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Abstract 

A growing emphasis has been placed on the importance of the gut-brain axis (GBA) and 

its role in normal physiological functions of the body. This bidirectional axis links 

cognitive functions of the central nervous system (CNS) with a number of peripheral 

intestinal functions such as intestinal permeability, immune activation, and neuro-

endocrine signalling. Studies have highlighted the possibility that the intestinal 

microbiota could influence the function of the gut-brain axis; however, mechanisms 

underlying these interactions are currently unknown. In hopes of better understanding 

how the microbiome may play a role in altering the gut-brain axis, I studied the epithelial 

barrier of the gut, as it acts as the interface between the microbiome and the gut-brain 

axis. I investigated whether disrupting the microbiome in vivo with antibiotics, and 

mimicking a healthy microbiome through the application of a commensal bacterial 

community (microbial ecosystems therapeutics-1; MET-1) can modulate epithelial 

barrier functions.  Using Ussing chambers, I investigated changes in colonic mucosal 

epithelial permeability in vitro in both antibiotic-treated animals and following the local 

application of MET-1 (1:1000). Additionally, I examined the effect of antibiotic treatment 

on paracellular permeability and intestinal transit in vivo, serotonin bioavailability, 

epithelial ion secretion, and neurotransmission. Paracellular permeability of the colon 

was significantly increased in vivo following a 7-day vancomycin treatment, and 

Veratridine-stimulated (30 µM) ion secretion was significantly diminished in colonic 

tissue of mice subjected to the treatment compared to controls. Apical application of 

MET-1 did not enhance epithelial barrier function in vitro. Moreover, no differences in 

intestinal motility, serotonin bioavailability, and ion secretion were found between 
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antibiotic-treated animals and controls. These results indicate that the modulation of 

host microbiota leads to changes in mucosal permeability and Veratridine-stimulated ion 

secretion, which may facilitate the access of microbial metabolites to the nervous 

system.  
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Chapter 1. Introduction  

1.1. Microbiota and the gut-brain-axis 

 Growing evidence suggests that the central nervous system (CNS) can be 

influenced by the microbiome. Clinical studies are linking the disruption of host 

microbiota with central nervous system dysfunctions such as autism, depression, and 

stress (Ait-Belgnaoui et al., 2012; D’Mello et al., 2015; Schmidt et al., 2015). The 

modulation of commensal microbiota can cause changes in visceral sensitivity 

(O’Mahony et al., 2014), leads to altered expression of serotonin receptors (Bhattarai et 

al., 2018), and neurotrophic factors (Savignac et al., 2013), causes changes in intestinal 

motility (Ghoshal et al., 2017), and leads to cellular alterations of the entero-endocrine 

and immune systems (Cukrowska et al., 2001; Everard et al., 2011). We are beginning 

to understand that the microbiome is able to modulate the nervous system primarily 

through its actions on the gut-brain-axis. Although the exact mechanisms by which 

microbes can communicate with the gut-brain axis are still poorly understood, evidence 

suggests that microbes can act on the CNS through neuroendocrine/metabolic 

pathways (Asano et al., 2012; Barrett et al., 2012; Reigstad et al., 2015). 

Afferent nerve terminals are distributed throughout the gut wall with populations 

of fibres projecting to the serosal layer, the muscularis externae and myenteric plexus, 

as well as in the lamina propria of the mucosal layer (Berthoud et al., 2004). Because 

nerve terminals are not in direct contact with the lumen, bacteria act by paracrine 

signaling to influence primary afferent neurons innervated within the gut wall. Luminal 

bacteria act on enterochromaffin (EC) cells, which generate signaling molecules that go 

on to stimulate afferent nerve terminals. For example, the cholera toxin, produced by V. 
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cholerae, acts on 5-HT receptors of enterochromaffin cells to stimulate the release of 

serotonin. The release of this neurotransmitter can then activate the enteric nervous 

system by acting on afferent nerves found within proximity of the EC cells (Peregrin et 

al., 1999).  

The innermost layer of the gut wall is lined with a single layer of epithelial cells 

which allows the absorption of useful substances, and restricts the entry of harmful 

entities. The epithelial layer acts as the host’s primary defense barrier separating 

luminal contents such as microbes from the internal environment. Changes in bacterial 

composition within the lumen have been associated with changes in epithelial barrier 

integrity (Thanabalasuriar et al., 2010), serotonin signaling (Esmaili et al., 2009), and 

inflammatory responses of the GI tract (Cani et al., 2008). This thesis therefore 

investigates whether the disruption or enhancement of the microbiome can modulate 

mucosal function of the host.  

 

1.1.1 Physiology of the gut-brain-axis  

The enteric nervous system, denoted as the “brain of the gut”, controls motor 

functions and regulates immune and inflammatory responses of the gut independently 

from the central nervous system (CNS) (Cailotto et al., 2014; Burgueño et al., 2016). 

Although the enteric nervous system can autonomously control GI tract physiology, it is 

also involved in a bidirectional communication network with the CNS, creating a link 

between brain and gut function. Termed the gut-brain axis, this complex system 

involves the control and maintenance of gastrointestinal functions while allowing the gut 

to provide afferent input to the CNS to influence cognitive function, behaviour, and 



 3 

mood. Cross-talk between the brain and gut involves neuronal pathways from both 

afferent and efferent nerves, neuro- and enteroendocrine signalling, and immune 

activation (Barreau et al., 2007; Carabotti et al., 2015; Foster et al., 2017). The CNS 

controls intestinal functions through both autonomic and hormonal pathways by acting 

on epithelial cells, enteric neurons, and immune cells. Through these interactions, the 

CNS directs the body to respond to physical, environmental, and psychological 

stressors by modulating gastrointestinal motility, secretion, and mucosal immune 

function. These responses occur via sympathetic and parasympathetic branches of the 

autonomic nervous system in conjunction with the hypothalamic-pituitary axis, which is 

a crucial non-neural route of communication that is responsible for regulating the body’s 

stress response (Goehler et al., 2005; Stephens and Wand, 2012; Bercik and Collins, 

2014).  

Equally, information from the gut is transmitted to the central nervous system 

through visceral afferent signaling which includes enteric, spinal, and vagal pathways. 

Visceral afferents are often classified as polymodal nociceptors because they express a 

number of different receptors that respond to chemical, mechanical, or hormonal stimuli 

(Berthoud and Neuhuber, 2000). Information regarding the detection of 

neurotransmitters, gut hormones, bacterial by-products, as well as gut tension and 

stretch is transmitted to the brain, where the CNS can then produce homeostatic 

reflexes in response to this feedback (Alonso et al., 2008; Rhee et al., 2009; Cryan et 

al., 2019) (Figure 1.1).  

Dysbiosis between the central nervous system and the gut is believed to be 

linked to the pathogenesis of a number of gastrointestinal disorders, such as irritable 
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bowel syndrome (IBS), ulcerative colitis, and Crohn’s disease (Koloski et al., 2012; 

Berrill et al., 2013). It has become increasingly apparent that a strong comorbidity exists 

between stress-related mental symptoms and irritable bowel syndrome; with over 50% 

of IBS patients reporting comorbid depression or anxiety (Lydiard, 2001). Although 

mental stressors have been long known to influence one’s susceptibility to disease, the 

increasing association of stress and gastrointestinal dysfunction has highlighted the 

importance of the gut-brain-axis in both digestive and mental health.  
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Figure 1.1: Schematic representation of the pattern of bidirectional brain-gut 
signalling. Information regarding chemical, hormonal, and mechanical stimuli, along 
with neurotransmitters, cytokines and SCFA release is relayed to the CNS in order to 
influence behaviour and cognitive function, stress, and neurotransmitter expression and 
turnover. Efferent output pathways allow the modulation of gastrointestinal motility, 
secretion, and blood flow through the function of the autonomic nervous system (ANS), 
hypothalamic-pituitary axis (HPA), and neuroendocrine systems. Adapted from (Bajic et 
al., 2018). 
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1.1.2 Role of the Commensal Microbiome in Health and Disease 

The human gastrointestinal tract is colonized with a complex population of 

bacteria, where approximately 400-1,000 species are found throughout the gut 

(Mazmanian et al., 2008; Rhee et al., 2009). Although individuals have their own unique 

population of microbes, the distribution and diversity of bacterial species is comparable 

amongst healthy individuals, with Firmicutes and Bacteroides representing 75% of the 

microbiome (Eckburg et al., 2005; Carabotti et al., 2015). Throughout time, mammals 

have evolved to coexist with their gut microbiome in a symbiotic manner. Bacteria can 

undergo cell-to-cell communication between themselves via signalling of hormone-like 

molecules (a phenomenon called quorum sensing) and are also able to communicate 

with their host in a similar manner (Hughes and Sperandio, 2008). This interaction, 

termed interkingdom signalling, allows bacterial-derived signals to alter mammalian cell-

signal transduction whereas host hormones can modulate bacterial gene expression 

through cross-talk with quorum sensing signals (Telford et al., 1998; Sperandio et al., 

2003). Through inter-kingdom signalling, the gut microbiota contributes to nutrient 

digestion, production of short-chain fatty acids (SCFA), bile acid metabolism, 

modulation of the immune system, and mucosal barrier function (Nicholson et al., 2012). 

Although an individual’s bacterial composition remains relatively stable as good 

health is maintained, the microbiome can shift to a dysbiosis state when the host is 

subjected to disease, and may contribute to pathogenesis. Bacterial infections, 

autoimmune disorders, and chronic inflammatory diseases are all associated with 

altered microbial populations of the large intestine (Verdú et al., 2006; Tulstrup et al., 

2015). The topic of a microbiota-gut-brain axis has become a popular and important 
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aspect of health and disease. Publications report that changes in gut microbe 

composition are linked to stress, depression, changes in nociception, anxiety-like 

behaviour, and metabolic consequences (Coutinho et al., 2002; Bailey et al., 2010; 

Clapp et al., 2017). Evidence even suggests that autistic patients present specific 

microbial alterations according to the severity of the disease (Mazefsky et al., 2014).  

Particular stressors and changes in behaviour and mood can cause the central 

nervous system to modulate GI tract function through the sympathetic and 

parasympathetic branches of the autonomic nervous system and the hypothalamic-

pituitary-adrenal axis. These shifts in physiological and psychological homeostasis can 

influence gut microbial compositions directly by releasing signalling molecules or 

indirectly by altering their environment (Rhee et al., 2009). Many animal models 

highlight the link between prenatal and postnatal stress with changes in microbial 

composition. A study investigating this association in rhesus monkeys found that 

postnatal stress prompted by maternal separation caused the appearance of stress-

related behaviours such as cortisol response and acceleration of intestinal transit, which 

was coupled with a reduction in the commensal microbe Lactobacilli as early as three 

days following separation (Bailey and Coe, 1999). Studies report that animals exposed 

to social stressors for as little as two hours showed significant changes in bacterial 

communities, where proportions of commensal phyla such as Lactobacillus reuteri and 

Parabacteroides distasonis were substantially reduced (Galley et al., 2014). 

Additionally, adult rats that underwent maternal separation as pups demonstrated 

alterations in fecal microbiota composition compared to controls. Changes in fecal 

microbiota composition were measured by comparing ribosomal RNA gene profiles 
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between maternally separated rats and non-separated controls, and these results 

suggest that neonatal stress may pose certain long-term consequences to gut microbial 

compositions (O’Mahony et al., 2009). 

Alternatively, changes in gut microbiome composition may also influence the 

central nervous system, leading to altered cognitive function and behaviour. For 

example, repeated administration of antibiotics ampicillin and cefoperazone caused an 

increase in anxiety-like behaviour and behavioural despair in mice subjected to a variety 

of behavioural tests (forced swim test, open field test, elevated plus maze test) (Ceylani 

et al., 2018). Additionally, manipulating the microbiome to allow an enrichment in 

Clostridiales Lachnospiraceae and Ruminococcaceae led to increases in social 

avoidance and changes in myelination and gene expression within the prefrontal cortex 

of mice (Gacias et al., 2016).  

Microbial interactions with the host are also linked to functional gastrointestinal 

disorders, involving the disruption of gastrointestinal functions such as intestinal 

permeability, motility, immune response, and enteric nervous system function 

(Eutamene et al., 2007; Ma et al., 2009; Bercik and Collins, 2014; Smith et al., 2014). 

Rats colonized with fecal bacteria derived from IBS patients exhibited increased 

hypersensitivity to colonic distension compared to animals colonized with fecal bacteria 

from healthy controls (Crouzet et al., 2013). Antibiotic-induced dysbiosis of the 

microbiome in mice resulted in decreased gastrointestinal motility (Anitha et al., 2012), 

and stool consistency was negatively correlated with the number of Bifidobacteria and 

Lactobacilli found within the mucosa (Parkes et al., 2012). Additionally, IBS patients 
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exhibited different genetic profiles associated with immune responses to bacterial 

pathogens and host defense (Aerssens et al., 2008). 

Although a number of studies link changes to the microbiome with IBS 

symptoms, researchers are still uncertain whether this shift in bacterial populations arise 

from IBS symptoms, or if these symptoms are consequence of a change in microbiota 

composition. A percentage of IBS patients (8%-15%) that initially suffer from a bacterial 

or viral infection lead them to develop persistent IBS-related symptoms, a phenomenon 

titled postinfectious IBS (Spiller, 2003). Physiological risk factors of postinfectious IBS 

include interactions with bacterial toxins, intestinal pathology, and duration and severity 

of infection, whereas psychological risk factors include increased trait anxiety and stress 

during the time of infection. Stress-induced changes to neuronal signalling, such as an 

increase in norepinephrine within the gut lumen could play a role in increasing the 

virulence of pathogens such as Salmonella, E. coli, and Campylobacter jejuni, ultimately 

supporting and prolonging symptoms of infection (Bailey and Coe, 1999; Cogan et al., 

2007). 

To better understand how microbes are able to influence the gut-brain axis, many 

studies involve the use of germ-free animals. Germ-free animals are completely devoid 

of microbes upon birth, and are housed in sterile environments. These animals allow 

researchers to study how the absence of the gastrointestinal microbiota can influence 

the gut-brain axis, and researchers can colonize the gut with particular species to 

determine how they may affect the host (Gareau et al., 2011; Neufeld et al., 2011). 

Germ-free mice exhibit delayed gastric emptying and intestinal transit (Iwai et al., 1973), 

reduced migrating motor complex cyclic recurrence and distal propagation (Husebye et 
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al., 2001), and altered expression and turnover of neurotransmitters (Diaz Heijtz et al., 

2011; Clarke et al., 2013). Additionally, visceral hypersensitive phenotypes that are 

typical in IBS can be transferred by colonizing the microbiome of IBS patients in germ-

free rats (Crouzet et al., 2013). Germ-free mice have exaggerated HPA responses to 

stress (Sudo et al., 2004), a decrease in anxiety (Nishino et al., 2013), and altered 

expression of brain-derived neurotrophic factor leading to memory dysfunction (Gareau 

et al., 2011). Furthermore, Sudo et al. (2004) demonstrated that rodents who underwent 

recolonization with Bifidobacteria species displayed the reversal of germ-free effects in 

an age-dependent manner. This suggests that there is a crucial developmental window 

during which the plasticity of neural regulation can be manipulated by gut microbes.  

While bacterial dysbiosis and the presence of bacterial pathogens seem to affect 

the gut-brain axis in a negative manner, researchers have stated that the use of 

probiotics could serve as effective therapies to alleviate negative symptoms and treat 

disease. Probiotics containing B. breve, B. longum or L. acidophilus significantly 

improved abdominal pain and intestinal barrier integrity in IBS patients (Guyonnet et al., 

2007; Zeng et al., 2008). Probiotic therapies such as fecal transplantation have also 

become a popular method of treating diseases such as C. difficile infection and 

inflammatory bowel disease (Kao et al., 2017; Carlucci et al., 2019). 

Although there is a clear association between the microbiome, the central 

nervous system and gut physiology, no distinctive findings have highlighted one of 

these factors as the initial culprit of disease. Particular studies report that chronic 

intestinal inflammation can produce anxiety-like behaviour and alter the biochemistry of 

the central nervous system (Bercik et al., 2010), whereas others demonstrate that 
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chronic depression is associated with changes in microbial compositions and intestinal 

motility (Park et al., 2013). Many report that acute and chronic stress leads to impaired 

intestinal transit, causing either acceleration and delay of transit time. For example, 

decreased transit time is associated with bacterial overgrowth within the small intestine 

(Van Felius et al., 2003). Alternatively, increased transit time cause commensal 

microbes to move along the gastrointestinal tract at a greater pace than normal, which 

may allow abnormal or harmful species to flourish (Chey et al., 2001). Nonetheless, it is 

unknown whether bacterial alterations present in disease are due to a bottom-up effect, 

where primary alterations are reported at the gut microbial interface, or from a top-down 

effect, where changes in gut bacteria arise from changes in brain-to-gut signalling 

(Mayer et al., 2015).  However, it is likely that both situations coexist in a continuous 

feedback loop, where the initial cause could arise either centrally or peripherally 

(Rogers et al., 2016). 

 

1.2. The microbiome may influence many aspects of gastrointestinal physiology   

Though luminal bacteria can alter intestinal permeability through its direct contact 

with the epithelium, the microbiome can also influence gastrointestinal physiology 

through immune system activation. Immune cells residing in the gastrointestinal tract 

play a prominent role in the host defense against pathogens. Once activated, the 

immune system stimulates the release of proinflammatory mediators including 

prostaglandins, cytokines, leukotrienes, and proteases, which go on to exert effects on 

gastrointestinal motility, secretion, permeability, and pain signalling (Wouters et al., 

2016). 
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1.2.1 Intestinal motility 

Studies report that changes in gut bacteria composition may also alter intestinal 

motility. Anaerobic strains such as Bifidobacterium bifidum and Lactobacillus 

acidophilus play a prominent role in the function of digestive migrating-motor 

complexes, and intestinal transit (Husebye et al., 2001; Round and Mazmanian, 2009). 

Three main mechanisms are considered to be responsible for these effects on intestinal 

transit: i) the release of bacteria-derived substances or end products of bacterial 

fermentation within the gut; ii) intestinal neuroendocrine hormones (adrenaline, 

norepinephrine) iii) effects of mediators released by the gastrointestinal immune system 

(Barbara et al., 2005).  

Short-chain fatty acids (SCFA) are metabolic end products created as a result of 

bacterial fermentation of carbohydrates and glycoproteins within the intestinal tract. The 

most prominent SCFAs; butyrate, acetate, and propionate, have been widely studied as 

substances that influence gut sensorimotor function. SCFA stimulation of gut motor 

function could be a result of its interaction with receptors on intestinal cells 

(GPR41/GPR43) which create a signalling cascade to activate enteric neurons (Nøhr et 

al., 2013); however, direct stimulation of smooth muscle cells by SCFA has also been 

reported (Cherbut et al., 1996; Rondeau et al., 2003). 

Changes in gut sensorimotor function has been linked to alterations in the 

composition of host microbiota (Stephen et al., 1987). The disruption of luminal bacteria 

following gastrointestinal infections, or antibiotic treatment has led to persistent changes 

in gut motor function. Celik et al. (1995), reported that the administration of the oral 

antibiotic vancomycin created significant improvement in stool frequency in patients 
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suffering from chronic constipation. Alternatively, patients suffering from small intestinal 

bacterial overgrowth reportedly experience increased intestinal transit, often resulting in 

diarrhea (Ghoshal et al., 2017). Nevertheless, research teams have yet to confirm 

whether bacterial modulation of intestinal transit is primarily due to the increase or 

decrease of SCFAs produced within the gastrointestinal tract. 

1.2.2 Serotonin Bioavailability 

 Gastrointestinal enterochromaffin (EC) cells play a large role in the initiation of 

gut secretory and motor reflexes, as they respond to mechanical and chemical stimuli 

within the lumen and act as transducer cells that relay signals to neurons in a paracrine 

fashion across the gut wall. Upon stimulation, enteroendocrine cells relay these signals 

by releasing substances such as serotonin (5-HT), a molecule that has been identified 

as a crucial mediator of peristaltic reflexes and mucosal secretion (Cooke and Christofi, 

2006; Mawe and Hoffman, 2013). ECs stimulated by luminal substances such as SCFA 

will release 5-HT that go on to activate intrinsic primary afferent neurons which signal to 

interneurons and motor neurons (excitatory and inhibitory). Excitatory motor neurons 

containing ACh and substance P, as well as inhibitory motor neurons containing 

vasoactive intestinal peptide and nitric oxide synthase, produce smooth muscle 

contraction and relaxation, respectively (Grider et al., 1996). Recent evidence highlights 

that EC cells can also directly stimulate the vagal nerves (Kaelberer et al., 2018). 

Termed neuropod cells, these epithelial cells do not rely on paracrine hormonal 

signalling to relay information to the enteric nervous system, as they can synapse with 

vagal neurons to directly relay information from the gut lumen to the brainstem. The 

discovery of this pathway leads researchers to believe that additional physiological 
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circuits that allow direct sensory transmission may exist throughout the human body 

(Bohórquez et al., 2015).  

 Although there is now evidence of direct signalling from the lumen to the brain, 

many cells within the epithelium sense luminal contents and release hormones 

neurotransmitters as a method of paracrine signalling (as described above). For 

example, serotonin is a neurotransmitter found primarily within the intestinal tract, where 

95% is found within the gut, and only 5% within the CNS (Gershon and Tack, 2007). It is 

synthesized by EC cells through the conversion of dietary tryptophan into two isoforms: 

TpH1 (within the gut), and TpH2 (within the brain). Its release from EC cells is activated 

by bowel distension, food, mucosal stroking, and the presence of SCFA (De Ponti, 

2004; Hansen and Witte, 2008). Additionally, serotonin’s effects are terminated as it is 

removed from synapses by the serotonin reuptake transporter (SERT) (Gershon and 

Tack, 2007). 

Studies highlight a role for gut microbiota in the regulation of host serotonin 

biosynthesis. The absence of microbial colonization of the gut in germ-free mice has 

been associated with altered levels of 5-HT within serum (Wikoff et al., 2009; Yano et 

al., 2015). Alternatively, patients with functional gastrointestinal disorders have shown 

altered serotonin signalling: where IBS-D patients exhibited increased 5-HT levels, and 

IBS-C patients exhibited low 5-HT levels. Additionally, cell lines infected with E. coli 

showed reduced SERT activity, thus demonstrating increased levels of 5-HT (Esmaili et 

al., 2009; Bohnert et al., 2011). Although studies currently report conflicting results 

regarding the presence or absence of serotonin in functional gastrointestinal disorders, 

the production of substances that act on serotonin receptors remains a popular field of 
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interest in hopes of creating a therapeutic approach to better treat functional 

gastrointestinal disorders.  

1.2.3 Neuronal Excitability 

An increase in mast cells within the mucosa of IBS patients is associated with a 

decrease in epithelial barrier integrity, which in turn has been shown to alter nerve 

signalling within the enteric nervous system (Buhner et al., 2009; Martínez et al., 2012). 

Studies report that intestinal hyperpermeability is associated with visceral 

hypersensitivity, two hallmark symptoms of IBS (Gecse et al., 2008; Theodorou et al., 

2014). Clinical work reports that patients suffering gastrointestinal disorders such as 

IBD and IBS experience increased pain sensitivity within the gut. Moreover, studies 

using germ-free mice have reported that the colonization of commensal bacteria is 

necessary in order to develop pain sensitivity, in which the mechanism is believed to be 

toll-like receptor (TLR)-dependent. Hypersensitivity induced by inflammatory mediators 

such as lipopolysaccharide (LPS), Interleukin (IL)-1β and Interleukin (IL)-10 is 

significantly altered in germ-free mice (Souza et al., 2004; Amaral et al., 2008). 

Additionally, many studies have reported that pain responses to colorectal distension 

were significantly decreased following treatment of Lactobacillus probiotics (O’Mahony 

et al., 2005; Rousseaux et al., 2007).  

 

1.3. The microbiota and alterations in intestinal permeability 

 The microbiome plays a great role in health and disease of its host, and remains 

relatively consistent throughout life. However, its composition can be altered through 

diet, infection, and the use of antibiotics. Oral antibiotics are frequently administered to 
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treat a wide variety of bacterial infections, not limited to the gastrointestinal system. The 

use of antibiotics disrupts the microbial ecosystem, ultimately leading to dysbiosis within 

one’s gastrointestinal tract. These changes in bacterial composition could potentially 

cause negative effects to the host (Zhang et al., 2014; Tulstrup et al., 2015). Studies 

report that changes in host microbiota, as well as the use of antibiotics increased 

inflammatory responses of intestinal tissue, and altered intestinal permeability (Perdomo 

et al., 1994; Wlodarska et al., 2011). Luminal bacteria can interact with the gut-brain 

axis via paracrine signalling by transmitting information across the epithelial barrier with 

transducers such as enterochromaffin cells, immune cells, and neuropods. However, 

considerable evidence suggests that the microbiome can modulate epithelial 

permeability in order to facilitate its access to the gut-brain axis (Lapointe et al., 2010; 

Lau et al., 2011; Theodorou et al., 2014). 

1.3.1 The intestinal epithelium and paracellular permeability 

 The gut wall is a multilayer system, which consists of the mucosa, the 

submucosa, the muscularis, and the serosa (Marchiando et al., 2010). The intestinal 

epithelium is a single layer of cells within the mucosa that lines the gut lumen, acting as 

the primary barrier separating our internal luminal contents from all other physiological 

systems of the body. It prevents the passage of harmful intraluminal substances; such 

as pathogenic microorganisms, foreign antigens, and toxins, but is also selectively 

permeable to essential nutrients, electrolytes, and water (Piche et al., 2009; Bischoff et 

al., 2014). This selective permeability is mediated through either transcellular or 

paracellular pathways; where transcellular permeability is associated with solute 

transport through epithelial cells, and paracellular permeability consists of transport 



 17 

within spaces between epithelial cells (Turner, 2009; Bischoff et al., 2014). Cells within 

the epithelium are linked by 3 main junctional components: desmosomes, adherens 

junctions (AJ), and tight junctions (TJ). Desmosomes and AJs are believed to play a 

greater role in the mechanical linkage of epithelial cells and cell-cell signalling, whereas 

TJs are responsible for regulating paracellular solute transport and sealing intercellular 

spaces (Groschwitz and Hogan, 2009). 

1.3.2 Bacterial modulations of paracellular permeability 

 Changes in paracellular permeability can arise from TJs subjected to exogenous 

factors, cytokines, and bacterial pathogens (Atkinson and Rao, 2001; Zolotarevsky et 

al., 2002; Ye et al., 2006). Alterations in paracellular permeability may be a result of TJs 

subjected to various pathogens such as C. difficile, which inactivates Rho family 

proteins, causing the degradation of actin (Chen et al., 2002); H. pylori which 

phosphorylates myosin light chain-kinase and induces occludin internalization 

(Wroblewski et al., 2009); and B. fragilis which secretes toxins that degrade E-cadherin 

(Wu et al., 1998). 

These changes could be a result of the direct modulation of TJ proteins, or by 

alterations to kinase-mediated pathways, ultimately modulating paracellular junctions 

indirectly (Lapointe et al., 2010). Pathogens are also able to access the body by altering 

both the structure and function of TJs through the secretion of proteases, which can 

ultimately cleave TJ proteins or alter the cytoskeleton (D’Andrea et al., 1998; Lau et al., 

2011). Both luminal and bacterial proteases exert modulatory effects on inflammation 

and visceral pain. Derived from mast cells, enterocytes, and luminal bacteria, intestinal 

proteases are involved in a variety of physiological functions such as digestion, host 
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defense, immune responses, and cellular development (Edogawa et al., 2020). 

However, emerging evidence suggests that proteases can influence barrier integrity of 

the gut. Increased proteolytic activity often leads to alterations of intestinal barrier 

function, inflammation, and ultimately tissue damage; where dysregulation of proteolytic 

activity is often seen in gastrointestinal diseases such as IBD and IBS (Gecse et al., 

2008; Steck et al., 2013). Cenac et al. (2002), describe that the activation of protease-

activated receptor (PAR)-2 resulted in increased epithelial permeability and intestinal 

inflammation in two different strains of mice. Activation of PAR-1 receptors has also 

been found to lead to intestinal enterocyte apoptosis and increased colonic permeability 

by disrupting TJ protein ZO-1. However, the change in epithelial permeability was 

abolished following the inhibition of caspase-3, tyrosine kinase and myosin light-chain 

kinase, highlighting the importance of these signalling cascades in epithelial barrier 

dysfunction (Chin et al., 2003). 

 Changes in epithelial permeability may also be due to a variety of exogenous 

proteases, mainly originating from the luminal microbiome. Maharshak et al. (2015), 

have reported that E. faecalis modulates epithelial barrier by degrading tight junction 

proteins such as E-Cadherin and by worsening intestinal inflammation in certain mice 

models of colitis. This formative work demonstrates that gelatinase, a protease secreted 

by E. faecalis is responsible for the degradation of E-Cadherin by acting on PAR-2 

receptors (Hoy et al., 2010; Maharshak et al., 2015). Thus, endogenous and exogenous 

proteases could influence epithelial barrier integrity, ultimately manipulating how luminal 

microbes can communicate with the gut-brain axis. 
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Bacterial infections may also cause the release of inflammatory cytokines such 

as TNFα and IFNɣ, which in turn have been shown to increase intestinal permeability 

(Rea et al., 2016). Additionally, increased epithelial permeability can lead to intestinal 

inflammation, as bacterial components such as lipopolysaccharide (LPS) are able to 

cross the epithelium, ultimately promoting intestinal damage and increasing 

susceptibility of developing inflammatory diseases such as Crohn’s Disease or 

Ulcerative Colitis (Tulstrup et al., 2015). 

Bacterial components that affect GI physiology may also be influenced by 

exogenous factors such as diet. Zhou et al. (2018), have reported that high and low 

FODMAP diets can significantly influence bacterial composition of the gastrointestinal 

tract, thus affecting GI physiology. Rats fed a high FODMAP diet exhibited a decrease 

in ZO-1 and occludin gene expression within the colon, and displayed gram-negative 

bacteria overgrowth within fecal samples. Additionally, the high FODMAP diet led to an 

increase in LPS levels as well as increased epithelial permeability and visceral 

hypersensitivity. The increase in epithelial permeability was equally reported in naïve 

rats receiving intracolonic administration of fecal supernatants from rats fed the high 

FODMAP diet, where all effects were abolished upon treatment of the broad-spectrum 

antibiotic rifaximin, suggesting that the increase in gram-negative bacteria is the 

underlying culprit. Human colonoids injected with fecal supernatant from high FODMAP 

rats also displayed an increase in permeability to a fluorescent dextran, ultimately 

highlighting the possible translation of this phenomenon from animals to humans.  

Conversely, the treatment of a low FODMAP diet prevents increased epithelial 

permeability, inflammation, and visceral hypersensitivity caused by restraint stress and 
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water-avoidance stress in rats. Animals subjected to the low FODMAP diet also 

displayed low levels of gram-negative bacteria and LPS within fecal samples and serum 

(Zhou et al., 2018). These studies support the notion that altering patients’ diets may 

contribute to symptoms and severity of IBS and other gastrointestinal disorders.  

Although barrier dysfunction may be a result of bacterial pathogens interacting 

with the epithelial layer, many studies report that commensal bacteria are able to 

promote barrier integrity (Zyrek et al., 2007). For example, metabolites secreted by the 

probiotic product VSL#3 lead to increased TJ expression and enhanced transepithelial 

electrical resistance and ion secretion (Corridoni et al., 2012). Moreover, Lactobacillus 

strains seem to have protective effects on barrier integrity by regulating TJ expression 

and stability, while decreasing their susceptibility to disruption by inflammatory cytokines 

(Karczewski et al., 2010). 

 

1.4. Previous findings from our Laboratory 

Studies in our lab have previously investigated how the microbiome can influence 

the gut-brain axis, particularly by examining changes in DRG excitability. Sessenwein. 

(2017) described that the application of a probiotic community to DRG neurons 

significantly decreased neuronal excitability. This community, known as microbial 

ecosystem therapeutics-1 (MET-1) consisted of 33 microbes derived from a healthy 

human donor, and its secreted products decreased neuronal excitability in a 

concentration-dependent manner when applied directly to DRG neurons overnight. 

Sessenwein et al. (2017) determined that an individual bacterial strain within the 

probiotic community, Fecalibacterium prausnitzii, was able to reproduce similar 
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inhibitory effects on the sensory neurons. Further work demonstrated that the effects of 

MET-1 on sensory neurons were protease-mediated. By selectively inhibiting bacterial 

serine proteases in MET-1 supernatant, the decrease in neuronal excitability was 

abolished. Sessenwein et al. (2017), also confirmed that the bacterial serine proteases 

acted on PAR4 receptors to exert the analgesic effects (Figure 1.2A).  

Next, Baker et al. (unpublished) found a significant increase in DRG excitability of 

neurons derived from mice subjected to an antibiotic treatment. The treatment consisted 

of administering vancomycin, a gram-positive antibiotic to their drinking water for a 

period of 7 days. DRGs from antibiotic-treated mice exhibited increased neuronal 

excitability, and antibiotic-treated animals displayed increased sensitivity upon heat 

stimulation during in vivo somatic pain assays. These findings suggest that altering the 

gut microbiome may cause an increase in neuronal excitability. Moreover, Baker et al. 

(unpublished) demonstrated that neuronal hyperexcitability induced by vancomycin 

treatment was also protease-mediated. The increase in neuronal excitability of DRG 

neurons subjected to serum from antibiotic-treatment mice was abolished when serum 

was pre-incubated with the cysteine protease inhibitor, E64. This suggests that cysteine 

proteases exhibit pronociceptive effects on sensory neurons (Figure 1.2B). Altogether, 

these findings highlight an important association between bacterial proteases and the 

modulation of visceral afferent neurons.  
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Figure 1.2: Effects of bacterial modulation on neuronal excitability. A) The 
application of microbial ecosystems therapeutics-1 (MET-1) on dorsal root ganglia 
neurons significantly increased rheobase (a representation of the minimal amount of 
current necessary to generate an action potential of a given neuron), thus decreasing 
neuronal excitability. This effect was abolished in the presence of the serine protease 
inhibitor FUT-175. Adapted from Sessenwein et al. 2017. B) DRG neurons subjected to 
serum from antibiotic- treated mice exhibited decreased rheobase, thus an increase in 
neuronal excitability. This effect was abolished in the presence of the cysteine protease 
inhibitor E64. Adapted from unpublished work by Corey Baker, Lomax Lab 2017. 
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1.5. Rationale for Thesis 

As researchers continue to discover the complex role that the microbiome plays 

in human health, it is imperative to better understand mechanisms involved in the 

microbiota-gut-brain axis in order to manage and treat a wide number of gastrointestinal 

and neurological disorders. Therefore, the overall goal of my thesis was to further 

explore possible mechanisms by which the microbiome can influence gut functions. 

Because the intestinal epithelium acts as the primary site of contact between luminal 

microbes and our internal environment, I focused mainly on changes in epithelial 

permeability, but also studied changes in other gastrointestinal functions through the 

manipulation of the microbiome. By identifying possible pathways and mechanisms 

related to these changes in function, pharmacological interventions can be developed in 

order to treat diseases and disorders caused by dysfunction of the gut-brain axis.  

  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 24 

Chapter 2. Materials and Methods 
2.0. Animals 

All protocols were conducted in accordance to the Canadian Council on Animal Care 

and were approved by the Queen’s University Animal Care Committee. Adult male 

C57/BL6 mice (weight 22-24g) were purchased from Charles River (Montreal, QC, 

Canada). Upon arrival at the university animal care facility, all animals were housed in a 

room with a 12-hour light/12-hour dark cycle, were proved standard chow and water ad 

libitum and were left for one week to allow acclimatization. Animals subjected to the 

antibiotic treatment were given 5 µg/ml vancomycin to their drinking water, which was 

available to them ad libitum for a period of 7 days. Vancomycin is a non-toxic, non-

absorbable antibiotic which targets gram positive bacteria and has been previously 

reported to effectively alter gut microbiota without posing any systemic effects on the 

host (Sekirov et al., 2008). Controls were provided with normal drinking water. Upon the 

seventh day of treatment, mice were euthanized, and tissue was harvested for 

experimentation.  

 

2.1. Epithelial permeability in vitro: Ussing Chamber Studies 

2.1.1 ISc/TER Recordings as a Measure of Epithelial permeability 

0.5 cm segments of full thickness distal colon were opened along the mesenteric border 

and mounted in an Ussing Chamber apparatus (EM-CSYS-4, P2300, Physiologic 

Instruments, San Diego, California, USA) with an exposed surface area of 0.2 cm², and 

were bathed in reservoirs containing oxygenated 37℃ Kreb’s buffer (126 mM NaCl, 1.2 

mM MgCl2, 2.5 mM CaCl2, 5 mM KCl, 2.5 mM Na2HPO4, 11 mM glucose, 25 mM 

NaHCO3) which was continuously bubbled with carbogen (95% O2, 5% CO2) through a 
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tubing system directly connected to each reservoir (Figure 2). The tissue was voltage 

clamped using a multichannel voltage-current clamp (VCC MC6, Physiologic 

Instruments, San Diego, California, USA) and the short-circuit current (ISc; µA/cm²) was 

monitored. Following a 30-minute equilibration period, baseline short circuit current was 

recorded, and tissues were separately exposed to the Na+ channel opener Veratridine 

(30 µM), the cholinergic receptor agonist Carbachol (100 µM), or the activator of 

adenylate cyclase, Forskolin (10 µM).  Each drug activates chloride secretion by acting 

on muscarinic receptors or G-protein coupled receptors found on the basolateral 

membrane of mucosal epithelial cells, therefore all drugs were added to the serosal 

reservoir of the Ussing Chamber. The response to each agent was quantified by 

measuring the maximum change in short circuit current that occurred within 10 minutes 

of drug administration. Following each application, the serosal reservoir was washed 

(x3) with fresh Kreb’s solution, and tissues were re-equilibrated before beginning a new 

recording. Forskolin, which stimulates adenylate cyclase, leading to cAMP activation of 

CFTR-dependent Cl- secretion was the final agent to be applied to the tissue and was 

used as a positive control to determine tissue viability. Any tissue that did not respond to 

Forskolin was deemed unviable for the length of the experiment and therefore was not 

included in my data (approximately 5% of tissue). 

2.1.2 FITC Dextran Flux as a Measure of Epithelial Permeability 

The use of fluorescent molecular probes such as FITC dextran allows for the 

measurement of paracellular permeability of cell lines or tissue by measuring the 

paracellular flux of such probes (Laukoetter et al., 2007; Overman et al., 2012).            

2.2 mg/ml FITC dextran (4kDa) was added to the apical reservoir of the Ussing 
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Chamber apparatus following the 30-minute equilibration period. 220µl aliquots from the 

serosal reservoir were taken every 30 minutes for a period of 180 minutes. 

Fluorescence was then measured using a plate reader (excitation: 485nm, emission: 

530nm) and FITC dextran concentrations were quantified with the use of a standard 

curve.  
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Figure 2: The Ussing Chamber apparatus. Schematic representation of a piece of 
intestinal tissue mounted in the Ussing Chamber. Tissue is mounted within the 
apparatus to allow separation of the apical and basolateral reservoirs, where each 
reservoir possess a set of electrodes to measure electric voltage, current or resistance 
of tissue depending on electrical set-up. Bubbling of O₂/CO₂, as well as a temperature-
controlled water jacket allow for prolongation of tissue viability. Mucosal ion transport 
can be determined by measuring changes in short-circuit current (ISc) and 
transepithelial electrical resistance (TER). Paracellular permeability can be measured 
by adding a fluorescent marker to the apical reservoir, and measuring its concentration 
within the basolateral reservoir at particular time intervals. Adapted from (Westerhout et 
al., 2015).  
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2.2. Epithelial Permeability in vivo:  

2.2.1 Oral application of FITC dextran 

Prior to in vivo experiments, all animals were fasted for 4 hours. Following fasting 

periods, antibiotic-treated or control mice were administered 100 µl of 100 mg/ml FITC 

dextran (4kDa) via oral gavage. Studies report a gut transit time of 5 to 8 hours for mice 

(Kashyap et al., 2013; Padmanabhan et al., 2013), where ingested markers have 

passed through the small intestine and the colon at an average of 30 minutes and 4 

hours, respectively (Woting and Blaut, 2018). Therefore, mice were euthanized at 30 

minutes or 4 hours post-gavage to represent small intestinal and colonic permeability, 

respectively. Blood was collected, placed at room temperature for 4 hours, and 

centrifuged for 10 minutes at 1000 x g. Serum was collected and placed in a 96-well 

plate at a dilution of 1:2 with PBS. FITC dextran was quantified by measuring 

fluorescence intensity with a spectrophotometer (excitation: 485nm, emission: 530nm) 

with the use of a standard curve. 

 

2.3. Intestinal Transit 

Since I observed an increase in FITC dextran flux in vivo 4 hours following oral 

administration, I wanted to confirm that this reflected a change in colonic permeability 

and not small intestinal permeability. With the use of a non-absorbable dye, I therefore 

measured the intestinal transit of mice in order to demonstrate that the fluorescent 

probe could reach the large intestine within a time period of approximately 30 minutes. 

Following a 4-hour fasting period, mice were administered 100 µl of Phosphate-buffered 

saline containing 5% Evans Blue dye and 1.5% Methylcellulose via oral gavage. Small 
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intestinal transit was assessed 30 minutes following administration, where the total 

length of small intestine covered by the dye was measured. Intestinal transit was 

quantified as a percentage of small intestinal length that was covered by Evans Blue 

dye, as described in (Wichmann et al., 2013).  

 

2.4. ELISA for 5-Hydroxytryptamine 

Distal colon from antibiotic-treated and control mice were divided into 2 x 0.5 cm² 

segments and were pinned mucosa-side up in Sylgard-lined Petri dishes. Tissue was 

incubated in 37℃ oxygenated Kreb’s solution for 15 minutes, before the solution was 

replaced with 3 ml of either HEPES-buffered saline (HBS), or HBS containing the 

serotonin reuptake inhibitor fluoxetine (1 µM). Tissue was left in solution for 15 minutes, 

after which a 1 ml aliquot was taken and frozen at -20℃ until ELISA analysis. Each 

tissue was washed 3x with either HBS or HBS with fluoxetine, and was left in solution 

for an additional 5 minutes. Apart from collecting aliquots representing baseline 5-HT 

levels, we sought to determine mechanosensitive release of 5-HT. Mechanical 

stimulation of the mucosa is a main physiological stimulus leading to the release of 5-

HT, primarily through the presence of food boluses passing through the gastrointestinal 

tract, exerting pressure on the gut wall. The mucosa was therefore mechanically 

stimulated with a plastic rod (0.3 cm tip diameter) for 1 minute by gently stroking the 

tissue at a frequency of 8 strokes/min. Following stimulation, tissue was left for an 

additional 5 minutes, after which a 1 ml aliquot was taken and frozen at -20℃	for ELISA. 

The wet weight of the tissue was recorded. Concentration of 5-HT from each sample 

was determined using a 5-HT ELISA kit (Beckman Coulter, Mississauga, ON, CA), per 
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the manufacturer’s instructions. The concentration of 5-HT obtained from the ELISA 

was normalized to the tissue wet weight.  

 

2.5. Myeloperoxidase Activity 

In order to determine whether antibiotic treatment could induce damage due to tissue 

inflammation, I compared levels of myeloperoxidase (MPO) of colonic tissue from both 

antibiotic-treated and control animals as a measure of granulocyte infiltration within the 

colon. Segments of distal colon from antibiotic-treated and control mice were obtained 

to measure levels of myeloperoxidase (MPO). Tissue was removed and stored at -80℃ 

until the day of assay. MPO activity was assessed and used as a determination of 

intestinal inflammation, as previously described (Bradley et al., 1982). MPO values are 

quantified as units of MPO activity per gram of tissue, where 1 unit of MPO is expressed 

as the amount required to degrade 1 µMol of hydrogen peroxide per minute.  

 

2.6. Production of MET-1 Supernatant 

The application of MET-1, a commensal microbe community consisting of 33 bacterial 

strains derived from a healthy donor, to colonic segments in Ussing Chambers was 

conducted to determine whether this bacterial community could alter paracellular 

permeability. MET-1 supernatants were provided by Dr. Elaine Petrof and her research 

team. The derivation of MET-1 is described in detail elsewhere (Petrof et al., 2013). 

Upon day of experiment, MET-1 supernatant was defrosted and immediately added to 

the mucosal reservoir of the Ussing Chamber to mimic their presence within the 

intestinal lumen.  
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 2.7. Reagents 

Kreb’s solution, PBS, and HBS were made fresh daily. All reagents were purchased 

from Sigma Aldrich, Oakville, ON, CA, unless stated otherwise.  

 

2.8. Statistical Analysis 

Statistical analyses were conducted using GraphPad Prism 7. Data are expressed as 

mean ± standard error of the mean, and N refers to the number of animals used in a 

given experiment. Student’s t-test or analysis of variance tests were conducted where 

applicable. Statistical significance was described as p<0.05.  
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Chapter 3. Results 

 
3.1. Changes in intestinal permeability in vitro 
 
3.1.1 Changes in short-circuit current (ISc) and transepithelial electrical 
resistance (TER) as a measure of paracellular permeability  
 

To determine changes in paracellular permeability in vitro, I monitored changes 

at baseline in both ISc and TER of full-thickness tissue preparations from antibiotic-

treated and control mice. No significant differences in baseline ISc (Figure 3.1A) or TER 

(Figure 3.1.B) were reported in tissue from antibiotic-treated and control mice.  
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A)  
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Figure 3.1: ISc and TER as a measure of epithelial permeability. A) No significant 
changes in baseline ISc were reported in tissue from antibiotic-treated and control mice. 
B) No significant changes in baseline TER were reported in tissue from antibiotic-
treated and control mice (p>0.05, Student’s t-test).  
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3.1.2 Changes in FITC dextran (4kDa) flux in tissue from antibiotic-treated mice 
 

In addition to measuring paracellular permeability through changes in ISc and 

TER, changes in FITC dextran (4kDa) flux across full-thickness colonic tissue 

preparations were quantified with the use of an Ussing Chamber (UC) apparatus. No 

significant changes were identified between the treatment group and controls 

throughout the 180-minute recording period (Figure 3.2).  
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Figure 3.2: No significant effect of vancomycin treatment on epithelial 
permeability of colonic tissue. No significant changes in FITC dextran (4kDa) flux 
were reported between tissues from antibiotic-treated and control mice throughout the 
180-minute recording period (p>0.05, Repeated measures ANOVA with Bonferroni post 
hoc analysis).  
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3.1.3 Changes in FITC dextran (4kDa) flux in tissue subjected to local application 

of MET-1 

Although the perturbation of the microbiome with antibiotics did not lead to 

changes in epithelial permeability, a number of studies report that various probiotics 

may increase barrier integrity (Eutamene et al., 2007; Wang et al., 2012). I sought to 

determine whether a supernatant from the probiotic cocktail MET-1 could influence 

barrier integrity. Therefore, changes in FITC dextran (4kDa) flux were examined 

following the addition of MET-1, a community of commensal microbes, in which its 

supernatant was applied to the apical reservoir of the UC. Within the 180-minute 

recording period, no significant changes were reported between the treatment groups 

(1:100 MET-1, 1:1000 MET-1) and controls (Figure 3.3). 
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Figure 3.3: No significant effect of local MET-1 supernatant application on 
epithelial permeability of colonic tissue. No significant changes in FITC dextran 
(4kDa) flux between MET-1 1:1000, MET-1 1:100, and control tissue were reported 
within the 180-minute recording period (p>0.05, Repeated measures ANOVA with 
Bonferroni post hoc analysis).   
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3.2. Effects of antibiotic treatment on ion secretion and neurotransmission 
 

The disruption of commensal bacteria may play a role in activating host immune 

responses. Such responses include alterations to gastrointestinal permeability, motility, 

and secretion (Wouters et al., 2016). I sought to investigate whether antibiotic treatment 

could alter ion secretion of colonic segments. With the use of Ussing Chambers, I 

measured changes in ISc responses to three pharmacological agents applied locally to 

full-thickness colonic tissue preparations within the Ussing Chamber.  

 

3.2.1. Changes in chloride secretion as a result of antibiotic treatment 

To determine whether the antibiotic treatment could alter chloride secretion 

across the epithelium, I began by applying Carbachol (100 µM), a cholinergic agonist 

that stimulates calcium-mediated chloride secretion through the activation of calcium-

activated chloride channels, to the serosal reservoir of the Ussing Chamber. No 

significant differences in ISc response to Carbachol were observed between tissue from 

antibiotic-treated and control mice (Figure 3.4). Next, I applied Forskolin (10 µM), a 

cholinergic agonist that stimulates cAMP-mediated chloride secretion through the 

activation of CFTR channels, to the serosal reservoir of the Ussing Chamber. No 

significant differences in ISc response to Forskolin and Carbachol were reported 

between the treatment groups (Figure 3.4).  
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Figure 3.4: Effects of antibiotic treatment on chloride secretion of colonic tissue. 
No significant differences in ISc response to both Carbachol (100 µM) and Forskolin (10 
µM) were observed between tissue from antibiotic-treated and control mice (p>0.05, 
Student’s t-test). 
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3.2.2. Effects of antibiotic treatment on neurotransmission  
 

Intestinal secretory reflexes are modulated by a variety of messengers released 

from immune, epithelial, and endocrine cells. Additionally, intestinal secretion is 

modulated by a number of neurotransmitters released from the enteric nervous system 

and afferent neurons. Upon stimulation, secretomotor neurons found within the gut 

release both acetylcholine (Ach) and vasoactive intestinal peptide. Ach and vasoactive 

intestinal peptide go on to activate both calcium-mediated chloride secretion and cAMP-

mediated chloride secretion, respectively. I applied the neurotoxin Veratridine (30 µM) to 

the serosal bath of the Ussing Chamber. Veratridine inhibits the inactivation of voltage-

gated sodium channels, causing neurons to remain in a depolarized state for a 

prolonged period of time, therefore causing a constant release of neurotransmitters. 

Increased release of neurotransmitters such as acetylcholine and vasoactive intestinal 

peptide can increase chloride secretion through the activation of both calcium-mediated 

and cAMP-mediated chloride secretion pathways. Although no significant differences in 

baseline ISc were reported between the treatment groups (Figure 3.2.A), significant 

changes in ISc response to Veratridine were observed between tissue from antibiotic-

treated and control mice. Tissue from antibiotic-treated mice exhibited an 83% decrease 

in ISc response compared to that of control mice (Figure 3.5), representative traces in 

ISc response to Veratridine are illustrated in Figure 3.6.  
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Figure 3.5: Effects of antibiotic treatment on Veratridine-stimulated 
neurotransmitter release. Significant differences in ISc response to Veratridine (30 
µM) were reported between tissue from antibiotic-treated and control mice, where tissue 
from antibiotic-treated mice exhibited an 83% decrease in ISc response (µA/cm²) 
(***p<0.001; Student’s t-test).  
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A)                                                 

 

B) 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 3.6: Representative traces of ISc response to Veratridine of tissue from A) 
control mice and B) antibiotic-treated mice.   
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3.3. Protease-mediated effects of MET-1 on epithelial barrier function 
 

Since bacterial proteases influence a number of gastrointestinal functions 

including barrier function (Edogawa et al., 2020), I sought to determine whether the 

application of a protease inhibitor on MET-1 could alter epithelial permeability of colonic 

tissue. In order to investigate if possible changes in permeability could be protease-

mediate, a protease inhibitor (PI) cocktail, as well as inhibitors for cysteine and serine 

proteases were incubated with MET-1 prior to its application in the Ussing Chamber. No 

significant changes were reported when pre-incubating MET-1 with the PI cocktail 

(Sigma, 1:100, 1:1000) (Figure 3.7), or with the addition of both cysteine (E64) and 

serine (FUT-175) protease inhibitors (Figure 3.8). 
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Figure 3.7: No significant protease-mediated effects on epithelial permeability of 
colonic tissue. No significant changes in FITC dextran (4kDa) flux between MET-1 
(1:1000), MET-1+PI (1:1000), MET-1+PI (1:100), and control groups were reported 
during the 90-minute recording period (p>0.05, Repeated measures ANOVA with 
Bonferroni post hoc analysis). 
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Figure 3.8: Cysteine and serine proteases do not affect epithelial permeability of 
colonic tissue. No significant changes in FITC dextran (4kDa) flux between MET 
(1:1000), MET-1+ FUT-175/E64 (1:1000), and control tissue were reported within the 
90-minute recording period (p>0.05, Repeated measures ANOVA with Bonferroni post 
hoc analysis).  
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3.4. Changes in intestinal permeability in vivo 
 

Although no changes in epithelial permeability were reported in vitro following 

oral antibiotic treatments, I investigated whether changes could arise in vivo to explore 

systemic effects of the antibiotic treatment. Antibiotic-treated and control mice were 

administered 2.2 mg/ml FITC dextran (4kDa) via oral gavage and were left to rest for 30 

minutes or 4 hours to investigate small intestinal or colonic permeability, respectively. 

Epithelial permeability was quantified by measuring FITC dextran (4kDa) levels within 

serum. No significant changes in FITC dextran within serum were reported between 

treatment groups for mice left for 30 minutes post-gavage (Figure 3.9.A). Conversely, 

antibiotic-treated mice that were left for 4 hours following oral gavage exhibited a 4-fold 

increase in FITC dextran levels compared to their time-matched controls (Figure 3.9.B). 
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Figure 3.9: Effects of antibiotic treatment on intestinal permeability in vivo.  
A) No significant changes in serum FITC dextran (4kDa) concentration in both antibiotic-
treated and control mice 30 minutes following oral gavage. B) FITC dextran (4kDa) 
concentration was increased by 4-fold in serum from antibiotic-treated mice 4 hours 
following oral gavage compared to time-matched controls. (***p<0.05, Student’s t-test)  
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3.5. Effects of antibiotic treatment on intestinal transit 

To examine if vancomycin treatment could alter intestinal transit, I measured 

intestinal transit of antibiotic-treated and control mice with the use of a non-absorbable 

dye, Evans Blue. Mice were administered 100 µl of PBS containing 5% Evans Blue dye, 

and 1.5% methylcellulose via oral gavage. The addition of methylcellulose allowed for 

the dye to form a semiliquid solution, which gave a more accurate representation of 

food passing through the digestive tract. 30 minutes following gavage, mice were 

euthanized, and intestinal transit was quantified as a percentage of small intestinal 

length that was covered by the dye. No significant differences in intestinal transit were 

reported between the antibiotic-treated and control groups (Figure 3.10).  
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Figure 3.10: Effects of antibiotic treatment on intestinal transit. No significant 
changes in intestinal transit were reported between antibiotic-treated and control mice 
(p>0.05, Student’s t-test).  
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3.6. Effect of antibiotic treatment on colon length and MPO activity 
 
I examined whether the disruption of host microbiota could alter colon length or could 

induce physical damage due to inflammation by measuring MPO activity. No significant 

differences in both colon length (Figure 3.11.A) and MPO activity were reported 

between the groups (Figure 3.11.B).  
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Figure 3.11: Effect of antibiotic treatment on colon length and MPO activity: A) No 
significant differences in colon length were reported between antibiotic-treated and 
control mice. B) No significant differences in MPO activity were reported between 
antibiotic-treated and control mice (p>0.05, Student’s t-test).  
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3.7. Effects of antibiotic treatment on serotonin bioavailability 

Serotonin plays a large in role in basic GI physiology as a neurotransmitter and 

neuroendocrine mediator, as it is an essential activator of peristaltic reflexes and 

mucosal secretion. The major cellular source of 5-HT in the gut is specialised epithelial 

cells called enteroendocrine cells that release 5-HT in response to lumenal stimuli, 

incuding nutients and mechanical stimuli such as a food bolus. I therefore sought to 

determine whether antibiotic treatment could induce changes in 5-HT levels of colonic 

tissue at baseline and following mechanical stimulation, in both the presence and 

absence of a serotonin reuptake transporter (SERT) inhibitor, fluoxetine (1 µM). Tissue 

from control animals released basal 5-HT levels of 19.98 ± 3.61 pM/mg of tissue, and 

basal levels of 5-HT in tissue from antibiotic-treated animals was not significant different 

compared to control tissue (22.36 ± 3.88 pM/mg of tissue) (Figure 3.12.A).  

When the SERT inhibitor fluoxetine (1 µM) was added to the medium, basal 5-HT 

levels from control tissue was reported as 58.34 ± 11.68 pM/mg of tissue, and no 

changes in basal 5-HT release were reported in tissue from antibiotic-treated mice 

(40.76 ± 8.01 pM/mg of tissue) (Figure 3.12.B). Tissue from control and antibiotic-treat 

mice that was subjected to mechanical stimulation released 5-HT levels that did not 

significantly differ from basal levels (data not shown). 
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A)                                                            B)  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 3.12: Effects of antibiotic treatment on serotonin availability: ELISA 
measurements of serotonin release of antibiotic-treated and control mice. A) No 
significant changes in serotonin release were reported in tissue from control and 
antibiotic-treated mice at baseline. B) No significant changes in serotonin release were 
reported in tissue from control and antibiotic-treated mice at baseline, where the groups 
were subjected to the serotonin reuptake transporter (SERT) inhibitor Fluoxetine (1µM) 
(p>0.05, Student’s t-test).  
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Chapter 4. Discussion  

Proper function of the gut-brain axis has become recognised as a critical 

component of human physiology, as its impairment is often linked to the pathogenesis 

of both gastrointestinal and neural disease. A more recent development in research 

regarding the gut-brain axis has been the involvement of the microbiome, and how its 

symbiotic relationship with the host appears to affect the host’s health. Studies show 

that the continuous use of oral antibiotics disrupts commensal bacterial communities; 

where this dysbiosis has been linked to both alterations in gastrointestinal physiology as 

well as neurological health (Reikvam et al., 2011; Bercik and Collins, 2014; Desbonnet 

et al., 2015). Alternatively, the use of probiotics has become a popular therapeutic route 

to treat various gastrointestinal disorders, and to promote overall well-being (Cui et al., 

2004; Cryan and Dinan, 2012). 

Previous work from our laboratory have reported that neuronal excitability can be 

altered by antibiotic and probiotic treatments in mice (Sessenwein, 2017). Oral 

antibiotics caused an increase in neuronal excitability of DRG neurons, ultimately 

decreasing the threshold at which these neurons fire an action potential. Conversely, 

the application of a commensal bacterial community (MET-1) led to a decrease in 

neuronal excitability, thus raising the firing threshold of neurons. Additionally, they have 

reported that these changes in neuronal excitability seem to be protease-mediated. The 

increase in neuronal excitability induced by the antibiotic treatment was abolished in the 

presence of a cysteine protease inhibitor; which suggests that bacterial cysteine 

proteases could promote neuronal hypersensitivity. Conversely, decreases in neuronal 

excitability following probiotic treatment were abolished with the application of a serine 
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protease inhibitor; ultimately suggesting that commensal bacteria may suppress 

neuronal excitability through serine protease-related pathways (Corey Baker, 

unpublished, Sessenwein, 2017).  

To better understand how commensal bacteria within the gut lumen are capable 

of affecting nerve terminals and neurons that do not penetrate the gut lumen, I wanted 

to determine whether alterations to the microbiome could affect the host’s gut barrier 

function. I did so by subjecting mice to the same antibiotic and probiotic treatments 

described in our previous studies (Sessenwein et al., 2017, Corey Baker, unpublished). 

Here, I propose that changes to epithelial permeability may lead to intestinal and 

neuronal dysfunction, as the epithelium acts as the primary barrier separating the 

external environment of the gastrointestinal tract and the nervous system.  

In the present study, we demonstrate that the depletion of the microbiome 

through the use of oral antibiotics produced significant alterations in gastrointestinal 

function. Antibiotic treatment lead to a 4-fold increase in colonic permeability in vivo, as 

well as a significant decrease in veratridine-stimulated neurotransmission to the colonic 

mucosa. No significant alterations in other GI functions such as intestinal transit, 

serotonin bioavailability, or epithelial Cl- secretion were observed between the two 

treatment groups. Although gastrointestinal functions were impaired with antibiotic 

treatment, MET-1 did not have any significant effect on mucosal function.  

4.1. Antibiotic treatment leads to increased colonic permeability in vivo 

 The administration of oral antibiotics is able to shift gut bacterial composition and 

create adverse effects on gastrointestinal functions such as epithelial permeability. Mice 

subjected to the antibiotic vancomycin exhibited increased permeability in vivo to the 
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fluorescent marker FITC dextran 4 hours following administration of dextran (Figure 

3.9.B). Adversely, no changes in permeability were reported 30 minutes following its 

administration (Figure 3.9.A). The fluorescent marker is able to travel through the entire 

intestinal tract within the 4-hour time frame, whereas it only reaches the distal portion of 

the small intestine within 30 minutes of administration (Woting and Blaut, 2018). The 

significant increase in permeability at 4 hours following administration likely reflects an 

increase in colonic permeability, as opposed to small intestinal permeability examined 

within 30 minutes. These findings coincide with the fact that the gram-positive antibiotic 

vancomycin causes the microbiome to be largely depleted of commensal microbes that 

have been previously reported to play a role in barrier integrity. These microbes include 

the gram-positive phylum Firmicutes, where Lactobacilli reinforce barrier integrity 

through the regulation of TJ expression, and Faecalibacterium produce the short-chain 

fatty acid butyrate, which has shown to increase epithelial permeability in vitro (Jain et 

al., 2004; Karczewski et al., 2010). Conversely, vancomycin treatment augments the 

presence of gram-negative Proteobacteria that produce an abundance of 

lipopolysaccharides (LPS), which are molecules associated with increased inflammation 

and damage of the epithelial barrier (Cani et al., 2008; Dubourg et al., 2013). 

 Although the antibiotic treatment led to significant changes in permeability in vivo, 

the in vitro studies using Ussing Chambers yielded small but insignificant changes in 

FITC dextran flux (Figure 3.1), ISc (Figure 3.2.A) and TER (Figure 3.2.B). By measuring 

FITC dextran flux within the Ussing Chamber, studies can determine changes in 

paracellular permeability through “leak” pathways of the epithelium, where large 

molecules and ions can cross the epithelial barrier regardless of charge. Alternatively, 
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studying changes in permeability by measuring ISc and TER allows researchers to 

investigate “pore” pathways, consisting of the passage of small ions and uncharged 

molecules across the epithelia (Anderson and Van Itallie, 2009; Shen et al., 2011). 

Though the Ussing Chamber technique allows detailed measurements of electrical and 

transport parameters of the epithelium, it fails to include the complex interactions of 

other physiological systems that influence transport across the gut barrier. The lack of 

significant changes that we report may suggest that the aforementioned antibiotic 

treatment may not produce a local effect on the epithelial layer, but could alter systemic 

elements that ultimately influence paracellular permeability. Additionally, tissue mounted 

within the Ussing Chamber is deprived of blood supply. This could ultimately impair its 

viability and its response to treatment that would generally be reported under normal 

physiological conditions. These suggestions lead us to believe that measuring epithelial 

permeability in vivo may be a more appropriate method of determining changes in 

permeability (Clarke, 2009).  

 Conversely, we were unable to highlight any enhancement of barrier integrity 

with the use of the commensal bacterial community MET-1. This commensal community 

has been previously used to highlight the beneficial effects of probiotic treatments on 

visceral sensitivity, as well as in the treatment of bacterial infections such as C. difficile 

(Petrof et al., 2013; Sessenwein et al., 2017). Since a number of studies have reported 

the use of probiotics to promote gut barrier integrity, we sought to determine whether 

the bacterial community could positively influence barrier function. Studies describe that 

the administration of the probiotic Lactobacillus increased levels of TJ proteins 

occluding and ZO-1, and induced the translocation of ZO-1 to TJ regions of the gut 
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epithelium both in vitro and in vivo (Karczewski et al., 2010). Corridoni et al. (2012), 

reported that the application of the probiotic product VSL#3 normalized barrier integrity 

by decreasing paracellular permeability, decreasing claudin-2 expression, and 

increasing occludin expression in mouse models. Our studies did not recapitulate these 

beneficial effects; however, our in vitro work limited us to investigate local effects of 

MET-1 on paracellular permeability, whereas systemic effects of MET-1 were not 

examined. Additionally, we were unable to provide any evidence suggests that MET-1 

may alter epithelial permeability through the activation of bacterial proteases (Figures 

3.4, 3.5).  

 
4.2. Antibiotic treatment does not alter intestinal transit or serotonin 
bioavailability 
  

 In addition to alterations in epithelial permeability, changes in the microbiome 

influence various gastrointestinal functions such as motor reflexes, serotonin 

production, epithelial secretion, and immune responses. Commensal bacterial species 

such as Lactobacillus and Bifidobacterium are involved in the promotion and 

maintenance of proper intestinal transit, whereas Proteobacteria such as Eschrichia coli 

have been reported to show inhibitory effects on intestinal transit and motility (Wu et al., 

1998; Husebye et al., 2001). Since vancomycin treatment reduces levels of 

Lactobacillus and Bifidobacterium and promotes levels of Proteobacteria within the GI 

tract, changes in intestinal transit and motility could be a possible consequence of this 

treatment. Contrary to previous work, we were unable to report changes in intestinal 

transit between antibiotic-treated and control mice (Figure 3.10).  
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 Though vancomycin promotes an increase in lipopolysaccharide-producing 

Proteobacteria, no changes in myeloperoxidase (MPO) activity was reported (Figure 

3.11.B), and colon length was not significantly different between treatment groups 

(Figure 3.11.A). Together, this data suggests that tissue inflammation and damage were 

not measurable consequences of the antibiotic treatment in the present study.  

 Commensal bacteria within the gut are also important mediators in serotonin 

production and regulation. Reigstad et al. (2014), reported that Firmicutes and 

Bifidobacteria played a significant role in serotonin production and homeostasis through 

their production of short-chain fatty acids (SCFA) and through serotonin signalling. 

Serotonin receptors such as the 5-HTr (4) are expressed by intestinal epithelial cells 

lining the GI tract, and are highly influenced by luminal bacteria (Hoffman et al., 2012). 

Thus, antibiotic-induced changes in microbial composition could alter serotonin 

signalling within the gut. Bacterial-derived SCFAs promote TPH1 transcription in 

enterochromaffin cells, a phenomenon which was significantly decreased with the 

administration of an oral antibiotic cocktail (Reigstad et al., 2015). Another report 

describes a significant reduction in TPH1 expression upon antibiotic treatment in mice; 

whereas no significant changes in enterochromaffin cell number were described (Ge et 

al., 2017). Additionally, studies report that serotonin reuptake transporter (SERT) 

function can also be altered through the modulation of the microbiome: where 

pathogenic E. coli can significantly inhibit both SERT function and expression (Esmaili 

et al., 2009). 

Within our present study, we were unable to reproduce findings that highlight 

significant changes in serotonin production and SERT function (Figure 3.12) in 
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response to antibiotic treatment. However, many studies report these changes when 

animals are subjected to a cocktail containing a broad-range of antibiotics. The 

individual use of vancomycin for our studies could possibly lead to minimal changes in 

particular GI functions, whereas the combination of a number of antibiotics could yield 

significant changes in both intestinal transit and serotonin bioavailability.   

 
4.3. Vancomycin treatment alters neurotransmission but not epithelial chloride 
secretion 
  

 A hallmark of many bacterial infections is the dysfunction of fluid and electrolyte  

absorption and secretion across the epithelium. Chloride secretion is the primary  

determinant of fluid transport across the epithelium, creating a balance of  

absorption and secretion of fluid (Gamba, 2005). Chloride is largely transported into  

the cell across the basolateral membrane via NKCC1 channels (mainly driven by a  

sodium concentration gradient established by the Na,K-ATPase transported found  

on the basolateral membrane), allowing for chloride to accumulate in the cell  

beyond its electrochemical equilibrium. Chloride will therefore exit the cell across  

the apical membrane through CFTR and calcium-activated chloride channels. As  

chloride is secreted across the cell, sodium is transported paracellularly to the gut  

lumen, creating an osmotic gradient which drives water to the lumen (Frizzell and  

Hanrahan, 2012).  

 The modulation of these functions can be caused by the presence of harmful  

pathogens, ultimately promoting bacterial induced diarrhea as seen in V. cholera and C.  

difficile infections. These pathogens can influence electrolyte transport by direct contact  

with cell surface molecules, or by secreting toxins and proteases to induce barrier  
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dysfunction (Groschwitz and Hogan, 2009). Conversely, soluble factors secreted by  

commensal Bifidobacteria and Lactobacilli microbes have been shown to restore fluid  

and electrolyte imbalance triggered by pathogen infections; however, mechanism 

behind this remain unclear (Resta-Lenert and Barrett, 2003; Moal et al., 2007) 

In this study, we sought to determine whether antibiotic treatment could alter two 

principal pathways of chloride secretion: cAMP-mediated chloride secretion (which is 

downstream of vasoactive intestinal peptide receptor activation), and calcium-mediated 

chloride secretion, which is downstream of muscarinic receptor activation. We did so by 

applying two agonists that stimulate each secretion pathway, and by measuring 

changes ISc responses of these agents. No significant differences in ISc response were 

reported between tissue from antibiotic-treated and control tissue when subjected to the 

muscarinic and nicotinic receptor agonist carbachol (100µM), which stimulates calcium-

mediated chloride secretion, as well as forskolin (10µM), which mimics the effect of VIP 

to stimulate cAMP-mediated chloride secretion (Figure 3.4). Lomasney et al. (2014), 

have previously studied changes in cAMP-mediated chloride secretion in germ-free 

mice in a similar manner by measuring ISc responses in Ussing Chamber to the 

cholinergic agonist Forskolin (10µM). They reported that tissue from germ-free mice 

demonstrated significant increases in ISc in response to Forskolin compared to controls. 

They highlight that particular bacterial species and probiotics have shown inhibitory 

effects on cAMP-mediated responses (Lomasney and Hyland, 2013), whereas the 

absence of the microbiota could stimulate increased ion and fluid movement into the 

lumen as a protective mechanism to rid the intestinal tract of harmful pathogens.  
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Although the antibiotic treatment did not alter cAMP- and calcium-mediated 

chloride secretion, we were able to detect changes in neurotransmission related to 

epithelial chloride secretion. By applying the neurotoxin Veratridine (30µM) to colonic 

tissue, a surge of neurotransmitters is released from nerve terminals, as the toxin 

inhibits the inactivation of neuronal voltage-gated sodium channels (Belai and 

Burnstock, 1988). The increased release of neurotransmitters, such as Ach and 

vasoactive intestinal peptide will in turn act on epithelial cells to induce calcium and 

cAMP-mediated chloride secretion, respectively. Tissue from control animals generated 

large ISc responses in the presence of this neurotoxin; however, these responses were 

significantly diminished in tissue from antibiotic-treated animals (Figure 3.5). Since 

epithelial responses to carbachol and forskolin were unchanged by antibiotic treatment, 

this suggests that the epithelial post-junctional secretory apparatus is not affected, 

which in turn implies that vancomycin may lead to a decrease in neurotransmitter 

release.  

If antibiotic treatment was able to decrease neurotransmitter release, we 

hypothesized that this effect may be due to altered synaptic vesicle expression within 

the gut wall. Additional steps to advance this study could include using techniques such 

as immunohistochemistry to determine whether synaptic vesicle expression was 

diminished or if axon terminals no longer projected to the mucosa of the colon.  Equally, 

other downstream effects associated with neurotransmitter release could have been 

impaired. For example, previous studies report that antibiotic use could inhibit voltage-

gated calcium channels found at nerve terminals, leading to reductions in 

neurotransmitter release (Parsons et al., 1992; Said et al., 1995). While we were unable 
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to determine a possible mechanism for the aforementioned decrease in 

neurotransmission, these findings support the notion that alterations in host microbiota 

may influence signalling of the enteric nervous system, which can generate downstream 

effects on gastrointestinal functions such as permeability, motility, and secretion (Rösel 

and Von Engelhardt, 1996; Martínez et al., 2012; O’Malley et al., 2012; Hyland and 

Cryan, 2016). 

4.4. Conclusions 

The overall goal of this study was to explore potential mechanisms that allow 

cross-talk between the luminal microbiome and the central nervous system by altering 

microbial compositions and examining changes in gastrointestinal functions. By 

reporting significant changes in paracellular permeability and neurotransmission with 

the administration of oral antibiotics, this study highlights an important role for the 

epithelial barrier in regulating microbial effects on the gut-brain axis. These results 

suggest that the microbiota may act through a number of different pathways, causing 

either beneficial or harmful alterations to the CNS/enteric nervous system. By further 

identifying these pathways and mechanisms, pharmacological interventions can be 

developed in order to treat diseases and disorders implicated in the dysfunction of the 

gut-brain axis. 
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