THE IMPACT OF GENETIC BACKGROUND AND RESOLVED
INFECTION WITH TRICHURIS MURIS ON THE ENTERIC
NERVOUS SYSTEM IN MICE

A thesis submitted to The University of Manchester for the degree of
Doctor of Philosophy
in the Faculty of Biology, Medicine and Health

2017

VICTORIA J KINSLEY

SCHOOL OF BIOLOGICAL SCIENCES/ Division of Neuroscience and
Experimental Psychology

List of Contents
List of Tables

9

List of Figures

10

Abstract

13

Declaration

14

Copyright Statement

15

List of Abbreviations

16

Acknowledgements

18

Dedication

19

Chapter 1 Introduction

20

1.1 The gut nervous system, the immune system and the microbiome

21

1.2 The nervous system and the gastro intestinal tract-

21

1.2.1 Organisation and anatomy

21

1.2.2 Enteric neuronal subsets

26

1.2.3 Enteric glial cells

29

1.2.4 Absorption and motility

30

1.3 The role of genetics in the ENS

32

1.4 Innervation and disease

33

1.4.1 Neurogenesis

34

1.4.2 Factors affecting innervation

35

1.5 The neuro-immune link

41

1.5.1 Effects of the immune response on the nervous system

41

1.5.2 Effects of the nervous system on the immune response

42

1.6 Mechanisms of neuropathy

44

1.7 Trichuris muris as a model of gut inflammation

47

1.8 In summary

47

Hypothesis

49

Aims

49

Chapter 2 Methods and Materials

51

2.1 Animals

52

2.2 Parasites

52

2.3 Antihelminthic Treatment

52

2.4 Measurement of gut physiology

53
2

2.4.1 Weight measurement

53

2.4.2 Food and water intake

53

2.4.3 Transit time

53

2.4.4 Faecal pellet number, length and water content

53

2.4.5 Measurement of gut length

54

2.4.6 Measurement of gut contractility

54

2.5 Gut samples- tissue preparation

54

2.6 Histology

55

2.6.1 Paraffin embedded tissue

55

2.6.1.1 Haemotoxylin and Eosin staining

56

2.6.1.2 Sevier-Munger silver stain

56

2.6.1.3 Luxol fast blue stain

56

2.6.1.4 Picrosirius red stain

56

2.7 Immunofluorescence

57

2.8 Recipes

57

2.9 Microscopy

58

2.10 Statistics

59

Chapter 3 There are differences in gut physiology between the AKR and C57BL/6
mouse strains that are likely to reflect variation within the enteric nervous system 60
3.1 Introduction

61

3.2 Weight gain and gut length

63

3.2.1 Strain of mouse affected weight gain

63

3.2.2 Strain of mouse did not affect length of the small or large intestine

63

3.3 Total muscle and longitudinal muscle depth

63

3.3.1 Significant differences in total muscle depth in the jejunum and in longitudinal
muscle depth in the jejunum and colon between strains

63

3.4 Food and water intake, faecal pellet number and length

63

3.4.1 Effect of mouse strain on food and water intake

63

3.4.2 Mouse strain had an inconsistent effect on faecal pellet number

64

3.4.3 Mouse strain affected faecal pellet length

64

3.5 Faecal water content

68

3.5.1 Mouse strain did not have any effect on faecal water content

68

3.6 Comparison of transit time

68

3.6.1 Mouse strain affected transit time

68

3.7 No link between transit time and water content.

69

3.8 Motility of the colon

71
3

3.8.1 No strain specific significant differences in spontaneous gut motility was found
71
3.9 Dose response to acetylcholine receptor agonist concentration

71

3.9.1 Strain specific significant difference in initial increase in gut tension following
administration of carbachol 1μM

71

3.10 Acetylcholine receptor agonism and gut motility; carbachol.

72

3.10.1 No strain specific significant difference in gut motility following administration
of carbachol (0.1μM)

72

3.10.2 No strain specific significant difference in gut motility following administration
of carbachol (1μM)

72

3.10.3 Strain specific significant difference in average tension of gut contraction
following administration of carbachol (10μM)

72

3.11 TRPV1 receptor agonism and gut motility

78

3.11.1 No strain specific significant difference in gut motility following administration
of capsaicin (0.1μM, 1μM and 10μM)

78

3.12 Discussion

80

3.12.1 Genetic influence has some consistent effects on gut anatomy and
physiology

80

3.12.2 Genetic influence affects muscle contractility within the proximal colon

81

Chapter 4 Immunofluorescence and histochemical investigation revealed some
differences in the enteric nervous system of the colon between the AKR and
C57BL/6 mouse strains

84

4.1 Introduction

85

4.2 Immunofluorescence in the jejunum and colon

88

4.2.1 Variation in neurons identified within the gut with different ‘pan neuronal’
markers

88

4.3 Beta III tubulin immunofluorescence in the submucosal plexus and lamina
propria

88

4.3.1 No significant difference in beta III tubulin immunofluorescence in submucosal
plexus and lamina propria in the jejunum or colon between strains

88

4.4 Beta III tubulin immunofluorescence in the myenteric plexus

88

4.4.1 No significant difference in beta III tubulin immunofluorescence in the
myenteric plexus in the jejunum or colon between strains

88

4.5 ‘Pan neuronal’ antibody immunofluorescence in the submucosal plexus and
lamina propria

95
4

4.5.1 No significant difference in pan neuronal antibody immunofluorescence in the
submucosal plexus and lamina propria in the jejunum or colon between strains

95

4.6 Sevier-Munger technique silver stain in the submucosal plexus and lamina
propria

95

4.6.1 No significant difference in Sevier-Munger technique silver stain in
submucosal plexus and lamina propria in the jejunum between strains

95

4.6.2 Strain specific difference in Sevier-Munger technique silver stain in
submucosal plexus and lamina propria in the colon

95

4.7 Comparison of beta III tubulin immunofluorescence and Sevier-Munger silver
stain technique

96

4.7.1 Variation in nerves identified with beta III tubulin immunofluorescence and
Sevier-Munger silver stain technique in serial sections of the colon

96

4.8 Luxol Fast Blue stain in the colon

103

4.8.1 Luxol Fast Blue did not visualise neurons in the enteric nervous system

103

4.9 Picrosirius red stain in the colon

103

4.9.1 No apparent difference in collagen fibres identified with Picrosirius red
collagen stain between strains in the colon

103

4.10 Discussion

106

4.10.1 Difficulties in establishing a reliable pan neuronal marker within the gut

106

4.10.2 Evidence of influence of genetic background on enteric nervous system 108
Chapter 5 There are differences in the gut physiology in C57BL/6 mice on return to
health following resolution of high/low dose Trichuris muris infection that are likely to
reflect differences within the enteric nervous system post infection

110

5.1 Introduction

111

5.2 Weight gain and gut length

115

5.2.1 Infection affected weight gain at day 35 post infection

115

5.2.2 Dose of infection did not consistently affect length of the small or large
intestine

115

5.3 Muscle, submucosa and crypt measurements and infection

115

5.3.1 Infection affected crypt depth, submucosal depth and muscle thickness in the
colon

115

5.4 Food and water intake, faecal pellet number and length

116

5.4.1 Effect of infection on food and water intake

116

5.4.2 Effect of resolved infection on faecal pellet number

117

5.4.3 Mebendazole treatment affected faecal pellet length in naive animals

117

5.5 Faecal water content

121
5

5.5.1 Resolved infection did not have any effect on faecal water content

121

5.6 Comparison of transit time

121

5.6.1 Resolved infection and mebendazole treatment affected transit time

121

5.7 Link between transit time and water content.

122

5.8 Motility of the colon

125

5.8.1 No significant differences in spontaneous gut motility related to resolution of
infection was found

125

5.9 Alpha 7 acetylcholine receptor agonism and gut motility

125

5.9.1 No significant difference in gut motility related to resolution of infection
following administration of PNU 282987 (0.1μM, 1μM, 10μM, 20μM)

126

5.10 Discussion

134

5.10.1 There are some consistent effects on gut physiology following resolution of
infection

134

5.10.2 Resolution of infection has inconsistent effects on gut motility and expression
of a neuro-immune receptor

136

Chapter 6 Immunofluorescence and histochemical investigation revealed some
differences in the enteric nervous system of the colon in the C57BL/6 mice during
and post infection with high/low dose Trichuris muris infection

138

6.1 Introduction

139

6.2 Beta III tubulin immunofluorescence in the submucosal plexus and lamina
propria; day 21 post infection

142

6.2.1 No significant difference in beta III tubulin immunofluorescence in submucosal
plexus and lamina propria in the jejunum or colon between groups

142

6.3 PGP 9.5 immunofluorescence in the submucosal plexus and lamina propria; day
21 post infection

142

6.3.1 Significant upregulation in PGP 9.5 immunofluorescence in the high dose
group in the submucosal plexus and lamina propria of the colon

142

6.4 Beta III tubulin immunofluorescence in the submucosal plexus and lamina
propria; day 45 post infection

143

6.4.1 Significant downregulation of beta III tubulin immunofluorescence in the high
dose group in the submucosal plexus and lamina propria of the colon

143

6.5 PGP 9.5 immunofluorescence in the submucosal plexus and lamina propria; day
45 post infection

143

6.5.1 No significant difference in PGP 9.5 immunofluorescence in the submucosal
plexus and lamina propria in the colon between groups

143
6

6.6 GFAP and S100β immunofluorescence in the submucosal plexus and lamina
propria; day 21 post infection

147

6.6.1 No significant difference in GFAP immunofluorescence in the submucosal
plexus and lamina propria in the jejunum and colon between groups

147

6.6.2 No significant difference in S100β in the submucosal plexus and lamina
propria in the jejunum and colon between groups

147

6.7 NOS immunofluorescence in the submucosal plexus and lamina propria; day 21
post infection

147

6.7.1 Significant differences in NOS immunofluorescence in the submucosal plexus
and lamina propria in the colon between groups

147

6.8 GFAP and S100β immunofluorescence in the submucosal plexus and lamina
propria; day 45 post infection

151

6.8.1 No significant difference in GFAP immunofluorescence in the submucosal
plexus and lamina propria in the jejunum and colon between groups

151

6.8.2 No significant difference in S100β in the submucosal plexus and lamina
propria in the jejunum and colon between groups

151

6.9 NOS immunofluorescence in the submucosal plexus and lamina propria; day 45
post infection

151

6.9.1 No significant difference in NOS immunofluorescence in the submucosal
plexus and lamina propria in the colon between groups

151

6.10 Luxol Fast Blue stain of colonic enteric neurons

153

6.10.1 Luxol Fast Blue stain did not clearly visualise any quantifiable difference in
neurons in the enteric nervous system between groups

153

6.11 Discussion

155

6.11.1 Differences in immunofluorescence between groups

155

6.11.2 Differences in NOS expression between groups during infection

156

Chapter 7 Discussion

159

7.1 Discussion

160

7.2 Measuring differences between groups within the ENS-physiology

162

7.2.1 Genetic background, but not resolved infection, influenced weight gain in mice
162
7.2.2 Genetic background and resolved infection did not affect length of the small or
large intestine

164

7.2.3 Genetic background and resolved infection affected muscle thickness in the
gut in mice

165

7.2.4 Genetic background and resolved infection affected faecal transit time

166
7

7.2.5 Genetic background and resolved infection had inconsistent effects on gut
contractility

168

7.2.6 Genetic background, but not resolved infection affected faecal pellet length in
mice

169

7.2.7 Resolved infection but not genetic background affected faecal water content
172
7.3 Influence of genetic background and resolved infection on the ENS; histological
and immunofluorescence studies

173

7.3.1 Upregulation of NOS during infection is immune profile dependent

174

7.3.2 No difference in S100β or GFAP positive enteric glial cells during or following
infection with a high or low dose of T.muris

175

7.4 Identification of neurons within the gut- problems and pitfalls

175

7.5 Future work

177

7.6 Wider implications

179

References

181

Word count- 55,091

8

List of Tables
Chapter 3
3.1
Chapter 5
5.1

Average faecal water content

68

Average faecal water content

121

9

List of Figures
Chapter 1
Figure 1.1
Figure 1.2
Chapter 2
Figure 2.1
Chapter 3
Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6
Figure 3.7
Figure 3.8

Figure 3.9
Figure 3.10
Figure 3.11
Figure 3.12
Chapter 4
Figure 4.1
Figure 4.2

Figure 4.3

Figure 4.4
Figure 4.5
Figure 4.6

Hierarchy of neural control in the gut
Cross section of the gut wall

23
25

Longitudinal sectioning of gut snips

55

Comparison of weight and gut length between the AKR and
C57BL/6 strains
Significantly thicker total muscle in the jejunum and
longitudinal muscle in the colon in the C57BL/6 mouse strain
Measurement of food and water intake, faecal pellet number
and length
Average faecal water content
Significantly longer transit time in AKR mice than C57BL/6
mice
Variations in water content and transit time
No significant difference between AKR and C57BL/6 mice in
spontaneous motility of the proximal colon
Significantly greater effect of carbachol administration (1μM)
on tension of the colon in the AKR mouse strain than the
C57BL/6 mouse strain
No significant difference between strains following
administration of carbachol 0.1μM
No significant difference between strains following
administration of carbachol 1μM
Significant increased average tension per event in the AKR
mouse strain following administration of carbachol 10μM
No difference between strains following administration of
capsaicin (0.1μM, 1μM and 10μM)
Variation in nerves in the intestine demonstrated with pan
markers via immunofluorescence
No strain specific significant difference in beta III tubulin
immunofluorescence in the submucosal plexus and lamina
propria of the jejunum
No strain specific significant difference in beta III tubulin
immunofluorescence in the submucosal plexus and lamina
propria of the colon
No strain specific significant difference in beta III tubulin
immunofluorescence in the myenteric plexus of the jejunum
No strain specific significant difference in beta III tubulin
immunofluorescence in the myenteric plexus of the colon
No strain specific significant difference in ‘Pan neuronal’
antibody (beta III tubulin, NEFM, NeuN, MAP2)
immunofluorescence in the submucosal plexus and lamina
propria of the jejunum

65
66
67
69
70
70
73

74
75
76
77
79

90

91

92
93
94

97
10

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10
Figure 4.11

Figure 4.12

Figure 4.13
Figure 4.14
Chapter 5
Figure 5.1
Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7
Figure 5.8
Figure 5.9
Figure 5.10

Figure 5.11

No strain specific significant difference in ‘Pan neuronal’
antibody (beta III tubulin, NEFM, NeuN, MAP2)
immunofluorescence in the submucosal plexus and lamina
propria of the colon
No strain specific significant difference in Sevier-Munger
technique silver stain in the submucosal plexus and lamina
propria of the jejunum
Significantly increased staining in C57BL/6 mice using the
Sevier-Munger technique silver stain in the submucosal plexus
and lamina propria of the colon
Strain specific differences in Sevier-Munger technique silver
stain in the submucosal plexus and lamina propria of the colon
Variation in Sevier-Munger technique silver stain within the
same section in the submucosal plexus and lamina propria of
the colon
Variation in nerves identified with the Sevier-Munger silver
stain technique and beta III tubulin antibodies in serial sections
of the submucosal plexus and lamina propria of the colon
Luxol Fast Blue stain in the colon
Picrosirius red stain in the colon
Weight of C57BL/6 mice infected with high or low dose
Trichuris muris and a naive control group
Small and large intestinal length shown for C57BL/6 mice
infected with Trichuris muris at a high dose, low dose and a
naive control group
Significant difference in pathology in the colon of C57BL/6
mice infected with Trichuris muris at a high dose, low dose and
a naive control group
Measurement of food and water intake, faecal pellet number
and length in C57BL/6 mice infected with Trichuris muris at a
high dose, low dose and a naive control group
Average faecal water content for C57BL/6 mice infected with
Trichuris muris at a high dose, low dose and two naive control
groups
Resolved infection and treatment with mebendazole affected
transit time in C57BL/6 mice infected with Trichuris muris at a
high dose, low dose and two naive control groups at day 56
post infection
Increased transit time associated with increased water content.
Spontaneous motility of the colon
Spontaneous motility of the colon.
Comparison of spontaneous motility and administration of PNU
282987 (0.1μM, 1μM, 10μM and 20μM) on tension of the colon
in C57BL/6 mice infected with Trichuris muris at a high dose,
low dose and a naive control group at day 56 post infection
Effect of alpha 7 nicotinic acetylcholine receptor agonism on

98

99

100
101

101

102
104
105

116

118

119

120

123

124
124
127
128

129

11

Figure 5.12
Figure 5.13
Figure 5.14
Chapter 6
Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5
Figure 6.6
Figure 6.7

the proximal colon (PNU 282987 0.1μM)
Effect of alpha 7 nicotinic acetylcholine receptor agonism on
the proximal colon (PNU 282987 1μM)
Effect of alpha 7 nicotinic acetylcholine receptor agonism on
the proximal colon (PNU 282987 10μM)
Effect of alpha 7 nicotinic acetylcholine receptor agonism on
the proximal colon (PNU 282987 20μM)
No significant difference in beta III tubulin immunofluorescence
in the submucosal plexus and lamina propria of the jejunum
and colon in C57BL/6 mice infected with Trichuris muris at a
high dose, low dose and a naive control group at day 21 post
infection
Significant upregulation of PGP 9.5 immunofluorescence in the
high dose group in submucosal plexus and lamina propria of
the colon
Significant downregulation of beta III tubulin
immunofluorescence in the high dose group in submucosal
plexus and lamina propria of the colon at day 45 post infection.
No significant difference between groups in GFAP and S100β
immunofluorescence in the submucosal plexus and lamina
propria of the jejunum and colon at day 21 post infection
Significant differences in NOS immunofluorescence in the
submucosal plexus and lamina propria of the colon
No significant differences in NOS immunofluorescence in the
submucosal plexus and lamina propria of the colon
Luxol Fast Blue stain in the colon.

130
131
132
133

144

145

146

149
150
152
154

12

Abstract
The University of Manchester
Victoria J Kinsley
A thesis submitted to The University of Manchester for the degree of
Doctor of Philosophy in the Faculty of Biology, Medicine and Health
The impact of genetic background and resolved infection with Trichuris
muris on the enteric nervous system in mice.
20th September 2017
Introduction
The gastrointestinal tract is so extensively innervated that it has been
referred to as the 'mini brain' and can function independently of central
nervous system control. It is also well known that there is a bidirectional link
between the immune system and the nervous system that can affect
response to pathogenic invasion. Despite the potential importance of the
neuro-immune link in susceptibility to gut disease, the impact of host
genetics and resolved infection on the enteric neural map is poorly
understood. We investigated these factors using two mouse strains with
known differences in peripheral nervous innervation (AKR and C57BL/6) and
resolved infection with a Th1 or Th2 immune profile in the resistant C57BL/6
strain following infection with a high (Th2) or low (Th1) dose of Trichuris
muris
Materials and Methods
We measured gross and microscopic anatomical features, such as gut length
and muscle thickness, faecal pellet parameters such as number, weight,
length, water content and transit time, and neuroreceptor expression, to
examine differences between groups in gut physiology. Enteric neuronal
density was quantified using histological and immunohistochemical
techniques. Due to potential impact on neuronal cell survival, enteric glial
cell number and nOS expression was quantified in infection groups.
Results
We identified significant differences in gut transit time, faecal pellet length
and enteric neuronal density between AKR and C57BL/6 mouse strains. We
also identified significant differences in transit time, faecal water content and
enteric neuronal density in C57BL/6 mice following resolution of infection.
Conclusion
Results suggest that genetic background and resolved infection affect gut
physiology and enteric neuronal density. This may be reflected in a human
population affecting susceptibility to and recovery from infection-driven
pathology.
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Chapter 1
Introduction

20

1.1 The gut nervous system, the immune system and the
microbiome
The nervous system, the immune system and the gut microbiome are vital in
maintaining and sustaining a healthy functioning body. The nervous system acts as
the main control centre of the body. The immune system combats pathogenic
challenge and disease.

The microbiome contributes towards a healthy gut

environment. Each of these individual systems are required for normal function and
maintenance of health. It is now emerging that these three body systems may be
related and indeed, that each may be capable of influencing the others. This insight
offers novel ideas about health, our understanding of immune challenge and
subsequent recovery from gastro-intestinal disease and thereby contributing to an
explanation of the wide variations found in susceptibility to disease between
individuals of the same species. Here we aim to investigate the physiology and
anatomy of the neural network of the gut in different strains of mouse and in the
same strain of mouse following resolution of infection with two differing immune
profiles (T helper 1 and T helper 2). It could be that enteric neural physiology and
anatomy is predetermined by genetic factors that may vary between different strains
of the same species, and this neural map may be altered epigenetically throughout
life by environmental factors such as stress, ageing and the microbiome. If the
neural network is linked with the immune response, environmental factors that
change the neural map in the gut, such as previous infection, may therefore change
host response to gastro-intestinal challenge. If this is the case, this research could
greatly further our understanding of the influence of any variation within the enteric
nervous system and possible implications of this on normal gut function, immune
response and in disease susceptibility.

1.2 The nervous system and the gastro intestinal tract1.2.1 Organisation and anatomy
The nervous system consists of the central nervous system (CNS) - brain, spinal
cord, retina and cranial nerves, and the peripheral nervous system (PNS) - nerves
and ganglia outside of the spinal cord communicating with the CNS (Figure 1.1).
The somatic division of the PNS regulates movement whilst the autonomic division
of the PNS, the autonomic nervous system (ANS) can be subdivided into the
21

sympathetic, parasympathetic and enteric systems; this controls involuntary,
automated processes such as heart rate and blood pressure (Wood et al., 1999).
The sympathetic branch of the ANS is associated with the ‘fight or flight’ response
and

utilises

the

noradrenergic

pathway

(Ulrich-Lai

and

Herman,

2009).

Postganglionic nerve fibres release epinephrine and norepinephrine; this binds with
adrenoreceptors and can result in increased heart rate, vasodilatation in muscles
and vasoconstriction in the gut (Elenkov et al., 2000). Sympathetic nerve fibres
have been identified in several areas of the gastro intestinal (GI) tract, notably much
of the colon (Mackner et al., 2011).

The parasympathetic branch of the ANS

controls biological functions such as return of heart rate to normal following activity,
hormone secretion, digestion and gut peristalsis, also known as ‘rest and digest’
activities (van der zanden et al., 2009) via the vagus nerve following release of
acetylcholine and activation of the cholinergic pathway (Felten et al., 1988;
Borovikova et al., 2000). Parasympathetic nerve fibres have been identified in the
GI tract including the stomach, small intestine and proximal colon (van der zanden
et al., 2009). The enteric nervous system (ENS) is sometimes known as the gut
minibrain (Wood, 1994); it possesses sensory and motor neurons capable of
controlling reflex actions such as bloodflow, secretion and GI motility (Blackshaw et
al., 2007) independently of the CNS (Schemann et al., 2001).
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Muscle/mucosa/vasculature/
immune system

Enteric nervous system

Parasympathetic and Sympathetic
nervous systems

Effector level

Control level 1

Control level 2

Autonomic nervous system

Central nervous system

Control level 3

Figure 1.1 Hierarchy of neural control in the gut. The first level of control is the
enteric nervous system capable of operating independently and considered a
division of the ANS. The parasympathetic and sympathetic nervous systems are
the second level of control conveying information to and from the CNS. Higher
brain centres of the CNS coordinate integrative functions (adapted from Straub et
al., 2006).

The gastrointestinal (GI) tract is the site of digestion, responsible for absorption of
nutrients, water and electrolytes and removal of waste; it is a muscular tube lined
with a mucous membrane roughly 9 metres in length in humans that passes from
the mouth to the anus. It consists of the mouth, pharynx, oesophagus, stomach, the
small intestine (duodenum, jejunum and ileum) and large intestine (caecum, colon,
rectum, and anus) (Gray, 1918). The microscopic anatomy of the GI tract varies
slightly from region to region; for the purposes of this report we will focus on gut
anatomy within the small and large intestine. The outer layer of the gut, the serosa,
consists of connective tissue. Underneath this lies the muscularis consisting of
longitudinal and circular muscle. We then find the submucosa consisting of
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connective tissue, lymph and blood vessels. The final layer of the gut wall prior to
the lumen is the mucosa and includes the muscularis mucosae, lamina propria and
epithelium, the barrier between the gut contents and host. In the small intestine, the
epithelial surface is folded into finger like projections known as villi; this maximises
gut surface area for nutrient absorption (Gelberg, 2014). Enteric ganglionated nerve
plexuses can be found within the myenteric plexus (located between the circular
and longitudinal muscle) and submucosal plexus (located between the mucosa and
circular muscle) with axonal projections directed towards the epithelial surface
(Figure 1.2). As with any mucosal membranous surface, the gut is lined with a layer
of mucous which forms a physical barrier over the delicate epithelial surface
protecting against potential damage from luminal contents and microbial invasion;
within this layer the symbiotic commensal gut bacteria that comprise the microbiome
can be found (Lennon et al., 2014).
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Figure 1.2 Cross section of the gut wall. The outer layer of the gut is the serosa,
followed by the muscularis, submucosa and mucosa before reaching the
epithelium, the barrier between the gut contents and host. Nerve cell bodies can be
found within the myenteric plexus that lies between the longitudinal and circular
muscle, and the submucosal plexus found beneath the mucosa, with axonal
projections branching towards the epithelial surface.

25

1.2.2 Enteric neuronal subsets
Neurons innervating the gut have been divided into several subsets; within these
subsets, there are distinctions based on morphology and polarisation. For instance,
the majority of neurons are described as Dogiel type I or type II; the former are
uniaxonal whereas the latter have many processes (Metzger, 2010). Neurons have
also been divided into S (synaptic) and AH (after hyperpolarisation) categories (Hirst
et al., 1974).

S neurons have high synaptic output with a short after

hyperpolarisation potential, are usually of the Dogiel type I morphology and have
been identified within the myenteric plexus (Hirst et al., 1974; Smith et al., 1992;
Smith et al., 1999). AH neurons have one large action potential with a long after
hyperpolarisation potential, are usually of the Dogiel type II morphology and
respond to changes in chemistry and contractility (Hirst et al., 1974; Neunlist et al.,
1999; Kunze et al., 1999).

1.2.2.1 Extrinsic and intrinsic innervation
Extrinsic innervation, subdivided into sympathetic and parasympathetic, has been
found throughout the gut and is vital in maintenance of normal function (Chen et al.,
2015).

Sympathetic efferent stimulation downregulates gut function affecting

motility and absorption allowing blood flow to be redirected from the gut, possibly to
support a ‘fight or flight’ situation (Lomax et al., 2010). Preganglionic sympathetic
neurons project from the intermediolateral column of the spinal cord and form
synapses with postganglionic sympathetic neurons within the prevertebral and
paravertebral ganglia (Jänig, 1988); these neurons then project to the myenteric and
submucosal plexuses of the intestine where they influence the action of intrinsic
enteric neurons (Lomax et al., 2010). Parasympathetic afferent innervation conveys
information regarding satiety, defaecation, chemical or noxious stimuli and pain from
the gut to the CNS (Moynes et al., 2014; Brookes et al., 2016). Parasympathetic
cell bodies located within either the nodose or jugular ganglions project to the
gastrointestinal system via the vagus nerve, innervating mainly the upper GI tract,
with little presence in the colon (Moynes et al., 2014). However, parasympathetic
afferent innervation has been identified in both the distal colon and rectum from cell
bodies located within pelvic ganglia (Chen et al., 2015).

Intrinsic innervation

regulates blood flow, secretion and motility, is primarily cholinergic and has been
subdivided into several subsets including intestinofugal afferent neurons (IFANs)
(Lomax and Furness, 2000), intrinsic primary afferent neurons (IPANs) (Kunze et
al., 1999), rapidly adapting mechanosensitive enteric neurons (RAMENs) (Mazzuoli
and Schemann, 2009) and colospinal or rectospinal afferent neurons (Suckow and
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Caudle, 2008). IPANS, located in both the myenteric and submucosal plexuses
with projections to the villi, respond to changes in chemistry or motility to regulate
enteric reflexes by co-ordinating with interneurons and motor neurons (Moynes et
al., 2014; Costa et al., 2000).

1.2.2.2 Nitrergic and cholinergic neurons
Neurons located in the myenteric plexus are thought to be involved in reflex
mechanosensory regulation of GI muscles whereas neurons within the submucosal
plexus are believed to control mucosal vaso/secretomotor processes and smooth
muscle contractility (Lomax and Furness, 2000; Phillips and Powley, 2007).
Neurons within the myenteric plexus have been categorised as either cholinergic
(producing acetylcholine) or nitrergic (producing nitric oxide) (Mann et al., 1999);
however, some colocalisation between nadph-d and acetylcholinesterase in enteric
neurons of chicks has been identified that appeared to decrease with age,
suggesting these two subsets of neurons are not consistently mutually exclusive
(Cserni et al., 2007).

In relation to gastrointestinal motility, nitric oxide (NO) is

inhibitory and acetylcholine is excitatory (Nishiyama et al., 2014; Fornai et al.,
2016).

The neurotransmitter acetylcholine and lachykinin Substance P are

associated with increased intestinal motility whilst NO regulates non cholinergic, non
adrenergic relaxation; incubation with a nitric oxide synthase (NOS) inhibitor
resulted in increase in gut tension in human and rat studies (Maggi et al., 1991;
Calignano et al., 1992).
Both acetylcholine and nitric oxide have been associated with inflammation during
an immune response.

Acetylcholine is the natural ligand of the alpha seven

nicotinic acetylcholine receptor; stimulation of this receptor, present on neurons and
many types of immune cell, disrupts translocation of nuclear factor κ beta (NFκB) to
the nucleus during an inflammatory response, reducing production of proinflammatory cytokines, such as IFNγ and TNFα. This is known as the cholinergic
anti-inflammatory pathway (Tracey, 2002).

Nitric oxide is involved in the

pathophysiology of several conditions including autoimmunity, degenerative
diseases and infection and it is known that several cells of the immune system both
produce and respond to NO; however, its involvement in the immune response is
still poorly understood (Tripathi, 2007; Bogdan, 2001). We will further examine the
involvement of the sympathetic and parasympathetic nervous systems and
associated neurotransmitters in the immune response later within this chapter.
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1.2.2.3 Neuropeptide expression
Several neuropeptides have been identified and associated with enteric neuronal
subsets including Substance P (SP), vasoactive intestinal peptide (VIP) and
calcitonin gene related peptide (CGRP) (Hens et al., 2001; Brookes, 2001); there is
known plasticity in expression of neuropeptides within the enteric nervous system
(Ekblad and Bauer, 2004) and these neuropeptides are capable of influencing the
immune response (Parkman et al., 1993; Ma and Szurszewski, 1996)
In the guinea pig intestine receptors for SP have been identified on epithelial cells
and on VIP expressing submucosal neurons (Keast et al., 1985). SP was found to
increase VIP levels in the small intestine in a feline model; this effect was mitigated
by administration of the nicotinic receptor agonist hexamethonium or fast sodium
channel blocker tetrodotoxin suggesting SP may act via cholinergic nerves or ion
channels (Brunsson et al., 1995). However in the feline colon hexamethonium did
not affect the contraction and vasodilatation caused by SP suggesting a
noncholinergic mechanism of action in this area (Hellström et al., 1991). SP is
involved in nociception (Mello et al., 2007) and has been linked with psychiatric
conditions following identification of increased levels found in patients suffering from
anxiety and stress (Geracioti et al., 2006).

In the GI tract SP is implicated in

vasodilation, secretion of electrolytes and water into the lumen (Kuwahara and
Cooke, 1990), excitation and contraction (Barthó et al., 1994).
VIP is associated with secretion, relaxation and vasodilation; increased VIP levels
and subsequent vasodilation was found in the rectum following stimulation of the
pelvic nerve (Andersson et al., 1983). VIP has been found to be neuroprotective in
the ENS; mice with trinitrobenzenesulfonic-acid (TNBS) induced colitis treated with
VIP showed reduced pathology attributed to reduction in inflammation caused by
downregulation of inflammatory cytokines such as TNFα and IL-6 and increased IL10 levels (Abad et al., 2003). VIP also induces release of growth factors (e.g.
neurotrophin 3) and inhibits neuronal cell death (Sandgren et al., 2003). Perhaps as
a result of this, overexpression of VIP and VIP receptors has been found in many
cancer cell lines including carcinomas, breast cancer tissue samples and
metastases; VIP was able to further increase its own secretion when added to
human breast cancer cells (Valdehita et al., 2010).
CGRP is commonly found alongside SP or acetylcholine (Rosenfeld et al., 1983;
Wimalawansa, 2001).

It is important in secretion, nociception and vasodilation

(Arulmani et al., 2004; Straub et al., 2006). CGRP is released following stimulation
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of transient receptor potential vanilloid 1 (TRPV1), which responds to capsaicin,
heat (>43°C), acidity, lipids and is considered important in nociception (Assas et al.,
2014); TRPV1 knockout mice were less sensitive to colonic distension than wild
type mice (Jones et al., 2005). In the CNS, CGRP has been shown to increase
release of SP and modulate release of and response to acetylcholine via
upregulation of acetylcholine receptors (Oku et al., 1987; Rossi et al., 2003). The
role of CGRP in the immune response has yet to be fully elucidated, however, it is
known that many immune cells, including T cells, B cells, monocytes and
macrophages, can both produce and respond to CGRP (Engel et al., 2011; Assas et
al., 2014); exposure of murine endothelial cells to CGRP in culture skewed T cells
towards a Th17 lineage and decreased interferon γ (IFNγ) production (Ding et al.,
2016) and CGRP increased tumour necrosis factor α (TNFα) production by mast
cells (Niizeki et al., 1997). Administration of CGRP was found to be protective in a
TNBS model of colitis in rats; interestingly, this effect was abolished by vagotomy
(Mazelin et al., 1999). Some research has been unable to find any difference in
CGRP levels between patients with ulcerative colitis and a control group (Renzi et
al., 1998); however, more recently, reduced CGRP levels were identified as a
potential marker for ulcerative colitis (Li et al., 2013).
It is clear that these neuropeptides fulfil a role in normal gut function; however,
current evidence suggests each peptide also has a role, though currently poorly
understood, in the neuro-immune link. Therefore, any variation in these factors
could influence susceptibility and response to disease.

1.2.3 Enteric glial cells
Enteric neuronal cell bodies in ganglia, interganglionic processes and synapses are
surrounded by enteric glial cells; the function of these cells is not yet clearly
understood, however they are up to four times higher in number than neurons and
have been compared with astrocytes in the CNS (Bassotti et al., 2007). Enteric glial
cells are important in functional support and maintenance of enteric neurons, but
can also influence neuromediator expression, cytokine secretion and gut wall
integrity (Neunlist et al., 2014). The majority of enteric glial cells, particularly those
within the myenteric plexus, express the astrocyte markers S100β and glial fibrillary
acidic protein (GFAP), though these are not always co-localised (Aubé et al., 2006;
Ochoa-Cortes et al., 2016; Boesmans et al., 2015).
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The neuronal-glial-epthelial unit is integral in maintaining a healthy intestinal
epithelial barrier, therefore disruption of this unit is likely to be related to gut
pathology (Neunlist et al., 2013). Ablation of enteric glia resulted in severe gut
inflammation, increased mucosal permeability and haemorrhagic necrosis resulting
in death (Bush et al., 1998).

Following co culture of human, rat and mouse

intestinal epithelial cells with enteric glial cells, intestinal epithelial cell number was
reduced but cell size increased and intestinal epithelial permeability was reduced
(Soret et al., 2013). A significant reduction in enteric glial cell number was found in
patients with severe constipation and idiopathic megacolon (Bassotti et al., 2007)
and ulcerative colitis (Celikbilek et al., 2014a; Celikbilek et al., 2014b) suggesting a
certain link between enteric glial cells and pathology. However, variation in enteric
glial cell markers have also been linked with disruption in homeostasis within the
gut.

Increased levels of S100β were associated with upregulated macrophage

recruitment and toll-like receptor activation leading to increased inflammation, and
inhibition of S100β mediated glial cell activation has been suggested as an antiinflammatory therapy (Esposito et al., 2014).

Co-culture of rat colon with pro-

inflammatory cytokines resulted in upregulated GFAP expression (von Boyen et al.,
2004).

However, upregulation of GFAP following inflammation was reduced in

patients with ulcerative colitis and Crohn’s disease compared with a control group;
reduced GFAP and S100β levels were also seen in these patients in a steady state
(Cornet et al., 2001) suggesting upregulation of GFAP and S100β may be part of a
regulatory mechanism during inflammation. These factors suggest a definite role for
enteric glial cells in gut pathology; however, whether changes in dynamic factors
associated with these cells are the cause, or result of, pathology remains to be
seen.
Natural variation in enteric glial cell numbers in different strains of healthy mice may
provide an answer to the question of susceptibility, or may certainly contribute
towards this answer. If these cells are able to modulate the enteric neural map in
health or following a pathogenic challenge and the enteric nervous system affects
the immune system, they may influence changes in susceptibility throughout life.

1.2.4 Absorption and motility
The gut is required to digest food, absorb nutrients, electrolytes and water and
eliminate waste; this requires co-ordination between neuronal subsets and smooth
muscle.
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The small intestine, primarily the jejunum, is the site of nutrient absorption via
diffusion through columnar epithelial cells of the villi and microvilli. Water absorption
occurs within the colon; 1-2 litres of effluent passes through the ileo-caecal valve
each day, and the colon absorbs up to 90% of this (Phillips and Giller, 1973). Water
absorption is directly related to sodium absorption and the

capacity for these

processes varies segmentally, for instance, the proximal colon has a greater
capacity for sodium and water absorption than the descending distal colon (Levitan
et al., 1962). Absorption within both the small and large intestine is affected by
nervous input; a reduction in fluid absorption and increased secretion via cholinergic
nerves has been reported (Hubel, 1985), and stimulation of the sympathetic nervous
system increased absorption within the jejunum of rats (Sjövall, 1984).
Inflammation affects absorption both within the small and large intestine. Within the
small intestine, inflammation affects villus and crypt size, permeability via tight
junctions and metabolic activity (Peuhkuri et al., 2010). In patients suffering from
IBD, absorption of sodium and chlorine is decreased, reducing the amount of water
absorbed from the colon and leading to diarrhoea (Sandle et al., 1990).
Movement of the gut, known as peristalsis, is phasic and occurs throughout the GI
system in response to size or chemical nature of luminal contents (Bitar, 2003).
Peristalsis, consisting of orad contraction and caudad relaxation of the circular
muscle, occurs following contraction of longitudinal muscle causing shortening of
the gut and contents (Hennig et al., 1999). This requires interaction between the
neural system, smooth muscle and interstitial cells of Cajal, which act as a
pacemaker (Sanders, 1996). There are several small areas of gut, such as the
oesophageal, pyloric and anal sphincters, where movement is tonic; these areas
remain closed until neuronal input and luminal stretching facilitate opening, ensuring
unidirectional movement of contents (Bitar, 2003).
Activation of the ascending excitatory and descending inhibitory pathways by stretch
sensitive intrinsic mechanosensory neurons, possibly interneurons, initiates
peristalsis (Spencer et al., 2002) and within the colon, it has been suggested that
extrinsic primary spinal afferent neural input is vital (Costa et al., 2000). Contraction
of smooth muscle is initiated by calcium sensitisation; intracellular calcium binds
with calmodulin, which in turn activates myosin light chain kinase (MLCK). This
then phosphorylates myosin regulatory light chain (MLC ) which is responsible for
smooth muscle contraction (Harnett and Biancani, 2003). This calcium may be
intracellular, released by the sarcoplasmic reticulum, or influx into the cell via a
calcium channel (Bolton et al., 1999). Binding of acetylcholine with nicotinic or
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muscarinic acetylcholine receptors on smooth muscle of the GI tract initiates smooth
muscle contractility via calcium influx into the cell (LePard and Galligan, 1999;
Ehlert et al., 1999). Conversely, this calcium influx is also responsible for initiation
of smooth muscle relaxation by nitric oxide (NO); calcium that binds to calmodulin
then associates with endothelial nitric oxide synthase (eNOS) leading to electron
flux and NO production (Zhao et al., 2015; Van Hove et al., 2009). Thus we can see
that both acetylcholine and NO are essential in control of normal gut motility.

1.3 The role of genetics in the ENS
Evolution and the genetic variation that accompanies this is the basis for the infinite
multitude of species inhabiting the planet. Darwinism suggests that within each of
these species exists a mixture of individual organisms; those genetically primed to
increase chances of survival until sexual maturity will reproduce ensuring passage
of their DNA to the next generation and survival of the species.

Within these

species themselves lie infinite possibilities for genetic variation, some of which may
not prove advantageous for survival. It is well documented that many pathologies
are caused or influenced by predetermined specific genetic factors. Some of these
can be pinpointed; for instance, inherited mutations in the BRCA1 tumour
suppressor gene are associated with an 82% lifetime risk of developing breast
cancer (King et al., 2003). However, when considering the gut and inflammatory
bowel disease (IBD) specifically, over 163 associated gene loci have been identified
in genome wide association studies (GWAS), with some new loci added thought to
be heterogenous between populations (Liu et al., 2015). Therefore, GWAS have
shown that IBD is not the result of a single genetic trait, but a polygenic disease.
If we look more broadly at the issue of health and disease susceptibility, the well
documented link between the nervous system and immune system (Kelley &
McCusker, 2014) may lead us to suggest that genetic variations between individuals
that result in differences in nerve function and the neural map may impact the
immune response, both in the gut and throughout the body. Given the vast amount
of nerves within the gastro-intestinal system (Gershon & Erde, 1981) this is likely to
be a major contributing factor in disease development. Could this be a reason why
some individuals are affected by gut disease and others are not?
Evidence for genetic variation in the peripheral nervous system has been found
within different strains of the same species in experimental mouse models, thus
32

allowing us to remove the effects of any environmental influence or experience that
cannot be accounted for in a human sample. Mogil et al. (1999) found that in 12
different tests of nociception on 11 different mouse strains, geneology significantly
affected response to stimulus. In further research, it was also found that each strain
produced a varied response to a different category of noxious stimuli; this suggests
that different neuronal subsets are responsible for response to different stimuli, and
that the concentration or function of these subsets is affected by genetic input
(Lariviere et al., 2002; Mogil et al., 1999b). The largest divergence in response to
pain was seen between the AKR and C57BL/6 strains; on further examination this
difference was attributed to expression of and response to CGRP (Mogil et al.,
2005).

It seems fair to suggest that these variations in the peripheral nervous

system could extend to the enteric nervous system. Given that CGRP has a direct
role in the neuro-immune link (Assas et al., 2014), the variation in CGRP between
these two strains may be responsible for the varied response to infection with
Trichuris muris, i.e., chronic infection in AKR mice and resistance in C57BL/6 mice
(Blackwell and Else, 2002; Cliffe et al., 2007). This perhaps also suggests that
genetic differences between individuals may influence susceptibility to and recovery
from gut disease as a result of variation in enteric neuronal subsets.

1.4 Innervation and disease
Activation of both the sympathetic and parasympathetic extrinsic enteric neural
pathways has been described as anti-inflammatory during disease processes. The
sympathetic branch of the nervous system is thought to reduce inflammatory
cytokines TNFα and IFNγ and associated pathology in the gut via β adrenergic
mediated pathways (Straub et al., 2006).

Activation of nicotinic acetylcholine

receptors on parasympathetic nerves has also facilitated reduction in levels of
inflammatory cytokines, such as IFNγ and TNFα, via the ‘cholinergic antiinflammatory pathway’ (Borovikova et al., 2000; Tracey, 2002). This suggests a
definite role for neuroimmunomodulation in recovery from disease. Interestingly,
neuropathy is frequently associated with a variety of pathologies; however, whether
some kind of neuropathy precedes and possibly contributes towards development of
pathology remains to be seen.

This would lead us to look more closely at

development and maintenance of normal innervation and any factor that may
disrupt this.
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1.4.1 Neurogenesis
The pattern for innervation of the adult ENS begins in the embryo. Innervation of
the GI tract is derived from multipotent stem cells that migrate from the dorsal neural
tube following neurulation in the embryo; the Ret/GFRa1/GDNF pathway is
important in facilitating a normal rostro-caudal pattern of neural crest cell
colonisation of the gut, although this is not yet totally understood (Metzger, 2010).
Mutations in the Ret and GDNF gene have been found in up to 50% of cases of
Hirschsprung’s disease, a condition characterised by congenital intestinal
aganglionosis; however, as yet, no genetic cause can be found for up to 50% of
cases (Tomuschat and Puri, 2015; Butler Tjaden and Trainor, 2013). Glial cell-line
derived neurotrophic factor (GDNF) binds with the Ret receptor to facilitate
proliferation of ENS cell precursors (Iwashita et al., 2003). Transgenic mice (GFAPGdnf) expressing increased GDNF levels in the CNS and enteric glia prenatally from
E18 demonstrated an increase in submucosal neuron density of 19% in the small
intestine and 70% in the colon; myenteric neurons increased by 28% in the colon
but remained unaltered in the small intestine in comparison to wild type mice. This
would suggest that changes in volume and timing of pre natal GDNF expression can
affect the ratio of myenteric to submucosal neurons in the ENS. Once mature,
GFAP-Gdnf mice with increased GDNF expression showed no change in size or
distribution of most enteric neuronal subsets compared with wild type mice;
however, increased cell size and fibre density of nadph-d+ VIP expressing neurons
in both the myenteric and submucosal plexus was found, suggesting the importance
of GDNF in maintenance and support of this subset of mature enteric neurons.
Thirty day old mice injected with GDNF presented a 57% increase in NADPH-d
neuron density; the authors speculate that this may not be solely due to precursor
cell proliferation and that GDNF may be capable of affecting gene expression and
changing cell fate (Wang et al., 2010).
It is known that in many species there is lifelong active neurogenesis in the CNS
(Kuhn et al., 1996); however, in the ENS, evidence for development of new neurons
has been confined to small areas of local damage despite the presence of neuronal
stem cells (Joseph et al., 2011; Kruger et al., 2002). Studies demonstrated that
following neural insult, administration of a 5-hydroxytryptamine 4 receptor agonist,
mosapride, was able to re-establish neuronal connections, with evidence of new cell
and neurofilament growth along with restoration of the defaecation reflex
(Matsuyoshi et al., 2010; Takaki et al., 2014). Very recently it has been suggested
that although neural number and subset types are thought to remain fairly constant,
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neurogenesis occurs constantly within the ENS with a turnover of 5% per day in the
small intestine of healthy adult mice (Kulkarni et al., 2017); however, this evidence
is yet to be corroborated by other groups.
Factors that affect neurogenesis in the CNS throughout life with as yet poorly
understood effects on the ENS include species, age, gender, stress, learning,
exercise, sexual experience and the microbiome (Miller and Szurszewski, 1997;
Schoenfeld and Gould, 2012; Kuhn et al., 1996; Ait-Belgnaoui et al., 2014). It could
be that these factors may be capable of changing the enteric neural map and
associated immune influencing soluble factors, therefore modulating susceptibility to
disease throughout life, in a way that we do not yet understand. Stress associated
reduced hippocampal neurogenesis in rats attributed to increased glucocorticoid
levels was reversed by environmental enrichment, exercise and probiotics
suggesting the possibility for reversal of stress associated effects on neurogenesis
(Veena et al., 2009; Fabel et al., 2003; Ait-Belgnaoui et al., 2014). This alludes to
an interesting possibility for a restorative solution for disrupted neurogenesis;
however, any possible involvement of the ENS and the mechanisms behind these
processes remains largely unknown.

1.4.2 Factors affecting innervation
1.4.2.1 Stress
If neuropathy is associated with many pathologies, factors that affect existing
innervation will play a role in initiating change in neuronal number or subset and
therefore may be important in creating disease susceptibility. One of these factors
is stress.

Stress is defined as a potential physical or psychological threat that

results in activation of the sympathetic pathways to ready the organism for a ‘flight
or fight’ response (Selye, 1998; Cannon, 1915).

This leads to activation of a

compensatory negative feedback in order to restore homeostasis; however,
recurrent stress can result in the organism consistently failing to reach normal levels
of neural functioning which leads to pathological changes (Chrousos, 2009). Within
the CNS, chronic stress induced functional and structural changes to pyramidal
neurons in the prefrontal cortex in an animal model; these changes were reversible
following removal of stress (Goldwater et al., 2009; Radley et al., 2005). However,
prolonged stress in monkeys resulted in extensive neuronal damage including
reduced hippocampal size and loss of neurons within the dentate gyrus, due to
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increased levels of neurotoxic gluco-corticoids (Uno et al., 1989). The ENS is also a
target for pathology induced by stress; early life adversity has been associated with
increased incidence of IBD, suggesting long term impact of stress on the gut
nervous system (Bradford et al., 2012; Talley et al., 1994). In a porcine model, early
life adversity increased the number choline acetyltransferase (ChAT) positive
neurons and increased cholinergic activity within the ileum (Medland et al., 2016).
In IBD patients, stress has been associated with exacerbation of symptoms, and
increased sympathetic output was linked with increased nociception and mechanical
hypersensitivity (Spaziani et al., 2008; Azpiroz, 2002). Therefore, it is possible that
stress may affect gut function and neuroimmune balance via disruption of
cholinergic homeostasis both in early life and adulthood.

1.4.2.2 Ageing
The enteric neural map is also affected by ageing. Many studies have investigated
age related change throughout the GI tract, with most focussing on the myenteric
plexus (Saffrey, 2013), and information about natural neurodegeneration within the
submucosal plexus or mucosa is sparse. Saffrey (2013) also points out the great
variety of protocols employed between different studies, such as differences in
counting methods, distension of samples during fixation and use of a variety of ‘pan
neuronal’ markers, must be accounted for when comparing results. Age associated
changes in size and shape of myenteric ganglia have been found in the myenteric
plexus of the guinea pig ileum (Abalo et al., 2005), and human ileum and colon
(Hanani et al., 2004). Studies of total neuronal population within the myenteric
plexus have found a reduction in neuronal number as ageing occurs, with
cholinergic neurons the phenotype more susceptible to death in animal models and
a human population (Phillips et al., 2003; Belai et al., 1995; Bernard et al., 2009);
this reduction in the excitatory neurotransmitter acetylcholine is likely to be the
cause of increased transit time associated with old age (Phillips and Powley, 2007).
Although these studies focussed on the myenteric plexus and did not investigate
neuronal subsets within the submucosal plexus, age related degeneration of the
entire neuronal population has been identified within the submucosal plexus
(Phillips et al., 2007). It would be reasonable to speculate that this loss within the
submucosal plexus is also likely to be of a cholinergic phenotype. Although the
reason for survival of one subset and loss of another is, as yet, poorly understood, it
could be related to the inherent neurotoxicity of NO. NO has been associated with
N-Methyl-D-Aspartate (NMDA) induced hypoxic neurotoxicity (Dawson et al., 1996)
as it reacts with superoxide to produce the highly neurotoxic oxidant peroxynitrite.
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Superoxide dismutase competes for superoxide with nitric oxide is therefore
protective against NO induced neurotoxicity (Beckman and Koppenol, 1996), thus it
may be possible that the NO positive neurons are less susceptible to death due to
the presence of superoxide dismutase, which is protective against the potentially
devastating effects of overproduction of highly toxic peroxynitrite.
It is well known that the immune system reaches a phase of reduced
responsiveness during old age termed immune senescence; this is, as yet, a poorly
understood process. It could be that the normal loss of neurons associated with
ageing is directly linked with this immune phenomenon (Bellinger et al., 1992). This
remains to be elucidated.

1.4.2.3 The microbiome
Commensal symbiotic bacteria found within the mucosal layer of the gut constitute
the microbiome. It is now understood that the microbiome, consisting of trillions of
bacteria and varying greatly between individuals, can impact both physical and
mental health, and is susceptible to change based on environmental and host
factors (Cresci and Bawden, 2015). The nervous system of the GI tract is important
in recognition and tolerance of the host to naturally occurring bacteria in the gut and
neurotransmitters such as norepinephrine are able to affect the composition of the
microbiome (Collins and Bercik, 2009).

Just as the nervous system is able to

change and influence the metabolic activity and composition of the microbiome,
conversely, the microbiome is known to exert change in neural function in the CNS;
this is known as the gut-brain axis (Mayer et al., 2014). During development the gut
microbiome can affect neural gene expression; germ free mice demonstrated higher
tryptophan concentration, increased anxiety and increased activity in comparison
with specific pathogen free mice.

This effect could be mitigated by introducing

commensal bacteria to the germ free strain; the direct impact of this on the ENS
was not investigated (Diaz Heijtz et al., 2011; Clarke et al., 2013). However, the
microbiome does have known effects on development of the ENS. In the postnatal
period when the ENS is still developing and highly plastic, the microbiome is
essential for healthy innervations patterns; germ free mice demonstrated
significantly reduced neuronal excitability and motility in the small intestine (Collins
et al., 2014; McVey Neufeld et al., 2013). A reduction in the number of calbindin
positive neurons was also found in the jejunum of germ free mice in comparison
with specific pathogen free (SPF) mice; interestingly, germ free mice recolonised
with intestinal bacteria had increased gut motility and significantly more calbindin
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positive neurons than SPF mice. The mechanisms behind the variations in the ENS
of these animals is not currently known (McVey Neufeld et al., 2015) but does stress
the importance of the microbiome in modulating gut innervation.
In adulthood, variations within the microbiome can cause change within the CNS
affecting mood and memory and are implicated in several pathological conditions
such as fibromyalgia and chronic fatigue syndrome (Galland, 2014). Effects such
as reduced caution and vigilance in germ free mice could be replicated in SPF mice
following administration of antibiotics for seven days, confirming the influence of
commensal bacterial subsets on behavioural traits (Bercik et al., 2011). The
microbiome is also increasingly linked to anxiety and depression. It is interesting to
consider that the link between the microbiome, development of the ENS and the
CNS may be key. For instance, patients with depression showed alleviation of
symptoms when fructose was removed from the diet; malabsorption of fructose
affects bacterial fermentation, bowel motility and tryptophan metabolism, possibly
via variations in commensal bacteria (Ledochowski et al., 2000). Autism has been
associated with changes in commensal bacteria including increase in clostridial
species and greater variety in comparison to controls (Song et al., 2004; Finegold et
al., 2010). Spontaneous relapsing-remitting experimental autoimmune encephalitis
does not develop in germ free mice until they are given commensal bacteria; this is
thought to be associated with a defective Th17 inflammatory response (OchoaRepáraz et al., 2011; Ochoa-Repáraz et al., 2010). Although the role of nerve
development has never been studied, disorders of the CNS frequently present
alongside immunological abnormalities such as inflammation and dysregulation of T
cells (Qureshi and Mehler, 2013). Expression of toll-like receptors (TLR) 2 and 4
was reduced in germ free mice; polymorphisms in the TLR2 gene are associated
with inflammatory gut pathologies and TLR2 knockout mice demonstrate enteric
functional and structural abnormalities similar to germ free mice (Brun et al., 2013).
However, during recolonisation TLR2 expression was upregulated, suggesting the
importance of the microbiome in this process (Lundin et al., 2008). Surely it must
be recognised that the interplay between the CNS, ENS and microbiome is likely to
be vitally important in both gut innervation and maintenance of health.

1.4.2.4 Obesity
Obesity is associated with onset of several pathologies linked with inflammation and
change in neural subsets or function, such as arthritis, diabetes and coronary heart
disease.

In a traumatic model of sciatic nerve injury, obese mice

displayed
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significantly thinner myelin sheath and axon diameter than a control group (Bekar et
al., 2014).

In a diet induced obesity murine model, intra epidermal nerve fibre

number and nerve conduction velocity was significantly reduced (Yorek et al., 2015)
and mice were hypertensive due to disrupted sympathetic neural pathways in the
kidney that affected the cardiopulmonary baroreflex (Khan et al., 2015).

This

impairment of baroreflex control in obese mice has been attributed to the presence
of inflammatory cytokines TNFα and IL-6, suggesting a link between obesity and
inflammation as a causal factor for autonomic dysregulation (Khan et al., 2017).
Vasoconstriction due to increased sympathetic stimulation in diet induced obesity
has also been linked with increased adrenergic and purinergic neurotransmission
(Haddock and Hill, 2011). The ability of cholecystokinin (CCK) to induce plasticity in
vagal afferent neurons is limited in mice with diet induced obesity. The normal
anorexigenic phenotype, associated with decreased cannabinoid 1 receptor and
increased neuropeptide Y (NPY) Y2 receptor expression on vagal afferent nerves,
that follows feeding in response to increase in circulating CCK does not occur,
upregulating appetite and exacerbating the issue (Browning et al., 2017). However,
vagotomy has been linked with loss of diet induced weight gain and reduced fat
deposits, and TRPV1 stimulation with capsaicin also reduced fat deposits by
preventing adipogenesis and stimulating lipolysis (Leung, 2014) suggesting a
possible solution for weight loss induction. It is clear that there is much to learn
about the link between obesity and neural function.

1.4.2.5 Inflammation
Differences in innervation between infected and control groups have been
investigated in several pathologies. In a rat model, osteoarthritis has been linked
with an increase in sympathetic nerve fibres, both surrounding the joint and within
adjacent skin; increased pain sensation in these animals could be ablated by
administration of guanethidine (Longo et al., 2013).

Autonomic neuropathy

associated with GI symptoms including altered visceral sensation was found in
diabetic patients (Brock et al., 2013). Abnormalities of the sympathetic branch of
the autonomic nervous system were identified in children suffering from abdominal
pain, possibly a result of unmodulated peristalsis (Chelimsky et al., 2001). In a
study of eight patients with GI disease, seven patients displayed hypomotility and
uncoordinated contractions in the small intestine and every patient demonstrated
sympathetic denervation suggesting involvement of the nervous system in GI
disorders (Camilleri and Fealey, 1990).

Interestingly, the Th2 mediated IBD

ulcerative colitis is associated with increase in adrenergic nerve fibres (Kyösola et
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al., 1977).

β-adrenergic signalling via norepinephrine was found to induce

immunoglobulin production and Th2 cytokine secretion suggestive of increased
pathology in ulcerative colitis (Elenkov et al., 2000; Kohm and Sanders, 2000).
However, loss of sympathetic neurons was identified in patients with Th1 mediated
Crohn’s disease along with increased VIP expression (Belai et al., 1997). Despite
findings that VIP can reduce inflammatory cytokines (Abad et al., 2003), in a study
of patients with IBS, VIP was significantly increased compared to a control group;
patients with IBS in an anxiety depressive state demonstrated significantly higher
levels of VIP than IBS patients in a normal emotional state, suggesting VIP is
involved in changes in GI function and motility associated with IBS and these
changes can be exacerbated by stress (Han, 2013). SP and CGRP have been
linked with gut inflammation (Figini et al., 1997; Engel et al., 2011). Increased levels
can cause extravasation of plasma into tissue and infiltration of immune cells. SP
binds to NK1 receptors; blocking the NK1 receptor was found to be protective
against inflammation in a murine model of chronic colitis in SCID mice (Gad et al.,
2009).

NK1 receptors are upregulated in patients with Crohn’s disease and

ulcerative colitis suggesting a role for SP in IBD related inflammation (Mantyh et al.,
1988).
Interestingly, a functioning immune system was deemed crucial in normal
regeneration of neurons in the adult brain.

T lymphocytes were found to be

essential in hippocampal neurogenesis, spatial learning, memory and expression of
brain derived neurotrophic factor (BDNF) in the mouse dentate gyrus; mice with
severe combined immunodeficiency syndrome (SCID) demonstrated reduced
hippocampal neurogenesis that was not improved following environmental
enrichment but was recovered following administration of T cells with CNS specific
antigen (Ziv et al., 2006).
Extensive research suggests a definite link between pathology and disruption of
normal neural pathways or neuropeptide functioning; however, results between
pathologies, even the two variants of IBD (ulcerative colitis and Crohn’s disease),
are disparate. In order to try to understand this, we must look more closely at the
link between the nervous system and the immune system, the way that these two
systems integrate and mechanisms behind immune mediated loss of neurons.
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1.5 The neuro-immune link
The immune response is initiated following damage to or invasion of the host.
Inflammation is associated with local heat, swelling and redness accompanied by
influx of immune mediating factors such as immune cells and cytokines. Pathogen
associated molecular patterns (PAMPs) on an invading pathogen or damage
associated molecular patterns (DAMPs) expressed during trauma are recognised by
specific receptors (e.g. Toll or NOD like receptors) on circulating cells of the innate
immune system, such as macrophages (Tang et al., 2012).

These cells can

phagocytose invading pathogens, activate complement receptors and release
inflammatory mediators, such as chemokines and cytokines, resulting in an influx of
immune cells such as monocytes and neutrophils. Both macrophages and dendritic
cells act as antigen presenting cells, contributing towards maintaining an innate
immune response whilst also activating T cells and initiating an adaptive immune
response. T cells may then go on to activate the humoral adaptive response by
presenting antigen to B cells within lymphoid tissue (Janeway et al., 2001). How
then does this immune process link with and become influenced by the nervous
system?

1.5.1 Effects of the immune response on the nervous system
During infection, the immune system is activated but also the CNS must regulate
factors such as sleep, pain and appetite to ensure the best recovery and survival of
the host. This alludes to a necessary cross talk. It has long been known that the
immune response and in particular, cytokines, are able to exert some influence over
the nervous system during infection (Rosas-Ballina et al., 2008).

Despite the

inability of most pathogens to cross the blood brain barrier, increased inflammatory
cytokines, such as IL-6 and TNF, were found alongside cognitive impairment and
reduced nerve growth factor (NGF) within the brain during infection with the
influenza virus, suggesting that activation of the immune system peripherally results
in changes within the CNS (Jurgens et al., 2012). Cytokines IL- 1β, IL-6 and TNFα
cross the blood brain barrier to induce fever via direct communication with
hypothalamic neurons (Blatteis, 2000).

In both human and animal models, the

proinflammatory cytokine IL-1 activates the hypothalamic-pituitary-adrenal axis,
causing release of adrenocorticotrophic hormone and subsequent glucocorticoid
hormone production in a neuroendocrine stress pathway (Berkenbosch et al., 1987;
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Sapolsky et al., 1987).

Therefore, there are several mechanism via which the

immune system impacts the nervous system.

1.5.2 Effects of the nervous system on the immune response
1.5.2.1 The sympathetic nervous system
It has been more recently understood that, conversely, the nervous system is able
to exert some control over the immune system, contributing to both initiation and
resolution of a response.

Following initiation of an immune response by skin

contact sensitivity, increase in areas of brain activity could be seen within twenty
minutes on blood oxygen level dependent functional magnetic resonance imaging
scans; this effect was ablated following administration of capsaicin for one week.
This evidence supports a direct and almost immediate link between pathogen
recognition and the central nervous system (Thinschmidt et al., 2015).

This is

further supported by extensive evidence that the thymus, spleen, lymph nodes,
bone marrow and gut associated lymphoid tissue are directly innervated by
peptidergic and noradrenergic sympathetic neurons. These nerve terminals are in
direct contact with T cells and macrophages within white and red pulp; beta
adrenoreceptors and receptors for neurotransmitters have been found on many
cells of the immune system including macrophages and lymphocytes (Felten et al.,
1987; Felten et al., 1988; Bellinger et al., 1987).

A role for sympathetic

noradrenergic input has been suggested during development of the immune system
as innervation of lymphoid tissue is evident prior to compartmentalisation of the
immune system (Bellinger et al., 1992). Stimulation of the sympathetic nervous
system was found to increase levels of circulating IL-6 and TNF serum levels
(Bernstein et al., 2009; Pöyhönen-Alho et al., 2008); paradoxically, sympathetic
nervous stimulation has also been associated with reduced inflammatory cytokine
production (Straub et al., 2005) and increased bacterial infections related to
immunosuppression in a rat model of stroke could be alleviated by sympathectomy
(Prass et al., 2003).

Toll like receptors 3, 4 and 7 have been found within dorsal

root ganglia, myenteric and submucosal plexuses within murine and human small
and large intestine (Barajon et al., 2009). Straub et al. (2005) found that the impact
of the sympathetic nervous system on efficacy of the immune response was
dependent on the bacteria being gram positive or gram negative; norepinephrine
decreased production of TNF in macrophages but increased IL-4 production by
peripheral mononuclear cells. Therefore sympathetic stimulation was considered
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beneficial in infection with gram positive bacteria (e.g. Staphylococcus aureus) and
negative in terms of bacterial load during gram negative infection (e.g. E.coli). This
evidence suggests that a definite role for the sympathetic nervous system during
immune stimulation, though it would appear that this role may not always be
beneficial.

1.5.2.2 The parasympathetic nervous system
The parasympathetic nervous system also has a role to play during infection.
Inflammation has been associated with modulation of vagal function, including
increased mechanosensitivity, changes in ion channel expression and adenosine tri
phosphate signalling and upregulation of TRPV1 receptors (Liu et al., 2007;
Bielefeldt et al., 2002; Schwartz et al., 2011). Vagal afferent nerves have receptors
for IL-1 (Hansen et al., 2001), and TNF and IL-1β reduce gastric motility via inhibiton
of vagal motorneurons in the dorsal motor nucleus of the vagus (Mo et al., 1996). It
has been proved that the parasympathetic nervous system can exert an anti
inflammatory influence during infection via production of principal neurotransmitter
and neuroimmunomodulator, acetylcholine, by the vagus nerve (van der zanden et
al., 2009). Acetylcholine is present within blood and mononuclear leukocytes and is
predominantly produced by T cells (Fujii et al., 1999); it binds with muscarinic or
nicotinic acetylcholine receptors, present throughout the CNS and PNS, and is
important in stimulation of normal gut motility (LePard and Galligan, 1999; Ehlert et
al., 1999). However, Tracey et al. (2002) found that incubation of macrophages with
acetylcholine or nicotine reduced translocation of NFκB to the nucleus of the cells
and subsequently reduced production of inflammatory cytokines including TNF, IL-1,
IL-6 and IL-18.

The alpha 7 nicotinic acetylcholine receptor was found to be

necessary for initiation of this pathway, termed the ‘cholinergic anti inflammatory
pathway’ and that stimulation of this receptor with its natural ligand acetylcholine or
with nicotine reduced the risk of a potentially fatally unresolved immune response by
neurally inducing reduction of inflammation (Wang et al., 2003). This receptor has
been identified within the CNS and PNS, but also on many cells involved in the
immune response including macrophages, T cells, B cells, neutrophils, mast cells
and dendritic cells (de Jonge and Ulloa, 2007). The cholinergic anti inflammatory
pathway is thought to occur predominantly in the spleen; however, the spleen does
not have any known vagal innervation (Gautron et al., 2013). Despite this, vagal
stimulation reduced inflammation within the spleen; in rats with splenic denervation,
this effect was not seen. Catecholaminergic nerve fibres infiltrating the spleen arise
from the celiac and superior mesenteric ganglia, where vagal efferent fibres
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terminate; depletion of catecholamine stores in rats ablated the anti inflammatory
effect of vagal stimulation. This suggests that the cholinergic anti inflammatory
effect within the spleen is mediated by a preganglionic vagal neuron originating from
the

dorsal

motor

nucleus

synapsing

with

a

postganglionic

adrenergic

catecholaminergic nerve in the celiac or superior mesenteric ganglia that terminates
within the spleen and facilitates acetylcholine synthesis in adjacent choline
acetyltransferase positive T cells (Rosas-Ballina et al., 2008).
Effects of vagal stimulation may be dependent on the immune environment and
cytokine milieu.

In an experimental model used in mice to investigate multiple

sclerosis, experimental autoimmune encephalitis (EAE), studies revealed a 50%
reduction in the Th1 transcription factor T-bet and a 350% increase in the Th2
transcription factor GATA-3 following administration of nicotine leading to the
conclusion that stimulation of the α7nAChR skews an immune response from a Th1
to Th2 phenotype (Nizri et al., 2009). Interestingly, in CD4+CD62L+ T cells cultured
with a cytokine traditionally associated with a Th1 response, IL-12, expression of the
α7nAChR mRNA was downregulated, whereas incubation with the Th2 associated
cytokine IL-4 resulted in upregulation of α7nAChR mRNA (Galitovskiy et al., 2011).
This may be a homeostatic mechanism to avoid loss of necessary inflammation and
immune cell infiltration required to ensure eradication of a pathogen. However,
smoking is known to exacerbate the Th1 mediated gut autoimmune condition
Crohn’s disease, whereas the Th2 mediated gut autoimmune disease ulcerative
colitis is known as a disease of non smokers (Lawrance et al., 2013; Lunney and
Leong, 2012). This could be due to the ability of acetylcholine to inhibit epithelial
apoptosis, which would alleviate symptoms associated with widespread epithelial
ulceration found in ulcerative colitis but exacerbate areas of T cell infiltrated chronic
inflammation that are characteristic of Crohn’s disease (Itoh et al., 2001; Iwamoto et
al., 1996).
Therefore, evidence identifies a role for parasympathetic innervation in the immune
response, often in a regulatory capacity; however perhaps more research is needed
to clearly identify the role of vagal stimulation in different immune profiles.

1.6 Mechanisms of neuropathy
Due to the involvement of the nervous system in the immune response, changes in
neuronal number are likely to affect not only normal physiological functions such as
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motility and absorption within the gut, but also response to disease.

Although

Cashman and Hoke (2015) suggest that neuronal loss occurs as a secondary result
of a predisposing condition, peripheral neuropathy is evident in 15% of the
population of the United States of America over the age of forty (Gregg et al., 2004)
suggesting that neuropathy may precede and contribute to development of
pathology. However, disruption of homeostasis by disease can result in neuronal
death.
The biggest predictor of mortality in diabetes, autonomic neuropathy, is a serious
and common complication associated with a host of co-morbidities that affects the
cardiovascular, genitourinary, neurovascular and gastrointestinal systems (Vinik et
al., 2013).

This has been linked with accumulation of advanced glycation end

products (AGE) associated with hyperglycaemia; AGE is capable of modification of
laminin, a key component in the basement membrane of neurons,

resulting in

reduced neurite outgrowth (Federoff et al., 1993). Increase in AGE and in particular
the receptor for these products, RAGE, has also been associated with increased
inflammation (Schmidt et al., 2001); RAGE knockout mice demonstrated delayed
development of neuropathy (Toth et al., 2008).

Although constant low grade

inflammation is associated with diabetes and AGE-RAGE signalling has been
associated with changes in intracellular signalling due to upregulation of IL-6 and
TNF, autonomic dysfunction and changes in neuronal number have been found
prior to signs of inflammation (Lieb et al., 2012) suggesting that although
inflammation contributes to neuronal death, it is likely that a level of neuropathy was
evident prior to, and possibly contributed to, development of the pathology. Loss of
heart rate variability associated with autonomic neuropathy was linked with
increased levels of the inflammatory marker C-reactive protein; it was thought that
this may be a result of loss of parasympathetic neurons and associated reduction in
activation of the cholinergic anti inflammatory pathway (Thayer and Fischer, 2009)
suggesting that a change in the nervous system was the cause of inflammation.
Inhibition of G6PD during hyperglycaemia results in accumulation of sorbitol and
associated polyols within neural tissue impairing regeneration and myelination
(Zhang et al., 2010; Gabbay et al., 1966). Increased apoptosis and decreased
proliferation are also evident, and as conversion of glucose into sorbitol requires the
antioxidant NADPH, intracellular levels are depleted resulting in increased ROS
levels (Zhang et al., 2010). Impairment of function or damage to mitochondria,
linked with influx of oxygen and electrons, or endoplasmic reticulum, linked with
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protein synthesis, has been linked with neuropathy as these organelles are the likely
site of ROS synthesis (Cashman and Höke, 2015).
NO is important in maintenance of normal gut function, regulating vasodilation and
promoting relaxation of smooth muscle.

NO is synthesised by nitric oxide

synthases, which convert L-arginine to L-citrulline, NO and water in the presence of
dioxygen and NADPH. Calmodulin is also involved in NOS activation but the impact
of this is variable dependent on the isoform of NOS utilised. NOS occurs in three
isoforms: neuronal NOS (nNOS), endothelial NOS (eNOS) and inducible NOS
(iNOS). Whilst levels of nNOS and eNOS remain relatively static, iNOS is produced
during infection when levels rise dramatically upregulating NO production (Vallance
and Leiper, 2002). NO has anti inflammatory properties and was found to reduce
production

of

pro

inflammatory

cytokines

TNFα,

IL-1β

and

macrophage

inflammatory protein- 1α in human alveolar macrophages (Thomassen et al., 1997).
NO also increased lymphocyte apoptosis during infection (Moulian et al., 2001).
However, as the process of NO formation involves oxygen and water, due to the
redox active capacity of NO, it is rapidly converted into a nitrogen oxide species
(Tennyson and Lippard, 2011; Koppenol et al., 1992). Superoxide production is
also upregulated during inflammation, produced by activated polymorphonuclear
leukocytes; this increase results in inequity between levels of superoxide and its
neutralising factor superoxide dismutase, resulting in interaction between NO and
superoxide to produce peroxynitrite alongside loss of normal NO function (McCord
and Omar, 1993). Peroxynitrite, a reactive oxygen species (ROS), is highly toxic
both to the cell within which it is produced and the surrounding environment and has
been associated with reduced T and B lymphocyte generation and cytotoxic
neuronal cell death following brain injury (Ames et al., 1993; Beckman et al., 1990).
Some markers of peroxynitrite damage include lipid peroxidation (Radi et al.,
1991b), DNA breakage (Salgo et al., 1995), oxidative damage to protein, induction
of protein carbonyls (Ischiropoulos and al-Mehdi, 1995), oxidation of thiols (Radi et
al., 1991a) and hydroxylation of phenolics (Beckman et al., 1990). Therefore the
presence of NO, particularly during infection, can be a double edged sword.
Acetylcholine does not have the potentially damaging properties associated with
nitric oxide; indeed, loss of cholinergic neurons and targeting increased cholinergic
stimulation has been the focus of therapies for several neurodegenerative diseases
including Alzheimer’s disease, Parkinson’s disease and schizophrenia (Holzgrabe et
al., 2007; Posadas et al., 2013).

However, alongside anti-inflammatory effects,

upregulation of acetylcholine has been linked with reduced apoptosis; stimulation of
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the α7nAChR increased expression of the anti-apoptotic protein Bcl-2 (Mai et al.,
2003) and caused mutations within the tumour suppressor gene p53 (Gibbons et al.,
2014).

Nicotine, a ligand of the α7nAChR, upregulated cell proliferation and

increased expression of growth factors and growth factor receptors, such as VEGF,
TGFβ and EGFR (Egleton et al., 2008).

Acetylcholine receptors have been

associated with pathogenesis of cancer and resistance to chemotherapeutic agents
(Dang et al., 2016); small cell lung carcinomas upregulate nAChRs and
acetylcholine production, facilitating survival and increased cell proliferation, thus
enhancing tumour progression (Egleton et al., 2008). This highlights a sinister side
to acetycholine upregulation and emphasises the importance of neural regulation in
the host in maintenance of health.

1.7 Trichuris muris as a model of gut inflammation
Trichuris muris (T.muris) is a laboratory model of Trichuris trichiura, a human
whipworm. Following oral gavage, parasite eggs travel to the caecum and proximal
colon where they hatch after ninety minutes. The first larvae then burrow through
the epithelium where they undergo molts at approximately days 9-11, 17 and 22
post infection. By day 32 post infection, the adult worms have moved from the
epithelium to the gut lumen, and eggs are expelled within the faecal matter of the
host (Klementowicz et al., 2012; Dixon et al., 2010; Antignano et al., 2011). T.muris
provides a robust model of Th2 driven inflammation, requiring a strong Th2 immune
profile and associated cytokines such as IL-4, IL-5 and IL-9 to eradicate the
pathogen; this response requires infection with 200 to 300 eggs.

However,

reduction of antigen load (less than 40 eggs) resulted in loss of the Th2 immune
mediated phenotype with skew towards an uncharacteristic Th1 mediated immune
response demonstrating increased IFNγ levels and resulting in chronic infection.
However, this is useful as it enables the study of both Th1 and Th2 mediated
inflammation within the same area of the gut. Some strains of mice, interestingly
including the AKR, are unable to produce an effective Th2 response to T.muris
infection resulting in a Th1 phenotype and chronic infection (Bancroft et al., 1994).

1.8 In summary
It is evident from research that there is a cross talk between the immune system
and the nervous system and vice versa. This plays a pivotal role in establishing and
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maintaining an appropriate response to invading pathogens, and immune regulation
to re-establish homeostasis following pathogen eradication. Perhaps it should come
as no surprise that these two highly organised systems integrate in order to best
serve the host during immune invasion; the nervous system is widespread,
constantly monitoring conditions within the body with the capacity to invoke an
immediate response. In this sense, it is far more efficient than the immune system,
which relies on circulating cells and cytokines and takes days to establish an
adaptive response (Janeway et al., 2001).
Although inflammation can cause neuropathy, this is frequently investigated as a
consequence of long term chronic pathology, and long term effects following
resolution of common infection are unclear. Some studies demonstrate evidence of
neuropathy prior to development of pathology associated inflammation. Perhaps
this is a reflection of genetic factors or influence of environmental factors, possibly
previous infection and inflammation, which may be capable of impacting neuronal
number and subsets. The impact of genetic background and resolved inflammation
from different immune profiles on enteric neuronal function and number has not
been greatly examined. Genetic variation within the enteric nervous system and
any long term effects of resolved infection on the enteric nervous system are likely
to be reflected in changes in gut physiology. The importance of the neuro-immune
link would also suggest that these changes would affect the host’s response to
enteric pathology, and therefore influence susceptibility to disease.
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Hypothesis
1. Host, developmental and environmental factors influence enteric nerve
distribution and function throughout life.

We hypothesize therefore that

different strains of mice have different density of neuronal subsets in the gut
at adulthood, primarily due to host genetic factors.
2. We hypothesize that density and function of enteric neuronal subsets can be
affected differently by infection with different immune profiles, and that this
change in neuronal density will remain following resolution of infection.
3. We hypothesize that differences in density of enteric neuronal subsets due
to genetic factors or resolved infection will affect gut physiology.
4. Lastly, we hypothesize that variations in type and density of enteric neuronal
subsets may ultimately influence susceptibility to enteric disease via the
neuro-immune link. This means that natural genetic variation or previous
infection will affect the enteric neural map in a human population and
therefore this will be reflected in differences in gut physiology, response to,
and susceptibility to, disease.

Aims
1.

To investigate and compare impact of host genetic factors on enteric
nervous system function by comparing gut physiology in two different strains
of mice with known differences in the peripheral nervous system, the AKR
and the C57BL/6. We will investigate gross and microscopic anatomical
factors, such as gut length and muscle thickness, to provide information
about any strain specific differences. We will also examine faecal pellet
parameters such as wet/dry weight, length, number and transit time to
identify differences in gut absorption and motility. Finally, we will measure
differences in colon motility using neuroreceptor agonists to identify any
differences in expression between strains that may impact motility.

As

neuroreceptors can affect gut motility but are also involved in the neuroimmune link, strain specific differences may explain different responses to
infection between strains and this could be echoed in a human population.
2.

To investigate and compare impact of host genetic factors on the enteric
nervous system by comparing enteric neuronal density between two different
strains of mice with known differences in the peripheral nervous system, the
AKR and the C57BL/6.

This will require identification of a suitable pan

neuronal marker via immunofluorescence or histochemical protocols. We
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will trial markers commonly and historically used in enteric neuronal study
and aim to identify a technique that is pan neuronal. This will enable us to
elucidate and strain specific differences in the enteric neural map that may
impact gut physiology or the neuro-immune link and therefore susceptibility
to, and recovery from, disease that could be echoed in a genetically varied
human population.
3.

To investigate and compare impact of resolved infection with Th1 or Th2
immune profile on enteric nervous system function by comparing gut
physiology in mice infected with a high or low dose of Trichuris muris and a
control naive group. We will examine gross and microscopical anatomical
factors, faecal pellet parameters and neuroreceptor expression, as
previously described, to examine any differences in gut physiology that may
remain post infection. This will identify if infection has an impact on gut
physiology following resolution, and clarify if this difference varies dependent
on the immune profile of the infection. This may mean that infection with a
different immune profile may have a different long term impact on gut
function in a human population.

4.

To investigate and compare impact of resolved infection with Th1 or Th2
immune profile on enteric nervous system function by comparing enteric
neuronal density in mice infected with a high or low dose of Trichuris muris
and a control naive group. We will use previously identified pan neuronal
markers to identify if the immune profile impacts the enteric neural map both
during and following resolution of infection. We will also examine enteric
glial cell number and expression, using S100β and GFAP, to identify any
immune profile specific differences both during and following infection that
may affect the enteric nervous system number and function. We will also
examine NOS levels as increased NOS is associated with increased cell
death. As NOS, in particular iNOS, is known to play a role in the immune
response, differences in NOS expression between different immune profiles
may be identified.

This in turn may impact the immune response and

amount of neuronal death, which would also impact susceptibility to and
recovery from disease due to the neuro-immune link.
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Chapter 2
Methods and Materials
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2.1 Animals
Male AKR/J mice were obtained from Harlan Olac at 4-6 weeks old or bred in the
University of Manchester Biological Services Facility. Male C57BL/6N and SCID
mice were bred in the University of Manchester Biological Services Facility.
C57BL/6N animals were infected at 6-8 weeks of age (weight approximately 30g).
All animals were housed in the Biological Services Unit under 12:12 hour light dark
cycles with free access to food and water for the duration of the experiment. All
experimental procedures were performed under the regulations of the Home Office
Scientific Procedures Act of 1986 (amended Jan 2013).

2.2 Parasites
Trichuris muris eggs were prepared as described previously (Wakelin, 1967). In
brief, SCID mice were infected with 300 T.muris eggs. At day 35 post infection mice
were culled, the caecum and proximal colon removed, cut open longitudinally,
washed and adult worms pulled out gently using curved forceps. Worms were then
cultured overnight at 37°C in RPMI (Sigma Aldrich) with 100U penicillin and
100μg/ml streptomycin (Sigma Aldrich). Released eggs were isolated, washed by
centrifugation (1000g, 15 minutes) and stored for 6 weeks in the dark at room
temperature in Milli-Q water to embryonate.
C57BL/6 mice were infected at 6 weeks with oral administration of either 300 (high
dose group) or 20 (low dose group) T.muris eggs. Mice from each group were
culled on day 21 and caecum and proximal colon removed, placed in PBS and
sectioned longitudinally to assess worm burden. Adult worms were removed and
counted using light microscopy (Leica MZ7.5, 10xs mag).

2.3 Antihelminthic Treatment
The antihelminthic treatment mebendazole (Ovex 100mgs/5ml) was administered
orally, resuspended in Milli-Q water at a dose of 50mg/kg, to ensure expulsion of
parasites and resolution of chronic infection in the low dose group. Treatment was
given to animals in the high dose and naive control groups aswell to control for
effect of mebendazole.
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2.4 Measurement of gut physiology
2.4.1 Weight measurement
Mice were weighed weekly for 6 weeks from age 9 weeks in naive groups or from
day 21 post infection for animals in the infection experiment. Mean average was
calculated for each group.

2.4.2 Food and water intake
Food and water intake was measured weekly for 6 weeks from age 9 weeks in
naive groups or from day 21 post infection for animals in the infection experiment.
Intake was calculated as absolute values per cage and mean average intake per
mouse.

2.4.3 Transit time
At day 55 post infection or on the eve of the cull at week 16 in uninfected groups,
each mouse was orally gavaged with 200μl of Miili-Q (Micropore) water containing
5% Evans Blue (Sigma T0195) and 5% gum arabic (Sigma G8752). Mice were then
housed separately with access to food and water ad libitum and observed. Time
taken for a blue faecal pellet to be produced was noted for each animal and average
time calculated per group.

2.4.4 Faecal pellet number, length and water content
At day 55 post infection or on the eve of the cull at week 16 in uninfected groups,
each mouse was housed separately with access to food and water ad libitum and
number of faecal pellets produced per animal in a four hour period counted. The
length of the first 5 faecal pellets produced by each animal was measured and the
mean average per animal calculated. Pellets were weighed, dried in an oven at
90°C for 48 hours and reweighed. Water content as a percentage per group was
calculated using the following equation;

Mean average values were calculated per group for all parameters measured.
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2.4.5 Measurement of gut length
At day 21, 45 and 56 post infection or week 16 in uninfected groups, animals were
culled using carbon dioxide inhalation; small and large intestine was removed and
length measured. Mean average length per group was calculated.
2.4.6 Measurement of gut contractility
Sections of proximal colon approximately 2cms long were taken from each animal,
mounted on a tissue hook and placed under tension calibrated to 1g in individual
50ml tissue baths filled with oxygenated Kreb’s solution (see recipes) maintained at
37°C. Following 30 minutes of rest to allow equilibration, spontaneous contractility
of tissue was measured for a 3 minute period using a transducer attached to a
bridge pod and PowerLab (26T) data acquisition system analogue to digital
converter; data were recorded using LabChart 7 software (all AD instruments).
Average number and strength of contractions for each animal was measured and a
mean average number for each group calculated.

Increasing concentrations of

carbachol (0.1μM, 1μM and 10μM, Sigma PHR1511), capsaicin (0.1μM, 1μM and
10μM, Sigma 360376) and PNU 282987 (0.1μM, 1μM and 10μM, Tocris T0195)
was added to organ baths containing tissue from naive AKR/J and C57BL/6N
animals. Increasing concentrations of PNU 282987 (0.1μM, 1μM, 10μM and 20μM,
Tocris T0195) was added to organ baths containing tissue from infected groups and
the associated control group. Tissue was flushed with oxygenated Kreb’s solution
three times and rested for 5 minutes between additions of each treatment. Average
number and strength of contractions for each animal during a three minute period
was measured and mean average per group calculated.

2.5 Gut samples- tissue preparation
Small and large intestine was removed from animals, snips of tissue were taken
from the jejunum and proximal colon, flushed with PBS to remove any faecal matter,
stored in histology cassettes and immersed in 4% PFA for 12 hours at room
temperature or snap frozen in liquid nitrogen and stored at -80°C. Whilst transverse
sections demonstrated a cross section of neural infiltration from the submucosal
plexus into the lamina propria towards the epithelium, a large amount of enteric
neurons sit within the myenteric plexus (see figure 2.1); this lies at 90 degrees to the
epithelium.

We did not want to use a whole mount technique that employed

microdissection due to possible damage to tissue that could affect validity of results;
however, our attempts to visualise this area using whole mount techniques with the
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gut intact were not successful. To counteract this problem a new technique was
employed to visualise the myenteric plexus; gut was cut along the longitudinal axis
(figure 2.1), opened out and placed flat between sponges in histology cassettes.
Samples fixed in 4% PFA were processed through 70% and 100% alcohol, followed
by xylene (Shandon Citadel tissue processor, Citadel 2000, RHYS International
Ltd.) before being embedded in molten wax.

Once set, 10μm transverse and

longitudinal sections were cut (microtome, Microm HM 325) and collected on
superfrost slides (Fisher Scientific, Leicestershire).

Samples snap frozen and

stored at -80°c were embedded in optimal cutting temperature (OCT) compound,
sectioned at a thickness of 10μm (cryostat,Leica CM3050) and collected on
superfrost slides.

Figure 2.1 Longitudinal sectioning of gut snips. In order to visualise neurons in
the myenteric plexus that cannot be visualised on transverse sections of gut tissue,
snips of colon were cut along the longitudinal axis, opened out and processed flat in
between sponge in histology cassettes. This tissue was then embedded in paraffin
flat and sectioned on a microtome to visualise the myenteric plexus.

2.6 Histology
2.6.1 Paraffin embedded tissue
Prior to histological staining, tissue embedded in paraffin and sectioned at a
thickness of 10 μm was dewaxed in xylene (H.D. Supplies, Buckinghamshire; 10
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minutes) and rehydrated by passing through graded Industrial Methylated Spirit
(IMS) (Fisher Scientific, Leicestershire) of 100% (twice), 90% and 70% respectively
for 2 minutes each. Slides were then washed in distilled water two times for 3
minutes and stained as follows:

2.6.1.1 Haemotoxylin and Eosin staining
To identify muscle, crypt and villus depth, slides were then placed in Harris
haemotoxylin (Sigma-Aldrich) for 10 minutes. Slides were then rinsed in running tap
water for 5 minutes prior to immersion in acid alcohol (5ml concentrated HCl plus
495ml 90% ethanol) for 10 seconds, rinsed again in running tap water for 5 minutes
and counter stained with 1% aqueous yellowish eosin (Sigma-Aldrich) for 4 minutes
before further washing in running tap water for 5 minutes.

2.6.1.2 Sevier-Munger silver stain
For identification of neurons using the Sevier-Munger silver stain technique,
deparaffinised slides were washed in Milli-Q (Micropore) deionised water for 1 hour,
placed in a coplin jar containing pre warmed 20% silver nitrate solution and placed
in an oven at 65°C for 15 minutes. Slides were then removed from the oven, rinsed
in Milli-Q water and placed in a coplin jar filled with ammoniacal silver nitrate
solution (see recipes) on a shaker as a photographic development step for 15
minutes. Slides were then rinsed again in Milli-Q water.

2.6.1.3 Luxol fast blue stain
In order to identify myelinated neurons, deparaffinised slides were placed in Luxol
fast blue solution (see recipes) overnight in an oven at 56°C. Slides were immersed
in 95% ethyl alcohol rinse off excess stain, rinsed in distilled water then placed in
lithium carbonate for 30 seconds and 70% ethyl alcohol for 30 seconds to
differentiate before rinsing in distilled water. Tissue was then counter stained with
cresyl violet solution (see recipes) for 30 seconds before rinsing in distilled water
again and further differentiation in 95% ethyl alcohol for 5 minutes.

2.6.1.4 Picrosirius red stain
For identification of collagen fibres, slides were immersed in Picrosirius red solution
(see recipes) for one hour. Slides were then blotted and rinsed in distilled water.
Following staining outlined in sections 2.6.1.1, 2.6.1.2, 2.6.1.3 and 2.6.1.4, slides
were dehydrated by passing through increasing gradients of IMS (70%, 90% and
100% respectively) for 2 minutes each and placed in xylene (10 minutes). They

56

were then mounted with DPX mounting medium (Lamb Lab Supplies, U.K.),
covered with a coverslip and left overnight to dry before being examined.

2.7 Immunofluorescence
Paraffin embedded tissue sections were dewaxed in citroclear (H.D. Supplies,
Buckinghamshire; 10 minutes) and rehydrated by passing through graded Industrial
Methylated Spirit (IMS) (Fisher Scientific, Leicestershire) (100%, 90%, 70% and
50% respectively) for 2 minutes each.

For antigen retrieval slides were then

immersed in warmed citrate buffer (0.1M pH 6.0, see recipes) and placed into a
microwave (SHARP 800W) at p60 for 3 minutes. Slides were then allowed to cool
for 5 minutes before being microwaved again at p60, then cooled for 3 minutes and
moved to distilled water for 3 minutes. Slides were then placed in a Sequenza slide
rack (Thermo-Fisher), covered with a blocking serum (10% goat serum, 0.3%Triton
X in PBS) and incubated at room temperature for 30 minutes. Following this slides
were washed in PBS twice for 2 minutes each. Tissue was either single stained with
Neuro-Chrom pan neuronal marker (raised in mouse, clone MAB2300, 1:500, EMD
Millipore), double stained with primary antibodies PGP9.5 (raised in rabbit, clone
7863-0504, 1:200, Life Technologies) and β tubulin (raised in mouse, clone
ab78078, 1mg/ml 1:200, Abcam), or triple stained with primary antibodies S100β
(raised in mouse, clone 15E2E2, 1mg/ml 1:200, Millipore), GFAP (raised in rat,
clone 2.2B10, 0.5mg/ml 1:50, Invitrogen) and NOS (raised in rabbit, clone 15203,
0.2mg/ml 1:200, Abcam). 100μl was added to each slide. A control slide with
primary antibody omitted was used in each experiment. Slides were stored at 4°C
overnight.

Slides were then rinsed in PBS (two times for two minutes) and

secondary antibodies were applied for 1 hour at room temperature (goat anti rabbit
IgG Texas Red, 1:100; goat anti mouse IgG AlexaFluor 488, 1:400, goat anti rat IgG
AlexaFluor 350, 1:400: all Life Technologies). After being rinsed in PBS (two times
for two minutes) slides were mounted in vectashield aqueous mounting medium
(Vectorlabs, Peterborough, UK).

2.8 Recipes
Ammoniacal silver nitrate solution: Concentrated ammonium hydroxide solution
(30%) was added drop by drop to 50mls 10% silver nitrate solution (w/v) until
precipitate disappeared.

0.5mls of sodium carbonate (8g dissolved in 30mls

deionised water) was added and shaken well. A further 25 drops of concentrated
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ammonium hydroxide was added during vigorous shaking. Immediately prior to use
10 drops of 0.8% formaldehyde was added.
Citrate buffer (0.1M pH6.0): 1.92g citric acid was added to 1 litre of distilled water.
Sodium hydroxide was added until the pH was 6.
Cresyl fast violet solution (0.1%): 0.1gm cresyl fast violet in 100ml distilled water.
Prior to use add 10 drops glacial acetic acid and filter.
Krebs solution: 117mM NaCl, 4.75mM KCl, 1.2mM KH PO , 1.2mM MgSO 7H 0,
3.8mM CaCl 2H 0. Bubble solution with 95% O , 5% CO for 20 minutes. Add
11mM glucose solid and 25mM NaHCO .
Luxol fast blue solution (0.1%): 0.1gm luxol fast blue powder, 0.5ml glacial acetic
acid, 100ml ethyl alcohol (95%).
Lithium carbonate solution (0.05%): 0.05gm lithium carbonate, 100ml distilled
water.
4% paraformaldehyde: 500mls of deionised water was heated to 60°C.
paraformaldehyde was added.

40g

This was stirred for several minutes and 2.5ml 1M

sodium hydroxide added until the solution cleared.

The solution was then filtered

and a further 500mls 0.2M PBS added.
Picrosirius red solution: 500ml saturated aqueous solution picric acid, 0.5g Siruis
red.

2.9 Microscopy
Slides treated with silver, haemotoxylin and eosin, luxol fast blue, and nadph-d
stains or

PGP9.5, βtubulin, soxβ100, GFAP, NOS and Pan neuronal marker

antibodies were examined using the Pannoramic 250 Flash II slide scanner (3D
Histech, Hungary). Slides were viewed on Panoramic Viewer software 1.15.4 (RTM
3DHistech).

Crypt depth, submucosal depth, muscle thickness, staining and

immunofluorescence was quantified at 20xs magnification using Histoquant (3D
Histech). Slides treated with picrosirius red stain were examined using a Zeiss
Imager M2 with an Axiocam MRc camera running ZEN software and qualitatively
compared.
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2.10 Statistics
Data were analysed using GraphPad prism 7.0. Data sets were analysed using two
way ANOVA with posthoc Tukey analysis. Where stated, Student’s t-test were also
performed using Microsoft excel 2010. Results were considered significant where
P<0.05. Data expressed as mean ± SEM.
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Chapter 3
There are differences in gut
physiology between the AKR and
C57BL/6 mouse strains that are
likely to reflect variation within the
enteric nervous system
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3.1 Introduction
In order to investigate the impact of genetics on the enteric nervous system map
and therefore the role this may play in susceptibility to gastro-intestinal disease in
humans, it would be pertinent to consider an animal model in which genetic
variation can be controlled and the impact of environmental influence minimised.
We decided to use two strains of mice that have been previously studied and are
known to be neurally different; C57BL/6 and AKR. It has been established that
different strains of mice produce different heritable responses to pain including
thermal, mechanical and chemical nociception; of the 11 strains studied, the
greatest variation was found to be between the C57BL/6 and AKR strains (Mogil et
al., 1999a; Lariviere et al., 2002). AKR mice produced a much delayed response to
heat induced pain and reduced heat induced CGRP release in the hindpaw in
comparison with C57BL/6 mice, though this strain specific response was not ablated
by administration of CGRP (Mogil et al., 2005). Coincidentally these two strains of
mice also elicit very different responses to parasitic infection. The C57BL/6 mouse
strain is characterised by resistance to high dose whipworm infection producing a
characteristic T Helper 2 type response found in humans and animals necessary for
successful elimination of parasites (Cliffe et al., 2007).

The AKR mouse is

susceptible to parasitic infection producing a delayed Th1 response leading to
chronic infection (Blackwell and Else, 2002).

If the reason for the variation in

response to parasites is linked with the nervous system, and given that the
parasites used in the aforementioned studies are those which enter the host via the
gastro-intestinal tract, then this neural difference is likely to be in the gut.
It would, perhaps, be acceptable to surmise that variation in the gut nervous system
between two strains of mice would manifest itself primarily in a variation in normal
gut physiology in the absence of pathology. Therefore, this study was designed to
examine the normal gut function of these two strains of mice in order to ascertain if
any noticeable differences arose that may warrant further investigation of the enteric
nervous system map.
Hypothesis
There are known differences in the peripheral nervous system between the AKR
and C57BL/6 mouse strains that may be reflected in the enteric nervous system. As
the enteric nervous system controls gut physiology, this genetic difference will
therefore be reflected in differences in gut function between the two strains.
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Differences in the enteric nervous system will ultimately impact susceptibility to and
recovery from disease via the neuro-immune link; this genetic influence is likely to
be reflected in a human population and therefore may be of importance in
understanding susceptibility to gastro-intestinal disease in a human population.
Aim
To assess any differences in gut physiology that will reflect differences in the enteric
nervous system in two different inbred strains of mice (C57BL/6 and AKR) with
known peripheral nervous system differences.
Assessments of variation in physical and functional parameters that will be used
include comparison between strains of


Weight gain



Length of small and large intestines



Total and longitudinal muscle thickness



Food and water intake



Faecal pellet number, length and water content



Faecal transit time



Spontaneous motility of the proximal colon, including number and tension of
contractions



Initial response of the proximal colon to an acetylcholine receptor agonist at
3 concentrations



Average response of the proximal colon, including number and tension of
contractions, to an acetylcholine receptor agonist at 3 concentrations in a 3
minute period



Average response of the proximal colon, including number and tension of
contractions, to a TRPV1 receptor agonist at 3 concentrations in a 3 minute
period

Results will highlight strain specific differences in physical size, function and
neuroreceptor expression that may impact gut function and reflect a varied enteric
nervous system. This may be echoed in a genetically varied human population and
impact human gut function and ultimately disease susceptibility via the neuroimmune link.
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3.2 Weight gain and gut length
3.2.1 Strain of mouse affected weight gain
AKR (n=3) and C57BL/6 (n=3) mice were weighed every 7 days for 5 weeks from
the age of 9 weeks to 13 weeks and the mean average per group calculated for
each week (Figure 3.1, A).

Average weight of AKR mice was consistently

significantly heavier (two way anova p<0.0001) than the average weight of the
C57BL/6 mouse (West et al., 1992).

3.2.2 Strain of mouse did not affect length of the small or large intestine
Length of small intestine and large intestine was measured in AKR (n=3) and
C57BL/6 (n=3) mice at age 13 weeks and mean average length per group was
calculated. Average length of small intestine and large intestine was not statistically
significantly different between strains (Student’s t-test) (Figure 3.1, B, C).

3.3 Total muscle and longitudinal muscle depth
3.3.1 Significant differences in total muscle depth in the jejunum and in
longitudinal muscle depth in the jejunum and colon between strains
Total muscle thickness and depth of longitudinal muscle was measured in the
jejunum and colon of AKR (n=5) and C57BL/6 (n=5) mice. In the jejunum, the
C57BL/6 mice had significantly thicker total muscle (Student’s t-test p<0.00005) and
longitudinal muscle (p<0.001) than the AKR mice. In the colon, the C57BL/6 mice
had significantly thicker (p<0.05) longitudinal muscle than the AKR mice; however,
there was no significant difference in total muscle thickness in the colon between
strains (Figure 3.2).

3.4 Food and water intake, faecal pellet number and length
3.4.1 Effect of mouse strain on food and water intake
Food and water intake per cage (1 cage of AKR mice (n=3), 1 cage of C57BL/6
mice (n=3)) was measured over a 5 week period and calculated as a mean average
value per mouse. AKR mice appeared to eat more food (Figure 3.3, A) and drink
less water (Figure 3.3, B) than the C57BL/6 mice. Data was measured as absolute
values per cage.
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3.4.2 Mouse strain had an inconsistent effect on faecal pellet number
Faecal pellet number produced per animal in a 4 hour time period was measured in
AKR (n=3) and C57BL/6 (n=3) mice. AKR mice produced significantly fewer faecal
pellets (Student’s t-test p<0.05) than the C57BL/6 strain (Figure 3.2, C.i). However,
this was not found to be statistically significant at retrial (AKR n=6, C57BL/6 n=5)
(Figure 3.3, C.ii).

3.4.3 Mouse strain affected faecal pellet length
The first five faecal pellets produced by 3 AKR and 3 C57BL/6 mice were collected
and measured to give a mean average faecal pellet length per animal. AKR mice
had significantly longer faecal pellets (Student’s t-test p<0.05) than the C57BL/6
mouse (Figure 3.3, D.i); this difference was consistent at retrial and found to be
more highly significant (Student’s t test p<0.002, AKR n=6, C57BL/6 n=5) (Figure
3.3, D.ii).
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Figure 3.1 Comparison of weight and gut length between the AKR and
C57BL/6 strains. A: weekly weight of AKR and C57BL/6 mice from age 9 to 13
weeks. Two way ANOVA p<0.0001. B&C: Average length of small intestine (B)
and large intestine (C) for AKR and C57BL/6 mice. Data are shown as a mean
value ± SEM. N=3 per group.

65

Figure 3.2 Significantly thicker total muscle in the jejunum and longitudinal
muscle in the colon in the C57BL/6 mouse strain. A&B: Total muscle depth (A)
and longitudinal muscle depth (B) in the jejunum and colon of AKR and C57BL/6
mice. C&D: Representative images of muscle thickness in the jejunum (C) and
colon (D) for AKR and C57BL/6 mice (longitudinal muscle marked with line, see
asterisk).

Images shown at 200xs magnification. Images were viewed using

panoramic viewer. N=5 per group, 4 sections per animal. Student’s t-test, * p<0.05,
*** p<0.001, **** p<0.0001.
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Figure 3.3 Measurement of food and water intake, faecal pellet number and
length. A&B: Food (A) and water (B) intake for AKR mice and C57BL/6 mice was
measured per cage for a 4 week period. Data are shown as absolute values per
cage. C: Average faecal pellet number produced per animal in a 4 hour time period
by AKR and C57BL/6 mice (C.i) and at retrial (C.ii). D: Average faecal pellet length
(mm) in the AKR and C57BL/6 mice (D.i) and at retrial (D.ii). Data are shown as a
mean value ± SEM. N=3-6 per group. Student’s t-test, *p<0.05, **p<0.01.
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3.5 Faecal water content
3.5.1 Mouse strain did not have any effect on faecal water content
Faecal pellets from AKR and C57BL/6 mice were collected over a 4 hour time
period and water content calculated. There was no significant difference in faecal
water content between strains on two separate occasions (AKR n=3, C57BL/6 n=3;
AKR n=6, C57BL/6 n=5) (Figure 3.4). Actual values for percentage water content
can be seen in table 3.1.
These data suggest that the AKR generates more faecal matter over time as pellets
are longer but not increased in number.
Table 3.1. Average faecal water content.

Average faecal water content per
Mouse

group

AKR (n=3)

29

C57BL/6(n=3)

26

Retrial
AKR (n=6)

51

C57BL/6 (n=5)

50

3.6 Comparison of transit time
3.6.1 Mouse strain affected transit time
AKR and C57BL/6 mice were gavaged with 5% Evans blue and 5% gum Arabic in
MQ water and the time taken for a blue faecal pellet to be passed was monitored.
On two separate occasions AKR mice (n=3, n=6) had a significantly longer transit
time (Student’s t-test p<0.01, p<0.05) than C57BL/6 mice (n=3, n=5) (Figure 3.5, A.i
and A.ii).
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3.7 No link between transit time and water content.
Though the significant difference in transit time between the AKR and C57BL/6
mouse strains remained consistent, surprisingly there appeared to be no link
between transit time and water content, this remaining similar for each strain but
varying greatly between two separate occasions (Figure 3.6).

Figure 3.4 Average faecal water content. Faecal pellets were collected from AKR
and C57BL/6 mice and water content per group calculated as a percentage. Data
are expressed as mean average per group of animals (actual values can be seen in
Table 3.1). N=3-6.
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Figure 3.5 Significantly longer transit time in AKR mice than C57BL/6 mice. A:
Faecal transit time in minutes measured for AKR and C57BL/6 mice (A.i) and at
retrial (A.ii). Data are shown as a mean value ± SEM. N=3-6 per group. Student’s
t-test, *p<0.05, **p<0.01.

Figure 3.6 Variations in water content and transit time. There appeared to be
variation in faecal water content in animals of the same strain on two different
occasions. AKR mice appeared to have a slower transit time but similar water
content to the corresponding C57BL/6 group.
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3.8 Motility of the colon
3.8.1 No strain specific significant differences in spontaneous gut
motility was found
To examine any strain specific differences in gut movement, a small section of
proximal colon was taken from both the AKR (n=3) and C57BL/6 (n=3) strain of
mice and placed in an organ bath containing oxygenated Kreb’s solution. After 30
minutes of resting to ensure tissue equilibrium the number of gut contractions
(number of events) and average strength of contractions over a three minute period
was measured and the two strains compared. Although the difference between
number of events and tension per event in a three minute period was not statistically
significant (Student’s t-test), the AKR strain appeared to demonstrate greater
tension per contraction in comparison to the C57BL/6 strain. It was thought that this
difference remained insignificant due to one animal per group that displayed results
incongruent with this trend (AKR mouse 3, C57BL/6 mouse 2) (Figure 3.7).

3.9 Dose

response

to

acetylcholine

receptor

agonist

concentration
3.9.1 Strain specific significant difference in initial increase in gut

tension following administration of carbachol 1μM
There was an immediate increase in tension in gut tissue from all animals following
initial administration of carbachol at concentrations of 1μM and 10μM (it was
thought that this initial increase was not evident at a carbachol concentration of
0.1μM due to this being below the threshold for causing any effect). This difference
in tension was measured and strains compared. At a concentration of 1μM,
carbachol caused a significantly greater increase in tension (Student’s t-test p<0.05)
in AKR mice (n=3) than in C57BL/6 mice (n=3). Although the immediate increase in
tension in gut tissue was seen following administration of carbachol at a
concentration of 10μM in all tissue, there was no significant difference between the
two strains (Figure 3.8).
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3.10 Acetylcholine

receptor

agonism

and

gut

motility;

carbachol.
3.10.1 No strain specific significant difference in gut motility following
administration of carbachol (0.1μM)
In order to investigate any strain specific differences in acetylcholine receptor
expression that may affect gut function, a muscarinic and nicotinic acetylcholine
receptor agonist, carbachol, was added at increasing concentrations in accordance
with protocols for experiments in the jejunum (Grasa et al., 2015) to the oxygenated
Kreb’s solution in the organ bath and effect on frequency and strength of gut
contractions was measured. There was no significant difference between strains in
number or strength of gut contractions during a three minute period following
administration of carbachol at a concentration of 0.1μM (Student’s t-test) (Figure
3.9).

3.10.2 No strain specific significant difference in gut motility following
administration of carbachol (1μM)
There was no significant difference between the AKR (n=3) and C57BL/6 (n=3)
mice in number or strength of gut contractions during a three minute period
following administration of carbachol at a concentration of 1μM (Student’s t-test)
(Figure 3.10).
3.10.3 Strain specific significant difference in average tension of gut

contraction following administration of carbachol (10μM)
Average tension per gut contraction, or event, in response to carbachol at a
concentration of 10μM for a three minute period was significantly greater (Student’s
t-test p<0.05) in AKR mice (n=3) than in C57BL/6 mice (n=3) (Figure 3.11),
suggesting a strain specific difference in muscarinic or nicotinic receptor expression
or function. There was no significant difference between strains in number of gut
contractions during a three minute period following administration of carbachol at a
concentration of 10μM.
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Figure 3.7 No significant difference between AKR and C57BL/6 mice in
spontaneous motility of the proximal colon. A&B: Average tension per event
(A) and average number of events (B) in the proximal colon was compared between
AKR and C57BL/6 mice over a 3 minute period. Actual traces for each animal and
mean average values per animal can be seen above (A&B). N=3 per group.
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Figure 3.8 Significantly greater effect of carbachol administration (1μM) on
tension of the colon in the AKR mouse strain than the C57BL/6 mouse strain.
A dose response curve showing the average initial increase in tension (g) in the
proximal colon in AKR mice and C57BL/6 mice following immersion in carbachol at
a concentration of 0.1μM, 1μM and 10μM. Data are shown as mean average per
group ± SEM. N=3. Student’s t-test, *p<0.05.
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Figure 3.9 No significant difference between strains following administration
of carbachol 0.1μM. A&B: Carbachol 0.1μM was administered to proximal colon
in AKR and C57BL/6 mice and average number of events (A) and average tension
per event (B) per animal was measured over a 3 minute period. Individual traces
for each animal can be seen above. N=3 per group.
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Figure 3.10 No significant difference between strains following administration
of carbachol 1μM. A&B: Carbachol 1μM was administered to proximal colon in
AKR and C57BL/6 mice and average number of events (A) and average tension per
event (B) per animal was measured over a 3 minute period. Individual traces for
each animal can be seen above. N=3 per group.
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Figure 3.11 Significant increased average tension per event in the AKR mouse
strain following administration of carbachol 10μM. A&B: Carbachol 10μM was
administered to proximal colon in AKR and C57BL/6 mice and average number of
events (A) and average tension per event (B) per animal was measured over a 3
minute period. Individual traces for each animal can be seen above. N=3 per
group. Student’s t-test, *p<0.05.
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3.11 TRPV1 receptor agonism and gut motility
3.11.1 No strain specific significant difference in gut motility following
administration of capsaicin (0.1μM, 1μM and 10μM)
The effect of TRPV1 agonism on gut motility and any possible strain specific
differences in TRPV1 expression or function was investigated using the TRPV1
specific agonist capsaicin. Capsaicin was added at increasing concentrations to the
oxygenated Kreb’s solution in the organ bath and effect on frequency and strength
of gut contractions was measured. There was no significant difference between
strains in number or strength of gut contractions during a three minute period
following administration of capsaicin at concentrations of 0.1μM, 1μM and 10μM
(Student’s t-test) (Figure 3.12).

However, capsaicin appeared to consistently

reduce the number of events, or gut contractions, in the C57BL/6 strain at 0.1μM
and 10μM.
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Figure 3.12 No difference between strains following administration of
capsaicin (0.1μM, 1μM and 10μM). Capsaicin was administered to proximal colon
in AKR and C57BL/6 mice at concentrations of 0.1μM (A), 1μM (B) and 10μM (C)
and average number of events and average tension per event per animal was
measured over a 3 minute period. N=3 per group.
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3.12 Discussion
It has been documented that there is a clear link between the immune system and
the nervous system and so normal variations in the enteric neural map due to
genetic background may influence susceptibility to gastro-intestinal disease in both
humans and animals. Despite this, there is little information comparing different
nervous system maps and the possible effect of this on function between different
strains of the same species. Much research on gut physiology has focussed on
manipulation of normal conditions or effects of drugs rather than comparing baseline
function in different strains of the same species (Bove, 2015; Choi and Chang,
2015; Grasa et al., 2015). To investigate if genetic variation leads to differences in
gut function, possibly via a varied enteric nervous system, this study investigated
potential differences in gross anatomy and physiological function of the gut between
two different strains of mice (AKR and C57BL/6) by monitoring and measuring a
number of physical parameters. Several previously unidentified variations in normal
gut anatomy between the two strains were found.

3.12.1 Genetic influence has some consistent effects on gut anatomy
and physiology
Along with impact on the enteric neural network, genetic variation could influence
normal gut physiology in several ways. We found that although both strains of mice
gained weight steadily each week, during a five week period AKR mice were
consistently heavier than C57BL/6 mice, ate slightly more food and drank slightly
less water, despite having the same access to food, water and exercise. West et
al., (1992) found that AKR mice are not significantly different in weight from the
C57BL/6 strain at age five weeks but are more sensitive to dietary obesity on a high
fat diet.

It was thought that this may be linked with a quantitative trait locus

controlling mesenteric fat deposit size and variation in tissue adiposity on
chromosome 15 (York et al., 1996) and may prove advantageous in the wild by
facilitating survival through periods of famine (West et al., 1992). However, more
recent studies have shown links between obesity and the microbiome (Ley, 2010)
which may be impacted by factors such as genetics, transfer of microbes from the
vaginal canal during birth and stress (Jiminez et al., 2015); variation in the
microbiome has also been shown to affect neuronal function (McVey Neufeld et al.,
2013) and therefore may be having an impact on enteric nervous system
physiology.
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In this study, we found C57BL/6 mice to have significantly thicker total and
longitudinal muscle thickness in the jejunum and thicker longitudinal muscle in the
colon than AKR mice. As the longitudinal muscle is believed to shorten the gastrointestinal tract, this could explain our other findings of a trend for AKR mice to have
a longer large intestine than the C57BL/6; conversely, there is a trend for the
C57BL/6 mice to have a longer small intestine than the AKR mice, suggesting the
thickness of longitudinal muscle has an inconsistent effect on gut length. However,
we did find significant differences in transit time between strains; the shorter transit
time of the C57BL/6 strain could be linked to thicker muscle found in the jejunum
and colon producing stronger contractions and propelling faecal contents through
the gastro-intestinal tract at a comparatively faster pace than the AKR strain. It is
perhaps surprising to note that we found no difference in faecal water content
between the strains despite the variations in transit time, suggesting that the speed
at which the faecal pellet passes through the gut has no effect on the amount of
water absorbed.
We also found significant differences in pellet length between the two strains; the
AKR mice produced significantly longer faecal pellets than the C57BL/6 mice on two
separate occasions (p<0.05, p<0.005). Consequentially it was surprising that the
faecal pellet number was inconsistent across experiments. This suggests that there
is no link between muscle thickness, transit time and faecal pellet number.

3.12.2 Genetic influence affects muscle contractility within the proximal
colon
Much previous published work investigating muscle contractility has focussed on
manipulation of normal conditions, such as effects of drug administration and
changes in microbiome constitution.

Our results present a novel finding in the

understanding of basic gut physiology; we found that stimulation of acetylcholine
and TRPV1 receptors in the proximal colon with a chemical agonist produced some
differences in muscle contractility between the AKR and C57BL/6 strains.

This

suggests variation in expression of neuroreceptor expression, function, or possibly
both which would result in variation in normal parasympathetic nervous function
between strains. This difference could be a result of variation in muscle thickness;
however, it is interesting to note that the AKR strain was found to have thinner
longitudinal muscle in the colon but produced the greater tension during contraction
in response to stimulation of nicotinic and muscarinic acetylcholine receptors. This
suggests that number and function of these neuroreceptors is not linked to the
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volume of muscle present but is controlled by another factor. Interestingly, the
alpha 7 nicotinic acetylcholine receptor has been linked directly with the
inflammatory response, in macrophages in particular (Tracey, 2002).
Administration of a TRPV1 receptor agonist appeared to reduce the number of gut
contractions in the C57BL/6 strain but had no effect on the AKR mice, suggesting
some strain specific impairment in function of or response to TRPV1 stimulation in
the AKR. Whilst previous studies have reported similar findings in the hindpaw
(Mogil et al., 2005), this is the first known study to highlight a similar strain specific
difference in the gut related to gut function. As stimulation of this receptor leads to
CGRP production (Meng et al., 2009), known to be a factor in the establishment of a
Th2 response (Mikami et al., 2011), this could also directly contribute to immune
response variation to parasite invasion.
In this study we investigated the effect of genetic variation via two different strains of
mice (C57BL/6 and AKR) on normal gut anatomy and physiology.

We found

several differences between the two strains, some of which were inconsistent.
There was also some variation within the strains. This difference in gut function
suggests that known differences in the peripheral nervous systems of these two
inbred mouse strains are reflected within the enteric nervous system. It was then
decided to investigate the enteric nervous system within these animals to see if any
differences could be identified.
Summary of key findings
Significant differences inWeight gain- AKR consistently heavier than C57BL/6
Total muscle depth- thicker in C57BL/6 in jejunum than AKR
Longitudinal muscle depth- thicker in C57BL/6 jejunum and colon than AKR
Faecal pellet length- AKR has longer pellets than C57BL/6
Faecal transit time- AKR has longer transit time than C57BL/6
Initial response to carbachol (1μM)- AKR greater increase in tension than C57BL/6
Average tension gut contraction in response to carbachol (10μM)- AKR greater
tension (3 minute period)

No significant differences inLength of small or large intestine
Faecal pellet number
Water content
Spontaneous gut motility
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Initial response to carbachol (0.1μM and 10μM)
Average tension gut contraction in response to carbachol (0.1μM and 1μM) in a 3
minute period
Average number of gut contractions in response to carbachol (0.1μM and 1μM) in a
3 minute period
Initial response to capsaicin
Average tension or number of gut contractions in response to capsaicin (0.1μM,
1μM and 10μM) in a 3 minute period
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Chapter 4
Immunofluorescence and
histochemical investigation
revealed some differences in the
enteric nervous system of the
colon between the AKR and
C57BL/6 mouse strains
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4.1 Introduction
Previous results identified some differences in gut physiology, such as variation in
transit time and faecal pellet length, between two inbred strains of mice (AKR and
C57BL/6); it is likely that these differences are a result of variation in the enteric
nervous system that reflect known differences in the peripheral nervous system of
these mice. Many studies have investigated the anatomy of the enteric nervous
system in various species including the pig (Brown and Timmermans, 2004), guinea
pig (Hu et al., 2002), rat (Sundler et al., 1989) and mouse (Sang and Young, 1996).
However, information regarding comparison of different strains of animal from the
same species, and therefore the impact of genetic variation, is sparse.

This

information may be useful in understanding the effect of genetic variation on the
enteric nervous system and the effect of this in human physiology and disease
susceptibility.

To investigate this, jejunum and colon was taken from AKR and

C57BL/6 mice and evaluated with histochemistry and immunofluorescence
techniques to quantify and compare enteric neurons.
Many studies have mapped the enteric nervous system in a variety of species with a
focus on quantifying and categorising neurons within the myenteric plexus, the
larger plexus of the two, utilising a whole mount technique with microdissection to
separate the submucosal plexus and lamina propria from the myenteric plexus
(Galvis et al., 1987; Yu et al., 2009). However, if we consider the neuro-immune
link important and the differing response of these two strains to parasitic gut
infection, then any nerves present in close proximity with the epithelium and within
the lamina propria would be of particular interest as these are the first to encounter
the parasite.

For this reason, a whole mount approach was trialled without

microdissection. A pan neuronal marker was required to identify any differences in
overall neural expression between the two strains. Much published work examining
the peripheral nervous system and the gut in particular utilised beta III tubulin or
PGP9.5 immunofluorescent antibodies (Eisenman et al., 2013; Harrington et al.,
2010; He et al., 2016; Betolli et al., 2008). Beta III tubulin is a component of the
microtubule structure of all neurons believed to be exclusive to the nervous system
(Caccamo et al., 1989), and PGP 9.5 is a ubiqutination hydrolase product thought to
be a sensitive marker of neural cells and neural fibres (Campbell et al., 2003).
These antibodies highlight cell bodies along with axonal projections, therefore it was
decided that these would be acceptable markers to trial.

Despite numerous

attempts and a variety of protocols, the whole mount technique remained
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unsuccessful, perhaps due to inability of antibodies to penetrate tissue of such
thickness or issues with depth of tissue that the confocal microscope could
illuminate. Therefore, tissue was sectioned along two axes at a thickness of 10μm,
transversely and longitudinally along the length of the gut, with transverse sections
demonstrating primarily nerves in the submucosal plexus and lamina propria, and
longitudinal sections demonstrating the myenteric plexus.
As the accuracy and reliability of antibody markers has been questioned (Baker,
2015), an older and less frequently used histochemical technique for identification of
nerves was also employed, the Sevier-Munger silver stain technique. Despite some
issues with sensitivity and specificity, silver stains have provided a useful tool for
neuropathologists (Uchihara, 2007). The Sevier-Munger stain, modified for paraffin
embedded tissue from the Bielchowsky method, is an argyrophilic technique that
highlights neurons and neurofibres (Sotelo et al., 1980).

It was hoped that a

combination of these old and new techniques would visualise the enteric nervous
system in its entirety and allow comparisons of quantification to be made. Any
difference in the enteric nervous system may explain the functional differences in
physiology, and therefore maybe immunity, between the two strains.
Hypothesis
There are known differences in the peripheral nervous system between the AKR
and C57BL/6 mouse strains that may be reflected in the enteric nervous system. As
we identified differences in gut function between the two strains it is likely that these
differences extend to the enteric neural map.

These differences will ultimately

impact susceptibility to and recovery from disease via the neuro-immune link; this
genetic influence is likely to be reflected in a human population and therefore may
be of importance in understanding susceptibility to and recovery from gastrointestinal disease.
Aim
To investigate and compare anatomy of the enteric nervous system in two different
inbred strains of mice (C57BL/6 and AKR). Various immunofluorescence and
histochemical studies will be utilised in order to identify a ‘pan-neuronal’ marker for
the enteric neural map in the myenteric plexus and submucosal plexus and lamina
propria of the jejunum and colon. These markers include immunofluorescence
antibodies commonly used for identification of gut nerves, such as beta III tubulin
and PGP 9.5, alongside a newer antibody cocktail containing beta III tubulin,
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neurofilament medium (NEFM), Neuronal Nuclei (NeuN) and microtubule
associated protein 2 (MAP2) and described as ‘pan neuronal’. Histochemical
techniques including Sevier-Munger silver stain, Luxol Fast Blue and Picrosirius red
stain will also be utilised to identify all nerves, myelinated nerves and collagen,
respectively. Amount of fluorescence/ density of staining within a section will be
measured and compared to elucidate any strain specific differences. Genetic strain
specific differences in the enteric neural map are likely to reflect previous strain
specific differences in gut physiology and therefore are likely to influence
susceptibility to and recovery from gastro-intestinal disease via the neuro-immune
link. This is likely to be reflected in a human population.
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4.2 Immunofluorescence in the jejunum and colon
4.2.1 Variation in neurons identified within the gut with different ‘pan
neuronal’ markers
Antibodies to pan neuronal components beta III tubulin and PGP9.5 were trialled on
a C57BL/6 mouse using a double staining method and compared; despite some
overlap of fluorescence being evident, subsets of neurons could be seen adjacent to
each other that were specific for each of these individual markers but not both. Beta
III tubulin appeared to show more nerves than PGP9.5 (Figure 4.1).

4.3 Beta III tubulin immunofluorescence in the submucosal
plexus and lamina propria
4.3.1 No significant difference in beta III tubulin immunofluorescence in
submucosal plexus and lamina propria in the jejunum or colon between
strains
Jejunum and proximal colon was taken from AKR and C57BL/6 mice, embedded in
paraffin, sectioned transversely at a thickness of 10μm and incubated with beta III
tubulin antibody. Immunofluorescence in the submucosal plexus and lamina propria
was quantified and despite a trend for higher level of fluorescence in the C57BL/6
mice, no significant difference was found between strains (Student’s t-test) in the
jejunum (Figure 4.2) and colon (Figure 4.3).

4.4 Beta III tubulin immunofluorescence in the myenteric
plexus
4.4.1 No significant difference in beta III tubulin immunofluorescence in
the myenteric plexus in the jejunum or colon between strains
Jejunum and proximal colon was taken from AKR and C57BL/6 mice and cut
longitudinally, flattened and embedded in paraffin, sectioned at a thickness of 10μm
and incubated with beta III tubulin antibody. Immunofluorescence in the myenteric
plexus was quantified and no significant difference was found between strains
(Student’s t-test) in the jejunum (Figure 4.4) and colon (Figure 4.5); variation in
immunofluorescence levels could be seen within the groups in both the jejunum and
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colon with a trend for increased beta III tubulin immunofluorescence in the C57BL/6
in the colon.
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Figure 4.1. Variation in nerves in the intestine demonstrated with pan markers
via immunofluorescence. A cross section of jejunum (A, B, C- 600xs mag, D, E,
F- 700xs mag) with beta III tubulin (green) and PGP9.5 (red) immunofluorescence
staining, both considered pan neuronal markers, clearly showing some neurons are
double stained (A, D- yellow) and a subset are single stained with either beta III
tubulin (B, E- green) or PGP9.5 (C, F- red). Images B and E show beta III tubulin
immunofluorescence, C and F show PGP9.5 immunofluorescence, A and D show
merged images.
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Figure 4.2.

No strain specific significant difference in beta III tubulin

immunofluorescence in the submucosal plexus and lamina propria of the
jejunum.

Quantification of beta III tubulin expression (A) in the jejunum of AKR

and C57BL/6 mice by immunohistochemistry showing data for each animal.
Representative images of beta III tubulin (green) expression in the jejunum shown
at 100xs magnification. Images were viewed using panoramic viewer. N=5 per
group, 3-4 sections per animal.
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Figure 4.3. No strain specific significant difference in beta III tubulin
immunofluorescence in the submucosal plexus and lamina propria of the
colon.
C57BL/6

Quantification of beta III tubulin expression (A) in the colon of AKR and
mice

by

immunohistochemistry

showing

data

for

each

animal.

Representative images of beta III tubulin (green) expression in the colon (images
shown at 50xs magnification). Images were viewed using panoramic viewer. N=4-5
per group, 3- 4 sections per animal.
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Figure 4.4 No strain specific significant difference in beta III tubulin
immunofluorescence in the myenteric plexus of the jejunum.

Quantification of

beta III tubulin expression (A) in the jejunum of AKR and C57BL/6 mice by
immunohistochemistry showing data for each animal. Representative images of
beta III tubulin (green) expression in the jejunum (images shown at 200xs
magnification). Images were viewed using panoramic viewer. N=5 per group, 3- 4
sections per animal.
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Figure 4.5. No strain specific significant difference in beta III tubulin
immunofluorescence in the myenteric plexus of the colon.

Quantification of

beta III tubulin expression (A) in the colon of AKR and C57BL/6 mice by
immunohistochemistry showing data for each animal. Representative images of
beta III tubulin (green) expression in the colon (images shown at B- 50xs, C-100xs
and D-200xs magnification). Images were viewed using panoramic viewer. N=5 per
group, 3- 4 sections per animal.
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4.5 ‘Pan neuronal’ antibody immunofluorescence in the
submucosal plexus and lamina propria
4.5.1 No

significant

difference

in

pan

neuronal

antibody

immunofluorescence in the submucosal plexus and lamina propria in
the jejunum or colon between strains
Jejunum and proximal colon was taken from AKR and C57BL/6 mice, embedded in
paraffin, sectioned transversely at a thickness of 10μm and incubated with an
antibody described as ‘pan neuronal’, containing epitopes for beta III tubulin,
neurofilament

medium

(NEFM),

Neuronal

Nuclei

(NeuN)

and

microtubule

associated protein 2 (MAP2). Immunofluorescence in the submucosal plexus and
lamina propria was quantified and despite one AKR mouse showing very high levels
of fluorescence in the colon, no significant difference was found between strains
(Student’s t-test) in the jejunum (Figure 4.6) and colon (Figure 4.7). Interestingly,
although this antibody contained a beta III tubulin epitope along with NEFM, NeuN
and MAP2, these sections appeared to show a lower level of immunofluorescence
than a previous incubation with a different beta III tubulin antibody alone (Figure 4.2,
Figure 4.3).

4.6 Sevier-Munger technique silver stain in the submucosal
plexus and lamina propria
4.6.1 No significant difference in Sevier-Munger technique silver stain
in submucosal plexus and lamina propria in the jejunum between
strains
Jejunum was taken from AKR and C57BL/6 mice, embedded in paraffin, sectioned
transversely at a thickness of 10μm and Sevier-Munger technique silver stain
applied.

Stain per section in the submucosal plexus and lamina propria was

quantified and no significant difference was found between strains in the jejunum
(Student’s t-test) (Figure 4.8).

There was noticeable variation in stain between

animals in the AKR group.

4.6.2 Strain specific difference in Sevier-Munger technique silver stain
in submucosal plexus and lamina propria in the colon
Proximal colon was taken from AKR and C57BL/6 mice, embedded in paraffin,
sectioned transversely at a thickness of 10μm and Sevier-Munger technique silver
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stain applied. Stain per section in the submucosal plexus and lamina propria was
quantified and the AKR strain were found to have a significantly reduced amount of
stain per percentage area (Student’s t-test, p<0.05) compared with the C57BL/6
strain in the colon (Figure 4.9). This difference between strains can be clearly seen
at a higher magnification (Figure 4.10). It is also interesting to note that there is
noticeable variation in stain in the same section of the same animal (Figure 4.11)
suggesting possible differences in gut innervation within a very small area.

4.7 Comparison of beta III tubulin immunofluorescence and
Sevier-Munger silver stain technique
4.7.1 Variation

in

nerves

identified

with

beta

III

tubulin

immunofluorescence and Sevier-Munger silver stain technique in serial
sections of the colon
Transverse serial sections of proximal colon from a C57BL/6 mouse were taken and
stained using the Sevier-Munger silver stain technique and incubated with beta III
tubulin

immunofluorescence

labelled

antibodies

to

compare

the

neurons

demonstrated with each. Figure 4.12 clearly shows that although beta III tubulin is
thought to be contained within all neurons (Betolli et al., 2008) there are many
shown with Sevier-Munger silver stain technique in the lamina propria that are not
visualised with beta III tubulin antibody.

There is also a subset of nerves

demonstrated clearly within the myenteric plexus with beta III tubulin that are not
shown with the Sevier-Munger silver stain technique. A trial of a neurofilament
triplet light antibody did not yield results similar to the silver stain (results not
shown).
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Figure 4.6. No strain specific significant difference in ‘Pan neuronal’ antibody
(beta III tubulin, NEFM, NeuN, MAP2) immunofluorescence in the submucosal
plexus and lamina propria of the jejunum. Quantification of ‘pan neuronal’
antibody expression (A) in the jejunum of AKR and C57BL/6 mice by
immunohistochemistry showing data for each animal. Representative images of
pan neuronal antibody (green) expression in the jejunum (images shown at 100xs
magnification). Images were viewed using panoramic viewer. N=5 per group, 3- 4
sections per animal.
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Figure 4.7. No strain specific significant difference in ‘Pan neuronal’ antibody
(beta III tubulin, NEFM, NeuN, MAP2) immunofluorescence in the submucosal
plexus and lamina propria of the colon. Quantification of ‘pan neuronal’ antibody
expression (A) in the colon of AKR and C57BL/6 mice by immunohistochemistry
showing data for each animal. Representative images of pan neuronal antibody
(green) expression in the colon (images shown at 50xs magnification). Images
were viewed using panoramic viewer. N=5 per group, 3- 4 sections per animal.
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Figure 4.8.

No strain specific significant difference in Sevier-Munger

technique silver stain in the submucosal plexus and lamina propria of the
jejunum. Quantification of Sevier-Munger technique silver stain (A) in the jejunum
of AKR and C57BL/6 mice showing data for each animal. Representative images of
Sevier-Munger technique silver stain in the jejunum (images shown at 200xs
magnification). Images were viewed using panoramic viewer. N=5 per group, 3-4
sections per animal.
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Figure 4.9 Significantly increased staining in C57BL/6 mice using the SevierMunger technique silver stain in the submucosal plexus and lamina propria of
the colon. Quantification of Sevier-Munger technique silver stain (A) in the colon of
AKR and C57BL/6 mice showing data for each animal. Representative images of
Sevier-Munger technique silver stain in the colon (images shown at B- 200xs and C50xs magnification). Images were viewed using panoramic viewer. N=4 per group,
3-4 sections per animal. Student’s t-test, *p<0.05.
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Figure 4.10 Strain specific differences in Sevier-Munger technique silver stain
in the submucosal plexus and lamina propria of the colon. Images at higher
magnification clearly demonstrate reduced stain per percentage area in AKR mice
in comparison with C57BL/6 mice (all 600xs magnification).

Figure 4.11 Variation in Sevier-Munger technique silver stain within the same
section in the submucosal plexus and lamina propria of the colon. Two
images taken from different areas of the same 10μm thick section of the colon of a
C57BL/6 mouse (400xs mag) demonstrating variation in stain suggestive of protocol
issues or nervous system variation within the same small area of colon.
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Figure 4.12 Variation in nerves identified with the Sevier-Munger silver stain
technique and beta III tubulin antibodies in serial sections of the submucosal
plexus and lamina propria of the colon. Two images taken from 10μm thick
serial sections of the colon of a C57BL/6 mouse (A.i, B.i, 200xsmag, A.ii, B.ii, 100xs
mag) using the Sevier-Munger silver stain technique (A) and beta III tubulin
immunofluorescence labelled antibodies (green) (B) demonstrating variation in
neurons identified with each, despite the attributed pan neuronal identification
qualities of beta III tubulin.
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4.8 Luxol Fast Blue stain in the colon
4.8.1 Luxol Fast Blue did not visualise neurons in the enteric nervous
system
In order to try and visualise myelinated enteric neurons, the Luxol Fast Blue
histological stain was trialled in the colon. Myelinated nerve fibres were clearly
visible in the rat brain and spinal cord but no neurons could be clearly seen within
mouse colon (Figure 4.13) suggesting that this stain is not useful for visualisation of
enteric neurons.

This may be due to complications in identification of neurons

amongst the complex morphology of the lamina propria of the gut or it may be that
the number of myelinated neurons within the lamina propria is limited.

4.9 Picrosirius red stain in the colon
4.9.1 No

apparent

difference

in

collagen

fibres

identified

with

Picrosirius red collagen stain between strains in the colon
The extracellular matrix is known to be important in facilitating neurite outgrowth via
secretion of neurotrophic factors (Madl and Heilshorn, 2015) and cultured neural
cells trapped in collagen developed normal polarity and growth patterns in
comparison with those in agarose gel which were unable to survive (O'Connor et al.,
2001). In order to investigate if variation in collagen fibres within the gut may reflect
and influence variation in enteric neurons between strains, a Picrosirius red stain
was performed. There was no visible difference between the AKR and the C57BL/6
mice in appearance or amount of collagen fibres in the colon (Figure 4.14).
However, as some studies have found several extracellular matrix functions and
abnormalities to be linked with the process of myelination (Mehta and Piao, 2017;
Röhr et al., 2017), the similarity in collagen between strains may suggest that any
genetic variation in enteric nerves may be limited to a subsection of non-myelinated
neurons such as C fibres (Gebhart, 2000).
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Figure 4.13 Luxol Fast Blue stain in the colon. Images of colon from mouse
strains AKR and C57BL/6 stained with Luxol Fast Blue demonstrating the apparent
lack of or difficulty in visualising myelinated nerve fibres (A-200xs, B-400xs
magnification). Myelinated nerve fibres were clearly visible in the rat brain (C) and
spinal cord (D) (both images at 400xs magnification).
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Figure 4.14 Picrosirius red stain in the colon.

Images of colon from mouse

strains AKR and C57BL/6 stained with Picrosirius red demonstrating similar
appearance of collagen fibres between strains (A-200xs magnification, B-400xs
magnification).
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4.10 Discussion
Our previous findings identified several variations in gut physiology between the
AKR and C57BL/6 strains of mice. Despite the known variation in the peripheral
nervous system between these two strains of mice (Mogil et al., 2005), the enteric
nervous

systems

have

not

been

mapped

and

compared.

We

used

immunofluorescence and histochemistry techniques to visualise and compare the
enteric nervous system in AKR and C57BL/6 mice and found some interesting and
novel results.

4.10.1 Difficulties in establishing a reliable pan neuronal marker within
the gut
The alpha/beta tubulin heterodimer is an essential component in the eukaryotic
cytoskeleton (Dutcher, 2001) and different beta tubulin isotypes have been found to
be ubiquitously expressed or tissue specific (Leandro-García et al., 2010); we chose
to investigate beta III tubulin, an accepted tubulin isotype associated with
commitment to neuronal lineage (Qu et al., 2013; Marei et al., 2017; Caccamo et al.,
1989). Another marker specific to neuronal fibres is ubiqutination hydrolase product
PGP9.5 (Campbell et al., 2003). For this reason, beta III tubulin and PGP9.5 have
been considered reliable pan neuronal markers widely used in research of the
peripheral and enteric nervous system (Betolli et al., 2008; Harrington et al., 2010;
He et al., 2016; Eisenman et al., 2013). However, a trial using a double stain
immunofluorescence technique for both of these antibodies presented interesting
results; whilst some nerves were clearly double labelled, a definite subset was
found to be labelled with only one marker (Figure 4.1) suggesting that caution must
be exercised in attributing a label of pan neuronal to either of these antibodies within
the colon or small intestine.
Interestingly, in many papers beta III tubulin immunohistochemical protocol within
the gut is limited to the longitudinal muscle myenteric plexus (LMMP) whole mount
protocol as this is considered the main site of nerve ganglia (Su et al., 2016;
Harrington et al., 2010). However, in this study, it was felt that possible strain
specific variation in neurons in the lamina propria and submucosa important to
investigate for several reasons: nerves closest to the epithelium would be first to
encounter and react to sensory input from the gut lumen including general changes
in environment, microbiome variation and parasitic infection.

Thus, differences

within the enteric nervous system close to the epithelium may be responsible for the
differences in gut physiology we identified and known variation in response to
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parasitic infection between strains. It has been suggested that the microbiome can
play an important role in gut function and impact immune response (Round and
Mazmanian, 2009). As inter-species variation in the human gut microbiome is an
accepted phenomena (Arumugam et al., 2011), it is likely that these different strains
of mice will have different microbiomes and although genetic background is
influential it may be that interaction between gut bacteria and the nervous system
exerts some control in the impact of this difference.
There are few papers examining beta III tubulin antibody stain in the submucosa of
the colon. A similar pattern of beta III tubulin immunofluorescence to our study was
found in both the mouse (Khalil et al., 2016) and human colon (Badizadegan et al.,
2014). Despite a trend for higher quantities of immunofluorescence in the C57BL/6
mice, there was some variation within the groups and no strain specific significant
difference was found in beta III tubulin antibody immunofluorescence in our work.
However, serial sections of colon treated with the Sevier-Munger silver stain
technique appeared to demonstrate a higher number of nerves than those treated
with beta III tubulin antibody. Interestingly, the Sevier-Munger silver stain technique
used on transverse sections of gut found AKR mice to have significantly reduced
(p<0.05) levels of stain in the proximal colon in comparison with the C57BL/6 mice;
at a higher magnification it appeared that these animals had fewer nerves (Figure
4.10). Variation in staining was also found within individual sections for all animals,
suggesting a possible issue with staining protocol.

However, this could also

represent variation in the enteric nervous system throughout cross sectional areas
of the gut (Figure 4.11). This must be considered relevant when some studies have
used a small area from a cross section of guinea pig colonic mucosa to investigate
innervation with beta III tubulin antibody (Robinson et al., 2017); the current study
would suggest validity of results may be compromised if stain pattern from across
the entire section is not considered.
Also intriguing was the fact that in our study, comparison of serial sections of small
and large intestine appeared to demonstrate beta III tubulin immunofluorescence
and

Sevier-Munger

silver

stain

in

different

areas;

beta

III

tubulin

immunofluorescence clearly shows many more nerves within the myenteric plexus
but less nerves within the lamina propria than the Sevier-Munger silver stain in the
colon (Figure 4.12). It cannot be ignored that despite the appearance that these
experiments were successful, there may be some as yet unidentified issue with this
particular antibody and stain technique protocol that may be affecting results; this
was compounded by the fact that the Sevier-Munger silver stain technique was
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unsuccessful on a number of following occasions despite repeated attempts, and
known issues with reproducibility have been highlighted (Uchihara, 2007).
However, as literature suggests that beta III tubulin is present as a structural
component of almost all neurons (Caccamo et al., 1989), the possibility that we may
have uncovered a subset of neurons within the gut that are beta III tubulin negative
represents an interesting and novel finding. It has been reported that some
interneurons within the retina known as amacrine cells do not contain always
contain beta III tubulin, and it is interesting to note that the projections of these cells
are dendritic rather than axonal (Balasubramanian and Gan, 2014); it may be that
our results suggest a similar as yet undiscovered subset of neurons within the gut.
A Luxol Fast Blue stain was not able to clearly highlight any myelinated submucosal
nerves suggesting that this as yet unidentified subset of nerves is unmyelinated
such as C fibres (Gebhart, 2000).

As the sensitivity and tissue specificity of

argyrophiIlic silver staining is dependent on the method utilised (Uchihara, 2007),
we performed a Picrosirius red stain to confirm that the Sevier-Munger silver stain
technique had indeed highlighted nerves rather than collagen fibres; collagen fibres
were different in appearance to nerve fibres and no strain specific difference was
identified.
In the hope of highlighting any nerves that may not be beta III tubulin specific, a
second antibody was also used described as ‘pan neuronal’ and suitable for the
peripheral nervous system containing markers for beta III tubulin but also other
common biomarkers thought to be specific to neurons including the neuronal nuclei
marker NeuN, microtubule associated protein 2 (MAP2), and neurofilament medium.
No strain specific significant difference in immunofluorescence was found and
images did not appear to be markedly different from those demonstrated with beta
III tubulin and certainly did not appear to highlight the same subset of sub-epithelial
nerves as the Sevier-Munger silver stain technique.

4.10.2 Evidence of influence of genetic background on enteric nervous
system
Mogil et al. (2005) identified a difference in thermal nociception in the hindpaw of
the AKR and C57BL/6 strains; it appeared that the AKR demonstrated a reduced
response to pain that could be rectified with administration of CGRP.

CGRP

release is triggered by stimulation of the TRPV1 receptor (Meng et al., 2009), which
is located on thinly myelinated alphaδ fibres and unmyelinated sensory C fibres
(Michael and Priestley, 1999) suggesting a reduction in function or amount of these
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peripheral sensory nerves in the AKR mouse. Our work demonstrates that this
known peripheral difference in sensory innervation in the AKR may be reflected in
the enteric nervous system, as a reduced infiltration of nerves in the lamina propria
and submucosa was identified by the Sevier-Munger silver stain technique in the
AKR strain in comparison with the C57BL/6 strain. This has never been previously
documented to our knowledge; however, a defect in nerves in this area of the colon
in the AKR strain may explain the inability of these animals to produce a Th2
immune response to parasitic infection given that CGRP release is associated with
Th2 immune profile induction (Mikami et al., 2011).
In this study we investigated and compared the enteric nervous system in two
different inbred strains of mice (AKR and C57BL/6). We were unable to identify a
reliable pan neuronal marker but did find a possible variation in amount of nerves in
the submucosal plexus and lamina propria between strains.

Although this

difference between strains was only demonstrated in one histochemical stain, it may
be the reason for the variation in function previously found between the two strains.
Summary of key findings
Significant differences inSevier-Munger silver stain technique- AKR significantly less stain per percentage
area than C57BL/6

No significant differences inBeta III tubulin immunofluroescence, jejunum and colon, myenteric plexus or
submucosal plexus/lamina propria
‘Pan neuronal’ antibody immunofluorescence, jejunum and colon, submucosal
plexus/lamina propria
Sevier-Munger silver stain technique, jejunum, submucosal plexus/lamina propria
Spontaneous gut motility
Initial response to carbachol (0.1μM and 10μM)
Average tension gut contraction in response to carbachol (0.1μM and 1μM) in a 3
minute period
Average number of gut contractions in response to carbachol (0.1μM and 1μM) in a
3 minute period
Initial response to capsaicin
Average tension or number of gut contractions in response to capsaicin (0.1μM,
1μM and 10μM) in a 3 minute period
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Chapter 5
There are differences in gut
physiology in C57BL/6 mice on
return to health following
resolution of high/low dose
Trichuris muris infection that are
likely to reflect differences within
the enteric nervous system post
infection
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5.1 Introduction
The nervous system is vital in the control of physiological functions within the gut
regulating movement, absorption and defaecation (Gray, 1918).

Invasion by a

pathogen can activate a cascade of events that results in the death of cells,
including neurons.

During infection, NO produced by the nervous system

contributes to formation of ROS and cell death (Tennyson and Lippard, 2011;
McCord and Omar, 1993) and activated macrophages release nerve repellent
factors specific to sympathetic nerve fibres and reduce NGF production that may
lead to a reduced overall number of sympathetic nerve fibres (Straub et al., 2006;
Straub et al., 2008). Therefore, it is likely that inflammation affects neuronal number
and as a result of this, physiology; the long term effect of these possible changes on
ENS neuronal number and gut function is not yet fully understood.
It is not yet clear if an initial minor neuropathy or varied neural map prior to
diagnosis may contribute to disease onset.

Peripheral autonomic neuropathy

resulting from has change in neuronal number has been associated with many
pathological conditions involving chronic inflammation and inappropriate immune
activation such as hypertension and diabetes (Gregory et al., 2012; Hosseini and
Abdollahi, 2013).

This is increasingly linked with complications and leads to

comorbidities; for instance, in diabetic patients, cardiovascular disease that
develops secondary to the condition itself it a leading cause of mortality (Vinik et al.,
2013).

Some chronic pathologies such as diabetes and the CNS neurological

disorders Alzheimers disease and Parkinsons disease, are associated with GI
disturbances, suggesting the ENS is affected (Brock et al., 2013; Holzgrabe et al.,
2007).

In diabetic patients, some alteration in heart rate variation indicative of

autonomic neuropathy could be identified prior to onset of any inflammatory signals,
suggesting that some element of neuropathy, perhaps minor, may precede or
perhaps contribute to, development of the pathology (Posadas et al., 2013). In
healthy adults, Thayer and Fischer (2009) found an inverse correlation between
levels of C-reactive protein in plasma and vagally modulated heart rate variability;
this increase in inflammatory marker C-reactive protein was attributed to reduced
activation of the cholinergic anti-inflammatory pathway caused by loss of cholinergic
nerves in these individuals which could therefore potentially lead to chronic low level
inflammation. This would exacerbate any underlying neuropathy and may lead to
development of pathology.
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As individuals we are all different genetically, but we also encounter environmental
influences that could impact our gut nerves; if a prior neuropathy is indicative of or
associated with pathology, these factors may contribute to disease initiation and
progression. We encounter a variety of pathogens every day and most people, if
not everyone, will at some point succumb to a gut bacteria or virus that triggers the
immune system. This will usually lead to a Th1 profile immune response leading to
successful eradication of the pathogen and return to health; if we become infected
by a worm or parasite, a Th2 immune response will usually be triggered
(Romagnani, 1999). Whilst we know that there is a link between oxidative stress,
inflammation and neuropathy (Reuter et al., 2010), the long term effect of resolved
Th1 or Th2 immune profile infection on the gut nervous system of healthy
individuals is not known. Interestingly, patients with Crohn’s disease, a condition
with an elevated Th1/Th17 immune profile, were found to have progressive
sympathetic neuropathy (Ohlsson et al., 2007) whilst patients with the Th2 driven
ulcerative colitis demonstrated a lower heart reaction to deep breathing ratio (E/I
ratio) and dysfunctional vagal cardiac control suggestive of vagal neuropathy
(Coruzzi et al., 2007).

Perhaps we could hypothesize that infection activating

different immune profiles will affect the nervous system differently, and this will be
reflected by variations in enteric neuronal number and gut physiology. This will
therefore affect the quality of life of the individual and may affect susceptibility to
future disease.
We decided to investigate the impact on gut physiology of resolved infection with
the parasite Trichuris muris; C57BL/6 mice were used as they are known to be
resistant to parasitic infection whereas the AKR mice have a known irregularity in
neural phenotype (Mogil et al., 2005) that may be linked with the susceptibility of
this strain to parasitic infection (Artis et al., 1999). We used two different doses to
elicit two different immune profiles, a high dose of parasites to initiate a Th2
response and a low dose to initiate a Th1 response (Bancroft et al., 2001; Bancroft
et al., 1994); as the Th1 response is not sufficient to eliminate T.muris (Bancroft et
al., 2001), an anti parasitic drug used commonly in humans, mebendazole, was
given to mice to resolve chronic infection. Mebendazole was given to animals in the
high and low dose groups and a naive control group to ensure any significant
differences between groups could not be attributed solely to the action of the drug.
It would be expected that any lasting impact of resolved infection from either
immune profile on the enteric nervous system would be reflected in changes in gut
physiology and may warrant further investigation of gut nerves.
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Hypothesis
Resolved Th1 or Th2 immune response to infection in the caecum and proximal
colon will lead to long term changes in the enteric nervous system. This will result
in differences in normal gut physiology between animals and may impact future
susceptibility and recovery from gastro-intestinal disease via the neuro-immune link.
These post infection changes may be echoed in a human population and thus
resolved infection may be a factor in influencing human susceptibility to disease.
Aim
To investigate gut physiology that will reflect differences in the enteric nervous
system in C57BL/6 mice infected with a high or low dose of T.muris, and compare to
an age matched uninfected control group.
Assessments of variation in physical and functional parameters that will be used
include comparison between groups of


Weight gain



Length of small and large intestines



Muscle thickness, crypt size and submucosal depth



Food and water intake



Faecal pellet number, length and water content



Faecal transit time
113



Spontaneous motility of the proximal colon, including number and tension of
contractions



Average response of the proximal colon, including number and tension of
contractions, to an α7 nicotinic acetylcholine receptor agonist at 3
concentrations

Results will highlight differences in physical size, function and neuroreceptor
expression specific to each infection group that may impact gut function following
resolution of infection. These post infection changes may be echoed in a human
population and impact human gut function and ultimately disease susceptibility via
the neuro-immune link.
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5.2 Weight gain and gut length
5.2.1 Infection affected weight gain at day 35 post infection
Mice from each group (high dose infection with Trichuris muris, low dose infection
with T.muris and a control group) were weighed every 7 days for 5 weeks and mean
average weight of animals per group calculated each week.

Naive mice (n=5)

weighed significantly more than those infected with a high dose (p<0.0001, n=5)
and a low dose (p<0.0001, n=5) infection of T.muris at day 35 post infection. There
was no significant difference between high and low dose groups at day 35 post
infection and no significant difference in weight at any other time point between any
of the groups (two way ANOVA) (Figure 5.1).

5.2.2 Dose of infection did not consistently affect length of the small or
large intestine
Length of small intestine and large intestine was measured in each group at day 21
post infection and post treatment with mebendazole at day 45 and 56 post infection;
mean average length per group for each time point was calculated. There was no
significant difference in length of small intestine or large intestine between groups at
day 21 post infection and post treatment with mebendazole at day 45 or 56 post
infection (two way ANOVA) (Figure 5.2).

5.3 Muscle,
infection

submucosa

and

crypt

measurements

and

5.3.1 Infection affected crypt depth, submucosal depth and muscle
thickness in the colon
To confirm that any change found in gut physiology following resolution of infection
was not purely a result of physical changes, muscle thickness, submucosal depth
and crypt depth were measured at day 21 post infection; mice infected with a low
dose of T.muris (n=5) had significantly longer crypts (p<0.001) and thicker
submucosa (p<0.05) in the colon than naive mice (n=5). Mice infected with a high
dose of T.muris had significantly thicker muscle depth than mice in the low dose
group (p<0.01) and naïve mice (p<0.005) (two way ANOVA) (Figure 5.3).
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Figure 5.1 Weight of C57BL/6 mice infected with high or low dose Trichuris
muris and a naive control group. Mice from each group were weighed every 7
days for 5 weeks from day 21 post infection. Data are shown as a mean value ±
SEM. N=5. Two way ANOVA p<0.0001.

5.4 Food and water intake, faecal pellet number and length
5.4.1 Effect of infection on food and water intake
Food and water intake per group per cage was measured (1 cage of mice infected
with a high dose of T.muris (n=5), 1 cage of mice infected with a low dose of
T.muris (n=5) and 1 cage of uninfected control mice (n=5)) over a 5 week period
and calculated as a mean average value per mouse. At day 21-28 post infection,
animals infected with a low dose of T.muris demonstrated reduced food intake in
comparison to animals infected with a high dose of T.muris and a control group. At
day 28-35 post infection, both infected groups demonstrated reduced food intake in
comparison to a control group. Food intake in infected groups returned to similar
levels as the control group between days 35-42 post infection and remained stable
for the remainder of the experiment (Figure 5.4 A). Water intake was stable for all
groups throughout the experiment other than the high infection group, which
demonstrated reduced water intake between days 28-35 post infection returning to
normal between days 35-42 post infection (Figure 5.4 B).
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5.4.2 Effect of resolved infection on faecal pellet number
Faecal pellet number produced per group in a 4 hour time period was measured for
all groups (n=5), alongside a fourth group, naive control animals that had not been
treated with mebendazole (n=3) at day 56 post infection. No significant difference
was found between groups in the number of faecal pellets produced in a 4 hour time
period (two way ANOVA) (Figure 5.4 C).

5.4.3 Mebendazole treatment affected faecal pellet length in naive
animals
The first five faecal pellets produced by all groups including naive animals not
treated with mebendazole were collected and measured to give a mean average
faecal pellet length per animal at day 56 post infection. Average faecal pellet length
(mm) in naive C57BL/6 mice treated with mebendazole (50mgs/kg, n=5) was
significantly longer than naive animals (p<0.02, n=3), animals in the high dose
group treated with mebendazole (p<0.02, n=5) and animals in the low dose group
treated with mebendazole (p<0.02, n=5). No significant difference was found in
average faecal pellet length between naive mice and the high and low dose groups
post treatment (two way ANOVA) (Figure 5.4 D).
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Figure 5.2 Small and large intestinal length shown for C57BL/6 mice infected
with Trichuris muris at a high dose, low dose and a naive control group. A&B:
Small and large intestinal length day 21 post infection for two independent
experiments. C&D: Small and large intestinal length for day 45 (C) and day 56 (D)
post infection. Data are shown as a mean value ± SEM. N=3-5.
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Figure 5.3 Significant difference in pathology in the colon of C57BL/6 mice
infected with Trichuris muris at a high dose, low dose and a naive control
group. A: Measurement of crypt depth, submucosal depth and muscle thickness
in C57BL/6 mice infected with T.muris. Data are shown as a mean value ± SEM.
B: Representative H&E staining of proximal colon in uninfected (naïve) and infected
(high or low dose) C57BL/6 mice.

N=5, 3-4 sections per individual.

Two way

ANOVA, *p<0.05, **p<0.01, ***p<0.001.
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Figure 5.4 Measurement of food and water intake, faecal pellet number and
length in C57BL/6 mice infected with Trichuris muris at a high dose, low dose
and a naive control group. A&B: Food and water intake was measured for a 5
week period from day 21 post infection. C: Average faecal pellet number produced
per animal in a 4 hour time period. D: Average faecal pellet length per animal (mm).
Data are shown as a mean value ± SEM (C, D). N=5. Two way ANOVA, *p<0.05.
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5.5 Faecal water content
5.5.1 Resolved infection did not have any effect on faecal water content
At day 56 post infection, faecal pellets were collected from each group of mice and
water content per group calculated as a percentage. Naive animals not treated with
mebendazole had a lower faecal water content than all other groups followed by
naive mice treated with mebendazole and animals in the high dose group. Animals
in the low dose group had the highest faecal water content (Figure 5.5). Actual
values for percentage water content can be seen below in table 5.1.
Table 5.1 Average faecal water content.

Faecal water content (mean
average per group)
high dose (n=5)

41

low dose (n=5)

43

naïve (+ mebendazole) (n=5)

39

naïve (no mebendazole) (n=3)

26

5.6 Comparison of transit time
5.6.1 Resolved infection and mebendazole treatment affected transit
time
At day 56 post infection, mice from each group were gavaged with 5% Evans blue
and 5% gum Arabic in MQ water and the time taken to pass a blue faecal pellet was
monitored. Transit time for naive mice was significantly shorter than naive mice
treated with mebendazole (50mgs/kg, p<0.025), animals in the high dose group
(p<0.01) and animals in the low dose group (p<0.0001). Animals in the low dose
group had a significantly longer transit time than naive control animals treated with
mebendazole (p<0.0029) and animals in the high dose group (p<0.0063). There
was no significant different in transit time between naive animals treated with
mebendazole and animals in the high dose group (two way ANOVA) (Figure 5.6).
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5.7 Link between transit time and water content.
There appeared to be a correlation between water content and transit time; in all
groups, water content increased as transit time increased. Naive mice had the
fastest transit time and lowest water content. Animals treated with mebendazole
and animals treated with a high dose of T.muris had similar higher levels of water
content and slower transit time in comparison with the naive group, whilst animals in
the low dose group had both the slowest transit time and highest water content on
day 56 post infection (Figure 5.7).
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Figure 5.5 Average faecal water content for C57BL/6 mice infected with
Trichuris muris at a high dose, low dose and two naive control groups. Faecal
pellets were collected from each group of mice and water content per group
calculated as a percentage (actual values can be seen in Table 5.1). N=3-5.
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Figure 5.6 Resolved infection and treatment with mebendazole affected transit
time in C57BL/6 mice infected with Trichuris muris at a high dose, low dose
and two naive control groups at day 56 post infection. Data are shown as a
mean value ± SEM.

N=3-5 per group.

Two way ANOVA, *p<0.05, **p<0.01,

****p<0.0001.

Figure 5.7 Increased transit time associated with increased water content.
There was a positive correlation between water content and transit time in C57BL/6
mice infected with Trichuris muris at a high dose, low dose and two naive control
groups at day 56 post infection. N=3-5.
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5.8 Motility of the colon
5.8.1 No significant differences in spontaneous gut motility related to
resolution of infection was found
To examine any lasting effect of resolved infection on gut movement, a small
section of proximal colon was taken from all animals and suspended in an organ
bath containing oxygenated Kreb’s solution. After resting for 30 minutes to ensure
tissue equilibrium, the number of gut contractions (number of events) and average
strength of contractions over a three minute period was measured and animals in
each group compared. Although the difference between number of events and
tension per event in a three minute period was not statistically significant (two way
ANOVA), the naive group not treated with mebendazole and the low dose group
appeared to demonstrate greater tension per event in comparison with the other two
groups (Figure 5.8); this would suggest that colon from all groups demonstrated a
similar number of contractions but that these contractions were stronger in the naive
group not treated with mebendazole and the low dose group, also treated with
mebendazole.

However, results were not consistent within the groups and this

difference may have been coincidental; individual traces demonstrate time and
strength of contractions can be seen in figure 5.9.

5.9 Alpha 7 acetylcholine receptor agonism and gut motility
Acetycholine receptors have many functions throughout the body and are vital in
autonomic synaptic function (De Biasi, 2002). The nicotinic acetylcholine receptor
antagonist succinylcholine is used as a neuromuscular blocking agent during
endotracheal intubation (Langeron et al., 2009) highlighting the importance of
nicotinic

acetylcholine

receptors

in

normal

muscular

motility.

Reduced

neuromuscular function in myasthenia gravis and resultant paralysis has been
associated with reduced acetylcholine receptor expression (Binks et al., 2016;
Fambrough et al., 1973). The alpha 7 nicotinic acetylcholine receptor is involved in
the neuro-immune link, having an anti-inflammatory effect (Tracey, 2002); the
expression or function of this receptor has been shown to vary in different immune
profiles (Galitovskiy et al., 2011).

It could be that the variation in transit time

identified between groups is due to variation in expression of the α7nAChr as a
result of the profile of immune response.

We decided to investigate if there was a

long term effect on α7nAChr expression following resolution of infection that may
impact gut physiology.
125

5.9.1 No significant difference in gut motility related to resolution of
infection following administration of PNU 282987 (0.1μM, 1μM, 10μM,
20μM)
In order to investigate any differences in alpha 7 acetylcholine receptor expression
that may affect gut function between groups, an alpha 7 nicotinic acetylcholine
receptor agonist, PNU 282987, was added to oxygenated Kreb’s solution in the
organ bath at increasing concentrations to judge the optimum response level, in
accordance with protocols for experiments in the jejunum; gut was rested and
washed with fresh Kreb’s solution prior to and following addition of the agonist, and
effect on frequency and strength of colon contractions during a three minute period
was measured. Although there appeared to be a trend towards reduced tension per
event in the naive group in response to PNU 282987 (0.1μM), variation within
groups meant that differences were not significant either in number or strength of
gut contractions during a three minute period (two way ANOVA) (Figure 5.10).
Individual traces can be seen in Figure 5.11.
There was no significant difference in number of events (gut contractions) or tension
per event between groups following administration of PNU 282987 at a
concentration of 1μM (two way ANOVA). The naive group appeared to display
increased number of contractions and reduced tension, however there was variation
within the group (Figure 5.10). Individual traces can be seen in Figure 5.12.
There was no significant difference in number or tension of gut contractions
between groups following administration of PNU 282987 at a concentration of 10μM
(tow way ANOVA).

The naive group appeared to display increased number of

events and reduced tension per event, a trend which was echoed to a lesser extent
in the high dose group. Interestingly, the low dose group appeared to demonstrate
increased tension per event following administration of PNU 282987 at a
concentration of 10μM (Figure 5.10).

Again there was variation within groups.

Individual traces can be seen in Figure 5.13.
There was no significant difference in number or tension of gut contractions
between groups following administration of PNU 282987 at a concentration of 20μM
(two way ANOVA).

The naive group appeared to display increased number of

events and reduced tension per event, a trend which was echoed to a lesser extent
in the high dose group, and in the low dose group a slight increase in tension could
be seen; again there was variation between groups (Figure 5.10). Individual traces
can be seen in Figure 5.14.
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Figure 5.8 Spontaneous motility of the colon. Proximal colon from C57BL/6
mice at day 56 post infection and post treatment with mebendazole was taken and
placed in an organ bath containing oxygenated Kreb’s solution and spontaneous
motility compared. Individual traces can be seen in Figure 5.9. N=3-5.
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Figure 5.9 Spontaneous motility of the colon. Proximal colon from C57BL/6 mice
at day 56 post infection with Trichuris muris at a high dose, low dose, a naive
control group (all treated with mebendazole) and a naive control group not treated
with mebendazole was taken and placed in an organ bath containing oxygenated
Kreb’s solution and spontaneous motility compared. Individual traces can be seen
above. N=3-5.
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Figure 5.10 Comparison of spontaneous motility and administration of PNU
282987 (0.1μM, 1μM, 10μM and 20μM) on tension of the colon in C57BL/6 mice
infected with Trichuris muris at a high dose, low dose and a naive control
group at day 56 post infection.

A: 0.1μM, B: 1μM, C: 10μM and D: 20μM.

N=3-5.
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Figure 5.11 Effect of alpha 7 nicotinic acetylcholine receptor agonism on the
proximal colon. PNU 282987 (0.1μM) was administered to proximal colon from
C57BL/6 mice at day 56 post infection with Trichuris muris at a high dose, low dose
and a naive control group (all treated with mebendazole. Individual traces for each
animal following PNU 282987 treatment can be seen above. N=3-5.
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Figure 5.12 Effect of alpha 7 nicotinic acetylcholine receptor agonism on the
proximal colon.

PNU 282987 (1μM) was administered to proximal colon from

C57BL/6 mice at day 56 post infection with Trichuris muris at a high dose, low dose
and a naive control group (all treated with mebendazole). Individual traces for each
animal following PNU 282987 treatment can be seen above. N=3-5.
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Figure 5.13 Effect of alpha 7 nicotinic acetylcholine receptor agonism on the
proximal colon. PNU 282987 (10μM) was administered to proximal colon from
C57BL/6 mice at day 56 post infection with Trichuris muris at a high dose, low dose
and a naive control group (all treated with mebendazole). Individual traces for each
animal following PNU 282987 treatment can be seen above. N=3-5.
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Figure 5.14 Effect of alpha 7 nicotinic acetylcholine receptor agonism on the
proximal colon. PNU 282987 (20μM) was administered to proximal colon from
C57BL/6 mice at day 56 post infection with Trichuris muris at a high dose, low dose
and a naive control group (all treated with mebendazole). Individual traces for each
animal following PNU 282987 treatment can be seen above. N=3-5.
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5.10 Discussion
Gastroenteritis caused by infection with Shigella, Campylobacter Jejuni, Escherichia
Coli and Salmonella is known in many cases to lead to post infection Irritable Bowel
Syndrome (PI-IBS) (Ji et al., 2005; Spiller et al., 2000; Okhuysen et al., 2004;
Mearin et al., 2005); repeated infection with Campylobacter Jejuni and the parasite
Trichinella Spiralis has been used to induce PI-IBS in animal models (Jin et al.,
2017; Spiller et al., 2000; Sung et al., 2013). PI-IBS is associated with increased
intestinal permeability, T-lymphocyte invasion, altered cytokine levels, visceral
hypersensitivity and dysbiosis in gut flora. Jin et al. (2017) found that the antibiotic
rifaximin had beneficial effects in PI-IBS in a mouse model but had little effect on the
microbiome; therapeutic effect was deemed to be a result of altered cytokine and
tight junction protein levels. None of these studies have investigated the possibility
of neural involvement in post infection IBS despite the known integration between
the nervous and immune systems (Kelley and McCusker, 2014) and known
neuropathy associated with many conditions such as Crohn’s disease, Ulcerative
Colitis, hypertension and diabetes (Coruzzi et al., 2007; Gregory et al., 2012;
Hosseini & Abdollahi, 2013). Much research has focussed on the effect of disease
progression on nerves, and it is known that inflammation during pathology can lead
to neuropathy via production of reactive oxygen species (ROS) (Erbas et al., 2017).
However, there is little information examining impact on gut nerves of inflammation
that occurs during a gut immune response and if any changes are sustained
following return to health. To investigate if infection eliciting a Th1 or Th2 immune
profile leads to variations in gut function following resolution of infection, this study
measured a variety of physical parameters to identify potential variations in gut
physiology between groups of C57BL/6 mice infected with different doses of T.muris
and a control group. We identified some differences in normal gut function between
groups.

5.10.1 There are some consistent effects on gut physiology following
resolution of infection
We found no long term significant effect on gross anatomy of the gut and any
impact of infection on weight and food and water intake had resolved by post
treatment day 42 post infection. Although there was no significant difference in
faecal pellet number between groups, a control group that had not been treated with
mebendazole appeared to produce more faecal pellets and had lower faecal water
content than the infected groups and the naive group treated with mebendazole.
Interestingly, faecal pellet length was significantly longer in the naive animals
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treated with mebendazole than in the other three groups, suggesting mebendazole
may be having an as yet unknown effect on gut physiology.

There were also

significant differences in transit time between groups, with naive animals displaying
a significantly faster transit time than the other groups. The low dose infection
group had a significantly longer transit time than other groups, whilst there was no
significant difference found between the high dose group and naive animals treated
with mebendazole.

This suggests that following resolution of infection, gut

physiology is affected and transit time is increased, and the effect was greater in a
resolved Th1 immune profile infection (low dose infection group) rather than a
resolved Th2 profile infection (high dose infection group). There also appeared to
be a link between transit time and faecal water content suggesting that resolved
infection reduces the amount of water absorbed from the faecal pellet. This is an
interesting finding and may be relevant in etiology of IBS and associated symptoms
such as altered gut function commonly associated with diarrhoea or loose stools
(Sayuk et al., 2017). Trichuris infection was shown to cause change in the host
microbiome in pigs (Li et al., 2012) and mice (Houlden et al., 2015a); in humans this
has been associated with changes in faecal pellet consistency and transit time
(Vandeputte et al., 2016).

Interestingly, a human study found no difference in

microbiome phenotype between individuals infected with Trichuris trichuria and a
control group (Cooper et al., 2013). Importantly, mebendazole had the greatest
impact on water content suggesting that this may be the reason for the variation
found between groups rather than resolved infection with T.muris.
A very interesting coincidental finding was that mebendazole appeared to affect gut
physiology increasing faecal pellet length and affecting transit time and water
content in a way that appeared similar to resolved Th2 infection in the high dose
infection group. This is a particularly important finding when we consider that large
scale deworming initiatives employing the use of mebendazole, amongst other antiparasitic drugs, are employed in many countries where worms are endemic
(Levecke et al., 2014). Mebendazole prevents parasite growth via disruption of beta
tubulin function in the parasite gut (Bai et al., 2011); as 5-10% of drug administered
is absorbed by the human host (Drugbank, 2017), it may be that there is some
impact on beta tubulin in the gut of the host along with that of the parasite. If we
consider that mebendazole has been shown to inhibit some cell cancer lines due to
disruption of mitotic spindle formation, then the possibility of some effect on the gut
following oral administration is feasible (Martarelli et al., 2008); gut physiology tests
were performed 3 weeks after administration of treatment with mebendazole
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suggesting that effects are long term if we consider the limited life span of the
mouse and the possible equivalent time span in human terms. However, it may be
that effects are most dramatic immediately following administration and reduce over
time; this could be evaluated by adding in a later time point.

Also, given that

mebendazole increases faecal water content there is a possibility that it may have
some as yet unknown application in the treatment of constipation; faecal water
content has been linked with variation in the microbiome (Vandeputte et al., 2016)
suggesting that the impact of mebendazole may be caused by effects on gut flora.

5.10.2 Resolution of infection has inconsistent effects on gut motility
and expression of a neuro-immune receptor
There was a trend for animals in the low dose group and naive animals treated with
mebendazole to have increased strength of gut contractions compared to animals in
the high dose group and naive animals; however, this difference was not significant
in the small group sizes tested here.

As the alpha 7 acetylcholine receptor is

commonly accepted as important in the neuro-immune link and has been previously
described as varying in expression in different immune profiles (Galitovskiy et al.,
2011), we decided to investigate expression and function of this receptor following
resolution of infection. Any lasting impact on expression of this receptor could be
considered particularly important as upregulated acetycholine production and
receptor expression has been associated with reduced apoptosis and some tumour
profiles (Paleari et al., 2008; Song et al., 2003; Catassi et al., 2008). Although there
was no significant difference in frequency or strength of gut contractions between
groups at any concentrations of PNU 282987 incubation, there was a trend for
reduced strength and increased number of contractions in naive animals treated
with mebendazole.

Interestingly, at a concentration of 10μM and 20μM, PNU

282987 appeared to have a similar effect on animals in the high dose group whilst
increasing the strength of contractions in the low dose group. This suggests that
there may be differences in expression or function of the α7nAChR that affect gut
motility, and we could speculate that as the naive and high dose groups also
displayed similar results in transit time and water content, this receptor may be
important in regulation of gut physiology.
In this study we investigated the effect of resolved infection with a high or low dose
of T.muris on normal gut anatomy and physiology of C57BL/6 mice. We found
several differences between groups, some of which were inconsistent, and some
variation within groups. Incidentally, we found that treatment with the anti-parasitic
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drug mebendazole resulted in differences in gut physiology in naive animals. These
differences suggest that the impact of infection on gut physiology is not limited to
the time of infection but persists to some extent following resolution of infection.
This would suggest long term differences in the enteric nervous system that may
impact the immune response and influence susceptibility to and recovery from
future disease. It was then decided to investigate the enteric nervous system within
these animals to see if any differences between groups could be identified.
Summary of key findings
Significant differences inWeight gain- lower weight in both infection groups than a naive group (day 35 post
infection)
Crypt length- longer crypts in low dose infection group than a naive group (day 21
post infection)
Submucosal depth- thicker submucosa in low dose infection group than a naive
group (day 21 post infection)
Muscle thickness- thicker muscle in high dose group than a low dose group and
naive group (day 21 post infection)
Faecal pellet length- longer faecal pellets in naive animals treated with
mebendazole than a naive untreated group and high or low dose infection groups
treated with mebendazole (day 56 post infection)
Faecal transit time- shorter transit time in naive animals than naive, high or low
dose infection groups treated with mebendazole. Shorter transit time in naive
animals treated with mebendazole and a high dose infection group than a low dose
infection group (day 56 post infection)

No significant differences inLength of small or large intestine
Crypt length between high dose and a low dose infection group or naive group
Submucosal depth between high dose and a low dose infection group or naive
group
Muscle thickness between a low dose infection group and a naive group
Faecal pellet number between all groups
Spontaneous gut motility between all groups
Average tension or number of gut contractions in response to PNU 282987 (0.1μM,
1μM and 1μM) in a 3 minute period
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Chapter 6
Immunofluorescence and
histochemical investigation
revealed some differences in the
enteric nervous system of the
colon in C57BL/6 mice during and
post infection with high/low dose
Trichuris muris infection
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6.1 Introduction
Previous results found physiological differences in gut function between groups of
mice following resolution of infection with a high or low dose of Trichuris muris and a
control group, including differences in transit time and water content.

These

variations may be a result of post infection changes in the gut environment similar to
those found following gastroenteritis, including changes in cytokine milieu, gut wall
permeability and the microbiome, that can lead to post infection irritable bowel
syndrome (Jin et al., 2017; Sung et al., 2013).

Much previous research has

focussed on these aspects without investigating the influence of or impact on the
enteric nervous system of infection, despite the known link between the immune
system and the nervous system (Kelley and McCusker, 2014), and the known link
between inflammation and neuropathy (Zhou and Zhou, 2014). We investigated the
enteric nervous system in mice following resolution of infection with a high or low
dose of Trichuris muris and a control group using immunofluorescence and
histochemistry techniques.
We had discovered previously (see chapter 4) that markers in the gut considered to
be pan neuronal appeared to highlight different neural subsets and that identification
of a truly pan neuronal marker was difficult. In our earlier work we had used a
Sevier-Munger silver stain technique; despite this not being pan neuronal, it
highlighted many nerves within the lamina propria that were not shown with beta III
tubulin. Unfortunately, we were unable to successfully repeat the protocol despite
many attempts. We chose to use beta III tubulin and PGP 9.5 as neuronal markers;
despite our previous work suggesting that these markers are not pan neuronal, but
highlight different subsets of nerves with some cross over (see figure 4.), these
markers have been used extensively during investigation of the peripheral nervous
system in much published research (Harrington et al., 2010; Bettolli et al., 2012;
Eisenman et al., 2013; He et al., 2016). It was decided to investigate the gut nerves
both during infection and following resolution of infection, to see if any differences
highlighted were transient or long lasting.
The enteric nervous system is maintained and supported by cells known as enteric
glial cells that sit around and on nerve cell bodies and cell projections, akin to
astrocytes within the CNS; however more recent research has suggested an
expanded role for these cells including cytokine secretion, neuromediator
expression and maintenance of gut wall integrity during infection (Neunlist et al.,
2014).

This suggests that enteric glial cells are important in regulation and
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maintenance of a healthy gut nervous system both during infection and on return to
health. Typical markers for enteric glial cells are similar to those found in astrocytes
in the CNS, namely S100β and glial fibrillary acidic protein (GFAP) (Ochoa-Cortes
et al., 2016). Some studies have suggested that these markers are not always coexpressed and increased GFAP proportions are associated with inflammation and
nerve regeneration in the dorsal root ganglion and colon (Siemionow et al., 2009; da
Silveira et al., 2009). Increased levels of both S100β and GFAP was found in the
hippocampus of a streptozotocin rat model of diabetes (Baydas et al., 2003);
however, a study of human diabetic subjects found no detectable GFAP and
reduced S100β levels in serum in comparison with controls (Celikbilek et al.,
2014a). Increased GFAP has been associated with chagasic megacolon and was
considered to have a protective effect (da Silveira et al., 2009). Culture of isolated
human primary enteric glial cells incubated with LPS or IFNγ showed signs of
becoming highly activated with increased expression of S100β, GFAP, iNOS and
subsequent nitric oxide production (Cirillo et al., 2011). As the levels of enteric glial
cell markers have been associated with inflammation and have been clearly
identified within the gut in several studies (da Silveira et al., 2009; von Boyen et al.,
2004; Liu et al., 2010), we decided it relevant to investigate enteric glial cells, in
particular the markers S100β and GFAP.
We had observed some effects on muscle contractility following administration of an
α7nAChR agonist in the colon (a trend towards increased number of contractions in
the naive and high dose group and increased strength of contractions in the low
dose group) that may reflect differences in transit time across groups. In relation to
gastrointestinal motility, the natural ligand of the α7nAChR, acetylcholine, is thought
to have an excitatory effect, whereas nitric oxide has been found to have an
inhibitory effect (Olsson and Holmgren, 2011). Activated enteric glial cells have
increased expression of iNOS and therefore increased NO production. Nitric oxide
synthase (NOS) is essential in modulation of vascular tone and exists in three
forms; neuronal, endothelial and inducible (Knowles and Moncada, 1994). Inducible
NOS (iNOS) is greatly upregulated during infection and expressed by inflammatory
phagocytic cells leading to upregulated nitric oxide production and the resultant anti
bacterial and anti-viral effects assist in pathogen clearance (Neves-Souza et al.,
2005). During infection with Schistosoma mansoni in mice, iNOS and subsequent
elevated NO levels have been associated with increased IL-12 production and a
resultant skew from a Th2 to Th1 cytokine profile, suggesting a role for NO in
immune modulation (Hesse et al., 2000).

Interestingly, NOS has also been
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associated with α7nAChR function; NO is released following stimulation of the
α7nAChR in the hippocampus, and inhibition of NOS blocked α7nAChR activation in
the rat hippocampus (Adams et al., 2000). Therefore, variation during infection of
NOS levels on the α7nAChR and also nitric oxide production is likely to be
responsible for changes in transit time found between groups, so we decided to
investigate NOS levels.
Hypothesis
Differences in gut physiology between groups of mice infected with a high or low
dose of Trichuris muris and a control group may be a result of variation in the
enteric nervous system map, enteric glial cell population or nitric oxide synthase
levels both during and post infection.
Aim
To investigate and compare the enteric nervous system, enteric glial cell population
and nitric oxide synthase levels between groups of mice infected with a high or low
dose of Trichuris muris and a control group both during and following resolution of
infection. Immunofluorescence and histochemical studies utilised in chapter 4 and
commonly used for identification of gut nerves, such as beta III tubulin and PGP 9.5,
will be used to identify the enteric neural map in the submucosal plexus and lamina
propria of the jejunum and colon, to identify any group specific differences.
Histochemical techniques including Sevier-Munger silver stain and Luxol Fast Blue
will also be utilised to identify all nerves and myelinated nerves, respectively.
Enteric glial cell markers S100β and GFAP will be used to identify any group
specific differences in glial cell number and expression both during and following
resolution of infection. NOS levels will be quantified in groups both during and
following resolution of infection as increased NOS is associated with cell death; if
NOS levels vary between different immune profiles then this may mean that
neuronal cell survival and the enteric neuronal map will differ post infection
dependent on the immune profile of the pathology. Amount of fluorescence/ density
of staining within a section will be measured and compared to elucidate any group
specific differences.

Differences in the enteric neural map between groups are

likely to reflect differences found in gut physiology and therefore are likely to
influence susceptibility to and recovery from gastro-intestinal disease via the neuroimmune link. This is likely to be reflected in a human population following resolution
of infection with differing immune profiles.
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6.2 Beta III tubulin immunofluorescence in the submucosal
plexus and lamina propria; day 21 post infection
6.2.1 No significant difference in beta III tubulin immunofluorescence in
submucosal plexus and lamina propria in the jejunum or colon between
groups
Jejunum and proximal colon was taken from mice infected with a high dose or low
dose of T.muris and a group of naive control animals. Tissue was embedded in
paraffin, sectioned transversely at a thickness of 10μm and incubated with beta III
tubulin antibody. Immunofluorescence in the submucosal plexus and lamina propria
was quantified and despite a trend for higher levels of fluorescence in the high dose
group in the colon, no significant difference was found between groups in the
jejunum and colon at day 21 post infection (two way ANOVA) (Figure 6.1).

6.3 PGP 9.5 immunofluorescence in the submucosal plexus
and lamina propria; day 21 post infection
6.3.1 Significant upregulation in PGP 9.5 immunofluorescence in the
high dose group in the submucosal plexus and lamina propria of the
colon
Immunofluorescence in the submucosal plexus and lamina propria was quantified
and animals in the high dose group (n=5) had significantly higher levels of PGP 9.5
immunofluorescence than the low dose group (two way ANOVA, p<0.05, n=4) and
naive animals (p<0.05, n=3) in the colon at day 21 post infection. No significant
difference was found between groups in the jejunum at day 21 post infection (Figure
6.2).
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6.4 Beta III tubulin immunofluorescence in the submucosal
plexus and lamina propria; day 45 post infection
6.4.1 Significant downregulation of beta III tubulin immunofluorescence
in the high dose group in the submucosal plexus and lamina propria of
the colon
Proximal colon was taken from mice infected with a high or low dose of T.muris, and
a group of naive control animals, embedded in paraffin, sectioned transversely at a
thickness

of

10μm

and

incubated

with

beta

III

tubulin

antibodies.

Immunofluorescence in the submucosal plexus and lamina propria was quantified
and animals in the high dose group (n=4) had significantly lower levels of beta III
tubulin than animals in the naive group (two way ANOVA, p<0.05, n=3) in the colon
at day 45 post infection. There was no difference between the low dose group
(n=5) and any other group (Figure 6.3).

6.5 PGP 9.5 immunofluorescence in the submucosal plexus
and lamina propria; day 45 post infection
6.5.1 No significant difference in PGP 9.5 immunofluorescence in the
submucosal plexus and lamina propria in the colon between groups
Immunofluorescence of PGP9.5 in the submucosal plexus and lamina propria was
quantified; there was variation within the groups but no significant difference was
found between groups in the colon at day 45 post infection (two way ANOVA)
(Figure 6.3).
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Figure 6.1 No significant difference in beta III tubulin immunofluorescence in
the submucosal plexus and lamina propria of the jejunum and colon in
C57BL/6 mice infected with Trichuris muris at a high dose, low dose and a
naive control group at day 21 post infection.

A:

beta III tubulin

immunofluorescence in the submucosal plexus and lamina propria of the jejunum.
B: beta III tubulin immunofluorescence in the submucosal plexus and lamina propria
of the colon between the naive (C), low dose (D) and high dose (E) groups at day
21 post infection (all 100xs mag). Graph shows individual data per animal. N=3-5,
3-4 sections per animal.
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Figure 6.2 Significant upregulation of PGP 9.5 immunofluorescence in the
high dose group in submucosal plexus and lamina propria of the colon. A:
PGP 9.5 immunofluorescence in the submucosal plexus and lamina propria in the
jejunum. B: PGP 9.5 immunofluorescence in the submucosal plexus and lamina
propria in the colon. C&D: Representative images of beta III tubulin and PGP 9.5
expression in the colon for naïve, low and high dose T. muris infected mice at 50xs
magnification (C) and 200xs magnification (D). Graph shows individual data per
animal. N=3-5, 3-4 sections per animal. Two way ANOVA, *p<0.05.
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Figure 6.3 Significant downregulation of beta III tubulin immunofluorescence
in the high dose group in submucosal plexus and lamina propria of the colon
at day 45 post infection.
submucosal

plexus

and

A: beta III tubulin immunofluorescence in the
lamina

propria

of

the

colon.

B:

PGP

9.5

immunofluorescence in the submucosal plexus and lamina propria of the colon.
C&D: Representative images of beta III tubulin and PGP 9.5 expression in the colon
for naïve, low and high dose T. muris infected mice at 50xs magnification (C) and
100xs magnification (D).

Graph shows individual data per animal.

N=3-5, 3-4

sections per animal. Two way ANOVA, *p<0.05.
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6.6 GFAP and S100β immunofluorescence in the submucosal
plexus and lamina propria; day 21 post infection
Jejunum and proximal colon was taken from mice infected with a high dose of
T.muris, a low dose of T.muris, and a group of naive control animals, embedded in
paraffin, sectioned transversely at a thickness of 10μm and triple stained with
enteric glial markers GFAP and S100β and NOS antibodies.

6.6.1 No significant difference in GFAP immunofluorescence in the
submucosal plexus and lamina propria in the jejunum and colon
between groups
Immunofluorescence with GFAP antibodies was quantified in the submucosal
plexus and lamina propria in the jejunum and colon day 21 post infection. There
was variation within the groups in the jejunum, and levels were very low in the
colon.

There was no significant difference between groups in GFAP

immunofluorescence in the jejunum or colon at day 21 post infection (two way
ANOVA) (Figure 6.4).

6.6.2 No significant difference in S100β in the submucosal plexus and
lamina propria in the jejunum and colon between groups
Immunofluorescence with s100β antibodies was quantified in the submucosal
plexus and lamina propria in the jejunum and colon day 21 post infection. There
was variation within the groups and despite naive animal showing a trend for higher
levels of S100β, there was no significant difference in S100β immunofluorescence
in the jejunum or colon at day 21 post infection (two way ANOVA) (Figure 6.4).

6.7 NOS immunofluorescence in the submucosal plexus and
lamina propria; day 21 post infection
6.7.1 Significant differences in NOS immunofluorescence in the
submucosal plexus and lamina propria in the colon between groups
Immunofluorescence with NOS antibodies was quantified in the submucosal plexus
and lamina propria in the jejunum and colon day 21 post infection. There was a
clear distinction between groups, with animals in the high dose group (n=4)
presenting significantly greater levels of NOS immunofluorescence than animals in
the low dose group (two way ANOVA, p<0.005, n=4) and animals in the naive group
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(p<0.0001, n=4) at day 21 post infection.

Animals in the low dose group

demonstrated significantly greater levels of NOS immunofluorescence than animals
in the naive group (p<0.05). There was no significant difference between groups in
NOS immunofluorescence in the jejunum at day 21 post infection. (Figure 6.5)
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Figure 6.4 No significant difference between groups in GFAP and S100β
immunofluorescence in the submucosal plexus and lamina propria of the
jejunum and colon at day 21 post infection. A: GFAP immunofluorescence
(red) in the submucosal plexus and lamina propria of the jejunum and colon. B:
S100β immunofluorescence (green) in the submucosal plexus and lamina propria of
the jejunum and colon. Representative images of GFAP and S100β expression in
the jejunum for naïve, low and high dose T. muris infected mice (all 100xs mag).
Graph shows individual data per animal. N=3-5, 3-4 sections per animal.
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Figure 6.5 Significant differences in NOS immunofluorescence in the
submucosal plexus and lamina propria of the colon. A&B: Quantification of
NOS expression (ultra violet) in jejunum (A) and colon (B) of C57BL/6 mice by
immunohistochemistry. C: Representative images of NOS expression in the colon
for naïve, low and high dose T. muris infected mice.

Images shown at 200xs

magnification. Images were viewed using panoramic viewer. N=5 per group, 3-4
sections per animal. Two way ANOVA, *p<0.05, **p<0.01, ****p<0.0001.
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6.8 GFAP and S100β immunofluorescence in the submucosal
plexus and lamina propria; day 45 post infection
6.8.1 No significant difference in GFAP immunofluorescence in the
submucosal plexus and lamina propria in the jejunum and colon
between groups
Jejunum and proximal colon was taken from mice infected with a high dose of
T.muris, a low dose of T.muris, and a group of naive control animals, embedded in
paraffin, sectioned transversely at a thickness of 10μm and incubated with GFAP
antibodies.

There was variation within groups but no significant difference was

found between groups in GFAP immunofluorescence in the jejunum or colon at day
45 post infection (two way ANOVA) (Figure 6.6).

6.8.2 No significant difference in S100β in the submucosal plexus and
lamina propria in the jejunum and colon between groups
Jejunum and proximal colon was taken from mice infected with a high dose of
T.muris, a low dose of T.muris, and a group of naive control animals, embedded in
paraffin, sectioned transversely at a thickness of 10μm and incubated with S100β
antibodies. There was variation within the groups and naive animals showed a
trend for higher levels of S100β; interestingly this was also seen in naive animals at
day 21 post infection. However there was no significant difference between groups
in S100β immunofluorescence in the jejunum or colon at day 45 post infection (two
way ANOVA) (Figure 6.6).

6.9 NOS immunofluorescence in the submucosal plexus and
lamina propria; day 45 post infection
6.9.1 No significant difference in NOS immunofluorescence in the
submucosal plexus and lamina propria in the colon between groups
Jejunum and proximal colon was taken from mice infected with a high dose of
T.muris, a low dose of T.muris, and a group of naive control animals, embedded in
paraffin, sectioned transversely at a thickness of 10μm and incubated with NOS
antibodies. No evidence of NOS antibody immunofluorescence could be seen in
any animal in any of the groups (data not shown).
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Figure 6.6 No significant differences in NOS immunofluorescence in the
submucosal plexus and lamina propria of the colon. A&B: Quantification of
GFAP (A) and S100β expression (B) in jejunum and colon of C57BL/6 mice by
immunohistochemistry. C&D: Representative images of GFAP (red) and S100β
(green) expression in the jejunum (C) colon (D) for naïve, low and high dose T.
muris infected mice. Images shown at 50xs magnification. Images were viewed
using panoramic viewer. N=5 per group, 3-4 sections per animal.
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6.10 Luxol Fast Blue stain of colonic enteric neurons
6.10.1 Luxol Fast Blue stain did not clearly visualise any quantifiable
difference in neurons in the enteric nervous system between groups
The Luxol Fast Blue histological stain was previously trialled in the colon and
though myelinated nerve fibres within the rat brain and spinal cord could be clearly
seen it was more difficult to identify neurons within the complex morphology of the
large intestine. Colon embedded in paraffin and sectioned at a thickness of 10μm
from mice infected with a high dose of T.muris, a low dose of T.muris, and a group
of naive control animals was stained with Luxol Fast Blue solution to investigate if a
quantifiable difference in myelinated nerve fibres could be seen between groups.
Identification of fibres was again complex and it was not possible to measure
quantifiable difference between groups (Figure 6.7).
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Figure 6.7 Luxol Fast Blue stain in the colon. Images of colon stained with Luxol
Fast Blue in C57BL/6 mice infected with a high or low dose of T.muris and a naive
control group at day 45 post infection demonstrating the apparent lack of or difficulty
in visualising myelinated nerve fibres. Myelinated nerve fibres were clearly visible in
the rat brain (A) and spinal cord (B) (all images 400xs mag).
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6.11 Discussion
Previous findings highlighted some differences in gut physiology in mice following
resolution of infection with a high or low dose of Trichuris muris and a control group.
This suggests that there has been some lasting impact on the gut nerves. Despite
the known link between the neural and immune systems (Kelley and McCusker,
2014) and previous research suggesting that resolved infection with Shigella,
Campylobacter Jejuni, Escherichia Coli and Salmonella can affect the gut in a long
term manner leading to symptoms of IBS (Ji et al., 2005; Spiller et al., 2000;
Okhuysen et al., 2004; Mearin et al., 2005), there has been little research
investigating the role of the enteric nervous system following resolution of infection.
We investigated the enteric nervous system in mice during and following resolution
of infection with a high or low dose of Trichuris muris and a control group using
immunofluorescence and immunohistochemical techniques in order to highlight any
differences between groups.

6.11.1 Differences in immunofluorescence between groups
No significant difference was found at any time point in any immunofluorescence in
the jejunum. At day 21 post infection the level of PGP 9.5 immunofluorescence in
the colon of mice infected with a high dose of T.muris was significantly higher than
mice in the low dose and naive group; however this difference was not maintained
and post treatment at day 45 post infection there was no significant difference in
PGP 9.5 levels between groups. Interestingly, there was no significant difference in
beta III tubulin levels at day 21 post infection, but at post treatment day 45 post
infection, animals in the naive group showed significantly higher levels of beta III
tubulin immunofluorescence than those in the high dose group. The variation in
findings at different time points confirmed previous findings that these two markers
considered ‘pan neuronal’ are not always co-expressed or pan neuronal.
Tests of gut function between groups found differences in transit time and water
content; however, the most significant differences identified were between the low
dose group and the naive group. At day 56 post infection, following administration
of α7nAChR agonist PNU28987, there was a trend seen towards increased number
of contractions in the high dose and naive group whereas the low dose group
showed a trend towards increased tension of contractions. These physiological
findings suggest that any difference in the enteric nervous system should be seen
between the low dose and naive group and therefore does not correlate with
immunofluorescence findings which demonstrated significant differences in PGP 9.5
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and beta III tubulin between the high dose and the naive group at different
timepoints in the colon. It may be that the subsection of nerves that are responsible
for physiological changes evident in these groups following resolution of infection
are not shown by beta III tubulin or PGP 9.5. Previous findings comparing two
different strains of mice, the AKR and C57BL/6, also demonstrated significant
differences in transit time but no significant differences in beta III tubulin
immunofluroescence; the significant difference found between the AKR and
C57BL/6 mice was seen using the Sevier-Munger silver stain technique, which
appeared to show a different subsection of nerves to beta III tubulin
immunofluorescence (see figure 4.12). Unfortunately we were unable to replicate
this technique despite a number of attempts. However, this combination of results
may lead us to speculate that the subset of nerves demonstrated with the SevierMunger technique, that we were not able to show in this experiment, could be
involved in changes affecting motility.

This is an intriguing finding given that

acetylcholine is linked with gut motility and we have found a trend for differences in
contractility with an α7nAChR agonist suggesting the nerves visualised with the
Sevier-Munger technique may be cholinergic.

However, previous research

considered beta III tubulin pan neuronal and suggested it to be the best method for
visualisation of the entire enteric nervous system (Matsuda et al., 2006) and
immunostaining for a high affinity choline re-uptake receptor, CHT1, present in
cholinergic nerve fibres, was found to be co-localised with beta III tubulin
(Harrington et al., 2010). Despite this, images of the colon show a similar level of
staining to our beta III tubulin images, suggesting that there is a definite subset of
nerves that are not being seen.

Regardless of this, we can say that resolution of

infection with a high dose of T.muris, and potentially therefore any Th2 infection,
results in a reduction of beta III tubulin positive nerves in the submucosal plexus
and lamina propria of the gut.

6.11.2 Differences in NOS expression between groups during infection
Given the importance of enteric glial cells in maintenance and regulation of the
enteric nervous system environment, we studied immunofluorescence levels of
common glial cell markers, S100β and GFAP.

Despite literature suggesting

changes in levels of these markers during inflammation (da Silveira et al., 2009; Liu
et al., 2010), we found no significant differences both during and following resolution
of infection suggesting that there is no effect on glial cell markers during infection
with T.muris regardless of the cytokine milieu. Given the suggested role of enteric
glial cells in survival, differentiation and generation of peripheral neurons (Ochoa156

Cortes et al., 2016), the lack of change in enteric glial cell markers is likely to
influence homeostasis of the ENS during infection with T.muris in an as yet
unknown way. We also decided to investigate levels of NOS as production of iNOS
is linked with response to infection (Hesse et al., 2000) and NO has been
associated with activation of the acetylcholine receptor α7nAChR (Adams et al.,
2000). We found NOS immunofluorescence levels to be significantly higher in the
high dose group than the low dose group, and significantly higher in the low dose
group than the naive group during infection. This is interesting as the high dose
group experience a Th2 immune response (Bancroft et al., 1994) and upregulation
of iNOS has traditionally been associated with a skew from Th2 to a Th1 profile
(Hesse et al., 2000). It could be that during the immune response in the high dose
group, increased NOS levels and associated Th1 cytokine milieu may prevent
upregulation of the resistant response. Also, increased NO and resultant oxidative
stress has been associated with creating an inhospitable environment during
parasitic infection and thus is beneficial for pathogen clearance; increased iNOS
levels in eosinophil ablated mice infected with Trichinella spiralis resulted in
enhanced parasitic clearance by NO. However, this effect was ablated following
increased eosinophil production, which resulted in downregulation of iNOS and
upregulation of Th2 immune cells (Gebreselassie et al., 2012).

Increased NO

production was found to be protective in hepatocytes following infection with
Schistosoma mansoni; prolonged NO production in IL-4 knockout mice suggested
that the Th2 response is involved in regulation of NO production (Brunet et al.,
1999). This significant difference in NOS levels was not evident at day 45 post
infection. This suggests that on return to health, levels of iNOS and NO return to
pre-infection levels.

However, the increase on NO during infection may have

resulted in some longer term loss of enteric neurons, as demonstrated via changes
in gut physiology and in differences in beta III tubulin immunofluorescence, that may
prevail despite a return to health. Undiagnosed autonomic neuropathy has been
identified in healthy adults and neuropathy has been associated with initiation of
chronic inflammation via the reduced activation of the cholinergic anti-inflammatory
pathway (Thayer and Fischer, 2009). Therefore we could speculate that changes
within the ENS that remain following resolution of infection may underlie and
contribute to development of inflammatory pathological conditions such as IBD. As
Crohn’s disease and ulcerative colitis are associated with loss of different neuronal
subsets (Ohlsson et al., 2007; Coruzzi et al., 2007), it could be that predisposition to
a particular inflammatory condition is dependent on the balance of neuronal subsets
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within the gut, and that this balance could have been influenced by the immune
profile of any previous infection.
In this study we investigated the enteric nervous system with immunofluorescence
techniques and found differences in PGP 9.5 and beta III tubulin expression during
and following infection respectively, in mice infected with a high dose of T.muris and
a naive group.

This was in contrast with physiological examinations which

concluded that the greatest difference in function was between mice infected with a
low dose of T.muris and a naive group. Work showing strain specific differences in
function between the AKR and C57BL/6 mice highlighted strain specific differences
in neuronal subsets shown with the Sevier-Munger silver stain technique;
unfortunately, this could not be repeated on the infection groups due to protocol
issues. Differences in NOS expression between groups were seen during infection
but resolved following infection clearance. This work suggests that infection has an
impact on the enteric nervous system that can be seen following return to health.
Sunmmary of key findings
Significant differences inPGP 9.5- higher levels of immunofluorescence in the colon in a high dose infection
group compared with low dose infection and a naive group (day 21 post infection)
Beta III tubulin- lower levels of immunofluorescence in the colon in a high dose
infection group compared with low dose infection and a naive group (day 45 post
infection)
NOS- lower levels of immunofluorescence in a naive group than both infection
groups. Lower levels in a low dose than a high dose group (both day 45 post
infection).

No significant differences inPGP 9.5 immunofluorescence in submucosal plexus/lamina propria of jejunum
between any groups (day 21 post infection)
PGP 9.5 immunofluorescence in submucosal plexus/lamina propria of colon
between low dose infection and naive group (day 21 post infection)
Beta III tubulin immunofluorescence in submucosal plexus/lamina propria of
jejunum and colon (day 21 post infection)
Beta III tubulin immunofluorescence in the colon between a low dose infection
group and a naive group (day 45 post infection)
GFAP and S100β immunofluorescence between any groups in the submucosal
plexus/lamina propria of jejunum and colon (day 21 and day 45 post infection)
NOS immunofluorescence between groups in the jejunum and colon(day 21 post
post infection) or jejunum at day 45 post infection
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Chapter 7
Discussion
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7.1 Discussion
Neural input and function within the GI tract is important in maintenance of normal
gut physiology; however, increased understanding of the neuro-immune link means
that we must also appreciate the value of the enteric nervous system in responding
to pathogen invasion and re-establishment of homeostasis following resolution of
infection. This means that anything that affects the enteric nervous system has the
potential to impact not only gut physiology, but susceptibility and response to gut
challenge. Despite this, little is known about the impact of host genetics or resolving
inflammation on the enteric nervous system (ENS). In this study, we aimed to
elucidate the influence of host genetics and resolving inflammation on gut
physiology and enteric neuronal density.
To investigate the impact of genetic background on the ENS, we compared gut
physiology and enteric neuronal density between AKR and C57BL/6

mice, two

strains with known differences in peripheral innervation in the skin (Mogil et al.,
1999a) and response to gut inflammation (Blackwell and Else, 2002).

As the

physiology of the gut is controlled by the ENS, any differences between groups
within the ENS should be reflected in gut function.
We chose to investigate any variation in gut physiology first to identify if there were
any

differences

between

groups

that

would

warrant

immunofluorescent

investigation. We found that genetic background had some significant effects. The
AKR mouse had significantly increased weight and longer faecal pellets, with slower
intestinal transit time and reduced total gut thickness in the jejunum and longitudinal
muscle thickness in the colon in comparison to the C57BL/6 mouse. There was a
trend towards increased tension during colonic contraction in the AKR.
As we identified several differences, we went on to investigate neuronal numbers
with immunofluorescent and histological techniques. We found that the AKR mouse
demonstrated a significantly reduced number of enteric nerves in the submucosal
plexus and lamina propria highlighted by the Sevier-Munger silver stain technique
when compared with the C57BL/6 mouse.

However, there was no difference

between strains in length of small or large intestine, faecal pellet number, water
content and amount of beta III tubulin positive nerves identified in the myenteric
plexus or submucosal plexus of the jejunum and colon.
To investigate the impact of resolved infection on the ENS, we compared gut
physiology and enteric neuronal number between mice with infected with a high or
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low dose of T.muris, to elicit a Th2 and Th1 response respectively (Bancroft et al.,
1994) and a naive control group, following resolution of infection. Animals in the low
dose infection group required treatment with an anti helminthic, mebendazole, to
eradicate chronic infection; to account for any effects of this drug, animals in the
high dose group and a naive control group were also given mebendazole. We
found animals within the high, low and naive groups treated with mebendazole had
significantly longer transit time, higher faecal water content and produced
significantly fewer faecal pellets than a naive group that were not treated with
mebendazole.

Animals in the high dose group and naive animals treated with

mebendazole displayed similar results with a faster transit time, lower water content
and lower tension in gut contractility than the low dose group. During infection,
there was a significant increase in NOS expression seen with immunofluorescence
in the high dose group and low dose group respectively, and an increase in PGP9.5
positive nerves in the high dose group; this difference had resolved and returned to
the same level as a naive control group by day 45 post infection post treatment with
mebendazole. However, at day 45 post infection, number of beta III tubulin positive
nerves was reduced in the high dose group, with no significant differences between
the low dose and naive group treated with mebendazole. There was no difference
in weight gain, food intake, thickness or length of small or large intestine or faecal
pellet number between groups. There was also no difference between groups in
glial cell markers S100β or GFAP expression at day 21 or day 45 post infection
In our study we found that both genetic background and resolved infection affected
gut physiology and enteric neuronal number. However, we did find variation within
groups that we were unable to account for; this could have been caused by one or
several factors, including variation in the microbiome from birth, position relative to
the placenta in utero, or stress caused by aggressive behaviour of mice within the
cage.

Despite this, the differences found suggest that genetics and resolved

inflammation influence neural function or survival within the ENS; understanding this
may help us to explain differences in disease susceptibility between different
individuals and perhaps in the future, this understanding could be utilised for
therapeutic potential.
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7.2 Measuring differences between groups within the ENSphysiology
7.2.1 Genetic background, but not resolved infection, influenced weight
gain in mice
Our results found differences in gut physiology between strains of mice with known
variation in peripheral innervation. We found that the AKR strain ate more food and
were consistently significantly heavier than the C57BL/6 strain suggesting a genetic
link with weight gain in this strain. This has been identified in other research; in a
study of the effect of high fat diet on nine mouse strains, the AKR strain gained the
most weight and ingested the most food suggesting a propensity towards an obese
phenotype (West et al., 1992). This was linked with a quantitative trait locus on
chromosome 15 that affects tissue adiposity and mesenteric fat deposit size that
has been associated with resistance to obesity in a high fat diet in the CAST/Ei and
SWR/J and susceptibility to obesity following administration of a high fat diet in the
AKR and C57BL/6 strains (York et al., 1996; West et al., 1994). However, if there is
any genetic link between neuronal subsets and obesity, this is very relevant, given
that the number of people classified as obese is over 1.1 billion and on the increase,
leading to premature death and a range of health problems including diabetes,
arthritis, cardiovascular disease and cancer (Haslam and James, 2005).
places a great strain on provision of medical services.

This

Despite the impact of

increased prevalence of sedentary lifestyles and increased intake of calorific foods,
our research corroborates that of others suggesting an underlying genetic
predisposition to weight gain that may exert itself according to environmental
changes (Xia and Grant, 2013; West et al., 1992); this may be useful in
understanding the aetiology and physiology of obesity.

Some risk factors

associated with gut function or the neural network have been identified. Mutation in
the pro-hormone convertase 1 gene caused absorptional dysfunction within the
small intestine and diarrhoea despite obesity development and no sign of retarded
growth (Jackson et al., 2003). Mutation in the gene SIM1, a transcription factor
involved in midline neurogenesis, is associated with obesity; SIM1, expressed within
the nervous system and essential in neurogenesis, is also thought to be important in
regulation of food intake due to its role in melanocortin 4 receptor expression within
the paraventricular nucleus of the hypothalamus (Holder et al., 2000). Lipolytic
functions of catecholamines, including epinephrine and norepinephrine, are
mediated by the beta 2 adrenoreceptor (Meirhaeghe et al., 2001); mutations in both
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the beta 2 and beta 3 adrenoreceptor genes resulting in decreased receptor activity
have also been associated with development of obesity (Clément et al., 1995;
Meirhaeghe et al., 2001).

This suggests that the nervous system, via

catecholamine production, is fundamental in regulation of obesity, and any factor
that affects the nervous system, such as genetic background, may impact
susceptibility to obesity.
Interestingly, a mutation involving the immune system has been implicated in
development of obesity; the TNFα gene leading to increased TNFα expression has
been linked with increased body mass index (BMI) and insulin resistance
(Hotamisligil, 1999).

This is interesting as it suggests a direct role for this

inflammatory cytokine in development of obesity and diabetes; as TNFα is
considered an inflammatory cytokine, and inflammation is associated with
neuropathy, this suggests that changes in TNFα during inflammation may precede
development of a pathology. Increased expression of this cytokine may be caused
by infection or by an underlying autonomic neuropathy that results in
downregulation of the cholinergic anti-inflammatory pathway (Thayer and Fischer,
2009).

Interestingly, despite research proving that TNFα is upregulated during

T.muris infection and enhances the immune response (Hayes et al., 2007), there
was no long term effect on weight in animals following resolution of infection with a
high or low dose of T.muris. This would suggest that normal upregulation of TNFα
during infection followed by return to homeostasis leaves no lasting effect on weight
in mice.
Increased weight gain has been associated with changes in metabolism and
adipocity due to differences in the gut microbiome; however, studies investigating
composition of the gut microbiome associated with obesity have yielded inconsistent
and diverse results (Sanmiguel et al., 2015).

Genetic background has been

associated with microbiome composition in both mouse models and human studies
(Zhang et al., 2014), and GWAS studies have identified several loci linked with
obesity in adolescents and adults (Graff et al., 2013). However, there is still some
question as to whether differences within the microbiome associated with obesity
are a result of obesity itself; the answer is difficult to extricate due to the complex
relationships between the microbiome and diet, obesity and the immune response
(Sanmiguel et al., 2015).

As we did not assess the microbiome during this

experiment, any existing differences between strains and the influence of this on
weight gain cannot be accounted for. Interestingly, during infection with T.muris in
C57BL/6 mice, changes within the microbiome were identified that persisted for 91
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days following infection before returning to those of a naive animal (Houlden et al.,
2015b). As we saw no differences in weight gain between our infected groups and
a naive control group, we can confirm that during our experiment, any change
caused by T.muris to the microbiome of C57BL/6 mice during and following infection
did not result in weight gain.

7.2.2 Genetic background and resolved infection did not affect length of
the small or large intestine
No significant difference was found between any groups in length of the small or
large intestine, despite a trend for C57BL/6 animals to have a longer small intestine
and shorter colon than AKR mice. Literature suggests that the small intestine has a
length that is surplus to dietary requirement; this facilitates maintenance of
absorptive function during infection when rapid transit is initiated, or during a
pathology such as Coeliac disease or Crohn’s disease with associated enteropathy
(Weaver et al., 1991). Therefore it would appear that any possible impact on small
intestinal function is accounted for biologically prior to any infection. This would
explain why no change in small intestinal length was seen within the animals
infected with a high or low dose of T.muris. Wide variation in small intestinal length
was found within a human population (Weaver et al., 1991); during pregnancy and
lactation, increased nutrient requirement facilitates hypertrophy and lengthening of
the small intestine; however, starvation can cause atrophy (Lo and Walker, 1989).
Human studies have also attributed variation in the length of the large intestine to
differences in length of the rectosigmoid colon (Phillips et al., 2015). As none of
these factors are relevant to this study, and we did not measure the length of the
rectosigmoid colon in animals, we are unable to account for the trend we saw for a
lengthier small intestine and shorter large intestine in the C57BL/6 mice compared
with the AKR mice.

Interestingly, contraction of longitudinal muscle has been

associated with shortening of the GI tract (Mackenna and McKirdy, 1972); however,
it has been shown that radial stretching of the gut resulted in passive shortening of
the GI tract that persisted in the absence of longitudinal muscle and innervation
(Wood and Perkins, 1970). Therefore any genetic or infection associated variation
in gut length may be associated with changes in ratio of longitudinal and circular
smooth muscle subsets.

Although this may influence gut physiology in a live

animal, it is unlikely to be relevant in measurement of gut length ex-vivo due to loss
of muscle tone (Weaver et al., 1991).
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7.2.3 Genetic background and resolved infection affected muscle
thickness in the gut in mice
We found significantly thicker total muscle in the colon of animals infected with a
high dose of T.muris compared with a low dose and naive group. Interestingly,
inflammatory cytokines IL-1β, TNFα and IL-17 alongside platelet derived growth
factor (PDGF) increased proliferation in cultured rat circular smooth muscle cells via
upregulation of the PDGF-Rβ receptor (Nair et al., 2014). These cytokines are
traditionally associated with a Th1 immune profile, and therefore it was surprising to
see that our results found no difference in muscle thickness in animals infected with
a low dose of T.muris and a naive group, given that this level of infection is
associated with a Th1 cytokine milieu (Bancroft et al., 1994). However, it has been
shown that TNFα driven IL-13 is essential for elimination of T.muris in C57BL/6
mice, therefore this cytokine is likely to be present during high dose infection and
could contribute to the increased thickness of muscle found within this group (Hurst
and Else, 2013).

Also interestingly, Th1 immune profile in low level T.muris

infection has been confirmed by levels of IFNγ, and levels of TNFα have not been
investigated (Bancroft et al., 1994; Bancroft et al., 2001).
We also found that genetic background affected muscle thickness between strains.
AKR mice had a significantly thinner total muscle depth within the jejunum, and
thinner longitudinal muscle depth but the same total muscle thickness within the
proximal colon in comparison with the C57BL/6 mice. Interestingly, an investigation
of muscle thickness in the sigmoid colon in a human sample found that whilst the
total thickness of muscle remained the same, depth of circular muscle increased
and longitudinal muscle decreased up to the age of 30; this was accompanied by
loss of NO positive neurons that was attributed to loss of longitudinal muscle mass
and was associated with growth (Southwell et al., 2010). However, this does not
explain our findings as our mice were age and gender matched adults. As NO is
important if facilitating gut relaxation via an inhibitory descending sympathetic
pathway, loss of NO positive neurons within the longitudinal muscle may be
reflected in changes in relaxation of the small and large intestine; however, NO
positive neurons have also been found in the circular smooth muscle layer of the
colon, which may act in a compensatory manner (Nishiyama et al., 2014).
During peristalsis, activation of cholinergic ascending excitatory and non-cholinergic
descending inhibitory nervous pathways stimulate oral contraction and anal
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relaxation of circular and longitudinal muscles, facilitating propulsion of contents
through the gut lumen (Smith and Robertson, 1998). Whilst it was demonstrated as
early as the 1900’s that contraction of circular muscle propels intraluminal contents
in an oral to anal direction (Bayliss and Starling, 1900), the contribution of the
longitudinal muscle was less clearly understood. Despite studies demonstrating
that these two muscles contract together, innervation of the two muscle layers is
separate, and longitudinal muscle moves in slow waves with frequent action
potential in contrast with the more sporadic movement of the circular muscle
(Mackenna and McKirdy, 1972). The contraction of longitudinal smooth muscle is
inhibited by the muscarinic acetylcholine receptor antagonist atropine but not by a
nicotinic acetylcholine receptor antagonist hexamethonium, suggesting that
muscarinic acetycholine receptors are integral to contraction of the longitudinal
muscle (Kosterlitz and Lees, 1964). Inhibition of circular muscle contraction could
be induced by administration of atropine or hexamethonium, suggesting both
muscarinic and nicotinic acetylcholine receptors are important in contraction of
circular muscle (Kosterlitz and Robinson, 1959). As the ratio of these muscles is
affected by genetic variation in the AKR and C57BL/6 mice, and these muscles are
directly responsible for gut peristalsis, we could hypothesize that this may result in
differences between strains in gut transit time (see section 3.6).

Perhaps it is

reasonable to suggest that genetic variation in a human population may result in
replication of this observation. Consequentially, as different effects of muscarinic
and nicotinic acetylcholine receptor antagonism have been shown between
longitudinal and circular muscle, the presence of any ligand specific to these
individual receptors, such as nicotine, is likely to have a different effect on gut
contractility in the genetically different individuals.

7.2.4 Genetic background and resolved infection affected faecal transit
time
We found that genetic background can influence faecal transit time, with AKR mice
demonstrating significantly longer transit time than the C57BL/6 mice. We also
found that resolved infection and mebendazole affected faecal transit time; naive
mice not treated with mebendazole had the fastest transit time, followed by a naive
uninfected control group and high dose group (no significant difference between
these two groups), with the low dose group having the longest transit time. In
groups within the infection experiment, increased faecal transit time was directly
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correlated with increased faecal water content; however, this was not the case in
the genetic variation group, within which the AKR consistently had a longer transit
time but similar faecal water content to the C57BL/6 mice. Increased transit time
associated with increasing age has been attributed to loss of neurons and
neurotransmitters; therefore it could be that a variation in the ENS caused by
genetics or resolved infection is influencing transit time. However, slower transit
time has consistently correlated with reduced faecal water content in studies of
ageing and constipation, directly contradicting our findings and suggesting a
complex relationship between faecal water content and transit time (Britton and
McLaughlin, 2013; Xu et al., 2011).
Movement of the faecal pellet through the colon has been linked with stool size and
consistency.

Speed of pellet movement increased with pellet diameter; pellet

movement was halted by administration of tetradotoxin but only partially abrogated
by hexamethonium, suggesting the origin of this movement is neural in nature but
not reliant on nicotinic acetylcholine receptors (Costa et al., 2015). However, in our
study, we found that the AKR strain demonstrated longer transit time but larger
faecal pellets than the C57BL/6 group; this pattern was replicated in our infection
experiment, where the naive group treated with mebendazole had a slower transit
time and longer faecal pellet than the naive control group not treated with
mebendazole.

It could be that the AKR has a longer transit time as it has

significantly thinner total muscle in the jejunum that could affect strength of
peristaltic propulsion; it also has thinner longitudinal muscle but thicker circular
muscle within the proximal colon, suggesting that the more frequent action
potentials in the longitudinal muscle are important in regulating transit time.
However, in the infection group, the low dose group have a longer transit time but
the same muscle thickness as naive animals; the high dose group had significantly
thicker muscle than both the low dose and naive animals, but had the same transit
time as the naive animals. Again this suggests that the relationship between these
physiological factors is not straightforward. Increased oxytocin and oxytocin
receptor levels have been linked with reduced GI motility, reduced stool mass and
water content and reduced inflammation (Welch et al., 2014) adding another level of
complexity to results that cannot be accounted for.
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7.2.5 Genetic background and resolved infection had inconsistent
effects on gut contractility
We found no significant differences in the strength or number of spontaneous
contractions within the proximal colon between two different strains of mice, the
AKR and C57BL/6 mice, and groups of mice given a high or low dose infection with
T.muris and a naive control group. This was surprising as we had found significant
differences in transit time between most groups.

This would suggest that the

proximal colon does not play a large role in influencing transit time, or could be a
result of tissue being ex-vivo. It must also be noted that there was variation within
the groups; there appeared to be a trend towards increased tension of contraction in
AKR mice compared to C57BL/6 mice, however, one animal in each group did not
fit with this trend. Interestingly, a trend for lower tension in the high dose group and
naive animals treated with mebendazole in the infection experiment echoed similar
results found between these two groups in transit time and water content. However,
animals in the low dose group demonstrated a trend for comparatively higher
tension per contraction that was replicated by the naive control animals not treated
with mebendazole. This is surprising as the low dose group had the slowest transit
time and naive animals treated with mebendazole had the fastest transit time out of
all four groups. Perhaps this suggests that the tension of gut contraction cannot be
consistently associated with transit time.
Following administration of carbachol, a muscarinic and nicotinic acetylcholine
receptor antagonist, AKR mice displayed a greater initial increase in tension within
the proximal colon, this being significant at 1μM. This suggests that the AKR mouse
strain has either increased expression or function of acetylcholine receptors. This
was corroborated by a significant increase in tension of contractions in the AKR
mouse treated for a period of three minutes with carbachol (10μM).

This is a

confusing finding as acetylcholine is known to have excitatory functions within the
gut and loss of cholinergic neurons has been associated with reduced transit time in
the elderly (Nishiyama et al., 2014; Phillips et al., 2003), but the AKR has slower
transit time than the C57BL/6 mouse. We could speculate that the finite number of
cholinergic neurons in the AKR may be comparatively lower than the C57BL/6 and
that upregulation of acetycholine receptor expression or function is a compensatory
mechanism in an attempt to maintain homeostasis. However this currently remains
as speculation.
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Findings that the AKR has a peripheral variation in innervation that reduces
nociceptive sensitivity via impairment in function of or response to TRPV1
stimulation were echoed to an extent in our study within the ENS (Mogil et al.,
1999a; Mogil et al., 2005). Administration of a TRPV1 receptor ligand capsaicin
(0.1μM, 1μM, 10μM) induced a trend for reduced tension of contractions in the
C57BL/6 mice; however there was no effect on the AKR strain.
Due to the role of the α7nAChR in the cholinergic anti inflammatory pathway
(Tracey, 2002), we decided to investigate the effects of an α7nAChR agonist (PNU
282987) on gut contractility following resolution of infection with a high or low dose
of T.muris.

As acetylcholine is excitatory, we would expect stimulation of this

receptor to increase gut contractility; as we are only stimulating one acetycholine
receptor and the gut has both nicotinic and muscarinic acetylcholine recptors, the
effect seen may be limited. However, if this expression of this receptor is affected
by different immune profiles (Galitovskiy et al., 2011) and any differences persist
following return to health, this should be reflected in differences in gut contractility
between our high and low dose T.muris infection groups. Again no significant
differences were identified, but as we may have expected, a trend for an increased
number of contractions associated with reduced tension of contractions was seen
following administration of PNU 282987 in naive animals treated with mebendazole.
Interestingly, at a higher concentration this trend was echoed in the high dose
group, whereas the low dose group appeared to show sign of increased tension of
contractions.

This echoes functional results for transit time in which there was

correlation between animals in the high dose group and naive control animals
treated with mebendazole, with significantly longer transit time in the low dose group
and suggests there is a trend towards a persistent difference in expression or
function of the α7nAChR which is immune profile dependent.

Interestingly, the

trend towards increased tension contraction was echoed in the AKR group following
administration of carbachol, suggesting some link between acetylcholine receptor
expression or function, increased tension of gut contraction and longer transit time.

7.2.6 Genetic background, but not resolved infection affected faecal
pellet length in mice
There was no significant difference in faecal pellet number between groups infected
with a high or low dose of T.muris and a control group and despite the higher food
intake in AKR mice compared with C57BL/6 mice, there was no consistent
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significant difference in faecal pellet number between strains.

Results of one

experiment that found the AKR mouse produced significantly fewer faecal pellets in
a four hour period compared with the C57BL/6 strain but these were not replicated
during a repeat experiment. However, significantly longer faecal pellets were found
in the AKR mouse strain in comparison with the C57BL/6 mice. In a naive control
group treated with mebendazole faecal pellets were significantly longer than groups
infected with a high or low dose of T.muris treated with mebendazole and a naive
control group not treated with mebendazole, suggesting that mebendazole had an
effect on pellet length that was mitigated by high or low dose infection with T.muris.
Changes in faecal pellet number and increased pellet size have been correlated
with increasing age in many animal studies (Lee et al., 2016); this has been used
successfully as a non invasive method of monitoring animal population. However,
studies of the ageing gut have not addressed this issue in a human population but
instead have focussed on factors that may impact quality of life (Britton and
McLaughlin, 2013). Research has identified age associated changes in structure
and density of nerves within the enteric nervous system and changes in gut
physiology such as increased transit time (Saffrey, 2013); these age associated
changes are likely to be responsible for the difference in faecal pellet length and
transit time found in these animals (Phillips et al., 2003; Phillips and Powley, 2007).
It may be that the variation we identified within the gut of the AKR is homologous to
age related change. Whether this change is present from birth or represents a
premature ageing remains to be seen.

We could speculate that anything that

affects gut physiology or the ENS in a similar way to ageing may also affect faecal
pellet size.

Interestingly, mice treated with antibiotics for a four week period

produced significantly fewer but lengthier faecal pellets than a naive control group,
suggesting a role for the microbiome in modulation of faecal pellet size and number
(Ge et al., 2017a). Transfer of microbiota from human patients with slow transit
constipation into pseudo-germ free mice resulted in reduced number of faecal
pellets produced, but this was accompanied by reduction in faecal pellet size (Ge et
al., 2017b). This highlights a complex role for the microbiome in influencing faecal
pellet length that is likely to be affected by an as yet unspecified composition of
bacteria and could play a role in strain specific differences.
As previously mentioned, the microbiome is known to be affected by infection with
T.muris (Houlden et al., 2015b), but we found no significant differences in pellet
length between high and low dose infection groups and a naive control group in
either strain. This could highlight the importance of bacterial species affected within
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the microbiome in influencing potential changes in gut function. Low dose infection
with T.muris results in a Th1 cytokine milieu and chronic infection (Blackwell and
Else, 2002); to eradicate this and ensure the infected animals returned to health for
the purpose of the experiment, an anti parasitic medication called mebendazole was
administered. In order to account for any possible effects of this drug, it was given
to animals in both the high and low dose groups, and a naive control group;
however, the only significant difference in pellet length following mebendazole
treatment was seen in the uninfected group.
Mebendazole is one of only four drugs recommended by the WHO for treatment of
common soil transmitted helminths; despite limited efficacy, these treatments have
been used for over thirty years in equatorial countries where helminths are
pandemic and affect millions per year (Keiser and Utzinger, 2008). Treatment has
been associated with some mild side effects including stomach cramps, headache
and feeling bloated (Steinmann et al., 2011). Mebendazole inhibits helminth growth
by irreversibly inhibiting uptake of glucose (Seah, 1976); reduced glycogen, free
glucose and soluble protein in in vivo and in vitro treated T.Spiralis larvae (Criado
Fornelio et al., 1987).

It causes transient increase in ROS and reduction in

antioxidants (Locatelli et al., 2004) and also interferes with tubulin polymerisation
causing mitotic arrest (Sasaki et al., 2002).

For this reason, cytotoxic and

antiproliferative effects have been attributed to the anti-parasitic drugs mebendazole
and albendazole; due to comparatively low levels of ROS generation associated
with mebendazole in comparison to albendazole, therapeutic potential of
mebendazole has been under investigation in the treatment of several types of
cancer including lung and colon (Nygren et al., 2013; Sasaki et al., 2002). As 510% of the drug is absorbed by the body, it is feasible to suggest that administration
is likely to have some effect on the host, particularly in the area of absorption, in this
case the gut (Drugbank, 2017). This suggests there is an as yet unconsidered
physiological consequence following administration of mebendazole that must be
considered when administering the drug as an anti-helminthic treatment to a human
population. In our study, one of these effects was increased faecal pellet length;
unfortunately the effect of mebendazole on the microbiome is not currently known
and therefore cannot be accounted for.
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7.2.7 Resolved infection but not genetic background affected faecal
water content
We did not find any differences between the AKR and C57BL/6 mice in faecal water
content, suggesting that genetic background was not a factor in control of
reabsorption of water throughout the GI tract during digestion in our experiment.
However, we did find differences in water content in animals in the infection
experiment; the lowest water content of 28% was found in a naive control group not
treated with mebendazole.

This was followed by a naive group treated with

mebendazole which demonstrated water content levels over 10% higher than that of
the untreated naive group. A further increase was seen in the high dose group and
the low dose group respectively; however the difference between the groups treated
with mebendazole was a maximum of 3%. This suggests that mebendazole, either
via a direct action such as tubulin disruption and glucose uptake in the host, or via
an indirect method such as impact on bacteria in the gut microbiome, affects water
reabsorption within the GI tract. Our faecal parameter tests were performed 21
days after treatment with mebendazole, suggesting any physiological effect caused
persists for a degree of time following treatment; we are unable to conclude whether
these effects are permanent or reversible as there were no later timepoints
examined within our study. Our results suggest that resolved infection also affects
water reabsorption, as animals infected with a low dose of T.muris resulting in a Th1
cytokine profile produced faecal pellets with a higher water content than those in the
high dose group eliciting a Th2 infection, and both were higher than the control
group. As all of these groups had been treated with mebendazole, any persisting
differences identified in water content must be attributed to resolved infection, and
differences between infected groups suggest that these differences are immune
profile dependent.
Membrane bound proteins regulate absorption of water throughout the gut in
response to changes in osmotic gradients (Leiper, 1998). The peptide transporter
protein PEPT1 is expressed at high levels in the small intestine and low levels within
the colon and has been associated with changes in water absorption; PEPT1
knockout mice produced faecal pellets with a significantly higher water content than
wild type mice (Wuensch et al., 2013; Wuensch et al., 2014).

Upregulation of

PEPT1 within the colon has been associated with IBD, and increased levels of
proinflammatory cytokines TNFα and IFNγ upregulated PEPT1 expression in a
human colon carcinoma cell line and in mouse colon, but not small intestine;
cytokines IL-1β, IL-2, IL-8 and IL-10 had no effect on PEPT1 expression (Vavricka
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et al., 2006). However, Wuensch et al. (2014) found that PEPT1 expression was
not upregulated in murine models of DSS and TNBS induced colitis or a human
cohort with cute IBD.

This suggests a complex relationship between PEPT1

expression and local cytokine milieu, but does suggest that there is likely to be
some relationship between the two that will influence faecal water content; exactly
how this works is not yet fully understood.

7.3 Influence of genetic background and resolved infection
on the ENS; histological and immunofluorescence studies
We encountered significant difficulty in establishing a satisfactory pan neuronal
marker that was able to demonstrate both cell bodies and surrounding neuropil
within the complex morphology of the ENS.

Despite many trials with several

antibodies, we were unable to replicate the results found with the Sevier-Munger
silver stain technique. No significant difference between the AKR and C57BL/6
strains was seen in beta III tubulin expression, and despite a successful protocol
with high levels of immunofluorescence in the myenteric plexus, demonstration of
nerves within the submucosa and lamina propria was poor with this antibody. The
number of studies investigating the ENS within the submucosa and lamina propria is
limited with many studies focussing on nerves within the myenteric plexus, and the
submucosal and lamina propria nerve infiltration is considered much reduced in
rodents compared to larger mammals (Timmermans et al., 2001). However, the
Sevier-Munger silver stain technique demonstrated a rich infiltration of nerves
throughout the lamina propria with significantly more nerves in the submucosa and
lamina propria of the colon in C57BL/6 mice compared to the AKR. This difference
in enteric neuronal number could represent an enteric reflection of the known
differences in peripheral innervation between these two strains. It could also be the
reason behind the differences in gut function and neuroreceptor expression or
function that we found between the strains.
Unfortunately we were unable to replicate the Sevier-Munger silver stain technique
for animals in the infection experiment, despite numerous attempts. However we
did see significant increase in expression of PGP9.5 at day 21 post infection and
significant decrease in beta III tubulin expression at day 45 post infection in the high
dose group. This again confirms that these markers are not pan neuronal within the
ENS.

It does suggest that infection with a Th2 immune profile, but not a Th1
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immune profile, results in a loss of beta III tubulin neurons that persists following
resolution of infection. However, it is difficult to link this result to differences in gut
physiology between groups, as function of the high dose group closely resembled
that of the naive group.

Despite the impact of genetic background on gut

physiology, no significant difference was seen between the AKR and C57BL/6
mouse strains in beta III tubulin expression. Therefore we are unable to currently
elucidate the meaning of these results in beta III tubulin expression within the high
dose group.

7.3.1 Upregulation of NOS during infection is immune profile dependent
Under normal physiological conditions, NO is a potent neurotransmitter with effects
on vasodilation and is considered inhibitory in terms of gut movement (Nishiyama et
al., 2014).

During infection, massive upregulation of iNOS results in increased

synthesis of NO that contributes to the elimination of an invading pathogen via ROS
production and resultant cell death (Vallance and Leiper, 2002; Salgo et al., 1995).
We found that during infection, NOS levels were higher within animals infected with
a high dose of T.muris eliciting a Th2 immune profile than within animals with a low
dose infection and resultant Th1 based response; this effect did not persist and
NOS staining was minimal in both groups on resolution of infection. This was an
interesting observation as increased iNOS levels have been associated with a Th1
immune profile; it was demonstrated that during metabolism of arginine in
macrophages, Th1 cytokines induced formation of iNOS, whereas Th2 cytokines
resulted in arginase production (Munder et al., 1999).

Also, TNFα and iNOS

producing dendritic cells were shown to increase proliferation of IFNγ producing
CD4 T cells thus upregulating a Th1 immune profile (Chong et al., 2011). However,
increase in NO levels have also been associated with reduced expression of pro
inflammatory cytokines TNFα and IL-1β in macrophages (Thomassen et al., 1997).
Several studies have shown the importance of iNOS and NO in immunity to
parasitic infection. Resistance to the parasite Toxoplasma gondii and reduction of
intracellular parasite replication was dependent on NO production in macrophages;
mice treated with an iNOS inhibitor L-NAME became susceptible to infection
(Woods et al., 2013). Activation of the P13K/Akt pathway during infection with the
parasite Leishmania amazonensis reduced iNOS production; inhibition of this
pathway was associated with reduced parasite replication (Calegari-Silva et al.,
2015), and inhibition of iNOS during infection with Trypanosoma cruzi resulted in
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increased parasitic growth (Talvani et al., 2002). Interestingly, during early stages
of Schistosoma mansoni infection, NO mediated protective effects; however, IL-4
knockout mice expressed higher levels of NO over a prolonged period that resulted
in deleterious effects on hepatic cells.

This highlights the influence of IL-4 in

mediating NO production (Brunet et al., 1999) and suggests a link between
increased iNOS and a skew from a Th2 to Th1 profile as a means of mediating
cytotoxic damage (Hesse et al., 2000). Along with our results, this suggests that
increased levels of iNOS are required for elimination of some parasitic infections,
and these levels are controlled by the Th2 cytokine IL-4. The transient increase in
ROS generation associated with high levels of iNOS during T.muris infection in the
high dose group appears to leave little influence on gut physiology, but could be the
reason for reduced beta III tubulin positive nerves following resolution of infection.
However, further research is needed.

7.3.2 No difference in S100β or GFAP positive enteric glial cells during
or following infection with a high or low dose of T.muris
Despite much research highlighting the importance of enteric glial cells in survival
and generation of peripheral neurons, and regulation of enteric glial cell markers
S100β or GFAP in inflammation, we found no difference in expression of these
markers during or following high or low dose infection with T.muris (da Silveira et al.,
2009; Ochoa-Cortes et al., 2016). This could mean that the relevant time frame for
examination of these markers was missed during our study, or that enteric glial cell
markers S100β and GFAP are not affected during infection with T.muris in mice.

7.4 Identification of neurons within the gut- problems and
pitfalls
Valid, reliable and repeatable methods for measurement of gut physiology were
established without considerable difficulty; despite not being used to compare effect
of genetic background or resolved infection with different immune profiles on the
ENS, these methods had been employed by many studies to investigate the effect
of pathology and drugs on ENS function (Marks et al., 2013; Bove, 2015; Ge et al.,
2017a). However, there were several issues to take into account when investigating
number of neurons within an area of the gut (Kapur, 2013).
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Many studies investigating the ENS with immunofluroescence techniques focus on
the neural network within the myenteric plexus using whole mount techniques with
microdissection to remove the submucosal plexus. However, we felt it important to
investigate neurons within the submucosal plexus and lamina propria; this is
because infection with the parasite T.muris involves penetration of the parasite
through the gut epithelium, therefore any nerves in this area would be likely to be
affected in the infected groups. We were interested in nerves in this area in the
AKR mice as these mice are known to have differences in peripheral nociception
(Mogil et al., 1999a) and are also unable to produce a normal Th2 immune
response to parasitic invasion with T.muris, succumbing instead to chronic infection
and a Th1 based cytokine milieu as opposed to the highly resistant C57BL/6 strain
(Blackwell and Else, 2002). It could be that variation in nerves between strains
within the lamina propria are responsible for this variation in response to parasitic
infection along with differences in gut physiology identified. We were unable to
effectively utilise a whole mount technique without employing microdissection due to
issues with antibody penetration and microscopic visualisation.

Therefore we

established a histological method that permitted investigation of both the myenteric
plexus and submucosal plexus without using microdissection. This also eliminated
any problems associated with tissue stretch and shrinkage ex vivo in whole mount
techniques (Kapur, 2013).
There is a vast quantity of markers available attributed with pan neuronal qualities.
When considering what reliable pan neuronal marker to use to establish neuronal
number, we focussed on those able to identify both the cell body and surrounding
neuropil that other studies of the ENS had used, namely PGP9.5 and beta III tubulin
(Eisenman et al., 2013; Harrington et al., 2010; He et al., 2016; Betolli et al., 2008).
PGP9.5 is a ubiquitination hydrolase product and beta III tubulin is a component of
the nerve cell wall; both of these markers have been described as neuron specific
and pan neuronal (Campbell et al., 2003; Caccamo et al., 1989).

We used

antibodies for these markers previously used successfully by our lab. However,
initial double staining trials clearly identified that these markers were not
consistently co-expressed and could be seen adjacent to each other in mutually
exclusive nerves, and that comparatively, levels of beta III tubulin expression were
higher than PGP9.5. It could be that this is an issue with antibody binding or states
of phosphorylation. However, this is a novel and important finding suggesting that
caution must be used when considering these markers pan neuronal.
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Antibody techniques are utilised during many experimental protocols such as
immunofluorescence,

enzyme

linked

immunosorbent

assays

(ELISA)

and

fluorescence activated cell sorting (FACS) techniques. Despite this, issues with
reliability of antibodies leading to questions over validity of results has been
highlighted (Baker, 2015). We decided then also to utilise the Sevier-Munger silver
stain, a histological technique adapted from the Bielchowsky method for use in
paraffin embedded tissue (Sotelo et al., 1980). This is an argyrophillic technique
that highlights nerves and nerve fibres and has been described as a useful tool for
neurologists (Uchihara, 2007). We found that the Sevier-Munger silver stain
identified a subset of nerves within the villi of the jejunum and lamina propria of the
colon that could not be seen with beta III tubulin immunofluorescence in serial
sections. Interestingly, a subset of neurons within the myenteric plexus that was
clearly demonstrated with beta III tubulin immunofluorescence was not visible in a
serial section with the Sevier-Munger silver stain technique.

This suggests

previously unidentified complications in attributing a pan neuronal marker within the
gut that researchers must be aware of and suggests that all enteric neurons may
not contain all of the markers previously considered pan neuronal.
Issues with size of area studied has also been considered problematic when
comparing results of one study with another (Kapur, 2013).

We were able to

account for this by quantifying neurons within a complete histological cross section
of the gut; interestingly, we found variation in expression of markers in an animal
within the same section. This does indeed highlight a possible issue in validity of
results in studies that quantify only a small area of a histological cross section rather
than the section in its entirety.

7.5 Future work
This study has yielded several interesting results; it is clear that variation within the
ENS can be a result of both genetic background and resolved infection, and these
differences were reflected within gut physiology.

However, due to difficulty

establishing a reliable pan neuronal marker and protocol issues, immunofluorescent
and histological examination of the ENS was not extensive. Further examination of
enteric neuronal number with a truly pan neuronal marker would be useful; however,
this marker is yet to be identified. It would be interesting to identify different enteric
neuronal subsets affected by genetic variation or infection; quantification of nitrergic
and cholinergic neurons may help to elucidate the cause of variations between
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groups in gut functions such as transit time and contractility.

Investigation of

neuropeptides such as CGRP, VIP and SP would also be interesting, particularly
CGRP within the AKR mice. This strain has a peripheral dysfunction with TRPV1
response or function associated with disrupted CGRP expression (Mogil et al.,
2005); as CGRP has been associated with downregulation of a Th1 cytokine
immune profile (Ding et al., 2008; Ding et al., 2016), issues with expression of this
neuropeptide peripherally echoed within the ENS may be the reason why AKR mice
are susceptible to parasitic infection with T.muris, producing a chronic Th1 response
(Bancroft et al., 1994).
We identified a difference between the AKR and C57BL/6 strains in expression or
function of acetylcholine receptors following administration of carbachol.

As

expression of the α7nAChR has been associated with the immune response, it may
be interesting to investigate the amount or function of these receptors to see if this
may be a factor in the different immune response to T.muris infection between these
strains. Further investigation of gut contractility using a higher number of animals
may clarify possible significance within trends that were seen; however, we did find
variation within genetically identical animals in the same groups during both
physiological and immunofluorescence examinations.

This may be the case

regardless of sample size.
It would also be interesting to investigate the impact of the microbiome in variation
within the ENS as a result of both genetic background and resolved infection, as
changes within the microbiome have been associated with variation in both
(Houlden et al., 2015a; Goodrich et al., 2014). These commensal bacteria may
influence gut function and therefore the ENS.
Examination of animals at later timepoints may enable us to ascertain if post
infection changes found in gut physiology and the enteric nervous system can
eventually resolve.

Houlden et al. (2015a) found that changes in intestinal

microbiota identified during T.muris infection in a murine model lasted for 91 days
following infection clearance before returning to the profile of an uninfected animal,
suggesting that infection related changes within the microbiome at least are not
permanent.

Perhaps restoration of homeostasis may be able to correct post

infection changes in the enteric nervous system in time; however, if disease
susceptibility is affected prior to this, further studies to confirm this phenomenon and
elucidate relevant timespan required for resolution would be useful. It may also be
that factors affecting neurogenesis such as age, stress and the microbiome are
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influential in restoration of pre infection function and further examination of
manipulation of these factors post infection may prove interesting.

7.6 Wider implications
Our study found that genetic background and resolved infection affect some aspects
of gut physiology and enteric neuronal number, suggesting that both of these factors
have an influence on the ENS.

If we consider the extensive role of the neuro

immune link (Kelley and McCusker, 2014), this means that differences within the
ENS between different people will affect susceptibility and response to disease.
Patients with Th1/Th17 autoimmune mediated Crohn’s disease demonstrated
sympathetic neuropathy whereas those with Th2 mediated ulcerative colitis present
with a vagal neuropathy, suggesting that activation of different immune profiles
affects the ENS differently (Ohlsson et al., 2007; Coruzzi et al., 2007); our results
confirmed this. Ulcerative colitis is known as a disease of non smokers, which
highlights the role of the nervous system, in particular stimulation of nicotinic
acetylcholine receptors, in disease susceptibility (Bastida and Beltrán, 2011).
Neuropathy is commonly associated with inflammatory pathologies (Gregory et al.,
2012; Hosseini and Abdollahi, 2013); autonomic neuropathy has also been
identified in asymptomatic adults and neuropathy preceded signs of inflammation in
diabetic patients (Thayer and Fischer, 2009; Posadas et al., 2013; Vinik et al.,
2013). Understanding the loss of neurons, in particular the subset lost prior to
disease development, may help us to further understand susceptibility; to take this a
step further, if we were able to somehow arrest this neuronal loss or stimulate
neuroregeneration, this has the therapeutic potential to prevent or arrest pathology
development.
We identified an increase in acetylcholine receptor expression in the AKR mouse
compared with the C57BL/6 mouse; this could be associated with the reduced
quantity of neurons within the lamina propria in this strain. During ageing, numbers
of cholinergic neurons fall and this is associated with increased transit time; this
may be similar to our findings in the AKR. Increased expression of acetylcholine
receptors in this strain may represent the body’s attempt to maintain homeostasis.
The α7nAChR is widely expressed throughout the nervous system, particularly
within the gut and CNS, and is also present on many immune cells (Bencherif et al.,
2011); although increased expression of the α7nAChR has been associated with an
anti inflammatory immune response, there are some more negative consequences.
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Stimulation of this receptor by nicotine increased the anti apoptotic Bcl-2 and
facilitated cell growth in cancer cells (Kihara et al., 2001; Shin et al., 2008). The link
between acetylcholine and increased cell survival in hypoxic conditions associated
with cancer further corroborates this (Kim et al., 2008). This is particularly relevant
following the advent of e-cigs and the proclamation by Cancer Research that
nicotine does not cause cancer (McEwen, 2016).

Therefore, upregulation of

acetylcholine receptors may precede cancer development, and it would be
beneficial if factors upregulating receptor expression could be understood and
accounted for. However, the therapeutic potential of upregulation of acetylcholine
receptors has been investigated in pathogenesis of CNS disorders Alzheimer’s
disease and Parkinsons disease, both of which are associated with loss of
cholinergic neurons and receptors (Kihara and Shimohama, 2004; Fujita et al.,
2006).

Interestingly, these conditions are also associated with gastrointestinal

disturbances, suggesting that differences within the ENS may reflect pathological
differences in systemic neural function. In Parkinson’s disease, it is thought that
disrupted gut function caused by chronic inflammation associated with disease
onset is evident prior to CNS associated symptoms (Houser and Tansey, 2017).
Gastrointestinal disturbances have also been associated with several other
disorders of the CNS including schizophrenia, depression and anxiety, and autism
(de Magistris et al., 2010; Severance et al., 2016; Shah et al., 2014).

These

conditions are also associated with disturbances in normal commensal bacteria
(Houser and Tansey, 2017) and disrupted acetylcholine receptor function (Martin
and Freedman, 2007; Deutsch et al., 2010; Philip et al., 2010). Perhaps the gut and
assessment of functional parameters represents an as yet unutilised diagnostic tool
capable of representing not only potential gut disease, but also systemic changes in
nervous function prior to establishment of any inflammatory pathology.
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