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ABSTRACT  

 

Exotoxins of the bacteria Vibrio cholerae (cholera toxin, CT) and Clostridium difficile 

(C. diff., TcdA) induce rampant disease in the form of irresolvable diarrhoea causing 

rapid dehydration and potential death if left untreated. Both bacterial toxins affect the 

nervous system of the gut, the enteric nervous system (ENS), but the types of enteric 

neurons involved are still indistinct. Additionally, preliminary work from a collaborator 

showed that specific bacterial metabolites, particularly GABA produced by the 

microorganisms residing in the gut, exacerbate pathophysiological effects of C. diff.  

GABA and its receptors are expressed in several parts of the gut wall, including enteric 

neurons. While studies have proposed GABA to be a putative neurotransmitter in the 

ENS, physiological roles of GABA in the gut remain unclear. It is unknown how 

enterotoxins and increased GABA at the level of the gut mucosa activate underlying 

enteric circuitry; my PhD aimed to elucidate these mechanisms. 

In Chapter 3, I investigated the enteric neural pathways underlying CT effects via in 

vitro incubations of CT in guinea pig jejunum. Previous work highlighted the impacts of 

CT on secretomotor neurons; I endeavoured to expand this by examining other key 

neuronal subtypes. I recorded neuronal activity in the myenteric plexus (MP) up to 6 

hours after CT incubation via intracellular electrophysiology. A colleague undertook 

similar recordings in the submucosal plexus (SMP). We found that CT induced 

hyperexcitability in myenteric, but not submucosal, sensory neurons. The effect was 

neurally mediated and required activation of NK3 tachykinin receptors, but was 

independent of activation of 5-HT3 receptors or NK1 tachykinin receptors, suggesting 

that the effects of CT on myenteric sensory neurons are likely to be indirect and via a 

pathway independent of 5-HT release. 

In Chapter 4, I determined the effects of luminal incubations TcdA and GABA on 

myenteric sensory neurons via electrophysiology. I found that in vitro incubations of 

guinea pig jejuna with TcdA or GABA also increased the excitability of myenteric 

sensory neurons, highlighting the key role of these neurons as a common point through 

which enterotoxins and GABA operate. The GABA-induced effects were inhibited by 

GABAB and GABAC receptor antagonists, but enhanced by a GABAA antagonist, 
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indicating involvement of at least two distinct GABA activated pathways. The GABAA 

antagonist enhanced excitability on its own suggesting that tonic release of endogenous 

GABA may play a role in suppressing the excitability of these neurons. 

In Chapter 5, I explored the role of endogenous GABA in the ENS of mouse small 

intestine. I employed Wnt1-Cre;R26R-GCaMP3 mice, which express a fluorescent 

calcium indicator in the ENS, for use in  Ca2+ imaging. Neurons responded to GABA 

exposure via activation of GABAA, GABAB and GABAC receptors in myenteric 

ganglia. Further, I showed that the effects of GABA were neuronal subtype specific, for 

example neurons immunoreactive for neuronal nitric oxide synthase rarely responded to 

GABA. I also demonstrated that endogenous release of GABA may inhibit activation of 

myenteric neurons by activation of GABAC receptors, despite such receptors exciting 

myenteric neurons when activated by exogenous GABA.  My data also suggest that 

neither GABAA nor GABAB receptors contribute to synaptic transmission in this 

system. Further I also demonstrated the expression of GABA in neurons and varicosities 

surrounding specific enteric neurons within the MP. This study clarifies the complex 

nature of GABAergic transmission in the ENS. 

In Chapter 6 to further examine the effects of enterotoxins on the enteric circuitry, I 

made intracellular recordings from myenteric neurons following in vivo incubations of 

CT in mouse ileal loops. A lab member previously showed that CT increases calcium 

responses in the submucosal but not myenteric, neurons. In undertaking 

electrophysiological recordings, a striking sampling bias was revealed with exclusion of 

largely descending interneurons and inhibitory motor neurons being markedly 

underrepresented in the data set and low sampling from sensory neurons meant that 

significant effects in excitability may have been missed. Nevertheless in concordance 

with the results from Ca2+ imaging, no significant changes in excitability of myenteric 

neurons were found at their resting membrane potential. However, CT induced 

spontaneous synaptic activity in specific myenteric neurons, but the sources of this input 

could not be identified due to the technical difficulty of maintaining impalements, the 

relative rarity of myenteric sensory neurons and the sampling bias. The data suggest  a 

minor role for myenteric neurons in CT-induced hypersecretion in vivo. 
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 In Chapter 7 I employed the high throughput assay of Ca2+ imaging to perform a more 

extensive examination of the effects of TcdA on the ENS. I utilized the well-established 

ileal loop mouse model and incubated TcdA in vivo. Spontaneous and neurally-

stimulated calcium responses were reduced in submucosal neurons, and myenteric 

neuronal activity was unchanged.  However enteric neurons in regions of the 

gastrointestinal tract off-target from the site of acute toxin exposure were activated 

during the incubation as indicated by expression of activity dependent markers. This off 

target effect could possibly be due to release of inflammatory cytokines into the 

circulation or extrinsic neural pathways. 

In all, I have demonstrated a generality in the actions of enterotoxins and GABA as the 

pathways they activate converge to excite myenteric sensory neurons which may lead to 

activation of submucosal secretomotor neurons. I have extended our understanding of 

the role of GABA in the ENS as a means to elucidate the mechanisms through which 

microbial metabolites act and contribute to disease. Using the mouse ileal loop model, I 

further defined the effects of enterotoxins on the enteric circuitry.  

In this way, my thesis highlights neural elements involved in the mechanisms 

underlying enterotoxin-induced hypersecretion and identifies potential avenues for 

future research. 
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CHAPTER 1: INTRODUCTION 

 

Fluid secretion in the intestine in response to benign stimuli such as nutrient molecules 

occurs every day under physiological conditions. It is imperative for regulation of whole 

body water and electrolyte balance, digestion, and helps to maintain the osmolarity and 

pH of the microenvironment at the absorbing epithelium (Furness & Costa 1987). Under 

pathological circumstances; the focus of this thesis, secretion functions to flush the 

intestine of unwanted or noxious stimuli. Despite being a protective reflex, the secretion 

itself can become copious and deadly (Furness, 2006).  

Worldwide, there are almost two billion cases of diarrhoeal disease every year (WHO, 

2017). While there are many causes of diarrhoea, often the most severe cases are those 

due to bacterial infections. This occurs either due to a lack of clean water supply and 

basic sanitation, conditions that are prevalent in third-world nations and regions 

devastated by natural disasters, or by conditions commonly found in nosocomial 

environments. It is a leading cause of malnutrition and mortality in children in 

underdeveloped countries, responsible for the death of 0.5 million children annually 

(WHO, 2017). In the developed world, diarrhoeal disease places a huge burden on the 

healthcare system in many nations, costing over $1 billion every year in the United 

States alone (Kyne et al., 2002). 

Many diarrhoea-causing bacteria release exotoxins that result in a harmful 

hypersecretion of water and electrolytes in the gut (Farthing, 2000; Lundgren, 2002), 

with the most widely studied of these toxins being cholera toxin (CT). Produced by the 

bacterium vibrio cholera, CT evokes an often fatal hypersecretory response. Similarly, 

Clostridium difficile (C.diff), the leading cause of antibiotic-associated diarrhoea and 

colitis, releases enterotoxins (Toxin A -TcdA and Toxin B - TcdB) that cause severe 

mucosal damage and inflammation in addition to harmful hypersecretion (Castagliuolo 

et al., 1994; Pothoulakis et al., 1998). 

The primary line of treatment for diarrhoeal disease is an oral rehydration solution 

(ORS) of clean water and electrolytes, but given that the very nature of transmission of 

these bacterially- borne infections relies on a lack of clean water; this treatment is often 
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ineffective and not possible. Although oral cholera vaccines are available, they require 

multiple doses for full protection and only provide cover for restricted time periods. 

Moreover, in hospital settings, recurrence of C.diff infection (CDI) remains the key 

impediment to its treatment, and with a global rise in antibiotic-resistance, alternative 

therapies are needed (WHO, 2016, 2017). 

These enterotoxins each act directly on the mucosal epithelium of the gastrointestinal 

tract and also indirectly by activating and perturbing the function of the intrinsic 

nervous system of the gut, the enteric nervous system (ENS) (Castagliuolo et al., 1994; 

Lundgren, 1998; Pothoulakis et al., 1998; Xia et al., 2000; Farthing, 2000, 2002). The 

responses triggered by the different enterotoxins, however, appear to involve different 

neural pathways, the exact elements of which remain surprisingly undefined 

(Pothoulakis and Lamont 2001). 

This thesis aims to contribute to our understanding of the enteric neural pathways 

underlying enterotoxin-induced diarrhoeal disease. A deeper understanding of the 

complex enteric neural circuitry may assist efforts in the discovery of therapeutic targets 

for the treatment of diarrhoeal disease. Even though both enterotoxins induce conditions 

affecting humans, rodent models are used to investigate disease pathophysiology. In this 

chapter, details of the guinea pig model are predominately discussed as it is the most 

widely studied model of the ENS over the last three decades. Where available, data 

from the mouse is also presented as it has been the model of choice more recently for 

studies of CDI.  

 

1. THE ENTERIC NERVOUS SYSTEM 

1.1 Involvement of the ENS in hypersecretion 

The fundamental functions of the of the gastrointestinal tract (GIT) such as motility and 

secretion are largely under the control of the intrinsic nervous system of the gut- the 

ENS, which is the only grouping of independently functioning peripheral neurons. For 

this reason it has been likened to a second ‘brain’ (Gershon, 1999). It does however 

work in concert with the central nervous system (CNS) and extrinsic neural pathways 

(Furness et al., 2014). It has been established that enterotoxins like CT and TcdA and 
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those produced by other diarrhoeal agents such as Escherichia coli (E coli) and viruses 

such as rotavirus, exert at least some of their hypersecretory effects via the ENS 

(Castagliuolo et al., 1994; Farthing, 2000; Lundgren, 2002).  

1.2 ENS anatomy and function 

The enteric nervous system is located entirely within the wall of the GIT with its 

neurons contained in many thousands of ganglia within two main ganglionated 

plexuses; the myenteric and submucosal plexus. The myenteric plexus (MP) lies 

between the outer longitudinal and inner circular muscle layers and forms a continuous 

network running from the upper oesophagus to the rectum. The submucosal plexus 

(SMP) is located between the mucosa and circular muscle and is primarily prominent in 

the small and large intestine (Furness and Costa, 1987). Figure 1.1 shows the partially 

separated layers of a segment of guinea pig small intestine. Many studies examining the 

different components of the ENS have been performed using guinea pig due to the ease 

with which the layers can be dissected away for experimentation (Brookes, 2001).  

The GIT is exposed to a variety of physicochemical stimuli from the external 

environment and relies on the activity of coordinated smooth muscle contractions and 

relaxations, secretion, blood flow and immune processes that are under the control of 

the enteric plexuses (Costa et al., 2000; Hansen, 2003). These functions operate together 

to digest food, absorb nutrients and excrete wastes; essential processes in maintaining 

homeostasis and sustaining life. The primary functions of motility and secretion are 

regulated by intrinsic nerve circuits within the plexuses which form reflex pathways. 

Enteric reflex pathways in their simplest forms are comprised of three neuron types: 

intrinsic sensory neurons (ISNs) also known as intrinsic primary afferent neurons, 

IPANs (in this thesis they are referred to as ISNs), interneurons and motor neurons. In 

the guinea pig, motility-controlling circuits are largely contained within myenteric 

plexus and secretomotor reflexes are mediated by the submucosal plexus (Furness, 

2006). Often these plexuses are treated as if they are independent, yet they are 

extensively interconnected, allowing each to play a role in both motility and secretion 

(Gwynne and Bornstein, 2007b). It is likely that secretion and motility are coupled, 

since the secretomotor and motility reflexes share common sensory neurons and 

therefore there is a level of simultaneous activity between changes in motility and 
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secretion (Greenwood and Davison, 1987; Mellander et al., 2000). It has been 

established across a number of species, including humans, that phases of the 

‘housekeeping’ migrating motor complex (MMC), also involve secretory changes in the 

GIT, such as epithelial chloride secretion, pancreatic secretion and bile release 

(Vantrappen et al., 1979; Keane et al., 1980; Read, 1980; Mellander et al., 2000).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 1 The layers of the guinea pig intestinal wall constituting the ENS. 

The mucosal villi are shown projecting into the lumen of the small intestine. The SMP 

is situated between a layer of circular muscle and the mucosa. The MP exists between a 

layer of outer longitudinal muscle and the inner circular muscle layer; it is continuous 

around the circumference of the GIT and along its entire length. The SMP and the MP 

are the two main ganglionated plexuses of the ENS mediating the chief functions of the 

GIT. Figure adapted from (Furness and Costa, 1980). 
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2. SECRETION  

2.1 Secretion at the mucosa 

The epithelium of the gastrointestinal tract functions as the interface between the 

internal and external environment and is made up of various cell types including 

absorptive cells (villi and surface enterocytes) and crypt cells. In addition, 

enteroendocrine (EE) cells which can respond to luminal contents by releasing peptides 

and hormones (Cho et al., 2014; Jin and Blikslager, 2015) are located throughout the 

epithelium (Cooke, 1998). The villi are responsible for absorption, while crypt cells are 

effector cells responsible for electrogenic Cl- secretion; a driving force for 

accompanying fluid transport into the intestinal lumen. Crypt cells accumulate Cl- into 

their interior by an energy-requiring Na+/2Cl-/K+ cotransporter on the ‘blood-side’, the 

basolateral side of the cell (Cooke, 1998; Xue et al., 2007). This establishes an 

electrochemical gradient, by which Cl- can exit the cell into the lumen via diffusion 

through cAMP-activated, cystic fibrosis transmembrane regulator (CFTR), Cl- channels 

(Xue et al., 2007). This may also occur through other Cl- channels such as Ca2+ -

activated CLCA Cl- channels or cAMP-mediated CIC-2 channels, however the exact 

contribution to intestinal secretion of the latter remains unclear (Xue et al., 2007; 

Inagaki et al., 2010; Jin and Blikslager, 2015). 

2.2 Secretion under the control of the ENS 

Absorption of fluid and electrolytes occurs via local transport processes at the intestinal 

villi, which are in close contact with the luminal content. Secretion occurs at the crypts, 

where CFTR expression is greatest (Ameen et al., 1995). Crypts are located further 

away from the lumen, thus rely on the actions of the ENS. Early studies have supported 

this, having established that secretion is under neural control (Caren et al., 1974; Hubel, 

1985; Lundgren, 2002). 

Chloride secretion is predominantly regulated by neurons in the submucosal plexus. 

Luminal stimulation acts primarily to evoke serotonin (5-HT) release from 

enterochromaffin (EC) cells; a type of enteroendocrine cell in the mucosa, (Grider et al., 

1996; Sutherland et al., 2007). 5-HT, a key mediator in regulating secretion, excites 
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intrinsic sensory neurons in the SMP and MP (Kirchgessner et al., 1992; Bertrand et al., 

2000). Within the SMP, intrinsic sensory neurons expressing tachykinins relay a signal 

that converges on the main classes of secretomotor neurons in the SMP: cholinergic and 

vasoactive intestinal peptide (VIP) neurons which release acetylcholine (ACh) and VIP 

as their neurotransmitters respectively (Xue et al., 2007). At the basolateral membrane, 

ACh binds to muscarinic (M3) receptors, resulting in Ca2+ mobilization, whereas VIP 

acting at VPAC1 receptors leads to an elevation of intracellular cAMP; subsequently Cl- 

leaves the cell via Cl-channels for both signalling pathways (Xue et al., 2007). 

Extrinsic primary afferents containing substance P (SP) that have their cell bodies 

outside the wall of the gastrointestinal tract are another neural source of regulation in Cl- 

secretion. SP-containing extrinsic nerve fibres innervate submucosal ganglia in guinea 

pig small intestine (Costa et al., 1981) and in Ussing chamber experiments on guinea 

pig ileum, Cl- secretion is enhanced by activation of these afferents with capsaicin 

which stimulates release and depletion of SP from extrinsic afferents (Vanner and 

MacNaughton, 1995). This only occurs, however, if the submucosal plexus is intact and 

may be due to extrinsic activation of submucosal secretomotor neurons expressing the 

NK1 receptor (Vanner and MacNaughton, 1995). Further to this, extrinsic afferents 

release SP to stimulate secretomotor neurons in the SMP of the guinea pig colon that 

express tachykinin NK1 and NK3 receptors, as distention-evoked secretion is 

significantly reduced by capsaicin treatment (Weber et al., 2001). The capsaicin-

insensitive response is inhibited by NK1 and 3 receptor antagonists highlighting that 

control of secretomotor neurons, and subsequently Cl- secretion, involves an extrinsic 

mechanism and intrinsic tachykinergic transmission within the SMP, with both sources 

of neural input converging onto common effectors (Weber et al., 2001). 

 

While secretion is predominantly under the control of transmission within the SMP, 

there is substantial evidence that the MP has a significant function in the coordination of 

motility and secretion (Gwynne and Bornstein, 2007b). A small population of VIP 

neurons from the SMP project to myenteric ganglia (Costa et al., 2000), while 

submucosal afferents also project to the MP (Kirchgessner et al., 1992). Electrical 

stimulation of the SMP demonstrates that myenteric neurons receive synaptic input 

from the SMP (Monro et al., 2008). Further, the removal of the myenteric plexus in the 
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guinea pig small intestine reduces the number of excitatory inputs to the submucosal 

neurons largely responsible for secretion (Bornstein et al., 1987; Moore and Vanner, 

2000; Lundgren, 2002). Therefore interconnections between both plexuses are 

necessary for the coordination of motility and secretion. Additionally, sensory neurons 

in the secretory reflex activated by toxins such as CT project to the myenteric plexus 

since ablating this plexus prevents net fluid secretion in the rat (Jodal et al., 1993). CT 

has also been shown in vivo to activate specific motility patterns in rat gut in response to 

distension (Kordasti et al., 2006). This CT-induced response is prevented by the serosal 

application of lidocaine; in other words, by the preferential anaesthetisation of the 

myenteric plexus. Additionally, an in vitro study has reported that CT enhances 

propulsive motor activity in guinea pig jejunum (Fung et al., 2010). This implies 

contribution from the myenteric plexus in CT-induced secretion (Kordasti et al., 2006). 

Thus, given the significant, yet often overlooked contribution of the MP in secretory 

reflexes, the majority of studies in this thesis primarily investigate neural mechanisms in 

the MP that underlie hypersecretion (Chapters 3-7).  

 

3. CONSTITUENT NEURONS OF THE ENS 

 

To date, the guinea pig ileum has been the most extensively studied model of the ENS, 

where at least 20 separate classes of enteric neurons have been categorised. The 

properties of individual enteric neurons have been investigated in some detail, but their 

organisation into functional circuits still requires analysis (Costa et al., 1996; Furness et 

al., 2000; Brookes, 2001; Gwynne & Bornstein 2007b). In order to gain a 

comprehensive understanding of secretomotor pathways underlying pathological 

secretory states, the basic elements of the enteric nervous system; enteric neurons and 

their propertiesth are covered in this section. 

Enteric neurons are classified on a morphological, electrophysiological and 

neurochemical basis. Studies spanning over 30 years have correlated these properties so 

that summaries of functionally recognized neurons in the guinea pig small intestine 

exist (Brookes, 2001; Brookes and Costa, 2002; Bornstein et al., 2002; Furness, 2006). 

While the guinea pig is the most widely studied model, much of the data obtained is 
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applicable to other species. Information also exists for rats, mice and humans (Furness 

et al., 2004b), yet a substantial amount of detail is still unknown. Chapters 5-7 include 

work conducted using the mouse model and contribute to further classification of these 

neuronal properties in this species. Instances occur where functionally similar neurons 

in different species, exist in different locations in the ENS. Unlike the guinea pig where 

all innervation of circular muscle comes from the myenteric plexus (Wilson et al., 

1987), in larger and more complex animals such as the dog and pig, circular muscle of 

the small intestine receives substantial innervation from the submucous plexus (Furness 

et al., 1990a; Timmermans et al., 1992). Additionally, the strong correlation in specific 

morphology and electrophysiological properties of ISNs (see below) established in the 

guinea pig small intestine, is not observed in the human ENS (Schemann and Neunlist, 

2004), while in comparison to the guinea pig, morphologically analogous neurons in the 

porcine intestine also fail to exhibit typical electrophysiological properties seen in the 

guinea pig (Cornelissen et al., 2000; Cornelissen et al., 2001). Neurons from the 

intestine of the guinea pig, account for the majority of data collected over many years, 

but ISNs, which are common in the guinea pig intestine, are absent from the stomach 

corpus (Schemann and Wood, 1989a) and are rare in the antrum (Tack and Wood, 

1992).  

3.1 Morphology 

Enteric neurons were initially classified by their morphology as first identified by the 

Russian anatomist Alexander Dogiel well over 100 years ago. He divided neurons of the 

ENS in human, guinea pig, rat, rabbit, cat and dog intestine (Dogiel, 1895b; Dogiel, 

1899) into three main classes: types I, II and III. Dogiel type I neurons have short 

lamellar dendrites with a single axon. Dogiel type II neurons have several long 

processes arising from a large smooth cell body that project mainly in a circumferential 

direction (Bornstein et al., 1991b; Stebbing and Bornstein, 1996; Brookes, 2001). 

Dogiel type III neurons have relatively short dendritic processes that terminate within 

the ganglion of origin (Figure 1.2). While the majority of the extensive morphological 

data has been collected from the guinea pig, neurons that tend to serve the same 

functions across different species appear to have the same shape and projection patterns 

(Furness et al., 2004b). Small differences do occur, however, for instance smaller 
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mammalian species such as mice tend to have less intricate dendritic geometry than 

larger species. In the mouse, Dogiel type I neuronal dendrites are much less elaborate 

than those seen in humans (Dogiel, 1899; Nurgali et al., 2004). 

 

 

 

 

 

Figure 1. 2 Confocal micrograph showing the morphology of enteric neurons. 

Two myenteric cells from the guinea pig ileum were impaled and filled with biocytin in 

the sharp microelectrode which allowed their morphology to be observed by post hoc 

staining, revealing the chief morphological neuron types. Dogiel type I are uniaxonal 

with short lamellar dendrites. Dogiel II cells have large, smooth cell bodies and several 

long processes. Figure adapted from (Gwynne and Bornstein, 2007b). 

 

 

 



10 

 

3.2 Electrophysiology  

Intracellular recording studies during the 1970s classified cell types that can be 

differentiated based on their electrophysiological properties (Nishi and North, 1973a; 

Hirst et al., 1974). The classification scheme proposed by Hirst and colleagues remains 

the most commonly used. The scheme identifies two main cell types: AH-type neurons 

and S-type neurons. AH neurons are characterised by prolonged after-hyperpolarising 

potentials (AHP) following their action potentials under normal circumstances and are 

thus aptly named. S-type neurons, exhibit prominent fast excitatory post synaptic 

potentials (fEPSPs) following electrical stimulation of their inputs, they have a more 

depolarized resting membrane potential and their action potentials are not followed by 

prolonged hyperpolarisations (Hirst et al., 1974). A strong relationship linking Dogiel 

type I or II morphology with electrophysiological properties reveals that S neurons 

typically exhibit Dogiel type I morphology and sometimes filamentous morphology 

while AH neurons exhibit type II morphology (Bornstein et al., 1984, 1991b; Furness, 

2006). This correlated electrophysiological classification and morphological association 

was first established for myenteric neurons of the guinea pig (Bornstein et al., 1984; 

Katayama et al., 1986) and later extended to the submucosal plexus (Bornstein et al., 

1986; Bornstein et al., 1989) and has now been identified in the mouse myenteric plexus 

(Mao et al., 2006; Foong et al., 2012). Some exceptions do arise though, in the mouse 

colon a very small proportion (3/70) of Dogiel type I neurons have AH –type 

electrophysiology (Nurgali et al., 2004).  

S neurons 

S neurons fire action potentials (APs) that are followed by a only a very short after-

hyperpolarisation lasting between 2-100 ms. The AP is carried by a voltage-gated Na+ 

conductance, as it is inhibited by the Na+ channel blocker tetrodotoxin (TTX). S 

neurons receive substantial fast synaptic input, where a fEPSP of sufficient amplitude 

will evoke an AP (Hirst et al., 1985a; Furness, 2006). In the mouse small intestine, S-

type neurons display analogous electrophysiological properties (Foong et al., 2012) to 

those in other species along different regions of the GIT (Brookes et al., 1987; 

Bornstein et al., 1992; Tamura, 1992). 
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AH neurons 

This thesis comprehensively examines the electrophysiological properties of AH 

neurons located in the myenteric plexus due to the important role that these neurons 

have in enteric neural processing and functional plasticity (Furness, 2000; Thomas and 

Bornstein, 2003). For this reason, their electrophysiological profile will be discussed in 

depth.  

AH neurons exhibit several distinct electrophysiological features (Figure 1.3). An AP 

in an AH neuron is distinctively broad, with a duration of approximately 2.5 ms and has 

a large amplitude of roughly 70-90 mV (Iyer et al., 1988; Hirst et al., 1985a; Kunze et 

al., 1994), with analogous features observed in AH neurons of the murine small 

intestine (Mao et a., 2006; Foong et al., 2012). The AP itself is generated by inward 

sodium and calcium currents, with the opening of voltage-gated sodium and calcium 

channels. The calcium current is responsible for a characteristic inflection or ‘hump’ on 

the falling phase of the AP, since this inflection is reduced by an N-type calcium 

channel blocker ω-conotoxin GVIA and is therefore carried by N-type Ca²⁺ channels 

(Kunze et al., 1994). In the presence of TTX, APs in the somata of AH neurons will 

persist (Bertrand et al., 1997) as the inward currents underlying the AP include a TTX-

sensitive Na⁺ current, a TTX-insensitive Ca ²⁺ current and a TTX-insensitive Nav1.9 

current (Hirst and Spence, 1973; North, 1973; Hirst et al., 1985a; Rugiero et al., 2002b). 

Myenteric AH neurons in the mouse small intestine also exhibit a TTX-resistant Na+ 

current, with comparable basic parameters such as activation threshold and maximal 

current, and thus this is also likely carried by Nav1.9 (Mao et al., 2006). As the sodium 

and calcium currents diminish the AP comes to an end.  The repolarisation of the AP is 

due to the activation of 3 outward K+ conductances that are also responsible for the 

early after hyperpolarisation following an AP (see below). 

 

After-potentials and excitability in AH neurons 

Following an AP, AH neurons exhibit a long after-hyperpolarising potential (AHP) as 

the terminology ‘AH’, coined by (Hirst et al., 1974), suggests (Figure 1.3). A large 

AHP greatly decreases the excitability of the soma of the AH neuron (Bertrand & 

Thomas 2004). The AHP consists of an early and late phase. The early phase lasts 
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approximately 50-100 ms, is continuous with the falling phase of the AP and is carried 

by three K+ currents. These conductances include a large voltage-sensitive current 

suppressed by external tetraethylammonium (TEA) applied to the recording bath 

solution which greatly reduces the amplitude of the early AHP (Hirst et al., 1985a). This 

current was later found to be carried by large conductance (BK) channels in whole cell 

recordings and was also blocked by charybdotoxin (Kunze et al., 2000). Additionally, 

the early AHP is carried by a transient TEA-resistant inactivating A-type K+ current 

(KA), sensitive to 4-aminopyridine (4-AP) block (Hirst et al., 1985a), but not to ion 

substitution of external Ca2+ (Galligan et al., 1989b). A voltage-sensitive current 

observed in the presence of TEA carries the residual early AHP and is due to a 

Hodgkin-Huxley delayed rectifier (Kdr) current (Hirst et al., 1985a). 

 

A brief depolarisation occurs between the early AHP and the slow AHP, identified as an 

after-depolarising potential (ADP) (Vogalis et al., 2002b). Whole-cell patch clamp 

recordings from myenteric neurons have shown that the ADP is mediated by a Ca²⁺- 

activated depolarising cation conductance (Vogalis et al., 2002b). The relative 

contributions of Na⁺ and K⁺ to the ADP current are estimated to be approximately 1:5 

using this technique. The amplitude of the ADP is greatly reduced in the presence of the 

N-type Ca²⁺ channel blockers ω-conotoxin GVIA and ω-conotoxin MVIIC and thus is 

largely attributable to AP-mediated Ca²⁺ entry through N-type Ca²⁺ channels (Vogalis et 

al., 2002b). Interestingly, ADPs are present in AH neurons in the mouse small intestine, 

but were only seen in the duodenum, not the ileum (Foong et al., 2012) and were 

blocked by the Ca2+ channel blocker cadmium chloride. 

 

The late AHP is critical in determining the excitability of AH neurons, since the AHP 

has the capacity to limit firing rate and slow excitatory transmission as shown by 

computational modelling (Bertrand and Thomas, 2004). The hyperpolarisation can 

reduce the generation of action potentials to small deflections (proximal process 

potentials) despite an identical stimulation strength and frequency (North and Nishi, 

1974). The AHP therefore acts as a ‘gate’ for APs travelling across the cell body and 

has a modulatory function in gating and driving outputs from AH sensory neurons 

(Wood and Mayer, 1979a; Bertrand and Thomas, 2004; Furness, 2006). It is known that 

AH sensory neurons connect together to form recurrent networks and interact through 



13 

 

slow excitatory transmission (Thomas et al., 2000) and AHPs are able to provide 

stability to such networks. Without the AHP, recurrent sensory networks are unstable 

and only small stimuli are required to change the network to a maximal firing state. 

With the AHP and slow excitatory transmission the network can encode graded ongoing 

stimuli (Thomas et al., 2000; Thomas and Bornstein, 2003; Chambers et al., 2005). 

The late AHP has a time course of approximately 2-30 sec. The opening of a Ca2+ -

activated potassium channel is the main underlying mechanism generating the late AHP 

and depends on calcium entry during AP production (Hirst et al., 1974; Hirst et al., 

1985b). The Ca²⁺ dependence of the K⁺ current (gKCa) is highlighted by the use of 

calcium channel blockers such as Co²⁺, Mn²⁺ or Mg², which have been shown to 

suppress the gKCa (Morita et al., 1982a; Hirst et al., 1985b; North and Tokimasa, 1987); 

a residual current remains however (Hirst et al., 1985b) which results from the release 

of Ca²⁺ from intracellular stores (Hillsey et al., 2000; Vogalis et al., 2001). Similarly, in 

the small intestine of the mouse, the slow AHP is present (Mao et al., 2006; Foong et 

al., 2012) and  is carried by Ca2+ dependent K+ conductance, sensitive to the calcium-

dependent potassium channel blocker charybdotoxin and to clotrimazole which blocks 

calcium-release–activated Ca2+channels (Mao et al., 2006).  

 

Although the channels responsible for the AHP current were initially thought to be 

voltage-sensitive BK channels (Kunze et al., 1994), the late AHP has recently been 

shown to be mediated by IK channels (Vogalis et al., 2002a; Neylon et al., 2004). 

Binding of protein kinase A (PKA) and protein kinase C (PKC) to these IK channels 

and subsequent channel phosphorylation by either of these kinases is a major source of 

potassium channel regulation in AH neurons (Vogalis et al., 2003). An increased drive 

of the cAMP-pKA pathway inhibits the opening of these channels, suppresses the AHP 

and therefore increases cell excitability (Vogalis et al., 2003). A study using whole-cell 

patch-clamp recordings has indicated that the Na(v)1.9 sodium channel expressed on 

guinea pig AH neurons, has a role in mediating  neuronal excitability (Copel et al., 

2009). A specific NK3 receptor agonist was shown to increase the Nav1.9 current, 

lowering AP firing threshold and increasing cell excitability. The Nav1.9 current was 

also potentiated by PKC activation with phorbol ester (Copel et al., 2009). 
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In a very large proportion of myenteric neurons displaying a late AHP in both guinea 

pig and mouse, hyperpolarisation of the membrane triggers a non-specific depolarising 

cation current (Ih). This reduces the amplitude of the late AHP and is involved in re-

establishing of the resting membrane potential as the late AHP decreases. Such currents 

are important for the regulation of cell excitability (Galligan et al., 1990; Rugiero et al., 

2002b; Nguyen et al., 2005; Mao et al., 2006; Foong et al., 2012). Indeed computer 

modelling confirms the suppressive role Ih has on the AHP (Chambers et al., 2014). 

 

The primary Ih channel type found in AH neurons of the guinea pig and mouse is the 

hyperpolarisation-activated cyclic nucleotide-gated (HCN) channel isoform HCN2, 

since HCN2 immunoreactivity is observed on the neuronal membranes of AH cells in 

both of these species (Xiao et al., 2004). Additionally, the HCN4 isoform is also 

localised in guinea pig myenteric AH neurons while the HCN3 isoform is localised in 

murine AH neurons (Xiao et al., 2004). During inflammatory states, it has been reported 

that the Ih is increased in AH neurons of the guinea pig distal colon and decreases the 

magnitude of the AHP. The Ih therefore has implications in inflammation-induced 

hyperexcitability of neurons (Linden et al., 2003).  
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Figure 1. 3 The action potential and after-potentials in AH neurons. 

The AP of an AH neuron is generated by an inward calcium current carried by N-type 

Ca²⁺ channels, a TTX-sensitive Na⁺ current and a TTX-insensitive Nav1.9 current. The 

AHP following an AP in the soma of an AH neuron consists of an early and late phase. 

The early phase is primarily carried by three outward K⁺ currents: a voltage-sensitive 

BK current, an inactivating A-type K+ (KA) current and a voltage-sensitive delayed 

rectifier (Kdr) current.  The temporary depolarisation between the early and late AHP, is 

mediated by a depolarising cation conductance activated by Ca²⁺ (gCAN).  The late 

AHP can last up to 30 secs, and results predominately from a Ca²⁺- activated K⁺ current 

(gKCa) through IK channels. As the late AHP declines, a large percentage of AH 

neurons exhibit a non-specific depolarising cation current (Ih) which contributes to 

restoration of the resting membrane potential. The inflection on the falling phase of the 

AP is also shown. Figure taken from Furness (2006). 
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3.3 Neurochemical coding of neurons 

Enteric neurons express combinations of chemicals and neurotransmitters that can be 

localised via immunohistochemical techniques as an additional method of 

differentiating neuronal classes. This is known as “chemical coding”. Chemicals may 

include primary neurotransmitters, proteins and peptides that modulate the cellular 

function of other cells after their release such as Neuropeptide Y (NPY), somatostatin 

(SOM). Sometimes the exact physiological role of particular chemical may be 

unknown, for example calretinin and calbindin are calcium binding proteins that 

probably have a calcium buffering role and are found in neurons with a calcium current 

underlying APs in the guinea pig (Iyer et al., 1988; Bornstein et al., 1989; Clerc et al., 

1998; Brookes, 2001). However calretinin is expressed in neurons that do not appear to 

have prominent calcium APs in both the guinea pig ileum (Pan and Gershon, 2000; 

Brookes, 2001) and murine neurons (Qu et al., 2008; Foong et al., 2012). 

Occasionally neurochemical profiles of supposedly analogous neurons differ according 

to intestinal region and across species. SOM and NPY fibres in the small intestine of the 

guinea pig have opposite projection directions in the colon (Messenger and Furness, 

1990), while in the mouse, myenteric Dogiel type II neurons express calcitonin gene-

related peptide (CGRP), but this is not the case in the case in the guinea pig or in 

humans (Brehmer, 2007; Qu et al., 2008).  

Immunohistochemistry combined with electrophysiological and morphological analyses 

of neurons, provides a powerful tool in identifying functional classes of neurons and the 

structure and organisation of circuits (see next). 

 

4. FUNCTIONAL CLASSIFICATION OF NEURONS  

 

The classification schemes outlined above when integrated together, present information 

pertinent to understanding function and reveal several broad functional categories of 

neurons which are discussed here. A full classification for each class is near complete in 

the guinea pig small intestine, but hasn’t been achieved to this extent in other species. 

The studies of this thesis examine the enteric circuitry with a focus on the MP; Chapters 
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3 and 4 examine elements of the myenteric circuitry in the guinea pig and chapters 5, 6 

and 7 (in-part) focus on the MP in the mouse. Hence the unique functional definition, 

shape and neurochemical coding of neurons from the MP is summarised and compared 

in Table 1.1 and includes collated work from both the guinea pig and mouse small 

intestine. The neural elements of the SMP are not investigated to the same extent as the 

MP in this thesis. A main focus of this thesis includes examining the firing properties of 

ISNs (chapters 3 and 4), however this major neuronal subclass is not present in the SMP 

of the mouse. As such functional definitions of submucosal neurons have not been 

summarised in a table, but instead are discussed in-text only. 

4.1 Intrinsic sensory neurons 

AH/Dogiel type II neurons are found in both plexuses (Surprenant, 1984a; Bornstein et 

al., 1989; Evans et al., 1994; Reed and Vanner, 2001) and account for approximately 

one quarter of the neurons found  in the myenteric ganglia of the guinea small intestine 

(Furness et al., 2004a). These neurons have been shown to project to the mucosa 

(Furness et al., 1990b; Song et al., 1991, 1994; Neunlist and Schemann, 1997) to other 

functional neuron types within the myenteric plexus (Pompolo and Furness, 1998; 

Furness et al., 2004a), and to neurons in the submucosal plexus (Furness et al., 1990b). 

In the mouse, myenteric Dogiel type II also neurons project within myenteric ganglia 

and to the mucosa in the colon and ileum (Furness et al., 2004b; Qu et al., 2008). AH 

neurons account for approximately 10% of neurons in ganglia of the submucosal plexus 

of the guinea pig (Furness et al., 2004a). Submucosal AH neurons in the guinea pig also 

project to the mucosa (Song et al., 1992), to the myenteric plexuses (Kirchgessner and 

Gershon, 1988a; Song et al., 1998) and make contact with other neurons in submucosal 

ganglia (Reed and Vanner, 2001; Furness et al., 2003a). 

AH/Dogiel type II neurons have been found to have a ‘sensory’ function however this 

implies that they convey conscious sensation from the gut-which is untrue 

(Kirchgessner & Gershon, 1988). They can be, however, afferent neurons since they are 

the first neurons in nerve circuits and hence the first to detect the state of the intestine 

by responding to chemical and mechanical stimuli (Furness et al., 1998). However 

AH/Dogiel type II neurons aren’t always strictly ‘afferent’; they project 

circumferentially and synapse with other AH neurons (Pompolo and Furness, 1998; 
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Bornstein et al., 1991b; Kunze et al., 1993), where a slow EPSP evoked in one AH 

neuron arises from a slow EPSP in another AH neuron, allowing AH neurons to form 

interconnected networks (Thomas et al., 1999; Thomas et al., 2000; Thomas et al., 

2004). This suggests that these neurons regulate activity around the circumference of 

the intestine. Since this transmission is excitatory, the networks are self-reinforcing. 

Given this ability to form networks, AH neurons are not exclusively afferent as they act 

as interneurons under these conditions. 

 

Dogiel type II neurons with AH electrophysiology exist in the small intestine of other 

species such as rat (Browning and Lees, 1996) and mouse (Mao et al., 2006; Foong et 

al., 2012) and in the colon of the guinea pig (Lomax et al., 1999). They are also present 

in the mouse colon (Nurgali et al., 2004) and it is therefore likely that these neurons are 

ISNs in other intestinal regions and species.  

AH neurons/ISNs in the MP of the guinea pig small intestine are typically 

immunoreactive for choline acetyltransferase (ChAT) the enzyme responsible for the 

synthesis of acetylcholine, the main excitatory neurotransmitter in the ENS. 

Additionally these neurons are immunoreactive for calbindin, tachykinin (TK) and the 

neurokinin (NK) 3 receptor. In the submucosal plexus, AH sensory neurons also possess 

ChAT/TK/calbindin immunoreactivity (Furness et al., 2004a).  

In the MP of the mouse small intestine, while proportions of ISNs are similar to the 

guinea pig, these neurons are also immunoreactive for CGRP (Qu et al., 2008) and for 

neurofilament M (NF-M) which also labels for sensory neurons in the pig and human 

(Brehmer, 2007) (Table 1.1). Interestingly, the existence of submucosal AH/type II 

neurons in the mouse is yet to be convincingly confirmed. Neither 

immunohistochemical nor electrophysiological analyses have identified ISNs in the 

submucosal plexus of this species (Wong et al., 2008; Mongardi Fantaguzzi et al., 2009; 

Foong et al., 2014) thus a neurochemical profile is absent for these neurons. 

Reflex circuits that regulate the main functions of the intestine, including secretion, are 

activated through the terminals of submucosal or myenteric AH neurons, found in the 

mucosa. The AH neurons are responsive to stretch, mechanical distortion and luminal 

chemicals (Gershon and Kirchgessner, 1991; Kirchgessner et al., 1992; Bertrand et al., 

1997; Bertrand et al., 1998; Kunze et al., 1998; Kunze et al., 1999; Kunze et al., 2000). 
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In addition to these physiological stimuli, the terminals of AH neurons are thought to be 

sensitive to the actions of enterotoxins acting at the mucosa proposed to be an indirect 

effect mediated by 5-HT (Turvill et al., 1998; Farthing, 2000). 

AH neurons in the MP of the guinea pig small intestine respond to chemicals such as 

acid, 5-HT short chain fatty acids and amino acids (Kunze et al., 1995; Bertrand et al., 

1997; Bertrand et al., 2000; Gwynne and Bornstein, 2007a) applied to the luminal 

mucosa while mucosal application of glucose activates submucosal AH neurons 

(Kirchgessner et al., 1996). 

It has been suggested that the neurons do not respond directly to chemical stimuli but 

rather to release of sensory mediators from the mucosa, thus activating their nerve 

terminals. Indeed, mechanical stimulation of the intestinal mucosa induces c-Fos 

expression in submucosal AH neurons, but this is blocked by a 5-HT antagonist 

suggesting a release of 5-HT from mucosal stores that activates sensory terminals 

(Kirchgessner et al., 1992). Additionally adenosine triphosphate (ATP) has been shown 

to stimulate the mucosal nerve terminals of myenteric AH neurons via P2X receptors, 

but also stimulates serotonin (5-HT) release (Bertrand and Bornstein, 2002). Further, 5-

HT is known to be released from EC cells in response to glucose (Kim et al., 2001) as 

well as CT acting at the mucosa (Bearcroft et al., 1996). 

Moreover EE cells contain other mediators including hormones such as cholecystokinin 

(CCK), secretin and neurotensin (Engelstoft et al., 2013; Fothergill et al., 2017) which 

are imperative in a variety of physiological responses. CCK is released from 

enteroendocrine cells by stimulation with fatty acids in humans, dogs, and rats (Liddle, 

1997) and peptides induce CCK release from murine enteroendocrine cell lines (Foltz et 

al., 2008). CCK has been shown to activate enteric neurons in both plexuses and is a 

mediator in regulating enteric reflexes in the small intestine (Washington et al., 2011; 

Ellis et al., 2013). 

AH neurons in the guinea pig myenteric plexus also possess mechanosensitive ion 

channels, allowing them to respond to direct distortion or stretch at their processes or 

through muscle movements (Kunze et al., 1998; Kunze et al., 1999; Kunze et al., 2000); 

while in the SMP, AH neurons have been shown to respond to distortion of the mucosal 

villi (Kirchgessner et al., 1992). Similarly mechanosensitive AH neurons also exist in 
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the mouse small intestine (Mao et al., 2006), thus it is likely most AH/type II neurons 

are mechanosensitive. There are also mechanosensitive myenteric S-type neurons in 

guinea pig and mouse intestine (Spencer and Smith, 2004; Mazzuoli and Schemann, 

2009, 2012) and so, it might be that submucosal neurons with sensory functions within 

reflex pathways are present in mouse but this remains to be established 

4.2 interneurons 

Within the myenteric plexus of the guinea pig small intestine, there are interneurons in 

both orally-projecting/ascending pathways and anally- projecting/descending pathways. 

In the guinea pig ileum ascending interneurons are cholinergic and immunoreactive for 

calretinin, SP and enkephalin (ENK) with Dogiel type I morphology and corresponding 

S-type electrophysiology (Brookes, 2001; Bornstein et al., 1984). They are organised 

into chains running orally within the gut wall (Kunze and Furness, 1999) and are likely 

to be involved in propulsive gut reflexes. Descending interneurons can be subdivided 

into three types: nitric oxide synthase (NOS)/VIP immunoreactive neurons, ChAT/SOM 

neurons and ChAT/5-HT neurons (Furness et al., 1999b; Furness, 2000). 5-HT and 

SOM-immunoreactive descending interneurons project to the SMP (Costa et al., 1982; 

Song et al., 1997) and so are likely to have functions in both myenteric and submucosal 

ganglia. Equivalent neurochemical profiles exist in neurons in the mouse small intestine 

(Sang and Young, 1996; Sang and Young, 1998; Sang et al., 1997) (Table 1.1), but 

fully characterised summaries of the projections and roles of the different interneurons 

that exist for the guinea pig, remain to be determined in the mouse small intestine. 

However S-type/Dogiel I neurons in the myenteric plexus of mouse colon do project to 

other myenteric ganglia and probably function as interneurons (Nurgali et al., 2004). 

Interestingly, unlike the Dogiel type I morphology of the other descending interneurons 

in the guinea pig small intestine, ChAT/SOM interneurons have filamentous dendrites 

(Portbury et al., 1995; Song et al., 1996) (Table 1.1) and display electrophysiological 

characteristics sometimes seen in ISNs. Like most S-type neurons, SOM interneurons 

receive fEPSPs, which is not usually observed in AH/type II neurons in guinea pig 

ileum (Bornstein et al., 1994) but some also exhibit an after-hyperpolarisation following 

an AP and display the characteristic Ih-induced ‘sag’ during the injection of 

hyperpolarising current pulses (Song et al., 1997). For this reason they may account for 
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some descending interneurons being incorrectly classified as AH neurons/ISNs 

(Brookes, 2001). It is possible that these neurons may also include the S-type neurons 

that have been reported to comprise some descending interneurons that likely have 

mechanosensitive processes in the circular muscle (Spencer and Smith, 2004). 

The classification of interneurons within the submucosal plexus of the guinea pig is less 

well defined, however a small population of VIP neurons, project directly to myenteric 

ganglia, and not to the mucosa (where they usually innervate the epithelium and 

submucosal arterioles thus participating in secretomotor pathways), and are therefore 

likely to function as interneurons between the two plexuses (Song et al., 1998). Further, 

an electrophysiological study has described local interneurons within the SMP where 

stimulation of VIP and cholinergic neurons evokes fEPSPs in an adjacent VIP neuron 

(Reed and Vanner, 2001). Other electrophysiological studies show that submucosal 

interneurons do exist; the study of Monro et al. (2008) established that projections from 

the SMP to the MP are present when electrical stimulation of the SMP evoked synaptic 

responses in both myenteric S and AH neurons impaled over 1 mm away. Additionally 

Bornstein et al. (1987) demonstrated using lesioned preparations without the myenteric 

plexus, that fast synaptic input to submucosal neurons remained and that this was likely 

originating from local cholinergic interneurons within the SMP.  

As previously discussed, ISNs do not appear to exist in the murine submucosal plexus, 

similarly, the existence of interneurons is not as clear-cut as the guinea pig, and thus the 

wiring of the murine circuitry may differ significantly to that of the guinea pig.  In the 

colon of the mouse, electrophysiological studies have shown that Dogiel type I neurons 

do exist that receive fast synaptic input, but the exact role and hence definitive function 

of these neurons remains unknown (Wong et al., 2008; Foong et al., 2014).  

4.3 Motor and secretomotor neurons  

In mammals studied so far, excitatory and inhibitory neurons that innervate the 

longitudinal and circular musculature of the gastrointestinal tract (GIT) co-exist within 

the MP. In guinea pig, excitatory motor neurons are immunoreactive for ChAT and 

tachykinins, while inhibitory motor neurons contain NOS and release nitric oxide (NO) 

in addition to adenosine triphosphate (ATP), VIP and pituitary adenylyl cyclase 

activating peptide (PCAP) (Furness, 2000; Brookes, 2001). In the mouse small intestine, 
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inhibitory and excitatory motor neurons have comparable neurochemical coding, with 

the exception of excitatory motor neurons of the circular muscle, which are 

immunoreactive for calretinin in company with ACh/TK; this is not observed in the 

guinea pig small intestine (Qu et al., 2008) (Table 1.1). 

Secretomotor or vasomotor neurons are the final neurons in the secretomotor reflex 

pathway that ultimately controls secretion of water and electrolytes into the lumen. 

They account for the large majority of cells in the submucosal plexus of the guinea pig 

small intestine. Secretomotor neurons include both cholinergic and non-cholinergic 

subtypes (Furness et al., 2003a). Non-cholinergic secretomotor neurons are VIP-

immunoreactive and account for most of the neurons in this functional class. They are 

uniaxonal with several short irregular dendrites and project to the mucosa and 

submucosal arterioles (Furness et al., 2003a; Song et al., 1992). Cholinergic neurons 

include those that are immunoreactive for NPY, which innervate the mucosa and glands 

and are uniaxonal with a unique filamentous clustered dendritic structure (Song et al., 

1992). The second population of cholinergic neurons are not as numerous, are 

immunoreactive for calretinin, project to the mucosa and submucosal arterioles and 

probably have stellate/unclustered dendrites and a single axon (Brookes et al., 1991a; 

Song et al., 1992). Each secretomotor subtype exhibits S-type electrophysiology, where 

prolonged AHPs are not observed in these cells and electrical stimulation of internodal 

strands evokes fEPSPs (Song et al., 1997; Furness et al., 2003a). 

 

Similarly, in the SMP of the mouse small intestine, secretomotor neurons can be 

subdivided into cholinergic and non-cholinergic populations, but differences in 

neurochemical coding do exist. NPY colocalises with VIP, which does not occur in the 

guinea pig, while a population of secretomotor neurons that are neither cholinergic or 

VIP- immunoreactive are present in murine submucosal ganglia (Mongardi Fantaguzzi 

et al., 2009). 

The MP of the guinea pig also contains a very small population of cholinergic 

secretomotor neurons akin to their submucosal counterparts in their neurochemical 

profile and projection to the mucosa (Furness et al., 1985) as well as noncholinergic, 

VIP- immunoreactive neurons (Costa et al., 1996).
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 Table 1. 1 Functional classes of neurons in the myenteric plexus of the guinea pig and mouse small intestine. 

Table outlines functional neuron types found in the guinea pig and mouse ileum according to their defining characteristics. ATP, adenosine triphosphate; ChAT, choline 

acetyltransferase; CGRP, calcitonin gene-related peptide; GABA, gamma amino butyric acid; NOS, nitric oxide synthase; NPY, neuropeptide Y; PACAP, pituitary adenylyl 

cyclase activating peptide; SOM, somatostatin; TK, tachykinin; VIP, vasoactive intestinal peptide, 5-HT, 5-hydroxytryptamine. Table adapted from Furness (2006), Que et al. 

(2008) and Sang and Young (1996). * Proportion of total number of myenteric neurons labelled by a ‘nerve cell body’ antiserum (Costa et al., 1996). ^ Proportion of total 

number of myenteric neurons labelled by Hu (Qu et al., 2008).

 Guinea pig Mouse 

Functional 

Definition 
Proportion * Shape Chemical coding Proportion ^ Shape Chemical coding 

Excitatory circular 

muscle motor 

neurons 

12% Dogiel type I ChAT/TK 21% Small-medium, 

no apparent 

dendrites 

ChAT/TK ± calretinin 

Inhibitory circular 

muscle motor 

neurons 

16% Dogiel type I NOS/VIP/ATP/PACAP 23% Dogiel type I NOS/VIP ± NPY 

Excitatory 

longitudinal 

muscle motor 

neurons 

25% Dogiel type I, 

small 

ChAT/calretinin/TK  13% Small, no 

apparent 

dendrites 

ChAT/calretinin ± TK 

Inhibitory 

longitudinal 

muscle motor 

neurons 

~2% Dogiel type I, 

small 

NOS/VIP/GABA 3% Small, no 

apparent 

dendrites 

NOS/VIP 

Ascending 

interneurons 

5% Dogiel type I, 

large 

ChAT/calretinin/TK ~4% Dogiel type I ChAT/TK ± calretinin 

Descending 

interneurons 

5% Dogiel type I  NOS/VIP 3% Dogiel type I ChAT/NOS 

2% Dogiel type I ChAT/5-HT 1% Dogiel type I ChAT/5-HT 

4% Filamentous ChAT/SOM 4% Filamentous ChAT/SOM/calretinin 

Intrinsic sensory 

neurons 

26% Dogiel type II ChAT/TK/calbindin 26% Dogiel type II ChAT/NF-

M/CGRP/calbindin ± 

calretinin 
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5. SYNAPTIC TRANSMISSION IN AH AND S NEURONS  

5.1 Synaptic transmission in AH neurons  

A number of different synaptic potentials displayed by various types of enteric neurons have 

been recognized in the guinea pig small intestine. These classifications are made based on 

time course, (fast, slow or intermediate), changes in membrane potential (excitatory or 

inhibitory) and pharmacology (Gwynne and Bornstein, 2007b). Excitatory post synaptic 

potentials (EPSPs) can be placed into 3 broad categories:  fast EPSPs (fEPSPs) lasting 30-50 

ms, slow EPSPs (sEPSPs) lasting up to several minutes and intermediate EPSPs lasting 150 

ms-2.5 s (Bornstein et al., 1986; Furness et al., 1998; Monro et al., 2004; Gwynne and 

Bornstein, 2007b; Gwynne and Bornstein, 2009).  

A prolonged synaptic event, known as sustained slow post-synaptic excitation (SSPE) is also 

observed is some enteric neurons, predominately myenteric AH neurons. The SSPE is 

induced by a repeated low frequency train stimulation of synaptic inputs and involves 

increased soma excitability, which can outlast the nerve stimulation by minutes (Clerc et al., 

1999; Alex et al., 2001). AH neurons typically exhibit slow excitatory post synaptic 

potentials triggered by a train of electrical stimuli applied to interganglionic fibres and 

associated with a K⁺ conductance decrease, a Cl¯ conductance increase and a membrane 

depolarisation of 3-30 mV (Katayama and North, 1978; Wood and Mayer, 1978; Johnson et 

al., 1981; Bornstein et al., 1984; Bornstein et al., 1986; Bertrand and Galligan, 1994; 

Starodub and Wood, 2000a). sEPSPs seem to be a highly conserved feature of AH cells and 

are evoked in AH neurons in the MP of the mouse small intestine (Mao et al., 2006; Foong et 

al., 2012) and colon (Nurgali et al., 2004), they have also been recorded in the rat and human 

(Browning and Lees, 1996; Brookes et al., 1987). 

 A number of substances found in nerve terminals within the ENS can imitate a slow EPSP, 

however tachykinins acting at neurokinin (NK)1 and NK3 receptors are the principal  

transmitters in AH neurons (Bertrand and Galligan, 1995; Alex et al., 2001; Johnson and 

Bornstein, 2004). Slow EPSPs evoked by stimulation of circumferential pathways are 

blocked by NK1 and NK3 antagonists (Hu et al., 2003). There is also considerable evidence 

that suggests 5-HT mediates slow EPSPs via a number of 5-HT receptor subtypes (Takaki et 

al., 1985; Mawe et al., 1986; Monro et al., 2005), where the specific receptors responsible 
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have proven difficult to define. Additionally, acetylcholine acting on M1 muscarinic 

receptors has also been shown to mediate some slow EPSPs (North et al., 1985). As 

mentioned previously, a characteristic feature of slow EPSPS in AH neurons is that they 

suppress the AHP (Grafe et al., 1980). Since AH neurons form recurrent networks and 

transmit to each other via slow EPSPs, the AHP is an obvious candidate for controlling slow 

EPSP-mediated excitation at the network level (Thomas et al., 2000; Thomas and Bornstein, 

2003; Chambers et al., 2005). It should also be noted that during the SSPE, AHPs are 

similarly suppressed (Clerc et al., 1999).  

Fast excitatory inputs to myenteric AH neurons are rare and when recorded, AH neurons 

exhibit fast EPSPs of low amplitude (Iyer et al., 1988; Bornstein et al., 1994; Furness, 2006). 

Since myenteric AH neurons are known to express nicotinic and purinergic P2X receptors, 

fast transmission in these neuron is believed to be nicotinic and purinergic (Kirchgessner and 

Liu, 1998; Castelucci et al., 2002), and may also be mediated by glutamate acting through 

AMPA receptors (Liu et al., 1997). In the murine MP, fast transmission in AH neurons also 

only rarely occurs (Mao et al., 2006). Similarly, fEPSPs are not often seen in submucosal AH 

neurons (Bornstein et al., 1989; Evans et al., 1994). 

5.2 Synaptic transmission in S neurons   

Slow synaptic transmission occurs in S-type uniaxonal neurons in myenteric and submucosal 

ganglia in both the guinea pig and mouse, but is not as well characterised as sEPSPs in 

AH/Dogiel type II neurons. Due to a diverse range of functional subtypes of S/uniaxonal 

neurons, comprised of sub-populations including inhibitory/excitatory neurons supplying the 

muscle coats, ascending/descending interneurons and secretomotor neurons that have outputs 

to number of myenteric and submucosal neurons (Pompolo and Furness, 1995; Pompolo and 

Furness, 1998; Moore and Vanner, 2000; Bornstein et al., 2002; Bornstein et al., 2004) the 

entire range of mediators facilitating slow transmission is not clear (Gwynne and Bornstein, 

2007b). In the guinea pig, NK1 receptors mediate sEPSPs in NOS-immunoreactive inhibitory 

motor neurons in the MP, but not in descending interneurons (Thornton and Bornstein, 2002), 

while in submucosal ganglia, sEPSPs in non-cholinergic secretomotor neurons are mediated 

by P2Y receptors and metabotropic glutamate receptors (mGluR1) (Hu et al., 2003; Foong 

and Bornstein, 2009).  
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In the mouse, sEPSPs are exhibited by myenteric S neurons in the small intestine and 

submucosal S neurons in the colon, but the transmitters mediating these are even less well-

defined than those in guinea pig (Foong et al., 2012; Foong et al., 2014). 

 

As indicated by their nomenclature, S neurons typically receive fast synaptic input. The 

prevailing component of fast transmission is cholinergic (Nishi and North, 1973a; Hirst et al., 

1974) but it also involves ATP acting at P2X receptors and 5-HT at 5-HT3 receptors since 

resistant fEPSPs after nicotinic receptor blockade are reduced in amplitude or inhibited by the 

P2X receptor antagonist pyridoxalphosphate-6-azophenyl-2',4'-disulfonic acid (PPADS) or a 

5HT3 receptor antagonist (LePard et al., 1997; Zhou and Galligan, 1999). Similarly, fast 

transmission is common in secretomotor neurons in the SMP and is attributable largely to 

nicotinic receptors, but also to P2X and 5-HT3 receptors (Bornstein et al., 1986; Monro et al., 

2004). fEPSPs are observed in S neurons in both plexuses of the intestine of the mouse. In the 

MP of the mouse small intestine ACh and ATP mediate fast synaptic transmission as fEPSPs 

are only partly inhibited by the cholinergic receptor antagonist mecamylamine but are also 

reduced by PPADS (Bian et al., 2003; Ren et al., 2003) indicating that ACh and ATP mediate 

fast synaptic transmission in the murine MP as occurs in the guinea pig. Similarly in the 

colon of the mouse fEPSPs are blocked largely by nicotinic receptor antagonists with a small 

component of fast transmission reduced by PPADs (Nurgali et al., 2004). It appears, though, 

that fast transmission in the SMP of the mouse colon, is entirely cholinergic (Foong et al., 

2014).  

 

While inhibitory post synaptic potentials (IPSPs) do occur in a small population of myenteric 

neurons (Johnson et al., 1980; Hodgkiss and Lees, 1984; Johnson and Bornstein, 2004) they 

are more frequently encountered in submucosal S neurons in the guinea pig small intestine 

(Hirst and McKirdy, 1975; North and Surprenant, 1985; Bornstein et al., 1986; Bornstein et 

al., 1988; Foong et al., 2010b) and to a lesser extent in mouse colon (Wong et al., 2008; 

Foong et al., 2014). In the guinea pig, they are most prominently observed in VIP-

immunoreactive secretomotor neurons and are associated with an increase in membrane K+ 

conductance and thus a decrease in input resistance (North and Surprenant, 1985; Evans et 

al., 1994; Bornstein et al., 1986). They are mediated by the activation of extrinsic 

sympathetic nerve terminals and the release of noradrenaline acting at α2-adrenoreceptors 

(Hirst and McKirdy, 1975; North and Surprenant, 1985) and by myenteric non-adrenergic 
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input (Mihara et al., 1987; Bornstein et al., 1988) as IPSPs cannot be evoked in myectomized 

preparations and agents that block the action of noradrenaline on α2-adrenoceptor have no 

effect on IPSPs in extrinsically denervated preparations (Bornstein et al., 1988). Intrinsic 

neurotransmitters mediating IPSPs have been found to be somatostatin (SOM) acting via 

SST1 and SST2 receptor subtypes (Shen and Surprenant, 1993; Foong et al., 2010b) and 5-HT 

via 5-HT1A receptors (Foong et al., 2010b). 

Electrical stimulation evokes intermediate EPSPs in myenteric S neurons (Gwynne and 

Bornstein, 2009) and some submucosal S neurons (Monro et al., 2004), these are blocked by 

a P2Y1 receptor antagonist. 

 

6. REFLEX CIRCUITRY OF SECRETION    

 

In conjunction with mechanical stimuli, such as distention (Weber et al., 2001) and mucosal 

stroking (Christofi et al., 2004; Cooke et al., 2004) as well as chemical stimulation (Hansen, 

2003), secretomotor reflex pathways are activated by noxious stimuli like toxins and 

pathogens (Lundgren and Jodal, 1997).  

 

The basic elements of such pathways include sensory AH neurons with their cell bodies in 

either the SMP or MP and their terminals in the mucosa, as the first (primary afferent) 

neurons activated during secretomotor reflexes. Secretomotor neurons in the SMP are the 

effector (efferent) neurons of secretomotor pathways (Furness, 2006). Reflex secretion can 

occur through an axon reflex in the soma of a sensory neuron, via a direct synapse between a 

submucosal sensory neuron and a secretomotor neuron in the SMP, or through a long reflex 

that passes through the myenteric plexus which impinges onto submucosal secretomotor 

neurons (Furness, 2006). It is proposed that secretomotor reflexes activated by CT project via 

the MP (Kirchgessner et al., 1992; Jodal et al., 1993). In the murine ENS, since in ISNs do 

not appear to exist in the SMP, it is likely that such long secretomotor reflexes passing 

through the MP also occur. Three types of secretomotor neurons exist in the guinea pig small 

intestine (as previously discussed) with comparable counterparts in the murine small 

intestine: noncholinergic VIP secretomotor/vasodilator neurons, cholinergic NPY 

secretomotor neurons and cholinergic calretinin vasodilator neurons. Vasodilator neurons 
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innervate small arterioles in the gut wall, facilitating fluid delivery to the mucosa, hence 

enhancing secretion. In this way, secretion is coupled to vasodilation (Furness et al., 2003a; 

Furness, 2006). Together these secretomotor neurons act at the epithelial villi to stimulate 

water and electrolyte transport across the mucosa (Furness et al., 2004a). How luminal 

exposure to CT and TcdA perturb this system is a key focus of this thesis. While both 

bacterial exotoxins have sites of action at the mucosal surface, they also operate through 

neural pathways that, while not fully defined, are distinctly different. Knowing in what way 

changes are mediated requires an understanding of what is currently known about the 

interactions of these enterotoxins with the ENS, the details of which are discussed below. 

 

7.  MECHANISMS FOR PATHOGENIC CT AND TCDA-INDUCED 

HYPERSECRETION  

7.1 Direct effect of CT on enterocytes (non-neural mechanism) 

While pathogenic hypersecretion occurs via activation of the ENS, CT binds to the mucosa to 

activate a local mechanism. CT is a protein with a molecular mass of approximately 84 000 

Da, and is comprised of six subunits: 1 A subunit and 5 B subunits. CT binds to mucosal 

enterocytes where the B subunits of CT bind to a specific membrane ganglioside (GM1) on 

the apical membrane (Holmgren et al., 1975). The enzymatic A subunit is endocytosed into 

the enterocyte and, after being split in the lysosomes, the activated enzyme links adenosine 

diphosphate (ADP) ribose to a guanine nucleotide-binding protein (G protein), which 

activates adenylate cyclase. The result is an increase in intracellular cyclic AMP (Sharp and 

Hynie, 1971), which then opens cystic fibrosis transmembrane conductance regulator (CFTR) 

channels found on enterocytes through a cascade of steps and promotes chloride and fluid 

secretion (Lundgren and Jodal, 1997; Farthing, 2000; Burleigh and Banks, 2007). The ADP-

ribosylation of the G protein prevents it being inactivated, thus effectively leading to 

irreversible activation of adenylate-cyclase. This alone, was thought to be the primary 

mechanism governing secretion- but the toxin acts mainly at the villus tips (Weiser and Quill, 

1975) and never reaches the crypts during prolonged incubations. CFTR channels are not 

expressed at villus tips, but close to crypts (Ameen et al., 1995) thus secretion occurs at the 

crypts which rely on indirect mechanisms for their local control. Additionally the toxin does 

not penetrate the mucosa (Gwynne et al., 2009) to interact directly with the underlying 
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circuitry. It is therefore likely that indirect activation of enteric neural pathways mediates the 

pathogenic hypersecretion produced by CT (see below). 

7.2 Direct effect of TcdA (non-neural mechanism)  

C.diff produces two large exotoxins, toxin A (TcdA), one of the largest known bacterial 

toxins, and toxin B (TcdB) which are approximately 308 kDa and 275 kDa, respectively. CT 

produces watery diarrhoea without inflammation, but the hypersecretion produced by 

Clostridial toxins is distinctly different, in that it is accompanied by an inflammatory 

response with infiltration of neutrophils and tissue necrosis, which is highly characteristic of 

the bacterial infection (Kelly et al., 1994; Pothoulakis et al., 1998; Kelly and Kyne, 2011). 

Well established in vivo studies in rabbits, rats, hamsters and mice have shown that these 

effects appear to be mediated primarily by TcdA and hence it is the chief component 

responsible for the pathophysiology of C.diff in animal models, but this not the case in 

humans (Lyerly et al., 1985; Mitchell et al., 1986; Triadafilopoulos et al., 1987; Sun et al., 

2010). TcdB is cytotoxic to mammalian cells in culture (Thelestam and Florin, 1984; Hecht et 

al., 1992), but does not possess enterotoxic effects in rodent models. In the rabbit ileal loop, 

TcdA, but not TcdB, elicits fluid secretion, tissue damage, an increase in mannitol 

permeability and a higher concentration of neutrophils in the perfusate (Mitchell et al., 1986; 

Triadafilopoulos et al., 1987). While in hamsters, rats and mice, TcdA but not TcdB elicits 

intestinal fluid secretion (Lyerly et al., 1982). Moreover, immunisation against TcdA enables 

protection from C. diff infection (CDI) in rodents (Kim et al., 1987; Corthier et al., 1991). 

Why TcdB does not produce enterotoxic effects in rodent models is not clear, it may, be due 

to an absence of the TcdB receptor site in rodent tissue. In the hamster, radiolabelled TcdB 

failed to show TcdB binding sites (Rolfe, 1991) in an animal model known to be insensitive 

to the effects of TcdB in vivo (Lyerly et al., 1985). In contrast, rabbits and hamsters possess 

TcdA receptors and are sensitive to the intestinal effects of TcdA (Lyerly et al., 1985; 

Mitchell et al., 1986; Rolfe, 1991). Further in rabbit and mouse, TcdB has been shown to 

preferentially bind to the basal membrane of the epithelium and so if TcdB receptors exist 

they may not be exposed to luminal contents (Sutton et al., 2008). It may be that once the 

mucosal barrier of the intestine is compromised by the effects of TcdA, TcdB may then gain 

access to its receptors (Sun et al., 2010).  
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The story is quite different when considering human data. In the human colon, it has been 

observed that TcdB plays an important role in the pathogenesis of infection. It was generally 

considered that the development of C.diff was mediated via strains producing both TcdA and 

TcdB however, cases of clinical isolates of TcdA- TcdB+ strains have been documented 

(Kato et al., 1999; Limaye et al., 2000) and more recently, TcdB+ strains have been 

responsible for numerous nosocomial outbreaks world-wide (Al-Barrak et al., 1999; Alfa et 

al., 2000; Kuijper et al., 2001; Goorhuis et al., 2009) with a tendency towards more severe 

disease in patients infected with TcdA- TcdB+ strains (Drudy et al., 2007). Indeed it has been 

demonstrated that TcdB is 10 times more potent than TcdA in damaging the human colonic 

epithelium in vitro, reducing epithelial resistance and increasing mannitol permeability 

(Riegler et al., 1995). Further, Savidge et al. (2003) examined the effects of TcdB on human 

intestine maintained as xenografts in mice in vivo. Like TcdA, TcdB induced epithelial 

damage, increased mucosal permeability and inflammation. Collectively this suggest that in 

man, TcdB serves a much more important role in C. diff pathogenesis than initially thought, 

particularly demonstrated by the rise of TcdB+ outbreaks. Since TcdA and TcdB are 

important in disease pathogenesis in humans, both should be considered in experimental 

models of C.diff and targeted in therapy development. However, the ENS of rodent animals is 

the most comprehensively understood model and an ideal one to examine the effects of 

TcdA. Consequently the effects of TcdA on the ENS in guinea pigs and mice have been 

investigated in this thesis and for this reason the actions of TcdA will be discussed in detail. 

 

TcdA initiates the hypersecretory and inflammatory response by binding to carbohydrate cell 

surface receptors on the plasma membrane of enterocytes facing the intestinal lumen, where it 

is internalised (Rolfe and Song, 1993; Pothoulakis and Lamont 2001). This produces a 

disruption of the actin cytoskeletal framework via modification of GTP-binding Rho proteins, 

by glucosylation (Just et al., 1995; Aktories and Just, 1995). Rho proteins are involved in 

receptor-mediated regulation of the actin cytoskeleton, this inactivation of Rho function leads 

to disaggregation of actin filaments and impairment of tight junctions. In cultured cells this 

causes an increase on epithelial permeability and a decrease in transepithelial resistance 

(Hecht et al., 1988; Riegler et al., 1995). This does not occur following the binding of CT to 

enterocytes which stimulates secretion via an increase in adenylate cyclase. 
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While the toxin can affect epithelial barrier function and permeability in cell culture, these 

processes do not address the inflammatory hypersecretion observed in rodent models in vivo. 

Strong evidence exists that the inflammatory diarrhoeal response following the direct action 

of the toxin is neurally-mediated. 

7.3 Neural mechanism for CT-induced hypersecretion 

Early studies in the rat and cat showed that CT–induced hypersecretion in vivo is prevented 

when neural activity is inhibited by the neurotoxin TTX or lignocaine, a local anaesthetic 

(Cassuto et al., 1981a), a result confirmed in many subsequent studies (Lundgren, 2002; 

Burleigh and Banks, 2007). Blocking nicotinic receptors prevents CT-induced 

hypersecretion, while the hypersecretion is accompanied by a release of VIP, a known potent 

secretagogue, (Eklund et al., 1979) into the venous effluent (Cassuto et al., 1981b; Cassuto et 

al., 1982a), thus pathways must involve nicotinic synapses and the actions of VIP. These 

studies along with a range of in vitro observations have provided a basic model of CT 

pathogenesis, yet the pathways involved are still not entirely defined.  

Figure 1.4 represents the standard model for CT action where it is proposed that CT produces 

its pathogenic effects via a neuronal reflex arc consisting of a sensory neuron with terminals 

in the mucosa, an interneuron in the MP, and a secretomotor efferent in the SMP (Farthing, 

2000). CT binds to mucosal enterochromaffin (EC) cells which produce a large and ongoing 

release of 5-HT probably via the same irreversible activation of adenylate-cyclase that occurs 

during CT’s interaction with mucosal epithelium mentioned above (Bearcroft et al., 1996). 

The 5-HT released by EC cells excites intrinsic sensory neurons via 5-HT₃ receptors on their 

mucosal terminals (Bertrand et al., 2000). In vivo, the 5-HT₃ receptor antagonist granisetron, 

abolishes the hypersecretion induced by intraluminal CT (Mourad et al., 1995; Kordasti et al., 

2006), suggesting that EC cells transmit the luminal signal to the 5-HT-sensitive nerve 

terminals. Intrinsic sensory neurons then excite interneurons in the MP. The MP appears to be 

essential in toxin-induced hypersecretion; chemical ablation of this plexus with benzalkonium 

chloride prevents the secretory reflex (Jodal et al., 1993), stripping off the MP- attenuates the 

maximal secretory response to CT (Carey and Cooke, 1986), while projections of the MP 

have been shown to pass through the SMP and reach the mucosa (Furness et al., 1990b; Song 

et al., 1991, 1994; Neunlist and Schemann, 1997). CT-induced hypersecretion is prevented by 

the nicotinic receptor antagonist hexamethonium (Cassuto et al., 1982a) and by tachykinin 
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antagonists (Turvill et al., 2000a), indicating the participation of nicotinic and tachykinergic 

synapses in this reflex pathway. The efferent limb of the reflex is likely to be mediated by 

VIP secretomotor neurons found in the SMP; CT evokes a massive release of VIP (Eklund et 

al., 1979; Cassuto et al., 1981b) and the hypersecretion is inhibited by VIP antagonists 

(Mourad and Nassar, 2000; Banks et al., 2005). Since VIP is known to be located exclusively 

in intestinal neurons (Cassuto et al., 1981a), particularly in a large portion of non-cholinergic 

secretomotor/ vasodilator neurons in the SMP (Furness, 2006), secretion induced by CT is 

probably mediated by VIP released from non-cholinergic secretomotor/vasodilator neurons. 

VIP binds to VPAC1 receptors on the basolateral membrane of epithelial cells and activates 

adenylate cyclase cAMP, this opens the apical CFTR channels, driving Cl¯ and fluid 

secretion (Farthing, 2000; Lundgren, 2002; Burleigh and Banks, 2007) (Figure 1.4 A). 

7.4 Sustained CT-induced hyperexcitability of reflex ‘output’  

An electrophysiological study has shown that  CT incubated in vitro induces sustained 

hyperexcitability in both cholinergic and non-cholinergic submucosal secretomotor neurons 

of the guinea pig jejunum i.e. CT pre-treatment greatly enhances their firing (Gwynne et al., 

2009). This is consistent with studies contributing to the standard model of CT action, in that 

the luminal co-incubation with TTX, hexamethonium, 5-HT₃ antagonists and NK antagonists 

prevent the toxin-induced hypersecretion, indicating that the effect is neurally mediated and 

specific synapses must be active to elicit the effect (Cassuto et al., 1981b, 1982a; Mourad et 

al., 1995, Bertrand et al., 2000; Turvill et al, 2000a). How this finding differs from the 

conventional model, however, is that it suggests a mechanism for a self-sustained excitation 

of the secretomotor neurons. The excitation is independent of the ongoing release of 5-HT 

due to the irreversible activation of EC cells, since the hyperactivity of the neurons persists 

for many hours after CT exposure during which time it is unaffected by 5-HT3 receptor 

blockade (Gwynne et al., 2009) (Figure 1.4 B). In agreement, Kordasti et al. (2006) 

demonstrated that ongoing 5-HT is not necessary for CT-induced effects; in the rat jejunum 

in vivo, in addition to hypersecretion, CT activates specific motility responses which are 

present well after toxin washout. Further, these motility responses are enhanced by 

antagonism of 5-HT3 receptors.  
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Interestingly, the hyperexcitability of the secretomotor neurons is not accompanied by 

increased spontaneous firing of APs, they may be considered hyperresponsive rather than 

hyperactive in the absence of an external stimulus. Furthermore, the hyperexcitability is 

confined to neurons close to mucosa (Gwynne et al., 2009), and so it requires an ongoing 

input from the mucosa of some kind, but it remains to be determined whether this is direct or 

via a neural pathway. 

Sustained increases of firing occurring hours after initial toxin exposure suggests that there is 

an amplification of the secretomotor pathway and illustrate that this reflex is much more 

complex than the conventional pathway. While augmented firing is observed in the efferent 

arm, it is unknown whether other elements in the circuitry are changed- Chapter 3 addresses 

this question.   
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Figure 1. 4 The models for the secretory reflex pathway in the ENS. 

The conventional model of CT –induced hypersecretion is shown in (A). The main 

disturbance (circled) occurs at the ‘input’ to the pathway; where the overactivity of 

secretomotor neurons is due to an ongoing release of 5-HT by the irreversible activation of 

EC cells. The alternative model (B) suggests a mechanism for a self-sustained excitation of 

secretomotor neurons, independent of 5-HT release. The disturbance is at the ‘output’. Figure 

adapted from Bertrand et al. (2000). 
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7.5 Neural and inflammatory mechanism for TcdA-induced hypersecretion 

TcdA has been shown in vivo to produce acute hypersecretion in company with inflammation 

and epithelial damage (Kelly et al., 1994; Castagliuolo et al., 1998a; Kelly and Kyne, 2011), 

when incubated in rabbit, rat, mouse and hamster ileal loops (Lyerly et al., 1985; Castagliuolo 

et al., 1994; Castagliuolo et al., 1998a; Pothoulakis et al., 1994; Savidge et al., 2011; de 

Araújo Junqueira et al., 2011) (Figure 1.5). The effect is neurally mediated, since the 

addition of lidocaine and hexamethonium prevents it (Castagliuolo et al., 1994). Functionally 

ablating primary afferent neurons thorough capsaicin treatment inhibits the TcdA-induced 

response (Castagliuolo et al., 1994) and prior exposure of the ileum to antagonists of 

calcitonin gene-related peptide (CGRP) (Keates et al., 1998) and substance P (SP) which are 

neurotransmitters found in extrinsic and some intrinsic sensory neurons, similarly prevents 

the response (Pothoulakis et al., 1994). Additionally, the neuropeptide Corticotropin-

releasing hormone (CRH) is required for TcdA mediated intestinal inflammation, since CRH 

receptor-deficient mice demonstrate reduced inflammatory responses to ileal administration 

of TcdA (Kokkotou et al., 2006). Taken together, this suggests that TcdA requires activation 

of extrinsic neural mechanisms to elicit its full actions (Pothoulakis et al., 1998). In contrast, 

chemical ablation of extrinsic afferents or pretreatment with a SP antagonist in the same 

animal models does not prevent CT-induced effects (Castagliuolo et al., 1994; Pothoulakis et 

al., 1994). CT does not therefore, operate through extrinsic pathways, instead it relies on 

neurotransmitters such as 5-HT and VIP within the ENS to elicit its actions.  

The pathway through which extrinsic neural afferents are activated probably involves release 

of cytokines from enterocytes following TcdA binding at the epithelium. These include 

leukotriene (LT) B4, prostaglandins and tumor necrosis factor (TNF)-α in animal models  and 

interleukin (IL)-8 in humans; inhibition of cytokine synthesis reduces TcdA-evoked intestinal 

responses (Pothoulakis and Lamont 2001). Indeed, injection of TcdA into mouse ileal loops 

increases the local tissue production of cytokines such as TNF-α and interleukin-1β (IL-1β) 

(de Araújo Junqueira et al., 2011). 

 

The cytokines diffuse into the mucosa and extrinsic afferents with their cell bodies in the 

dorsal root ganglia (DRG) are activated (Pothoulakis et al., 1998). Cytokines probably also 

activate enteric nerves; while denervation of extrinsic afferents in the rat attenuates the 

inflammatory response and tissue damage induced by TcdA, fluid secretion occurs when 
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extrinsic nerves are denervated, but is prevented by hexamethonium and not granisetron 

(Sörensson et al., 2001). Sörensson et al. (2001) attributed fluid secretion in the absence of 

extrinsic supply to activation of enteric nerves not by 5-HT released from the mucosa but 

possibly via cytokines released by TcdA which have been shown to excite enteric nerves 

(Dekkers et al., 1997a; Lakhan and Kirchgessner, 2010). 

 

The activation of extrinsic afferents by cytokines occurs early on in the signalling cascade, 

since treatment of rats with SP antagonists 30 mins after initial TcdA exposure does not 

prevent TcdA-mediated responses (Pothoulakis et al., 1994). 

Transmitters such as SP and CGRP released from extrinsic afferents trigger subsequent 

secretory and inflammatory responses. Mast cells are activated following in vivo 

administration of TcdA; significant mast cell degranulation in the rat as shown by electron 

microscopy occurs with increased mucosal levels of the mucosal mast cell enzyme- rat mast 

cell protease II (RMCP II) as early as 15 mins after exposure (Castagliuolo et al., 1994). 

Further to this, in response to TcdA, mast cell deficient mice show a reduction in fluid 

secretion (Wershil et al., 1998). In humans both TcdA and TcdB are known to trigger mast 

cell degranulation directly (Meyer et al., 2007). The products of mast cell degranulation, such 

as leukotriene B4, leukotriene C4 and platelet-activating factor (PAF) are thought to directly 

act on enterocytes themselves and contribute to secretion into the lumen (Pothoulakis et al., 

1993). NO is known to regulate mast cell function by inhibiting histamine and PAF release 

(Kanwar et al., 1994), and likely plays a protective role against TcdA in the gut. In fact, 

pretreatment of rats with the nitric oxide synthase (NOS) inhibitor nitro-Larginine methyl 

ester (L-NAME ) increased TcdA-induced mucosal permeability and secretion while a NO 

donor inhibited TcdA-mediated mast cell degranulation and secretion (Qiu et al., 1996). More 

recently it has been demonstrated that a part of this nitric oxide based protection against 

TcdA is mediated by S-nitrosothiols, which are NO intermediates generated during CDI 

(Savidge et al., 2011). 

 

In addition, TcdA stimulates extensive neutrophil recruitment and consequential tissue 

damage (Kelly et al., 1994; de Araújo Junqueira et al., 2011). Intestinal mast cells are critical 

in TcdA –induced neutrophil activation since mast cell deficient mice display reduced 

neutrophil infiltration in response to TcdA (Wershil et al., 1998; Sun et al., 2010). Antibodies 
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raised against the neutrophil adhesion molecule CD18, inhibit the infiltration in vivo in rabbit 

ileal loops and prevent mucosal tissue erosion and reduce fluid secretion (Kelly et al., 1994) 

while the neutrophil rolling inhibitor Fucoidin prevents issue injury and inflammation in 

mouse ileal loops (Barreto et al., 2008). Further in a clinical setting, an increase in 

neutrophils in the peripheral blood is also a marker of severe CDI and is used as a prognostic 

tool (Cloud et al., 2009; Pepin et al., 2009). 

It has been suggested that the enteric pathways activated by CT and TcdA are distinct with no 

commonalities or overlap, where CT produces diarrhoea via activation of cholinergic and 

VIPergic pathways and TcdA activates a separate pathway involving mucosal mast cells and 

release of SP and CGRP from extrinsic sensory neurons (Pothoulakis and Lamont 2001). 

However, while CT and TcdA operate via distinct neural pathways, it has also been suggested 

that TcdA operates in part via the ENS. Firstly, the TcdA-induced release of cytokines across 

the epithelium as discussed above and the products of mast degranulation can activate enteric 

nerves (Nemeth et al., 1984; Frieling et al., 1994; Xia et al., 2000; Liu et al., 2003; Wood, 

2006). Secondly, any ENS contribution in the effects of TcdA may be secondary to the 

inflammation TcdA is known to produce. In models of trinitrobenzene sulfonic acid (TNBS ) 

–induced inflammation in the guinea pig, enteric neurons show signs of increased excitability 

including increased firing, spontaneous activity and supression of membrane properties such 

as the AHP in AH neurons (Linden et al., 2003; Lomax et al., 2005)). The effects of 

inflammation on enteric neuronal properties can persist for days or weeks after the initial 

insult and may form the foundation for post-inflammatory conditions such as irritable bowel 

syndrome (Mawe et al., 2009). Thirdly, the activation of extrinsic efferents may also induce 

enteric neuronal activation. SP activation of enteric neurons in response to intraluminal TcdA 

in the rat ileum was examined by immunocytochemical analysis of SP Receptor (SPR) 

endocytosis as an indication of SPR activation (Mantyh et al., 1996). TcdA induced SPR 

endocytosis in enteric neurons of both the SMP and MP and it was therefore postulated that 

TcdA stimulates SP release from extrinsic afferents, with the SP then acting act on SPR-

immunoreactive enteric neurons to initiate an intrinsic neural reflex via an unknown 

mechanism.  

 

Furthermore Xia et al. (2000) proposed that since both mast cell-deficient and SP receptor 

(NK1-R)-deficient mice show attenuated responses to TcdA (Castagliuolo et al., 1998a; 

Wershil et al., 1998), enteric nervous input may reinforce mast cell degranulation since SP is 



38 

  

a putative neurotransmitter for slow excitatory transmission in the ENS (Katayama and 

North, 1978; Surprenant, 1984a; Ren et al., 2000; Johnson and Bornstein, 2004; Gwynne and 

Bornstein, 2007b).  

 

Subsequently, the direct action of TcdA on enteric neurons was examined and application of 

TcdA by micro-pressure injection was shown to enhance the excitability of enteric AH and S 

neurons in the SMP of the guinea pig small intestine (Xia et al., 2000). TcdA induced 

membrane depolarisation and spontaneous discharge for several seconds in both neuronal 

subtypes and a suppression of the AHP in AH neurons. The effects were due to direct 

excitation of TcdA on the cell body since TTX did not inhibit the response, further the 

excitability was not attributed to mast cell degranulation since the application of a H2 

histamine receptor antagonist failed to reduce the effect. Additionally, TcdA supressed IPSPs 

evoked by stimulation of sympathetic postganglionic nerve fibres. TcdA could therefore be 

contributing to hyperstimulation of mucosal secretion via direct excitation of the 

secretomotor neurons responsible for driving secretion or by the suppression of IPSPs, 

potentially eliminating sympathetic inhibition of submucosal neurons and permitting 

increased firing within enteric microcircuits. Whether changes in firing activity in other 

elements of the enteric circuitry occur remains to be determined. This thesis investigates this 

by luminal in vitro and in vivo incubations with TcdA (Chapters 4 and 7 respectively).  
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Figure 1. 5 TcdA-induced epithelial damage and inflammation in the mouse. 

Histological sections of mouse ileum following an in vivo incubation with either saline (A) or 

TcdA (B). Saline-treated tissue displays healthy epithelial architecture with intact villi. TcdA 

produces severe epithelial necrosis with a break down in villus architecture and an infiltration 

with inflammatory cells. Figure taken from Castagliuolo et al. (1994). 
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7.6 Interaction of C.diff and the ‘microbiome’  

The GIT is host to a unique ecosystem of bacteria termed the microbiome. The human 

intestinal microbiome contains an extensive array of microbial taxonomic profiles (Methé et 

al., 2012). While the composition of the microbiome is important in normal gut physiology, 

contributing to metabolic functions and protecting against pathogens, it may establish risk 

factors for various diseases including, obesity, colorectal cancer, diabetes and inflammatory 

bowel disease (Dupont, 2014; Shreiner et al., 2015). Further, opportunistic C.diff colonization 

and infection primarily occurs after antibiotic use, producing a state of dysbiosis, and 

restoration of a normal microbial ecosystem via faecal microbial transplantation (FMT) has 

immense clinical benefit (CDC, 2013). Moreover, work from a collaborator demonstrates that 

CDI is associated with compositional and functional changes in the microbiota and stool 

metabolites distinctly associated with recurrent CDI are lost after successful FMT (Dann et 

al., 2015) (Figure 1.6). Thus the microbial community structure is inextricably linked with 

gut physiology in healthy and disease states. 

 

Evidence of microbial interaction with the ENS in animal models suggests the presence of 

bacteria in the lumen of the gut involves signalling along a gut-microbiota axis. AH neurons 

in the myenteric plexus of germfree mice lacking microbiota show suppressed excitability, 

which is restored following colonisation with bacterial communities (McVey Neufeld et al., 

2013). It is unknown which bacteria signal to the MP and whether this occurs directly or 

indirectly via epithelial intermediates; spore-forming bacteria from mouse and human 

microbiota have been shown to promote 5-HT biosynthesis from colonic EC cells (Yano et 

al., 2015; Savidge, 2016). Additionally, intestinal bacteria are necessary for the development 

and function of the ENS. Germfree mice show decreased proportions of myenteric nitrergic 

neurons without changes to other neuronal subtypes (Anitha et al., 2012). In germfree rats 

specific microbial species have been shown to promote or suppress migrating myoelectric 

complex (MMC) activity (Husebye et al., 2001). Taken together, the microbiome influences 

the development and activity of enteric neural networks. Further to this, in the human ENS, 

interactions can occur between pathogenic bacteria and glia surrounding enteric neurons 

where human enteric glial cells have been shown to discriminate between pathogens and 

probiotics via different receptor signalling mechanisms (Turco et al., 2014). Thus, microbial 

interactions with the ENS appear to occur in the human as they do in rodent models. 
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Shifts in microbial communities and their associated metabolites are thought to alter enteric 

function and progression of disease states. Of particular interest is the role bacterial 

metabolites play in recurrence of CDI. Recurrence of CDI remains a major hurdle in its 

treatment and occurs in up to 50% of patients often over several years, despite antibiotic 

treatment (Lessa  et al., 2015). Data from our collaborator examining both human and animal 

models suggest that microbial-derived GABA  may be associated with susceptibility and 

recurrence of CDI (Dann et al., 2015). Metabolome profiling of stool samples in patients who 

developed CDI revealed increased L-arginine conversion to GABA and an elevated 

concentration of stool GABA. Similarly in a mouse model of CDI, daily administration 

GABA-producing (hCRIB) bacteria prior to CDI,  elevated stool GABA and mice 

experienced significant weight loss (Dann et al., 2015). Furthermore, Zolpidem (a GABAA-

receptor α1 subunit agonist) use in patients was significantly associated with CDI onset and 

increased the risk of CDI by almost 5 fold, while in a mouse model of CDI, daily 

administration of zolpidem increased C. diff- induced inflammation and mucosal damage 

(Dann et al., 2015) (Figure 1.7).  

Bacteria found within the human and animal microbiome are known to a be a source of 

luminal GABA (Barret et al., 2012; Dann et al., 2015) with Bifidobacterium and 

Lactobacillus species reported as being some of these GABA-producers (Barret et al., 2012; 

Pokusaeva et al., 2017). Luminal GABAergic signalling appears to present a risk factor in 

CDI pathogenesis; consequently an emphasis on the role of luminal GABA as a mechanism 

underlying disease recurrence could constitute a new approach in disease management and 

therapy, but little is known about how luminal GABA signals affect the ENS; Chapter 4 

explores this question. In order to gain an understanding of GABAergic transmission via the 

gut-microbiota axis, the physiological role of GABA in the ENS is discussed the next section. 
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Figure 1. 6 The microbiome and disease susceptibility in CDI.  

A CDI patient-metabolite network. CDI is associated with compositional and functional 

changes in the microbiome, where global metabolomics show that a distinct fecal 

metabolome is associated with healthy (green squares) vs. CDI patients (red squares).  Fecal 

microbiota transplantation (FMT) restores a healthy metabolome within weeks of treatment 

(see Pre-FMT vs Post-FMT). Analysis of the metabolomics and subject data network shows 

that stool metabolites distinctly associated with recurrent CDI are lost after successful FMT 

illustrating a linkage of functional pathways with clinical outcomes. Figure taken from Dann 

et al. (2015).  
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Figure 1. 7 Zolpidem promotes infection and disease severity in CDI. 

The bacterial metabolite GABA is associated with increased risk of infection- in human 

patients prescribed Zolpidem (GABAA-receptor  α1 subunit agonist) the risk of developing 

CDI increases by almost five-fold (A). In a mouse model of CDI, zolpidem increases C. 

difficile-induced inflammation and mucosal damage. Representative caeca and their 

histological staining are shown (B). Figure adapted from Dann et al. (2015). 
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8. THE PHYSIOLOGICAL ROLE OF GABA IN THE ENS 

 

GABA is a major inhibitory neurotransmitter in the CNS, but the role of GABAergic 

transmission in the ENS is much less well defined due to its multifactorial functions, multiple 

receptor subtypes and species and regional differences. Chapter 5 of this thesis aims to 

elucidate mechanisms of GABAergic transmission in the MP. The distribution of endogenous 

GABA throughout the gut in higher concentrations than those present in the brain, across a 

number of species including mouse, rat and human certainly suggests a role in 

gastrointestinal function (Krantis, 2000; Tedeschi et al., 2003). GABAergic neurons, fibres 

and receptors are expressed in the ENS of rats and mice (Krantis, 2000; Fletcher et al., 2001; 

Fletcher et al., 2002; Seifi et al., 2014) with activation of receptors modifying a number of 

gut functions (Auteri et al., 2014, 2015). GABA is also localised to enteroendocrine cells in 

the mucosa (Davenger et al., 1994; Krantis, 2000) and thus is proposed to be a 

neurotransmitter and endocrine mediator in the ENS. In addition, GABA is known to 

modulate the function of immune cells. Immune cells are known to express GABA receptors, 

transporters and enzymes (Wu et al., 2017) while GABA has been shown to act on antigen 

presenting cells to inhibit inflammatory responses (Bhat et al., 2010) and to inhibit T-cells 

responses via the GABAA receptor (Tian et al., 1999).  

GABA in the ENS is produced via the same synthesising enzyme found in the CNS; L-

glutamate decarboxylase (GAD), which utilises glutamate as a substrate. The highest L-

glutamate decarboxylase activity is in the myenteric plexus (Jessen et al., 1979; Erdo and 

Bowery, 1986; Krantis, 2000); accordingly, GABAergic neurons are predominantly found 

within the MP where they are thought to be interneurons and motor neurons. 

In rats and humans between 5 and 8% of myenteric neurons in the colon are GABAergic, 

where they colocalise with the inhibitory neurotransmitter SOM and to a lesser extent with 

NOS and enkephalin (ENK) (Nichols et al., 1995; Krantis, 2000; Hyland and Cryan, 2010). 

GABAergic neurons are found at a slightly higher proportion in the mouse colon (14%) and 

are immunoreactive for NOS, calretinin or SP (Sang and Young, 1996). Most GABAergic 

interneurons and motor neurons in the murine colon project anally, perhaps mediating 

descending reflexes, and often for greater distances than VIP or NOS circular motor neurons. 

Some GABA motor neurons to the circular muscle project orally and may possess an 

excitatory function (Sang et al., 1997). In the small intestine however, GABAergic neurons 
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are sparse; less than 5% of neurons in the MP of the mouse small intestine are GABAergic, 

and hence they are often excluded from colocalisation studies and have not been studied in 

detail in this region (Sang and Young, 1996; Sang et al., 1997; Li et al., 2011).  

Across most species including humans, GABA-immunoreactive nerve fibres can be found 

within the circular muscle (Jessen et al., 1986; Sang and Young, 1996; Sang et al., 1997; 

Krantis, 2000). In the mouse colon, GABA terminals that are also immunoreactive for either 

NOS, SP or calretinin are present in the circular muscle, and hence GABA is likely to be 

present in both excitatory and inhibitory motor neurons (Sang and Young, 1996). In the 

human colon, GABA colocalises with NOS in nerve fibres innervating the muscle (Nichols et 

al., 1995), but the exact role of GABA in neuro-muscular transmission in the gut remains 

largely unknown. It is recognized though, that GABA receptor-mediated motility effects 

require intact enteric circuitry, as rat colonic smooth muscle cells in isolation do not respond 

to GABA (Grider and Makhlouf, 1992). In the rat gut, GABA-immunoreactive fibres project 

to the submucosa and mucosa and are abundant in the colon particularly within myenteric 

ganglia and interconnecting trunks, often surrounding cell bodies within a ganglion, some of 

which are GABA-immunoreactive themselves (Jessen et al., 1986; Krantis, 2000).  In the 

mouse colon GABA-immunoreactive terminals are present in the submucosal and myenteric 

plexuses, where myenteric terminals are also immunoreactive for calretinin, and thus it is 

highly probable that they are cholinergic since in the mouse calretinin neurons are cholinergic 

as they are other species (Qu et al., 2008; Furness, 2006). Descriptions of GABAergic 

innervation in small intestine are comparably less informative (Sang and Young, 1996; Sang 

et al., 1997).  

8.1 GABA receptors and their function 

GABA signalling includes transport of GABA across the intestinal epithelium (Mazzoli and 

Pessione, 2016). In humans, a H+/GABA symporter mediates the uptake of luminal GABA, 

and has been shown to be found on the apical membrane of intestinal epithelial cells 

(Thwaites et al., 2000; Chen et al., 2003). In the rodent gut, the intestinal absorption pathway 

of GABA can occur via amino acid carrier proteins that typically function in nutrient 

absorption; in the rat small intestine GABA has been shown to share a transporter with the 

amino acid β-alanine (Nacher et al., 1994). Alternatively, GABA can cross the epithelium to 
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interact with enteric neural elements, following rupture of the epithelial barrier due to 

inflammation or invasion of bacteria (Pothoulakis et al., 1998; Sansonetti et al., 1999). 

Within the ENS, GABA can act through excitatory ionotropic GABAA and GABAC receptor 

subtypes which are both pentameric chloride channels (Fletcher et al., 1998; Auteri et al., 

2015). Unlike its inhibitory role in the central nervous system, in the ENS GABA has an 

excitatory effect on enteric neurons via GABAA and GABAC receptors due to their high 

intracellular Cl- concentration, which is established and maintained by a Na+-K+-2Cl- 

symporter (Liu et al., 2013). Additionally, GABA can act through inhibitory metabotropic 

GABAB receptors, which operate either presynaptically to depress Ca2+ influx via voltage-

activated Ca2+ channels to decrease ACh release from cholinergic neurons, or 

postsynaptically where they are coupled to inwardly-rectifying K+ channels (Hyland and 

Cryan, 2010; Auteri et al., 2015). Therefore GABA can have both an excitatory and 

inhibitory influence on neurons via the 3 receptor subtypes.  

Most immunohistochemical studies demonstrating neuronal GABA receptor expression have 

been performed on the rat gastrointestinal tract and in the colon. Immunoreactivity for 

GABAA receptors has been localised to myenteric neurons, a third of which are also 

immunoreactive for NOS (Krantis et al., 1995, 2000). GABAB receptors are localised to 

muscle fibres, the epithelium and neurons in both plexuses where 50% of GABAB-

immunoreactive neurons in the MP also display NADPH-diaphorase activity (Nakajima et 

al., 1996) thus, the pattern of localisation of  GABAA and GABAB receptors in the rat 

suggests that they may modulate inhibitory NO transmission (Hyland and Cryan, 2010). Very 

little data exist on GABAC receptor function and expression, but it has been demonstrated 

that GABAC receptors are expressed on most calretinin immunoreactive neurons and on over 

half of NOS neurons in the rat colon (Fletcher et al., 2001). In the MP of the murine colon, a 

number of GABAA receptor subunits are expressed on the somata of 5HT-, SOM-, ChAT- 

and NOS- immunoreactive neurons and on axonal compartments of NOS neurons in SMP 

(Seifi et al., 2014). This localisation pattern in the murine MP suggests that GABAA receptors 

regulate neuronal activity post-synaptic to the GABA release sites, but are expressed 

presynaptically on SMP neurons, which could result in an autoregulatory function- further 

controlling the release of co-expressed neurotransmitters (Seifi et al., 2014). Additionally, 

GABAB receptors are known to be found on enteric neurons in the mouse colon (Casanova et 

al., 2009), and only limited studies reporting GABAC receptor expression in mouse model 
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exist. One study has demonstrated that contraction of longitudinal muscle of the mouse small 

intestine is modulated by GABAC receptors (Zizzo et al., 2007). Surprisingly little additional 

literature exists on GABA receptor expression in the small intestine, thus GABA receptor 

subunit expression on neurochemically defined cell types has been limited to few animal 

models and intestinal regions and it remains to be fully investigated. 

Most of what is known about GABA receptor expression in the GIT comes from 

pharmacological studies in which the contribution of GABA receptors to gut function is often 

studied in the MP, where it appears that these receptors exist in both excitatory and inhibitory 

reflex pathways. Ascending excitatory pathways result in muscular contractions mediated by 

ACh and tachykinins, while descending inhibitory reflexes lead to muscle relaxation via 

release of transmitters such as NO, VIP and ATP (Grider, 2003; Auteri et al., 2015). 

 In rodent models, activation of the GABAA and GABAC receptor systems typically leads to 

the activation of cholinergic and noncholinergic enteric neurons and subsequent release of 

ACh or NO resulting in either contraction or relaxation in gut muscle responses (Tonini et al., 

1987; Krantis and Harding, 1987; Zizzo et al., 2007; Auteri et al., 2014). GABAB receptors 

appear to exist in pathways resulting in reduction in presynaptic ACh release from neurons 

and a reduction in contractile activity (Sanger et al., 2002; Auteri et al., 2014), or in reduction 

of inhibitory NANC transmitter release (Tonini et al., 1989a). Inhibition by GABAB receptors 

has also been reported in human gut (Gentilini et al., 1992). Figure 1.8 illustrates the 

contribution of GABA receptors on motility output in the rodent small intestine.  

It is however, difficult to predict the overall functional output of GABA receptor activation as 

this varies according to the species studied. In the mouse colon, activation of GABAA 

receptors increases propulsive activity (Auteri et al., 2014) however in guinea pig colon, 

antagonism of GABAA receptors produces the same effect (Frigo et al., 1987). 

The net functional effect of GABA also appears to depend on the region specific localisation 

of receptors along the GIT; GABAA receptors modulate VIP and NO –induced relaxation in 

the rat stomach (Krantis et al., 1998), but in the jejunum and ileum they also mediate 

cholinergic contractions (Krantis and Harding, 1987). 
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Figure 1. 8 GABA receptor activation and signalling underlying motor output in the 

rodent small intestine. 

A schematic representing ENS signalling underlying GABA receptor-mediated motility 

changes. GABAA and GABAC receptor systems usually exist in pathways resulting in the 

activation of cholinergic and noncholinergic enteric neurons with release of ACh or NO 

respectively, resulting in either contraction or relaxation in gut muscle responses. GABAB 

receptors appear to exist in pathways resulting in reduction in presynaptic ACh release from 

neurons and a reduction in contractile activity. The overall functional output of GABA 

receptor activation however is difficult to predict as it is species- and region-dependent. 

Figure taken from Auteri et al., 2015. 

8.2 GABA in secretion and as an endocrine mediator 

Aside from motor output mainly under control of the MP, the presence of GABA in 

submucosal neurons and in mucosal fibres (Jessen et al., 1979) suggests that GABA 

influences other intestinal functions such as secretion. In fact, GABA has been shown to 

evoke gastrin and mucous secretion from the mucosal epithelium of the rat stomach (Guo et 

al., 1989; Erdö et al., 1989), while GABAA antagonism decreases short-circuit current, an 

indicator of fluid and electrolyte transport across the epithelium, in the guinea pig and rat 

intestine (Hardcastle et al., 1991; MacNaughton et al., 1996). The GABA-mediated response 
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in the guinea pig is partially reduced by atropine, implicating the activation of cholinergic 

secretomotor neurons. 

It is probable that GABA also functions as an endocrine mediator in addition to its role as an 

enteric neurotransmitter since GABA is expressed in mucosal enteroendocrine cells in the rat 

stomach and intestine (Davenger et al., 1994; Krantis et al., 1994). GABA has been shown to 

modulate 5-HT release from EC cells in the guinea pig via GABAA and GABAB receptors 

(Schwörer et al., 1989) while GABAB receptors colocalise with 5-HT in mucosal cells of the 

rat stomach and intestine (Nakajima et al., 1996). It is therefore likely that the various GABA 

receptor subtypes modulate the release of 5-HT from the mucosa. In this manner, since 5-HT 

is known to trigger peristaltic activity (Grider et al., 1996) and activate the afferents of 

secretomotor pathways (Kirchgessner et al., 1992; Bertrand et al., 2000), GABA may 

indirectly activate reflex pathways via epithelial intermediates. 
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9. AIMS OF THESIS 

 

There are three key aims in this thesis:  

The first is to determine how the enterotoxins CT and TcdA and the associated microbial-

derived metabolite GABA acting at the level of the gut mucosa, activate the underlying 

enteric circuitry in vitro. ISNs in the MP project the mucosa, to other myenteric neurons 

including the formation of networks of ISNs and to the SMP. They also receive input from 

neurons in submucosal ganglia. Their extensive connectivity implies they are likely involved 

in both motility and secretion. Since there is a lack ISNs in the mouse SMP, the myenteric 

plexus has formed an integral focus of this thesis and is extensively examined in the majority 

of my studies. Accordingly, Chapter 3 and Chapter 4 addressed whether myenteric ISNs are 

key elements in the pathways activated by enterotoxins and GABA respectively using in vitro 

incubation methods and intracellular recording in the guinea pig.   

The second aim is to further define the role of endogenous GABA in the ENS as a means 

to elucidate the mechanisms through which microbial metabolites act and contribute to 

disease. In Chapter 5, Wnt1-Cre;R26R-GCaMP3 mice in which enteric neurons and glia 

express a fluorescent calcium indicator, were used to examine the actions of GABA and its 

receptor subtypes on the circuitry of the MP.  

The third aim is to further examine the effects of enterotoxins on the enteric circuitry. 

Chapter 6 and Chapter 7 extended this investigation with in vivo ileal loop incubations of CT 

and TcdA respectively in Wnt1-Cre;R26R-GCaMP3 mice. 
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CHAPTER 2: MATERIALS AND METHODS 
 

In Chapters 3, 4 and 6, intracellular recording was the primary method used, while in 

Chapters 5 and 7 Ca2+ imaging was used extensively. To avoid repetition, the fundamental 

aspects of these methods are outlined in this chapter, together with the other techniques that 

require a detailed explanation. Experimental details unique to each chapter will be explained 

in their respective chapters.  

 

1. ELECTROPHYSIOLOGY  

1.1 Tissue preparation for intracellular recording 

In Chapters 3 and 4 experiments were performed using guinea pigs (weighing 170-350 g) of 

either sex. In Chapter 6 male mice on a C57BL/6 background, including Wnt1-Cre;R26R-

GCaMP3 mice that express the fluorescent calcium indicator GCaMP3 in all enteric neurons 

and glia, aged 8-12 weeks were used for experimentation. Guinea pigs were killed by being 

stunned by a blow to the head and then having their carotid arteries and spinal cords severed, 

in accordance with the guidelines of the University of Melbourne Animal Experimentation 

Ethics Committee. The abdominal cavity was cut open and 5-10 cm segments of jejunum 

were removed immediately distal to the duodenal-jejunal junction. The tissue was flushed 

clean and placed in physiological saline (composition in mM per litre: NaCl, 118; KCl, 4.6; 

CaCl₂, 2.5; MgSO₄, 1.2; NaH₂PO₄, 1; NaHCO₃ 25; d-glucose, 11), bubbled with carbogen gas 

(95% O₂, 5% CO₂). In Chapters 3 and 4, segments of guinea pig jejunum were tied off at both 

ends and either physiological saline (0.3-0.5 mL), CT (with or without an antagonist) in 

saline (12.5 μg/mL), TcdA in saline (12.5 μg/mL), or GABA (with or without an antagonist) 

(100 µM) in saline, was injected into the lumen of the segments which were then incubated at 

35°C for 90 minutes in a heated water bath. Mice that had undergone ileal loop surgery in 

Chapter 6 (see section 2 below) were killed by cervical dislocation, as approved by the 

University of Melbourne University Animal Experimentation Ethics Committee and distal 

ileum was dissected out of the abdominal cavity and placed in physiological saline. 

Following the incubation period, the lumen of the intestinal segment (either jejunum or 

ileum) was flushed clear of its contents with physiological saline and placed in fresh 
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physiological saline also containing nicardipine (1.25 μM) and hyoscine (1 μM) to relax the 

muscularis externa and minimise the contractions of any circular muscle that remained after 

the dissection, which could disturb the recording process. The tissue segment was cut open 

along the mesenteric border and pinned flat with the mucosal side up in a dissecting dish 

lined with silicone elastomer (Sylgard 184, Dow Corning, North Ryde, NSW, Australia). 

Tissues were dissected with fine forceps under a dissecting microscope to produce three 

different electrophysiological preparations (Figure 2.1). (1) The mucosa and its underlying 

connections were left intact in one half of the preparation while the myenteric plexus and 

underlying longitudinal muscle were exposed in the other half (mucosa-LMMP) (Chapter 3) 

(Kunze et al., 1995; Bertrand et al., 1998; Bertrand et al., 2000; Gwynne and Bornstein, 

2009). (2) In Mucosa-SMP preparations, the mucosa and submucosa were left intact in one 

half, while the muscle layers and the MP were dissected away. In the other half, the mucosa 

was removed, revealing the SMP (Chapter 3) (Gwynne et al., 2009). (3) In LMMP 

preparations, the mucosa and submucosa were removed (Chapters 3, 4 and 6). The 

preparation was transferred and pinned flat with the mucosal side up into a recording bath (a 

plastic mould with a volume of approximately 1-2 mL, lined with Sylgard) using 50 μm 

tungsten pins. The preparation was continuously superfused with warmed (35-36°C) 

physiological saline bubbled with 95% O₂, 5% CO₂, at a flow rate of 4-6 mL/min. The 

preparation was then allowed to equilibrate for an hour under these conditions before 

commencing electrophysiological experiments. 
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Figure 2. 1 Tissue preparation for intracellular recording.  

A diagram representing the three experimental preparations: Mucosa-LMMP, Mucosa-SMP 

and LMMP. A neuron in either the SMP or MP is impaled with the recording electrode, while 

the stimulating electrode is placed on the mucosa opposite its fibre tract or on an 

interganglionic fibre tract leading into the ganglion as to provide focal stimulation to the 

neuron in that ganglion (Gwynne et al., 2009). Neurons were recorded close to the mucosal 

wall (first row), further away from the wall or from preparations cleared of mucosa 

completely. Note the orientation of the tissue in the recording bath, in order to avoid the 

diffusion of substances being released off the mucosal half and into the recording area. 
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1.2 Impaling and recording from neurons 

Ganglia were visualised at 200x magnification under an upright compound microscope 

(BX51W1, Olympus, Australia (NSW)), using a long distance objective (LMPlanF1 20x/0.40 

∞/o, Olympus, Australia (NSW)).  

Neurons were impaled with intracellular glass microelectrodes (95-200 MΩ tip resistance) 

made by pulling glass capillaries (Harvard GC100F-15, ID 0.58 mm x OD 1.0  mm) on a 

microelectrode puller (P-87, Sutter Instrument CO, U.S.A.). They were filled with an 

electrolyte solution consisting of 1 mol/L KCl with or without 2% biocytin (Sigma Aldrich, 

Castle Hill, NSW, Australia) to allow neurons to be identified morphologically after 

experiments. A 250μm silver wire was inserted into the glass electrode just before the tip and 

submerged in the KCl solution in order to record voltage changes in the cell and apply current 

to the cell. A neuron contained within a chosen ganglion was impaled with the recording 

electrode held in place by a micro-manipulator (Leitz, Germany). The recording electrode 

was lowered into the cell using the manipulator whilst simultaneously vibrating the tip of the 

electrode or “buzzing”. The recording electrode was connected to an amplifier (Axoprobe-

1A, Axon Instruments, U.S.A) whose voltage output was digitized at 10 kHz by a data 

acquisition system (Digidata 1440A, Molecular Devices, California) and displayed as two 

trace records (voltage and current traces) on a personal computer monitor using the software 

Axotape 2.0.2  (Axon Instruments U.S.A.). The recording circuit was grounded by 2 ground 

electrodes ( 250 μm silver wire) positioned in the organ bath with the preparation, while the 

upright compound microscope and both of the manipulators were situated on an anti-

vibration table (Technical Manufacturing Cooperation, U.S.A.) enclosed in a grounded metal 

Faraday cage.  

Electrical stimulation  

 A stimulating electrode (made from 50 μm tungsten wire) placed in a micromanipulator 

(Model: MP-1, Narishige, Japan) and two ground electrodes (250 μm silver wire), were 

connected to a Master-9 stimulator (A.M.P.I, Israel) via a stimulation isolation unit (Iso-flex, 

A.M.P.I, Israel). The stimulating electrode was positioned on top of a fibre tract of a chosen 

ganglion, or on an interganglionic fibre tract leading into it, to stimulate the axons of, and 

evoke post-synaptic potentials in, the impaled cells. 
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Electrophysiology protocol  

The electrophysiological properties of the two major electrophysiological classes of neurons 

in the ENS (AH and S neurons) (Hirst et al., 1974) were determined in a number of ways. 

The excitability of neurons was established by injecting depolarising current pulse steps, 500 

ms in duration and in 50 pA increments over the range of 50-350 pA, through the recording 

electrode. The membrane potential of the neurons was held at -50mV and was allowed to 

return to this value in between each change in current pulse amplitude. The number of action 

potentials (APs) triggered by each pulse was counted and the duration of AP firing during 

each pulse was measured. Duration of firing was measured from the start of the first AP to 

the end of the last AP triggered by each pulse. When a single AP was observed, the duration 

was taken to be the time between the start and end of the AP. Neurons that failed to fire were 

treated as having a duration of 0 ms. Instantaneous firing frequency was measured as the 

interspike interval (ISI) between the first two spikes at the 300 pA current step. 

Hyperpolarising current pulses (500 ms duration, 50 pA increments over 50-350 pA) were 

also injected through the electrode to determine any changes to the input resistance (IR, MΩ) 

of the neurons. The input resistance was determined by measuring the change in membrane 

potential at each pulse amplitude and was then calculated using Ohm’s law (V = IR; voltage 

= current x resistance). Ih currents can be detected as a characteristic ‘sag’ present during 

hyperpolarising steps. The magnitude of the Ih-induced rectification was measured as the 

difference between the maximum hyperpolarisation and the hyperpolarisation at the end of 

each current step. The gradient of this voltage current relationship was then determined to 

calculate the change in IR due to the conductance change underlying the Ih current, in 

accordance with Ohm’s law.  

A focal stimulating electrode was positioned on top to the mucosa or on interganglionic fibre 

tracts leading into the ganglion of choice. Single stimuli were employed to evoke antidromic 

APs and fast excitatory post synaptic potentials (fEPSPs). The amplitude (change in mV, 

from baseline to peak amplitude) and duration (D50) (time taken to return to half amplitude 

from peak amplitude) of the APs were measured as well as the amplitude and full duration 

(time taken to return to baseline from peak amplitude) of fEPSPs. In AH neurons, the 

amplitude and duration (D50 and full, time taken to return to half amplitude from peak 

amplitude, and the time from the beginning of the AP to when baseline is returned, 

respectively) of AHPs were measured. In addition, the amplitudes of after-depolarising 
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potentials (ADP) were measured from the base of the ADP to its peak amplitude. The 

amplitude and full duration of fEPSPs was measured from single pulses evoked at -90mV, 

where the threshold stimulus pulse was increased to supramaximal stimulus to ensure 

changes in fEPSP amplitude were not due to variations on the number of presynaptic fibres 

activated. Trains of stimuli (10 pulses, 20 Hz) were applied at resting membrane potential 

(RMP) to evoke slow excitatory postsynaptic potentials (sEPSPs). The amplitude and D50 of 

sEPSPs were measured. The RMP of the neurons at the end of electrophysiological 

experiments was examined and any spontaneous activity throughout the experiment was 

noted.  

1.3 Morphology of biocytin-filled neurons 

After experiments, the preparations were fixed overnight in Zamboni’s fixative (2% 

formaldehyde/0.2% picric acid in 0.1 M phosphate buffered saline, PBS, pH 7.0) (Chapter 3) 

or in 4% formaldehyde (in 0.1 M phosphate buffer, pH7.2) at 4°C (Chapter 6). Zamboni’s 

fixative was cleared with 3 x 10 min washes in dimethylsulfoxide (DMSO), followed by 3 x 

10 min washes in phosphate buffered saline (PBS) and the mucosa was removed if present. 

Formaldehyde was cleared with 3 x 10 min PBS washes. 

The preparations were placed in a humidified dark container to incubate in 1% Triton X-100 

(ProSciTech, Thuringowa, QLD, Australia) for 30 mins. After another 3 x 10 min washes 

with PBS, the preparations were incubated in Steptavidin Alexa Fluor 594 (1:200; Molecular 

Probes, Mulgrave, Vic, Australia) for 2.5 hours at room temperature. The label was then 

washed off from the preparations with 3 x 10 minute PBS washes. The preparations were 

mounted onto glass microscope slides in DAKO mounting medium (Dako, Carpinteria, CA). 

The impaled neurons were visualised under fluorescence using 20x, and 40x objectives on a 

Zeiss Pascal Confocal microscope where images were taken as a z-series at a resolution of 

512 x 512 pixels or on a Zeiss Axio Imager M2 microscope. The contrast and brightness of 

the images were adjusted using LSM image browser software (version 4.2.0.121) or FIJI 

software (ImageJ ® 1.51a). 
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1.4 Analysis and statistics  

The recorded data were analysed using AxoScope computer software (version 10.2.0.14, 

Axon Instruments U.S.A.). Injection of depolarising and hyperpolarising current pulses into 

the neurons was performed 2 times per cell while the single and train stimulus regime was 

repeated 3 times to obtain averages for these parameters. The results are presented as mean ± 

SEM. Statistical comparisons included analysis of the firing over the whole range of current 

pulses using two way ANOVA, where statistical values are given for the entire curve and 2-

sample t tests for independent groups with P < 0.05 considered statistically significant. 

 

2. ILEAL LOOP SURGERY 

2.1 Surgical preparation  

In Chapters 6 and 7 experiments were performed using male C57BL/6 or Wnt1-Cre;R26R-

GCaMP3 mice aged 8-12 weeks. Mice undergoing the ileal loop procedure were fasted 

overnight (up to 16 hours) but allowed ad libitum access to water to allow the emptying of 

intestinal contents. On the day of the procedure, the animal was collected from the in-house 

animal facility. 

Within 10-15 mins of collection, the animal was placed in a closed, recirculating perspex 

container and anaesthesia was induced by inhalation of isoflurane (Ceva, Glenorie NSW, 

Australia) at a concentration of 4-5% via a Fluovac system (Harvard Apparatus Holliston 

MA, US). The animal was briefly removed from the container, still under anaesthesia, to be 

shaved along the abdomen from the ribcage to the top of the thigh. The animal was then 

transferred to a nose cone on a heated mat (T6-100 temperature controller, CWE Inc, US) 

where isoflurane was administered at 2-3% via the Fluovac system, as required to ensure 

stable breathing and loss of the pedal and tail withdrawal reflexes. Excess isoflurane was 

scavenged by the same system. Reflexes were monitored every 5-10 mins throughout the 

procedure.  

The shaved area was cleaned with a sterile gauze swab (7.5 cm 8ply BSN Medical, Mt 

Waverley VIC, Australia) sprayed with 80% ethanol first along the midline and then either 
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lateral side, ensuring the midline was kept cleanest. The swabbing process was repeated with 

a betadine antiseptic liquid (Virginia QLD, Australia) swab. 

2.2 Surgical procedure  

Surgical instruments were placed in a dry heat bead steriliser (GerminatorTM 500, Glass bead 

Dry Sterilizer, US) for sterilisation. Approximately 100ul of the anaesthetic bupivacaine 

hydrochloride 0.5% (Astra Zeneca, North Ryde NSW, Australia) in a 1 mL syringe (Terumo, 

Tokyo Japan) was injected with a 25G (0.50 x 19 mm) needle (Terumo) at several (usually 

five) points along the midline where the incision would be made (20ul injected at each point). 

A period of 10 mins was allowed to elapse for the bupivacaine to take effect. A cutaneous 

abdominal incision ~3 cm in length was made along the linea alba, to minimize bleeding, 

starting from ~1-1.5 cm above the rectum up to the ribcage. The same incision was then 

followed along the underlying muscle layer. The animal was draped in a sterile piece of 

gauze with a small window cut over the area for incision. The gauze was moistened with 

sterile physiological saline heated to 37°C.  

 The caecum was located in the abdominal cavity as a landmark and was gently displaced 

along with the distal ileum without affecting the blood and extrinsic nerve supply. The 

abdominal contents were regularly kept moist throughout the procedure with the heated 

saline. The first few, most distal centimetres of ileum, were disregarded for the loop. A 24G 

(0.8 x 38 mm) needle was pierced through the mesentery at the distal end of the intended 

loop. Silk suture (DYSILK, U.S.P: 4/0, Met: 1.5, Dynek Pty Ltd South Australia) was fed 

through and the ileal segment was tied off with a double knot. 

4-5cm oral to this point, silk suture was tied around the gut segment as before, but loosely 

enough to allow a syringe to pass through. Either the physiological saline or the toxin in 

saline was injected into the ileum filling the region using a 25G needle (approximately 100-

200 µl of incubating solution). The ileum was slightly elevated at the injection point to 

reduce backflow out of the loop. The silk suture was quickly tightened below the injection 

site with a double knot. The ileal loop and abdominal organs were gently returned into the 

abdomen. The incision in the muscle was sutured first, down the midline using a 24G needle. 

The process was repeated for the cutaneous incision. Surgical glue (Vetbond tissue adhesive, 
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3M St Paul MN, US) was applied over the suture material to seal and secure the site, so as to 

not lose any peritoneal fluid.  

The animal was placed in a recovery cage on a heated mat with access to bedding and water 

and monitored every 30 mins during the duration of the incubation. Animals recovered 

consciousness ~ 15 mins following the procedure, after which they moved around freely in 

their cages. After 3.5 hours (Chapter 6), or 2.5-3.5 hrs (Chapter 7) animals were killed by 

cervical dislocation as approved by the Melbourne Animal Experimentation Ethics 

Committee. 

 

3. CRYOSECTIONING 

 

Segments of ileal loop tissue and off target tissue (jejunum) were fixed in 4% formaldehyde 

overnight (Chapter 7). The preparations were cleared with 3 x 10 min PBS washes. The 

preparations were cryo-protected in a 20% sucrose/PBS solution overnight and then dissected 

into 2-3 mm rings of intestine. They were placed in OCT medium (Tissue Tek, Elkhart IN, 

USA) and frozen in isopentane cooled by liquid nitrogen then stored at -80°C until they were 

sectioned. Sections of tissue 20 μm in thickness were cut on a cryostat (Microm HM 525, 

Fronine Laboratory Supplies, Riverstone, NSW, Australia) and mounted onto positively 

charged slides (SuperFrostPlus, Menzel-Glaser, Braunschweig, Germany) where they were 

left to dry for an hour at room temp. Sections were processed with Hematoxylin and Eosin 

(H&E) staining (Table 2.1). 
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Table 2. 1 Protocol for H&E staining. 

 

Steps/Method Duration 

Wash in running tap water 10 sec 

Immerse in Mayer’s Haemotoxylin  

(Choral Hydrate 100g; Potassium Aluminium Sulphate 100g; 

Haemotoxylin 4g; Citric Acid 2g; Sodium Iodate 0.4g; Distilled water 

2L; Glacial Acetic Acid 20ml) 

60 sec 

Wash in running tap water 10 sec 

Scott’s tap water 

(Magnesium Sulphate 40g; Sodium Bicarbonate 7g; Distilled water 

2L) 

30 sec 

Wash in running tap water 10 sec 

Immerse in 0.1% Eosin (with 2g/100ml CaCl2) 30 sec 

Wash in running tap water 10 sec 

Immerse in 70% Ethanol 2 dips 

Immerse in absolute Ethanol 2 dips 

Immerse in absolute Ethanol 4 dips 

Immerse in absolute Ethanol x2 60 sec each 

Histolene 120 sec 

Histolene 120sec 

Mount in DPX and place a coverslip on Leave to dry 

overnight 
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4. CELL CULTURE ASSAY 

 

Vero cells (Sigma-Aldrich, Castle Hill, NSW, AUS), derived from the kidney of an African 

green monkey (Cercopithecus aethiops) (Ammerman et al., 2008) were cultured to test the 

cytotoxicity of TcdA prior to use in experimentation. 

Vero cell lines are often used in cytotoxicity assays for Clostridial enterotoxins (Mahony et 

al., 1989; Eastwood et al., 2009) and for other enterotoxins such as Escherichia coli 

(Konowalchuk et al., 1977). TcdA acts on epithelial cells to induce biochemical changes, 

such as alterations to the cytoskeleton and tight junction permeability (Hecht et al., 1988); in 

cell culture this is associated with changes in cell morphology such as rounding and 

detachment (Mahida et al., 1996; Eastwood et al., 2009). 

Vero cells were cultured in Dulbecco’s modification of Eagle medium (DMEM), 

supplemented with 10% heat inactivated fetal bovine serum (FBS) (both from Life 

Technologies, Mulgrave, Victoria, AUS) using 100 x 15 mm Falcon ® Petri dishes (In Vitro 

Technologies, Noble Park, VIC, AUS) at 37 °C in a humidified atmosphere. Confluent 

monolayers were counted with a Biorad TC20 TM automated cell counter and removed using 

TrypLE Express (Life Technologies, Mulgrave, Victoria, Australia). Cells were resuspended 

in fresh DMEM at approximately 105 cells/ml. 1 ml of cell suspension was pipetted into each 

well of a 12-well plate (In Vitro Technologies, Noble Park, VIC, AUS) and left to cultivate 

overnight at 37 °C. The following day, toxin activity was assayed by adding 1 µg of TcdA 

into 1ml of DMEM in each well. As a negative control, only DMEM was added into some 

wells. Plates were incubated at 37 °C and images of the cells were taken after 2, 4 and 24 

hours of incubation using a Zeiss Axio Imager M2 microscope and with an Axiocam 506 

mono camera (from Zeiss, Australia)  using AxioVisionLE64 (v 4.9.10) software and a 20x 

objective.  
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5. IMMUNOHISTOCHEMISTRY  

5.1 Tissue preparation  

Segments of either ileum (Chapters 5 and 7), jejunum or proximal colon (Chapter 7) were 

dissected from mice of a C57Bl6 background including Wnt1-Cre;R26R-GCaMP3 mice. 

Tissue was opened along the mesenteric border and pinned flat on an elastomer-lined dish 

and fixed for 1 hour 15 min with 4% formaldehyde at 4°C. Preparations were rinsed with 3 x 

10 min PBS washes and microdissected to reveal either the SMP (Chapter 7) or the MP 

(Chapters 5 and 7). The wholemount preparations were first permeabilized with 1% triton X-

100 in PBS (ProSciTech, Thuringowa, QLD, Australia) for 30 min at room temperature and 

washed in PBS (3 x 10 min). They were then double or triple labelled with a combination of 

primary antisera for 24-72hrs at 4°C and rinsed with PBS (3 x 10 min).  Incubations in 

secondary antisera were at room temperature for 2 hrs and 15 mins.  

All preparations were rinsed of excess secondary antisera 3 times, for 10 mins before they 

were mounted on slides with Dako fluorescent mounting medium (Carpinteria, California, 

USA). Specific details regarding the immunostaining protocol including antiserum 

combinations, are described in the individual chapters outlined above (Chapters 5 and 7). 

5.2 Imaging and analysis 

Wholemounts of myenteric and submucosal preparations were viewed under 20x and 40x 

objectives respectively on a Zeiss Axio Imager M2 microscope. Images were acquired with 

an Axiocam 506 mono camera using Zen 2.3 (blue edition) software (all from Zeiss, 

Australia).  

For cell counts and colocalisation studies, proportions of each neuronal subtype were 

determined by examining co-expression with the pan neuronal marker Hu. 

 At least 150 Hu+ cell bodies in each myenteric, and 30 Hu+ cell bodies in each submucosal 

preparation were examined. The mean proportion of each neuronal subtype, was determined 

by calculating averages from 3 animals.  

The data are expressed as mean ± SEM and n = the number of cells examined.  Statistical 

analyses were performed using unpaired t-tests with P < 0.05 considered statistically 
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significant. Comparisons were performed using using GraphPad Prism 5.0 (GraphPad 

Softwares, San Diego California).  

 

 

6. CALCIUM IMAGING  

6.1 Tissue preparation for Ca2+ imaging  

Wnt1-Cre;R26R-GCaMP3 mice of either sex (Chapter 5), or male Wnt1-Cre;R26R-GCaMP3 

mice (chapter 7) aged 8-12 weeks were killed by cervical dislocation, as approved by the 

University of Melbourne University Animal Experimentation Ethics Committee. A segment 

of ileum (Chapter 5) or ileal loop (Chapter 7) was dissected out and placed in physiological 

saline bubbled with 95% O₂, 5% CO₂ in an elastomer-lined dish. The tissue was cut along the 

mesenteric border and pinned flat. The mucosa, submucosa were removed by microdissection 

to obtain preparations of SMP (Chapter 7). Then circular muscle was removed to obtain 

preparations of the underlying myenteric plexus and attached longitudinal muscle (LMMP) 

(Chapters 5 and 7). The preparations of SMP and MP were immobilized by stretching the 

tissue (plexus uppermost) over an inox ring which was then clamped by a matched rubber O-

ring (Vanden Berghe et al., 2002). A maximum of 5 rings were prepared from each segment 

of ileum. The tissue was transferred to an organ bath for imaging, where it was constantly 

superfused (1 ml/min) with 95% O2: 5% CO2 -bubbled physiological saline at room 

temperature throughout the experiment 

6.2 Experimental protocol 

The preparations were imaged using a 20× (NA 0.5) water dipping objective on an upright 

Zeiss Axioscope microscope with a Zeiss AxioCam MRm camera, images (278 × 278) were 

acquired at 1 Hz. Neurons within ganglia were stimulated either chemically or electrically. 

Chemical stimulation (Chapter 5) included the exogenous application (spritz) of GABA 

(1mM) via pressure injection (2 s duration, 9 psi; Intracel Picospritzer III, Parker Hannifin, 

Hollis, NH, USA) using a micropipette (tip diameter ~20 μm) situated right at the border of 

the ganglion. Spritz pipettes were made using a micropipette puller (Model 2-9, Narishige 

Scientific Instrument, Japan, or P-87, Sutter Instrument Co., Novato, CA, USA) using 
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borosilicate glass capillaries (Harvard GC1500-15, inner diameter (ID) 0.86 mm x outer 

diameter (OD) 1.5 mm or Harvard GC100F-10 OD 1.0 mm x ID 0.5 mm)  

To electrically stimulate the neurons, a focal stimulating electrode (tungsten wire; 50 μm 

diameter) was placed on an interganglionic fibre tract leading into the ganglion of choice 

where a single pulse and a train of  300 μs pulses (1 s, 20 Hz, ; Grass SD9 or S88 stimulator, 

Grass Instruments, Warwick, RI, USA) were elicited. For time-controlled experiments 

(Chapter 5), ganglia were stimulated first with a single pulse and then a train of 20 pulses 5 

minutes later. This stimulation regime was repeated 2 times 10 minutes apart. For non time-

controlled experiments (Chapter 7) this stimulation regime was performed once on 3 different 

ganglia for each plexus (MP and SMP).  

After some experiments, tissues were fixed overnight with 4% formaldehyde at 4°C and 

examined post-hoc with immunohistochemistry to further identify neuron subtypes. 

6.3 Analysis  

Analyses were performed using custom-written directives in IGOR Pro (WaveMetrics, Lake 

Oswego, Oregon, USA) (Boesmans et al., 2013). Regions of interest were drawn over a 

selected area of the cytoplasm for each neuron. The intensity of the intracellular calcium 

([Ca2+]i) transient signal for each response was calculated and expressed as the maximum 

increase in [Ca2+]i from the baseline signal (ΔFi/F0). [Ca2+]i transients were only considered if 

the intensity of the transient signal was more than 5 times the intrinsic noise.  

 

 

7. MEASUREMENT OF SHORT-CIRCUIT CURRENT IN VITRO 

USING USSING CHAMBERS  

7.1 Tissue preparation 

In Chapter 7 a segment of ileal loop was dissected out of the animal and placed in an 

elastomer-lined dish, in saline bubbled with 95% O₂, 5% CO₂. The ileal segment was cut 

along the mesenteric border and pinned flat, so that all intestinal layers remained intact. 

Tissue was gently stretched and mounted over an opening (5.5 mm pin circle diameter, 4 mm 

reservoir opening, CHM8; World Precision Instruments, Inc. (WPI), Sarasota, FL, USA) 
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between two halves of an Ussing chamber. The two chamber halves were held together by 

custom-made support apparatus (Department of Physiology, University of Melbourne, 

Victoria, Australia) whereby the mucosal side of the preparation was facing one side of the 

chamber and the serosal side, the other. The chamber was connected to a superfusate-

containing reservoir. An isolated volume (~10 ml) of physiological saline from separate 

reservoirs was continuously superfusing the mucosal and serosal sides of the preparation. The 

physiological saline in the reservoirs was supplied with 95% O₂, 5% CO₂ via injection ports, 

which also provide ‘gas lift’ allowing constant circulation of saline and the reservoirs were 

water-jacketed so that the circulating saline was maintained at 37°C. 

7.2 Electrical measurements 

Transepithelial voltage potential (Vt) was measured  by a potentiometer (VCC600 Single 

Channel Voltage-Current Clamp; Physiological Instruments, Inc., World Trade Drive, San 

Diego, CA, USA) and two voltage-sensing electrodes (SR4 Reference Electrode Calomel 

Separable; ThermoFisher Scientific, Station Road, Auchtermuchty Fife, Scotland, UK) each 

bathed in separate 3 M KCl solutions, and connected to each chamber half via salt bridges 

(polyethylene tubing OD 1.52 mm x ID 0.86 mm; Tyco Electronics, Huntingdale, VIC, 

Australia, containing 3% agar melted in 3 M KCl solution) at each side of intestinal 

preparation. Separate electrodes (Ag-AgCl electrodes; WPI) allowing current to pass across 

the intestinal preparation were connected to each half chamber by larger 3M KCl salt bridges 

(ID 5 mm; WPI). These were necessary to clamp spontaneous Vt to zero; the current required 

to do so was the short-circuit current (ISC). The chambers were set up with saline alone in the 

absence of a preparation and ‘zero-ed’ by offsetting any voltage differences between the two 

voltage-sensing electrodes and compensating for fluid resistance before the preparation was 

mounted. Following a 30 min equilibration period, short-circuit current (ISC) was measured 

throughout the experiment. 

7.3 Data analysis 

Both data collection and analysis were performed using AcqKnowledge 3.9.0 software 

(BIOPAC Systems, Inc., SDR Clinical Technology, Middle Cove, NSW, Australia). The 

maximum change in ISC from baseline (ΔISC) was measured and compared between control 

and treatment groups. 
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8. DRUGS AND TOXINS USED  

 

Drugs were diluted in distilled water to make stock solutions and then again in saline to 

working concentration on the day of experimentation. Drugs used were hyoscine (1μM), 

nicardipine (1.25μM), (from Sigma Aldrich, Castle Hill NSW, Australia), CT (12.5 µg/ml, 

List Biologicals, Campbell, CA), ), tetrodotoxin (TTX, 1 μM, Alomone Labs, Jerusalem, 

Israel), granisetron (1 μM) (Smith Kline Beecham, Harlow Essex, UK), TcdA (12.5 µg/ml, a 

kind gift from Dr Tor Savidge Baylor Medical College, Houston and Charalabos (Harry) 

Pothoulakis, David Geffen School of Medicine UCLA, CA) neurokinin 1 (NK1) antagonist 

SR140333 (100nM) and NK3 antagonist SR142801 (100nM) (both kind gifts from Dr 

Emonds-Alt, Sanofi Recherche, Montpellier, France), GABA (100 µM, 1mM), 

hexamethonium bromide (both from Sigma Aldrich, Castle Hill, NSW, Australia), 

bicuculline (10 µM), CGP54626 HCl (1 µM) and TPMPA (100 µM) (all from Tocris 

Bioscience, Avonmouth Bristol UK), Bupivacaine hydrochloride 0.5% (Astra Zeneca, North 

Ryde NSW, Australia) and isoflurane (Ceva, Glenorie NSW, Australia). 
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CHAPTER 3: CHOLERA TOXIN INDUCES SUSTAINED 

HYPEREXCITABILITY IN MYENTERIC, BUT NOT 

SUBMUCOSAL, AH NEURONS IN GUINEA PIG JEJUNUM 
 

This Chapter has been published in Frontiers in Physiology (2017); 8: 254. It is reproduced 

here with minimal alterations. 

 

ABSTRACT 

 

AH neurons, which have been identified as a population of intrinsic sensory neurons, are a 

source of excitatory input to the enteric secretomotor pathways activated during Cholera 

toxin (CT)-induced hypersecretion. This chapter therefore examines effects of CT in the 

intestinal lumen in vitro on myenteric and submucosal AH neurons using electrophysiology. 

CT pre-treatment increased the excitability of myenteric, but not submucosal AH neurons. 

CT induced excitability in these neurons regardless of the presence or absence of intact 

mucosa. Coincubation with tetrodotoxin or SR142801 (NK3 receptor antagonist), but not 

SR140333 (NK1 antagonist) or granisetron (5-HT3 receptor antagonist) prevented the 

increased excitability induced by CT. Increased excitability was associated with a reduction 

in the characteristic AHP and an increase in the ADP of these neurons. We concluded that CT 

increases excitability of myenteric, but not submucosal, AH neurons. This is neurally 

mediated and depends on NK3, but not 5-HT3 receptors. Therefore, CT may act to amplify 

the secretomotor response to CT via an increase in the activity of the afferent limb of the 

enteric reflex circuitry. 

 

1. INTRODUCTION 

 

When the bacterium Vibrio cholera invades the gut, its exotoxin, cholera toxin (CT), causes 

hypersecretion in the small intestine, which can produce severe diarrhoea that quickly leads 

to dehydration and death if left untreated. The enteric nervous system (ENS) has been 

implicated in the harmful effects of CT in the small intestine since the 1980s (Cassuto et al., 

1981a; Cassuto et al., 1982a). The ENS is a complex nerve circuitry embedded within the 
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walls of the gastrointestinal tract which regulates vital gut functions, including motility and 

secretion. It incorporates two distinct ganglionated networks- the myenteric (MP) and 

submucosal (SMP) plexuses.  

In one long-standing model of toxin-induced hypersecretion, CT is postulated to activate 

persistent release of 5-HT from the mucosa, which then activates secretomotor reflex 

pathways in the ENS. The components of the neuronal reflex pathways include 5-HT3 

receptors and probably several neuronal subtypes from each plexus communicating via 

nicotinic synapses. The secretomotor efferents release vasoactive intestinal peptide (VIP) 

which binds to specific receptors on enterocytes, activating an adenylyl cyclase-cAMP 

pathway to drive water and electrolyte secretion (Lundgren, 2002; Farthing, 2000). However 

effects of CT are more complex than this. Recent work has focused on the effects of CT 

exposure on the properties of the enteric neurons in the secretomotor and motility reflex 

pathways (Kordasti et al., 2006; Gwynne et al., 2009; Fung et al., 2010). We have previously 

shown that luminal incubation of CT in isolated guinea pig jejunum induces a sustained 

increase in excitability of submucosal secretomotor neurons, the final neurons of the 

secretomotor pathways (Gwynne et al., 2009). Thus, one action of CT is to enhance the 

response of secretomotor neurons to activity in secretomotor pathways, but the question 

remains as to whether the properties of other elements of these pathways are also altered. 

Intrinsic sensory neurons (ISNs) are central to the enteric circuitry and are the initial neurons 

in the secretomotor pathways. They are also referred to as intrinsic primary afferent neurons 

(IPANS) (Kirchgessner and Gershon, 1988a) or as AH-type neurons from their distinctive 

electrophysiological feature of a prolonged after-hyperpolarising potential (AHP) following 

an action potential. Here, we refer to them as AH neurons. The prolonged AHP is critical in 

determining the excitability of AH neurons, since it has the capacity to limit firing rate and 

slow excitatory transmission (Bertrand and Thomas, 2004). Other currents exhibited by AH 

neurons are also important for the regulation of cell excitability (Galligan et al., 1990; 

Rugiero et al., 2002a; Nguyen et al., 2005; Chambers et al., 2014). There are also 

mechanosensitive myenteric neurons in guinea pig small intestine that lack the characteristics 

of AH neurons (for review see Schemann and Mazzuoli (2010)); in guinea pig colon, similar 

neurons appear to be S-type interneurons (Spencer and Smith, 2004), Whether they have 

sensory functions in small intestinal reflex pathways remains to be established. 



69 

  

AH neurons are present in the SMP and MP (Furness, 2000). In the MP, AH neurons project 

circumferentially and synapse with other AH neurons, as well as virtually all other types of 

neurons (Pompolo and Furness, 1998; Bornstein et al., 1991b; Kunze et al., 1993) and this 

may also be the case in the SMP (Song et al., 1992; Evans et al., 1994; Pan and Gershon, 

2000; Reed and Vanner, 2001). Thus, AH neurons form interconnected networks (Thomas et 

al., 2000; Bornstein et al., 2012). Given this ability to form networks, AH neurons are not 

always strictly ‘afferent’, as they can act as interneurons under some conditions (Wood, 

1994; Bertrand et al., 1997; Kunze and Furness, 1999; Thomas and Bornstein, 2003; 

Chambers et al., 2005). 

In this study we used intracellular recording to analyse the effects of pre-treatment with CT in 

the lumen on the firing of AH submucosal AH neurons and myenteric AH and S (the other 

major electrophysiological class of neuron in the myenteric plexus) in the guinea pig 

jejunum. We found that prior acute exposure to CT enhanced the firing of myenteric AH 

neurons, but not that of myenteric S neurons or submucosal AH neurons. This effect was 

neurally mediated and depended on activation of NK3 tachykinin receptors, but not 5-HT3 

receptors.  

 

2. METHODS 

2.1 Tissue preparation and electrophysiology 

Experiments were performed using guinea pigs (weighing 170-350 g) of either sex. The 

animals were killed as outlined in Chapter 2, section 1.1. The abdominal cavity was cut open 

and 5-10 cm segments of jejunum were removed immediately distal to the duodenal-jejunal 

junction. The tissue was flushed clean and placed in physiological saline. The lumens of 

jejunal segments were incubated, as outlined in Chapter 2, section 1.1, with physiological 

saline (control), CT (12.5 μg/mL) in saline, or CT with an antagonist.  

Following the incubation, mucosa-LMMP, mucosa-SMP and LMMP preparations were 

dissected and recordings were taken from neurons in ganglia in the ‘first row’ close to the 

mucosal wall in both mucosa-LMMP and mucosa-SMP preparations. Recordings were also 

taken up to 1 cm away from the edge of the mucosa in mucosa-LMMP preparations and from 

any ganglion in LMMP preparations lacking all mucosa. Dissections and the 
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electrophysiological protocol are both described in full detail in Chapter 2. The measurement 

of the Ih-induced rectification and the amplitudes of after-depolarizing 

potentials (ADP) are shown in  Figure 3.1. 

2.2 Immunohistochemistry for biocytin-filled neurons 

Some impaled neurons were filled with 2% biocytin (Sigma Aldrich, Castle Hill NSW, 

Australia) during intracellular recordings and were processed after experimentation to reveal 

their morphology (Chapter 2 section 1.3). In order to identify neurons as either a subclass of 

motor or interneuron, after each experiment, when possible, immunoreactivity for nNOS was 

examined. A primary antibody against nNOS (sheep anti-nNOS, Emson) was applied and 

incubated for 2-3 nights. Excess primary antibody was washed with PBS. A secondary 

antibody to visualise nNOS expression (Donkey anti-sheep 488, Molecular Probes) was 

added together with streptavidin anti-biotin alexa 594 (Molecular Probes) to allow 

identification of impaled neurons and incubated for 3 hours in dark humid containers. 

Secondary antibodiess were removed by washing in PBS and the preparations were mounted 

on glass slides in DAKO mounting medium (Carpinteria, CA, USA). Preparations were 

visualized using 40x and 63x oil objectives on a BIO-Rad MRC 1024 confocal microscope 

mounted on a Zeiss fluorescence microscope (Gladesville, NSW, Australia) and images of 

impaled neurons were taken as a z series using separate filters for green and red at a 

resolution of 512 x 512 pixels. Images were later merged (Image J ® software) to identify 

impaled neurons as nNOS positive (+) or negative (-). 

2.3 Drugs and toxins  

Drugs were diluted in distilled water to make stock solutions and then again in saline to the 

working concentration on the day of experimentation. Drugs used were hyoscine (1 μM), 

nicardipine (1.25 μM) (both from Sigma Aldrich), CT (12.5 µg/ml, List Biologicals, 

Campbell, CA), tetrodotoxin (TTX, 1 μM, Alomone Labs, Jerusalem, Israel), granisetron (1 

μM) (Smith Kline Beecham, Harlow Essex, UK), neurokinin 1 (NK1) antagonist SR140333 

(100 nM) and NK3 antagonist SR142801 (100 nM) (both kind gifts from Dr Emonds-Alt, 

Sanofi Recherche, Montpellier, France). 
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2.4 Analysis and statistics  

The electrophysiological data were analysed using AxoScope computer software (version 

10.2.0.14, Axon Instruments U.S.A.) as described in Chapter 2, section 1.4. 

In the text below, quantitative comparisons are provided for numbers of APs and duration of 

firing for 300 pA depolarizing pulses. In addition, the number of APs fired and the firing 

duration have been plotted against the entire current pulse amplitude range to produce 

stimulus-response curves for each condition. Here statistical comparisons include analysis of 

the firing over the whole range of current pulses using two way ANOVA, where statistical 

values are given for the entire curve. Tukey’s post-hoc tests were used to identify differences 

for individual current pulse amplitudes. Any such differences are specified in the results. 

Where no specification exists, differences in firing are to be taken as occurring over the entire 

curve, rather than at individual data points. Statistical analyses were made using 2-sample t 

tests for independent groups or two way ANOVA for the stimulus-response curves, with P < 

0.05 considered statistically significant.  
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Figure 3. 1 Measurements of Ih-induced rectification and ADP amplitude. 

The magnitude of the Ih-induced rectification, was measured as the difference between the 

maximum hyperpolarisation and the hyperpolarisation at the end of each current step (A).  

The gradient of this voltage current relationship was measured in the same way as the input 

resistance of the cell (see Methods) and represents the change in input resistance due to the 

conductance change underlying the Ih current. The amplitude of an after-depolarising 

potential (ADP) was measured from the base of the ADP to its peak amplitude (B). 
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3. RESULTS 

 

In this study, CT incubation produced enhanced secretion in all preparations as previously 

described (Gwynne et al., 2009). Increased fluid accumulation was observed in jejuna that 

were injected with CT compared to saline controls after 90 mins. 

A total of 60 submucosal AH neurons and 111 myenteric AH neurons was examined 

electrophysiologically. All neurons displayed phasic firing properties (firing rapidly at the 

onset of the depolarisation, then accommodating to the stimulus), regardless of treatment. 

The morphologies of 12 myenteric and 46 submucosal AH neurons were examined after 

electrophysiological experiments and processed to confirm and correlate their morphology 

with their electrophysiological properties. As expected all AH neurons had large cell bodies 

and displayed multiple axonal processes, S neurons typically had smaller cell bodies, short 

dendrites and a single axon (Bornstein et al., 1984; Bornstein et al., 1991a; Bornstein et al., 

1994) (Figures 3.2 D, 3.3 D and 3.6 D).  

3.1 CT increases excitability of myenteric AH neurons and the effect is neurally mediated 

We have previously shown that most submucosal S neurons exhibit an increase in excitability 

following CT treatment, but only when recorded close to intact mucosa (Gwynne et al., 

2009). Thus, the firing properties of control and CT (12.5 μg/mL)-treated AH neurons in the 

first row of ganglia, close to the mucosa in mucosa-LMMP preparations were examined. 

Myenteric AH neurons in CT-treated preparations (n = 29) were significantly more excitable 

than control neurons (n = 24). CT-treated neurons fired more action potentials (P < 0.001, at 

200-350 pA, Tukey’s post-hoc analysis) and for a longer duration (P < 0.001, at 50-350 pA, 

Tukey’s post-hoc analysis) than controls (firing at 300 pA control 2.9 ± 0.3 APs over 69 ± 6 

ms, CT 4.8 ± 0.5 APs over 120 ± 9 ms (Figure 3.2)), with firing more likely to occur at 50 

pA following CT incubation (Control: 0.42 ± 0.2 APs; CT 1.2 ± 0.2 APs, P = < 0.05, 2-

sample t test) implying a lowered threshold for firing following CT pre-treatment.  No change 

in the ISI was observed between the two groups (Control: 23.9 ± 1.3 ms; CT: 23.8 ± 1.5 ms, 

at 300 pA) indicating that their maximum firing frequency was unchanged at about 40 Hz, 

despite being more excitable.  
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The CT-induced increase in excitability was neurally mediated. Neurons incubated with CT 

together with TTX (1µM) (n = 6) fired significantly fewer action potentials (P < 0.001) and 

had a shorter duration of firing (P < 0.001) than neurons incubated with CT alone (CT + 

TTX: 2.7 ± 1.1 APs at 300 pA, CT + TTX: 56 ± 20 ms at 300 pA (Figure 3.2)). Firing was 

returned to a control level following co-incubation of CT with TTX (P > 0.05 between 

control and CT and TTX-treated preparations) (Figure 3.2). 

 

 

 

Figure 3. 2 CT increases the excitability of myenteric AH neurons close to the mucosa. 

Example electrophysiological recordings of action potential firing evoked by current pulses 

of 50 pA (top panels) and at 300 pA (bottom panels) from a control (A) and CT (12.5 µg/ml) 

pre-treated (B) neuron. Graphical representations of the mean number (C) and total duration 

(C’) of APs fired at each depolarizing current amplitude (50 - 350 pA). Following CT 

treatment, AH neurons fired significantly more APs (^P < 0.001) and for longer (^ P < 0.001) 

compared to neurons in control preparations. Firing was reduced following co-incubation of 

CT with TTX (1 μM), shown in greyscale (^P < 0.001, firing and duration between CT and 

CT and TTX-treated preparations), returning to a control level (P > 0.05 control vs CT and 

TTX preparations). A confocal micrograph of a myenteric AH neuron injected with biocytin 

during recording (D) arrows denote axons. 
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3.2 Effect of CT on the membrane properties and synaptic potentials of myenteric AH 

neurons 

To further examine this CT-induced excitability increase, a number of membrane properties 

and synaptic potentials of AH neurons were analysed. The late AHP is critical in determining 

the excitability of AH neurons, since it has the capacity to limit both firing and slow 

excitatory transmission (Chambers et al., 2014). The amplitude of the AHP (P < 0.01, n = 17) 

and its duration (P < 0.05, n = 15) were significantly reduced following CT treatment 

(amplitude: control 6.5 ± 0.8 mV, CT 3.9 ± 0.5 mV; duration: control: 15.5 ± 2.6 s, CT 8.5 ± 

2.0 s) (shaded, Table 3.1). While the exact physiological function of the ADP has not been 

determined, our computational model predicts that an increase in ADP magnitude can 

increase the excitability of AH neurons in some ways (Chambers et al., 2014). Pursuant to 

this, we found a significant increase in ADP amplitude observed in CT-treated neurons 

compared to neurons in the control group (P <0.05, n = 17; control 8.5 ± 1.1 mV, CT 13 ± 1.3 

mV) (shaded, Table 3.1).  

CT pre-treatment did not alter the resting membrane potential, AP amplitude, AP duration 

(D50), input resistance or the Ih rectification in the myenteric AH neurons (Table 3.1). The 

amplitude and duration of sEPSPs that were evoked by trains of electrical stimuli were also 

unchanged by CT treatment. Similarly CT pre-treatment did not produce any changes in the 

incidence of spontaneous APs or anode break APs (Table 3.1). 
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Table 3. 1 Membrane properties and synaptic potentials of myenteric AH neurons close 

to mucosa following CT treatment. 

The membrane and synaptic properties of neurons in the control group and CT- treated cells 

are compared. 

   

Parameter  Control (n) CT-treated (n) 

RMP (mV)  -55.4 ± 1 (17)          -53.5 ±1.1 (24) 

Input Resistance (MΩ) 115.0 ± 6.8 (22) 120.9 ± 6.5 (22) 

Ih current  (MΩ) 25.9 ± 3.6 (11) 27.2 ± 4.9 (11) 

AP amplitude (mV) 63.6 ± 3.0 (14) 66.4 ± 2.5 (17) 

APD50 (ms) 1.4 ± 0.1 (14) 1.3 ± 0.1 (17) 

*AHP amplitude (mV) 6.45 ± 0.8 (14) 3.9 ± 0.5 (17) (P = 0.009) 

*AHP full duration (s)  15.5 ± 2.6 (13) 

8.46 ± 2.0 (15) (P = 

0.036) 

*ADP amplitude (mV) 8.5 ± 1.1 (14) 

13.0 ± 1.3 (17) (P = 

0.014) 

slow EPSP amplitude (mV) 8.5 ±  1.1 (6) 7.4 ± 1.9 (4) 

Spontaneous AP firing % 8 % (12) 8% (13) 

Incidence Anode Break APs % 42% (12) 46% (13)  

   

 

*P < 0.05, n = sample size, RMP = resting membrane potential, IR = input resistance, AP = 

action potential, (Ih) = hyperpolarisation-activated cation current, D₅₀ = half duration, AHP = 

after-hyperpolarising potential, ADP= after-depolarising potential, slow EPSP = slow 

excitatory post-synaptic potential. 2-sample t-test. 
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3.3 Firing of submucosal AH neurons is unaltered by CT 

The firing properties of control and CT (12.5 μg/mL)-treated submucosal AH neurons in the 

first row of ganglia, next to the mucosa, in mucosa-SMP preparations were examined.    

There was no significant difference between the stimulus-response curves for submucosal 

AH neurons in the CT-treated group (n = 33) and the equivalent curves recorded under 

control conditions (n =27). The number of APs fired and the duration of firing evoked by the 

300 pA current pulse stimulus were unchanged (Control 4.4 ± 0.7 APs; CT 5.1 ± 1.0 APs, 

Control: 156 ± 25 ms; CT 159 ± 30 ms, P > 0.05 (Figure 3.3)). Furthermore, CT treatment 

did not affect input resistance, resting membrane potential and the amplitudes and durations 

of electrically evoked slow excitatory synaptic potentials (sEPSPs) of the recorded neurons 

(data not shown). 
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Figure 3. 3 CT did not affect the excitability of submucosal AH neurons close to the 

mucosa. 

Example electrophysiological recordings of action potential firing at current pulses of 100 pA 

(top panels) and at 350 pA (bottom panels) from a control (A) and a CT (12.5 µg/ml) pre-

treated (B) neuron. Graphical representations of the mean number (C) and total duration (C’) 

of APs fired at each depolarizing current amplitude (50 - 350 pA). The number of APs fired 

and their duration were not affected by CT pre-treatment. A confocal micrograph of an AH 

neuron in the SMP injected with biocytin during electrophysiological recording (D) arrows 

denote axons. 
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3.4 Excitability of myenteric AH neurons is affected by proximity to intact mucosa  

We tested whether the presence of, or proximity to, the mucosa affects the excitability of AH 

neurons in control and CT conditions, as we have reported previously for submucosal 

secretomotor neurons (Gwynne et al., 2009). 

In contrast to submucosal secretomotor neurons (Gwynne et al., 2009), the presence of 

mucosa had an inhibitory effect on the excitability of myenteric AH neurons. In control 

conditions, AH neurons from stripped LMMP preparations (n =13) fired more action 

potentials (P < 0.05) and for a longer duration throughout the pulses (P < 0.001) than AH 

neurons recorded in the first row of ganglia adjacent to the mucosa in mucosa-LMMP 

preparations (n = 24, Control 1st row 2.9 ± 0.3 APs; Control stripped 3.3 ± 0.4 APs, at 300 

pA; Control 1st row 69 ± 6 ms, Control stripped: 91 ± 15 ms at 300 pA) (Figure 3.4).  In 

contrast, the ISI was greater in stripped preparations than adjacent to the mucosa (adjacent to 

mucosa 24 ± 1 ms, stripped: 30 ± 3 ms, at 300 pA, P < 0.05) indicating that the maximum 

instantaneous firing frequency was higher when the mucosa was present (42 Hz versus 33 Hz 

respectively).  

Similarly, in CT-treated preparations, myenteric AH neurons from fully stripped LMMP 

preparations (n = 5), exhibited more action potentials (P < 0.05) than those close to intact 

mucosa (n = 29, CT 1st row: 4.8 ± 0.5 APs; CT stripped: 5.9 ± 0.7 APs at 300 pA). However, 

there was no significant change in the duration of firing (CT 1st row: 120 ± 9 ms; CT 

stripped: 124 ± 21 ms at 300 pA, P > 0.9) (Figure 3.4) or in the ISI (CT 1st row: 24 ± 2 ms; 

CT stripped: 19 ± 3 ms, at 300 pA, P > 0.05). 

Proximity to the mucosa also affected the excitability of myenteric AH neurons. CT-treated 

myenteric AH neurons impaled further from the mucosa (n = 6) fired more APs (P < 0.001) 

and for longer (P < 0.05) than CT-treated neurons in the first row of ganglia (at 300 pA CT 

1st row: 4.8 ± 0.5 APs; CT away: 6.5 ± 1.4 APs, CT 1st row: 120 ± 9 ms, CT away: 144 ± 31 

ms). No difference in the ISI was observed between the two groups (CT 1st row: 24 ± 2 ms; 

CT away: 20 ± 1 ms, P > 0.1). Furthermore, CT-treated AH neurons from stripped 

preparations displayed firing (number of action potentials and duration of firing both P > 

0.05) comparable to those from CT-treated preparations located away from the mucosa. Thus 

all subsequent recordings were taken from preparations stripped of mucosa to further 

examine the components involved in sustained neuronal excitability. 
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Figure 3. 4 Presence of the mucosa reduces action potential firing in myenteric AH 

neurons. 

Graphical representations of the number of APs fired and the duration of firing during 

prolonged depolarisations in myenteric AH neurons from the two control (preparations with 

and without mucosa) (A-A’) and two CT (12.5 µg/ml)-treated (preparations with and without 

mucosa) (B-B’) groups. In control conditions, neurons recorded from preparations without 

mucosa showed significantly higher number of APs fired (A) (*P < 0.05) and longer duration 

of firing (A’) (^ P < 0.001), compared to neurons located close to the mucosa. Following CT 

treatment, neurons from preparations devoid of mucosa displayed significantly higher 

number of APs fired (B) (*P < 0.05) compared to neurons located close to the mucosa. The 

duration of firing (B’) however, remained unaltered. 
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3.5 CT’s effect on myenteric AH neurons is mediated by NK3, but not NK1 or 5-HT3 

receptors 

Since slow EPSPs in AH neurons are primarily mediated by tachykinins acting via NK1 and 

NK3 tachykinin receptors (Bertrand and Galligan, 1995; Alex et al., 2001; Johnson and 

Bornstein, 2004) and slow EPSPs suppress AHPs (Grafe et al., 1980) and therefore modify 

excitability of AH neurons, the effects of NK1 and NK3 antagonists on the CT-induced 

changes in firing properties of myenteric AH neurons were examined. The CT-induced 

increased firing in AH neurons was prevented by co-incubation with the NK3 receptor 

antagonist (SR142801, 100 nM). Following luminal co-incubation of CT with SR142801, 

myenteric AH neurons (n = 6) displayed a significant reduction in the number ( P < 0.001) 

and duration of action potentials fired (P < 0.001) when compared with pre-incubation with 

CT alone (CT: 5.9 ± 0.7 APs; CT + NK3 antagonist: 3.2 ± 0.7 APs, CT: 124 ± 21 ms, CT + 

NK3 antagonist: 70 ± 16 ms, at 300 pA (Figure 3.5)). Addition of the NK1 antagonist 

(SR140333, 100 nM), however, had no effect on the number of APs fired when compared 

with pre-incubation with CT alone (CT + NK1 antagonist: 6.5 ± 1.8 APs, at 300 pA, n = 6, P 

> 0.1). However, duration of action potential firing was increased (P < 0.01, at 300 pA, CT + 

NK1 antagonist: 172 ± 44 ms) (Figure 3.5).   

An established mechanism by which CT induces a massive secretion in the small intestine 

includes 5-HT release by enterochromaffin (EC) cells (Farthing, 2000) and 5-HT is known to 

excite AH neurons via 5-HT3 receptors on their mucosal terminals (Bertrand et al., 2000). 

Luminal co-incubation of CT with the 5-HT3 receptor antagonist granisetron (1 μM, n = 6), 

however, did not alter the number and duration of APs fired during the protocol, when 

compared with pre-incubation with CT alone (at 300 pA, CT + granisetron: 5.7 ± 0.9 APs, 

CT + granisetron: 119 ± 17 ms, P > 0.5 (Figure 3.5)).  
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Figure 3. 5 Co-incubation of CT with a NK3 but not NK1 or 5-HT3 receptor antagonist 

prevents CT-induced hyperexcitability in myenteric AH neurons. 

Electrophysiological recordings are displayed showing a control neuron (A) and a CT 

(12.5µg/ml) + NK3 (100 nM) antagonist-treated neuron (B) at 50 pA (A, B) and 300 pA (A’, 

B’) current pulses. These neurons exhibit comparable action potential firing. Pre-treatment 

with the CT + NK3 antagonist significantly reduced the number of APs fired (C) (^P < 

0.001) during depolarisations and their firing duration (C’) (^ P < 0.001), over a range of 

current pulse amplitudes (effect shown graphically in greyscale). This effect was not 

observed following the CT + NK1 antagonist (100 nM) or CT + 5-HT3 antagonist (1 μM) co-

incubation (D, D’). Instead, duration of action potential firing was increased with the addition 

of the NK1 receptor antagonist (# P < 0.01) (D’).  
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3.6 Myenteric S neurons show no change in firing following CT incubation 

Since myenteric AH neurons were hyperexcitable after CT incubation and are known to have 

synapses on almost all other types of myenteric neuron including interneurons and motor 

neurons which display S-type electrophysiology (Furness et al., 2004a), we examined the 

excitability of 12 myenteric S neurons from control preparations and 24 S neurons from CT-

treated preparations. No significant effects of CT incubation on excitability, resting 

membrane potential, input resistance, AP properties or spontaneous AP firing were identified 

(Figure 3.6, Table 3.2). A diverse range of S neurons exists that can be characterised by their 

morphology, axonal projections and immunoreactivity for nNOS. While we found no 

difference in excitability between control and CT-treated S neurons in the MP as a whole, it 

is likely that we have only sampled a small portion of the different subclasses of S neurons 

that exist and we cannot rule out effects in theses sub-populations.  We also cannot exclude 

that these sites in the network respond to CT exposure with immediate effects during 

incubation. The morphology and axonal projections were examined in 11 control S neurons; 

2 neurons projected orally, 1 projected circumferentially 8 had axons projecting anally. 

Immunoreactivity for nNOS was detected in 4 of these neurons (all projected anally and 2 

were identified as inhibitory motor neurons with another being a descending interneuron and 

the 4th being unclassifiable). Axonal projections were examined in 21 (of 24) CT neurons; 4 

projected orally, 4 projected circumferentially and 13 anally. Nineteen were classified further 

as interneurons (N = 10) or motor neurons (N = 9) and 5 (of 14) were NOS immunoreactive.  
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Figure 3. 6 Effects of CT on the action potential firing properties of myenteric S 

neurons close to the mucosa. 

Example electrophysiological recordings of action potential firing at current pulses of 100 pA 

(top panels) and at 300 pA (bottom panels) from a control (A) and CT (12.5 µg/ml) pre-

treated (B) neuron. Following CT treatment, firing number (C) of myenteric S neurons and 

firing duration (C’) was unchanged compared to neurons in control preparations. A confocal 

micrograph of a myenteric S neuron injected with biocytin during recording (D) arrow 

denotes axon. 
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Table 3. 2 Membrane properties and synaptic potentials of myenteric S neurons in 

control and CT-treated preparations. 

   
 Parameter Control (n) CT-treated (n) 

RMP (mV)  -36.7 ± 4.6 (9) -37.4 ± 1.5 (17) 

Input Resistance (MΩ) 165.9 ± 17.8 (8) 158.5 ± 7.0 (15) 

AP amplitude (mV) 52.2 ± 2.1 (11) 55.2 ± 1.9 (20) 

APD50 (ms) 0.80 ± 0.03 (11) 0.78 ± 0.04 (20) 

Fast EPSP Amp (mV) 31.0 ± 2.4 (11) 26.8 ± 1.5 (19) 

   

N = sample size, RMP = resting membrane potential, AP = action potential, ADP = after-

depolarising potential, D₅₀ = half duration, Fast EPSP = fast excitatory post-synaptic 

potential. 2-sample t-test. 
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4. DISCUSSION  

 

The ENS has been implicated in CT-induced hypersecretion for over 30 years (Cassuto et al., 

1981a; Farthing, 2000; Lundgren, 2002; Burleigh and Banks, 2007), but the specific neurons 

affected and their roles in the enteric neural circuit have not been fully characterised. We 

have reported that incubation of the guinea pig jejunum with CT in the lumen in vitro induces 

a sustained increase in the excitability of submucosal secretomotor neurons (Gwynne et al., 

2009). We have now examined the effects of CT on excitability of other functionally distinct 

subclasses of neurons and identified important changes in the firing properties of myenteric 

AH neurons. CT pre-treatment increased excitability of myenteric AH neurons, but not 

submucosal AH neurons or myenteric S neurons. This effect was dependent on neural activity 

and required activation of NK3 tachykinin receptors during the incubation period. Blocking 

NK1 or 5-HT3 receptors during the incubation did not alter the effect of CT. This suggests 

that CT produces hypersecretion via prolonged increases in the responsiveness of both the 

afferent and efferent limbs of secretomotor circuits (Figure 3.7). 

4.1 CT increases the excitability of myenteric AH neurons, but not submucosal AH 

neurons or myenteric S neurons 

Prior incubation of CT in the lumen of isolated segments of guinea pig jejunum caused 

myenteric AH neurons to respond to smaller depolarizations and for longer, but the maximum 

firing frequencies remained constant. The increased excitability of myenteric AH neurons 

was not accompanied by increased spontaneous firing of these neurons or changes in slow 

EPSPs. Thus, the increased excitability is due to a change in the intrinsic properties of these 

AH neurons rather than a change in their inputs. 

Submucosal AH neurons were unaffected by prior luminal incubation with CT. The large 

sample of recordings of submucosal neurons were made in ganglia adjacent to intact mucosa, 

where increased excitability of secretomotor neurons results from identical CT incubations 

(Gwynne et al., 2009). However, excitability of myenteric AH neurons was increased both in 

ganglia adjacent to intact mucosa and in fully stripped preparations. Thus, it is unlikely that 

the failure to detect a change in excitability was due to either the study being underpowered 

or the experimental conditions.   
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Myenteric AH neurons respond to mechanical deformation of the muscle (Kunze et al., 

2000), muscle contractile activity (Kunze et al., 1999) and chemical stimuli applied to the 

mucosa (Kunze et al., 1995; Bertrand et al., 1997; Gwynne and Bornstein, 2007a), but not to 

mucosal deformation (Bertrand et al., 1997). In contrast, the very limited published work on 

sensory transduction by submucosal AH neurons indicates that they respond to mucosal 

deformation (Kirchgessner et al., 1992). Thus, our data suggest that CT preferentially 

enhances responses of enteric pathways to some sensory modalities, but not others.  

Luminal CT excites propulsive intestinal motility (Fung et al., 2010) and triggers 

hypersecretion in the guinea pig small intestine (Carey and Cooke, 1986; Gwynne et al., 

2009). The motility effects were observed when CT was present in the lumen (Fung et al., 

2010), over an equivalent incubation period to the present study. Contractile responses of rat 

jejunum in vivo are enhanced after 120 min of CT incubation and persist for several hours 

after washout of the toxin. (Kordasti et al., 2006). Thus, the excitability of myenteric 

interneurons and motor neurons might be affected by incubation with CT. These neurons are 

typically classed electrophysiologically as S neurons. The number of functional subtypes of S 

neurons, however, is large and some sub-populations form as little as 1% of the total, 

although their outputs diverge to contact many myenteric and submucosal neurons (Pompolo 

and Furness, 1995; Bornstein et al., 2004; Moore and Vanner, 2000). Such neurons did not 

contribute significantly to our sample, as recordings from at least 1,000 neurons in each 

condition would be required. Thus, we cannot rule out significant effects on some myenteric 

S neurons, but our data indicate that most interneurons in pathways regulating secretion or 

motility and the output neurons of motility pathways are unaffected by CT.  

4.2 CT increases the excitability of myenteric AH neurons via a mechanism requiring 

neural activity 

To test whether the increased excitability of myenteric AH neurons seen after CT incubation 

depended on neural activity during the incubation period, we blocked voltage-dependent 

sodium channels with TTX while CT was in the lumen. This prevented the CT-induced 

increased excitability of the AH neurons, as seen with submucosal secretomotor neurons 

(Gwynne et al., 2009). We have shown that CT does not penetrate the mucosa during this 

type of incubation, with staining for the CT-B subunit confined to the mucosa and not in the 

underlying SMP, MP or muscle (Gwynne et al., 2009). Thus, CT does not interact directly 
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with enteric neurons, strongly implicating indirect activation of enteric neural pathways by 

luminal CT as the mechanism responsible for the enhanced excitability. It is unlikely that the 

failure of CT to enhance excitability is due to persistence of TTX beyond the incubation, 

because impalements were often 5-6 hours after the toxins had been washed out and TTX is 

reversible in guinea pig myenteric plexus (Hirst et al., 1974).  

It is also possible that activation of extrinsic primary afferent neurons with axon collaterals in 

the myenteric plexus contributes to induction of hyperexcitability in myenteric AH neurons. 

That such collateral innervation of myenteric plexus exists in guinea pig small intestine is 

indicated by the findings of Takaki and Nakayama (1990), who showed that stimulation of 

mesenteric nerves as they enter the ENS evokes sEPSPs in myenteric AH neurons. However, 

extrinsic primary afferents probably do not have a major role, because long-term extrinsic 

denervation of the rat small intestine does not prevent CT-induced hypersecretion in vivo  

(Sjöqvist, 1991; Turvill et al., 2000a). Further, submucosal ganglia in guinea pig small 

intestine receive inputs from SP-containing extrinsic nerve fibres (Costa et al., 1981), but 

submucosal AH neurons are unaffected by CT.  

4.3 CT probably acts to reduce IK channel activity in AH myenteric neurons 

Myenteric AH neurons express a wide variety of different ion channels that contribute to their 

excitability (Chambers et al., 2014). For example, inflammation-induced increased 

excitability of these neurons is associated with an increase in an hyperpolarization-activated 

cyclic nucleotide dependent cation conductance (Ih), (Linden et al., 2003) whose activation 

reduces the amplitude and duration of the slow AHP in these neurons (Chambers et al., 

2014). In contrast, CT does not cause inflammation or alter Ih, but does reduce both the 

amplitude and duration of the AHP in myenteric AH neurons (Table 3.1). AHPs in these 

neurons result from the opening of an intermediate conductance calcium-dependent 

potassium channel (IK) as a consequence of Ca2+ entry during the action potential (Hirst et 

al., 1974; Hirst et al., 1985b; Vogalis et al., 2002a; Neylon et al., 2004). Realistic 

computational modelling shows that reducing IK conductance following an action potential 

increases numbers of action potentials fired and durations of firing evoked by depolarizing 

current pulses (Chambers et al., 2014). In the model, this occurs with little change in resting 

membrane potential, input resistance or the maximum frequency of firing, findings similar to 

our observations of the effects of CT pre-treatment. The ADP triggered by individual action 
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potentials in AH neurons is enhanced by CT. However, our computational simulations 

indicate that changes in the ADP do not produce changes in action potential firing that match 

those seen with CT pre-treatment (Chambers et al., 2014) thus the function of this particular 

membrane event remains unclear. 

The reduction in the AHP produced by CT may be due to an increased drive in a protein 

kinase pathway(s). IK channel phosphorylation by either protein kinase A (PKA) or protein 

kinase C (PKC) is a major source of potassium channel regulation in AH neurons (Del Carlo 

et al., 2003; Vogalis et al., 2003). The open probabilities of these channels are reduced by 

phosphorylation by PKA, which suppresses the AHP (Vogalis et al., 2003). As the CT effect 

depends on activation of NK3 tachykinin receptors (see below), which are coupled to 

phospholipase C, the PKC pathway may contribute to suppression of the AHP following CT 

treatment. PKD, a downstream target of PKC, is of particular interest. In guinea pig ileum, 

stimulating the NK3 receptor responsible for slow EPSPs in AH neurons, translocates PKD 

from the cytosol to the plasma membrane where it is subsequently phosphorylated (Poole et 

al., 2008). PKD activation may account for the membrane changes underlying CT-induced 

changes in AH neuron excitability.  

4.4 Role of mucosal mediators in CT-induced effects on enteric neurons 

The current model of the mechanism underlying CT-induced hypersecretion can be 

summarised as CTB-subunits binding to GM-1 gangliosides in the apical membrane of 

enterochromaffin cells (Farthing, 2000; Burleigh and Banks, 2007). This is believed to result 

in depolarization, increased Ca2+ entry via voltage-dependent Ca2+ channels and release of 

serotonin from the basolateral surface. The serotonin is thought to activate 5-HT3 receptors 

on mucosal terminals of myenteric AH neurons (Bertrand et al., 2000), thereby activating 

secretomotor pathways.  

We found that only secretomotor neurons close to intact mucosa exhibit increased excitability 

in CT pre-treated preparations (Gwynne et al., 2009). However, the enhanced excitability of 

myenteric AH neurons was seen in in preparations lacking any mucosa and thus could not be 

due to ongoing activity of CT in the mucosa.  These findings highlight the conclusion that the 

prolonged effects of CT are not simply due to an irreversible action on mucosal epithelial 

cells, whether enterocytes or enterochromaffin cells, as has been widely postulated. Further, 



90 

  

mucosal mediators may have different effects on the afferent and efferent limbs of the 

neurogenic pathway, or perhaps the reflex limbs are affected by different mucosal mediators. 

Our data show that increased excitability of myenteric AH neurons does not depend on 

activation of 5-HT3 receptors during CT exposure as shown by insensitivity to granisetron 

during CT incubation.  Several other lines of evidence indicate that, although CT-induced 

hypersecretion depends on 5-HT3 receptor activation, other mediator/receptor combinations 

are also activated by CT. For example, luminal CT increases propulsive motor patterns in 

guinea pig jejunum within minutes of exposure, an effect enhanced by blocking 5-HT3 

receptors (Fung et al., 2010). In this case, luminal CT increases activity of 5-HT3 receptors, 

but the pathway excited inhibits propulsive motor activity. Other mediators released from the 

mucosa may also have a role in CT-induced effects as EC cells contain several other 

mediators (e.g. cholecystokinin, secretin, ATP) (Cooke et al., 2003; Engelstoft et al., 2013; 

Gribble and Reimann, 2016) and presumably the same release processes act on these along 

with serotonin. Further, it seems reasonable to assume mechanisms operating in enterocytes 

and EC cells also operate in enteroendocrine cells (Barber et al., 1986; Eklund et al., 1989; 

Lundgren, 1998; Gribble and Reimann, 2016; Fothergill et al., 2017). Future studies aimed at 

identifying mediators responsible for activation of this pathway will be important for 

understanding how CT affects the enteric neural circuitry. Further, release of different 

mediator types from the mucosa may also explain why myenteric AH neurons close to 

mucosa fired less than those further away/in the absence of mucosa, if different pathways can 

be activated by different mediators, with there being a possibility of mediator release 

differentially activating neurons close to the mucosa.  

4.5 Role of tachykinin receptors 

Myenteric AH neurons express both NK1 and NK3 tachykinin receptors. However, the effect 

of CT incubation on myenteric AH neurons depends on NK3, but not NK1, tachykinin 

receptors (Figure 3.5). This is consistent with earlier studies suggesting that these receptors 

mediate distinct membrane events (Johnson & Bornstein 2003). NK3 receptors activate the 

Nav1.9 sodium channel via a PKC pathway (Copel et al., 2009). Computational simulations 

indicate that increasing Nav1.9 conductance increases both the number of action potentials 

and the duration of firing of AH neurons, but this is associated with an increased amplitude of 

the resulting AHP (Chambers et al., 2014). Whether activation of NK1 receptors modulates 
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Nav1.9 in these neurons is unknown. Thus, whether the CT-induced increased excitability 

relates to the Nav1.9 activation by NK3 receptors requires further investigation. 

Unlike myenteric AH neurons, submucosal AH neurons do not express NK3 receptors 

(Jenkinson et al., 1999), although they do express NK1 receptors (Portbury et al., 1996; 

Lomax et al., 1998; Harrington et al., 2005). It is tempting to suggest that the absence of NK3 

receptors directly acting on the submucosal AH neurons accounts for the failure of CT 

incubation to enhance their excitability. However, VIP secretomotor neurons also rarely 

express NK3 receptors (Jenkinson et al., 1999), while the cholinergic NPY-containing and 

calretinin-containing secretomotor neurons do, and both VIP and NPY, but not calretinin, 

submucosal neurons are made hyperexcitable by CT incubation via an NK3 and NK1 

receptor-dependent process. The nature of the second messenger systems activated by these 

two different tachykinin receptors in distinct classes of enteric neurons has not been 

identified. While both subtypes are usually thought to activate phospholipase C, NK1 

receptors are known to activate two alternative pathways in other systems (Quartara and 

Maggi, 1997). These issues require further investigation. Further to this, the exact role of 

NK3 receptors in intestinal hypersecretion remains unclear. NK3 receptor antagonism was 

demonstrated to reduce excitability of submucosal secretomotor neurons by Gwynne et al., 

(2009) in an in vitro CT incubation model that was shown to produce luminal hypersecretion, 

and so it is possible that NK3 block could reduce the hypersecretion. However this was not 

tested the study of Gwynne et al., (2009). Indeed NK3 receptors have been implicated in the 

secretory response to distension of rat small intestine (Larsson et al., 2008). However 

selective agonists of NK3 have had minimal effects on electrogenic ion transport across the 

guinea pig small intestine (Reddix and Cooke, 1992). 

4.6 New proposed circuit  

The data presented here suggest a new model for CT-induced neurogenic hypersecretion. 

This is illustrated in Figure 3.7, which shows the secretomotor circuit (simplified) and how 

luminal exposure of CT may produce hyperactivity at several sites. These include the 

intestinal epithelium itself, a major class of intrinsic sensory neurons, myenteric AH neurons, 

and the output neurons of the secretomotor pathways with both cholinergic and non-

cholinergic (VIP) secretomotor neurons being affected. 
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We postulate that CT acts to release several mediators from EC (and EE) cells in the mucosa 

including serotonin which activate underlying neural pathways. Initial exposure to CT 

activates at least three neural pathways, one of which involves serotonin acting on 5-HT3 

receptors to inhibit motility, perhaps via the 5-HT3 dependent local inhibitory reflex pathway 

described by Gwynne and Bornstein (2007b). This immediate effect may be unrelated to the 

persistent hypersecretion or prolonged motility increases seen after CT exposure in vivo 

(Mathias et al., 1976). 

The second pathway, highlighted in this present study, probably involves a mediator other 

than serotonin, does not appear to involve 5-HT3 receptors, and produces prolonged 

activation of NK3 tachykinin receptors on myenteric AH neurons.  This may well be due 

simply to increased activity of these neurons during the incubation period, as they form 

recurrent excitatory networks with each other and communicate via NK3 receptor mediated 

slow EPSPs (Bertrand and Galligan, 1995; Alex et al., 2001; Thomas and Bornstein, 2003; 

Johnson and Bornstein, 2004). Modelling has shown that increasing the excitability of the 

AH neuron network by reducing IK channel activity increases the gain in the output of the 

circuit, thereby amplifying sensory input into enteric neural pathways (Thomas et al., 2000; 

Thomas and Bornstein, 2003) and potentially leading to irreversible increases in network 

firing (Chambers et al., 2005). These neurons also have excitatory outputs to, and receive 

similar inputs from, the submucosal intrinsic sensory neurons, (Galligan et al., 1988; 

Kirchgessner et al., 1992; Vanner and Macnaughton, 2004; Gwynne and Bornstein, 2007b) 

thereby adding a further level of amplification to the intrinsic sensory network. 

The final pathway involves activation of 5-HT3 receptors, presumably on the mucosal 

terminals of intrinsic sensory neurons, and leads to long lasting increases in excitability of the 

secretomotor neurons that innervate secretory enterocytes in the crypt regions. These 

increases in excitability involve both cholinergic and non-cholinergic secretomotor neurons 

and depend on proximity to the mucosa (Gwynne et al., 2009). The effect would be to 

amplify any activity in the secretomotor circuits arising from ongoing sensory stimulation or 

CT-stimulated release of mucosal mediators like serotonin. 

Thus, we postulate that CT induces hypersecretion in the small intestine by indirectly 

increasing the excitability of both the input and the output arm of the secretomotor reflex 

pathway. This in turn is amplified by increased excitability of secretomotor neurons leading 
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to increased secretion and potentially distension of the intestinal segment, thereby further 

exciting intrinsic sensory neurons. Thus, we suggest that CT produces hypersecretion via a 

form of neural plasticity operating at several levels within the enteric nervous system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 7 Schematic of secretomotor pathways of the guinea pig ENS activated by CT. 

CT = Cholera toxin, SMP = submucosal plexus, CM = circular muscle, MP = myenteric 

plexus, LM = longitudinal muscle, VIP = vasoactive intestinal peptide, NPY= neuropeptide 

Y, Ach = acetylcholine, ChAT = choline acetyltransferase, nAChR = nicotinic acetylcholine 

receptor, SP = substance P, Calb = calbindin, INT= interneuron, MOT = motor neuron, 



94 

  

NK1R = neurokinin 1 receptor, NK3R = neurokinin 3 receptor, 5HT = serotonin, 5HTR = 

serotonin receptor. 

This simplified schematic of the secretomotor circuit in the guinea pig small intestine 

integrates our current data with previous work and presents an updated model for CT-induced 

hypersecretion. It highlights several sites of sustained excitability following CT exposure. 

Firstly at the mucosal epithelium where CT produces a large release of 5-HT. In myenteric 

ISNs (in pink) and in secretomotor neurons in the SMP (in yellow). In this study, other 

myenteric and submucosal neuron subtypes did not show sustained changes in excitability; 

we cannot exclude however, acute effects occurring during CT incubation. Taken together the 

revised model proposes that CT acts at the mucosal epithelium to release a range of mediators 

from EC and EE cells. This CT exposure activates 5-HT-dependent and independent neural 

pathways: 1) a path where 5-HT acts on 5-HT3 receptors to inhibit motility 2) a 5-HT -

independent prolonged activation of myenteric ISNs (via NK3 receptors), possibly due to 

another mucosally-derived mediator 3) and a 5-HT dependent pathway, presumably via 5-

HT3 receptors on mucosal terminals of myenteric ISNs which leads to prolonged excitation of 

secretomotor neurons in the SMP. 

4.7 Conclusions and future directions 

In light of the present study and previously published data (Gwynne et al., 2009), we propose 

a schematic diagram of the enteric circuitry involved in hypersecretory and propulsive effects 

of acute exposure to CT in the guinea pig small intestine (Figure 3.7). Prior exposure to CT 

leads to sustained excitability of specific groups of neurons in both enteric plexuses with the 

afferent arm residing in the myenteric plexus and efferent arm in the submucosal plexus. 

However, we cannot exclude the possibility that some enteric neurons are only activated 

during the incubation phase. The mechanisms involved in the increased excitability of these 

neurons and the involvement of substances other than 5-HT from the mucosa needs to be 

further investigated. 
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CHAPTER 4: CLOSTRIDIUM DIFFICILE TOXIN A AND 

GABA SIGNALS CONVERGE TO MAKE MYENTERIC 

INTRINSIC SENSORY NEURONS HYPEREXCITABLE  
 

ABSTRACT 

 

C. difficile toxins, TcdA and TcdB, induce life threatening diarrhoea in susceptible patients. 

Antibiotic-associated shifts in stool metabolome profiles linked with increased GABA 

neurotransmitter production represent a significant new risk factor in such patients. GABA is 

found in enteric neurons and enteroendocrine cells, and is a major metabolic product of 

antibiotic-associated microbial dysbiosis. Because little is known about how luminal GABA 

signals may affect enteric nervous system responses to C. difficile toxins, I investigated this 

question by first examining the effects of GABA and TcdA in the intestinal lumen separately. 

In Chapter 3 I showed that myenteric AH neurons are made hyperexcitable by the enterotoxin 

CT, and so the firing properties of myenteric AH neurons were examined via 

electrophysiology flowing in vitro incubations of GABA and TcdA in guinea pig jejunum. 

TcdA and GABA both induced hyperexcitability in myenteric AH neurons. Co-incubation of 

GABA with bicuculline (GABAA antagonist) further enhanced the increased excitability 

produced by luminal GABA. In fact, bicuculline alone produced hyperexcitability in these 

neurons. Addition of either CGP54626 (GABAB antagonist) or TPMPA (GABAC antagonist) 

to the luminal incubation solution inhibited the GABA induced excitability. Thus, luminal 

TcdA, GABA and the GABAA antagonist bicuculline at the level of the mucosa make 

myenteric intrinsic sensory neurons hyperexcitable suggesting convergence of neural 

pathways activated by C. difficile toxins and bacterially-produced GABA. 

 

1. INTRODUCTION 

 

As set out in the introduction (Section 6), Clostridium difficile (C. diff) infection (CDI) is 

increasingly becoming a healthcare concern with TcdA being the major pathogenic agent in 

rodents. In light of the results of Chapter 3 (Koussoulas et al., 2017) which highlighted a key 

role of the myenteric plexus and sensory neurons in CT-induced hypersecretion, I examined 

the effects of luminal TcdA on the same population of myenteric intrinsic sensory neurons 
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affected by CT, to investigate any generality in the action of enterotoxins. Little is known 

about the participation of enteric neurons in TcdA-mediated hypersecretion, but an 

electrophysiological study of submucosal enteric neurons of the guinea-pig small intestine 

(Xia et al., 2000) demonstrated that TcdA excites secretomotor neurons when directly applied 

to the cell body. 

Further, data from both human and animal models suggest that specific bacterial metabolites, 

notably γ-aminobutyric acid (GABA) originating from the unique ecosystem of flora and 

fauna in the gut- the microbiome, may be associated with susceptibility to and recurrence of 

CDI (Barrett et al., 2012; Dann et al., 2015). An emphasis on the role of luminal GABA as a 

mechanism underlying disease recurrence is a newly emerging research focal point and was 

investigated in this study by examining the effects of luminal GABA on the same sensory 

system.  

Via intracellular recording, it was found that myenteric AH neurons are made hyperexcitable 

by both luminal TcdA and GABA and hence are a common point through which enterotoxins 

and GABA operate. The GABA-induced effects were inhibited by GABAB and GABAC 

receptor antagonists, but enhanced by a GABAA antagonist, indicating involvement of at least 

two distinct GABA- activated pathways. 

 

2. METHODS 

2.1 Tissue preparation and electrophysiology 

Experiments were performed using guinea pigs (weighing 170-350 g) of either sex. The 

animals were killed as outlined in Chapter 2, section 1.1. The abdominal cavity was cut open 

and 5-10 cm segments of jejunum were removed immediately distal to the duodenal-jejunal 

junction. The tissue was flushed clean and placed in physiological saline. The lumens of 

jejunal segments were incubated with as outlined in Chapter 2, section 1 with physiological 

saline (control), TcdA (12.5 μg/mL) in saline, GABA (100 µM) in saline or GABA with an 

antagonist. The concentration of 12.5 µg/mL for TcdA to be incubated was selected based on 

effective doses which result in demonstrable enterotoxicity in mouse and rabbit in vivo ileal 

loop assays (Kelly et al., 1994; Castagliuolo et al., 1994). Similarly concentrations of GABA 
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and GABA receptor antagonists used were based on previous publications (Tonini et al., 

1989a; Sanger et al., 2002; Zizzo et al., 2007). 

Following the incubation LMMP preparations were dissected and intracellular recording 

techniques were implemented. Dissections and the electrophysiological protocol are both 

described in full detail in Chapter 2 sections 1.1 and 1.2. 

2.2 Drugs and Toxins 

Drugs kept at -20 °C prior to use, were diluted in distilled water to make stock solutions and 

then again in saline to the working concentration on the day of experimentation. Drugs used 

were the muscarinic antagonist hyoscine hydrobromide (1 μmol/L) (Keast et al., 1985b) the 

calcium channel blocker nicardipine (1.25 μmol/L) (Hao et al., 2011) (both from Sigma 

Aldrich), TcdA (12.5 µg/ml, a kind gift from Dr Tor Savidge, Baylor Medical College, 

Houston and Prof Charalabos Pothoulakis, David Geffen School of Medicine UCLA, CA), 

GABA (100 µM) (Sigma Aldrich), the GABAA receptor antagonist bicuculline methiodide 

(10 µM) (Frigo et al., 1987), the GABAB antagonist CGP54626 HCl (1 µM) (Brugger et al., 

1993) and the GABAC antagonist (1,2,5,6-Tetrahydropyridin-4-yl) methylphosphinic acid 

(TPMPA) (100 µM) (Ragozzino et al., 1996) (all from Tocris Bioscience, Avonmouth Bristol 

UK). TcdA was purified to homogeneity on SDS/PAGE from broth culture supernatants of C. 

difficile strain 10,463 as described by (Pothoulakis et al., 1988).  2.2 Analysis and statistics  

The electrophysiological data were analysed using AxoScope computer software (version 

10.2.0.14, Axon Instruments U.S.A.). The injection of depolarising and hyperpolarising 

current pulses into the neurons was performed twice per cell, while the single and train 

stimulus regime was repeated 3 times to obtain averages for these parameters. Data are 

presented as mean ± SEM where n = number of neurons. 

In the text below, quantitative comparisons are provided for numbers of APs and duration of 

firing for 300 pA depolarizing pulses. Statistical comparisons included an analysis of the 

firing over the whole range of current pulses using two way ANOVA, where statistical values 

are given for the entire curve. The Tukey method of post-hoc analysis was used to identify 

differences for individual current pulse amplitudes and are specified in the results. Where no 

specification exists, differences in firing are to be taken as occurring over the entire curve, 
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rather than at individual data points. 2-sample t tests were used for independent groups with P 

< 0.05 considered statistically significant.  

 

3. RESULTS  

3.1 TcdA increases excitability of myenteric AH neurons 

Following a 90 min luminal incubation with TcdA (12.5 μg/mL), jejuna showed signs of 

mucosal damage such villus breakdown compared to saline controls. 

The firing properties of TcdA -treated AH neurons were examined in LMMP preparations by 

injection of depolarising current pulses (50 pA increments, over a 50-350 pA range). 

Myenteric AH-neurons from TcdA-treated preparations (n= 7) were substantially more 

excitable than control neurons (n = 10). There was a significant difference in the stimulus 

response curves; TcdA-treated neurons fired more action potentials (P <  0.001 at 250–350 

pA, Tukey’s post-hoc analysis) and for a longer duration (P < 0.001, at 300 pA, Tukey’s 

post-hoc analysis), than controls (firing at 300 pA control: 3.7 ± 0.7 APs; TcdA: 8.1 ±1.0 

APs, at 300 pA, control: 76 ± 12 ms; TcdA: 170 ± 17 ms, Figure 4.1 ) with firing more likely 

to occur at 50 pA following TcdA incubation (Control: 0.9 ± 0.4 APs; TcdA: 2.6 ± 0.7 APs, P 

< 0.05, 2-sample t-test). While the neurons were more excitable, their maximum firing 

frequency was unchanged indicated by no change in the interspike interval (ISI) between the 

two groups (Control: 22 ± 1 ms; TcdA: 18 ± 3 ms, at 300 pA, P > 0.05). 

TcdA-treated neurons were found to have a more depolarised resting membrane potential 

(RMP) compared to controls (Control: -55.5 ± 2.2 mV; TcdA: -47.1 ± 2.3 mV, P < 0.05, 

Table 4.1). TcdA pre- treatment did not alter input resistance (IR), Ih current, the incidence of 

anode break action potentials (APs) or spontaneous APs in myenteric AH neurons (Table 

4.1).  

It was rarely possible to record from one neuron long enough to obtain all of the parameters 

required for full electrophysiological classification; antidromic action potentials often could 

not be triggered without moving the stimulating electrode, which frequently dislodged the 

recording electrode. Thus a full characterisation of membrane properties and synaptic input 

was limited to a subset of neurons under each condition (Tables 4.2 and 4.3). 6 of the 10 

control neurons and 1 out of 7 TcdA-treated neurons were characterised (Table 4.2). Further 
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recordings from TcdA-treated neurons would be required to derive meaningful comparisons 

with controls; since TcdA supplies were extremely limited, this could not be pursued. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 1 TcdA makes myenteric AH neurons hyperexcitable. 

Example electrophysiological recordings of action potential firing at current pulses of 50 pA 

(top panels) and at 300 pA (bottom panels) from a control (A-A’) and TcdA (12.5 µg/ml) pre-

treated (B-B’) neuron. Graphical representations of the mean number (C) and total duration 

(C’) of APs fired at each depolarizing current amplitude (50 - 350 pA). Following TcdA 

treatment, AH neurons fired significantly more APs (^P < 0.001) and for longer (^ P < 0.001) 

compared to neurons in control preparations. 
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3.2 GABA increases excitability of myenteric AH neurons 

Following luminal incubation with GABA (100 µM), myenteric AH neurons (n = 12) 

displayed an increase in the number of APs fired (P<0.05) and the duration of firing 

throughout the pulse range (P < 0.01) when compared with controls (n=10) (firing at 300 pA 

control: 3.7 ± 0.6 APs; GABA: 4.5 ± 0.4 APs, control: 76 ± 12 ms; GABA: 103 ± 11 ms, 

Figure 4.2). GABA-treated neurons did not show any differences in firing at the lowest 

current pulse amplitude i.e. firing threshold (Control: 0.9 ± 0.4 APs; GABA: 1.0 ± 0.3 APs, P 

> 0.05, 2-sample t-test) or in RMP (Control: -55.5 ± 2.2 mV; GABA: -53.9 ± 1.5 mV, P > 

0.05), and ISI (Control: 22 ± 1 ms; GABA: 22 ± 1 ms, at 300 pA, P > 0.05). IR, Ih current, the 

incidence of anode break APs or spontaneous APs were also unchanged (Table 4.1). Of the 

12 GABA-treated neurons, 2 had their electrophysiology characterised in full. These neurons 

did not display any obvious differences in AP amplitude, AP duration D50, after-

hyperpolarising potential (AHP) amplitude, after-depolarising (ADP) amplitude, slow 

excitatory post synaptic potential (sEPSP) amplitude, or sEPSP duration D50  compared to 

their controls (Table 4.2). 

3.3 Co-incubating GABA with bicuculline enhances the excitability, while bicuculline 

alone produces hyperexcitability in myenteric AH neurons 

Co-incubation with bicuculline (10 µM) (n = 5) further enhanced the increased excitability 

produced by luminal GABA compared to incubation with GABA alone, in both the number 

of APs fired (P < 0.001) and firing duration (P < 0.001) (firing at 300 pA GABA + 

bicuculline: 6.1 ± 0.7 APs; 148 ± 19 ms), with firing more likely to occur at 50 pA compared 

to GABA-treated neurons (GABA: 1.0 ± 0.3 APs; GABA + bicuculline: 2.4 ± 0.5 APs, P < 

0.05, 2-sample t-test) (Figure 4.2). In fact, bicuculline pre-incubation in the lumen alone (n = 

8) produced hyperexcitability in the firing number (P < 0.05) and duration (P < 0.01) in these 

neurons compared to GABA alone, but not compared to GABA+ Bicuculline (firing at 300 

pA bicuculline: 5.4 ± 0.7 APs; 142 ± 17 ms) and did not alter the threshold of firing (GABA: 

1.0 ± 0.3 APs; bicuculline: 1.3 ± 0.4 APs, P > 0.05, 2-sample t-test).  For both GABA + 

bicuculline-treated and bicuculline-treated neurons, RMP (GABA+ bicuculline: -54.0 ± 2.0 

mV; bicuculline: -50.0 ± 2.4 mV ) and ISI (GABA+ bicuculline: 21 ± 1 ms; bicuculline: 29 ± 

5 ms, at 300 pA) were unchanged in addition to other neuronal properties including IR, the 

incidence of anode break APs and spontaneous APs compared to both controls and GABA-



101 

  

treated neurons (Table 4.3). Membrane properties and synaptic input was not characterised in 

full or both GABA + bicuculline-treated and bicuculline-treated neurons (Table 4.3) due to 

recording instability. 

 

 

 

Figure 4. 2 The effects of GABA and the GABAA antagonist Bicuculline, on the action 

potential firing properties myenteric AH neurons. 

Electrophysiological recordings are displayed showing a control neuron (A) a GABA (100 

µM) -treated neuron (B) and a GABA & Bicuculline (Bic) (10 µM)- treated neuron (C) at 50 

pA (A- C) and 300 pA (A’- C’) current pulses. Pre-treatment with GABA significantly 

increased the number of APs (D) fired during depolarisations and their firing duration (D’) 

over a range of current pulse amplitudes (*P < 0.05), (effect shown graphically). Firing was 

enhanced further following co-incubation of GABA with Bicuculline, compared to GABA 

alone, shown graphically in greyscale (D and D’) (^P < 0.001).  
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3.4 The GABAB antagonist CGP54626 and GABAC antagonist TPMPA inhibit the GABA 

induced excitability 

The GABAB antagonist CGP54626 (1 µM) and the GABAC antagonist TPMPA (100 µM) co-

incubated in the lumen with GABA, blocked the GABA-induced increased firing in AH 

neurons. Following co-incubation of GABA with CGP54626, myenteric AH neurons ( n= 6) 

displayed a significant reduction in the number (P < 0.01) and duration (P < 0.01) of action 

potentials fired when compared with pre-incubation with GABA alone (firing at 300 pA 

GABA: 4.5 ± 0.4 APs; GABA + CGP54626: 3.9 ± 0.7 APs, GABA: 103 ± 11 ms; GABA + 

CGP54626: 91 ± 18 ms, Figure 4.3). Following co-incubation of GABA with the GABAC 

antagonist TPMPA, myenteric AH-neurons (n = 8) similarly showed a reduction in the 

number (P < 0.01) and duration (P < 0.001) of APs fired when compared with pre-incubation 

with GABA alone (firing at 300 pA, GABA + TPMPA: 3.6 ± 0.8 APs, GABA + TPMPA 65 

± 13 ms, Figure 4.3). Firing was returned to control level after the co-incubation with either 

the GABAB or GABAC antagonist. The threshold for firing was comparable to controls 

(Control: 0.9 ± 0.4 APs; GABA + CGP54626: 0.3 ± 0.3 APs; GABA + TPMPA: 0.3 ± 0.2 

APs, both P>0.05). For both antagonist groups RMP (GABA + CGP54626: -57.7 ± 3.3 mV; 

GABA + TPMPA: -57.3 ± 1.9 mV ) and ISI (GABA + CGP54626: 24 ± 3 ms; GABA + 

TPMPA: 20 ± 3 ms, at 300 pA) in addition to other neuronal properties including IR, the 

incidence of anode break APs and spontaneous APs were no different from controls and 

GABA-treated neurons as shown in Table 4.3. Of the 6 GABA + CGP54626-treated neurons, 

2 had their electrophysiology characterised in full. These neurons did not display any obvious 

differences in AP amplitude, AP duration D50, AHP amplitude, ADP amplitude, sEPSP 

amplitude, or sEPSP duration D50  compared to their controls and GABA-treated neurons 

(Table 4.3). Similarly 4 of 8 GABA + TPMPA-treated neurons had their electrophysiology 

characterised in full but did not show differences in these membrane and synaptic properties 

compared to controls and GABA-treated neurons (Table 4.3). 
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Figure 4. 3 Co-incubation with either a GABAB or a GABAC antagonist, prevents the 

GABA-induced hyperexcitability of myenteric AH neurons. 

Graphical representations of the number of APs fired and the duration of firing during 

prolonged depolarisations in myenteric AH neurons following pretreatment with GABA (100 

µM) and a GABAB antagonist (1µM) (A-A’) and with GABA and a GABAC (100 µM) 

antagonist (B-B’) Co-incubating GABA with a GABAB antagonist significantly decreased the 

number of APs (A) fired during depolarisations and their firing duration (A’) over a range of 

current pulse amplitudes (#P < 0.01), effect shown in grey scale. A similar reduction in AP 

firing (B) and duration (B’) was observed following the co-incubation of GABA with a 

GABAC antagonist (#P < 0.01, number) (^P < 0.001, duration), shown in grey scale. 
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 Table 4. 1 Membrane properties of myenteric AH neurons following TcdA and GABA 

pre-treatment. 

 

*P < 0.05 Control vs Tcda and TcdA vs GABA. N = sample size, RMP = resting membrane 

potential, IR = input resistance, AP = action potential, (Ih) = hyperpolarisation-activated 

cation current. 2-sample t-test, Fisher’s exact test. 

 

 

 

 

 

 

 

 

 

Parameter Control (n) TcdA-treated (n) GABA-treated (n) 

*RMP (mV)  -55.5 ± 2.2 (10) -47.1 ± 2.3 (6) 53.9 ± 1.5 (12) 

Input Resistance (MΩ) 155.4 ± 8.3 (10) 144.5 ± 22.3 (7) 145.5 ± 12.4 (12) 

 

Ih current  (MΩ) 2.3 ± 1.9  (10) 1.4 ± 1.8 (7) 6.6 ± 2.2 (12) 

Interspike interval (ISI) (ms) 22 ± 1 (9) 18 ± 3  (7) 

 

22 ± 1 (12) 

Spontaneous AP firing % 20% (10) 14% (7) 0% (12) 

Incidence Anode Break APs 

% 30% (10) 43% (7) 

 

25% (12) 
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Table 4. 2  Membrane properties and synaptic potentials of myenteric AH neurons 

following TcdA and GABA pre-treatment. 

AP = action potential, D₅₀ = half duration, AH P= after-hyperpolarising potential, ADP = 

after-depolarising potential, slow EPSP = slow excitatory post-synaptic potential. 2-sample t-

test. 

 

 

 

 

 

 

 

 

 

 

Parameter  Control (n) TcdA-treated (n) 
GABA-treated     

(n) 

AP amplitude (mV) 58.7 ± 1.3 (6) 73.5 (1) 56.4 ± 0.9 (2) 

 APD50 (ms) 1.2 ± 0.04 (6) 1.1 (1) 1.5 ± 0.1 (2) 

AHP amplitude (mV) 5.9 ± 0.5 (6) 6.5 (1)  3.8  ± 0.3 (2)  

ADP amplitude (mV) 14.3 ± 1.5 (6) 17.7 (1)  13.5 ± 0.5 (2)  

slow EPSP amplitude (mV) 14.5 ± 3 (5) 4.2 (1) 9.8  ± 0.7 (2) 
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Table 4. 3 Membrane properties and synaptic potentials of myenteric AH neurons 

following various GABA receptor antagonist pre-treatments. 

 

Parameter Control (n) GABA+Bic 

(n) 
Bic (n) GABA+CGP 

(n) 
GABA+TPMPA 

(n) 

RMP (mV) -55.5 ± 2.2 

(10) 

-54.0 ± 2.0 

(5) 

-50.0 ± 2.4 

(4) 

-57.7 ± 3.3  

(6) 

-57.3 ± 1.9   

(6) 

Input 

Resistance 

(MΩ) 

155.4 ± 8.3 

(10) 

146 ± 13  

(5) 

151 ± 7  

(4) 

201 ± 45 

(6) 

 

162 ± 11  

(8) 

 

Interspike 

interval (ISI) 

(ms) 

22 ± 1 (9) 21 ± 1 (5) 29 ± 5 (5) 24 ± 3 (6) 20 ± 3 (8) 

Spontaneous 

AP % 

20% (10) 0% (5) 0% (8) 33% (6) 12.5% (8) 

Incidence 

Anode Break 

APs % 

30% (10) 40% (5) 50% (4) 0% (6) 0% (8) 

AP amplitude 

(mV) 

58.7 ± 1.3 (6)   58.3 ± 3.7 (2) 64.1 ± 3.3 (4) 

APD50 (ms) 1.2 ± 0.04 (6)   1.1 ± 0.2 (2) 1.0 ± 0.1 (4) 

AHP amplitude 

(mV) 

5.9 ± 0.5 (6)   9.0 ± 2.3 (2) 6.8 ± 1.0 (4) 

ADP amplitude 

(mV) 

14.3 ± 1.5 (6)   12.0 ± 3.7 (2) 11.3 ± 0.9 (4) 

slow EPSP 

amplitude (mV) 

14.5 ± 3 (5)   19.5 ± 0.1 (2) 4.5 ± 1.5 (2) 

Bic = Bicuculline, CGP = CGP54626, n = sample size, RMP = resting membrane potential, 

IR=input resistance, AP= action potential, D₅₀ =half duration, AHP = after-hyperpolarising 

potential, ADP = after-depolarising potential, slow EPSP = slow excitatory post-synaptic 

potential.  2-sample t-test, Fisher’s exact test. 
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4. DISCUSSION 

 

The ENS has been implicated in the pathophysiological effects of TcdA (Xia et al., 2000), but 

its contribution remains largely undefined. Here I examined the effect of luminal in vitro 

incubations of TcdA on the ENS in guinea pig jejunum and found that TcdA exposure leads 

to hyperexcitability of myenteric AH neurons. Further, GABA, a metabolic by-product of the 

microbiome that is implicated in increasing susceptibility to CDI (Dann et al., 2015), was 

also found to make myenteric AH neurons hyperexcitable presumably acting at the level of 

the mucosa. The results of this study suggest that myenteric AH neurons are a common 

pathway through which enterotoxins and some bacterially-derived metabolites act. 

4.1 TcdA makes myenteric AH neurons hyperexcitable 

In vitro incubation of TcdA in guinea pig jejunum increased the excitability of myenteric AH 

neurons, causing them to fire at smaller depolarisations and for longer but the maximum 

firing frequencies remained unchanged. In addition, TcdA depolarised the RMP of myenteric 

AH neurons. These changes in excitability were not accompanied by a change in spontaneous 

firing, so it is likely that the increased excitability is due to a change in the properties of these 

AH neurons rather than a change in their inputs. However, due to limited availability of toxin, 

the full electrophysiological characterisation of neurons following toxin treatment was 

restricted so that other parameters such as changes in sEPSPs, which would confirm this, 

could not be definitively determined. An examination of other membrane property changes 

should be a point of future study. This could well include toxin-induced alterations of the 

AHP - the main modulatory mechanism and source of stabilising inhibition for these neurons 

(Wood and Mayer, 1979a; Thomas et al., 2000; Bertrand and Thomas, 2004) – which occur 

following CT exposure (Chapter 3). In models of inflammation in the guinea pig colon, the 

AHP is reduced in amplitude (Linden et al., 2003; Lomax et al., 2005) and since TcdA 

induces a powerful inflammatory response (Castagliuolo et al., 1994) this could be a possible 

mechanism. However inflammation has been shown to augment the hyperpolarisation-

activated action current (Ih ) (Linden et al., 2003), but this was found to be unchanged after 

TcdA incubation. Thus, a detailed examination of such membrane properties is required.  
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4.2 Pathways activated by TcdA 

While CT does not penetrate the mucosa during this type of incubation (Gwynne et al., 2009), 

TcdA is known to cause gross mucosal damage and a breakdown of epithelial barrier function 

(Hecht et al., 1988; Kelly et al., 1994). Since signs of mucosal damage were observed in 

TcdA-treated jejuna, the possibility that the toxin is directly interacting with enteric neurons 

cannot be excluded. In the SMP of the guinea pig small intestine, TcdA excites AH and S 

neurons when applied directly to the cell body by inducing membrane depolarisation and 

spontaneous discharge (Xia et al., 2000). By direct action, TcdA could therefore be 

contributing to hyperstimulation of mucosal secretion via excitation of the secretomotor 

neurons responsible for driving secretion. Whether or not TcdA incubated luminally directly 

interacts with myenteric or submucosal neurons in this way to alter their excitability, is 

unknown. If TcdA directly interacts with neurons in the SMP that project to the MP 

(Kirchgessner and Gershon, 1988b; Song et al., 1998), changes in their excitability could 

affect other elements of the circuit and thus be responsible for the enhanced excitability of 

myenteric AH neurons observed.   

 

Aside from the possibility of direct excitation, luminal TcdA might also alter the firing 

properties of enteric neurons via indirect neural pathways. Capsaicin treatment, which only 

acts on extrinsic primary afferents, not enteric neurons (Bartho et al., 1982; Sharkey et al., 

1984) prevents the TcdA-induced response in vivo (Castagliuolo et al., 1994) implicating the 

involvement of extrinsic neural pathways. Indeed extrinsic axon collateral innervation of the 

MP exists in the guinea pig small intestine since stimulation of mesenteric nerves that supply 

the gut evokes sEPSPs in myenteric AH neurons (Takaki and Nakayama, 1990). Thus, it is 

possible that that the toxin activates extrinsic neurons with axon collaterals in the MP to 

induce hypexcitability in the MP.  

 

The extrinsic pathways activated by TcdA involve substance P (SP) and calcitonin gene-

related peptide (CGRP)- mediated inflammation, including mast cell degranulation 

(Castagliuolo et al., 1994; Pothoulakis et al., 1994; Keates et al., 1998), the products of which 

are thought to act at the mucosa and to contribute the hypersecretion (Pothoulakis et al., 

1993). Mast cell-deficient and SP receptor (NK1-R)-deficient mice show attenuated 

responses to TcdA (Castagliuolo et al., 1998a; Wershil et al., 1998) and since SP is a putative 

neurotransmitter for slow excitatory transmission in the ENS (Alex et al. 2001; Gwynne and 
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Bornstein 2007b) enteric nervous input may reinforce the secretory and inflammatory 

responses of TcdA (Xia et al., 2000). In agreement with this, SP Receptor (SPR) activation in 

enteric neurons in the SMP and MP in response to intraluminal TcdA has been observed in 

the rat ileum (Mantyh et al., 1996), thus the changes in excitability I observed might well be 

the result of tachykinin-mediated excitation. In fact neurokinin (NK) receptors are expressed 

on enteric neurons in the guinea pig small intestine (Portbury et al., 1996; Johnson and 

Bornstein, 2004) while CT acts to produce sustained excitation in neurons via tachykinin-

mediated pathways in both plexuses of the guinea pig small intestine (Gwynne et al., 2009; 

Chapter 3).  

4.3 GABA makes myenteric AH neurons hyperexcitable 

GABA incubated luminally was found to increase the excitability of the same population of 

neurons made hyperexcitable by TcdA and CT. This change was not accompanied by a 

change in other membrane properties or synaptic input, however the sample size examining 

this was limited. Since the increase in excitability produced by GABA was small, the 

mechanism underlying this may be difficult to determine. Effects in excitability were 

prolonged, which may indicate changes in membrane properties rather direct action of GABA 

and so a more extensive examination of these properties is needed to confirm this. 

 In the guinea pig ileum, GABA applied directly onto myenteric AH neurons causes 

depolarisation via activation of chloride conductance, mediated by GABAA receptors and is 

rapidly desensitising, while S neurons are insensitive to GABA (Cherubini and North, 

1984a). No change in RMP accompanied the increased excitability observed in this study, 

thus it is likely that the pathway through which GABA acts luminally differs from the direct 

cellular action of GABA on myenteric AH neurons.  

It is probable that GABA also functions as an endocrine mediator and the excitation of AH 

neurons may be the result of a release of neural intermediates. GABA is expressed in mucosal 

enteroendocrine cells in the rat stomach and intestine (Davenger et al., 1994; Krantis et al., 

1994), it has been shown to modulate release of histamine from mast cells in the guinea pig 

ileum (Luzzi et al., 1987) and prostaglandins from interstitial cells in the rabbit small 

intestine (Girdhar et al., 1981). Exposure to histamine and prostaglandin E2 (PGE2) in vitro 

increases the excitability of myenteric AH neurons in the guinea pig small intestine (Dekkers 
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et al., 1997a; Tamura and Wood, 1992). Further, GABA has been shown to inhibit serotonin 

(5-HT) release from EC cells in the guinea pig small intestine via GABAA and GABAB 

receptors (Schwörer et al., 1989), while GABAB receptors colocalise with 5-HT in mucosal 

cells of the rat stomach and intestine (Nakajima et al., 1996). Consequently it is likely that 

GABA regulates the release of 5-HT from the mucosa via multiple GABA receptor subtypes. 

5-HT is of particular interest as it is a key mediator in regulating motor (Grider et al., 1996; 

Ellis et al., 2013; Gwynne et al., 2014) and secretory reflexes (Cooke et al., 1997a, 1997b) 

and importantly excites intrinsic sensory neurons in the SMP and MP that are the afferents of 

secretomotor pathways in the guinea pig (Kirchgessner et al., 1992; Bertrand et al., 2000). 

GABA may well indirectly activate reflex pathways running through though the MP via 5-

HT, but it is unknown if GABA-induced modulation of epithelial 5-HT is the cause of 

excitation in this study.  

Further, TcdA also directly acts at the mucosa to release a range of inflammatory mediators 

including PGE2 (Pothoulakis and Lamont 2001) as well as triggering extensive mucosal mast 

cell degranulation and histamine release via extrinsic pathways (Castagliuolo et al., 1994), 

while CT has been long known to induce a release of 5-HT from EC cells (Beubler et al., 

1989b; Bearcroft et al., 1996). Thus, it might be that enterotoxin-excited pathways converge 

early on at the mucosal epithelium to excite sensory neurons downstream. An interaction of 

GABA at the mucosa may hypersensitize the underling neural networks to exacerbate the 

effects of TcdA and contribute to disease susceptibility in CDI observed in human and animal 

models (Dann et al., 2015). Whether GABA potentiates the effects of TcdA is unknown. Due 

to limited toxin supplies, this question was not addressed but remains a vital point to 

examine, ideally using an in vivo model such as the ileal loop which is well suited for 

prolonged incubations that more closely resemble the pathophysiology of CDI. 

4.4 GABA acts via GABA receptor subtypes in separate pathways 

Co-incubation with GABA receptor antagonists revealed distinct pathways through which 

luminal GABA may act. As mentioned previously depolarisation of AH neurons by 

GABA (Cherubini and North, 1984a) is direct, while the luminal exposure is likely to recruit 

a number of pathways. The data in this study implicate a dual effect of GABA: a pathway 

excited by GABA acting through GABAC and GABAB receptors that is responsible for the 

hyperexcitability of AH neurons and another where GABA suppresses the excitability of AH 
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neurons via GABAA receptors. When GABAA receptors are antagonised and therefore the 

inhibitory influence of GABA is removed, this results in the excitatory GABAC pathway to 

be larger and accounts for the enhanced excitability produced by the incubation of 

GABA and bicuculline together. 

Since bicuculline per se induced prolonged excitation of these neurons it is likely that 

endogenous GABA is activating a mucosal pathway via GABAA receptors that produces on 

going inhibition of AH neurons, most likely via an indirect neural mechanism. This might 

well be due to GABA inhibiting the release of sensory intermediates such as 5-HT from the 

mucosa, where bicuculline has been shown to enhance 5-HT release (Schwörer et al., 1989). 

Indeed, myenteric and submucosal AH neurons are excited by via 5-HT receptors at their 

nerve terminals (Kirchgessner et al., 1992; Bertrand et al., 2000; Pan and Gershon, 2000). 

The pathways excited by GABAB and GABAC receptors probably operate separately to the 

inhibitory GABAA-mediated pathway since, GABAB receptors have also been shown to 

inhibit 5HT release from the mucosa in the guinea pig small intestine (Schwörer et al., 1989), 

but produce increased excitability of myenteric neurons in this study. There is also the 

possibility of a third pathway in which GABAB activation inhibits the GABAA pathway, 

promoting that of GABAC which would also account for the often inhibitory role of GABAB
 

receptors in functional studies (Giotti et al., 1983; Ong and Kerr, 1987; Marcoli et al., 2000). 

Where GABAB and GABAC receptors are expressed in rodent models remains relatively 

unclear. While GABAB receptors colocalise with 5-HT in the mucosa of the rat stomach and 

intestine (Nakajima et al., 1996) they are also localised to muscle fibres and neurons in both 

plexuses. Very little data about GABAC receptor function and expression exist, but it has 

been reported that GABAC receptors are expressed on some inhibitory and excitatory 

neuronal subtypes in the rat colon (Fletcher et al., 2001). Thus it is challenging to ascertain 

where GABA is acting within enteric pathways to produce prolonged excitability increases of 

AH neurons and this should be a future point of investigation. Since antisera raised against 

GABA receptors subtypes have been shown to be mostly effective in the rat, in addition there 

is a lack of studies showing GABAC expression in other species, immunohistochemical 

localisation of receptors was not pursued.   



112 

  

4.5 AH neurons, enterotoxins and GABA in the context of the circuit 

The neural pathways through which CT and TcdA operate are typically thought of as 

separate. The hypersecretion induced by CT occurs via nicotinic synapses and the actions of 

VIP within the ENS and mucosa (Eklund et al., 1979; Cassuto et al., 1981b, 1982a). TcdA 

activates extrinsic sensory neurons containing SP and CGRP and an inflammatory response 

involving degranulation of mast cells (Pothoulakis and Lamont 2001), while participation of 

the ENS in the effects of TcdA has only been implicated by very few studies (Mantyh et al., 

1996; Xia et al., 2000). Analogous to the effects on the ENS following luminal exposure to 

CT (Chapter 3), TcdA induced hyperexcitability in myenteric AH neurons. My study is the 

first to demonstrate a generality in the neural actions of luminal enterotoxins in the gut as the 

mechanisms they activate converge on the same neuronal population. It is also worth 

mentioning that an earlier study has shown that in the guinea pig, a parasitic gut infection 

with the nematode T. spiralis produces hyperexcitability in myenteric AH neurons in the 

afferent limb of gut reflexes (Chen et al., 2007). Moreover, luminal GABAergic signals 

appear to present a risk factor in disease pathogenesis of CDI (Dann et al., 2015) and my 

study shows they act on the same enteric sensory system. This suggests that AH neurons play 

a key role in the mechanisms underlying microbial interaction with the ENS.  Indeed 

myenteric AH neurons display supressed excitability in germfree mice lacking microbiota, 

which is restored following colonisation with bacterial communities (McVey Neufeld et al., 

2013).  

Thus, it is clear that AH neurons perform an integral role in the plasticity of enteric circuits in 

healthy and perturbed states, acting as a ‘relay centre’ for incoming luminal signals. This is 

likely due to unique characteristics such as prolonged AHPs that function in gating their 

outputs (Wood and Mayer, 1979a; Bertrand and Thomas, 2004) and their ability to form self-

reinforcing interconnected networks that have the capacity to encode graded ongoing stimuli 

(Thomas et al., 2000; Thomas and Bornstein, 2003; Chambers et al., 2005). 

Activation of the afferent limb of secretomotor pathways by TcdA may contribute to the 

hypersecretion produced by the toxin, since myenteric AH neurons in the guinea pig are 

known to project to and synapse with most other myenteric neurons and provide excitatory 

input to neurons in the SMP responsible for driving secretion (Bornstein et al., 1987; Galligan 

et al., 1988; Furness et al., 1990b; Furness et al., 2004a; Gwynne and Bornstein, 2007b). 

They may also contribute to changes in the gut motor patterns that TcdA has been shown to 
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produce in rabbit in vivo (Burakoff et al., 1995). Whether such functional changes are 

produced by luminal TcdA in other species including the guinea pig remains to be 

investigated.  

The role of GABA in gut function is unclear, and so it is often studied in the MP due to 

readily measurable contractility output. The consequences of the prolonged increased 

excitability of myenteric AH neurons produced by luminal GABA and the extent of its 

participation in GABA-induced motility is challenging to predict. This is simply due to the 

difficulty in predicting the overall functional output of GABA exposure due to various 

receptor subtype expression and activation (Tonini et al., 1987; Krantis and Harding, 1987; 

Zizzo et al., 2007; Auteri et al., 2014) and the species studied (Tonini et al., 1989b; Auteri et 

al., 2014). Nonetheless the results of this study suggest that GABA induces sustained changes 

in enteric circuity that are likely to participate in motor reflexes. 

The changes in excitability of AH neurons examined in this study were prolonged, persisting 

for hours after exposure. This indicates potential alterations in key membrane events or 

similar mechanisms and it is therefore likely that excitability changes are plastic and not due 

to direct activation of transiently excited receptors. Thus a number of indirect pathways are 

probably involved in neuronal activation, which are best studied using in vivo incubation 

models that better preserve extrinsic and mucosal pathways. Consequently the effects of 

enterotoxins on the enteric circuitry have been examined the in vivo ileal loop for Chapters 6 

and 7. 

4.6 Conclusions and future directions 

This chapter examined the involvement of the ENS following luminal incubations of TcdA 

and GABA- a bacterially-derived metabolite associated with CDI, in vitro. I demonstrated 

that TcdA produces prolonged hyperexcitability in myenteric AH neurons, whether this 

occurs directly or via an indirect neural pathway will be an important question to address in 

future studies. I established that GABA also induces increased excitability in these same 

neurons, possibly via at least 2 distinct enteric pathways. It is unknown whether activation of 

these pathways occurs via neural intermediates; this will be an interesting point to investigate 

further. Additionally, to provide insight into the role of GABA in CDI susceptibility, the 
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interaction between both luminal TcdA and GABA together should be an essential focus of 

future work. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



115 

  

CHAPTER 5: GABAERGIC TRANSMISSION IN THE MP OF 

THE MURINE ILEUM 
 

ABSTRACT 

 

γ-Aminobutyric Acid (GABA) and its receptors, GABAA,B,C, are expressed in several 

locations along the gastrointestinal tract. Nevertheless, a role for GABA in enteric synaptic 

transmission remains elusive. In Chapter 4 I demonstrated that both luminal GABA and 

TcdA activate neural pathways that excite the same population of intrinsic sensory neurons. 

This chapter aims to examine the nature GABAergic transmission in the gut given the  

emerging role of luminal GABA in CDI pathogenesis. In the mouse small intestine, about 8% 

of all myenteric neurons were found to be GABA-immunoreactive (GABA-IR) including 

some Calretinin-IR and some neuronal nitric oxide synthase (nNOS-IR) neurons. Further 

Ca2+ imaging was used to examine the activity of myenteric neurons where many that did not 

express GABA or nNOS (the majority), some GABA- IR, Calretinin-IR or Neurofilament-M 

(NFM)-IR but rarely nNOS-IR neurons responded to exogenous GABA application with 

[Ca2+]i transients. GABAA,B,C and nicotinic receptor blockade reduced the number of neurons 

responding to GABA application. To examine the possible effects of endogenous GABA, 

interganglionic fibre tracts were electrically stimulated. Single pulse-evoked calcium 

responses were unaffected by blockade of each of the 3 GABA receptor subtypes. Calcium 

responses evoked by 20 pulse trains were potentiated by GABAC receptor blockade. These 

data suggest that GABAA and GABAB receptors are not involved in synaptic transmission, 

but for the first time here, suggest a novel role for GABAC receptors in modulating slow 

synaptic transmission. 

 

1. INTRODUCTION  

 

Several authors have proposed γ-Aminobutyric Acid (GABA) to be a putative 

neurotransmitter in the ENS. GABA is known to be expressed in the gut mucosa, 

musculature, and enteric neurons and is a prominent by-product of the microbiome (Jessen et 

al., 1986; Krantis, 2000; Barrett et al., 2012; Savidge, 2016). Of particular interest is the role 
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of luminal GABA signals in gastrointestinal disease states where data from both human and 

rodent models show microbial-derived GABAergic signals confer disease susceptibility to 

Clostridium difficile(C. diff) infection (CDI) (Dann et al., 2015). In Chapter 4 I demonstrated 

that both C. diff toxin A (TcdA) and luminal GABA act through the same sensory system of 

the ENS in the small intestine. However, most work examining GABA in the gut has been 

performed in the colon where neural distribution of GABA appears to greater and more 

readily studied (Krantis, 2000). Since the pathophysiology of TcdA will be examined  in vivo 

using the well-established mouse ileal loop model in Chapter 7, and in light of our new 

exciting data implicating a role for GABA in CDI pathogenesis, the focus of this chapter is 

GABAergic transmission the murine small intestine . 

Within enteric plexuses, GABA-immunoreactive (IR) neurons are predominantly found 

within the MP and are thought to be interneurons and motor neurons (Jessen et al., 1986; 

Hills et al., 1987; Sang and Young, 1996). Across a number of rodent models between 5-14% 

of myenteric neurons in the colon are GABA-IR (Jessen et al., 1979; Sang and Young, 1996; 

Krantis, 2000; Li et al., 2011), however GABA-IR neurons are sparse in the small intestine. 

While studies have shown that a small percentage of neurons in the MP of the mouse small 

intestine are GABA-IR, GABA is otherwise often excluded from colocalisation studies and is 

generally not studied in detail in this region (Sang and Young, 1996; Li et al., 2011). Yet 

GABA-IR terminals are present within the MP of the murine small intestine (Sang and 

Young, 1996), which certainly suggests a role for GABAergic transmission in this region of 

the gut.  

Within the ENS, GABA can have both an excitatory and inhibitory influence on neurons 

depending on the receptor it activates. GABA can act through excitatory ionotropic GABAA 

and GABAC receptor subtypes which are both pentameric chloride channels (Fletcher et al., 

1998; Auteri et al., 2015). Unlike its inhibitory role in the central nervous system, in the ENS 

GABA excites enteric neurons via GABAA and GABAC receptors due to their high 

intracellular Cl- concentration (Liu et al., 2013). Additionally, GABA can act through 

inhibitory metabotropic GABAB receptors, which operate either presynaptically to depress 

Ca2+ influx via voltage-activated Ca2+ channels to decrease ACh release from cholinergic 

neurons, or postsynaptically where they are coupled to inwardly-rectifying K+ channels 

(Hyland and Cryan, 2010; Auteri et al., 2015).  
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Studies have demonstrated neuronal GABAA, GABAB and GABAC receptor expression in 

both the small and large intestine of the rat (Krantis et al., 1995; Nakajima et al., 1996; 

Poulter et al., 1999; Fletcher et al., 2001). In the large intestine of the mouse, 

immunohistochemical studies have demonstrated that GABAA and GABAB receptors are 

expressed on enteric neurons (Casanova et al., 2009; Seifi et al., 2014), while functional 

contractility studies in the small intestine of the mouse indicate that all 3 receptor subtypes 

are in fact present in the ENS and contribute to gut function in this region (Sanger et al., 

2002; Zizzo et al., 2007). Indeed, most of what is actually known about GABA receptor 

expression comes from pharmacological functional studies where use of GABA receptor 

agonists and antagonists reveal that these receptors exist in both excitatory and inhibitory 

reflex pathways.  

Activation of the GABAA and GABAC receptor system in the mouse typically either leads to 

the activation of cholinergic enteric neurons resulting in contraction in gut muscle response 

(Zizzo et al., 2007; Auteri et al., 2014) or activation of nNOS inhibitory motor neurons that 

relax gut muscle (Zizzo et al., 2007). GABAB receptors appear to exist in pathways resulting 

in reduction in ACh release from neurons and a consequential reduction in contractile activity 

(Sanger et al., 2002; Auteri et al., 2014). The net functional output of GABA acting at these 

receptors however, is difficult to predict and varies depending on the species studied (Frigo et 

al., 1987; Auteri et al., 2014) and the specific localization of the different GABA receptor 

subtypes in gut regions (Krantis and Harding, 1987; Krantis et al., 1998). Thus, while GABA 

and its receptors have been implicated in the functional physiology of the gut, the nature of 

GABAergic transmission remains elusive; indeed a synaptic function of GABA and its 

receptors in the ENS has not in fact been identified.  

In this multifaceted study, an array of techniques including Ca2+ imaging making use of 

Wnt1-Cre;R26R-GCaMP3 mice that express a genetically encoded fluorescent calcium 

indicator in the ENS allowing a broad survey of neural transmission, was used to elucidate 

the evasive role of GABA in the gut. This study is the first to identify myenteric neuronal 

subtypes that express functional GABA receptors via the use of specific GABA receptor 

antagonists and post-hoc immunohistochemistry. My data suggest that GABAA and GABAB 

receptors do not have a synaptic function within the ENS but have I demonstrated a novel 

role for GABAC receptors in modulating slow synaptic transmission. 
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2. METHODS 

2.1 Mice 

Mice with a C57Bl6 background of either sex aged 8-12 weeks including Wnt1-Cre;R26R-

GCaMP3 mice, that express the fluorescent Ca2+ indicator in all neural crest-derived cells 

(including enteric neurons and glia) (Zariwala et al., 2012; Boesmans et al., 2013), were 

killed by cervical dislocation; a procedure approved by the University of Melbourne Animal 

Experimentation Ethics Committee (see Chapter 2). 

2.2 Immunohistochemical analysis of the expression of GABA in neurons and its co-

expression with other neuronal subtype markers 

Wholemounts of ileum from mice were immunostained. Segments of distal ileum were 

microdissected to remove the mucosa, submucosa and circular muscle, exposing the 

myenteric plexus and then permeabilized (Chapter 2, section 5.1). Preparations were 

incubated in primary antisera overnight at 4°C (Table 5.1) to identify GABA, neuronal nitric 

oxide synthase (nNOS) and calretinin (calr) -immunoreactive (IR) populations.  Incubations 

in secondary antisera (Table 5.2) were at room temperature for 2 hrs and 15 mins. All 

preparations were rinsed of excess secondary antisera 3 times with PBS, for 10 mins before 

they were mounted on slides with Dako fluorescent mounting medium (Carpinteria, 

California, USA).  

2.3 Imaging, analysis and statistics 

For colocalisation studies, wholemount preparations were viewed using a Zeiss Axio Imager 

M2 microscope and images were acquired with an Axiocam 506 mono camera using Zen 2.3 

(blue edition) software (all from Zeiss, Australia). Images were taken using 20x or 40x 

objectives. 

The proportion of each neuronal subtype (calr-IR, NOS-IR and GABA-IR), was obtained by 

examining co-expression with the pan neuronal marker Hu. At least 200 Hu+ cell bodies 

were examined in each preparation. The mean proportion of each neuronal subtype was 

determined by calculating averages from 3 animals. The data are expressed as mean ± SEM 

and n = the number of cells examined.  Statistical analyses were performed using unpaired t-
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tests with P < 0.05 considered statistically significant. Comparisons were performed using 

using GraphPad Prism 5.0 (GraphPad Softwares, San Diego California). 

For analysis of GABAergic varicosities apposing calr-IR and NOS-IR neuronal subtypes, up 

to 5 micrographs of ileal myenteric preparations were obtained using a Zeiss LSM800 

confocal microscope (Zeiss, Australia). Approximately 30 neurons from 3 animals were 

examined in total for each subtype of enteric neuron. High-resolution confocal z-stacks (.czi 

files) with a sampled resolution of 1024 x 1024 pixels using a 63x/1.40 Oil DIC M27 

objective, with a 1.8 x software zoom and z steps of 0.43µm were obtained.  Close contacts 

were investigated qualitatively by individually stepping through each z-stack using the image 

analysis software Image J and identified as an overlap between two fluorophores on a merged 

image. 3D rendered images of neurons receiving GABA varicosities were generated using 3D 

image analysis software Imaris (Bitplane, version 8.4). 

2.4 Tissue preparation for Ca2+ imaging 

A segment of the distal ileum was removed from the animal, placed in physiological saline 

and dissected to reveal the myenteric plexus and attached longitudinal muscle (LMMP) as 

described in Chapter 2, section 6.1. A maximum of 5 rings could be prepared from each 

segment of ileum. Preparations were superfused (1 ml/min) with 95% O2: 5% CO2 bubbled 

physiological saline at room temperature throughout the experiment via a gravity-fed inflow 

system that included a manual valve to switch between saline and drug-containing saline 

solutions. 

Neurons within the myenteric ganglia were stimulated either chemically or electrically as 

described in Chapter 2, section 6.2. 

Following the first spritz application of GABA, the amplitude of GABA-evoked [Ca2+]i 

responses was significantly reduced at the second time point suggesting desensitization of 

receptors, in accordance with Cherubini and North (1984a). For this reason the spritz pipette 

was moved away from the ganglion between each application to prevent desensitisation to 

GABA.  

To test the effects of antagonists, drug-containing saline was superfused for 10 mins into the 

organ bath after either the first spritz or electrical stimulation regime, so that the first spritz or 

electrical time point was taken as the control response. Each ringed preparation was only 
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exposed to an antagonist or a combination of antagonists, once. After some experiments, 

tissues were fixed overnight with 4% formaldehyde at 4°C and examined post hoc using 

immunohistochemistry to identify neuron subtypes that responded.   

2.5 Post-hoc immunohistochemistry for Ca2+ imaging experiments 

Myenteric preparations from Ca2+ imaging experiments were incubated in primary antisera 

for 48-72 hours (Table 5.1) to identify GABA, nNOS, neurofilament-M (NFM) and calr-IR 

neurons. Incubations in secondary antisera (Table 5.2) were room temperature for 2 hrs and 

15 mins.  

All preparations were rinsed of excess secondary antisera 3 times, for 10 mins before they 

were mounted on slides with Dako fluorescent mounting medium (Carpinteria, California, 

USA).  

2.6 Drugs  

Drugs used included GABA, hexamethonium bromide (both from Sigma Aldrich, Castle Hill, 

New South Wales, Australia), Bicuculline, CGP54626 and TPMPA (all from Tocris 

Bioscience, Avonmouth Bristol UK). 

All drugs were diluted in distilled water to make stock solutions and then again in 

physiological saline to their working concentration on the day of experimentation. 

2.7 Analysis and statistics 

Analyses were performed using custom-written directives in IGOR Pro (WaveMetrics, Lake 

Oswego, Oregon, USA) (Chapter 2, section 6.3). Regions of interest were drawn over a 

selected area of the cytoplasm for each neuron, excluding the nucleus because GCaMP3 is 

absent from the nuclei (Tian et al., 2009; Yamada and Mikoshiba, 2012). The intensity of the 

intracellular calcium ([Ca2+]i) transient signal for each response was calculated and expressed 

as the maximum increase in [Ca2+]i from the baseline signal (ΔFi/F0). [Ca2+]i transients were 

only considered if the intensity of the transient signal was more than 5 times the intrinsic 

noise. For both time control and antagonist experiments the ΔFi/F0 of the second GABA 

spritz or second electrical stimulation response, is normalised and expressed as a fraction of 
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the first (%ΔFi/F0). A minimum of 3 animals were examined for each experimental set; 

unless stated otherwise. 

Ganglia of interest that were examined with Ca2+-imaging were processed by post-hoc 

immunohistochemistry and relocated using a fluorescence microscope and images were taken 

using 20x or 40x objectives. Responding GCaMP+ neurons were identified 

immunohistochemically by matching the micrographs with the Ca2+ imaging videos. 

Data are presented as the mean % ΔFi/F0 of the control ± SEM where n = number of neurons 

examined or as mean ± SEM and n = the number of cells examined. Statistical analyses were 

performed using unpaired t-tests with P < 0.05 considered statistically significant. 

Comparisons were performed using using GraphPad Prism 5.0 (GraphPad Softwares, San 

Diego California). 

 

 

Table 5. 1 Primary antisera used for immunostaining. 

 

Primary Antisera Raised in  Dilution factor Source 

GABA Rabbit 1:1000 Sigma 

nNOS Sheep 1:1000 Gift from P. Emson 

Hu Human 1:5000  Gift from Dr V. Lennon 

Calretinin Goat  1:1000 SWANT 

NFM Rabbit  1:500 Merck Millipore 

 

 

Table 5. 2 Secondary antisera used for immunostaining.  

 

Secondary Antisera Raised in  Dilution factor Source 

Anti-rabbit AF 647 Donkey  1:400 Molecular Probes 

Anti-sheep AF 594 Donkey  1:100 Molecular Probes 

Anti-sheep AF 488 Donkey 1:400 Molecular Probes 

Anti-human 594 Donkey  1:750 Jackson Immuno Labs 
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3. RESULTS 

3.1 Expression of GABA in the distal ileal myenteric plexus  

In this study, I found that GABA immunoreactivity was expressed in the somata of 8 ± 0.7% 

of Hu-IR cells in the myenteric plexus of the mouse ileum (n = 3 animals, at least 200 Hu-IR 

neurons per preparation; 2087 Hu-IR neurons examined in total, Figure 5.1). Previous studies 

have also reported GABA-IR neurons in the mouse small intestine constitute less than 10% of 

the myenteric population (Sang and Young 1996; Li et al., 2011).  

In mouse ileum, most (90%) nNOS-IR myenteric neurons are inhibitory motor neurons to 

muscle while calr–IR neurons have been identified as interneurons and excitatory neurons to 

longitudinal and circular muscle and also intrinsic sensory neurons (ISNs) (Qu et al., 2008). 

nNOS immunoreactivity was observed in 24 ± 2% of neurons (n = 3 animals; 1023 Hu+ 

neurons, Figure 5.1) while 33 ± 1 % of neurons were immunoreactive for calretinin (n = 3 

animals; 1064 Hu+ neurons, Figure 5.1). Comparable proportions have been observed in the 

murine ileum previously (Sang and Young, 1996; Qu et al., 2008; Li et al., 2011). Further to 

this, of the total number of Hu-IR neurons examined, GABA colocalised with some nNOS-IR 

(2 ± 0.1 %) and calr-IR neurons (4 ± 0.6%) Figure 5.1. 

Next, GABA-IR varicosities which indicate presynaptic sites containing GABA (Jessen et al., 

1986; Mann et al., 1997) were examined. The markers of potential neuronal targets (nNOS 

and calretinin) were selected because they reveal the whole shape of the neuron (Neal and 

Bornstein 2007a, 2008) allowing for analysis of GABA close contacts. 

GABA-IR terminals were identified surrounding GABA-IR and nNOS-IR neurons within 

myenteric ganglia and in the muscle. Appositions were qualitatively defined as apparent 

contacts between the target neuron and GABA varicosity with no intervening black pixel 

(Neal and Bornstein 2007a, 2008). GABA-IR varicosities were found to closely appose the 

cell bodies of 61 ± 13 % calr-IR neurons (total of n = 33 calr-IR neurons examined) and 73 ± 

18% of nNOS-IR neurons (total of n = 30 nNOS-IR neurons examined) Figure 5.2. 
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Figure 5. 1 Immunoreactivities of Hu, GABA, nNOS and calretinin in the distal ileum of 

the mouse. 

Images of representative myenteric ganglia, illustrating neurons stained for calr, (A), Hu (B) 

GABA (C), merged (D) (top row) and nNOS (E), Hu (F) and GABA (G) merged (H) 

(bottom row). Merged image of Hu, calr and GABA (D) demonstrates colocalisation of 

GABA with calr in some Hu-IR neurons. Merged image of Hu, nNOS, and GABA (H) show 

no apparent colocalisation of GABA with nNOS in Hu-IR neurons. Scale bars = 20μm. Filled 

arrows indicate colocalisation of GABA with the neuronal subtype marker, whereas open 

arrows indicate a lack of colocalisation between the markers.  
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Figure 5. 2 GABA varicosities form close contacts with neurons immunoreactive for 

calretinin and nNOS. 

3D -rendered images of confocal micrographs showing a calr-IR (A) and a nNOS-IR neuron 

(B, asterisk) receiving close contacts from GABAergic appositions (A’, B’). 
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3.2 Some myenteric neurons including GABA-IR neurons respond to exogenous GABA 

with [Ca2+]i transients  

Overall, 10 ganglia (from 6 animals) were exposed to GABA (1 mM) spritz and some 

(63/290; 22 ± 3%) GCaMP+ cells, identified as neurons based on cell body size (~20 µm 

diameter) (Gabella and Trigg, 1984), responded with [Ca2+]i  transients (∆Fi/F0 = 0.23 ± 0.03, 

n = 63).  The vast majority of all GABA responding GCaMP+ neurons were found to be 

GABA-/NOS- (72 ± 6%) or GABA-IR (23 ± 7%) (Figure 5.3). They were rarely NOS-IR or 

GABA-IR/NOS-IR. The overall amplitude of calcium transients of GABA-/nNOS- 

responders (GABA-/nNOS-: ∆Fi/F0 = 0.24 ± 0.03, n = 47) was no different to that of the 

other immunoreactive groups. However, nNOS-IR responders exhibited a significantly 

smaller response amplitude than GABA-IR responders, (GABA-IR: ∆Fi/F0 = 0.21 ± 0.03, n = 

11, nNOS-IR: ∆Fi/F0 = 0.09 ± 0.02, n = 4, P < 0.05). Only one responder was GABA-

IR/nNOS-IR (GABA-IR/nNOS-IR: ∆Fi/F0 = 0.6896, n = 1). Interestingly within each 

ganglion, most GABA-IR neurons responded to GABA spritz (75 ± 12 %), while nNOS-IR 

neurons rarely did (3 ± 2 %). 

Calretinin and neurofilament M (NF-M) are markers of excitatory and sensory neurons in the 

murine gut (Sang and Young, 1996; Qu et al., 2008). As I found that the vast majority of 

GABA-responding neurons were not GABA-IR/nNOS-IR and had large somata (indicative of 

enteric sensory neurons, Qu et al., 2008) and some calretinin neurons receive close contacts 

with GABAergic varicosities (Figure 5.2), preliminary experiments were conducted by 

another group member to further examine the identities of GABA-responding myenteric 

neurons. Of 16 neurons which displayed GABA-evoked [Ca2+]i responses 7 were identified 

as calr-IR  neurons and 9 were NFM-/calretinin- neurons via post hoc immunohistochemistry.  
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Figure 5. 3 Identity of neurons in the mouse ileum responding to pressure injection of 

GABA (1mM). 

Fluorescence images of some neurons that responded to GABA spritz with [Ca2+]i transients 

highlighted by coloured arrows (A-A’). Preparations were processed by post-hoc 

immunohistochemistry to identify the neuronal subtype of GCaMP+ cells (B-E). Some 

responders were GABA-IR (indicated by green and red-coloured arrows) (C). Open arrows 

indicate nNOS-IR neurons that did not respond to GABA (D). Both responding and non-

responding neurons are shown in the merged image (E). Scale bar = 20µm. Colour-matched 

corresponding traces of GABA-induced [Ca2+]i  responses of previously highlighted neurons 

in (A’), black arrow indicates GABA spritz (F). A pie chart displaying the percentage of 

neuron subtypes that responded to exogenous application of GABA. The majority of 

responders were not IR for GABA or nNOS, but responders did include some GABA positive 

neurons (G). 



127 

  

3.3 Half the GABA-induced [Ca2+]i transients  are due to synaptic activation 

Acetylcholine activating nicotinic receptors is the primary means of neurotransmission in the 

ENS, thus hexamethonium (nicotinic antagonist, 200 µM) is commonly used as an agent to 

block most synaptic transmission in the gut. I examined the effects of hexamethonium on 

GABA-evoked [Ca2+]i responses which revealed two groups of neurons. Hexamethonium 

blocked responses to GABA application in 15/30 neurons (at the time control point: 3/33 

stopped responding, P = 0.0006, Fisher’s exact test), (Table 5.3) but increased the amplitude 

of hexamethonium- resistant GABA-induced [Ca2+]i responses (%∆Fi/F0 control: 48 ± 6 %, n 

= 30; %∆Fi/F0 hex: 102 ± 34% n = 15, P = 0.029). Ten initially responsive neurons were 

identified via immunohistochemistry after recordings were complete: 8/10 were GABA-

/nNOS- and 2 were GABA-IR. 3/10 neurons that were GABA-/nNOS- stopped responding 

after hexamethonium; responses in both GABA-IR neurons were blocked by 

hexamethonium. 

3.4 GABA-evoked effects are mediated through GABA A, B and C receptors  

At first, ganglia were stimulated chemically via GABA spritz (1 mM) to produce time control 

data (Table 5.3) enabling appropriate comparisons for subsequent antagonist experiments. 

During antagonist experiments, bicuculline, CGP54626 and TPMPA were washed in to 

examine the contributions of GABA receptor subtypes on exogenous GABA-evoked effects. 

The GABAA receptor antagonist, bicuculline (10 µM) abolished [Ca2+]i responses in 22/35 

neurons (at the time control point : 3/33 stopped responding, P=0.0001, Fisher’s exact test, 

Table 5.3, Figure 5.4 A, B). Similarly, the GABAC receptor antagonist, TPMPA (100 µM) 

blocked a significant number of responses (14/28 neurons, P = 0.0005, Fisher’s exact test, 

Table 5.3, Figure 5.4 G, H). A combination of bicuculline (10 µM) and TPMPA (100 µM) 

(examined in 2 ganglia, from 2 animals) abolished responses in a significant number of 

neurons (16/22 neurons, P = 0.0001, Fisher’s exact test), but this proportion did not differ 

significantly from the proportion blocked by either antagonist alone (combination vs 

bicuculline alone, P > 0.8; combination vs TPMPA alone, P > 0.5, Fisher’s exact test, Table 

5.3).  
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The GABAB antagonist, CGP54626 (1 µM) abolished a significant number of [Ca2+]i 

responses to GABA relative to time controls (7/20 neurons abolished, P = 0.03, Fisher’s exact 

test) (Table 5.3, Figure 5.4 E, F).   

Neurons that still responded in the presence of bicuculline displayed an increase in the 

amplitude of GABA-induced [Ca2+]i responses (%∆Fi/F0 control: 48 ± 6 %, n = 30; %∆Fi/F0 

bic: 95 ± 21% n = 13, P = 0.0037) (Figure 5.4 C, D, I). Similarly, TPMPA application 

increased the amplitude of residual responses (%∆Fi/F0 control: 48 ± 6 %, n = 30; % ΔFi/F0 

TPMPA: 109 ± 39% n = 14, P = 0.0255) (Figure 5.4 G, H, I). However in contrast to the 

effects of bicuculline and TPMPA individually, the amplitudes of residual [Ca2+]i responses 

did not increase significantly in the presence of the combined antagonists (%∆Fi/F0 control: 

48 ± 6 %, n = 30; % ΔFi/F0 bic & TPMPA: 75 ± 38% n = 6, P > 0.1). Like the other receptor 

antagonists, the amplitudes of [Ca2+]i responses in the responding neurons with GABAB 

receptors blocked by CGP54626 were significantly larger than control responses (%∆Fi/F0 

control: 48 ± 6 %, n = 30; % ΔFi/F0 CGP54626: 133 ± 25% n = 13, P < 0.0001) (Figure 5.4 

E, F, I).  
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Table 5. 3 Number of neurons responding to GABA in control conditions and in the 

presence of drug antagonists. 

 

Time Point 1 2 

Time controls 33 30 

   
Antagonists Control In the presence of 

drug/s 

Hexamethonium (nAChR antagonist) 30 15^ 

Bicuculline (GABAA antagonist) 35 13^ 

TPMPA (GABAC antagonist) 28 14^ 

CGP54626 (GABAB antagonist) 20 13* 

Bicuculline + TPMPA 22 6^ 

*P < 0.05, ^P < 0.001 Fishers exact test 
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Figure legend opposite 



131 

  

Figure 5. 4 GABA (1mM) - evoked [Ca2+]i transient responses in the presence of 

antagonists. 

Fluorescence images of neurons responding to GABA (1 mM) spritz with [Ca2+]i transients 

with their corresponding traces (shown in ms, scale x103) under control conditions (A-G) and 

after antagonists are washed in (A’-G’). Black arrows outlined with white on fluorescence 

images highlight neurons that stopped responding following receptor blockade, coloured 

arrows highlight neurons that displayed a potentiation in their response; each are colour-

matched to corresponding traces. Following bicuculline (10 µm) wash in, some neuronal 

responses were abolished (black trace) (A’-B’). The small black arrow in (B-B’) indicates the 

point of GABA application on the trace that corresponds to the highlighted neuron in (A-A’). 

The amplitudes of neuronal responses that were not abolished by bicuculline, were 

potentiated as (blue trace) (C’-D’) (P < 0.01). CGP54626 (1 µm) abolished some neuronal 

[Ca2+]i responses (black trace) and amplitudes of neuronal responses that were not abolished 

by CGP54626 were increased (green trace), (E’-F’) (P < 0.0001).  TPMPA (100 µM) wash in 

blocked some neuronal responses (black trace) and increased the amplitude of residual 

responses (red trace) (G’-H’) (P < 0.05). Scale bars = 20 µm. The amplitude of [Ca2+]i  

responses following the various GABA receptor antagonist wash in, excluding abolished 

neurons, is depicted graphically (I). Number of neurons examined are displayed within each 

histogram. 

 

 

 

 

 

 

 

 

 



132 

  

3.5 Involvement of endogenous GABA in synaptic transmission 

Initially, ganglia were stimulated electrically to collect time control data for subsequent drug 

antagonist experiments. Ganglia were stimulated using both single pulse and train stimulation 

which mimic fast and slow synaptic transmission in the ENS respectively (Foong et al., 

2012). Trains of 20 pulses (20 Hz) were used as this stimulus regime has been shown to 

produce sEPSPs in myenteric neurons in the murine small intestine and colon (Mao et al., 

2006; Nurgali et al., 2004). The effects of bicuculline, TPMPA and CGP54626 were then 

tested on electrically-induced [Ca2+]i transient responses. This would be expected to reveal 

any involvement of endogenous GABA released from myenteric varicosities. 

Bicuculline did not have any significant effect on the number of neurons responding to 

electrical stimulation relative to time controls (time control single pulse: 10/42 did not 

respond; bicuculline single pulse: 12/49 did not respond, P > 0.9; time control 20 pulse: 2/58 

did not respond; bicuculline 20 pulse: 7/79 did not respond P > 0.3, Fisher’s exact test) 

(Table 5.4). Similarly CGP54626 had no effect on the number of responders (CGP54626 

single pulse: 6/38 did not respond P > 0.4; CGP54626 20 pulse: 4/79 did not respond P > 0.9, 

Fisher’s exact test) nor did TPMPA (TPMPA single pulse: 8/41 did not respond, P > 0.8; 

TPMPA 20 pulse: 8/60 did not respond P > 0.1, Fisher’s exact test, Table 5.4). 

After bicuculline application, neurons did not display a change in the amplitude of 

electrically-induced [Ca2+]i responses following either single pulse stimulation (single pulse 

%ΔFi/F0 control: 106 ± 14% n = 32; % ΔFi/F0 bic: 153 ± 29% n = 37, P > 0.1) or train 

stimulation (20 pulse % ΔFi/F0 control: 116 ± 10% n = 56; % ΔFi/F0 bic: 122 ± 14% n = 72, P 

> 0.7, Figure 5.5 A, B, G). Similarly CGP54626 did not alter the amplitude of electrically-

induced [Ca2+]i responses (single pulse % ΔFi/F0 CGP: 110 ± 20% n = 32 P > 0.8; 20 pulse % 

ΔFi/F0 CGP: 106 ± 6% n = 75, P > 0.3, Figure 5.5 C, D, G). The amplitude of single pulse- 

evoked [Ca2+]i responses was unchanged in the presence of TPMPA  (%ΔFi/F0 TPMPA: 139 

± 29% n = 33, P>0.4). However, train-evoked [Ca2+]i transient responses were potentiated in 

amplitude by TPMPA (%ΔFi/F0 TPMPA: 237 ± 53% n = 52, P = 0.02, Figure 5.5 E, F,G). 
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Table 5. 4 Number of neurons responding to electrical stimulation in control conditions 

and in the presence of antagonists. 

 

 

Time Point 1 2 

1 pulse stimulation time controls 42 32 

20 pulse train stimulation time controls 58 56 

   
Antagonists Control In the presence of 

drug/s 

Bicuculline (GABAA, 10 µM ) 1 pulse 

stimulation 

49 37 

Bicuculline (GABAA, 10 µM ) 20 pulse 

stimulation 

79 72 

TPMPA (GABAC, 100 µM ) 1 pulse stimulation 41 33 

TPMPA (GABAC, 100 µM ) 20 pulse stimulation 60 52 

CGP54626 (GABAB, 1 µM) 1 pulse stimulation 38 32 

CGP54626 (GABAB, 1 µM) 20 pulse stimulation 79 75 
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Figure legend opposite 
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Figure 5. 5 Electrically - evoked [Ca2+]i transient responses in the presence of 

antagonists. 

Fluorescence images of neurons responding to 20 pulse electrical stimulation with [Ca2+]i 

transients with their corresponding traces (shown in ms, scale x103) under control conditions 

(A-F) and after antagonists are washed in (A’-F’). Arrows highlighting neurons on 

fluorescence images are colour-matched to corresponding traces.   

Both single pulse and 20 pulse (shown) stimulation produced [Ca2+]i responses that were no 

different in amplitude following bath application of bicuculline (10 µm) (blue trace) (A-A’, 

B-B’), the black arrow indicates point of electrical stimulation (B-B’). Similarly, CGP54626 

(1 µm) did not alter the amplitude of train-evoked [Ca2+]i responses (green trace) (C-D, C’-

D’). Trains of electrical stimulation produced [Ca2+]i responses that were potentiated in 

amplitude by bath application of TPMPA (100 µM) (red trace) (E-E’, F-F’) (P < 0.05) . Scale 

bars 20 = µm. The amplitude of single pulse and 20 pulse-evoked [Ca2+]i  responses 

following GABA antagonist wash in is depicted graphically (G). Number of neurons 

examined are displayed within each histogram. 
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4. DISCUSSION 

 

Recent studies reveal important roles of GABA particularly as metabolic products of 

microbiota that are intensified in pathogenic conditions (Barrett et al., 2012; Dann et al., 

2015). However the physiological roles of GABA and its receptors remain elusive as their 

expression appears to be extremely specific in the gut and its ENS. In this study, I used 

several converging methods to examine the role of GABA and its receptors in the murine 

myenteric plexus. I demonstrated the expression of GABA in neurons and varicosities 

surrounding specific enteric neurons and identified enteric neuronal subtypes that express 

GABA receptors using specific antagonists and Ca2+ imaging. Furthermore, I found that 

GABA is unlikely to mediate fast or intermediate EPSPs, via any of the GABA receptor 

subtypes. However I revealed that endogenous GABA is released and may modulate slow 

excitatory neurotransmission in the ENS via GABAC receptors. 

4.1 GABA colocalises with some calretinin and nNOS neurons in the MP of the mouse 

ileum 

It has previously been reported that in the murine small intestine GABA-IR neurons are rare 

and thus a profile of GABA colocalisation with other neuronal markers has not previously 

been investigated in mouse ileum (Sang and Young, 1996; Li et al., 2011). Further, prior to 

this study, though GABA-IR varicosities in the mouse small intestine have been identified, 

their innervation patterns within the myenteric plexus have not been examined in depth (Sang 

and Young, 1996). 

 

In accord with previous reports (Sang and Young, 1996; Li et al., 2011), I found that GABA 

neurons constitute 8% of neurons in the myenteric plexus of the murine ileum. Further, I 

found that GABA colocalised with nNOS-IR neurons which are often inhibitory motor 

neurons, and calr-IR neurons, which include intrinsic sensory, excitatory interneurons and 

motor neurons in the murine small intestine, therefore GABA-IR neurons may constitute 

subpopulations of such neurons. Previous reports in the mouse colon and guinea pig small 

intestine are consistent with this suggestion (Williamson et al., 1996; Sang and Young, 1996). 

In my study, GABA-IR varicosities were found in the circular muscle and within the ganglia, 

closely apposing approximately 60% of calr-IR neurons and 70 % of nNOS-IR neurons. 
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Thus, some GABA-IR neurons are likely to be interneurons contacting excitatory and 

inhibitory motor neurons as reported previously for the rat colon (Krantis, 2000). This is also 

consistent with findings from the murine colon, where widespread GABAergic innervation of 

neurons throughout the MP has been identified by immunolabelling of the vesicular GABA 

transporter (VGAT) (Seifi et al., 2014).  

4.2 GABA activates myenteric neurons in the mouse ileum  

By exogenous application of GABA, I demonstrated that myenteric neurons in the mouse 

ileum respond to GABA with [Ca2+]i transients, the majority of these being GABA-/NOS- 

neurons. These also include some calr-IR and smaller numbers of GABA-IR neurons 

(although these represent most GABA-IR neurons within each ganglion), and to a much 

lesser extent, NOS-IR neurons.  

Previous studies using intracellular recording have shown that GABA excites some myenteric 

neurons in guinea pig ileum (Cherubini and North, 1984a). This depolarisation was mediated 

by GABAA receptors and only observed in AH neurons, while S neurons were insensitive to 

GABA. Since calr-IR neurons responded to GABA in my study and calr is a neuronal marker 

of AH neurons/intrinsic sensory neurons (ISNs) in the murine small intestine, my results are 

congruent with the previous findings of Cherubini and North (1984a). Yet calretinin is also 

present in excitatory interneurons and motorneurons, while some nNOS-IR neurons and 

GABA-IR neurons responded. These neuronal subtypes are likely to have S-type 

electrophysiology, thus the inclusion of neurons other than ISNs differs from the early 

findings in the guinea-pig ileum (Cherubini & North, 1984a). This might well be due to 

differential GABA receptor expression, which has not been detailed across species. 

GABA-IR innervation of neurons within the MP of the mouse and rat colon (Sang and 

Young, 1996; Krantis, 2000; Seifi et al., 2014) and to a much lesser extent guinea pig ileum 

(Jessen et al., 1986; Furness et al., 1989) suggests a role for GABAergic transmission in the 

MP and that GABA-IR neurons may function as interneurons. Indeed GABA-evoked Ca2+ 

responses in half of the GABA- responding neurons were indirect, and found to be mediated 

by nicotinic receptors, indicating that these neurons respond via excitatory synaptic inputs 

from other neurons that express GABA receptors within the circuitry.   
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Further, I found that GABA varicosities make close contacts with many calr-IR and nNOS-IR 

neurons and hence are likely to be from interneurons innervating these motor neurons. 

Unsurprisingly calr-IR neurons responded to GABA. Interestingly, nNOS neurons rarely 

responded despite their presumptive GABAergic innervation. It cannot therefore be 

concluded that GABAergic varicosities demonstrated in this study form functional contacts 

or that nNOS neurons express GABA receptors as they have been shown to in the mouse 

colon (Seifi et al., 2014). This requires further detailed analysis. 

4.3 GABAA GABAB and GABAC receptors are expressed in the myenteric circuitry  

After demonstrating that GABA activates neurons in the MP of the mouse small intestine, I 

extended this by identifying GABA receptor subtypes that mediated these excitatory 

responses. While the expression of GABA receptors has been established in the rodent GIT 

via immunohistochemical and functional analyses, most information details receptor 

expression in the rat where GABAA (Krantis and Harding, 1987; Krantis et al., 1995; Poulter 

et al., 1999), GABAB (Krantis and Harding, 1987; Nakajima et al., 1996), and GABAC 

(Fletcher et al., 2001) receptors are known to exist. 

GABAA and GABAB  receptors have been identified in the mouse colon with GABAA 

receptors expressed on neurochemically diverse cell types including nNOS and ChAT, 5-HT 

and SOM neurons (Casanova et al., 2009; Seifi et al., 2014; Auteri et al., 2015). Only very 

limited functional work confirming the expression of GABAC receptors in the mouse model 

exists. This found that contractility in the longitudinal muscle of the small intestine is 

modulated by GABAC receptors (Zizzo et al., 2007). In order to deduce GABA receptor 

expression on enteric neurons in the small intestine, I attempted to identify locations of 

different receptor subtypes immunohistochemically, but was unable to obtain satisfactory 

labelling with the available antisera. Most localisation of the various GABA receptor types 

has been shown in the rat. GABAC receptor expression has only been demonstrated in this 

species and availability of antisera for GABAC receptors is limited. For these reasons this 

component of the study was not further pursued. Instead I used specific receptor antagonists 

to examine the effects of all 3 GABA receptor subtypes. 

The GABAA antagonist bicuculline, the GABAB antagonist CGP54626 and the GABAC 

receptor antagonist TPMPA each prevented calcium responses in many neurons that 
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responded to GABA. These data suggest that a subset of myenteric neurons including nearly 

all GABA-IR neurons possess GABAA GABAB and GABAC receptors with the possibility of 

some possessing more than one subtype. A response to GABA that was not blocked by either 

GABAA or GABAC antagonists or both was identified, potentially mediated via GABAB 

receptors. 

 

Interestingly, responses that were not abolished by GABA receptor antagonists and the 

nicotinic receptor antagonist hexamethonium were significantly larger than control responses 

in the same neurons, which reveals a potential inhibitory action of GABA.    

GABA is generally characterised as an inhibitory neurotransmitter in the CNS that acts 

through ionotropic pentameric Cl- channels (GABAA and GABAC) and G-protein-coupled 

receptors (GABAB) (Enz, 2001; Sigel and Steinmann, 2012). However in the ENS and in 

sub-compartments of the CNS (Chavas and Marty, 2003; Gulledge and Stuart, 2003), 

including the retina (Fletcher et al., 1998; Varela et al., 2005), GABA-mediated chloride 

conductance increases via GABAA and GABAC receptors is known to produce 

depolarisations due to elevated intracellular chloride concentrations (Russell, 2000; Liu et al., 

2013).  

It is unclear whether the inhibitory action of GABA observed in this study is due to 

conductance changes or dis-inhibition of unknown inputs within the circuitry. For instance if 

GABAA and GABAC receptors are expressed on neurons in a negative feedback arrangement, 

when either GABA receptor is antagonised the synaptically connected neuron would be 

disinhibited and exhibit a potentiated response (Figure 5.6 A). Similarly, if inhibitory inputs 

to GABA-responding neurons from neurons expressing nicotinic receptors are blocked, a 

disinhibition and amplification of the response in GABA responding neurons could occur 

(Figure 5.6 B). Possible sources of inhibition within the circuitry could include somatostatin 

(SOM) – expressing neurons, which have been presumed to signal via GABAA receptors in 

the mouse colon while GABAA receptors are also evident on nNOS and 5-HT neurons in the 

colon (Seifi et al., 2014). To date however, a conclusive inhibitory transmitter in the MP of 

the murine ileum has not been identified and this should be a point of further examination.  

In addition, since the exact immunocolocalisation pattern for GABA receptors in the mouse 

ileum is unknown, it is possible that the ionotropic GABA receptors are expressed 

presynaptically mediating the inhibitory effects observed. Indeed, while GABAA receptors in 
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the murine gut are commonly expressed postsynaptically in the MP, in the SMP of the colon 

GABAA receptors are expressed presynaptically on axonal compartments of nNOS neurons 

(Seifi et al., 2014). Further, GABAB receptors in the mouse act at the presynapse to prevent 

ACh release from excitatory cholinergic neurons (Sanger et al., 2002; Hyland and Cryan, 

2010) and may account for the increase in neuronal activity observed following GABAB 

receptor blockade in this study. Indeed, while GABAB receptors are generally associated with 

presynaptic inhibition of ACh release, inhibition of inhibitory neuromuscular transmitter 

release such as NO, by GABAB activation has been reported in the rabbit, rat and guinea pig 

(Tonini et al., 1989a; Kilbinger et al., 1999; Bayer et al., 2003). It may be that in this system 

GABAB receptors are located on inhibitory inputs to unidentified neurons, so that when they 

are blocked, inhibition is restored and a number of GABA responses are abolished. 

  

Figure 5. 6 Schematic of a postulated circuit showing dis-inhibition of unknown inputs. 

This schematic shows that some myenteric neurons express GABAA and GABAC receptors 

since the antagonists bicuculline (10 µM) and TPMPA (100 µM) prevented calcium 

responses in a significant proportion of neurons that initially responded to GABA. Neuronal 

responses that were not abolished by either antagonist nor by hexamethonium were 

amplified, suggesting that GABA has both an excitatory and inhibitory influence over enteric 

neurons, but the exact source of inhibition is unknown. This may occur if both receptor 

subtypes are expressed on neurons arranged in a negative feedback loop where blocking one 

receptor dis-inhibits the synaptically-connected neuron thus amplifying its response (A). 

Additionally GABA-responding neurons may receive inhibitory inputs from neurons 

expressing nicotinic receptors, which if blocked by hexamethonium (200 µM), potentiate the 

activity of the GABA responder (B). 
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4.4 The GABAC receptor has a synaptic function and an inhibitory role in neural circuits 

Electrical stimulation which evokes endogenous neurotransmitter release was used in this 

study to ascertain whether any GABA receptors and therefore endogenous GABA contribute 

to synaptic transmission. A single pulse electrical stimulus applied to interganglionic 

connectives is typically used to evoke fast to intermediate synaptic responses (Hirst et al., 

1974; Bornstein et al., 1986; Monro et al., 2004; Gwynne and Bornstein, 2007b; Foong et al., 

2012), while trains of electrical stimuli evoke slow EPSPs (Wood and Mayer, 1978; Johnson 

et al., 1981; Bornstein et al., 1994; Gwynne and Bornstein, 2007b). In this study, single 

pulse-evoked [Ca2+]i responses were not affected by antagonism of any of the GABA 

receptors and trains of stimuli produced calcium responses that were potentiated by 

antagonising GABAC receptors but were unaffected by GABAA or GABAB blockade. 

Further, the GABAC receptor antagonist TPMPA shows strong selectivity for this receptor 

subtype; it has >100-fold selectivity for GABAC receptors compared with GABAA or GABAB 

receptors (Ragozzino et al., 1996; Johnston, 2002).  

 

This indicates that release of endogenous GABA modulates slow synaptic transmission via 

GABAC receptors, where GABA acting at GABAC receptors tonically inhibits the system. It 

is intriguing that GABAA or GABAB receptors do not contribute to or modulate either fast or 

slow synaptic transmission, since exogenous application of GABA showed that each receptor 

subtype is present and functional studies demonstrate that GABAA and GABAB receptors 

have a significant role in the control of motility responses in the mouse (Sanger et al., 2002; 

Zizzo et al., 2007; Auteri et al., 2014). One study has reported the involvement of GABAC 

receptors in the control of gut smooth muscle contractility (Zizzo et al., 2007); indeed 

GABAC receptors were shown to modulate slow transmission in this study, but do not appear 

to be involved in fast transmission. It might be that endogenous GABA does not reach 

relevant GABAA and GABAB receptors, or that different stimulus regimes are required and 

so GABAA and GABAB-mediated synaptic transmission cannot be excluded. While Ca2+ 

imaging is advantageous for a broad assessment of neural activity, [Ca2+]i  is not the only 

measure of neuronal action. Detailed membrane properties such as synaptic events are well 

studied via electrophysiological techniques such as intracellular recording or whole-cell 

recording and may be more accurately measured using such methods. 
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While GABAC receptors mediate excitation via a depolarising conductance, intrinsic 

differences in receptor kinetics may account for the antagonist- revealed inhibition of 

responses to stimulus trains. GABAA receptors mediate rapid transient currents, while 

GABAC receptors have been demonstrated to produce more prolonged responses (Qian and 

Dowling, 1995; Lukasiewicz and Shields, 1998) where the deactivation rate or closing phase 

of GABAC receptors is much slower (Amin and Weiss, 1994). In addition, unlike GABAA 

receptors GABAC receptors display little desensitisation (Matthews et al., 1994). 

Consequently, GABAC receptors such as those located on the terminals of retinal bipolar cells 

are known to produce a (tonic) standing current due to these properties (Hull et al., 2006; 

Palmer, 2006). It might well be that prolonged opening of chloride channels by endogenous 

GABA prevents firing by a form of shunting inhibition due to extended chloride conductance 

and interactions of Na+ inactivation and voltage-gated K+ channel (Kv) opening. 

 

Slow excitatory transmission in enteric neurons is associated with a net decrease in 

membrane conductance due largely to an inhibition of two potassium conductances; resting  

or ‘leak’ K+ conductance (gK) and calcium-dependent K+ conductance (gKCa), which is the 

conductance mediating the after-hyperpolarisation (AHP) in AH neurons (Grafe et al., 1980). 

While this applies to AH neurons, the situation involving S neurons is more complex as the 

K+ channels have not been clearly identified and there is potential for contribution by M- 

current channels like the KCNQ (Kv7) channels (Brown and Passmore, 2009; Hirst et al., 

2015).  In addition to suppression of K+ conductances, slow transmission has been shown to 

be due to an increase in chloride conductance (gCl) in myenteric neurons (Bertrand and 

Galligan, 1994). The reversal potential for Cl- in guinea pig myenteric neurons is estimated to 

be between -39 mV (Cherubini and North, 1984a; Bertrand and Galligan, 1994) and -17 mV 

(Bertrand and Galligan, 1994). Therefore inactivation of resting gK and activation of gCl 

leads to depolarisation of the neuron relative to the resting potential and similar to the 

reversal potential of Cl.  

Consequently activation and prolonged opening of GABAC receptors could produce a 

prolonged chloride conductance approximating this value, establishing a new membrane 

potential. The initial depolarisation of the cell at this membrane potential is likely to activate 

delayed rectifier K+ channels which are active when the membrane is depolarised to values 

above -30 mV (Hirst et al., 1985a), producing a repolarising inhibition. This stabilization of 

the membrane would prevent the activation of voltage gated Na+ channels and further 
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depolarisation therefore allowing GABA to shunt firing by a ‘clamping’ of the membrane in 

this way. Thus following repetitive stimulation of interganglionic connectives, prolonged 

opening of these channels by endogenous GABA may be responsible for this shunting 

inhibition. This would be released when these receptors are blocked, producing the 

potentiated response observed in this study.  

 

The advantage of broadly surveying the ENS via Ca2+ imaging enabled us to observe the 

widespread endogenous effects of GABA within the myenteric circuitry for the first time. 

The specific actions of GABAC receptors likely require a more detailed analysis of the 

membrane potential, which would be ideally investigated via intracellular recording. 

However recording via sharp electrode from a sufficient sample size of neurons, within a 

reasonable time frame, is outside the scope of this study. Instead we have commenced a 

preliminary investigation using computational modelling. Previously, modelling conducted 

by colleagues has generated realistic predictions of neuronal behaviour with a capacity to 

reproduce experimental observations and has been implemented to understand the influence 

ionic currents have on the excitability of neurons (Chambers et al., 2014). In this study, the 

current model incorporates predictions from our previous model (Chambers et al., 2014) and 

was implemented to examine the effect GABA channels have on the excitability of enteric 

neurons.  

The model includes voltage-gated channels which are known to be found on myenteric 

neurons including Nav1.3 and Nav1.7, responsible for rising phase of action potentials (Sage 

et al., 2007) and K+ channels including A-type K+ and delayed-rectifier channels, which 

contribute to the falling phase (Furness et al., 1998; Chambers et al., 2014). Alterations to this 

model were made to include GABAA and GABAC receptors and a stereotyped synaptic 

current with a reversal potential of +10 mV and described by an alpha function.  This last 

component served as a model for synaptic potentials mediated by nicotinic acetylcholine 

receptors (nAChRs) as such responses are the major form of synaptic transmission within 

ENS (Kirchgessner and Liu, 1998; Zhou and Galligan, 2000; Gwynne and Bornstein, 2007b; 

Foong et al., 2015). In addition Kv7.2 channels were incorporated into the model. Kv7.2 is 

known to have a suppressive effect on neuronal firing in the CNS and peripheral neurons 

(Brown and Passmore, 2009; Cooper, 2011) where the K+ current converts tonic firing to 

phasic firing.  Kv7.2 are expressed by murine enteric neurons (Hirst et al., 2015). 
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This modelling is consistent with the experimental results reported in this study. Following 

repetitive (train) neural stimulation and activation of synaptic inputs including GABAC 

synapses, an initial AP is observed in the modelled neuron followed by a prolonged clamping 

of the membrane potential. In other words, GABAC activation ‘shunts’ firing and prevents 

further firing. When GABAC synapses are blocked, the inhibitory shunting action is released 

and firing is increased (Figure 5.7). While this work is preliminary and the model does not 

include slow EPSPs, it is consistent with the novel experimental finding and paves the way 

for further investigation into the role of GABAC receptors within the enteric circuitry. Studies 

should extend to further detailed membrane analyses and the functional effects of such 

synaptic modulation.   
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Figure 5. 7 Preliminary computer modelling to interpret the possible inhibitory role of 

GABA in modulating synaptic transmission. 

Computer modelling was conducted to test the hypothesis that prolonged opening of a Cl- 

channel via GABAC receptors can prevent firing. A) Here the membrane potential of a neuron 

is shown. The neuron has been stimulated with a train of the GABAC synapses in the 

presence of alpha (nicotinic) and GABAA synapses, where the reversal potential of the model 

of the GABAC synapses is -35mv. The neuron fires initially where GABAC channels remain 

open due to slow-gating kinetics to produce a prolonged Cl- conductance. The activation of 

potassium channels including Kv7.2 channels repolarise the membrane potential and shunt 

further firing. B) When GABAC receptors are inhibited but other synaptic inputs including 20 

GABAA synapses are active, firing is increased since the GABAC -mediated inhibition is 

removed.  
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4.5 Future directions and conclusions 

In all, this study extended the profile of GABA within the murine MP in the small intestine 

where GABA-IR neurons are likely to function as interneurons as they do in other species. It 

was demonstrated that GABAA, GABAB and GABAC receptors are expressed by enteric 

neurons where GABA was shown to either excite or inhibit neurons via these receptor 

subtypes. Release of endogenous GABA was found to modulate synaptic responses to trains 

of stimuli via GABAC, receptors; this finding was consistent with preliminary computer 

modelling and is an exciting research point that should be extended further by detailed 

membrane property analysis and examining the potential functional effects GABAC-mediated 

transmission may have. If or how this contributes to pathogenic GIT states such CDI, might 

well pave the way for the identification of exciting therapeutic targets. 
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CHAPTER 6: A MORPHOLOGICAL AND 

ELECTROPHYSIOLOGICAL STUDY OF MYENTERIC 

NEURONS IN THE MOUSE ILEUM – EFFECTS OF CT ON 

THEIR EXCITABILITY  
 

ABSTRACT 

 

In Chapter 3, in vitro incubations of CT were implemented in the guinea pig to examine 

effects on neural circuitry. In this present study mice were treated with CT in vivo to make 

use of an incubation method that more closely resembles the physiological internal 

environment. The properties of myenteric neurons were examined in detail via intracellular 

recording. This was conducted alongside a parallel study that used Ca2+ imaging to examine 

the broader effects of CT on the entire circuitry.  CT induced spontaneous synaptic activity in 

some myenteric neurons, suggesting heightened input elsewhere in the circuitry. This source 

was not identified due to low proportions of sensory neurons in the mouse compared to the 

commonly studied guinea pig model, and a prominent sampling bias. The data suggest a 

minor role for myenteric neurons in the contribution to CT-induced hypersecretion. 

 

1. INTRODUCTION 

 

CT produces a massive efflux of water and electrolytes across the intestinal mucosa when 

incubated in vivo in the small intestine of rodents via a ligated ileal loop (Burrows and 

Musteikis, 1966; Castagliuolo et al., 1994; Guichard et al., 2013). Chapter 3 explored the 

effects of in vitro incubations with CT on enteric neuronal firing properties. While in vitro 

incubations have been used to model CT-induced hypersecretion (Carey and Cooke, 1986; 

Gwynne et al., 2009), in vivo exposure to enterotoxins prevents damage to the mucosal 

barrier due to lack of blood supply and thus preserves normal mucosal function, more closely 

replicating the internal environment. For these reasons in vivo incubations of CT have been 

used in this study where the ileal loop mouse model has been implemented to take advantage 

of Wnt1-Cre;R26R-GCaMP3 mice for use in Ca2+ imaging in a joint study. 
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 I collaborated with a colleague in a study where she applied Ca2+ imaging to show that in 

vivo incubation of CT in the mouse ileum increased the number of spontaneously active 

neurons in the submucosal plexus (SMP), and enhanced their responses to electrical 

stimulation. Such increases in spontaneous or electrically-evoked activity were not observed 

myenteric neurons, indeed their spontaneous activity was depressed (Fung, Koussoulas et al., 

2017, unpublished). This is surprising, as it is proposed in rats that the MP is required for CT 

to exert full hypersecretory effects (Jodal et al., 1993) and in Chapters 3 and 4, I 

demonstrated that in vitro incubations of bacterial toxins including CT in the guinea pig 

jejunum induced sustained hyperexcitability in myenteric sensory neurons. My colleague also 

examined the effects of CT on the enteric circuitry by immunolabelling for activity-

dependent markers pCREB and c-Fos (Sheng and Greenberg, 1990). In the SMP, neuronal 

expression of pCREB was significantly higher in CT-treated tissues than in controls, while in 

the MP CT increased neuronal c-Fos expression compared to controls (Fung, Koussoulas et 

al., 2017, unpublished). However, despite the high-throughput advantage of Ca2+-imaging, 

measurement of changes in intracellular calcium is only one indication of neuronal 

excitability. Of note, the firing and membrane properties of individual neurons cannot be 

examined with Ca2+ imaging techniques, and these properties have not previously been 

examined following in vivo incubations of CT in the murine small intestine. In fact, very few 

studies have examined electrophysiological properties of neurons in the mouse small intestine 

(Bian et al., 2003; Ren et al., 2003; Mao et al., 2006; Foong et al., 2012). Further to this, an 

analysis of correlations between electrophysiological and morphological properties of enteric 

neurons in the mouse ileum has not been performed previously.  

In this study, I used intracellular recording to examine the membrane and action potential 

firing properties of myenteric neurons following CT- treatment in the in vivo mouse ileal loop 

model to extend Ca2+ imaging observations (Fung, Koussoulas et al., 2017, unpublished), and 

to determine whether CT induced sustained excitability effects on myenteric neurons. Using 

this method, I revealed heightened synaptic activity in the MP in the form of an increase in 

spontaneous synaptic potentials in some neurons. This is also the first study correlating 

electrophysiological and morphological properties of myenteric neurons in the mouse ileum. 
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2. METHODS  

2.1 Mice 

Experiments were performed using male mice on a C57BL/6 background, including Wnt1-

Cre;R26R-GCaMP3 mice that express the fluorescent calcium indicator GCaMP3 in all 

enteric neurons and glia, aged 8-12 weeks (see Chapter 2).  

2.2 Ileal loop surgery  

Ileal loop surgery was performed on mice as described in Chapter 2 (section 2). Briefly, 

either physiological saline or toxin in saline (CT: 12.5 µg/ml, List Biologicals, Campbell, 

CA) was injected into the ileum filling the region (100-150 µl of incubating solution). After a 

3.5 hour incubation period, the animal was killed by cervical dislocation as approved by the 

University of Melbourne Animal Experimentation Ethics Committee. The ileal loop segment 

was dissected from the abdomen for in vitro experimentation.  

2.3 Tissue preparation for electrophysiology 

Following surgery, ileal loop tissue was dissected out of the animal and placed in 

physiological saline containing nicardipine (1.25 μM) and hyoscine (1 μM) to prevent smooth 

muscle contractions. A preparation of MP with attached longitudinal muscle (LMMP) was 

produced via microdissection (Chapter 2, section 1.1). 

The LMMP preparation was transferred to a recording bath continually superfused with 35-

36°C physiological saline bubbled with 95%O2/5%CO2. The preparation was allowed to 

equilibrate for an hour before commencing electrophysiological experiments. 

2.4 Intracellular recording 

Neurons were impaled (as outlined in Chapter 2, section 1.2) with glass intracellular 

recording microelectrodes (95-200 MΩ tip resistance) containing 1 mol/L KCl, with or 

without 2% biocytin (Sigma Aldrich, Castle Hill, NSW, Australia) to allow them to be 

identified morphologically after electrophysiological recordings (see Chapter 2 section 1.3). 
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Excitability and synaptic inputs of neurons were determined as previously described in 

Chapter 2, section 1.2.  

2.5 Analysis and statistics  

The electrophysiological data were analysed using AxoScope computer software (version 

10.2.0.14, Axon Instruments U.S.A.). Injection of depolarising and hyperpolarising current 

pulses into neurons was performed twice per cell, while the single pulse stimulus regime was 

repeated 3 times to obtain averages for these parameters. Data are presented as mean ± SEM 

and n = the number of cells examined. 

Statistical analyses were performed using unpaired t-tests with P < 0.05 considered 

statistically significant. Comparisons were performed using GraphPad Prism 5.0 (GraphPad 

Softwares, San Diego California). 

2.6 Drugs 

Drugs used were hyoscine and nicardipine (both from Sigma Aldrich, Castle Hill NSW, 

AUS). CT was dissolved in distilled water to make stock solutions stored at 4°C and then 

again in physiological saline to their working concentration on the day of experimentation. 

 

 

3. RESULTS 

3.1 CT in the ileum in vivo produces enhanced secretion  

I performed in vivo ileal loop incubations with CT in mice and found enhanced secretion in 

all preparations as described in our parallel study (Fung, Koussoulas et al., unpublished). 

Increased fluid accumulation was observed in segments of ileum that were injected with CT 

(12.5µg/mL) compared to saline controls after 3.5 hours (Figure 6.1). 
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Figure 6.1 Control versus CT -treated ileal loops following 3.5 h incubation in vivo. 

 

Images of ileal loops (marked with yellow asterisks) following 3.5 hour incubation period in 

vivo with either saline (A) or CT (12.5 µg/mL) (B) injected into the lumen. 

3.2 Electrophysiology and morphology of myenteric neurons in the mouse ileum 

Experiments were technically difficult and impalements from murine tissue presented a great 

challenge when compared to guinea pig equivalents. This is likely why very few studies have 

ever examined the electrophysiological properties of neurons in the mouse small intestine and 

is the primary reason that neuronal sample sizes were small in this study.  

A total of 45 myenteric neurons were examined electrophysiologically, 38 had S-type 

electrophysiology (20 control, 18 CT) and 7 had AH-type electrophysiology (3 control, 4 

CT). Myenteric AH neurons in the murine ileum were far under-represented compared to the 

guinea pig ileum where AH neurons are much more common and are recorded from in 

similar proportions to S neurons (Iyer et al., 1988). This is consistent with the work of Bian et 

al. (2003) and Ren et al. (2003) who found that AH neurons in the mouse ileum are impaled 

infrequently and represent a small percentage (10%) of total neurons recorded. 
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All AH neurons whose firing properties were examined, displayed phasic firing (firing 

rapidly at the onset of the depolarisation, then accommodating to the stimulus), regardless of 

treatment (n = 5), a common feature of AH neuronal firing (Bornstein et al., 1994) (Figure 

6.2). Instantaneous firing frequency was measured as the interspike interval (ISI) between the 

first two spikes at the 300 pA current step. In control neurons, this was found to be 35 ± 10 

ms, hence control neurons displayed a maximum firing frequency of 29 Hz (n = 3). 

 

 There is a large variety of S-type neurons and they can fire phasically or throughout a 

depolarising pulse over a range of frequencies (Bornstein et al., 1994). The firing of S-type 

neurons was characterised for 1 CT-treated neuron and 3 controls. One control S neuron fired 

tonically (firing throughout the depolarisation) at maximum pulse amplitude (350 pA), while 

2 fired a single AP with maximum pulse amplitude (Figure 6.2). The tonically-firing neuron 

did so at a frequency of 21 Hz (ISI 47 ms).  

 

All AH neurons displayed a characteristic prolonged AHP following AP firing during 

depolarising current pulses and exhibited an Ih-induced ‘sag’ in the membrane potential 

during hyperpolarising current pulses (Figure 6.2) (Galligan et al., 1990; Bornstein et al., 

1994). Under control conditions, AH neurons had resting membrane potentials (RMPs) of -

59.7 ± 2 mV, n = 3 (Table 6.1).  S neurons did not display a prolonged AHP and received 

substantial fast excitatory input (Figure 6.2), shown by fEPSPs produced by electrical 

stimulation of their presynaptic inputs, as seen in the guinea pig small intestine (Hirst et al., 

1974; Bornstein et al., 1991a; Furness, 2006). S neurons had RMPs of -46.3 ± 4.1 mV, n = 6 

(Table 6.1). 

 

The morphologies of 20 myenteric neurons (9 control, 11 CT) were examined after 

electrophysiological experiments. As observed in the guinea pig small intestine (Bornstein et 

al., 1984; Bornstein et al., 1991a; Bornstein et al., 1994), all AH neurons (n = 7) possessed 

Dogiel type II morphology with large smooth cell bodies and multiple axonal processes, 

(with an average of 3 axons/axonal branches projecting in a circumferential direction) 

(Figure 6.2 and 6.3).  

 

All S-neurons examined had a single axon, 12 of these neurons displayed lamellar dendrites 

typical of Dogiel type I morphology (Bornstein et al., 1991a) (Figure 6.2 and 6.3), and 1 
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neuron had filamentous dendrites. Most S neurons (n = 8) projected their axons orally 

(Figure 6.3), 4 had circumferential projections, including the filamentous neuron, 1 was 

undetermined. Thus it appears that anally projecting interneurons and motor neurons have not 

been sampled in this data set. This is a striking point to note since nNOS neurons which 

would be expected to project anally represent approximately a third of the total neuronal 

population in the mouse small intestine (Qu et al., 2008). The axon projections of 5 S-type 

neurons were traced and measured: 2 orally-projecting neurons branched out into the circular 

muscle, while 1 branched into the longitudinal muscle. Neurons with axons branching and 

entering the muscle had projection lengths ranging from 250 µm-650 µm. Two S-type 

neurons had orally-projecting axons that ran for greater distances (1000-1100 µm), but could 

not be traced to the muscle. These projections were interrupted by the dissection of the tissue 

and thus were unable to be fully characterized (Figure 6.3).  

3.3 CT induces an increase in spontaneous activity in S neurons 

 As only 1 CT-treated S neuron had its firing properties characterised meaningful conclusions 

regarding the effects of the toxin on the firing of S neurons cannot be drawn. Further, due to 

the small proportion of myenteric AH neurons in this study and the random nature of the 

impalement method, recordings from AH neurons were restricted even though these neurons 

produced more robust impalements. Therefore with small neuronal sample sizes, statistical 

comparisons for many of the membrane and firing properties between treatment groups 

cannot reliably be conducted. Instead for some parameters, values for controls and CT-treated 

neurons are described here without statistical comparison.  

CT treatment did not appear to have a significant effect on the RMP of myenteric neurons for 

either S-type (control: -46.3 ± 4.1 mV, n = 6, CT: -51.7 ± 4.4 mV, n = 3) or AH neurons 

(control: -59.7 ± 2 mV, n = 3 CT: -53.3 ± 4.8 mV n = 3) (Table 6.1).  

Most of the firing properties of S neurons at RMP were recorded from control neurons 

including the threshold of firing (S-type; control: 160 ± 10 pA, n = 5), and the maximum 

number of APs fired during depolarising current pulse steps (S-type; control: 3.5 ± 2.5 APs, n 

= 3). Following CT-treatment, 1 S neuron fired at a threshold of 150 pA with a maximum of 

3 APs, at maximum pulse amplitude (Table 6.1). 
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The threshold of firing for AH neurons for both treatment groups (AH-type control: 183 ± 42 

pA, n=3 CT: 100 ± 25 pA, n = 2) and the maximum number of APs fired during depolarising 

current pulse steps (AH-type; control: 2.5 ± 0, n = 3 CT: 5.3 ± 1.3 APs, n = 2 at 350 pA) were 

analysed where CT doubled the number of APs fired at maximum pulse amplitude (Table 

6.1).  ISI in CT-treated AH neurons was 22 ± 0.2 ms (n = 2), indicating that maximum 

instantaneous firing frequency in CT-treated neurons vs controls was 44 Hz and 29 Hz 

respectively. All CT-treated AH neurons displayed anode break action potentials (control: 

0/2, CT: 3/3). Additionally, while control neurons were quiescent without stimulation, 

spontaneous firing (proximal process potentials) were seen in 2/4 CT-treated AH neurons; 

spontaneous firing in AH neurons in the mouse small intestine under control conditions has 

not previously been reported (Ren et al., 2003; Mao et al., 2006; Foong et al., 2012) (Table 

6.1). Thus, a greater sample size may reveal excitatory effects of CT on AH neurons but this 

was the technically challenging to execute due to time constraints, difficulties in impaling 

from neurons from the mouse small intestine and the low incidence of AH neurons as 

previously outlined.  

To study synaptic inputs to S neurons, hyperpolarizing current was passed through the 

recording electrode to bring the membrane potential to -90 mV and hence increase the driving 

potential for the fast EPSPs (Monro et al., 2004). At this hyperpolarized membrane potential, 

the amplitudes of electrically-evoked fast EPSPs did not differ significantly between CT 

(28.6 ± 2.6 mV, n = 12) and controls (22.1 ± 2.9 mV; n = 13, P > 0.2) nor did their duration 

(Con: 77 ± 10 ms; CT: 104 ± 12 ms, P = 0.09) (Table 6.1, Figure 6.4). However, the 

proportion of myenteric neurons displaying spontaneous activity (single and bursts of fast 

EPSPs) increased following CT exposure (CT: 61%, (11) n = 18; control: 15%, (3) n = 20; 

Fisher’s exact test, P < 0.01; Table 6.1, Figure 6.4), where the durations of recordings that 

were used to detect spontaneous EPSPs in both control and CT-treated preparations were 

comparable (Control: 3.7 ± 0.7 mins; CT 3.1 ± 1 mins P > 0.5 ).  

 

 

 



155 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2 Correlations between electrophysiological and morphological features in 

myenteric neurons of the mouse ileum. 

AH neurons fired action potentials phasically during depolarising current pulses followed by 

a prolonged AHP (as indicated by the arrow head) and exhibited an Ih-induced ‘sag’ in the 

membrane potential (arrow head) during a 500 ms hyperpolarizing pulse injected at RMP 

(A). Neurons with AH electrophysiology displayed Dogiel type II morphology. The AH 

neuron (with corresponding electrophysiology in A) has a smooth cell body with multiple, 

long axons (arrows) branching circumferentially (A’). S neurons fired fEPSPs (indicated by 

the arrow head). At RMP, control neurons fired either a single AP or tonically at upper 

depolarising current pulse amplitudes (B). S-type neurons had Dogiel type I morphology. The 

S neuron (corresponds to the first depolarising current pulse trace in B) has lamellar dendrites 

with a single orally-projecting axon (arrow) (B’). 
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Figure 6.3 Examples of cell bodies and projections of neurons in the mouse ileum. 

Micrographs depicting the morphologies of Dogiel type I (A and B) and Dogiel type II (B 

and C) cell bodies. Most Dogiel I neurons had lamellar dendrites, all Dogiel type II neurons 

had smooth cell bodies. Closed arrows denote axons, open arrow head denotes expansion 

bulb. All AH/type II neurons had an average of 3 axons/axonal branches projecting in a 

circumferential direction. The neuron depicted in (D) represents this typical projection 

pattern. Most S/type I neurons had a single axon projecting orally (E-G) The neuron 

represented in (E) had an orally projecting axon 650 µm in length that branched into the 
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circular muscle. Some uniaxonal neurons had orally-projecting axons that did not enter the 

muscle and were interrupted by the tissue dissection (F) (1000 µm projection length), (G) 

(1100 µm in length). Closed arrow heads denote cell bodies. 
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Figure 6.4 Myenteric neurons of CT-incubated ileal segments displayed increased 

spontaneous synaptic input. 

Stimulus-evoked fEPSPs were no different in amplitude or duration in control (A) and CT-

treated preparations (B). Micrographs of control (C) and CT (12.5 µg/ml) pre-treated (D) S-

type neurons with their corresponding electrophysiological recordings. Following CT 

exposure, S-type neurons showed an increased incidence of spontaneous firing activity 

(single and bursts of fast EPSPs indicated by arrow heads). Arrows denote axons. 
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Table 6.1 Electrophysiological parameters of neurons recorded from control and CT-

treated ileal loops. 

 

# recorded at hyperpolarised membrane potentials of -90 mV, * P < 0.01, Fisher’s exact test 

 

 

 

Parameter S-type AH-type 

Control CT Control CT 

RMP (mV) -46 ± 4 

n = 6 

-52 ± 4 

n = 3 

-60 ± 2 

n = 3 

-53 ± 5 

n = 3 

 

 

 

Action 

potential 

Firing 

Threshold 

(pA) 

 

160 ± 10 

n = 5 

150 

n = 1 

183 ± 42 

n = 3 

100 ± 25 

n = 2 

Max # of 

APs 

 

3.5 ± 2.5 

n = 3 

3 

n = 1 

2.5 ± 0 

n = 3 

5.3 ± 1.3 

n = 2 

Incidence 

Anode 

Break AP 

n/a n/a 0% (0/2) 

n = 2 

100% (3/3) 

n = 3 

Stim-evoked fEPSP 

amplitude (mV)#  

22.1 ± 2.9 

n = 13 

28.6 ± 2.6 

n = 12 

n/a n/a 

Stim-evoked fEPSP 

duration (ms)# 

77 ± 10  

n = 13 

104 ± 12  

n =1 2 

n/a n/a 

Spontaneous 

activity# 

15 % (3/20) 

n = 20* 

61.1% (11/18) 

n = 18* 

0% (0/3) 

n = 3 

50% (2/4) 

n = 4 
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4. DISCUSSION  

 

In vivo pre-incubation of CT in the mouse ileal loop did not produce significant changes the 

calcium activity of myenteric neurons, but increased in c-Fos expression in myenteric 

neurons (Fung, Koussoulas et al., unpublished). Moreover, the MP was shown to be 

necessary for the maximal hypersecretory effect induced by CT in vivo (Jodal et al., 1993) 

and in Chapter 3 (Koussoulas et al., 2017) I demonstrated that CT in vitro produces a 

sustained hyperexcitability in myenteric sensory neurons of guinea pig jejunum. Thus, in this 

study I examined the potential effects of CT on myenteric neurons using intracellular 

recording. Furthermore, I correlated electrophysiological and morphological properties of 

enteric neurons in the murine small intestine. A striking sampling bias was revealed by 

electrophysiology, possibly arising from an anatomical basis that has important implications 

in the interpretation of CT’s effects on myenteric neurons. Thus, while the role of the MP 

may be underpowered in this study, I demonstrated that CT increased synaptic input to a 

proportion of myenteric neurons, which suggests that the MP plays at least a small part in 

contributing to sustained CT-induced hypersecretion in the mouse ileum.  

4.1 Considerations of the general electrophysiology and morphology of myenteric neurons 

in the mouse ileum 

Only a very small number of studies have examined the electrophysiology of enteric neurons 

in the mouse ileum and no correlations between different electrophysiological classes of 

neurons and their morphologies have been made. Mao et al. (2006) used intracellular 

recording to characterize myenteric AH neurons of mouse small intestine and confirmed that 

these neurons have Dogiel type II morphology via intracellular injection of Neurobiotin, but 

while S neurons were also recorded and noted to have Dogiel type I morphology, they were 

not included in the study. My study is novel in examining the membrane, synaptic, firing and 

morphological properties of both AH and S neurons. 

AH neurons displayed phasic firing properties, in agreement with longstanding literature on 

other species including guinea pig (Bornstein et al., 1994), rat (Brookes et al., 1988) and 

human (Brookes et al., 1987) and with more recent reports on the firing properties of AH 

neurons in the mouse ileum (Mao et al., 2006), duodenum (Foong et al., 2012) and colon 

(Nurgali et al., 2004). The AP firing frequency of control neurons was also comparable to 
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reports in the guinea pig (Furness et al., 1998; Kunze et al., 1998) and mouse small intestine 

(Foong et al., 2012). AH neurons displayed the characteristic prolonged AHP following AP 

firing (Hirst et al., 1974; Bornstein et al., 1994) and the Ih-induced rectification of the 

membrane potential (Galligan et al., 1990; Rugiero et al., 2002b) with analogous features also 

observed by others in the mouse ileum (Bian et al., 2003; Ren et al., 2003; Mao et al., 2006) 

duodenum (Foong et al., 2012) and colon (Nurgali et al., 2004), thus the membrane and firing 

properties of AH neurons appear to be equivalent to those in the guinea pig and across gut 

regions. Accordingly, as demonstrated in the guinea pig, murine AH neurons could also form 

excitatory recurrent networks which are critical in determining functional plasticity and 

processing in the ENS, particularly in perturbed states. Networks of AH neurons are 

dependent on the pattern of input, contributed by highly-conserved features such as the AHP. 

This provides network stability and the capacity to give graded responses (Thomas et al., 

2000). Altered firing of such networks via changes in these electrophysiological features, 

could certainly underlie any changes to circuit activity in the mouse ENS as occurs in the 

guinea pig. This may have implications in the mechanisms behind the neurogenic component 

of CT-induced hypersecretion in the small intestine in vivo (Thomas and Bornstein, 2003; 

Chambers et al., 2005; Chambers et al., 2014). 

 

All neurons that displayed AH electrophysiology possessed Dogiel type II morphology in 

accordance with other studies in the mouse small intestine (Mao et al., 2006; Foong et al., 

2012). In fact, Dogiel type II neurons with AH electrophysiology exist in the small intestine 

of other species such as rat (Mann et al., 1998), guinea pig (Bornstein et al., 1991a) and in the 

colon of the guinea pig (Lomax et al., 1999) and mouse (Nurgali et al., 2004). Since 

functionally classified intrinsic sensory neurons (ISNs) in the guinea pig small intestine that 

are mechanosensitive and chemosensitive (Bertrand et al., 1997; Kunze et al., 1995,1998, 

2000) exhibit a strong correlation between AH electrophysiology and Dogiel type II 

morphology (Furness et al., 2004a), it is likely that AH neurons in the mouse ileum and in 

other intestinal regions and species are ISNs. Indeed, as observed in the guinea pig small 

intestine, Mao et al. (2006) demonstrated that AH neurons in the mouse ileum are 

mechanosensitive (Kunze et al., 1998, 2000) and so it is likely that they may also be 

chemosensitive. 
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S-type neurons fired either tonically (1 neuron) or fired a single AP with maximum pulse 

amplitude during depolarising current steps (2 neurons). The tonically-firing neuron had a 

maximum instantaneous firing frequency of 21 Hz, which is within the range of firing 

frequencies for guinea pig S-type neurons (Bornstein et al., 1991a, 1994). Under control 

conditions, some S neurons fired fEPSPs spontaneously as has been previously reported in 

the mouse colon (Furukawa et al., 1986; Nurgali et al., 2004).  

S neurons possessed Dogiel type I morphology, as reported previously in the mouse small 

intestine (Foong et al., 2012) and colon (Nurgali et al., 2004). In the guinea pig S-type/Dogiel 

I neurons are interneurons and motor neurons (Brookes, 2001); it is likely that S neurons in 

the small intestine of the mouse have similar functions. Among the orally-projecting S type 

neurons, 2 projected into the circular muscle and 1 into the longitudinal muscle. These 

neurons were most likely motor neurons innervating the circular and longitudinal muscle 

much like in the guinea pig small intestine (Bornstein et al., 1991a; Brookes, 2001) and 

mouse colon (Nurgali et al., 2004). Two S-type neurons had orally projecting axons that 

could not be traced to the muscle that ran for greater distances without branching, only to be 

interrupted by the dissection of the tissue. It is possible that these may include ascending 

interneurons, however the full extent of their projection was not preserved due to their length 

so this can only be speculated. Indeed some interneurons run long distances without 

branching before supplying innervation to other neurons (Brookes, 2001) including those in 

the mouse colon (Nurgali et al., 2004). 

A striking feature of the current study was an obvious under-sampling of certain neuronal 

populations, including both AH neurons and some S neurons. Indeed, it seems that relative to 

the commonly studied guinea pig model, AH neurons in the mouse small intestine are rare 

(Bian et al., 2003; Ren et al., 2003) and are even less common in the colon (Furukawa et al., 

1986). This may indicate that normal intestinal reflex behaviour in the mouse requires less 

sensory input or input possibly via S-type neurons that have been found to have 

mechanosensitive function in the MP of mouse ileum (Mazzuoli and Schemann, 2012). In 

addition there was an obvious under-sampling of anally-projecting uniaxonal neurons in this 

study. The low occurrence of both AH neurons and anally projecting S-type neurons could 

reflect a neuronal size differential between species or in the somata of oral vs anal-projecting 

uniaxonal neurons and thus affect likelihood of impalement. 
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 Unpublished data from our lab suggests that some neurons in the mouse intestine are small 

and hence may be difficult to impale. These include nNOS-immunoreactive (IR) neurons, 

which are typically descending interneurons and inhibitory motor neurons and hence 

presumably anally-projecting uniaxonal neurons, and calretinin-IR neurons which also 

include sensory AH/Dogiel II neurons in the mouse (Sang and Young, 1996; Qu et al., 2008). 

Both populations of neuronal subtypes contain neurons with areas as small as 50 µm2, 

whereas in the guinea pig, inhibitory motor neurons have average areas of 1023± 43µm2 in 

the gastric corpus (Brookes et al., 1998) and show the same pattern in the small intestine 

(Brookes et al., 1991b). Further to this, cell body sizes of Dogiel type II neurons in the mouse 

colon have been reported to be smaller than Dogiel type II neurons of the guinea pig colon 

(Nurgali et al., 2003b, 2004). Further to this Nurgali et al. (2004) found that in the mouse 

colon, of the uniaxonal neurons impaled, the majority of circular (10/13) and longitudinal 

muscle motor neurons (4/4) projected orally as did neurons presumed to be interneurons 

(40/65). Whether this sampling bias of uniaxonal neurons is due to neuronal size differences 

is unknown as are any functional implications, but the electrophysiological properties in 

orally- projecting neurons vs anally-projecting neurons were not found to be different in the 

study of Nurgali et al. (2004). Such sampling biases would certainly have implications in data 

interpretation and indeed anally-projecting S-neurons were a class of neuron that showed c-

Fos expression after incubation with CT (Fung, Koussoulas et al., unpublished) and so in this 

instance intracellular recording does not give a comprehensive picture of circuit activity. 

4.2 CT enhances secretion and increases spontaneous activity in myenteric S neurons 

Incubations of CT in the ileal loop produced obvious distention only in the loop region due to 

the hypersecretion occurring during the incubation period. In our parallel study, tissue from 

CT-treated segments was confirmed to show enhanced secretion as indicated by an increase 

in basal short-circuit current (ISC) (Fung, Koussoulas et al., unpublished). Much of the 

sustained increase in ISC in the mouse ileum was found to be due to direct action of CT at the 

mucosa since TTX did not attenuate the CT-induced increase in basal ISC. The sustained 

hypersecretion was also mediated in part by a contribution from submucosal, but not 

myenteric neurons. In contrast, in the guinea pig in vitro, hyperexcitability of submucosal and 

myenteric circuits appear to drive secretion (Gwynne et al., 2009; Chapter 3). Therefore I 

further examined any sustained activity of the MP in detail with intracellular recording. It 
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should be noted that intracellular recording from the SMP in the murine ileum has not been 

successful before due to great technical difficulty and so was not pursued in this study. 

At the neuronal level, I found that CT induced an increase in sustained spontaneous synaptic 

activity in S neurons in this tissue several hours after the incubation had ceased. Our parallel 

study found that CT activates some myenteric neurons at the time of incubation as indicated 

by an increase in c-Fos expression in a proportion of myenteric neurons (mainly nNOS-IR 

interneurons and motor neurons but also calretinin-IR inter/motor neurons) but does not 

produce sustained increases in circuit activity measured during Ca2+ imaging (Fung, 

Koussoulas et al., unpublished). There is a possibility that the increased c-Fos expression in 

the MP of CT loops may be due to distension produced by hypersecretion. 

 Further I did not observe any obvious sustained changes in electrophysiological properties 

such as RMP when examining myenteric S-type neurons with intracellular recording.  

However due to the under-sampling of a large population of S-type neurons (anally 

projecting interneurons and motor neurons), any excitability changes in this population would 

not have been detected.  

Taken together;  c-Fos expression indicated that descending interneurons and inhibitory 

motor neurons were active during incubation, while Ca2+ imaging did not indicate they 

display sustained excitation after CT exposure. However, any small increases in sustained 

excitation such as the synaptic activity I observed in orally-projecting neurons, would be 

missed due to the intracellular recording bias. 

Thus in light of the experimental bias I can only speculate that it is likely CT produced only 

subtle changes to the circuit activity of this plexus during these experiments that did not 

appear to affect AP firing at RMP. In agreement with this, the spontaneous activity 

demonstrated in the present study, possibly due to an increase drive from other myenteric 

neurons (see below), was apparent at hyperpolarised membrane potentials where the driving 

potential is sufficient to reveal small synaptic potentials. The spontaneous firing of synaptic 

potentials may not have been detected in calcium imaging due to experiments recorded only 

at RMP and an insufficient sampling rate. The sampling rate of 1 Hz used in these 

experiments is likely not fast enough to examine a calcium event closely associated with a 

single AP and detailed membrane events such as fEPSPs (Michel et al., 2011) since Ca2+ 

signals measure cellular events secondary to primary electrical changes.  While Ca2+ signals 
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reflect AP firing, the source of Ca2+ is still not exactly clear. This could occur via voltage-

gated Ca2+ channels which are expressed by AH neurons (Kunze et al., 1994), additionally 

Ca2+ responses can occur via Ca2+ -permeable nAChRs  as well as Ca2+release from 

intracellular stores (Vanden Berghe et al., 2002; Michel et al., 2011). 

4.3 Effects of CT on AH neurons 

My data do not allow definitive conclusions about whether CT produced sustained changes in 

the firing properties of the AH neuronal population, due to their small population in this gut 

region (Bian et al., 2003; Ren et al., 2003). This was compounded by the technical difficulty 

in obtaining sufficient stable impalements to properly investigate this. Out of 22 experiments 

under a third (7) provided stable enough conditions to impale AH neurons at a rate of 1 per 

experiment and only 5/7 neurons had the firing properties characterised in full. Similarly, out 

of 38 successful S neuron impalements, only 4 were stable enough for firing property 

characterisation. The limited number of AH neurons, however, demonstrated that their 

maximum firing during depolarising current pulses was doubled by CT treatment. Further, a 

unique finding in this study was that after saline incubation, AH neurons were quiescent 

without stimulation, but following CT incubations spontaneous firing of proximal process 

potentials was exhibited by 2 of 4 AH neurons. Such spontaneous firing has not previously 

been reported in the murine small intestine under control conditions (0 /32 AH neurons) (Mao 

et al., 2006), (0/26 neurons) (Foong et al., 2012) and only very rarely in mouse colon (1/23 

neurons) (Nurgali et al., 2004).   

In the guinea pig, in vitro pre-incubation of CT induced prolonged hyperexcitability at 

several sites within the enteric circuitry including changes in excitability of myenteric AH 

neurons, well after the incubation period (Chapter 3). We postulated that this was probably 

due to increased activity of these neurons during the incubation period, as they form recurrent 

excitatory networks with each other and interact via slow excitatory transmission (Bertrand 

and Galligan, 1995; Alex et al., 2001; Thomas and Bornstein, 2003; Johnson and Bornstein, 

2004). As demonstrated by computer modelling, increases in the excitability of such 

networks increases the drive in the circuit output and in doing so, amplifies sensory input into 

enteric neural pathways. This potentially irreversibly enhances firing within the network 

(Thomas et al., 2000; Thomas and Bornstein, 2003; Chambers et al., 2005). Whether 

recurrent sensory networks exist in the mouse remains to be established, although the 
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projection patterns of AH neurons reported by Nurgali et al. (2004) and Foong et al. (2012) 

strongly suggest that they do. 

 

In the MP of the mouse ileum, AH neurons all display sEPSPs (Mao et al., 2006; Foong et 

al., 2012) and it appears that AH/type II neurons project within myenteric ganglia and supply 

varicose terminals to other myenteric neurons (Sang and Young, 1996; Qu et al., 2008). 

Hence any changes in their firing, including spontaneous firing as observed in this study may 

also affect other elements of the circuit. This might well be the source of the spontaneous 

fEPSPs in S neurons observed in this study and the sustained increase in Ca2+ activity of 

submucosal neurons in our parallel study, since neurons in the MP of the mouse small 

intestine also project to the SMP (Sang and Young, 1996). Additionally, the scarcity of ileal 

AH neurons relative to other species such as the guinea pig, could translate into signal 

transduction from fewer functional sensory fields at the mucosa (Bertrand et al., 1998) to the 

underlying circuitry. Minimal excitatory reinforcement compared to guinea pig, within any 

myenteric sensory networks may account for the small changes in circuit activity at level of 

the cell membrane that were detectable by electrophysiology, but not higher throughput 

analyses. However, sensory input into murine enteric networks could also be contributed by 

S-type neurons with a sensory function (Mazzuoli and Schemann, 2012). 

4.4 In context of the circuit 

The data in this study suggest the possibility that myenteric AH neurons may also 

demonstrate sustained excitation. This could provide a source of ongoing excitatory input to 

the submucosa to amplify activity in secretomotor circuits. Indeed in the guinea pig in vitro, 

submucosal secretomotor neurons show sustained CT-induced excitation attributed in part, to 

ongoing excitatory input from myenteric AH neurons (Gwynne et al., 2009; Koussoulas et 

al., 2017). A point of consideration arises, however, as electrophysiological and Ca2+ imaging 

experiments were performed on dissected preparations of isolated plexus, which would 

remove a number of synaptic and mucosal inputs. In the guinea pig, mucosal mediators may 

have different effects on the afferent and efferent limbs of the neurogenic pathways excited 

by CT (Koussouals et al., 2017; Chapter 3) so all possible pathways recruited by CT may not 

be represented in these studies.  

 



167 

  

Any increase in excitation in myenteric AH neurons may be also a source of drive to other 

neurons since S neurons displayed an increase in spontaneous fast EPSPs after CT-treatment. 

However, as in guinea pig, (Koussoulas et al., 2017 Chapter 3) the overall firing and 

membrane properties of S neurons in vitro were most likely unchanged. It is possible that S 

neurons only play a small role in sustained CT-induced effects where spontaneous fast 

transmission could well be a source of background drive into the circuit with a role of 

increasing excitability in response to incoming stimuli. Additionally, the possibility that the 

MP is involved in the induction of CT-induced hypersecretion cannot be excluded; as 

indicated by expression of c-Fos in activated interneurons and motor neurons. This would 

certainly correlate with immediate motility effects observed following CT exposure in the 

guinea pig and mouse (Fung et al., 2010; Balasuriya et al., 2016). Since a significant portion 

of these neurons were not sampled via intracellular recording, whether they also show 

sustained changes in excitation is unknown. 

4.5 Conclusions and future directions 

This chapter demonstrated that in the mouse small intestine correlations between 

electrophysiological and morphological neuronal properties are analogous to those in the 

guinea pig. Further, this study examined the contribution of the ENS following CT 

incubations in the mouse ileum in vivo and revealed effects on myenteric neurons that were 

not found in Ca2+-imaging experiments. It was demonstrated that the MP might play a small 

part in contributing to the sustained excitation of secretomotor circuits which ultimately drive 

secretion across the mucosal epithelium. The effects of CT on the firing properties of 

myenteric S and AH neurons require a more extensive examination since intracellular 

recording was not sufficient in sampling from large enough neuronal numbers and from a 

physiologically representative range of neurons; more animals and time would be needed to 

adequately address this which is outside the scope of this study. The sampling bias and 

exclusion of largely inhibitory descending interneurons and motor neurons from the data set 

means that significant effects in excitability may have been missed. For this reason in the 

next chapter, the effects of TcdA in vivo were examined by the broader sampling technique of 

Ca2+ imaging. In light of the present work and our parallel study, while CT’s main site of 

action is at the mucosa, it is likely that multiple levels of the enteric circuitry contribute to 

CT-induced hypersecretion. Whether or not in addition to their activation during incubation, 
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inhibitory interneurons and motor neurons display sustained excitation after CT is an 

important point to address in future studies.  
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CHAPTER 7: EFFECTS OF IN VIVO LUMINAL 

INCUBATION OF TCDA ON THE MOUSE ILEUM 
 

ABSTRACT 

 

TcdA has both an inflammatory and extrinsic neural component in its mechanism, but the 

role of the enteric nervous system in its pathogenesis remains unclear. In Chapters 3 and 4 I 

demonstrated that intrinsic sensory neurons in the MP are a common target of the actions of 

enterotoxins and associated bacterial metabolites. In this this study I examined the broad 

enteric neural activity in both plexuses making use of  activity dependent markers and Ca2+ 

imaging following in vivo incubation of TcdA in the mouse ileum. Sustained effects of the 

toxin included a reduction in spontaneous and electrically-induced calcium responses in the 

SMP and unchanged activity in the MP. Expression of activity dependent markers revealed 

that activity was unchanged during the incubation period at the site of toxin exposure, but 

enteric neurons in regions off-target to the toxin-affected area showed increased expression. 

It was concluded that the reduction in sustained excitability might have been due to damage 

produced by the toxin at the mucosa and underlying plexuses, while activation of off-target 

enteric neurons may have been due to release of inflammatory cytokines into the circulation 

or activation of extrinsic neural pathways. 

 

1. INTRODUCTION 

 

C.difficile toxin A (TcdA) like CT, stimulates a large movement of water and electrolytes 

across the gut mucosa into the lumen during in vivo incubations in rodent ileal loops, 

(Triadafilopoulos et al., 1987; Pothoulakis et al., 1994; Castagliuolo et al., 1998a). However, 

in contrast to CT, TcdA has an inflammatory component in its mechanism; ileal loop 

incubations with TcdA evoke mast cell activation, neutrophil recruitment and tissue necrosis 

(Castagliuolo et al., 1994; Kelly et al., 1994; Pothoulakis et al., 1998). After binding to 

carbohydrate cell surface receptors on the apical membrane of enterocytes, TcdA alters the 

tight-junction permeability of these cells due to disruption of the actin cytoskeletal 

framework via inhibition of the ADP-ribosylation of GTP-binding Rho proteins (Hecht et al., 
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1988; Just et al., 1995). This causes a decrease in epithelial cell resistance, an increase in tight 

junction permeability, and mucosal damage and oedema which is characteristic of C.difficile 

infection (CDI) (Pothoulakis et al., 1998). TcdA also has a neuronal mechanism; the 

intestinal response to TcdA is reduced by the neuronal blockers lidocaine and 

hexamethonium and by functionally ablating extrinsic primary afferent nerves through 

capsaicin treatment (Castagliuolo et al., 1994).  

In Chapter 4 I showed that TcdA incubated luminally in vitro, increases the excitability of 

myenteric sensory neurons which appear to be key points of convergence for enterotoxins, 

including CT (Chapter 3). This is consistent with previous suggestions that TcdA also 

requires activation of the enteric nervous system (ENS) to elicit a response (Pothoulakis et 

al., 1994; Xia et al., 2000). Myenteric sensory neurons project to and synapse with most other 

myenteric and submucosal neurons in the guinea pig (Bornstein et al., 1987; Furness et al., 

2004a) while, in the mouse, myenteric  sensory neurons project within the ganglion suppling 

varicose terminals to other myenteric neurons and to the SMP (Sang and Young, 1996; Qu et 

al., 2008). Hence, whether or not TcdA incubated luminally excites other elements of the 

enteric circuitry is unknown.  

In this study, TcdA was incubated luminally in vivo using the mouse ileal loop model since in 

Chapter 4 I found that effects of TcdA and bacterial metabolites such as GABA on myenteric 

neuronal excitability likely involved indirect effects, and the ileal loop model better preserves 

extrinsic and mucosal pathways that may contribute to neuronal responses. For this reason the 

ileal loop model is the gold standard model for examining TcdA effects (Castagliuolo et al., 

1998a; Savidge et al., 2011) allowing for more physiologically relevant examination of C.diff 

pathology. The sampling bias revealed by intracellular recording when examining the effects 

of CT in vivo using the same incubation model in the mouse small intestine (Chapter 6), 

resulted in the exclusion of significant functional neuron populations in the data set. Thus 

intracellular recording was not used in this study. Instead the broad activity and contribution 

of both enteric plexuses after TcdA incubation was examined by making use of Wnt1-

Cre;R26R-GCaMP3 mice. Ca2+ imaging was implemented as a high throughput approach to 

identify any sustained effects induced by the toxin and expression of activity-dependent 

markers was examined to determine if changes to the circuitry occurred during the 

incubation. I found that TcdA produced an overall reduction in excitability in the submucosal 
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plexus from the TcdA exposed ileal loop region, but appeared to activate submucosal and 

myenteric neurons in regions proximal and distal to the site of acute toxin exposure. 

 

2. METHODS  

2.1 Mice 

Experiments were performed using male mice on a C57BL/6 background including Wnt1-

Cre;R26R-GCaMP3 mice that express the fluorescent calcium indicator GCaMP3 in all 

enteric neurons and glia, aged 8-12 weeks (see Chapter 2).  

2.2 Ileal loop surgery  

Ileal loop surgery was performed on mice as described in Chapter 2 (section 2). Either 

physiological saline or toxin in saline (TcdA: 60 µg/mL, a kind gift from Tor Savidge, Baylor 

College of Medicine Texas and Charalabos Pothoulakis, David Geffen School of Medicine 

UCLA ) was injected into the ileum filling the region (200 µL of incubating solution). A 

commercial supply of toxin was trialled initially (List Biological Laboratories, California) but 

did not yield satisfactory results. Therefore in using the gifted stock only a limited number of 

experiments were possible before the supply was exhausted. During a 2.5-3.5 hr incubation 

period the animal was monitored closely and culled immediately if signs of pain and 

discomfort were exhibited (which sometimes occurred as early as 2.5 hrs into the incubation), 

identified using the mouse grimace scale (Langford et al., 2010; Matsumiya et al., 2012). 

After the incubation period, the animal was killed by cervical dislocation as approved by the 

University of Melbourne Animal Experimentation Ethics Committee. The ileal loop segment 

was dissected from the abdomen for in vitro experimentation. Off-target tissues including 

jejunum, ileum 1-2 cm proximal to the ileal loop and proximal colon were also collected for 

immunohistochemical and histological analyses. 

2.3 Validation of the viability of TcdA 

The TcdA was shipped from Houston on dry ice. Upon its arrival the viability of the toxin 

was first confirmed by performing a cytotoxicity assay, testing the toxin on cultured Vero 
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cells (Sigma-Aldrich, Castle Hill, NSW, AUS) (Lyras et al., 2009; Carter et al., 2015) as 

described in Chapter 2, section 4. 

 By 24 hours, TcdA induced a cytotoxic response in all Vero cells so they appeared round, 

detached and a number were floating free in the medium (Figure 7.1).  

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1 TcdA (1µg/ml) cytotoxicity assay. 

Vero cells showing 100% rounding after 24 hours of exposure to TcdA, validating the 

cytotoxicity of TcdA. 
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2.4 Histological processing and imaging of ileal loop and off-target tissue 

To assess the integrity of the mucosa, cryosections (20 μm) (see Chapter 2, section 3) of ileal 

loop tissue incubated with either saline or TcdA in saline and off-target jejunal tissues were 

processed with Hematoxylin and Eosin (H&E) staining. The protocol for staining is outlined 

in Chapter 2, Table 2.1. Preparations of H&E-stained tissue were viewed through a 20x 

objective and imaged using an Axio Imager D.1 microscope with an AxioCam MRc5 camera 

and AxioVision software (version 4.8.2.0) (all from Zeiss, Australia).  

2.5 Measurement of short-circuit current (ISC) in vitro using Ussing chambers  

Full thickness preparations of ileal loop tissue, with all intestinal layers intact, were mounted 

in Ussing chambers (see Chapter 2, section 7). Following a 30 min equilibration period, 

short-circuit current (ISC), an index of electrogenic Cl- secretion across the intestinal wall 

(Clarke, 2009), was measured throughout the experiment. 

Data collection and analysis were performed using AcqKnowledge 3.9.0 software (BIOPAC 

Systems, Inc., SDR Clinical Technology, Middle Cove, NSW, Australia). The maximum 

change in ISC from baseline (ΔISC) was measured and compared between control and 

treatment groups.  

2.6 Ca2+ imaging and analysis 

Saline and TcdA-treated ileal loops from Wnt1-Cre;R26R-GCaMP3 were used for Ca2+ 

imaging experiments. Once removed from the abdomen, they were placed in physiological 

saline, where the tissue was prepared for imaging as described in Chapter 2, section 6.1 with 

up to 2 preparations each of submucosal plexus (SMP) and myenteric plexus (MP) from each 

ileal loop segment were obtained. 

Ganglia from each plexus were imaged at 1 Hz without stimulation to assess spontaneous 

activity and were also electrically stimulated as described in Chapter 2 section 6.2.  The 

electrical stimulation regime was performed once on 3 different ganglia for each plexus (MP 

and SMP). To assess spontaneous activity, 3 different ganglia per plexus were recorded for 2 

mins and spontaneous [Ca2+]i transients were analysed after recording. 

Analyses were performed using custom-written directives in IGOR Pro (WaveMetrics, Lake 

Oswego, Oregon, USA). Regions of interest were drawn over a selected area of the 
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cytoplasm for each neuron. The amplitude of each ([Ca2+]i) transient signal was calculated 

and expressed as the maximum increase in [Ca2+]i from the baseline signal (ΔFi/F0) (as 

described in Chapter 2, section 6.3 ). A minimum of 3 animals were examined for each 

condition. 

Data are presented as the mean ΔFi/F0 ± SEM where n = number of neurons examined. 

Statistical analyses were performed using unpaired t-tests with P < 0.05 considered 

statistically significant. Comparisons were performed using GraphPad Prism 5.0 (GraphPad 

Softwares, San Diego California). 

2.7 Immunohistochemistry for activity dependent markers   

Wholemounts of ileal loop and off-target tissue (as outlined above) from mice on a C57BL/6 

background, including Wnt1-Cre;R26R-GCaMP3 mice, that had undergone ileal loop surgery 

using either saline or TcdA and saline incubations were double or triple-labelled with primary 

antisera (Table 7.1) including antisera raised against the activity dependent markers c-Fos 

(rabbit anti c-Fos) and pCREB (rabbit anti pCREB) for 72 hours at 4°C. Preparations were 

washed 3 times for 10 mins with PBS and incubated with biotinylated donkey α rabbit IgG 

(1:100; Jackson Immuno Labs, West Grove, Pennsylvania, USA) for 2 hours at room 

temperature. After another 3 x 10 min washes, preparations were incubated with strepavadin 

AF594 (1:200; Molecular Probes, Eugene, Oregon, USA)  and secondary antisera (Table 7.1) 

for 2 hours and 15 mins, rinsed again in PBS 3 times and mounted on slides with Dako 

fluorescent mounting medium (Carpinteria, California, USA).  

2.8 Imaging and analysis of activity-dependent markers  

Myenteric and submucosal preparations were imaged and analysed as described in Chapter 2 

section 5. The data are expressed as mean ± SEM and n = the number of cells examined.  

Statistical analyses were performed using unpaired t-tests and Fisher’s exact tests with P < 

0.05 considered statistically significant. Comparisons were performed using GraphPad Prism 

5.0 (GraphPad Softwares, San Diego California). 
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Table 7.1: Primary and secondary antisera used for immunostaining.  

 

Primary Antisera Raised in  Dilution factor Source 

pCREB Rabbit 1:1000 Millipore 

c-Fos Rabbit 1:5000 Oncogene 

Hu Human 1:5000  Gift from Dr V. Lennon 

nNOS Sheep 1:1000 Gift from P. Emson 

Secondary Antisera Raised in  Dilution factor Source 

Anti-human AF 647 Donkey  1:500 Jackson Immuno Labs 

Anti-sheep AF 488 Donkey 1:400 Molecular Probes 
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3. RESULTS 

3.1 Incubations of TcdA 

TcdA was trialled in vivo at various concentrations up to 10x lower than that used in this 

study, without producing hypersecretion and distention in the loop. The concentration 

implemented in this chapter was selected as it produced obvious secretion and mucosal 

damage as reported by others in the mouse ileum (Castagliuolo et al., 1998a). In addition, 

administration of TcdA required a greater of volume of saline in the loop (compared to CT) 

to generate its hypersecretion; 200 µL of vehicle was injected into TcdA loops compared to 

100 µL in CT loops (Chapter 6). As a result, under control conditions loops in this study were 

more distended in comparison to those in the CT study (see Figure 6.1 A Chapter 6, Figure 

7.2 A below).  

3.2 TcdA in the ileum in vivo produces gross mucosal damage and a sustained increase in 

basal short circuit current  

Segments of ileum incubated with TcdA (60 µg/mL) for 2.5-3.5 hours showed an obvious 

distention in the loop region compared to saline controls, presumably from fluid 

accumulation during the incubation period (Figure 7.2 A, B, D, E). In animals with TcdA-

treated loops, the loop, plus regions oral and distal to the loop and the mesentery displayed 

signs of vasodilation, specifically increased redness, compared to controls, (Figure 7.2 B-B’, 

E-E’). Redness of the tissue has been reported in rodent models of inflammation including 

models of CDI (McLarren et al., 2011; Best et al., 2012) and is likely due to extensive 

vasodilation in the blood supply. This was not observed in CT-incubated loops (see Figure 

6.1 Chapter 6). 

To assess the effect of TcdA on mucosal integrity, ileal loops were processed using 

Haematoxylin & Eosin (H&E) staining. Toxin-treated loops (n = 2) showed gross mucosal 

damage, including a complete breakdown of the mucosal epithelium with total destruction of 

villus and crypt architecture, including crypt loss, compared to saline-treated tissues (n = 2)  

(Figure 7.2 C, F). Such changes to epithelial structure are defined as ‘marked’ using 

histomorphological scores for intestinal inflammation in rodent models (Erben et al., 2014). 
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To then confirm that this model of toxin-incubation produced a sustained increase in basal 

secretion, full thickness preparations of either control or TcdA-treated ileal loop tissue were 

placed in Ussing chambers where short-circuit current (ISC) was measured. Basal ISC was 

significantly higher in TcdA-treated preparations (98.7 ± 5.3 µA/cm2, n = 2 mice) compared 

to controls (64.5 ± 3.2 µA/cm2, n = 3 mice, P < 0.01) (Figure 7.2 G). 

 

 

 

Figure 7.2 Control vs. TcdA-treated ileal loops following 2.5-3.5 h incubation in vivo. 

Images of ileal loops (marked with yellow asterisks) following 2.5-3.5 hour incubation in 

vivo with either saline (A, B) or TcdA (60 µg/mL) (D, E) injected into the lumen. The ileal 

loop and other areas of the gastrointestinal tract including the mesentery (white arrow, E’), 

areas proximal (white arrow head) and distal (white arrow head outlined) to the loop region 

(E) from TcdA-treated animals showed signs of vasodilation. Scale bars = 1 cm. H&E 

staining shows severe damage to the mucosal epithelium in TcdA loops compared to controls 

(C, F), black arrow head marks villus of the mucosal epithelium. Scale bar = 100 µm.  Basal 

ISC measured in full thickness TcdA-incubated ileal loop tissue (n = 2) was significantly 

higher than that of saline controls (n = 3; P < 0.01) (G). 
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3.3 TcdA does not alter pCREB expression in submucosal neurons, but submucosal 

neurons display a sustained reduction in spontaneous Ca2+ transients 

To examine whether TcdA affected neural activity within the SMP during the incubation 

period, the expression of the activity dependent marker pCREB (Sheng and Greenberg, 1990) 

was examined by co-expression with the pan-neuronal marker Hu. SMP preparations were 

also processed for the activity-dependent marker c-Fos (Hunt et al., 1987; Morgan and 

Curran, 1989; Sheng and Greenberg, 1990), but c-Fos expression in the mouse SMP has not 

been compellingly verified (Bjerknes and Cheng, 2001) and I did not detect c-Fos expression 

in the SMP in my experiments. Accordingly, I only quantified pCREB expression for the 

SMP. 

The proportion of Hu-immunoreactive (IR) cell bodies in the SMP that expressed pCREB did 

not differ between control preparations and those from TcdA-treated ileal loops (Control: 123 

pCREB-IR neurons, n = 139 Hu-IR neurons in total; TcdA: 106 pCREB-IR neurons, n =128 

Hu-IR neurons in total, P > 0.2, Figure 7.3). Additionally the proportion of non-Hu-IR cell 

bodies (presumably glial targets for the actions of TcdA) in the SMP that expressed pCREB 

was unchanged by toxin treatment (control: 0.6 ± 0.1 cells/ganglion, n = 20 ganglia; TcdA: 

1.0 ± 0.3 cells/ganglion, n = 15 ganglia, P > 0.3).  

Submucosal ganglia from ileal loop tissue in Wnt1-Cre;R26R-GCaMP3 mice were imaged 

for [Ca2+]i  without stimulation to assess spontaneous activity within the circuitry. Fewer 

neurons in TcdA-treated ganglia exhibited spontaneous [Ca2+]i transients than in saline 

controls.  Under control conditions, 12/70 neurons were spontaneously active, while 5/98 

TcdA-treated neurons were spontaneously active (Fisher’s exact test P = 0.017).   

Ganglia were also electrically stimulated to assess any changes to the circuitry. Single pulse-

evoked [Ca2+]i transients did not differ in amplitude between the two treatment groups, but 

train-evoked [Ca2+]i transients were smaller in TcdA-treated preparations than in saline 

(single pulse ΔFi/F0 control: 0.09 ± 0.01 n = 41; ΔFi/F0 TcdA: 0.09 ± 0.01 n = 50 P > 0.05; 20 

pulse: ΔFi/F0 control: 0.40 ± 0.02 n = 68 ΔFi/F0 TcdA: 0.30 ± 0.01 n = 87, P < 0.001) (Figure 

7.4) 
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Figure  

 

7.3 Submucosal neurons do not show a change in pCREB expression following TcdA 

exposure. 

TcdA did not produce any changes in pCREB expression during incubation period. Images of 

representative submucosal ganglia from the ileal loop illustrating neurons stained for pCREB 

(A-B) and merged images of pCREB and Hu (A’-B’). Merged images demonstrate 

colocalisation of pCREB with Hu-IR neurons in control and TcdA-treated preparations. Scale 

bars = 20 μm. Filled arrows indicate colocalisation of pCREB with the pan neuronal marker. 

Histogram showing no change in the expression of pCREB in the SMP of the ileal loop (C). 
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Figure 7.4 Submucosal neurons show an overall sustained reduction in excitability. 

Fluorescence images of neurons responding to 20 pulse (20 Hz) electrical stimulation with 

[Ca2+]i transients in TcdA-treated preparations (A-A’). Scale bars = 20 µm. In TcdA 

preparations, trains of electrical stimulation produced [Ca2+]i responses that were reduced in 

amplitude compared to controls. Numbers of neurons examined are displayed within each 

histogram (B). 
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3.4 TcdA does not induce changes in c-Fos expression or sustained changes in excitability 

in the MP 

The co-expression of Hu-IR cell bodies with c-Fos was examined in the MP to determine if 

TcdA induced immediate effects during incubation. The proportion of Hu-IR cell bodies that 

expressed c-Fos in TcdA- treated loops did not differ from that observed in saline loops 

(Control: 283 c-Fos-IR neurons, n =781 Hu-IR neurons in total; TcdA: 254 c-Fos-IR neurons, 

n = 684 Hu-IR neurons in total,  P> 0.7, Figure 7.5). Additionally co-expression of c-Fos 

with the neuronal subtype marker nNOS was examined to determine if any changes in the 

activity of a specific neuronal subtype occurred. No difference in the proportion of expression 

between the saline and TcdA-treated preparations was observed (control: 140 c-Fos-IR 

neurons, n = 200 nNOS-IR neurons in total; TcdA: 117 c-Fos-IR neurons, n =181 nNOS-IR 

neurons in total, P > 0.05). The proportion of non-Hu-IR cell bodies (presumably glia) in the 

MP that expressed c-Fos was unchanged by toxin treatment (control: 4.4 ± 1.1 cells/ganglion, 

n = 32 ganglia; TcdA: 4.1 ± 0.9 cells/ganglion, n = 20 ganglia, P > 0.8). The expression of 

pCREB was also examined, but was not quantified due to excessive non-specific staining 

produced by this this marker.  

Sustained effects on control and TcdA-treated myenteric ganglia were examined using Ca2+ 

imaging. No differences in spontaneous activity were observed between the two groups 

(control: 26/243 neurons were spontaneously active, TcdA: 21/233 neurons were 

spontaneously active, Fisher’s exact test P = 0.65)   

Similarly, electrically-induced [Ca2+]i transient responses were unaffected by TcdA treatment 

(single pulse ΔFi/F0 control: 0.15 ± 0.01 n = 87; ΔFi/F0 TcdA: 0.14 ± 0.01 n = 166 P > 0.05; 

20 pulse: ΔFi/F0 control: 0.57 ± 0.02 n = 179; ΔFi/F0 TcdA: 0.56 ± 0.02 n = 275,  P> 0.05) 

(Figure 7.6).  
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Figure 7.5 Myenteric neurons do not show a change in c-Fos expression following TcdA 

exposure. 

TcdA did not produce any changes in c-Fos expression during the incubation. Images of 

representative myenteric ganglia from the ileal loop illustrating neurons stained for c-Fos (A-

B) and merged images of c-FOS, nNOS and Hu (A’-B’). Merged images demonstrate 

colocalisation of c-Fos, with nNOS-IR and Hu-IR neurons in control and TcdA-treated 

preparations. No difference in co-expression of c-Fos with the neuronal subtype marker 

nNOS was observed. Scale bars = 20 μm. Filled arrows indicate colocalisation of c-Fos with 

the pan neuronal marker and nNOS. Histogram showing no change in the expression of c-Fos 

in the MP of ileal loop (C). 
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Figure 7.6 MP shows no sustained changes in excitability following TcdA exposure in 

vivo. 

Fluorescence images of neurons responding to 20 pulse electrical stimulation with [Ca2+]i 

transients in TcdA-treated preparations (A-A’). Scale bars = 20 µm. Electrically-evoked 

[Ca2+]i responses were unaffected by TcdA. Numbers of neurons examined are displayed 

within each histogram (B). 
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3.5 TcdA induced epithelial damage and increased neuronal pCREB and c-Fos expression 

in off-target regions  

Since signs of vasodilation and inflammation were observed in areas proximal and distal to 

the confined ileal loop region, with the most obvious effects observed in the proximal region, 

jejunal tissue was collected and processed using H&E staining to assess the mucosal integrity 

of this proximal region of gut. Jejuna proximal to toxin-treated loops showed gross mucosal 

damage compared to controls (n = 2). Unlike the damage observed within the ileal loop, 

disruption of the epithelial architecture was more confined to the villi  and would be defined 

as ‘moderate’ in the histomorphological scale mentioned above (Figure 7.7).  

 In the SMP preparations, TcdA induced an increase in expression of pCREB  in the jejunum 

(control: 174 pCREB-IR neurons, n = 248 Hu-IR neurons in total; TcdA: 239 pCREB-IR 

neurons, n = 253 Hu-IR neurons in total, P < 0.0001, Figure 7.8), a reduction in pCREB 

expression in the region proximal to the loop (control: 211 pCREB-IR neurons, n = 236 Hu-

IR neurons in total; TcdA: 166 pCREB-IR neurons, n = 202 Hu-IR neurons in total, P < 0.05, 

Figure 7.8)  and no change in expression in the proximal colon, (control: 494 pCREB-IR 

neurons, n = 535 Hu-IR neurons in total; TcdA: 453 pCREB-IR neurons, n = 475 Hu-IR 

neurons, in total P > 0.05, Figure 7.8). 

In the MP, TcdA induced an increase in c-Fos expression in all off-target tissue including the 

jejunum (control: 16 c-Fos-IR neurons, n = 540 Hu-IR neurons in total; TcdA: 68 c-Fos-IR 

neurons, n = 489 Hu-IR neurons in total, P < 0.0001, Figure 7.8), ileum proximal to the loop 

(control: 25 c-Fos-IR neurons n = 754 Hu-IR neurons in total; TcdA: 70 c-Fos-IR neurons, n 

= 715 Hu-IR neurons in total, P < 0.0001) and the proximal colon (control: 26 c-Fos-IR 

neurons, n = 1654 Hu-IR neurons in total; TcdA: 187 c-Fos-IR neurons, n = 1222 Hu-IR 

neurons in total, P < 0.0001, Figure 7.8). 
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Figure 7.7 TcdA-induced epithelial damage in the jejunum. 

H&E staining shows healthy mucosal epithelium in jejunum of saline-treated animals (A) and 

severe damage of the mucosal epithelium in the jejunum of TcdA-treated animals (B). Scale 

bar = 100 µm.  
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Figure legend opposite 
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Figure 7.8 Expression of activity-dependent markers in off-target regions of the GIT. 

Images of representative submucosal ganglia from the jejunum and proximal colon 

illustrating neurons stained for pCREB (A-D) and merged images of pCREB and Hu (A’-D’). 

Merged images demonstrate colocalisation of pCREB with Hu-IR neurons, filled white 

arrows denote colocalisation of pCREB with the pan neuronal marker, open arrows denote no 

colocalisation. Images of representative myenteric ganglia illustrating neurons stained for c-

Fos (E-H) and merged images of c-Fos and Hu (E’-H’). Merged images demonstrate 

colocalisation of c-Fos with some Hu-IR neurons in TcdA-treated preparations in both 

regions of the gut. Filled arrows indicate colocalisation of c-Fos with the pan neuronal 

marker. Scale bars = 20 μm. Histograms showing a TcdA-induced increase in the expression 

of pCREB in the SMP of jejunal tissue, but not in other off-target regions (I) and an increase 

in the expression of c-Fos in the MP was found in all off-target regions of gut proximal and 

distal to TcdA-treated loops (D). 
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4. DISCUSSION  

 

In this study, TcdA in the ileal loop was shown to evoke signs of inflammation, gross 

mucosal damage and increased secretion within the loop as has been described previously 

(Castagliuolo et al., 1998a). At the level of the enteric circuitry and well after the incubation 

period, TcdA produced an overall sustained reduction in the activity of the SMP as indicated 

by spontaneous and electrically-evoked activity during Ca2+ imaging. Activity dependent 

markers were employed as a measure of neural changes occurring at the time of incubation 

and TcdA appeared to activate submucosal neurons proximal to the site of acute toxin 

exposure and myenteric neurons in regions both proximal and distal to the toxin-treated site. 

Therefore the key off-target area activated by TcdA appears to be the jejunum. 

4.1 TcdA produces secretion, mucosal damage and inflammation 

TcdA characteristically produces hypersecretion, mucosal damage and inflammation when 

incubated in vivo across a number of rodent models, including the mouse (Lyerly et al.. 1982; 

Castaglioulo et al., 1994, 1998). Consistent with this, preparations from TcdA-treated loops 

in this study exhibited enhanced secretion observed as increased fluid accumulation in the 

loop and measured as a sustained increase in basal electrogenic secretion. The mucosa from 

the loop region showed gross epithelial villus and crypt damage. While the increase in basal 

secretion might be due to hypersecretion, since mucosal transepithelial resistance was not 

examined there is also the possibility that the increase in basal current was due to breakdown 

of the mucosa so it is a less effective barrier to current flow. Additionally, there was a 

‘flushing’ or redness of the loop tissue and connected mesentery in TcdA-treated animals 

which was probably due to vasodilation; a sign of generalised inflammation in mouse models 

(McLarren et al., 2011; Best et al., 2012). Vasodilation and increased fluid movement into the 

lumen of the loop probably serves a protective function in assisting the elimination of the 

toxin. Vasodilation and erosion of the mucosa is likely due to TcdA-induced activation of 

extrinsic primary afferents and release of substance P (SP) on vascular cells to produce 

vasodilation (Lembeck and Holzer, 1979; Louis et al., 1989; Pothoulakis et al., 1994) and SP 

–mediated erosion via activation of mast cells (Castagliuolo et al., 1994; Wershil et al., 1998) 

and subsequent recruitment of neutrophils (Kelly et al., 1994; Kurose et al., 1994). In 

agreement, chemical ablation of extrinsic afferents and SP antagonists inhibit secretion of 
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fluid into the lumen and erosion of the mucosa (Castagliuolo et al., 1994; Pothoulakis et al., 

1994). 

4.2 TcdA evokes a sustained reduction in the excitability of the SMP and no change in 

excitability in the MP within the ileal loop  

The inflammatory and hypersecretory effects of TcdA as described above, are known to be 

partially neurally mediated by extrinsic primary afferents. Although evidence of the 

contribution of the ENS in the response has been published, studies have been limited 

(Mantyh et al., 1996; Xia et al., 2000). This study is in its preliminary stage, but it is the first 

to broadly survey the involvement of the ENS following in vivo exposure of TcdA. 

The administration of TcdA required a greater of volume of saline in the loop to generate its 

hypersecretion than CT (in Chapter 6). This resulted in a more distended control loops in this 

study which is likely to have activated neural pathways in the muscle coat and mucosa of the 

loops leading to a higher basal level of activity dependent maker expression between the 

controls in this study and those in the CT study (Fung, Koussoulas et al., 2017, unpublished). 

Since the basal control levels within the ileal loop region for pCREB and c-Fos expression 

was already high, this might not be a useful assay for neuron activation, but this is not the 

case for examination of off –target regions (see below). 

The lack of any change in expression of the activity dependent marker pCREB suggests that 

there was no change in neuronal activity within the plexus during the incubation. Activity of 

submucosal neurons during incubation cannot be excluded however because most neurons 

expressed pCREB even under control conditions, possibly due to the lower activation 

threshold of pCREB compared to c-Fos (Fields et al., 1997). The high values of expression 

made it challenging to detect any changes induced by the toxin, as such this finding is not 

definitive, but does allow a conclusion that there was no decrease in pCREB expression. 

I found that the excitability of the SMP was reduced following TcdA exposure, as indicated 

by a reduction in the number of spontaneously active neurons and a decrease in the amplitude 

of electrically-evoked calcium responses. This taken together with the lack of effect on the 

level of pCREB staining, although not definitive, may suggest that hyperactivity during the 

incubation is unlikely.  
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Despite extensive vasodilation, it is puzzling that an increase in the activity of submucosal 

neurons did not occur. Indeed, when applied directly to the cell bodies of submucosal enteric 

neurons of the guinea pig, TcdA is excitatory (Xia et al., 2000). The reduction in sustained 

excitation within the SMP however, may simply be due to damage produced by TcdA at the 

mucosa and possibly the underlying SMP, leading to reduced excitability. 

Concentrations used by Xia et al. (2000) were higher (0.6 mg/mL) but were further diluted by 

an unknown amount when injected into the recording chamber during the intracellular study 

and so exact concentrations were not determined. Thus it is possible that in this study, while 

the concentration of toxin produced well known effects on the mucosa characteristic of C.diff, 

this was too damaging for underlying neurons. Further, in the electrophysiological study the 

toxin was not in prolonged contact with the neurons, while this study used incubations of up 

to 3.5 hours. 

Future experiments should include precise determination of effective concentrations of TcdA 

for use in prolonged incubations when examining enteric neuronal activity. In my preliminary 

experiments, concentrations 10-fold lower were incubated in the ileal loop without activating 

any enteric circuitry, hence the concentration range will likely be narrow. 

The toxin did not appear to activate myenteric neurons at the time of incubation as indicated 

by c-Fos expression in this plexus, nor did it produce any sustained changes measured by 

Ca2+ imaging. Since TcdA induced an inflammatory response, and inflammation per se 

enhances the firing of some myenteric (Palmer et al., 1998; Linden et al., 2003; Nurgali et al., 

2007) and submucosal neurons (Lomax et al., 2005, 2006) it is somewhat surprising that 

TcdA did not alter the activity of enteric neurons in this study. Changes to sensory neurons in 

inflamed states are also associated with changes in membrane and synaptic properties 

including reductions in afterhyperpolarising potentials (AHP), augmentation of 

hyperpolarisation-activated cation (Ih) currents and changes in fast synaptic input to these 

neurons (Linden et al., 2003, Lomax et al., 2005, 2006) as well changes to slow excitatory 

responses and increases in spontaneous firing of fEPSPs in S-type (motor) neurons (Lomax et 

al., 2005, 2006). It might be that any sustained firing, membrane or synaptic changes to 

neurons were events too subtle to be detected by Ca2+ imaging at the sampling rate of 1Hz 

implemented in this study. Subtle sustained synaptic changes in the myenteric circuitry were 

observed using intracellular recording following CT incubation in the ileal loop that were not 
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detected via Ca2+ imaging (Chapter 6). Thus, further detailed investigation into the 

contribution of the MP using electrophysiology would be required, but due to the difficulty of 

acquiring the toxin, its limited shelf life and the time consuming nature of intracellular 

recording, this was not pursued. 

Further, any such changes during incubation could have occurred transiently and with 

insufficient intensity to induce c-Fos activation, which depends on stimulus frequency (Sheng 

et al., 1993; Fields et al., 1997). Additionally, lack of myenteric activity may also be a 

consequence of the gross damage produced by the toxin, which underlies the need to find a 

lower effective dose.   

4.3 Potential role for extrinsic neural activity within the ileal loop 

Since TcdA is known to increase primary afferent activity this would also be expected to 

contribute to activation of enteric neurons. When mesenteric nerves entering the ENS are 

stimulated in the guinea pig ileum, sEPSPs are evoked in myenteric sensory neurons (Takaki 

and Nakayama, 1990). Further, submucosal ganglia in guinea pig small intestine receive 

inputs from SP-containing extrinsic nerve fibres (Costa et al., 1981) and others have shown 

that stimulating SP-containing axons excites submucosal secretomotor neurons in the ileum 

(Vanner and MacNaughton, 1995; MacNaughton et al., 1997). However since no increases in 

activity were observed in either plexus and primary afferents supply collateral branches in 

sympathetic prevertebral ganglia (Furness et al., 1998; Szurszewski et al., 2002), activation of 

intestino-intestinal reflexes and therefore inhibitory sympathetic outflow via the spinal cord 

should also be considered. 

Sympathetic noradrenergic fibres ramify within myenteric ganglia and cause a presynaptic 

inhibition of cholinergic transmission to S neurons (Hirst and McKirdy, 1974b; Furness et al., 

1998), while noradrenergic innervation of submucosal ganglia and stimulation of sympathetic 

noradrenergic neurons produces inhibitory post-synaptic potentials in secretomotor neurons 

(Furness and Costa, 1974; North and Surprenant, 1985; Bornstein et al., 1988). Therefore it 

may be that reflex sympathetic activation inhibits myenteric and submucosal pathways to 

counteract any excitability increases within the loop region. 
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4.4 Some enteric neurons in off-target regions may be activated during TcdA incubation 

I found that areas of the GIT oral and distal to the loop including the mesentery, exhibited 

vasodilation and hence signs of inflammation (McLarren et al., 2011) in animals treated with 

TcdA. Additionally, jejuna proximal to toxin-treated loops showed epithelial damage while c-

Fos and pCREB expression indicated that myenteric and submucosal neurons in jejuna and 

myenteric neurons in all other off-target tissues (ileum proximal to loop and proximal colon) 

were activated during the toxin incubation phase. A point to note, however, is that under 

control conditions, pCREB expression in the jejunum was lower than within the loop and the 

other off target regions. This could be due to jejuna being furthest from disturbance of the 

mucosa from saline-evoked distention within the loop, therefore less basal activity in this 

proximal region occurred, but this is as yet unknown. Nonetheless this casts some doubt on 

TcdA- increased effects seen in submucosal neurons in the jejunum. 

The increase in neural off-target activity and off-target mucosal damage could be due to at 

least three possible mechanisms: leakage of TcdA, circulation of inflammatory mediators, or 

neural mechanisms. 

Firstly, activation of enteric neurons and mucosal damage in off-target regions could be due 

to the toxin leaking out of the loop during the incubation and into adjacent regions of the 

bowel, but this is unlikely since using equivalent incubations I performed with CT (Chapter 

6), colleagues observed no indication of neuronal activation outside the loop region.  

Alternatively, several inflammatory cytokines, including prostaglandin E2 (PGE2), 

leukotrienes, tumor necrosis factor (TNF-α) and interleukins are released across the mucosa 

following TcdA exposure (Pothoulakis and Lamont 2001), and agents that reduce cytokine 

synthesis reduce effects of TcdA (Triadafilopoulos et al., 1989). It is therefore likely that 

such mediators infiltrated the gut wall and entered the circulation to activate inflammatory 

pathways and off-target enteric neurons. Indeed, such mediators can directly influence the 

behaviour of enteric neurons (Dekkers et al., 1997a; Liu et al., 2003; Lakhan and 

Kirchgessner, 2010). One further possible circulating mechanism could be TcdA itself 

crossing through the damaged mucosa into the circulation to gut other regions triggering 

mucosal inflammation and activating enteric neurons.  

A third mechanism could be that since TcdA operates via extrinsic afferents, activation of 

these extrinsic pathways may account for the changes in marker expression observed outside 
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of the loop region, primarily in the MP. Aligned with this, chemical ablation of extrinsic 

fibres does not prevent CT –induced hypersecretion in vivo (Castagliuolo et al., 1994; 

Pothoulakis et al., 1994) and CT studies by colleagues demonstrated no change in c-Fos 

expression in the MP of off -target tissue (Fung et al., 2017, unpublished). Indeed, evidence 

of extrinsic innervation of the MP plexus in the mouse exists.  In the mouse small intestine 

labelled extrinsic nerve fibres in the MP have been identified apposing  sensory, 

interneuron/motor neurons (Tan et al., 2010), while in the colon direct anterograde tracing 

from DRG neurons has labelled spinal afferent endings densely innervating myenteric 

ganglia (Spencer et al., 2014). Since myenteric neurons in the mouse small intestine probably 

also project to the SMP as they are known to in the guinea pig (Furness and Costa, 1982; 

Furness et al., 1990b; Sang and Young, 1996), they may alter other elements in the circuitry 

and account for the increase in pCREB expression observed in the SMP of the jejunum. 

Further to this, direct extrinsic innervation of submucosal ganglia in the guinea pig small 

intestine has been shown (Costa et al., 1981). 

Moreover, SP released from extrinsic primary afferents following in vivo incubation of TcdA 

in the rat has been shown to interact with SP binding sites on enteric neurons of the 

submucosal and myenteric plexuses (Mantyh et al., 1996). It is postulated that stimulated 

enteric neurons in turn initiate a signalling cascade via yet undefined mechanisms. This could 

well be a source of enteric neuron activation in the present study. While afferents innervating 

the mouse jejunum do in fact express SP (Tan et al., 2008), the individual neurons that supply 

the jejunum probably do not have collaterals that supply the ileum, thus it might be that 

primary afferent axon reflexes do not play a role in the off target effects observed in this 

study. However it is possible that ileal-jejunal reflexes may occur via vagal efferents where 

vagal efferent fibres form predominately excitatory cholinergic synaptic connections with 

enteric neurons including those in the MP (Kirchgessner and Gershon, 1989; Browning and 

Travagli, 2014). 

4.5 Conclusions and future directions 

The study is the first to look at the broad involvement of enteric neurons in TcdA-induced 

intestinal effects. While the toxin produced a reduction in the excitability of the SMP, it 

activated enteric circuitry in regions off-target the site of acute toxin exposure, possibly via 

release of inflammatory cytokines into the circulation or extrinsic neural pathways. It is 
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unknown if this activation of enteric neurons is a sustained effect and what the identities of 

the activated neurons are; these will be an essential focus of future studies. Other future 

studies should include determining effective concentrations of TcdA for examining effects on 

enteric neurons and the possibility of TcdA in inducing neuronal cell death could be tested 

using markers of neuronal cell death such as active caspase-3. An examination of the 

functional effects of incubating TcdA and GABA together in the loop in light of GABA’s 

emerging role in the pathogenesis of CDI would be apposite. Further, the actions of GABA 

receptors I identified in chapter 5 on any functional effects could be examined.  
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CHAPTER 8: CONCLUSIONS 
 

Perturbed reflex control of secretion underlies pathogenic conditions such CT and TcdA-

induced diarrhoeal disease, which remain major healthcare concerns in both the developing 

and developed world. Secretion is regulated by neurons in the wall of the GIT, with the 

output of secretion-controlling pathways located in the SMP. There is evidence however, that 

the MP is involved in CT –induced hypersecretion but the enteric pathways remain 

surprisingly undefined (See Chapter 1). It is well documented that TcdA activates extrinsic 

neural pathways to elicit its actions whereas enteric neural input has only been partially 

implicated. Further, microbial-derived metabolites such as GABA are linked with CDI 

susceptibility and present major complications in treatment of infection. The interaction of 

luminal GABA with the ENS and GABAergic transmission under physiological conditions 

are ambiguities that need to be resolved in order to gain an understanding of their putative 

role in pathological states (Chapter 1). My thesis aimed to address these issues highlighted in 

the literature to assist in the design of treatments to combat these often fatal hypersecretory 

states. First I examined the effects of luminal incubations with enterotoxins and GABA in 

vitro in the guinea pig small intestine, on the excitability of intrinsic sensory neurons in the 

MP using intracellular recording (Chapters 3 and 4). Secondly, I further defined the role of 

endogenous GABA in the ENS as a means to elucidate the mechanisms through which 

microbial metabolites may act by using immunohistochemical techniques and Wnt1-

Cre;R26R-GCaMP3 mice in which enteric neurons and glia express a fluorescent calcium 

indicator, for calcium imaging (Chapter 5). Finally I extended the examination of the effects 

of enterotoxins on the enteric circuitry by incubating CT (Chapter 6) and TcdA (Chapter 7) in 

an in vivo ileal loop and assessed the effects on the enteric circuitry via intracellular recording 

and calcium imaging respectively. 

In carrying out these studies a number of findings were established that contribute 

significantly to our understanding of the neural pathways underlying enterotoxin-induced 

hypersecretion. The work also raised additional, yet important, questions that are beyond the 

scope of this thesis and need to be addressed in future studies. Thus, this chapter addresses 

the implications of these novel findings and outlines experiments that should be undertaken 

in the future. 
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1. CT INDUCES SUSTAINED HYPEREXCITABILITY IN MYENTERIC 

AH NEURONS  

 

A key and novel finding of this thesis is that CT increases excitability of myenteric AH 

neurons in the guinea pig small intestine (Chapter 3: Koussoulas et al., 2017). This finding 

extends previous work that demonstrates CT induces a sustained activity of secretomotor 

neurons (Gwynne et al., 2009) thus amplifying the efferent arm of the secretomotor reflex 

pathway. While secretion is predominantly under the control of transmission within the SMP, 

my results demonstrate that CT augments firing elsewhere in the circuitry specifically the 

afferent limb of the enteric secretory reflex in the MP in agreement with evidence that the MP 

is required for a response to CT (Jodal et al., 1993). I found that the effects on firing involved 

a 5-HT3 receptor-independent pathway, which indicates that CT induces sustained excitation 

at multiple sites within the circuitry and not simply at the mucosal epithelium where CT 

produces a large release of 5-HT to activate underlying secretomotor pathways  (Nilsson et 

al., 1983; Bearcroft et al., 1997; Bertrand et al., 2000; Farthing, 2000). This finding is 

interesting since 5-HT3 antagonists block the increased excitability of secretomotor neurons 

(Gwynne et al., 2009), hypersecretion seen in vivo (Beubler et al., 1989b; Mourad et al., 

1995; Turvill and Farthing, 1997) and alter CT-induced motility effects (Fung et al., 2010; 

Balasuriya et al., 2016). Thus mediators other than 5-HT released at the mucosa are likely to 

excite the system. Indeed an extensive array of mediators including ATP and peptide 

hormones such as cholecystokinin, secretin, glucagon-like peptides (GLP) 1 and 2 , 

neurotensin, peptide YY (PYY) are known to be contained in enteroendocrine cells in the 

mucosa (Cooke et al., 2003; Engelstoft et al., 2013; Gribble and Reimann, 2016; Fothergill et 

al., 2017). The results of Chapter 3 provide an insight into the complexity of neural 

mechanisms activated by CT and highlight the need to identify mediators responsible for 

activation of a 5-HT3-independent pathway. This would be desirable as a means to target 

other potential therapeutic sites that play a significant role in the reflex amplification. 

 

In contrast to sustained activation of myenteric AH neurons, the data indicate that CT does 

not produce long-term changes in the firing of other myenteric neurons (S-type) including 

most interneurons in pathways regulating secretion or motility and the output neurons of 

motility pathways. We cannot rule out significant effects on some myenteric S neuron though 

due to the wide range of functional subtypes. Additionally the possibility that these neurons 
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undergo short-term changes, such as activation during the induction of CT’s response cannot 

be excluded. Certainly, in the mouse small intestine in vivo expression of activity dependent 

marker c-Fos indicates that myenteric neurons are likely to be active during the incubation 

itself (Fung et al., 2017, unpublished). It is probable that this activity coincides with early 

motility changes that CT is known to produce (Fung et al., 2010). Therefore it is likely that 

CT excites multiple pathways within the ENS to produce both short term and long term 

changes in neuronal firing corresponding to the induction of the response and the sustained 

effects of CT. Indeed it has been proposed that the induction and maintenance of CT-induced 

hypersecretion in the rat small intestine encompass different neural mechanisms (Kordasti et 

al., 2006). 

 

 

2. MYENTERIC AH NEURONS ARE A COMMON PATHWAY 

THROUGH WHICH CT, TCDA AND GABA ACT 

 

A major finding of this thesis is that myenteric AH neurons in the guinea pig small intestine 

are made hyperexcitable by the luminal application of TcdA and GABA in addition to CT 

(Chapters 3 and 4). While direct application of CT, TcdA and GABA excites enteric cell 

bodies (Jiang et al., 1993; Cherubini and North, 1984a; Xia et al., 2000), luminal incubation 

of these agents demonstrates the underlying enteric pathways that they activate converge on 

the same population of myenteric AH neurons highlighting a generality in the actions of 

toxins and associated bacterial metabolites in the gut. This, therefore, greatly assists our 

understanding of the general neural mechanisms underlying bacterially-induced diarrhoea. 

Further since each agent is known to induce motility changes in the rodent small intestine 

(Tonini et al., 1989b; Burakoff et al., 1995; Kordasti et al., 2006; Fung et al., 2010; Auteri et 

al., 2015) it is likely that altered firing in myenteric AH neurons also contributes to 

enterotoxin and GABA-induced motility effects. The identification of this key integration site 

for incoming luminal signals may assist in making predictions about the effects other 

enterotoxins will have on enteric circuitry and secretomotor output. 

Whether the pathways activated by bacterial metabolites such as GABA ‘prime’ the ENS and 

potentiate enterotoxin responses is not yet known. Since GABA is linked to CDI 

susceptibility, co-administration TcdA with GABA in vitro and examining firing activity of 
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ISNs is a necessary future study. In addition, the effects of GABA on enterotoxin-induced 

changes in secretion and motor output in vivo would form a desirable line of experimentation 

as this would help determine whether any neural interaction between bacterial metabolites 

and enterotoxins extends to altered functional output to exacerbate the effects of toxins in 

whole organ responses. 

 

3. ENDOGENOUS GABA IS INVOLVED IN SYNAPTIC 

TRANSMISSION 

 

A very interesting novel finding in this thesis is that GABAC receptors have a synaptic 

function and modulate synaptic responses to trains of stimuli which have been shown to 

produce sEPSPs in the murine circuitry (Nurgali et al., 2004; Mao et al., 2006), where GABA 

acting at GABAC receptors tonically inhibits the system in the small intestine (Chapter 5). 

While I observed that GABAA, GABAB and GABAC receptors are expressed in the ENS via 

direct application of GABA, consistent with data showing their presence in mouse GIT from 

immunohistochemical and functional studies (Zizzo et al., 2007; Casanova et al., 2009; Seifi 

et al., 2014; Auteri et al., 2015), when endogenous GABA is released it acts at GABAC 

receptors. This study is the first to demonstrate a synaptic function of GABAC receptors in 

the ENS.  

In contrast, GABAA and GABAB receptors were surprisingly not found to have a synaptic 

function since GABAA and GABAB antagonists had no effect on electrically-stimulated 

calcium responses despite functional studies indicating that inhibiting GABAA and GABAB 

receptors can modify motility and reflexes in the mouse (Sanger et al., 2002; Auteri et al., 

2014). For instance, in the mouse colon GABAA-activated increases in peristaltic activity are 

blocked by bicuculline, while GABAB- mediated inhibition of peristalsis is antagonized by 

phaclofen (Auteri et al., 2014). 

It may be that any endogenous GABA does not reach the relevant receptors and possibly 

produces only small responses. Intracellular recording experiments could be implemented to 

examine this. GABA-mediated post synaptic responses could be investigated via application 

of GABA receptor antagonists following electrical stimulation of murine ganglia. But given 

the technical difficulty of intracellular recording in the mouse and the relatively small 
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population of GABA-responding neurons (Chapter 5) these may prove to be challenging 

experiments.  

GABAergic neurons were identified via immunohistochemistry as interneurons in Chapter 5 

where GABA-IR varicosities were found to make close contacts with calretinin-IR neurons 

and nNOS-IR neurons. Thus, they are likely to be interneurons contacting motor neuron 

subtypes. As interneurons, it is highly probable that they participate in motor reflexes as has 

been shown in mouse colon. This is consistent with previous studies in the MP of the rat and 

murine colon and guinea pig ileum that have reported that GABAergic neurons probably 

function as interneurons (Jessen et al., 1986; Furness et al., 1989; Sang and Young, 1996; 

Krantis, 2000; Seifi et al., 2014). 

Examining the physiological role of GABA in the ENS deepens our understanding of 

endogenous GABAergic transmission in the ENS and assists in highlighting potential 

mechanisms whereby luminal GABA confers disease susceptibility to CDI (Dann et al., 

2015).  For instance, GABA acting at GABAC receptors, which may inhibit neural circuits as 

this study demonstrates, could act to decrease motility enabling prolonged contact and 

exposure of TcdA in the gut lumen, allowing more time for stimulation of pathogenic effects. 

Blocking GABAC receptors might evacuate contents and offer a therapeutic effect. Functional 

motility experiments following ileal loop incubations of TcdA with GABAC antagonists 

would be worthwhile in investigating this. 

 

4. THE INVOLVEMENT OF THE ENS IN CT-INDUCED 

HYPERSECRETION IN VIVO 

 

In Chapter 6 of this thesis, I used intracellular recording to examine correlations between 

electrophysiological and morphological properties of enteric neurons in the murine small 

intestine and found that these are analogous to those in the widely studied guinea pig model 

(Bornstein et al., 1991a, 1994; Brookes et al., 2001; Furness et al., 2004a), and hence the 

neurons are likely to share similar functions. Following in vivo incubations of CT in the 

mouse ileal loop, I found that CT induces an increase in firing of spontaneous fast synaptic 

potentials in myenteric S neurons. 
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This study was conducted alongside another in our group that used Wnt1-Cre;R26R-

GCaMP3 mice to examine the excitability of the general enteric circuitry following in vivo 

CT exposure with Ca2+ imaging (Fung et al., 2017, unpublished). It was found that in the 

mouse ileum, CT acts primarily at the mucosa to produce sustained hypersecretion and in part 

by inducing a sustained increase in the activity of submucosal secretomotor neurons (Fung et 

al., 2017, unpublished). This is in accordance with a study in the guinea pig by Gwynne et al., 

2009 showing that CT in vitro produces sustained excitation of secretomotor neurons in the 

SMP. However, in Chapter 3, I demonstrated that equivalent in vitro incubations produce 

excitation in myenteric AH neurons, while in the mouse Ca2+ imaging showed an overall 

reduction in myenteric activity. 

Thus it appears that in both animal models CT produces excitation within enteric neural 

networks that in part likely drives the ongoing hypersecretion, but the neural contributions in 

the two models differ with a strong mucosal effect observed in mice which have less ENS 

input compared to the guinea pig. 

While the properties of enteric neurons are certainly similar between the two species, 

differences in circuit connectivity and hence signal transduction and network excitation may 

and account for the differences in neural contribution. In agreement with other 

electrophysiological studies in the mouse small intestine (Bian et al., 2003; Ren et al., 2003), 

and in contrast to guinea pig, AH neurons were rarely encountered by electrophysiology in 

mouse myenteric plexus and their low numbers may have implications for excitatory 

reinforcement of recurrent network activity (Thomas et al., 2000; Chambers et al., 2005). 

Further to this AH/type II neurons are not known to be present in the SMP of the mouse 

(Mongardi Fantaguzzi et al., 2009; Foong et al., 2014). Moreover, neural contribution in the 

mouse may have been under-represented in Chapter 6. While the spontaneous fEPSPs 

recorded in S neurons are probably too small to contribute to much more than a background 

effect, this observation implies heightened activity in other neurons elsewhere in the circuitry. 

While still inconclusive, changes in AH neuronal firing certainly suggest this but sampling 

challenges restrict this conclusion. Further the sampling bias excluded descending 

interneurons and inhibitory motor neurons from the data set and possibly discounted 

significant effects in their excitability. Whether or not interneurons and inhibitory motor 

neurons display sustained excitation after CT is an important point to address in future 

studies. This bias could be overcome by deliberately impaling specific subsets of neurons e.g. 
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nNOS neurons that express GFP. Moreover, since incubations in mice were performed in 

vivo while those in guinea pig were in vitro, differences in neural contributions of the ENS to 

the hypersecretion may be due these technical differences. Ultimately, in vivo incubations 

would have been required in guinea pigs to determine this. 

In addition, other experiments to further define the neural mechanisms excited by CT in the 

mouse could include those that examine the mode of action of enhanced activity of 

secretomotor neurons in the SMP. Whether these neurons are activated by mucosal mediators 

such as 5-HT as shown in the guinea pig (Gwynne et al., 2009) could be determined by 

luminal incubations of CT with antagonists such as granisetron.  

 

5. THE INVOLVEMENT OF THE ENS IN TCDA-INDUCED 

HYPERSECRETION IN VIVO 

 

The findings in Chapter 7 demonstrate that TcdA incubated in vivo in Wnt1-Cre;R26R-

GCaMP3 mice produces an overall reduction in the excitability of the SMP, but activates 

enteric circuitry in regions away from the site of acute toxin exposure. 

TcdA evokes its intestinal effects via a strong extrinsic component (Castagliuolo et al., 1994), 

as such its neural mechanism of action may be more complex than that of CT. Others have 

demonstrated direct excitatory effects of the toxin on enteric neurons (Xia et al., 2000) but 

this is the first study to survey the enteric nervous system after luminal exposure to TcdA. 

From this work it is evident that enteric neurons are activated by TcdA; while this work 

requires significant additional investigation, it sets a framework for future inquiry and in 

doing so has also highlighted some salient experimental considerations for future researchers.  

At the ileal site of acute exposure, the TcdA produced a reduction in neural activity in the 

SMP and no change in myenteric activity despite producing extensive signs of inflammation, 

which in and of itself is known to excite enteric neurons in both plexuses (Linden et al., 2003; 

Lomax et al., 2005, 2006). I attributed this potentially to the gross damage produced by TcdA 

at the mucosa leading to a reduction in excitability or lack of change in activity in the 

underlying plexuses. While the concentration of toxin used in this study may trigger extrinsic 

neural and inflammatory responses, my results emphasise the need to identify a lower and 
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more operative concentration for use when examining enteric neural activity with prolonged 

incubations.  

Due to the systemic inflammation observed in Chapter 7, TcdA exposure might have 

produced widespread effects in other organs. Indeed C. difficile is known to produce systemic 

disease in conjunction with gastrointestinal effects. Systemic complications include pleural 

effusion, cardiopulmonary arrest and acute respiratory distress in humans and in animal 

models (Jacobs et al., 2001; Steele et al., 2012). The exact mechanisms by which C. difficile 

induces these systemic effects is not well characterised, but may be due to systemic toxin 

uptake as well as elevations in circulating inflammatory cytokines (Steele et al., 2012). This 

underscores the importance of a more effective dose and is an important consideration when 

interpreting data in TcdA animal models 

Enteric neurons were activated by TcdA as indicated by expression of activity dependent 

markers in regions off-target the site of acute toxin exposure. Off-target regions also 

displayed significant signs of inflammation. Since TcdA is known to release inflammatory 

cytokines across the mucosal epithelium (Triadafilopoulos et al., 1989; Pothoulakis and 

Lamont 2001), their entry into the general circulation and subsequent activation of 

inflammation or of enteric neurons themselves (Dekkers et al., 1997a; Liu et al., 2003; 

Lakhan and Kirchgessner, 2010) is quite possible. Ileal loop incubations of TcdA with anti-

inflammatory agents such as cyclooxygenase (COX) inhibitors or with agents that reduce 

cytokine synthesis should be performed to determine the nature of enteric activation. 

Further it would be desirable to ascertain the identities of the activated off-target neurons by 

immunohistochemically identifying neuronal subtypes and whether the activation of enteric 

neurons is a sustained effect. This could be achieved by examining any ongoing activity of 

off -target tissue using Ca2+ imaging. 

 

6. A FINAL WORD   

 

This thesis has presented studies that contribute to our understanding of the neural 

mechanisms underlying enterotoxin-induced hypersecretion in the MP of the guinea pig 

ileum (Chapters 3 and 4). Work on the role of GABA in enteric transmission as a means to 
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shed light on the interactions of bacterial metabolites with the ENS has provided major 

insights into the function of GABA and its receptors in the MP (Chapter 5). Elements of the 

enteric circuitry involved in CT and TcdA- induced pathogenic effects in vivo have been 

identified, while additional investigation will undoubtedly be required, these studies have 

established foundations for future lines of research. 
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