be instrumental in affecting intestinal epithelial ACE2 expression.

Methods
By using publicly available datasets we qualified epithelial ACE2 expression in human intestine, 
and assessed gene co-expression of ACE2 and SARS-CoV-2 priming Transmembrane Serine 
Protease 2 (TMPRSS2) with nAChRs in intestinal epithelial cells. Next, we investigated mouse 
and human ACE2 expression in intestinal tissues after chronic VNS via implanted devices.

Results
We show co-expression of ACE2 and TMPRSS2 with nAChRs and α7 nAChR in particular 
in intestinal stem cells, goblet cells, and enterocytes. However, VNS did not affect ACE2 
expression in murine or human intestinal tissue, albeit in colitis setting.

Conclusions
ACE2 and TMPRSS2 are specifically expressed in epithelial cells of human intestine, and both 
are coexpressed with nAChRs. However, no evidence for regulation of ACE2 expression through 
VNS could be found. Hence, a therapeutic value of VNS with respect to SARS-CoV-2 infection 
risk through ACE2 receptor modulation in intestinal epithelia could not be established.
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BACKGROUND

Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2), is characterized by a vast release of cytokines. Aggravated by following sepsis, 
this was established to be the cause of death in 28% of the infected patients1. At the time of 
writing this manuscript, no cure nor vaccine exists yet and hence, many studies investigating 
treatment options have been initiated. Amongst these, vagus nerve stimulation (VNS) has been 
put forward as potential therapy because of its ability to induce an anti-inflammatory effect 
through dampening systemic inflammatory responses. This ‘cholinergic anti-inflammatory 
pathway’ of the vagus nerve has been acknowledged for many years, in particular at the level 
of sepsis-related cytokines Tumor Necrosis Factor (TNF), Interleukin (IL)-1, and High Mobility 
Group Box 1 (HMBG1) 2. Therefore, since the COVID-19 outbreak late 2019, several trials (e.g. 
ClinicalTrials.gov; NCT04341415, NCT04368156, NCT04382391) have been originated to study 
the efficacy of electrical VNS as treatment for this hyper-inflammatory disease3,4. However, 
clear evidence supporting the value of VNS in treating COVID-19 is lacking.

Thus far, it has been demonstrated that SARS-CoV-2 uses Angiotensin-Converting Enzyme 
2 (ACE2) as the key receptor for entry and Transmembrane Serine Protease 2 (TMPRSS2) for 
viral spike protein priming5. In addition, increasing evidence suggests that nicotinic receptors 
(nAChRs) have a pivotal role in the pathogenesis of COVID-19. For instance, an unusually low 
prevalence of cigarette smoking (characterized by prolonged nAChR activation) was clinically 
observed in COVID-19 patients6,7. This was confirmed by various systematic reviews showing 
the protective effect of current or former smoking habit against COVID-19 hospitalization8,9.

Although ACE2 is abundantly present in lung alveolar epithelial and ciliated cells, the highest 
ACE2 expression in the human body was found in intestinal enterocytes10,11. Intriguingly, nAChRs 
are equally expressed by enterocytes in the intestinal epithelium12,13. The gastrointestinal tract 
was therefore introduced as target organ for SARS-CoV-2 infection with up to 34% of COVID-19 
patients reporting digestive symptoms like diarrhea, nausea, and abdominal discomfort14. 
The virus can propagate through ACE2 expressing enterocytes, and viral RNA can be found in 
rectal swabs, even after negative nasopharyngeal testing15-17.

The aim of this study is to delineate ACE2 expression in intestinal epithelial cells, and to 
evaluate the expression of nAChRs in relation to ACE2 in intestinal epithelium. Further, we 
address the potency of VNS in the reduction of SARS-CoV-2 transmission. To this end, we made 
use of intestinal tissues of mice and humans that underwent chronic electrical non-invasive 
VNS administered via implanted devices18-20.

METHODS

Receptor expression assessment
Publicly available single-cell RNA-sequencing data from ileal biopsies obtained from Crohn’s 
disease patients (GSE134809) was downloaded from the Sequence Read Archive (SRA) 
whereupon they were aligned against GRCh38 using Cellranger (v3.1.0) and imported into 
the R statistical environment (v3.6.3) 21,22. Seurat (v3.1.5) was used to import, integrate, and 
cluster the data23,24. Data visualization was done in ggplot2 (v3.3.1) 25. Louvain clustering 
analysis identified 22 cell clusters, with clusters 8, 11, 13, 14, and 18 likely representing the 
epithelial cells based on their expression of CDH1 and VIL1. The epithelial clusters were first 
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filtered for dead cells, identified on the basis of a low gene count and high (> 25%) percentage 
of mitochondrial DNA, whereupon the cell cycle effects were regressed out using the cell cycle 
genes26. The epithelial cells were subjected to another round of clustering analysis to identify 
epithelial subsets27. Specifically, we identified stem cells (LGR5, ASCL2, OLFM4, GKN3, SLC12A2, 
AXIN2), goblet cells (MUC2, TFF3, CLCA3, AGR2), enterocytes (FABP1, ALPI, APOA1, APOA4), 
enteroendocrine cells (CHGA, CHGB, TAC1, TPH1, NEUROG3), and tuft cells (DCLK1, TRPM5, 
GFI1B, IL25) 28,29. Subsequently, co-expression of ACE2 and TMPRSS2 with nAChRs was assessed.

VNS in humans
VNS of the left cervical vagus nerve was performed in patients with active Crohn’s disease 
continuously for 12 months as was described previously (Figure 1b) 18,19. Ileal and colonic 
biopsies were collected during ileocolonoscopy prior to start of VNS, and 6 and 12 months 
after start of VNS. These biopsies were used for mRNA expression assessments. In total, 9 
patients were included in the study. Of these, 2 patients were removed from the study after a 
3-month follow-up because of worsened clinical state. After 1 year of VNS, 5 out of 7 patients 
were in clinical remission (assessed with the Crohn’s Disease Activity Index, CDAI), and 6 in 
endoscopic remission (assessed with the Crohn’s Disease Endoscopic Index of Severity, CDEIS). 
The study was approved by the Institutional Ethics Review Board (Identifier 11-CHUG-28), 
registered at ClinicalTrials.gov (NCT01569503), and was conducted in accordance with the 
Helsinki Declaration and the Good Clinical Practice guidelines of the International Council.

Animals
Female C57BL/6NCrl inbred mice (10 weeks old) were obtained from Charles River 
Laboratories, Maastricht, the Netherlands and acclimated for 1 week before performing 
experiments. The animals were housed under specific pathogen-free conditions in the 
animal facility at the Amsterdam University Medical Centers, location AMC, Amsterdam, the 
Netherlands. Animals were maintained on a 12/12 light/dark cycle under constant temperature 
(20 °C ± 2 °C) and humidity (55%) conditions with ad libitum drinking water and chow. Mice 
were handled according to the guidelines of the Animal Research Ethics Committee of the 
University of Amsterdam. Experiments were conducted under a project (application number 
AVD118002017842; license holder number 11800) approved by the Dutch Central Animal 
Experiments Committee. Individual experiments were revised and approved by the Animal 
Research Ethics Committee of the University of Amsterdam. Prior to the experiments protocols 
were approved by this same committee. A total of 32 mice were used for this study.

VNS in mice
One hundred micrometer sling cuff electrodes (Micro Cuff Sling, Ref No 1041.2406.51; CorTec 
GmbH, Freiburg, Germany) were implanted around the left cervical vagus nerve. The electrode 
was attached to Preci-Dip 1.27 mm 2 Way 1 Row Straight Through (Ref No 702–0092; RS 
Components B.V., Haarlem, the Netherlands) with PRO Silver Conductive Paint (Ref No 123–
9911; RS Components B.V.). The procedure was performed on mice under anesthesia with 
2.5% isoflurane in 100% O2 (flow 1 L/min). Preoperatively and 24 h postoperatively animals 
were administered 1 mg/kg meloxicam (Metacam; Boehringer, Ingelheim am Rein, Germany) 
and 5 mg/kg enrofloxacin (Baytril; Beyer Healthcare, Whippany, NJ, United States of America). 
Local anesthetics were administered through a lidocaine splash block (2%) before wound 
closure.  Mice recovered for 10 days. At day 0, mice were allocated to the sham group when 
the impedance measurement of the implanted cuff was above 25 kΩ.  
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Figure 1. Stimulation parameters. (A) Stimulation parameters of mouse VNS experiment: 650 μAmp, 
10 Hz, pulse width 200 μs for 2 min 6 times daily for 12 days. (B) Stimulation parameters of human VNS 
experiment: 1.25 mAmp, 10 Hz, pulse width 500 μs, 30 s ON and 5 min OFF for 12 months. VNS: vagus 
nerve stimulation.

Other mice were pair-matched based on weight, after which they were randomly allocated 
(1:1) to the sham or stim group. The sham group counted 14 mice and the stimulated group 
counted 16 mice.

Bipolar stimulation was performed for 2 min 6 times daily for 12 days with the following 
parameters: 650 μAmp, 10 Hz, pulse width 200 μs (Figure  1a) 30. Proper stimulation was examined 
by observing behavioral changes of the mice (e.g. altered breathing, decreased movements). 
Also, before, during, and after the experiment, impedance measurements (using a single 
frequency of 1 kHz) with a Minirator MR Pro (NTI Audio, Essen, Germany) on the cuff electrodes 
were performed to ensure proper conduction. Further, the vagus nerves with cuffs from randomly 
selected mice were collected. After paraffin embedding, a hematoxylin-eosin (HE) staining was 
conducted to assess damage of the nerve. At the end of the study, mice were euthanized.

DSS treatment
All animals were treated with dextran sodium sulphate (DSS) to induce acute colitis. 2.25% 
(w/v) DSS (TdB Consultancy, Uppsala, Sweden) was added to the drinking water for 5 
consecutive days. Drinking water with fresh DSS solution was replaced daily. Following DSS-
treatment, mice received normal drinking water for 7 days, adding up to a total experiment 
length of 12 days. During the study, bodyweight and behavior were monitored daily. VNS was 
started at the same day as DSS treatment.

mRNA expression analysis
mRNA was extracted from frozen ileal and colonic tissue after lysis in ISOLATE II RNA Lysis 
Buffer RLY and isolation according to the Bioline ISOLATE II RNA mini kit (both GC biotech 
b.v. Alphen a/d Rijn, the Netherlands) and cDNA was synthesized by use of the Revertaid first 
strand cDNA synthesis kit (ThermoFisher Scientific, Landsmeer, the Netherlands). qPCR was 
performed using SensiFAST SYBR No-ROX (GC biotech b.v.) on a CFX96 Touch™ Real-Time PCR 
Detection System (Bio-Rad Laboratories B.V., Veenendaal, the Netherlands) and expression 
levels were analyzed using LinRegPCR software31. Expression levels were normalized for 
reference genes Eef2, Nono, and Gapdh for mouse and ACTB, PSMB6, and RPLP0 for human 
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after stability assessment with geNorm32. Primers (all Sigma-Aldrich Chemie N.V., Zwyndrecht, 
the Netherlands) are listed in Table 1.

Statistical analysis
Graphs were made with GraphPad Prism 8.0 (GraphPad Software, La Jolla, CA, USA) and a Mann-
Whitney U test (2 groups) or a Kruskal-Wallis test (> 2 groups) was used to check for statistical 
significance. In all tests, P < 0.05 was accepted as an indication for statistical significance. 
All data are expressed as median with interquartile range plus the individual data points.

RESULTS AND DISCUSSION

ACE2 and TMPRSS2 co-express with nAChRs in stem cells, goblet cells, and enterocytes
We first investigated which cells express ACE2 and TMPRSS2 in the human intestinal context. 
To this end, we obtained the data from GSE134809 including single-cell RNA-sequencing on 
inflamed and uninflamed ileal biopsies from patients with Crohn’s disease22. Unsupervised 
clustering analysis identified 22 clusters (Figure 2a), with clusters 8, 11, 13, 14, and 18 likely 
representing the epithelial cells based on their expression of E-cadherin (CDH1) and Villin-1 
(VIL1) (Figure 2b and c). Expectedly, both ACE2 and TMPRSS2 were expressed in the same 
clusters confirming specific gene expression in epithelial cells in ileum. Subsequent clustering 
analysis of the epithelial cells yielded 15 subclusters (Figure  2d), in which we identified stem 
cells (LGR5, ASCL2, OLFM4, GKN3, SLC12A2, AXIN2), goblet cells (MUC2, TFF3, CLCA3, AGR2), 
enterocytes (FABP1, ALPI, APOA1, APOA4), enteroendocrine cells (CHGA, CHGB, TAC1, TPH1, 
NEUROG3), and tuft cells (DCLK1, TRPM5, GFI1B, IL25) (Figure  2e) 28,29. Visualizing the expression 
of ACE2 or TMPRSS2 alongside the expression of the nAChR genes revealed co-expression in 
stem cells, goblet cells, and enterocytes for CHRNA5, CHRNA7, CHRNA10, CHRNB1, and CHRNE 
(encoding nAChR subunits α5, α7, α10, β1, and ε, respectively) (Figure 2f).

Notably, ACE2 is clearly expressed in goblet cells, although it has been demonstrated that 
SARS-CoV and SARS-CoV-2 cannot infect goblet cells in both airway and intestinal epithelia16. 
Moreover, the nAChR that was mostly co-expressed with ACE2 and TMPRSS2 was α7 nAChR 
(encoded by CHRNA7). This is an essential regulator of inflammation by inhibiting cytokine 
release through the aforementioned cholinergic anti-inflammatory pathway33. This is relevant 
because Russo and Leung reported on the role of α7 nAChR in SARS-CoV-2 and demonstrated 
that smoking results in an upregulation of α7 nAChR leading to an increase of ACE234-36.

Chronic electrical VNS does not alter intestinal ACE2 expression in mice and humans
As a positive correlation of ACE2 and CHRNA7 was previously observed, and chronic cholinergic 
stimulation typically leads to upregulation of nAChRs, we investigated whether chronic VNS 
affected the expression of ACE235,37. Accordingly, intestinal ileal tissues of mice that were 
subjected to electrical chronic VNS, applied via an implantable device, were obtained and 
analyzed for Ace2 mRNA expression. Adequate VNS was confirmed by behavioral changes of 
the mice, impedance measurements, and HE stainings not showing any damage of the vagus 
nerve caused by the cuff electrodes (Figure 3). Our data show no effect on Ace2 expression 
levels. Since samples contained bulk RNA of intestine, values were corrected for epithelial 
markers Cdh1 and Vil1 to determine the epithelial fraction. Also after correction, no differences 
were observed (Figure 4a).
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Figure 2. Single-cell RNA-sequencing analysis of ileal epithelial cells. Data were obtained from 
GSE134809 (Martin et al. 2019). (A) Uniform manifold approximation and projection (UMAP) visualization 
of the unsupervised clustering analysis of all cells. (B) Heatmap of the percentage cells in a cluster found 
to be non-zero for epithelial cell markers VIL1 and CDH1 as well as SARS-CoV-2-associated genes ACE2 
and TMPRSS2. (C) Visualization of the expression of the aforementioned genes on the UMAP. (D) UMAP 
visualization of the unsupervised clustering analysis of the epithelial cells. (E) Heatmap of the percentage 
epithelial cells in a cluster found to be non-zero for markers of stem cells (LGR5, ASCL2, OLFM4, GKN3, 
SLC12A2, AXIN2), goblet cells (MUC2, TFF3, CLCA3, AGR2), enterocytes (FABP1, ALPI, APOA1, APOA4), 
enteroendocrine cells (CHGA, CHGB, TAC1, TPH1, NEUROG3), and tuft cells (DCLK1, TRPM5, GFI1B, IL25). 
(F) Visualization of the normalized counts for the nAChR genes CHRNA5, CHRNA7, CHRNA10, CHRNB1, 
and CHRNE on the x-axis against ACE2 or TMPRSS2 on the y-axis for all epithelial cells, where each dot 
represents an individual cell (Martin et al. 2019).
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Figure 3. Hematoxylin-eosin (HE) staining of vagus nerve. Image of representative cross-sectioned 
HE of electrode implanted vagus nerve of VNStreated mouse (scale bar: 100 μm). White circle indicates 
the (expected) place of the cuff, that was cleared by sectioning

Next, we assessed ACE2 mRNA expression in human intestinal tissues of patients treated 
with chronic VNS as was described previously18,19. In line with the mouse data, no differential 
expression was observed between samples collected prior to VNS and 6 and 12 months 
after start VNS. Correction for CDH1 and VIL1, markers that have shown to be stable under 
inflammatory conditions (data not shown), did not alter the results (Figure 4b). Though 
not significant, a trend towards higher levels of ACE2 at 12 months VNS could be detected. 
Noticeably, ACE2 expression levels in colon samples were relatively low when compared with 
ileal samples, which is corroborated by earlier literature showing low basal expression levels 
of ACE2 in colonic tissue11.

It should be mentioned that in this study we made use of already available tissues. Thus, 
stimulation parameters such as duration of stimulation, pulse width, and frequency were not 
optimized for the current research question. In addition, both VNS experiments have been 
performed in diseased subjects; mice were exposed to DSS inducing colitis, and all humans 
had active Crohn’s disease. ACE2 has been shown to be upregulated in inflammatory bowel 
diseases (IBD), and in ileum in particular38-40. For that reason, in our experiments, basal ACE2 
expression levels might have been higher when compared with healthy subjects because of the 
colitis background of the tissues, possibly mitigating the results. The considerable divergence 
between ileal and colonic expression levels substantiates this confounding effect. Though, 
our analyses did not show significant differences between uninflamed and inflamed samples 
(Figure  (Figure 4b).

Data on the role of α7 nAChRs in colitis are conflicting. Sun et al. demonstrated increased 
CHRNA7 expression upon 2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced colitis, whereas 
Baird et al. found decreased CHRNA7 expression in IBD41,42. Further, in an experimental colitis 
model, selective α7 nAChR agonists worsened disease43. These data imply that colitis is 
associated with CHRNA7 expression, again modifying the ACE2 expression levels perchance 
confusing the current results.
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Figure 4. VNS on relative mRNA expression of ACE2. a Relative mRNA expression of Ace2 in mouse 
ileum samples of sham-stimulated (n = 14) and stimulated animals (n = 16). Levels were corrected for 
reference genes and epithelial markers E-cadherin (Cdh1) and Villin (Vil1) to obtain epithelial fraction. 
b Relative mRNA expression of ACE2 in human ileum (left) and colon (right) samples of patients treated 
with VNS. Levels were corrected for reference genes and epithelial markers E-cadherin (CDH1) and Villin 
(VIL1) to obtain epithelial fraction. mRNA levels of ACE2 were assessed in biopsies collected prior to VNS, 
and 6 and 12 months after start VNS. Non-responders (red) are patients with no clinical and endoscopic 
remission. ACE2: Angiotensin-Converting Enzyme 2; VNS: vagus nerve stimulation.

Importantly, when in this manuscript we focus on nicotinic receptors and α7 nAChR specifically, 
it is important to note that other receptors might play a role in regulating ACE2 as well since 
VNS unequivocally activates other acetylcholine-binding receptor types. This was not 
examined in this study.

In addition, we show that VNS does not alter intestinal ACE2 mRNA expression levels. Protein 
expression levels, which might be of more importance in this context, have not been assessed. 
Hence, an effect on SARS-CoV-2 infection could still be observed. This is substantiated by 
Lamers et al. who demonstrated that SARS-CoV-2 infection of gut enterocytes is independent 
from the ACE2 expression level16. Conversely, since SARS-CoV-2 is known to downregulate ACE2 
expression, it is plausible that VNS could restore ACE2 levels in infected patients44,45. To this 
end, VNS studies including SARS-CoV-2 infected patients should be performed.

Regardless of the ACE2 expression level, the antagonizing effect of VNS on the devastating 
systemic cytokine storm might strengthen this intervention as potential treatment for 
COVID-19. This is greatly underlined by the positive outcomes of the RECOVERY trial studying 
the effect of low-dose steroid treatment with dexamethasone on SARS-CoV-246. Alike 
VNS, dexamethasone is acknowledged as inhibitor of the production of pro-inflammatory 
cytokines47,48.

Concerning the effect of VNS on systemic cytokine responses, a critical note is that these 
responses depend on the stimulation parameters such as frequency, amplitude, and pulse 
width as was demonstrated by Tsaava et al., and recently reviewed49. Although low frequency 
stimulation (as was used in our studies) was not examined, stimulation with high amplitudes 
resulted in an increase in IL-6 and decrease in IL-5 and TNF-α. When refining these parameters 
in VNS, the subsequent positive regulation of cytokines could substantiate the role of VNS in 
treating COVID-19.
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Finally, granting the potential role for VNS in SARS-CoV-2 infection, one must be aware that 
parasympathetic neuronal activity through the vagus nerve can induce bronchoconstriction, 
an absolutely undesirable adverse effect in COVID-19 patients50. Even though results on this 
matter are conflicting, application of VNS in these patients must be performed with great 
caution51,52. To elucidate and overcome this issue, future studies should focus on more specific 
stimulation techniques exclusively targeting the cytokine-producing organ of interest.

CONCLUSIONS

The implication of VNS as treatment for SARS-CoV-2 infection has gained high interest. Here, 
we show that despite gene co-expression of nAChRs, ACE2, and TMPRSS2 in the intestinal 
epithelium, chronic non-invasive electrical VNS does not significantly alter intestinal ACE2 
expression at a transcriptional level. As bio-electronic neuromodulatory techniques continue 
to evolve as treatment for controlling inflammation, and with the current SARS-CoV-2 outbreak 
for COVID-19 in particular, further experimental investigations are needed to shed light on the 
therapeutic potential of VNS for SARS-CoV-2 infection control.
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GENERAL DISCUSSION

Adapted from: Ten Hove AS, Seppen J, de Jonge WJ. Neuronal 
innervation of the intestinal crypt. American Journal of 

Physiology – Gastrointestinal and Liver Physiology, 2021.
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The regulatory role of the autonomic nervous system (ANS) in intestinal inflammation and 
immunity is widely acknowledged and a pivotal role for the spleen as component of the 
immune system was introduced. Yet, mediating pathways remain unclear. In this thesis, 
we aimed to examine the anti-inflammatory potential of direct stimulation of the splenic 
nerve bundle in the intestine. Further, we intended to unravel mucosal effects of autonomic 
neuronal activity with special interest in the epithelium and receptors involved. Our findings 
are hereinafter discussed and put into perspective.

Splenic nerve stimulation impacting inflammation
Previous reports demonstrated that the anti-inflammatory effects of vagus nerve stimulation 
(VNS) depend on activation of the splenic nerve bundle1,2. Splenic nerve bundle stimulation 
(SpNS) was found to be as effective as VNS in murine models of endotoxemia and arthritis3,4. 
Also, SpNS was shown to improve disease outcome in a rodent dextran sulfate sodium 
(DSS)-induced colitis model5. Since the effects of SpNS on experimental colitis were not well 
understood, this prompted us to investigate this more thoroughly. Using an implanted cuff 
electrode in mice with DSS-induced colitis, we showed that SpNS ameliorates disease and 
investigated mechanistic pathways. Further, stimulation led to a predominant expression of 
β2 adrenergic receptors (ARs) in myeloid cells, and decreased expression levels of LPS-induced 
cytokines in human splenocytes. These findings correspond with earlier experimental studies 
demonstrating reduced inflammation upon SpNS in various disease models3-9. Until not long 
ago, acetylcholine producing CD4+ T cells were thought to be key players in the cholinergic anti-
inflammatory pathway10. In our study, we showed that norepinephrine released upon SpNS 
directly acts on macrophages rather than the acetylcholine producing T cells. A recent study 
proved that the anti-inflammatory properties of SpNS are indeed independent from these 
cells11. This paradigm shift expands our understanding of this topic, yet concurrently highlights 
that there is still a considerable amount under dispute. Nonetheless, direct stimulation of the 
splenic nerve bundle and spleen offers a distinct therapeutic potential for both acute and 
chronic inflammatory disorders and with translational studies being carried out12, feasible 
and effective implementation of SpNS in humans could be within reach.

Intestinal neuronal activity in mucosal immunity
While it has been recognized that many cells in the mucosa express ARs13,14, the understanding 
of the role of sympathetic neuronal activity on mucosal homeostasis is limited. In Chapter 4, 
we aimed to elucidate the role of the SNS on mucosal immunity, and assessed ANS mediated 
effects on the intestinal epithelium in particular.

The neurotoxin 6-hydroxydopamine (OHDA) effectively eliminates sympathetic projections 
towards the muscularis externa depleting sympathetic innervation of the lamina propria and 
mucosa in a chemical manner15. We used this model to explore the immunomodulatory role of 
the SNS in the mucosa. We showed that depletion of sympathetic release of (nor)epinephrine 
caused a change in the mucosal profile resulting in a pro-inflammatory phenotype. Chemical 
sympathectomy increased numbers of activated macrophages and monocytes in the 
mucosa, and levels of pro-inflammatory cytokines IL-1β, TNF-α, and IFN-γ were amplified. 
Additionally, expression levels of tight junctions as claudins and occludins were elevated and 
an increased permeability was observed. We postulated that the increased permeability was 
due to impaired tight junction assembly, suggesting that upon chemical sympathectomy 
compensatory mechanisms get activated to counteract the detrimental effects on the 
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intestinal barrier integrity. Studies on mouse organoids, containing epithelial cells and not 
immune cells, indicated that immune cells might serve as intermediates between sympathetic 
neurons and epithelial cells through secretion of inflammatory cytokines. This is supported by 
previous studies reporting that secretion of antimicrobial peptides (AMPs) can be mediated 
by cytokines16-18. In this light, the expression of cytokine receptors like IFN-γ receptor19 and 
TNF receptor 120 on epithelial cell types can be explicated: cytokines can mediate epithelial 
processes by binding to its receptors expressed on epithelial cells. The fact that enhanced 
IFN-γ signaling on epithelial cells triggers epithelial damage19 emphasizes that chemical 
sympathectomy-induced mucosal barrier dysfunction is a consequence of the inflammation, 
rather than a cause.

The finding of a more pro-inflammatory milieu upon sympathectomy is not surprising as 
neural egress was also seen in chronic inflammatory conditions such as in IBD mucosa. That 
is, in Crohn’s disease a loss of sympathetic nerve fibers was reported21 and tissue levels of 
norepinephrine were found to be decreased in colonic mucosal tissue of Crohn’s disease 
patients in either inflamed or non-inflamed state22. It remains undecided whether the egress 
leads to inflammation, or vice versa. Importantly, our data support the hypothesis that 
decreased sympathetic activity is a contributing factor to the onset of inflammatory responses.

Intestinal innervation and its role in stem cell homeostasis
In addition to its immunomodulatory function, the autonomic nervous system (ANS) has also 
been identified as mediator in stem cell homeostasis. This seems plausible since nerve terminals 
of the ANS (particularly SNS) were found to be in close contact to the crypt, mainly its base23,24. 
Both the SNS and the PNS were already linked to enhanced epithelial cell proliferation and tissue 
regeneration in various organs. For instance, surgical and chemical sympathectomy through 
6-OHDA treatment abrogated cardiac regeneration and promoted collagenous scar formation 
at the expense of functional tissue as was shown in mice25. Also, chronic β-AR stimulation with 
isoprenaline induced hyperplasia in salivary glands26. These results are in accord with earlier 
studies showing that peripheral neuropathies caused by heart transplantation and diabetes 
mellitus are typically associated with heart failure and idiopathic vasculopathy, respectively, 
both leading to impaired wound healing27,28. Moreover, liver transplantation including 
transection of (vagal) hepatic nerves in rats resulted in less cholangiocyte and hepatocyte 
proliferation, and liver regeneration29. Also, vagal activity was responsible for interleukin 
(IL)-6 production in hepatic macrophages and led to upregulation of FoxM1, a proliferation 
and migration promoter, after partial hepatectomy30. Although the effect of the ANS on 
intestinal epithelial cell growth has been studied for decades, results are conflicting and so 
far it remains to be elucidated which mechanisms lie at the basis of these interactions31-35.

Intestinal epithelial receptor expression
Various studies investigated the expression of receptors of the extrinsic ANS in intestinal 
epithelial cells and although great differences were found in subtypes, nearly all ARs and 
muscarinic receptors (mAChRs) were found to be functionally present in the intestinal 
epithelium36-43. Next to stem cells, cells expressing high levels of these receptors are goblet cells 
and Paneth cells14,36,40,42. Both have shown to be sensitive to neuronal activity as muscarinic 
agonists induced mucus release in goblet cells and degranulation in Paneth cells44,45. Also 
in our studies as described in Chapter 4 and 5, massive changes in mucus secretion were 
observed upon chemical sympathectomy and specific AR stimulation, leading to goblet cell 
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enlargement and consequent prominent morphological changes. Interestingly, also tuft cells 
express subtypes of adrenergic and cholinergic receptors14. To date, tuft-neuron interactions 
have been described in the airway and urethra suggesting an immune protective function, 
and the intestinal expression implies that adrenergic or cholinergic signaling can also play an 
immune-regulatory role via tuft cells in the intestine46-49. Notably, these cells were found to be 
positive for choline acetyltransferase (the rate-limiting enzyme for acetylcholine production; 
ChAT) in all tissues, meaning these cells are not only sensitive to neuronal activity, but are a 
source for non-neuronal acetylcholine themselves47,48,50-52.

Effect of sympathetic activity
The effect of the SNS on epithelial cell proliferation was investigated in numerous in vitro 
and in vivo studies. For example, it has been argued that norepinephrine supports intestinal 
cell proliferation, through α2A-ARs in particular33,34,53-56. Schaak et al. 54 demonstrated that 
α2A-AR activity in human epithelial cells led to activation of the MAPK/ERK pathway, resulting 
in enhanced proliferation. A later study showed that this same receptor led to activation of ERK 
and Akt via EGF receptor transactivation and phosphatidylinositol 3-kinase (PI3K) recruitment 
promoting early phases of wound healing53. Hence, in addition to its previously observed 
proliferative effect, also enhanced cell spreading and/or migration were promoted. Our studies 
in Chapter 5 further establish the stimulating role of sympathetic activity in cell proliferation 
and wound healing via ERK activation, and confirm the pivotal role of α2A-AR in this process.

Processes of proliferation and differentiation are inherently interconnected and inversely 
related57, and hence, it is obvious that sympathetic activity affects epithelial differentiation. 
Next to the α2A-AR, which is prominently expressed in intestinal epithelium and especially 
in the stem cell compartment as shown in Chapter 5, other AR family members can affect 
differentiation processes too14,32. For example, in mice treated with isoproterenol, a 
nonspecific β-AR agonist, a loss in goblet cells and a decreased expression of Muc2, a marker 
for maturated goblet cells, was observed58. In line with this, this same agonist resulted in a 
higher crypt depth suggesting increased proliferation of transit amplifying cells and impaired 
differentiation59,60. Vice versa, 6-OHDA treatment led to increased villus lengths implying 
augmented differentiation59. This could be explained by the fact that 6-OHDA treatment results 
in an increased VIP production (through alterations in the dorsal motor nucleus of the vagus 
nerve), which enhances crypt formation and can protect from DSS-induced colitis in mice61,62. 
We and others showed the opposite however, by demonstrating that 6-OHDA treatment as 
well as surgical sympathectomy both led to evident goblet cell depletion, and specific AR 
stimulation resulted in goblet cell enlargement63. Yet, since inflammation typically leads to 
apoptosis in goblet cells64, we cannot rule out that the altered epithelial morphology and 
goblet cell depletion could be partly caused by the sympathectomy-induced inflammatory 
state itself. All in all, these data demonstrate that sympathetic activity alters differentiation 
processes. More research has to focus on other differentiation markers, such as villin, sucrase 
isomaltase, and chromogranin A, to further delineate the effect of sympathetic activity on 
differentiation in the crypt at functional and receptor level in in vitro and in vivo disease 
models65.

The positive effect of β-AR activation on crypt stem cell differentiation to transit amplifying 
cells was demonstrated by Tutton and Helme56. In line with this, it was recently established 
that SNS activity was able to protect the intestinal epithelium from chemotherapy-induced 
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damage60. This was the consequence of reduced activation of NF-κB and PI3K signaling and 
this effect was mediated by β2-ARs. Most studies focus on the β2-AR subtype, but interestingly, 
in human colon cancer, a state of uncontrolled proliferation, β3-ARs were found to be 
upregulated66. In other studies, the supporting act of β-ARs could not be reproduced67,68. It 
has even been suggested that contrasting to α-ARs, the β-ARs exert anti-proliferative functions 
since significant reductions in crypt cell proliferation were observed33. This dual role of the 
SNS is reported similarly in its immunomodulatory functions: β-ARs appear to activate anti-
inflammatory functions, whereas α-ARs led to a pro-inflammatory profile69.

Heterogeneities of adrenergic receptors
In Chapter 5 enhancement of cell proliferation could only be demonstrated in organoids treated 
with the specific α2A-AR agonist, and not the general α- and β-AR agonist norepinephrine. This 
indicates a difference in functionality upon activation between the α- and β-AR subtypes. 
This is partly due to the difference in GPCRs, the main receptor type of ARs. These signal 
through different classes of G proteins and therefore activate different downstream pathways. 
ARs function via Ga signaling. Of these, all subtypes of β-ARs couple to Gs which is known to 
stimulate adenylyl cyclase (the precursor of cAMP) and subsequent cAMP-related pathways like 
PKA70. cAMP has often been linked to proliferation although this effect differs between different 
cell types and plausibly cell density, implying that the effect could be mediated by the amount 
of receptors present71,72. By contrast, the Gi protein (coupled to α2-ARs) results in inhibition of 
adenylyl-cyclase73. The Gq protein couples to α1-ARs and leads to activation of phospholipase 
C74. This explains the supposed antagonistic effects in mediating intestinal proliferation. 
Interestingly, evidence exists showing that β2-ARs are able to bind both Gs and Gi, suggesting 
that this receptor subtype is able to fulfill opposite physiologic and pathogenic roles75.

Another reason for different functionality is the fact that the signaling is dependent on 
the concentration of neurotransmitter or agonist. In this respect, α-ARs and β-ARs have 
opposing intracellular pathways. In low concentrations (10-9 to 10-7 M), norepinephrine binds 
to α-ARs leading to decreased cAMP levels, whereas in high concentrations (10-7 to 10-5 M), 
norepinephrine binds to β-ARs resulting in increased cAMP levels69. Since a concentration 
of 1 μM (10-6 M) was used for stimulation in our studies in Chapter 5 (as this was the optimal 
dose for the specific α2A-AR agonist UK 14,304), it is reasonable to consider that a lower dose 
of norepinephrine would have affected outcomes.

For β-ARs specifically, selective binding affinity and selective intrinsic efficacy differ between 
these receptors and their agonists, which means that different agonists (binding to the same 
receptor) exert different functions, plausibly in high concentrations in particular76. Although 
all ARs are activated through sympathetic activity, neurotransmitters favor receptor subtypes. 
That is, norepinephrine exerts its function primarily through α-ARs, whereas epinephrine binds 
and activates both α-ARs and β-ARs77,78.

Still, independent of which receptor subtype is involved, the greatest deal of the AR 
ambivalence could be explicated by the various compensatory mechanisms occurring after 
stimulation or impediment (e.g., denervation). The underlying mechanism for this is the 
following. After stimulation, receptors become less sensitive to subsequent stimulation for a 
limited time, a process termed receptor desensitization79. The receptor changes accompanying 
desensitization vary between the receptor subtypes. For α-ARs and β-ARs, the G protein 
is uncoupled from the receptor after phosphorylation80. Subsequently, the receptors are 
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sequestrated, which means that they are redistributed or translocated into a different cellular 
compartment away from the plasma membrane (also internalization). Receptor sequestration 
is a rapid mechanism of desensitization after acute hyperstimulation. After the sequestration, 
receptors return to the cell surface. This phenomenon is totally distinct from downregulation 
as this describes a reduction in receptors leading to an adaptive response. Downregulation 
occurs following increased receptor degradation or reduced receptor synthesis. Also, chronic 
exposure leads to downregulation81. Recovery from downregulation is a relatively slow process 
as it requires new receptor synthesis. In the state of downregulation, other AR subtypes could 
be upregulated. Moreover, chronic antagonistic treatment leads to receptor upregulation82. 
This compensation is, for example, seen after loss of sympathetic innervation, which leads 
to acute upregulation of α1-ARs83. Also, extrinsic (surgical) denervation increases the enteric 
expression of tyrosine hydroxylase and dopamine transporter DAT84. This mechanism 
could explain why rats that underwent celiacomesenteric ganglionectomy (intestinal 
sympathectomy) did not show alterations in proliferation in the long-term as the effect seen 
in an earlier study is transient and epithelial regeneration is recovered85. These compensatory 
mechanisms explain why knockout mouse models are not appropriate for ARs and thus are 
unsuitable be used to study the various roles of distinct ARs more thoroughly86-88.

In conclusion, α- and β-AR stimulation could trigger dissimilar intracellular pathways leading 
to different actions in terms of epithelial cell growth. What is more, prolonged stimulation or 
blockage of these receptors could result in compensatory mechanisms leading to opposed 
effects. These ambivalent characteristics of the ARs could explain the conflicting and 
inconstant results in literature and our studies.

In Chapter 5 we assessed receptor expression in various manners, including RNA fluorescence 
in situ hydribidization (RNA FISH) and single-cell RNA-sequencing (scRNA-seq). Since protein 
and mRNA expression assays have a great unreliability, data on receptor expression should 
be interpreted with caution. That is, available antibodies have a limited selectivity for 
subtypes and expression levels of receptors are very low89. RNA-sequencing and quantitative 
polymerase chain reaction (qPCR)-based arrays are shown to be best suitable for detection 
of GPCRs. Also, techniques like RNA FISH and scRNA-seq are promising to determine receptor 
subtype expression profiles90 and in our studies showed to be great methods to characterize 
single-cell epithelial adrenergic and cholinergic receptor expression patterns.

Obviously, the variance in animal models, used interventions, and area of affected tissue 
by intervention could also bias the effects. In our studies, we made use of the chemical 
sympathectomy technique 6-OHDA, as this was shown to be the favorable technique to 
reach sympathetic denervation15. Yet, it has also been demonstrated that 6-OHDA treatment 
induces unwanted side effects (e.g., cardiac dysregulation). Therefore, one has to be careful 
comparing this intervention with surgical sympathectomy91. Also in terms of extent of affected 
tissue, no comparison can be made since 6-OHDA treatment is administered systemically, 
whereas surgical sympathectomy can be done selectively. Correspondingly, one has to keep 
in mind that in vivo denervation and stimulation are not necessarily antonyms as these 
interventions might address differential pathways. For instance, 6-OHDA treatment may 
also alter vascularization possibly affecting epithelial cell growth, whereas electrical nerve 
stimulation does not influence this. In this context it should be noted that the role of the SNS 
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is tissue-specific and varies between muscularis and mucosal layers in the intestine (as shown 
in Chapter 4), and hence, different effects within the models can also occur.

Lastly, the bidirectional role of the ENS linking to the SNS and PNS might play a role in 
this complex communication, as well as the timing of assessment as the mitotic rate and 
proliferation in the stem cell niche are subject to a circadian rhythm92.

Next to various studies in animal models, the impact of the extrinsic ANS has also been studied 
in human. Promoting ANS activity in IBD may appear contra-intuitive since norepinephrine 
levels are already increased significantly in phases of acute but also chronic stress and hence 
this would also be expected in IBD93-95. However, as described earlier, the opposite is true as loss 
of sympathetic nerve fibers has been documented in multiple chronic inflammatory conditions, 
among which synovial tissue in patients with rheumatoid arthritis, psoriatic skin disease, 
and Crohn’s disease21,96,97. In inflammatory state, the systemic sympathetic tone is commonly 
high to assure sufficient availability of energy-rich fuels. Through decrease of sympathetic 
neurotransmitters locally, an increase in regional pro-inflammatory effects is obtained as 
α-ARs (which are thought to be pro-inflammatory) are activated by low norepinephrine 
concentrations98. Also, upregulation of semaphorin proteins Sema3C and Sema3F, produced 
by activated macrophages and fibroblasts, is known to repel sympathetic nerve fibers99-101. 
Innervation in disease is currently the topic of debate as it was recently established that 
activation of muscularis macrophages limits infection-induced neuronal death through 
β2-ARs102. Interestingly, another study showed that SEMA3E expression was significantly 
decreased in patients with ulcerative colitis, either suggesting a different role for the various 
semaphorin proteins, or distinct mechanisms in Crohn’s disease versus ulcerative colitis103. 
Affected AR expression due to inflammation seems unlikely, as described in Chapter 5104.

The ambiguous role of the ANS in human disease could be explained by other, rather 
systemic effects. For instance, levels of cortisol, which is a steroid hormone that regulates 
many processes throughout the body, rise when the body is in stress. Interestingly, signaling 
pathways of the β-AR are supported by cortisol. This means that low levels of cortisol are likely 
to lead to predominant α-AR signaling105. It might thus be that in the state of stress caused 
by intestinal inflammation, other receptors are of importance compared with healthy state. 
Moreover, the proliferative effects of norepinephrine could be counteracted by glucocorticoid 
hormone, a protein that is enhanced in phases of chronic stress and is known to diminish 
epithelial cell growth106. Of course, these processes might also occur in animal models. In 
Chapter 5, mice treated with specific α2A-AR agonist UK 14,304 showed to be far more active 
than vehicle treated mice, suggesting increased stress and consequent increased cortisol 
levels in UK 14,304 treated mice, which might have mitigated the effects.

Effect of nonneuronal acetylcholine
While we did not investigate this further in this thesis, the cholinergic receptor system has also 
been associated with intestinal epithelial cell proliferation as detailed in earlier reports107,108. 
As parasympathetic, vagal, efferent nerves do not seem to innervate the crypts directly, the 
cholinergic receptor-mediated effects on epithelium are likely a result of cholinergic neurons 
from enteric origin affecting epithelial cells, e.g., via junctions with enteroendocrine cells in 
the epithelial layer109,110. Also, in addition to neuronal acetylcholine, nonneuronal cells produce 
acetylcholine in the intestinal epithelium111. Nonneuronal endogenous acetylcholine released 
from intestinal epithelium was found to play a critical role in maintaining homeostasis and 
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inhibiting differentiation of Lgr5+ intestinal stem cells via mAChRs111,112. Moreover, using murine 
organoid models it was proven that acetylcholine activates nicotinic receptor (nAChR) α2/
β4 localized in Paneth cells and modulates the expression of the non-canonical Wnt ligands 
Wnt5a and Wnt9b that are expressed by mesenchymal cells112,113. This activates Wnt signaling 
through Frizzled receptors resulting in enhanced proliferation and differentiation in the stem 
cell niche as was recently reviewed113.

The association of acetylcholine with epithelial proliferation has also been demonstrated in 
a human colon cancer cell line. Acetylcholine produced by these cells promoted proliferation 
suggesting an autocrine signaling role114. In a human study, mAChR3 activation was found to 
induce intracellular calcium mobilization and thereby promote growth through the EGFR-
ERK pathway115,116. Also, cholinergic fibers of the vagus nerve enhanced gastric tumorigenesis 
through increased Wnt3a expression fueled by mAChR3s117. However, cancer cells might not 
represent the healthy situation and therefore these results need to be interpreted with caution.

Alike ARs, mAChRs depend on their coupling to G protein a subunits and therefore, downstream 
signaling is comparable with the earlier mentioned receptors. In particular, mAChR1, mAChR3, 
and mAChR5 couple to Gq activating phospholipase C and mAChR2 and mAChR4 couple to Gi 
inhibiting adenylate cyclase advocating that these receptors act similar to α1-ARs and α2-
ARs, respectively118. By contrast, nAChRs are ligand-gated cation channels that directly excite 
postsynaptic neurons. Activation leads to opening so that different positively charged ions 
(i.e., Na+, K+, and Ca2+) can cross through the pore resulting in PI3 kinase signaling thereby 
affecting proliferation119. Also these receptors are desensitized after chronic stimulation and 
consequently, compensatory mechanisms can occur120,121.

It should be pointed out that the levels of nonneuronal acetylcholine in surface cells are varying 
extremely throughout the gastrointestinal tract and are notoriously difficult to measure. 
Instead, ChAT expression can be accounted as a reliant marker122. Recently, coexpression of 
ChAT with tuft cell markers cytokeratin 18, villin, and advillin was demonstrated in intestine52. 
This underlines the significance of these cells in the interplay of neuronal activity on epithelial 
cell growth as was also extensively reviewed by Pan et al. 123.

Thus, similar to sympathetic neuronal activity, also parasympathetic activity is able to 
enhance intestinal epithelial cell growth, either via junctions with enteric nerves, or via non-
neuronal acetylcholine producing cells. An interesting commentary in this respect is that as in 
sympathetic neuronal action, parasympathetic neuronal action was shown to be altered in IBD 
as well. That is, in patients with Crohn’s disease, the vagal tone was significantly diminished124. 
Given the beneficial effects of cholinergic activity on epithelial cell proliferation that are stated 
earlier in this section, this could again explicate the impaired mucosal healing in this disease.

Nonneuronal cells as intermediate
Besides direct actions of nerves on the intestinal epithelium, the ANS might also mediate 
epithelial cell proliferation indirectly via other cell types. Specifically, stromal cells in the 
intestinal mucosa include numerous cell types that play a critical role in epithelial homeostasis. 
For instance, lamina propria CD169+ macrophages, which are in close proximity to the crypt, 
can promote epithelial proliferation, which happens in a MyD88-dependent manner125-129.  
Depletion of macrophages through blockade of colony stimulatory factor 1 (CSF-1), an essential 
growth factor for macrophage development, impairs the differentiation of Paneth cells and 
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loss of Lgr5+ intestinal stem cells. Consequently, the differentiation to M cells, a subset of 
unique (entero-endocrine) epithelial cells specialized for the transcytosis of luminal antigens 
and pathogens, is impeded130. Furthermore, long-lived self-maintaining macrophages support 
and protect Paneth cell differentiation through BMP-2. This is produced by these macrophages 
and acts on the BMP receptor on enteric neurons resulting in stimulation of CSF-1 secretion. 
Hence, the production of BMP-2 is further promoted13,131.

Innate immune cells were shown to be sensitive to cholinergic neurons secreting the 
neuropeptide neuromedin U and involved in inflammation in different tissues such as gut and 
lung allergic responses132,133. Also, group 3 innate lymphoid cells (ILC3s) have shown to promote 
tissue repair and mucosal healing via production of IL-22 during DSS-induced acute colitis134. 
In conjunction with this, IL-22 was found to increase epithelial cell proliferation in a human 
colon cancer cell line and organoids135-137. This is intriguing since levels of ILC3s and IL-22 
were increased in the intestines of patients with Crohn’s disease, implying an autoregulatory 
mechanism of wound healing support138,139. For IL-22 also demonstrated to reduce stem cell 
survival by inhibiting Notch and Wnt signaling, the ambivalent role for IL-22 as mucosal repair 
enhancer or inhibitor might explain why mucosal healing is difficult to achieve in patients 
with IBD140. In addition, granulocyte-macrophage (GM)-CSF and CSF-1, produced by ILC3s, 
can not only protect the intestine, but also mediate the production of critical cytokines in the 
pathogenesis of innate colitis141.

Interestingly, studies in adrenergic modulation of innate immunity showed that neutrophils, 
monocytes, macrophages, dendritic cells, and hematopoietic cells express β-ARs142. 
The interference of ARs with Wnt signaling has been shown to be present in CD34+ cells 
(hematopoietic stem cells), as treatment with catecholamines increased motility, proliferation, 
and repopulation through β2-ARs143. Also, expression of β3-ARs was confirmed in hematopoietic 
stem cells144. Taken together, the expression of ARs in these cells that play an important role in 
epithelial proliferation implicates that the proliferative effects of these cells on the intestinal 
epithelium can be mediated by sympathetic activity. The fact that epithelial cells are in turn 
responsive for cytokines produced by immune cells as was discussed in Chapter 4 highlights 
the important relation between immune cells and epithelial cells when it comes to mucosal 
homeostasis.

Fibroblasts and myofibroblasts, cells that are most abundant in the lamina propria, are pivotal 
in supporting epithelial homeostasis. Cells expressing markers like Foxl1, CD34, Gp38 (also 
Podoplanin), α-smooth muscle actin (αSma), glioma-associated oncogene 1 (Gli1), and CD90 
secrete stem cell niche factors and thereby support epithelial proliferation. Indeed, pericryptal 
CD34+Gp38+ mesenchymal cells contribute to repair after intestinal injury145-147. This happens 
in a rather distinctive manner because of the heterogeneous populations of these cells. For 
instance, fibroblasts at the base of the crypt secrete Wnt2b, Wnt5a, Rspondins (Rspos), and 
Noggin and Gremlin 1, whereas higher-up in the crypt fibroblasts secrete BMPs148-151. Also, 
certain lymphatic endothelial cells (CD45-CD90+CD31+) can produce Rspo3 leading to self-
renewal of intestinal stem cells. The significance of these cells has been shown in a mouse 
model of graft-versus-host-disease, a status of acute intestinal epithelial cell death, where the 
numbers of CD45-CD90+CD31+ cells and Rspo3 expression levels were reduced152. Interestingly, 
a recent paper showed that CD90+ fibroblasts support the stem cell niche through semaphorin 
proteins, Sema3A in particular146. It has also been established that Sema3E induced mucosal 
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healing in colitis through decreased intestinal epithelial apoptosis and p53-associated 
genes, and inflammation103. Since these CD90+ fibroblasts express identical markers as the 
aforementioned lymphatic endothelial cells (Gp38, Lyve-1, and Tie-1), these cells might not be 
that different from one another. Therefore, highly specific markers for the cellular populations 
in the stroma are needed to clarify such considerations. Lastly, surrounding smooth muscle 
cells can express BMP antagonists like Gremlin 1, Gremlin 2, and Chordin-like 1 to maintain 
Wnt signaling and inhibit differentiation at the base of the crypt151.

Both α-ARs and β-ARs were found to be expressed by fibroblasts153,154. Chronic β2-AR 
stimulation in fibroblasts led to proliferation (albeit in cardiac tissue) suggesting an abundancy 
in crypt supporting factors that are produced by intestinal fibroblasts cells upon sympathetic 
stimulation. Furthermore, α1A-AR stimulation in a human skin fibroblast cell line resulted in 
increased production of TGF-b1 and thereby augmented cell migration155. Since TGF-β1 is 
associated with enhanced proliferation, this is also expected in intestinal tissue.

Mucosal healing
As demonstrated in this thesis, sympathetic activity has a more pronounced role in crypt cell 
proliferation than was appreciated thus far. Because of the complex mucosal microenvironment 
with diverse signals from surrounding cells to the epithelium, the organoid model might be 
insufficient to study mucosal healing as imitation of the stem cell niche with solely epithelial 
cells is difficult. In Chapter 5, we intended to study mucosal healing by using multiple models, 
that is, the ECIS wounding assay in an in vitro organoid monolayer system, and the in vivo 
anastomotic healing mouse model. Optimally, a model to investigate the different aspects 
of mucosal healing should be available for future studies. Therefore, in vitro culture systems 
should involve more cell types than only epithelial cells, and hence rapid improvements and 
advances in systems like Microfluidic Organ-on-a-Chip are highly valuable156.

Two important notes have to be made. First, it should be mentioned that next to mucosal 
healing and colitis, the proliferative effect of ANS activity is also studied in the models of 
tumorigenesis157. Both mucosal healing and tumor progression greatly rely on similar 
processes: extracellular matrix remodeling and promotion of epithelial-mesenchymal 
transition158. However, mucosal healing is self-limiting whereas tumorigenesis implicates a 
continuous activation of the involved pathways. This is in part for fibroblasts that function 
differently in both conditions as was recently described by Foster et al. 159. This could be the 
case for cytokines, chemokines, and growth factors too. Furthermore, the decrease or increase 
in the rate of wound repair is not a predictor of tumor susceptibility as was shown in a skin 
mouse model, implying different mechanisms160. Yet, although breast cancer and prostate 
cancer progression are commonly linked to (para)sympathetic activity and chronic stress, 
this should be interpreted carefully as in all studies oncogenic animal models were used and 
hence tumor progression cannot be confused with tumorigenesis161-166. Thus, we believe that 
promoting mucosal healing does not necessarily lead to tumor formation or progression, 
although the exact impact has yet to be fully elucidated.

Second, to date no consensus exists on the question whether mucosal healing can be 
accounted as enhanced proliferation, cell spreading, or migration. This conflict is commonly 
avoided by using the term colony expansion, which covers both. It might be a biphasic 
process in which first epithelial cells migrate toward the wound (epithelial restitution) and 
cell proliferation thereafter leads to replenishment of the decreased cell pool. It is suggested to 
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first characterize the now equivocal processes of mucosal healing and consequent indefinite 
underlying molecular pathways before continuing drafting therapeutic modalities.

In closing, with mucosal damage as key feature of IBD, it is proposed that improvement of 
mucosal healing through ANS stimulation might contribute to therapeutic strategies and 
might even serve as potential therapeutic target. Thus far, various studies have investigated 
the use and efficacy of neuromodulatory techniques167. Most of these bioelectronic medical 
interventions target the vagus nerve and focus on the anti-inflammatory response. After 
several studies with positive results of VNS, sacral nerve stimulation, and SpNS in our study 
described in Chapter 3 in rodent colitis models, effects could also be translated to humans168-

170. Although only few patients were included and minor side effects were observed, outcomes 
were promising. Since VNS is often performed cervically, systemic effects are noted and 
therefore more specific, targeted approaches are required. Well, with the rapid increase in 
interest, developments and advancements of bioelectronic medicine are ongoing. Obviously, 
feasibility and safety are pivotal and hence the finding of safe application of SpNS during 
esophagectomy is applauded12.

Although mucosal healing was assessed as outcome parameter in all animal studies by 
histology or endoscopy, it is likely that the animal models with 2,4,6-trinitrobenzene sulfonic 
acid- or DSS-induced colitis are unsuitable for these investigations. This is why in Chapter 5 
we opted for the anastomotic healing model to assess the effect of ANS activity on epithelial 
cell growth. We suggest to further unravel underlying mechanisms of the parasympathetic 
but primarily sympathetic activity on epithelial cell proliferation and differentiation to outline 
the importance of the ANS in the crypt.

Conclusion
The regulatory role of the ANS in intestinal inflammation and immunity is well established. In 
this thesis, we further investigated mediating pathways and demonstrated a pivotal role for the 
spleen. We elucidated effects of sympathetic activity and lack thereof on mucosal homeostasis 
and identified a crucial role for α2A-AR in regulating epithelial proliferation and differentiation. 
The ANS is a complex network activating numerous pathways and therefore effects can be 
ambiguous and are often challenging to interpret. Our studies increased the understanding 
of effects of autonomic neuronal activity on intestinal processes, and future studies should 
continue investigations with not only experimental, but also clinical research. Ultimately, a 
role for bioelectronic medicine in intestinal immunity and mucosal healing can be allocated 
and neuromodulatory techniques are to be examined as a plausible treatment modality.
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SUMMARY

Many gastrointestinal functions like motility, mucosal secretion, and vasoregulation are 
regulated by the autonomic nervous system (ANS). Over time, it has become evident that 
the ANS also plays a pivotal role in intestinal immunity and mucosal homeostasis. Within the 
scope of this thesis, we sought to investigate the immune-regulatory role of the ANS in the 
intestine, with emphasis on the intestinal mucosa and epithelium.

In Chapter 2 we provided an overview of the existing knowledge of intestinal innervation, and 
discussed some of the available literature on the interaction between the nervous system and 
the intestinal immune system. The potential of cholinergic and adrenergic neuronal activity 
to modulate intestinal immune responses is discussed in the context of recent developments 
in electroceuticals in experimental studies and clinical trials.

The splenic nerve bundle has been demonstrated to activate the anti-inflammatory pathway 
through vagus nerve stimulation (VNS). In Chapter 3, we investigated the effect of electrical 
splenic nerve bundle stimulation (SpNS) in a mouse model of experimental colitis induced 
by dextran sulfate sodium (DSS). With improved histology scores and reduced colon weight/
length ratios we showed that SpNS reduced colitis. Moreover, expression of anti-inflammatory 
markers was diminished. We postulate that SpNS might be superior to VNS since in our studies 
VNS did not improve colitis. Modulation of intestinal neuronal activity by SpNS could thus be 
a potential therapeutic target in the treatment of inflammatory conditions like inflammatory 
bowel disease (IBD) ulcerative colitis and Crohn’s diseases.

Mucosal damage is a key feature of IBD and healing of the mucosa is an endpoint of IBD 
treatment that is often difficult to achieve. Research has demonstrated that autonomic 
neurons of the parasympathetic and sympathetic nervous system can mediate intestinal 
epithelial cell growth. In the following chapters, the impact of neuronal activity on mucosal 
homeostasis with special interest in the epithelium is described.

In Chapter 4, the impact of sympathetic nerve activity on mucosal immune and epithelial 
functions was studied by use of a chemical sympathetic denervation model with 
6-hydroxydopamine (6-OHDA). We demonstrated that sympathectomy led to enhanced 
intestinal inflammation, and impaired barrier integrity. Similar effects were obtained 
in intestinal organoid models, only containing epithelial cells, when treated with pro-
inflammatory cytokines but not norepinephrine, the main sympathetic neurotransmitter. This 
implicates that immune cells act as mediators, and intestinal homeostasis can be regulated 
by sympathetic activity, via immune cells.

In Chapter 5, we further investigated the role of the sympathetic nervous system on intestinal 
epithelial cells, and studied accountable mechanisms. Adrenergic receptor (AR) α2A was found 
to be the key receptor present in the intestinal epithelium, and specific stimulation of this 
receptor led to increased cell proliferation, and, in line with this, decreased cell differentiation. 
In vivo models demonstrated worsened anastomotic healing upon surgical denervation, but 
promoted healing after specific α2A-AR stimulation. Lastly, α2A-AR stimulation resulted in 
altered secretion of antimicrobial peptides and massive changes in microbiome composition. 
These findings established a role for α2A-AR as molecular delegate of intestinal epithelial 
sympathetic activity controlling cell proliferation, differentiation, and host defense, and opens 
doors for further research on this AR as potential target in the treatment of mucosal healing.
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During the course of this research, the severe acute respiratory syndrome coronavirus (SARS-
CoV) 2 pandemic occurred. It had been demonstrated that this virus propagated in intestinal 
cells by expressing the receptor Angiotensin-Converting Enzyme (ACE) 2, implying that 
these cells represented an important entry site for the viral infection. Nicotinic receptors are 
potential regulators of ACE2 expression, and VNS activates these receptors. Since our research 
group had great experience with the application of VNS, we intended to study whether VNS can 
be instrumental in affecting intestinal epithelial ACE2 expression. As described in Chapter 6, 
we did not find evidence for the regulation of ACE2 through VNS and hence, therapeutic value 
of VNS in the treatment of SARS-CoV-2 disease COVID-19 could not be established.

To close, in Chapter 7 all findings reported in this thesis are discussed and put into perspective. 
The complexity of the ANS and ambiguity in effects challenges research on this topic and 
application of neuromodulation in disease. However, with this thesis we expanded knowledge 
in this field and paved the way for future research.
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Veel gastro-intestinale functies zoals motiliteit, mucosale secretie en bloeddrukregulatie 
worden aangestuurd door het autonome zenuwstelsel (AZS). In de loop der tijd is gebleken 
dat het AZS ook een cruciale rol speelt in de regulatie van de immuunrespons in de darm 
en handhaving van mucosale homeostase. In dit proefschrift bespreken wij de intestinale 
immuun-regulerende rol van het AZS en richten wij ons specifiek tot de impact van 
zenuwactiviteit op de intestinale mucosa en het epitheel.

In Hoofdstuk 2 geven we een overzicht van de bestaande kennis over de innervatie van de 
darm en bediscussiëren we beschikbare literatuur over de interactie tussen het AZS en het 
intestinale immuunsysteem. Het effect van cholinerge en adrenerge zenuwstimulatie op 
inflammatie is in vitro en in vivo middels elektrische stimulatoren in verschillende modellen 
onderzocht. Deze technieken bieden therapeutische mogelijkheden om immuunreacties in 
de darm te beïnvloeden. Dit hoofdstuk gaat hier verder op in.

De miltzenuwbundel activeert anti-inflammatoire processen via de nervus vagus. In 
Hoofdstuk 3 hebben we het effect onderzocht van elektrische miltzenuwstimulatie in muizen 
met experimentele acute colitis (door behandeling met DSS). Miltzenuwstimulatie zorgde 
voor verbeterde histologiescores en colon verhoudingen van gewicht en lengte. Tevens 
was de expressie van anti-inflammatoire genen verminderd. Hiermee werd aangetoond dat 
miltzenuwstimulatie een positief effect had op colitis. Aangezien stimulatie van de nervus vagus 
geen verbetering van colitis in onze studies gaf, stellen wij dat miltzenuwstimulatie effectiever 
is dan stimulatie van de nervus vagus in het verbeteren van colitis. Deze data suggereren 
een therapeutische waarde voor miltzenuwstimulatie in de behandeling van inflammatoire 
condities zoals de inflammatoire darmziekten colitis ulcerosa en de ziekte van Crohn.

Bij inflammatoire darmziekten is de mucosale laag van de darm beschadigd en hiervoor is nog 
geen optimale behandeling. Het AZS bestaat onder andere uit het sympathisch zenuwstelsel 
en het parasympathisch zenuwstelsel. Sympathische en parasympathische activiteit kunnen 
epitheliale celdeling bevorderen en stimulatie hiervan zou dus een positief effect op mucosale 
heling kunnen hebben. In de volgende hoofdstukken wordt het effect van neuronale activiteit 
op mucosale (met name epitheliale) homeostase beschreven.

In Hoofdstuk 4 hebben wij het effect van sympathische zenuwactiviteit op immuunprocessen 
in de mucosa en epitheliale functies onderzocht. Hiervoor werd een muismodel gebruikt 
waarbij chemische sympathische denervatie werd bereikt middels 6-hydroxydopamine 
(6-OHDA). Denervatie leidde tot toegenomen intestinale inflammatie en verslechterde 
integriteit van de barrière. Vergelijkbare effecten werden gevonden in organoïden, bestaand 
uit enkel epitheliale cellen, na behandeling met pro-inflammatoire cytokines in afwezigheid 
van norepinephrine (de belangrijkste sympathische neurotransmitter). Dit suggereert dat 
immuuncellen als intermediairen functioneren en sympathische activiteit via immuuncellen 
intestinale homeostase kan reguleren.

In Hoofdstuk 5 werd de rol van sympathische activiteit op het epitheel verder onderzocht en 
bestudeerden we het mechanisme hierachter. Adrenerge receptor α2A kwam het meest tot 
expressie in het epitheel en specifieke stimulatie van deze receptor leidde tot toegenomen 
celproliferatie en (inherent daaraan) verminderde celdifferentiatie. In vivo resulteerde 
chirurgische denervatie in verslechterde wondheling en zorgde specifieke adrenerge 
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receptor α2A stimulatie voor verbeterde wondheling. Daarnaast werd verminderde secretie 
van antimicrobiele peptiden gezien in combinatie met grote veranderingen in microbiele 
compositie. Deze bevindingen tonen een belangrijke rol voor adrenerge receptor α2A in de 
regulatie van intestinale celproliferatie-, celdifferentiatie- en afweerprocessen die gemedieerd 
worden door sympathische activiteit. Verder onderzoek dient verricht te worden naar de 
mogelijkheid voor implementatie hiervan in de behandeling van mucosale heling.

Tijdens dit promotieonderzoek ontstond de SARS-CoV-2 pandemie. Dit virus bleek zich te 
kunnen vermenigvuldigen en verspreiden in intestinale cellen door expressie van de receptor 
Angiotensin-Converting Enzyme (ACE) 2. Nicotinerge receptoren kunnen deze expressie 
beïnvloeden en deze receptoren worden geactiveerd door stimulatie van de nervus vagus. 
Aangezien onze groep hier veel onderzoeken mee heeft verricht en veel weefsels van deze proeven 
door de jaren heen had verzameld, zagen wij een kans om dit nader te bestuderen. Hoofdstuk 
6 beschrijft het onderzoek naar het effect van stimulatie van de nervus vagus op de expressie 
van ACE2 in darmepitheel. Er werd geen effect gevonden en daarom werd geen therapeutische 
waarde van stimulatie van de nervus vagus in de behandeling van Covid-19 gevonden.

In Hoofdstuk 7 worden de bevindingen die in dit proefschrift werden gerapporteerd ter 
discussie gesteld en in perspectief geplaatst. Het AZS is zeer complex en toont verschillende, 
soms tegengestelde, effecten. Hierdoor is het onderzoek naar de effecten van activatie van 
het AZS een ware uitdaging. Dit onderzoek draagt bij aan de kennis over intestinale processen 
geactiveerd door neuronale activiteit en dient als basis voor toekomstige studies om de 
effecten van het AZS op intestinale immunoregulatie en mucosale homeostase verder te 
onderzoeken.
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