
LUND UNIVERSITY

PO Box 117
221 00 Lund
+46 46-222 00 00

Gut Feelings - From Brain to Gut and from Lumen to Gut

Cheng, Xiaowen

2018

Document Version:
Publisher's PDF, also known as Version of record

Link to publication

Citation for published version (APA):
Cheng, X. (2018). Gut Feelings - From Brain to Gut and from Lumen to Gut. [Doctoral Thesis (compilation), Lund
University]. Lund University: Faculty of Medicine.

Total number of authors:
1

Creative Commons License:
Unspecified

General rights
Unless other specific re-use rights are stated the following general rights apply:
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.
 • Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.
 • You may not further distribute the material or use it for any profit-making activity or commercial gain
 • You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

https://portal.research.lu.se/en/publications/b19987d7-2694-40e5-9876-d1d3b11afee6


Gut Feelings
From Brain to Gut and from Lumen to Gut
XIAOWEN CHENG  

EXPERIMENTAL MEDICAL SCIENCE | FACULTY OF MEDICINE | LUND UNIVERSITY



Department of Experimental Medical Science

Lund University, Faculty of Medicine 
Doctoral Dissertation Series 2018:88

ISBN 978-91-7619-654-0 
ISSN 1652-8220 9

7
8
9
1
7
6

1
9
6
5
4
0

Pr
in

te
d 

by
 M

ed
ia

-T
ry

ck
, L

un
d 

20
18

   
   

   
  N

O
RD

IC
 S

W
A

N
  E

C
O

LA
BE

L 
 3

04
1 

09
03

 



 

 

Gut Feelings 
From Brain to Gut and from Lumen to Gut 

 
Xiaowen Cheng 

 

 
 
 
 
 
 
 

DOCTORAL DISSERTATION 
by due permission of the Faculty of Medicine, Lund University, Sweden. 

To be defended at lecture hall I1345, Biomedical Center (BMC), Sölvegatan 19, 
Lund.  

June 14th 2018 at 13.00. 

 

Faculty opponent 
Professor Dick Delbro, School of Medical Sciences,  

Örebro University, Sweden 

 
  



 74

2018 -5-15



Gut Feelings 
From Brain to Gut and from Lumen to Gut 

Xiaowen Cheng 



Cover painting by Xin Yang 

Copyright © Xiaowen Cheng and the respective publishers 

Faculty of Medicine, Lund university 
Department of Experimental Medical Science 

ISBN 978-91-7619-654-0 
ISSN 1652-8220 

Printed in Sweden by Media-Tryck, Lund University 
Lund 2018  
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Popular Summary 

Part 1: From Brain to Gut 

The brain is an organ with a high energy requirement. To meet this demand, 

the brain needs a continuous and well-regulated blood supply. In situations 

where the brain, or parts of the brain, does not receive sufficient blood flow 

injury arises. This condition, commonly known as cerebral ischemia, or 

stroke, is prevalent in today's society. In 2015, more than 6 million people 

died from stroke worldwide. In parallel to the central injury, more than half 

of affected patients report gut dysfunctions such as constipation, 

dysmotility and incontinence after the ischemic event. In recent years an 

increased awareness and focus on the gut-brain axis has emerged. This 

bidirectional axis of communications has been shown to be involved in 

several situations, such as anxiety, depression, Parkinson's disease and 

stroke. 

A key player in gut regulation is the enteric nervous system, sometimes 

referred to as the "second brain". It is suggested that gut dysfunctions are 

rooted in an imbalanced enteric nervous system, since this system regulates 

motility, secretion, local blood flow and also interacts with the immune and 

endocrine systems.  

In part 1 of this thesis the effects of different types of cerebral ischemia on 

the enteric nervous system in regards to survival and neuroplasticity are 
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investigated in mouse. From this research, we are able show that particular 

one type, focal ischemia, induces a significant of loss of enteric neurons as 

well as neurotransmitter plasticity. The underlying mechanisms are 

suggested to involve neuroimmune reactions, including galectin-3 activated 

toll like receptor 4. We further show that models of global cerebral 

ischemia and cerebral hypertension elicit a non-neurotoxic response on 

enteric neurons, suggesting that each type of ischemia triggers unique 

peripheral neuroimmune response. 

Part 2: From Lumen to Gut 

In addition to taste thrill by the tongue, food also triggers sensations in the 

gastrointestinal tract. Similar to taste buds and taste receptors, specialized 

"intestinal sensor cells" in the gastrointestinal epithelium are able to sense 

and mediate intestinal chemosensation. This includes sensing nutrients as 

well as harmfully components in the luminal environment. One of the 

epithelial cells possessing a chemosensory potential is the tuft cell. This cell 

is recognized by its fusiform shape and distinct apical "tuft" of microvilli 

extending into the lumen. Tuft cells are able to detect bitter, sweet and 

umami substances in the lumen through the expression of taste cell 

transduction proteins, α-gustducin, and activating taste related cation 

channel, transient receptor potential channel 5. Tuft cells also contribute to 

the maintenance and protection of the gastrointestinal barrier as well as 

triggering type 2 immune reactions. Tuft cells are a rare cell type in the gut, 

and its roles in health and disease are just starting to be investigated.  
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In part 2 of this thesis we study the tuft cells, their distribution and 

proximity to endocrine cells and nerve fibers in the mouse intestine. From 

this research we are able to show that tuft cells have a specific distribution 

throughout the intestine, with a decreasing gradient from upper small 

intestine to distal small intestine and large intestine. We further describe a 

high degree of contact with mucosal sensory nerve fibers and appetite 

associated endocrine cells. From this we are able to suggest that tuft cells 

act an interface between signals in the intestinal lumen and the host.  

In part 2 of the thesis we also describe a novel subset of tuft cells which 

harbors serotonin (5HT) apically. These 5HT containing tuft cells, account 

for up to 80% of all tuft cells in mouse small intestine but are rare in the 

large intestine. We have not, yet, been able to discern the source of 5HT 

since neither the synthesizing enzyme tryptophan hydroxylase nor the 5HT 

transporter were found in tuft cells. However, we believe this subset of cells 

to play unique roles in modulating gastrointestinal tract. 
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Sammanfattning på svenska 

Del 1: Från hjärna till tarm 

Hjärnan är ett energikrävande organ. För att möta detta stora energibehov 

så behöver hjärnans blodflöde vara kontinuerligt och välreglerat. I 

situationer där hjärnan, eller delar av hjärnan, inte försörjs på ett 

tillfredställande sätt så uppstår skador, något som är relativt vanligt 

förekommande och kallas cerebral ischemi, eller stroke. Under 2015 dog 

mer än 6 miljoner mäniskor i världen av stroke. Efter stroke så beskriver 

mer än hälften av de drabbade patienterna att de, förutom hjärnskadan, 

upplever mag-tarm problem såsom förstoppning, motorikstörningar eller 

fekal inkontinens. Under senare år har en ökad medvetenhet och ett ökat 

fokus på den s.k. brain-gut-axis uppstått. Detta begrepp står för en 

kommunikation mellan de båda organen, i båda riktningarna, vid olika 

situationer såsom ångest, depression, Parkinsons sjukdom och stroke. 

En nyckelspelare vad avser tarmens reglering är det enteriska nervsystemet, 

ibland kallat “second brain” eller “bukhjärnan”. Tarmfunktionsrubbningar 

föreslås ha sitt ursprung i obalans i det enteriska nervsystemet, eftersom 

detta nervsystem reglerar tarmrörelser, sekretion, blodflöde och även 

interagerar med immunsystemet och det endokrina systemet. 

I avhandlingens första del utreds hur olika modeller av cerebral ischemi, 

utförda i mus, påverkar det enteriska nervsystemet vad avser överlevnad 
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och neuroplasticitet. Utifrån dessa undersökningar kunde vi visa att en typ, 

fokal ischemi, orsakade en markant förlust av enteriska nervceller, och 

också förändringar i uttrycket av signalsubstanser. Bakomliggande 

mekanism förslås involvera nerv-immun interaktioner och inkludera 

galectin-3 aktivering av toll-like receptor 4. Vi kunde också visa att global 

cerebral ischemi och cerebral hypotension inte negativt påverkade enteriska 

nerver vilket tyder på att olika typer av ischemi triggar igång olika typer av 

nerv-immuninteraktioner. 

Del 2: Från tarmlumen till tarm  

Förutom smakupplevelsen på tungan så sätter mat också igång sensoriken i 

mag-tarmkanalen. I likhet med smaklökar och smakreceptorer så kan 

specialiserade “intestinala känselceller” känna av och vidarebefordra 

kemosensorik i tarmen. Detta innefattar att känna av näringsämnen såväl 

som skadliga komponenter i tarmlumen. En av de epitelceller som tillskrivs 

kemosensorik är tuftcellen. Denna cell känns igen på att den är spolformig 

och har en “tofs” (eng. “tuft”) av långa utskott (mikrovilli) in mot lumen. 

Tuftceller kan detektera smakerna bitter, sött och umami eftersom de, i 

likhet med smakceller, uttrycker transduktionsproteinerna α-gustducin och 

transient receptor potential channel 5. Tuftceller har även förmåga att 

upprätthålla och skydda tarmmukosabarriären och att igångsätta typ 2 

immunreaktioner. Tuftceller är sparsamt förekommande i tarmen och deras 

betydelse för hälsa och sjukdom har nyligen börjat undersökas. 
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Introduction 

The gastrointestinal tract 

The inner lining of the gastrointestinal (GI) tract makes up a large and 

vulnerable surface facing the luminal environment. It fulfils two important 

roles: to absorb nutrients and, simultaneously, to defend against pathogens 

and harmful elements contained in the GI lumen. Such elaborate and 

complex work requires diverse cellular cooperation. 

The structure of the GI tract 

While the different regions of the GI tract perform different and diverse 

roles along the, in man 5-6 m long, canal their anatomical structure is 

similar. It consists of four layers, from inside to out; these are mucosa, 

submucosa, muscularis propria and serosa. The mucosa consists of 

columnar epithelium, lamina propria and muscularis mucosa. This layer is 

the prime barrier separating the host and the outside environment. The 

submucosa is made up of dense connective tissue and is situated underneath 

the mucosa. A ganglionated plexus, the submucous ganglia, and glands are 

present in this layer. The muscularis propria is composed of two sublayers 

of smooth muscle cells, an outer longitudinally and an inner circularly 

orientated, and in between them are the myenteric ganglia positioned. 

Outmost the GI tract is covered by a serosa. 
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Enteric nervous system 

The myenteric and submucous ganglia comprise the enteric nervous system 

(ENS). This extensive, intrinsic system innervates the GI tract and plays 

important roles in regulating GI motility, secretion, local blood flow and it 

also interacts with the immune and endocrine systems [1]. The ENS is an 

independent and integrative nervous system influencing, and being 

influenced by, the central nervous system (CNS, reviewed by [1,2]). The 

myenteric ganglia and submucous ganglia are highly interconnected and 

nerve fibers from both innervate the smooth muscle layers, the submucosa, 

the mucosa, endocrine cells and blood vessels. 

Serosa

Mucosa

Submucosa
Muscularis propria

A

Serosa

Muscularis propria

Submucosa

Mucosa

B
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Classification of enteric neurons 

Neurons in the ENS can be classified based on e.g. their morphology, 

function, electrochemical properties or neurotransmitter content.  

1 Morphology: based on neuronal shape and numbers of dendrites and 

axon, enteric neurons can be roughly divided into Dogiel I-VII types. 

Most neurons are type I-III [3,4]. In addition, neurons can be classified 

based on size, shape and electron density of their terminal vesicles. 

2 Function: enteric neurons can be divided into intrinsic primary afferent 

neurons (IPANs, sensory neurons), interneurons, motor neurons, and 

intrinsic intestinofugal afferent neurons (IFANs). Stimulus in GI tract is 

detected by IPANs, an impulse is generated and transferred to motor 

neurons via interneurons. IFANs send neuronal projections to pancreas, 

bile ducts and extrinsic, in particular sympathetic, ganglia [5].  

3 Electrophysiological properties: in principle two types of neurons, 

synaptic type (S neurons) and after-hyperpolarization type (AH) 

neurons are identified. Fast, large amplitude potentials are transmitted 

by S neurons, and slow postsynaptic potentials by AH neurons [3,6,7]. 

4 Neurotransmitters: to identify subsets of enteric neurons on basis of 

their transmitter content is a widely used procedure [8,9]. 

Neurotransmitters 

A large number of neurotransmitters are expressed and released by the 

ENS. Its neurotransmitter diversity resembles that of the central nervous 

system (CNS). In general, excitatory transmitters, such as acetylcholine and 

substance P, stimulate motility, increase intestinal secretion, release enteric 
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hormones and dilate blood vessels. Inhibitory peptides, such as vasoactive 

intestinal peptide (VIP) and nitric oxide (NO), play important roles in the 

peristaltic reflex of GI tract [6,9,10]. Enteric neurons often co-express and 

co-release two or more different neurotransmitters. Neurotransmitters 

examined in this thesis are described below.  

Vasoactive intestinal peptide (VIP) 

VIP, is a 28 amino acid peptide and a member of the glucagon/VIP peptide 

family [11-13]. It is abundant in both nerve cell bodies and nerve fibers in 

the GI tract and is to a large extent colocalized with neuropeptide Y [14-

16]. VIP expressing neurons are particularly numerous in submucous 

ganglia, while VIP positive fibers are found in all layers of the gut wall 

[17,18]. VIP is an important non-adrenergic non-cholinergic (NANC) 

inhibitory neurotransmitter in the GI tract. The major functions of VIP 

include vasodilation, smooth muscle relaxation, modulation of 

inflammation and neuroprotection [19-23]. 

Nitric oxide (NO) 

NO, produced by NO synthase (NOS), is also a NANC inhibitory 

neurotransmitter in the GI tract [19]. Three NOS isoforms, neuronal 

(nNOS), inducible (iNOS) and endothelial (eNOS) exist [24]. The vast 

majority of nNOS expressing neurons is located in the myenteric ganglia 

and nNOS positive nerve fibers are frequently observed within the smooth 

muscle layers but sparse in the mucosa/submucosa [18,25]. As an inhibitory 

neurotransmitter, NO causes relaxation of intestinal smooth muscle, but has 

also been ascribed important roles in protection and maintenance of enteric 
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neurons [20,26]. Loss of NO secreting neurons is reported to result in 

intestinal functional disorders [27-29].  

Calcitonin gene-related peptide (CGRP) 

CGRP is a 37 amino acid neuropeptide belonging to the calcitonin/CGRP 

family of peptides and primarily located to sensory fibers centrally and 

peripherally [30]. Two major CGRP isoforms are found: αCGRP widely 

distributed in both central and peripheral nerves, and βCGRP mainly 

expressed in the ENS. They have similar structure and function but are 

synthesized by different genes. CGRP-IR fibers, either of intrinsic or 

extrinsic origin, innervate all layers within the intestine and are particularly 

abundant in myenteric ganglia [31-33]. Nerve fibers co-expressing CGRP 

and substance P are considered as primary afferents of extrinsic origin 

[31,34,35]. CGRP is a highly potent vasodilator and improves mesenteric 

blood flow [36]. 

The thesis consists of two parts which in the following will be described 

separately. 

Part 1: From Brain to Gut 

Brain-gut axis 

The brain-gut axis is a bidirectional pathway, through which various signals 

are exchanged. This axis has attracted much attention since diseases 

originating in one of the involved organs often affect the function of the 

other. It has for example been shown that anxiety [37] and depression [38], 

as well as neurodegenerative disorders such as stroke [39] are associated 
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with alterations in gut microbiota composition. GI complications are also 

associated with CNS damages and e.g. Parkinson's disease [40,41] and 

stroke [42] patients often suffer GI complications. Several homeostatic 

systems besides the CNS and the ENS have been found to be involved in 

gut and brain interactions, e.g. the autonomic nervous system (ANS), the 

immune system and the gut microbiota (reviewed by [43,44]).  

Cerebral ischemia 

Cerebral ischemia, also called stroke, is the second leading cause of death 

and the third leading cause of disability worldwide. In 2015 more than 6 

million people died from stroke [45]. Complications, such as paralysis, 

cardiac disease, pneumonia, constipation and incontinence, as well as 

infections and sepsis, all reducing quality of life are common among the 

survivors [42,46,47].  

There are two main types of cerebral ischemia, focal, caused by thrombosis 

or embolism [48,49], and global, caused by hypoperfusion or heart arrest 

[50]. Where focal ischemia results in insufficient blood supply to restricted 

parts of the brain, global ischemia affects widespread brain areas. 

Reperfusion following the ischemic insult, may further exacerbate the brain 

injury through increased levels of oxidative stress, inflammation and 

homeostatic imbalance [51]. 

In addition to the ischemic brain injury, studies on cerebral ischemia in 

mice have shown altered GI balance and dysfunction. These include 

mucosa barrier disruption, increased levels of circulating ghrelin [52], 
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reduced T and B cell counts in Peyer's Patches, and bacterial translocation 

[53], implying a complex brain-gut interaction in the post stroke situation. 

Neuronal energy metabolism 

Cerebral ischemia is known to lead to neuronal stress including imbalanced 

energy supply [51,54,55]. Glucose and oxidative phosphorylation were 

previously believed to be the main driver for neuronal ATP production, but 

neurons also utilize lactate and even lipids as energy [56-60]. 

Utilization of energy is by break down of ATP into ADP, which can be 

further converted to adenosine monophosphate (AMP). When cellular 

energy is depleted (increased AMP:ATP ratio), AMP protein kinase 

(AMPK) is rapidly activated. AMPK is a heterotrimeric protein complex 

that regulates cellular energy status by monitoring the concentrations of 

ATP, ADP and AMP. AMPK is able to switch on and off catabolic and 

anabolic pathways, thus adjusting energy imbalances [61-64]. 

Neuroplasticity and neuropathy 

Neuroplasticity is the ability of neurons to adapt both to intrinsic and 

environmental stimuli by changing its structure, numbers, or transmitter 

expressions during development and in pathophysiological situations [65-

68]. The ENS displays a high degree of neuroplasticity, for example, up-

regulated neuronal expressions of VIP and/or nNOS have been shown in 

neuronal stress situation and are believed to be part of a cellular protection 

mechanism [20,21,64,69,70]. 



30 

Enteric neuroplasticity may alter GI functions, and be linked to digestive 

disorders [22,71], including chronic pain, nausea, bloating, abnormal 

distention, constipation and incontinence. Mal-adaptive changes lead to 

neuropathies like neuro-degeneration and /or inflammation [68]. Reduction 

in neuronal numbers, swollen nerve cell bodies, aberrant mitochondria, 

cytoplasmic vacuolization and neuronal structure loss are signs of a 

degenerative ENS [72]. Inflammatory enteric neuropathy is characterized 

by lymphocytes infiltrating the enteric ganglionated plexuses [73,74]. 

Experimental evidence suggests that myenteric ganglia are more vulnerable 

to neuropathies, compared to the submucous ones, but the reason behind is 

unknown [73,75]. 

Innate immune response 

The innate immune system within the GI tract provides short-term defense 

against invading pathogens, and tolerance to dietary and commensal 

microbiota [76]. Several cell types, including macrophages, mast cells, and 

lymphoid cells, take part in the innate immunity response [76]. It is 

noteworthy that the GI tract comprises the largest mass of lymphoid tissue 

in the body. The innate immune system identifies and responds through 

pattern recognition receptors (PRR), which includes the membrane 

associated toll-like receptors (TLR) [77-79].  

Galectin-3 (gal-3) 

Gal-3 is a member of the β-galactoside-binding protein family, containing a 

C-terminal carbohydrate-recognition domain (CRD) [80]. Gal-3 was

recently found to be secreted from IBA-1 (a marker of microglia and
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peripheral macrophages) positive cells [81]. Gal-3 shows ubiquitous 

subcellular distribution with multiple intra- and extracellular effects. Its 

expression significantly elevates upon stimuli, e.g. lipopolysaccharide 

(LPS) exposure, and it plays both pro- and anti-inflammation roles [81]. In 

the GI tract, gal-3 is suggested to stabilize cell-cell junctions and enabling 

polarization of intestinal epithelial cells. Furthermore, it has been associated 

with GI cancers, as well as with Crohn’s disease and ulcerative colitis 

[82,83]. Gal-3 was recently shown to be a ligand for TLR4 [81]. 

Part 2: From Lumen to Gut 

The intestinal epithelium 

The barrier between the luminal environment and the host is made up of a 

single cell layer, the intestinal epithelium. This layer comprises different 

cell types, including enterocytes, goblet cells, Paneth cells, enteroendocrine 

cells (EECs), and tuft cells, each optimized to adopt its engagement in the 

ever-changing luminal environment. The intestinal epithelium is an 

important interface in the body. It is essential for chemosensation, 

absorption, water and electrolyte secretion, as well as constituting the key 

barrier against uncontrolled entry of microbes and harmful substances into 

the body. Chemosensation in the gut is mediated by specialized epithelial 

cells, the tuft cells and EECs [84,85].  
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Tuft cells 

Tuft cells in the GI tract were initially described in stomach and duodenum 

of mice; recognized by their characteristic fusiform shape and distinct tuft 

of microvilli [86]. Tuft cells contain an intracellular tubular network 

spanning between microvilli and endoplasmic reticulum, enabling 

molecular exchange between lumen and cell [87]. They also issue lateral 

projections reaching into the nuclei of neighboring cells, possibly enabling 

them to cross talk [87]. Close contacts between tuft cells and enteric nerve 

fibers are also reported [88-90]. Tuft cells make up 0.4-2% of the cells in 

the intestinal epithelial lining and they are preferentially located in villi and 

crypt-villus junctions [91,92]. Due to their expression of taste cell specific 

GTP-binding protein, α-gustducin, and taste-related TRMP5 [93], tuft cells 

are considered as luminal sensors. Recent studies also revealed their role in 

triggering interleukin (IL) -25 associated immune reactions leading to 

expulsion of pathogens and to be involved in epithelial protection and 

regeneration [94-96]. 
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Enteroendocrine cells 

The GI tract comprises the body's largest population of endocrine cells, 

often identified and described by their hormone signature. In response to 

nutrient stimulation several hormones, e.g. cholecystokinin (CCK), peptide 

YY (PYY) and glucagon-like peptide-1 (GLP-1), are secreted from EECs 

(reviewed by [97,98]). These hormonal signals can be transmitted to nerves 

or into the circulation.  

Cholecystokinin 

The CCK peptide occurs in different forms, identified by the number of 

amino acids it contains, such as CCK58, CCK33, CCK22 and CCK8 [99]. 

The length of CCK depends on post-translational modification of its 

precursor, prepro-CCK [100]. All members of the gastrin/CCK family, 

have a common C-terminal amino acid sequence [101,102]. CCK is mainly 

secreted by EECs in the upper small intestine [103], and its release is 

strongly stimulated by infusion of fatty acids. CCK facilitates digestion by 

increasing secretion of pancreatic and bile juices but also by short-term 

inhibition of gastric emptying and acid secretion [104-106]. In addition, it 

induces satiety [107].  

Peptide YY 

PYY is an important appetite suppression hormone, often co-expressed 

with GLP-1 in a subpopulation of EECs. It is a 36 amino acid peptide and 

belongs to the neuropeptide Y family [108]. Most PYY is produced in 

ileum and colon, and its release is stimulated by intestinal infusion of fat 

[108,109]. It suppresses food intake by activating Y2 receptors in the 
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hypothalamus and vagal afferent neurons, as well as by inhibiting gastric 

acid secretion and motility [110]. 

Glucagon-like peptide-1 

GLP-1, a gut-derived incretin hormone, is produced by EECs. GLP-1 

containing EECs are abundant in ileum and colon [111]. GLP-1 release is 

strongly stimulated by luminal glucose and fat and improves glucose 

tolerance by elevating insulin secretion from pancreatic β cells and inhibits 

food intake by reducing glucagon secretion and by delaying gastric 

emptying [112]. Based on these functions, GLP-1 mimetics are used in 

patients with type II diabetes and/or obesity in clinics [113,114]. 

Serotonin 

Serotonin (5-hydroxytryptamine, 5HT) is a bioactive monoamine 

synthetized from the amino acid L-tryptophan. It plays important roles both 

centrally and peripherally. The GI tract harbors the largest store of 5HT in 

the body, and the vast majority of 5HT is synthesized, stored and secreted 

by enterochromaffin cells, a subset of EECs [115,116]. Enteric neurons and 

mast cells are also found to generate small amounts of 5HT in the GI tract 

[117]. 5HT secreting enterochromaffin cells are distributed in both small 

and large intestine, with the highest density in upper small intestine. 

Tryptophan hydroxylase (TPH) is the rate-limiting enzyme in 5HT 

synthesis. Two isoforms of TPH exist, TPH1 used by enterochromaffin 

cells and TPH2 by neurons [118]. In the GI tract, 5HT from 

enterochromaffin cells can either be released into the lumen from the apical 

part or to the circulation and local environment from the basal part [119]. 

Extracellular 5HT are recycled by reuptake into nearby cells by a selective 
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serotonin transporter (SERT) [116]. In the GI tract, 5HT is involved in 

many physiological functions, including motility, secretion, blood flow and 

sensation [115]. 

Tryptophan 5HTP 5HT
TPH AADC

Reuptake
SERT
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Methods 

Part 1 From Brain to Gut (Papers I and II) 

Experimental design 

In vivo 
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In vitro 

Cultured myenteric neurons from C57BL/6 mice were exposed to: 

1 Serum from gal-3+/+ mice, sham or pMCAO operated 

2 Serum from gal-3-/- mice, sham or pMCAO operated 

3 Purified gal-3 with or without inhibitors of TAK1 or AMPK 

4 Serum from gal-3+/+ mice with or without inhibitors of TAK1 or AMPK 

Cultured myenteric neurons from TLR4-/- mice were exposed to 

1 Serum from gal-3+/+ mice, sham or pMCAO operated 

2 Serum from gal-3-/- mice, sham or pMCAO operated 

3 LPS 

In vivo experimentation 

Cerebral ischemia models 

Three different stroke models were used (see Table 1): focal cerebral 

ischemia (mimicking thrombus and embolism in the clinics), and two 

models of global cerebral ischemia (mimicking heart arrest or chronic low 

blood pressure). Focal cerebral ischemia was modeled by pMCAO, which 

permanently occludes the left sided middle cerebral artery. Global cerebral 

ischemia was performed by either transient occlusion of both common 

carotid arteries following reperfusion (global cerebral ischemia with 

reperfusion, GCIR), or 30% reduction of blood flow from the common 

carotid arteries to the brain (chronic cerebral hypoperfusion, CCH). 

Animals were all of C57BL/6 background (papers I and II), gal-3+/+ and 
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gal-3-/- mice were used (Paper I). Surgical procedures are described in detail 

in papers I and II. 

Tissue and blood sampling 

On the day of sacrifice animals were deeply anesthetized and guillotined 

after which intestines and blood were sampled. An incision was made along 

the abdominal midline and visceral organs exposed. The intestines were 

removed and fixed in 4% buffered paraformaldehyde (PFA) or Stefanini's 

fixative, rinsed in tyrode solution containing 10% sucrose three times 

before segments of ileum and colon were cut out, orientated and mounted 

for longitudinal and cross section in FSC 22 Clear, frozen on dry ice and 

sectioned. Sections were processed for immunocytochemistry. 

Collected blood was centrifuged 5 min at 1000 rcf, serum collected and 

pooled in respective treatment groups. Aliquots (20 μl) were stored at          

-80 °C until use (paper I only). 

In vitro experimentation 

Primary myenteric neuronal cultures 

Myenteric neurons were dissociated from mouse small intestine (see paper I 

for details). Cell cultures were prepared by adding 50 μl of a constantly 

mixed cell suspension into 8-well chambers prefilled with 450 μl cell 

culturing medium. From each animal two 8-well chambers were prepared. 

Fresh medium containing applicable experimental test agents was added to 

cultures after a four-day equilibration culture period. Control wells were 

cultured in parallel. After 4 days, cells were fixed in Stefanini's fixative, 

rinsed in tyrode solution containing 10% sucrose, frozen, thawed and 
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processed for immunocytochemistry. Cultures were obtained from 

C57BL/6 mice as well as from TLR4-/- mice (Paper I).  

Part 2 From Lumen to Gut (Papers III and IV) 

Experimental design 

Tuft cells

Distribution (Paper III)

Contacts (Paper III)

New subset: DCLK1/5HT-
IR cells (Paper IV) 

Satiety associated 
EECs

Nerves
PGP 9.5

CGRP

CCK

GLP-1

PYY

Distribution

5HT source

DCLK1 in contact with  
5HT-IR EECs

TPH

SERT
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Swiss roll technique for intestinal tissue preparation (Papers III and 

IV) 

The Swiss roll technique is an ideal method when preparing long intestinal 

segments for histology (Figure 5). In brief, mouse intestine was removed 

and opened along the mesenteric line, and its content washed out. The small 

intestine was divided in five equally long segments while the large intestine 

was kept intact (Figure 5, A and B). The segments were coiled on wood 

sticks to form Swiss rolls and carefully placed into cassettes (Figure 5, C). 

For paraffin sectioning, the cassettes were immersion fixed in PFA 

overnight at 4 oC, rinsed in 70% ethanol three times, dehydrated, cleared 

and embedded in paraffin (paper III only). For cryo sectioning (Papers III 

and IV), the cassettes were fixed in Stefanini's fixative, rinsed in tyrode 

solution (containing 10% sucrose) and processed for 

immunocytochemistry. 
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Part 1 and 2: Immunocytochemistry 

Immunocytochemistry is a powerful tool for cellular identification of 

peptides or cellular markers. The majority of results, both from in vivo and 

in vitro experiments, in this thesis are obtained by using 

immunocytochemistry.  

Primary antibodies directed against particular molecular or protein targets 

were visualized using indirect detection techniques with fluorophore (Day-

light or Alexa Fluor) conjugated secondary antibodies against the primary 

IgG. In papers I and III, signal stain Boost IHC detection reagent (paper I) 

or IgG ImmPRESS reagent (paper III) were also used together with 3,3'-

diaminobenzidine (DAB) substrate reaction to detect primary antibodies in 

tissues. Toluidine blue (papers I and II) or hematoxylin (HTX, paper III) 

was used to visualized general tissue morphology. 



44 

Statistics 

Data is presented as mean ± standard error of mean (SEM) and analyzed by 

GraphPad Prism (GraphPad software Inc, USA). Significant differences 

were determined using one-way ANOVA (papers I-IV) or two-way 

ANOVA (paper I), with Turkey's multiple comparison test. P-value < 0.05 

were considered significant. 
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Results and Discussion 

Part 1 From Brain to Gut 

Intestinal morphometrics, neuronal density and relative numbers of VIP-IR 

and nNOS-IR enteric neurons were assessed in all models of cerebral 

ischemia, these findings are presented in paper II. One model, pMCAO, 

displayed a remarkable loss of myenteric neurons in both ileum and colon 

at 3 and 7 days, but not 6 h after the occlusion. Mechanisms underlying this 

loss were investigated in paper I. 

Focal, but not global, cerebral ischemia causes loss of myenteric 

neurons and upregulation of vasoactive intestinal peptide in mouse 

ileum (paper II) 

In this study C57BL/6 animals were used, the time-point after which 

animals in each of the cerebral ischemia models were sacrificed were 

chosen based on manifestations in the brain. Sham operated animals 

sacrificed at the same time point served as controls. This led to time-points 

ranging from 1 week in pMCAO animals to 17 weeks in the CCH animals. 

Results showed that all models maintained a normal intestinal 

morphometry. Assessment of neuronal density in the ileum showed that one 

model, pMCAO, induced loss of myenteric neurons without loss of 

submucous neurons. No loss was present in the either of the other models. 

Analyses of the relative numbers of VIP-IR neurons showed pMCAO to 
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induce significantly increased numbers of VIP-IR submucous neurons, no 

alteration in relative numbers of VIP-IR neurons were seen in the other 

models. The relative numbers of nNOS-IR neurons were also assessed but 

was not found to be affected. 

Gal-3 causes enteric neuronal loss in mice after left sided permanent 

middle cerebral artery occlusion, a model of stroke (paper I) 

In this study the effects of pMCAO on enteric neuronal survival was 

investigated using gal-3+/+ and gal-3-/- mice on a C57BL/6 genetic 

background. Time points ranged from acute (6 h) effects to more chronic 

effects (3 and 7 days) after either sham or pMCAO operation. In mice 

lacking gal-3 no losses of myenteric neurons in ileum and colon were 

observed after pMCAO. This was further investigated in vitro, using 

cultures of primary myenteric neurons isolated from C57BL/6 mice or 

TLR4-/- mice. 

In vitro studies 

To investigate the mechanisms underlying the pMCAO induced neuronal 

loss and the apparent role of gal-3, primary cultures of myenteric neurons 

from C57BL/6 mice were exposed to serum from sham or pMCAO 

operated gal-3+/+ or gal-3-/- mice. Compared to control neurons grown in 

parallel, exposure of serum from pMCAO operated gal-3+/+, but not gal-3-/-, 

mice caused a significant neuronal loss. A similar loss was observed in 

cultures exposed to purified gal-3.  
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Gal-3 was recently shown to be a TLR4 ligand. To analyze if TLR4 was 

involved in the pMCAO serum induced loss in vitro, primary cultures of 

myenteric neurons from TL4-/- mice were exposed to serum from sham or 

pMCAO operated gal-3+/+ mice. We found that TLR4-/- cultures were 

protected against the gal-3+/+ pMCAO serum-induced loss. 

Lipopolysaccharide (LPS) is a TLR4 ligand. LPS has been shown to induce 

enteric neuronal loss through activation of a pathway involving TAK1 and 

AMPK [64]. To evaluate if gal-3 elicited the same pathway, primary 

cultures of C57BL/6 mice were exposed to purified gal-3 or gal-3+/+ 

pMCAO serum in the presence of inhibitors of either TAK1 or AMPK. 

Presence of inhibitors counteracted both the gal-3 and the gal-3+/+ pMCAO 

serum induced neuronal loss.  

Since cerebral ischemia has been suggested to cause elevated levels of 

circulating LPS, sera from sham and pMCAO operated gal-3+/+ and gal-3-/- 

mice were analyzed for LPS content. Low concentrations were found in all 

samples regardless of treatment or genotype. 

Discussion part 1 

In cerebral ischemia, reactive oxygen, nitrogen species and damage 

associated molecular pattern signals are released from the affected area 

activating both innate and adaptive inflammation, causing injury of central 

neurons. In the three models of cerebral ischemia tested we were able to 

show that one model, pMCAO, displayed significant peripheral effects on 

enteric neurons and their VIP expression. These findings were surprising 

since all models are shown to cause loss of central neurons (pMCAO and 
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CCH (Deierborg, unpublished); GCIR [120]). However, each model 

displays different time-resolutions in regards to occlusion duration, barrier 

integrity as well as immunological response [120-122] It is our belief that 

the reason underlying the different effects on enteric neurons are based on 

these parameters and the ability of the body to eliminate or stop the 

damaging signal cascade. 

Through our investigation into the underlying mechanism of the enteric 

neuronal loss and VIP upregulation in the pMCAO model, we were able to 

pin point gal-3 as a key mediator of the neuronal loss. Gal-3 is an 

endogenous ligand of TLR4 [81], and is released from microglia post stroke 

[81]. In a previous in vitro study LPS, a TLR4 ligand [123], was shown to 

cause enteric neuronal loss through a pathway involving TAK1/AMPK 

[64]. We have been able to show that gal-3 mediate enteric neuronal loss 

through the same pathway as LPS. Since absence of gal-3, TLR4, as well as 

inhibitors of TAK1 and AMPK prevented the neuronal loss (Figure 6). 
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An elevated proportion of VIP-IR neurons in submucous ganglia were 

observed 7 days post pMCAO. It is our belief this is a neuronal survival 

response due to the pathophysiological situation. Neuroprotective 

properties of VIP in response to injurious factors have been found both in 

vitro and in vivo. One of the mechanisms by which VIP executes its 

neuroprotective effects on myenteric neurons is through modulation of 

immunological pathways including downregulation of TLR4 expression 

[23,124,125]. In addition, to the TLR4 downregulation VIP is also able to 

mediate neuroprotection through other pathways including improving the 

intestinal barrier. Thereby suggesting that the increase in VIP-IR neurons   

is a self-protection mechanism against gal-3 induced TLR4 activation post 

pMCAO. 
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Combined our findings show the existence of parallel manifestations in 

central and enteric nervous system, after a stroke. 

Part 2 From Lumen to Gut 

The signals and underlying mechanisms mediating the interaction between 

the luminal environment and host is still not fully understood. 

Chemosensory cells situated in the epithelial barrier is in this regards an 

interesting population to investigate and understand. The tuft cell is a 

relatively poorly described and understood chemosensory cell. To further 

our knowledge of the tuft cell a detailed and systematic evaluation and 

description of its distribution across the GI tract as well as its proximity to 

other chemosensory cells and neurons were undertaken. 

In these studies, C57BL6 mice were used. Their intestines were 

systematically divided into equal segments with the small intestine divided 

in 5 (SI 1-5) and the large intestine left undivided (LI). Tuft cells were 

found throughout the intestines in a proximo-distal gradient; the highest 

number was in SI 1, corresponding to proximal small intestine. Their 

number decreased distally and was at their lowest in SI 4, proximal ileum. 

Tuft cells numbers remained low in segment SI 5, distal ileum, and in large 

intestine.  

Proximity to EECs and nerve fibers 

To further describe the tuft cell and their cellular environment, their 

possible connection with another population of chemosensory cell, namely 

the satiety associated EECs as well as nerve fibers were estimated. 
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Evaluation tuft cells in contact with EECs containing the satiety associated 

peptides CCK, PYY or GLP-1 were estimated. Results showed that 5% of 

all tuft cells were found in close proximity to CCK-IR EECs, and up to 

10% were in contact with PYY and GLP-1-IR EECs.  

To evaluate possible connections between tuft cells and nerve fibers the 

numbers of tuft cells in close proximity to PGP 9.5- and CGRP-IR nerve 

fibers were determined. PGP 9.5-IR fibers represent the bulk of enteric 

nerve fibers while those IR to CGRP represent a subpopulation thereof. 

Results showed that 60% of tuft cells in the small intestine and 40% in the 

large intestine were found to be in close contact with PGP 9.5-IR nerve 

fibers. Further, CGRP-IR fibers constituted one-third of these fibers in the 

small intestine and two-thirds in the large intestine.  

A novel subset of tuft cells 

During initial tuft cell studies, a novel subset of tuft cells was observed 

which contained 5HT apically. These DCLK1/5HT-IR cells accounted for 

up to 80% in villi and 30% in crypts of all tuft cells in the small intestine 

but were rare in the large intestine. Focusing on the small intestine we 

found that a 3-12% of all tuft cells were in close proximity to 5HT-IR 

enterochromaffin cells and 2-10% of all enterochromaffin cells in close 

proximity to tuft cells. To evaluate the source of 5HT in tuft cells the 

presence of TPH, the enzyme responsible for 5HT synthesis, or SERT, the 

selective transporter in 5HT reuptake was investigated. Investigations 

showed that neither TPH nor SERT were present in tuft cells, and thus the 

source of 5HT in tuft cells is currently unknown. 
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Discussion part 2 

Through a systematic and detailed investigation and description of tuft cell 

number, topographic distribution and proximity to satiety associated EECs 

and nerve fibers in mouse small and large intestine we have laid the 

baseline for future studies of the role tuft cells in health and disease. 

Through these studies we have further been able to identify a novel subset 

of tuft cells containing 5HT.  

We observed that tuft cells were preferentially located in the upper small 

intestine, and that their numbers gradually decreased distally. Both tuft cells 

and enterochromaffin cells are stimulated by nutrients and luminal 

compounds (e.g. short chain fatty acids, glucose, acids and bases), which 

are present in higher concentrations in the upper small intestine [126,127]. 

Tuft cells express α-gustducin and TRMP5, which are important for 

transduction of bitter, sweet and umami sensations [85]. We believe the 

proximo-distal distribution of tuft cells reflects higher concentrations of 

nutrients in upper small intestine. The gradient would in such case enable a 

fine tuning of homeostasis responses in response to luminal content. An 

intracellular tubular network from the microvilli to the endoplasmic 

reticulum enables information exchange between the cell and lumen [87]. 

Additionally, the tuft cell gradient may serve to prevent intestinal mucosal 

damage by gastric acid injury [128,129].  

We found a fraction of tuft cells to be in close proximity to satiety 

associated EECs (containing either CCK, PYY or GLP-1) and nerve fibers, 

in particular CGRP-IR fibers. These observations strengthen our hypotheses 

that tuft cells act as an interface, modulating signals between intestinal 

lumen, EECs and sensory nerves. It should be noted that ultrastructural 
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analyses show tuft cells in physical contact with neighboring cells by 

extending cytospinules laterally into their nuclei [87]. If these are present 

between tuft cells and EEC were not investigated. 

A new subset of tuft cells harboring 5HT apically was identified. This 

DCLK1/5HT-containing cell type accounts for up to 80% of all DCLK1-IR 

tuft cells in mice small intestine, but it was absent in large intestine.  

We further explored the possible source of apical 5HT in this large subset 

of tuft cells. The synthesis of 5HT requires TPH, the rate-limiting enzyme, 

both in endocrine cells and neurons. Two forms of TPH exists, TPH1 is 

expressed in enterochromaffin cells and TPH2 in neurons [130,131]. In the 

present study, we used a TPH antiserum that cross reacts with both 

isoforms. No TPH-IR was found in tuft cells, suggesting that the apically 

located 5HT is not synthesized in these cells. According to previous studies, 

luminal 5HT is able to be taken up by epithelial cells, via the selective 5HT 

transporter SERT [116]. However, we failed to identify SERT-IR in tuft 

cells throughout the intestine. Thus, we are so far, unable to identify the 

origin of 5HT in tuft cell apex. Since tuft cells are able to communicate 

with neighboring cells through cytospinules, it may be suggested that 5HT 

are transported into the tuft cells by this route. If this route is utilized has 

not been investigated. However, it should be noted that while 80% of tuft 

cells contain 5HT only between 3-12% of all tuft cells was in contact with 

5HT-IR enterochromaffin cells.  

Combined our findings underline the unique possibilities tuft cell may have 

in the fine-tuned homeostatic responses in response to luminal content. 
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Conclusions 

Collectively results presented in this thesis suggest that 

1 Loss of enteric neurons and a change in VIP expression after focal 

cerebral ischemia, but not after global, suggests differences in 

peripheral neuroimmune responses induced by cerebral ischemia. 

2 Enteric neuronal cell death after focal cerebral ischemia, involves 

neuroimmune interactions; gal-3 activation of TLR4 and downstream 

TAK1 and AMPK pathways. 

3 Tuft cells have an optimal strategic position being in contact with 

enterochromaffin cells and mucosal nerve fibers. Thus, they can act as 

an interface between the intestinal lumen and the enteric neurons. This 

renders them a unique possibility to orchestrate gut homeostasis by 

modulating intestinal activities. 

4 A novel subset of tuft cells, DCLK1/5HT-IR cells, was observed in 

small intestine. They may have a unique role in mediating GI functions. 
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Future Perspectives 

Research is traditionally divided into basic and applied research. Over the 

last decades, studies on both have developed dramatically. Integrating 

experimental data with clinical observation is challenging. During my four 

years of research, I have studied stroke induced enteric neuronal loss, and 

tuft cells. This have generated some aspects to consider in upcoming years. 

From Bench… 

In part one of this project, we found focal cerebral ischemia to induce 

enteric neuronal loss and upregulation of VIP-IR neurons. The underlying 

mechanism involves neuroimmune reactions, including gal-3 activated 

TLR4. Many questions remain to be answered.  

1 Which properties make the enteric neurons susceptible in the 

inflammatory environment? Which subsets of enteric neurons are most 

vulnerable? 

2 Do the neuronal "survivors" function normally and adequately? 

3 Does the neuronal up-regulation of VIP rescue some enteric neurons 

and does it influence GI motility or other GI activities?  

4 What else is influenced in the intestinal neuroinflammatory processes, 

for example, microbiota?  
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5 The finding that neuropathy was induced by focal, but not global, 

cerebral ischemia raises questions. Does the global cerebral ischemia 

induce peripheral neuronal functional disorder? In what way does 

global cerebral ischemia trigger peripheral inflammation differently? To 

what extent do central triggers of neuroinflammation cause peripheral 

inflammation that leads to enteric neuropathy?  

In part two of the project, a novel subset of tuft cells was found. There are 

some unanswered questions related to this part.  

1 What is the source of 5HT in the here described novel subset of tuft 

cells? 

2 Tuft cells were found in both small and large intestine, but 

5HT/DCLK1-IR tuft cells were only observed in the small intestine. 

Have this subpopulation unique properties or functions? Do tuft cells 

have identical functions in both small and large intestine, or do they 

differ? 

3 What is the apically located 5HT used for in the tuft cells? 

… to Bedside 

TAK1/AMPK inhibitors are able to prevent enteric neuronal death in vitro 

when exposed simultaneously with serum collected from mice subjected to 

cerebral ischemia.  

1 Can these inhibitors in future be used in the clinical settings? If so, what 

dose and treatment regime should be used? 
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2 Can these inhibitors be used in other diseases causing enteric 

neuropathy? 

3 Can these inhibitors play roles in the protection of central neurons? 

In part two, the regional distribution of tuft cells and their spatial 

connections with EECs and mucosal nerve fibers were investigated. Further 

a specific population of the tuft cells containing 5HT were identified. 

Intestinal 5HT plays diverse roles e.g. they regulate intestinal peristalsis, 

maintenance and inflammation, blood glucose concentration, cell 

regeneration and bone metabolism [132]. Dysregulation of 5HT may lead to 

diarrhea or constipations, and may thus be involved in irritable bowel 

syndrome (IBS) and inflammatory bowel diseases (IBD) [133,134]. Tuft 

cells may be a new target to understand the pathologies of IBS and IBD, 

and a potential target to treat these diseases.  





61 

Acknowledgements 

First of all, I would like to thank Lund, the most lovely and calm university 

town where I have spent four amazing years. I am so sorry that I "hated" 

you the first month since it rained continuously for that whole month - a 

really chilly welcome. However, you are fantastically pretty from April to 

August.  

Without the help of my supervisors, it would have been impossible to fulfill 

my PhD studies. I must be the luckiest person ever since I have the best 

supervisors. I would like to say thank you to my supervisor Eva Ekblad. 

Eva, you don't know how excited I was when you said welcome in front of 

the door to the BMC building the day I started. I was so impressed with 

your endless patience and support in my academic training, experimental 

design, and writing. You are so professional and enthusiastic about 

neurogastroenterology. Thanks for leading me into the most interesting 

field of research and guiding me towards becoming an independent 

researcher. Tuft cells are so adorable! 

To my co-supervisor, Ulrikke Voss, thanks for supporting me through all 

stages of work, technically and personally. You guided me past the hardest 

time of my PhD studies. I really miss our long-lasting chats before my half-

time review when I lost confidence. When I met difficulties, you gave me 

guiding questions and pointed out my weakness. You listened to my 

suggestions and gave me feedback, letting me learn from my mistakes. You 



62 

are my mentor. Just one question: what is the password to your fancy 

computer? 

Anna Themner-Persson, thank you for your patience when showing me 

all the details of the experiments. I am glad to have shared an office with 

you for four years. You helped me "survive in Sweden" in the first year and 

“enjoy the Sweden” the rest of the years. Thanks for the pretty birthday 

flower.  

Thanks to my collaborators from the Neuroinflammation unit: Tomas 

Deierborg, Martina Svensson, Antonio Boza, and Yiyi Yang. Thanks for 

providing me with samples of cerebral ischemic mice and helping with part 

one of my project. Without your help, I couldn’t complete this thesis. It was 

so much fun to work together. Tomas, you are an energetic and optimistic 

project guider. I appreciate all the information shared about the cerebral 

ischemic model. Also, please send my greetings to little Linnea. Thanks for 

her "princess and castle" painting. She gave me a lot of happy memories. 

I'll miss her. Martina, many thanks for sharing knowledge on global 

cerebral ischemic models. By the way, I'm so impressive little Decibelle 

can say "microglia" at 4 years old. Antonio, I have to admit, you have a 

thicker thesis than mine as you are a very talent scientist. Please remember 

you owe me chocolate. 

I have to thank all of my friends. Agnes Paulus, I miss our time when we 

struggled with the examination of animal course and thanks for making me 

coffee. Sara Bachiller, the minion cartoon about postdocs is so funny. 

Game master and "twin sister" Megg Garcia, thanks for the hotpot party, 

and can I join your game team? Andreas Bruzelius, where is my Lego? 



63 

Gustaf Olsson, where is your Pikachu costume? Isak Martinsson, you are 

very funny. Deepak Raina, let's fight for Nature!  

Thanks for the Friday fika, Jonatan Dereke, Birgitte Ekholm, Charlotte 

Erlanson-Albertsson, Christian Hansen, Gabriella Kalliokoski, 

Magnus Hillman, Nadja Gustavsson, Caroline Montelius, and Eva-

Lena Stenblom. Fantastic morning time with all of you with nice bread, 

coffee, fruit, yogurt. 

A special thanks to Xin Yang for design and painting front and back 

pictures. Thanks Oscar Manouchehrian for the inset picture (the vase). 

I also would like to thank the founding sources: Swedish Medical Research 

Council, the Swedish National Stroke Foundation, the Påhlssons 

Foundation, Sparbanken Foundation Färs & Frosta, the Royal 

Physiographic Society, the Faculty of Medicine, Lund University and China 

Scholarship Council. 

Lastly, I would like to express my appreciation to my parents and all of my 

Chinese friends. 



64 



65 

From Junsen Wang, grandson of Zhong Lin, my late Chinese supervisor



66 

References 

1. Furness JB. The enteric nervous system and neurogastroenterology. Nat. Rev.
Gastroenterol. Hepatol. 2012;9:286–94. 

2. Wood JD. Neuropathophysiology of functional gastrointestinal disorders.
2007;13:1313–32. 

3. Scheuermann DW, Stach W. External adrenergic innervation of the three neuron types
of dogiel in the plexus myentericus and the plexus submucosus externus of the 
porcine small intestine. Histochemistry. 1983;77:303–11.  

4. Brehmer A, Schrodl F, Neuhuber W. Morphological classifications of enteric neurons--
100 years after Dogiel. Anat. Embryol. 1999. pp. 125–35. 

5. Furness JB. Types of neurons in the enteric nervous system. J. Auton. Nerv. Syst.
2000;81:87–96. 

6. Wood JD. Application of classification schemes to the enteric nervous system. J. Auton.
Nerv. Syst. Elsevier; 1994;48:17–29. 

7. Galligan JJ, LePard KJ, Schneider DA, Zhou X. Multiple mechanisms of fast excitatory
synaptic transmission in the enteric nervous system. J. Auton. Nerv. Syst. 
2000;81:97–103.  

8. Schemann M, Michel K, Peters S, Bischoff SC, Neunlist M. Cutting-edge technology.
III. Imaging and the gastrointestinal tract: mapping the human enteric nervous
system. Am J Physiol Gastrointest Liver Physiol. 2002;282:G919–25.

9. Burnstock G. Cotransmission in the autonomic nervous system. Handbook of Clinical
Neurology. Elsevier; 2013;117:23–35. 

10. Lecci A. Pharmacology of transmission to gastrointestinal muscle. Current Opinion in
Pharmacology. Elsevier; 2002;2:630–41.

11. SAID SI, MUTT V. Potent Peripheral and Splanchnic Vasodilator Peptide from
Normal Gut. Nature. 1970;225:863–4.

12. Said SI, Mutt V. Polypeptide with Broad Biological Activity: Isolation from Small
Intestine. Science. 1970;169:1217–8.

13. Sherwood NM, Krueckl SL, McRory JE. The Origin and Function of the Pituitary
Adenylate Cyclase-Activating Polypeptide (PACAP)/Glucagon Superfamily. Endocr
Rev. Oxford University Press; 2000;21:619–70. 

14. Ekblad E, Håkanson R, Sundler F. VIP and PHI coexist with an NPY-like peptide in
intramural neurones of the small intestine. Regul. Pept. 1984;10:47–55.

15. Kristensson E, Themner-Persson A, Ekblad E. Survival and neurotransmitter plasticity
in cultured rat colonic myenteric neurons. Regul. Pept. 2007;140:109–16.



67 

16. Sand E, Themner-Persson A, Ekblad E. Infiltration of Mast Cells in Rat Colon Is a
Consequence of Ischemia/Reperfusion. Digest Dis Sci. Springer US; 2008;53:3158–
69. 

17. Ekblad E, Winther C, Ekman R, Håkanson R, Sundler F. Projections of peptide-
containing neurons in rat small intestine. Neuroscience. 1987;20:169–88.

18. Sandgren K, Larsson LT, Ekblad E. Widespread changes in neurotransmitter
expression and number of enteric neurons and interstitial cells of Cajal in lethal
spotted mice: an explanation for persisting dysmotility after operation for 
Hirschsprung's disease? Digest Dis Sci. 2002;47:1049–64.  

19. Burnstock G. The journey to establish purinergic signalling in the gut.
Neurogastroenterology & Motility. Wiley/Blackwell (10.1111); 2008;20 Suppl 1:8–
19. 

20. Sandgren K, Lin Z, Fex Svenningsen A, Ekblad E. Vasoactive intestinal peptide and
nitric oxide promote survival of adult rat myenteric neurons in culture. J. Neurosci.
Res. 2003;72:595–602. 

21. Sandgren K, Lin Z, Ekblad E. Differential effects of VIP and PACAP on survival of
cultured adult rat myenteric neurons. Regul. Pept. 2003;111:211–7.

22. Ekblad E, Bauer AJ. Role of vasoactive intestinal peptide and inflammatory mediators
in enteric neuronal plasticity. Neurogastroenterol. Motil. 2004;16 Suppl 1:123–8.

23. Arranz A, Juarranz Y, Leceta J, Gomariz RP, Martínez C. VIP balances innate and
adaptive immune responses induced by specific stimulation of TLR2 and TLR4.
Peptides. 2008;29:948–56. 

24. Moncada S. Nitric oxide: discovery and impact on clinical medicine. Journal of the
Royal Society of Medicine. Royal Society of Medicine Press; 1999;92:164–9.

25. Ekblad E, Mulder H, Uddman R, Sundler F. NOS-containing neurons in the rat gut and
coeliac ganglia. Neuropharmacology. 1994;33:1323–31.

26. Ekblad E, Sundler F. Motor responses in rat ileum evoked by nitric oxide donors vs.
field stimulation: modulation by pituitary adenylate cyclase-activating peptide,
forskolin and guanylate cyclase inhibitors. J Pharmacol Exp Ther. 1997;283:23–8. 

27. Larsson LT, Shen Z, Ekblad E, Sundler F, Alm P, Andersson KE. Lack of neuronal
nitric oxide synthase in nerve fibers of aganglionic intestine: a clue to Hirschsprung's
disease. J. Pediatr. Gastroenterol. Nutr. 1995;20:49–53. 

28. Takahashi T. Pathophysiological significance of neuronal nitric oxide synthase in the
gastrointestinal tract. J Gastroenterol. Springer-Verlag; 2003;38:421–30.

29. Shah V, Lyford G, Gores G, Farrugia G. Nitric oxide in gastrointestinal health and
disease. Gastroenterology. 2004;126:903–13.

30. Russell FA, King R, Smillie SJ, Kodji X, Brain SD. Calcitonin Gene-Related Peptide:
Physiology and Pathophysiology. Physiological Reviews. American Physiological
Society Bethesda, MD; 2014;94:1099–142. 

31. Ekblad E, Winther C, Ekman R, Ha kanson R, Sundler F. Projections of peptide-
containing neurons in rat small intestine. Neuroscience. Pergamon; 1987;20:169–88.

32. Ekblad E, Ekman R, Håkanson R, Sundler F. Projections of peptide-containing neurons
in rat colon. Neuroscience. 1988;27:655–74.



68 

33. Mitsui R. Characterisation of calcitonin gene-related peptide-immunoreactive neurons
in the myenteric plexus of rat colon. Cell Tissue Res. 2009;337:37–43.

34. Wiesenfeld-Hallin Z, Hökfelt T, Lundberg JM, Forssmann WG, Reinecke M, Tschopp
FA, et al. Immunoreactive calcitonin gene-related peptide and substance P coexist in
sensory neurons to the spinal cord and interact in spinal behavioral responses of the 
rat. Neuroscience Letters. 1984;52:199–204.  

35. Bulut K, Felderbauer P, Deters S, Hoeck K, Schmidt-Choudhury A, Schmidt WE, et al.
Sensory neuropeptides and epithelial cell restitution: the relevance of SP- and CGRP-
stimulated mast cells. Int J Colorectal Dis. Springer-Verlag; 2008;23:535–41. 

36. Uddman R, Edvinsson L, Ekblad E, Håkanson R, Sundler F. Calcitonin gene-related
peptide (CGRP): perivascular distribution and vasodilatory effects. Regul. Pept.
1986;15:1–23. 

37. Kelly JR, Borre Y, O' Brien C, Patterson E, Aidy El S, Deane J, et al. Transferring the
blues: Depression-associated gut microbiota induces neurobehavioural changes in the
rat. J Psychiatr Res. 2016;82:109–18. 

38. Zheng P, Zeng B, Zhou C, Liu M, Fang Z, Xu X, et al. Gut microbiome remodeling
induces depressive-like behaviors through a pathway mediated by the host's
metabolism. Mol. Psychiatry. 2016;21:786–96. 

39. Benakis C, Brea D, Caballero S, Faraco G, Moore J, Murphy M, et al. Commensal
microbiota affects ischemic stroke outcome by regulating intestinal γδ T cells. Nat.
Med. 2016;22:516–23. 

40. Abbott RD, Petrovitch H, White LR, Masaki KH, Tanner CM, Curb JD, et al.
Frequency of bowel movements and the future risk of Parkinson's disease.
Neurology. 2001;57:456–62. 

41. Cersosimo MG, Raina GB, Pecci C, Pellene A, Calandra CR, Gutiérrez C, et al.
Gastrointestinal manifestations in Parkinson's disease: prevalence and occurrence
before motor symptoms. J. Neurol. 2013;260:1332–8. 

42. Camara-Lemarroy CR, Ibarra-Yruegas BE, Gongora-Rivera F. Gastrointestinal
complications after ischemic stroke. J. Neurol. Sci. 2014;346:20–5.

43. Carabotti M, Scirocco A, Maselli MA, Severi C. The gut-brain axis: interactions
between enteric microbiota, central and enteric nervous systems. Ann Gastroenterol.
2015;28:203–9. 

44. Bray N. Gut-brain communication: Making friends with microbes. Nat Rev Neurosci.
2016;17:533–3.

45. Johnson W, Onuma O, Owolabi M, Sachdev S. Stroke: a global response is needed.
Bull. World Health Organ. 2016;94:634–634A.

46. Kumar S, Selim MH, Caplan LR. Medical complications after stroke. The Lancet
Neurology. 2010;9:105–18.

47. Engler TMN de M, Dourado CC, Amâncio TG, Farage L, de Mello PA, Padula MPC.
Stroke: bowel dysfunction in patients admitted for rehabilitation. Open Nurs J.
2014;8:43–7. 

48. Stam J. Thrombosis of the cerebral veins and sinuses. N. Engl. J. Med.
2005;352:1791–8.



69 

49. Donnan GA, Fisher M, Macleod M, Davis SM. Stroke. The Lancet. Elsevier;
2008;371:1612–23.

50. Shuaib A, Hachinski VC. Mechanisms and management of stroke in the elderly.
CMAJ. 1991;145:433–43.

51. Doyle KP, Simon RP, Stenzel-Poore MP. Mechanisms of ischemic brain damage.
Neuropharmacology. 2008;55:310–8.

52. Xu X, Zhu Y, Chuai J. Changes in Serum Ghrelin and Small Intestinal Motility in Rats
with Ischemic Stroke. Anat Rec (Hoboken). Wiley Subscription Services, Inc., A
Wiley Company; 2012;295:307–12. 

53. Schulte-Herbrüggen O, Quarcoo D, Meisel A, Meisel C. Differential affection of
intestinal immune cell populations after cerebral ischemia in mice.
Neuroimmunomodulation. 2009;16:213–8. 

54. Harukuni I, Bhardwaj A. Mechanisms of brain injury after global cerebral ischemia.
Neurol Clin. 2006;24:1–21.

55. Offner H, Subramanian S, Parker SM, Afentoulis ME, Vandenbark AA, Hurn PD.
Experimental stroke induces massive, rapid activation of the peripheral immune
system. Journal of Cerebral Blood Flow & Metabolism. 2006;26:654–65. 

56. Kety SS, Schmidt CF. The Nitrous Oxide Method for the Quantitative Determination
of Cerebral Blood Flow in Man: Theory, Procedure and Normal Values. J. Clin.
Invest. 1948;27:476–83. 

57. Sokoloff L. Localization of functional activity in the central nervous system by
measurement of glucose utilization with radioactive deoxyglucose. Journal of
Cerebral Blood Flow & Metabolism. 1981;1:7–36. 

58. Chuquet J, Quilichini P, Nimchinsky EA, Buzsáki G. Predominant enhancement of
glucose uptake in astrocytes versus neurons during activation of the somatosensory
cortex. J. Neurosci. 2010;30:15298–303. 

59. Nehlig A, Wittendorp-Rechenmann E, Lam CD. Selective uptake of [14C]2-
deoxyglucose by neurons and astrocytes: high-resolution microautoradiographic
imaging by cellular 14C-trajectography combined with immunohistochemistry. 
Journal of Cerebral Blood Flow & Metabolism. 2004;24:1004–14.  

60. Pellerin L, Magistretti PJ. Neuroenergetics: calling upon astrocytes to satisfy hungry
neurons. Neuroscientist. 2004;10:53–62.

61. Viollet B, Horman S, Leclerc J, Lantier L, Foretz M, Billaud M, et al. AMPK
inhibition in health and disease. Crit. Rev. Biochem. Mol. Biol. 2010;45:276–95.

62. da Silva Xavier G, Leclerc I, Salt IP, Doiron B, Hardie DG, Kahn A, et al. Role of
AMP-activated protein kinase in the regulation by glucose of islet beta cell gene
expression. Proceedings of the National Academy of Sciences. National Academy of 
Sciences; 2000;97:4023–8.  

63. Leff T. AMP-activated protein kinase regulates gene expression by direct
phosphorylation of nuclear proteins. Biochem. Soc. Trans. 2003;31:224–7.

64. Voss U, Ekblad E. Lipopolysaccharide-induced loss of cultured rat myenteric neurons -
role of AMP-activated protein kinase. Tache Y, editor. PLoS ONE. 2014;9:e114044.



70 

65. Giaroni C, De Ponti F, Cosentino M, Lecchini S, Frigo G. Plasticity in the enteric
nervous system. Gastroenterology. 1999;117:1438–58.

66. Lomax AE, Fernandez E, Sharkey KA. Plasticity of the enteric nervous system during
intestinal inflammation. Neurogastroenterol. Motil. 2005;17:4–15.

67. Schäfer K-H, Van Ginneken C, Copray S. Plasticity and neural stem cells in the enteric
nervous system. Dodson P, Laitman JT, editors. Anat Rec (Hoboken).
2009;292:1940–52. 

68. Brierley SM, Linden DR. Neuroplasticity and dysfunction after gastrointestinal
inflammation. Nat. Rev. Gastroenterol. Hepatol. 2014;11:611–27.

69. Voss U, Sand E, Hellström PM, Ekblad E. Glucagon-like peptides 1 and 2 and
vasoactive intestinal peptide are neuroprotective on cultured and mast cell co-
cultured rat myenteric neurons. BMC Gastroenterol. 2012;12:30. 

70. Lin Z, Sandgren K, Ekblad E. Increased expression of nitric oxide synthase in cultured
neurons from adult rat colonic submucous ganglia. Auton Neurosci. 2004;114:29–38.

71. Rao M, Gershon MD. The bowel and beyond: the enteric nervous system in
neurological disorders. Nat. Rev. Gastroenterol. Hepatol. 2016;13:517–28.

72. De Giorgio R, Camilleri M. Human enteric neuropathies: morphology and molecular
pathology. Neurogastroenterology & Motility. 2004;16:515–31.

73. De Giorgio R, Guerrini S, Barbara G, Stanghellini V, De Ponti F, Corinaldesi R, et al.
Inflammatory neuropathies of the enteric nervous system. Gastroenterology.
2004;126:1872–83. 

74. Törnblom H, Lindberg G, Nyberg B, Veress B. Full-thickness biopsy of the jejunum
reveals inflammation and enteric neuropathy in irritable bowel syndrome.
Gastroenterology. 2002;123:1972–9. 

75. Saffrey MJ. Ageing of the enteric nervous system. Mechanisms of Ageing and
Development. Elsevier; 2004;125:899–906.

76. Thaiss CA, Zmora N, Levy M, Elinav E. The microbiome and innate immunity.
Nature. 2016;535:65–74.

77. Shibolet O, Podolsky DK. TLRs in the Gut. IV. Negative regulation of Toll-like
receptors and intestinal homeostasis: addition by subtraction. Am J Physiol
Gastrointest Liver Physiol. 2007;292:G1469–73. 

78. Hennessy EJ, Parker AE, O'Neill LAJ. Targeting Toll-like receptors: emerging
therapeutics? Nat Rev Drug Discov. 2010;9:293–307.

79. Abreu MT. Toll-like receptor signalling in the intestinal epithelium: how bacterial
recognition shapes intestinal function. Nat Rev Immunol. 2010;10:131–44.

80. Lepur A, Salomonsson E, Nilsson UJ, Leffler H. Ligand induced galectin-3 protein
self-association. J. Biol. Chem. 2012;287:21751–6.

81. Burguillos MA, Svensson M, Schulte T, Boza-Serrano A, Garcia-Quintanilla A,
Kavanagh E, et al. Microglia-Secreted Galectin-3 Acts as a Toll-like Receptor 4
Ligand and Contributes to Microglial Activation. Cell Rep. 2015;10:1626–38. 

82. Lippert E, Stieber-Gunckel M, Dunger N, Falk W, Obermeier F, Kunst C. Galectin-3
Modulates Experimental Colitis. DIG. Karger Publishers; 2015;92:45–53.



71 

83. Papa Gobbi R, De Francesco N, Bondar C, Muglia C, Chirdo F, Rumbo M, et al. A
galectin-specific signature in the gut delineates Crohn's disease and ulcerative colitis
from other human inflammatory intestinal disorders. Biofactors. 2016;42:93–105. 

84. Egan JM, Margolskee RF. Taste cells of the gut and gastrointestinal chemosensation.
Mol. Interv. 2008;8:78–81.

85. Reimann F, Tolhurst G, Gribble FM. G-protein-coupled receptors in intestinal
chemosensation. Cell Metab. 2012;15:421–31.

86. Jarvi O, Keyrilainen O. On the cellular structures of the epithelial invasions in the
glandular stomach of mice caused by intramural application of 20-methylcholantren.
Acta Pathol Microbiol Scand Suppl. 1956;39:72–3. 

87. Hoover B, Baena V, Kaelberer MM, Getaneh F, Chinchilla S, Bohórquez DV. The
intestinal tuft cell nanostructure in 3D. Sci. Rep. 2017;7:1652.

88. Newson B, Ahlman H, Dahlström A, Nyhus LM. Ultrastructural observations in the rat
ileal mucosa of possible epithelial “taste cells” and submucosal sensory neurons.
Acta Physiol. Scand. Blackwell Publishing Ltd; 1982;114:161–4. 

89. Morroni M, Cangiotti AM, Cinti S. Brush cells in the human duodenojejunal junction:
an ultrastructural study. J Anat. 2007;211:125–31.

90. Bezençon C, Fürholz A, Raymond F, Mansourian R, Métairon S, Le Coutre J, et al.
Murine intestinal cells expressing Trpm5 are mostly brush cells and express markers
of neuronal and inflammatory cells. J. Comp. Neurol. 2008;509:514–25. 

91. Sato A. Tuft cells. Anato Sci Int. Springer-Verlag; 2007;82:187–99.
92. Gerbe F, Legraverend C, Jay P. The intestinal epithelium tuft cells: specification and

function. Cell. Mol. Life Sci. SP Birkhäuser Verlag Basel; 2012;69:2907–17.
93. Bezençon C, le Coutre J, Damak S. Taste-signaling proteins are coexpressed in solitary

intestinal epithelial cells. Chem. Senses. Oxford University Press; 2007;32:41–9.
94. Deckmann K, Kummer W. Chemosensory epithelial cells in the urethra: sentinels of

the urinary tract. Histochem. Cell Biol. 2016;146:673–83.
95. Gerbe F, Sidot E, Smyth DJ, Ohmoto M, Matsumoto I, Dardalhon V, et al. Intestinal

epithelial tuft cells initiate type 2 mucosal immunity to helminth parasites. Nature.
2016;529:226–30. 

96. Moltke von J, Ji M, Liang H-E, Locksley RM. Tuft-cell-derived IL-25 regulates an
intestinal ILC2-epithelial response circuit. Nature. 2016;529:221–5.

97. Furness JB, Rivera LR, Cho H-J, Bravo DM, Callaghan B. The gut as a sensory organ.
Nat. Rev. Gastroenterol. Hepatol. 2013;10:729–40.

98. Symonds EL, Peiris M, Page AJ, Chia B, Dogra H, Masding A, et al. Mechanisms of
activation of mouse and human enteroendocrine cells by nutrients. Gut.
2015;64:618–26. 

99. Rehfeld JF, Sun G, Christensen T, Hillingsø JG. The predominant cholecystokinin in
human plasma and intestine is cholecystokinin-33. J. Clin. Endocrinol. Metab.
2001;86:251–8. 

100. Rehfeld JF. Clinical endocrinology and metabolism. Cholecystokinin. Best Pract. Res.
Clin. Endocrinol. Metab. 2004;18:569–86.



72 

101. Rehfeld JF, Friis-Hansen L, Goetze JP, Hansen TVO. The Biology of 
Cholecystokinin and Gastrin Peptides. Current Topics in Medicinal Chemistry. 
2007;7:1154–65.  

102. Yu N, Smagghe G. CCK(-like) and receptors: structure and phylogeny in a 
comparative perspective. Gen. Comp. Endocrinol. 2014;209:74–81.  

103. Fakhry J, Wang J, Martins P, Fothergill LJ, Hunne B, Prieur P, et al. Distribution and 
characterisation of CCK containing enteroendocrine cells of the mouse small and 
large intestine. Cell Tissue Res. 2017;369:245–53.  

104. Louie DS, May D, Miller P, Owyang C. Cholecystokinin mediates feedback 
regulation of pancreatic enzyme secretion in rats. Am. J. Physiol. 1986;250:G252–9.  

105. Gomez G, Upp JR Jr., Lluis F, Alexander RW, Poston GJ, Greeley GH Jr., et al. 
Regulation of the release of cholecystokinin by bile salts in dogs and humans. 
Gastroenterology. W.B. Saunders; 1988;94:1036–46.  

106. Nakamura R, Miyasaka K, Funakoshi A, Kitani K. Interactions between Bile and 
Pancreatic Juice Diversions on Cholecystokinin Release and Pancreas in Conscious 
Rats. Experimental Biology and Medicine. 1989;192:182–6.  

107. Pathak V, Flatt PR, Irwin N. Cholecystokinin (CCK) and related adjunct peptide 
therapies for the treatment of obesity and type 2 diabetes. Peptides. 2018;100:229–
35.  

108. Ekblad E, Sundler F. Distribution of pancreatic polypeptide and peptide YY. 
Peptides. 2002;23:251–61.  

109. Duca FA, Sakar Y, Covasa M. The modulatory role of high fat feeding on 
gastrointestinal signals in obesity. J. Nutr. Biochem. 2013;24:1663–77.  

110. Moriya R, Shirakura T, Hirose H, Kanno T, Suzuki J, Kanatani A. NPY Y2 receptor 
agonist PYY(3-36) inhibits diarrhea by reducing intestinal fluid secretion and 
slowing colonic transit in mice. Peptides. 2010;31:671–5.  

111. Cho H-J, Kosari S, Hunne B, Callaghan B, Rivera LR, Bravo DM, et al. Differences 
in hormone localisation patterns of K and L type enteroendocrine cells in the mouse 
and pig small intestine and colon. Cell Tissue Res. Springer Berlin Heidelberg; 
2014;359:693–8.  

112. Grunddal KV, Ratner CF, Svendsen B, Sommer F, Engelstoft MS, Madsen AN, et al. 
Neurotensin Is Coexpressed, Coreleased, and Acts Together With GLP-1 and PYY in 
Enteroendocrine Control of Metabolism. Endocrinology. 2016;157:176–94.  

113. Gribble FM. The gut endocrine system as a coordinator of postprandial nutrient 
homoeostasis. Proc Nutr Soc. Cambridge University Press; 2012;71:456–62.  

114. Ahrén B, Foley JE. Improved glucose regulation in type 2 diabetic patients with DPP-
4 inhibitors: focus on alpha and beta cell function and lipid metabolism. 
Diabetologia. 2016;59:907–17.  

115. Gershon MD. 5-Hydroxytryptamine (serotonin) in the gastrointestinal tract. Current 
Opinion in Endocrinology, Diabetes and Obesity. 2013;20:14–21.  

116. Mawe GM, Hoffman JM. Serotonin signalling in the gut--functions, dysfunctions and 
therapeutic targets. Nat. Rev. Gastroenterol. Hepatol. 2013;10:473–86.  



73 

117. Kushnir-Sukhov NM, Brown JM, Wu Y, Kirshenbaum A, Metcalfe DD. Human mast
cells are capable of serotonin synthesis and release. J. Allergy Clin. Immunol.
2007;119:498–9.

118. Walther DJ. Synthesis of Serotonin by a Second Tryptophan Hydroxylase Isoform.
Science. 2003;299:76–6.

119. 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;170:185–198.e16.

120. Svensson M, Rosvall P, Boza-Serrano A, Andersson E, Lexell J, Deierborg T. Forced
treadmill exercise can induce stress and increase neuronal damage in a mouse model
of global cerebral ischemia. Neurobiol Stress. 2016;5:8–18.

121. Mracskó É, Hugyecz M, Institóris Á, Farkas E, Bari F. Changes in pro-oxidant and
antioxidant enzyme levels during cerebral hypoperfusion in rats. Brain Research.
2010;1321:13–9.

122. Liu P, Zhang R, Liu D, Wang J, Yuan C, Zhao X, et al. Time-course investigation of
blood-brain barrier permeability and tight junction protein changes in a rat model of
permanent focal ischemia. J Physiol Sci. 2017.

123. West AP, Koblansky AA, Ghosh S. Recognition and signaling by toll-like receptors.
Annu. Rev. Cell Dev. Biol. 2006;22:409–37.

124. Gomariz RP, Arranz A, Abad C, Torroba M, Martínez C, Rosignoli F, et al. Time-
course expression of Toll-like receptors 2 and 4 in inflammatory bowel disease and
homeostatic effect of VIP. J Leukoc Biol. 2005;78:491–502.

125. Arranz A, Abad C, Juarranz Y, Torroba M, Rosignoli F, Leceta J, et al. Effect of VIP
on TLR2 and TLR4 expression in lymph node immune cells during TNBS-induced
colitis. Ann. N. Y. Acad. Sci. 2006;1070:129–34.

126. Grundy D. 5-HT system in the gut: roles in the regulation of visceral sensitivity and
motor functions. Eur Rev Med Pharmacol Sci. 2008;12 Suppl 1:63–7.

127. Bertrand PP, Bertrand RL. Serotonin release and uptake in the gastrointestinal tract.
Auton Neurosci. Elsevier; 2010;153:47–57.

128. Ogata T. Bicarbonate secretion by rat bile duct brush cells indicated by
immunohistochemical localization of CFTR, anion exchanger AE2, Na+/HCO3 -
cotransporter, carbonic anhydrase II, Na+/H+ exchangers NHE1 and NHE3, H+/K+-
ATPase, and Na+/K+-ATPase. Med Mol Morphol. 2006;39:44–8.

129. Akimori T, Hanazaki K, Okabayashi T, Okamoto K, Kobayashi M, Ogata T.
Quantitative distribution of brush cells in the rat gastrointestinal tract: brush cell
population coincides with NaHCO3 secretion. Med Mol Morphol. Springer Japan;
2011;44:7–14.

130. Nakamura K, Sato T, Ohashi A, Tsurui H, Hasegawa H. Role of a serotonin precursor
in development of gut microvilli. Am. J. Pathol. 2008;172:333–44.

131. Nakamura K, Hasegawa H. Production and Peripheral Roles of 5-HTP, a Precursor of
Serotonin. Int J Tryptophan Res. 2009;2:37–43.

132. Gershon MD. 5-Hydroxytryptamine (serotonin) in the gastrointestinal tract. Current
Opinion in Endocrinology & Diabetes and Obesity. 2013;20:14–21.



74 

133. Minderhoud IM, Oldenburg B, Schipper MEI, Linde ter JJM, Samsom M. Serotonin
synthesis and uptake in symptomatic patients with Crohn's disease in remission. Clin.
Gastroenterol. Hepatol. 2007;5:714–20.

134. Ghia J-E, Li N, Wang H, Collins M, Deng Y, Sharkawy El RT, et al. Serotonin has a
key role in pathogenesis of experimental colitis. Gastroenterology. 2009;137:1649–
60.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        14.173230
        14.173230
        14.173230
        14.173230
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




