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Abstract
Increasing evidence has suggested that vagal afferent neurons can mediate gut microbiota
induced effects in the brain and immune modulation during gut inflammation. However, the
mechanisms behind the alteration in the activity of vagal afferent neurons by gut bacteria and
during inflammation are yet to be fully characterized. The present thesis tests the hypothesis that
the gut microbiota and inflammation modulate the excitability of the vagal afferent neurons.
Perforated and whole cell patch-clamp recordings were performed on dissociated nodose
ganglia (NG) neurons to measure rheobase and to study the properties of voltage-gated ion
channels respectively. I examined the effect of intestinal microbiota on mouse vagal afferent
neurons in two ways: 1) incubating dissociated neurons in vitro in supernatant from a community
of commensal gastrointestinal bacteria derived from a healthy human donor (Microbial
Ecosystem Therapeutics; MET-1); and 2) by inducing microbial dysbiosis in vivo by oral
administration of a non-absorbable antibiotic (vancomycin 50 ng/ml). Both exposures to MET-1
supernatant (1:100) in vitro and vancomycin-induced microbial dysbiosis increased the
excitability of NG neurons, decreasing the mean rheobase by over 25%. The increase in
excitability was reversed using a cysteine protease inhibitor (E-64, 30 nM) and a proteaseactivated receptor 2 antagonist (PAR2) (GB-83, 10 µM). Furthermore, voltage-clamp recordings
revealed that incubation of NG neurons with MET-1 and antibiotic treatment hyperpolarized the
voltage dependence of half-activation of Na+ conductance. Together, these findings suggest that
cysteine proteases, in vitro and in vivo, increase the excitability of vagal afferent neurons by the
activation of PAR2.
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To determine the effect of inflammation on vagal afferent neurons, the excitability of
dissociated NG neurons from mice with DSS-induced colitis was measured. DSS treatment
increased the excitability of NG neurons by decreasing the rheobase by almost 30%. The serum
from DSS treated mice recapitulated the effect of DSS administration on NG neurons, which was
blocked by a nuclear factor-κB (NF-κB) antagonist suggesting that circulating mediators that
activated NF- κB signaling pathway increased the excitability of NG neurons. Taken together,
these studies suggest modulation in activity of vagus nerve can influence the effect of gut
microbiota and inflammation on brain.
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Chapter 1
Introduction
Although the gut microbiota was first described back in the 1670s–1680s by
Antoine van Leeuwenhoek (1), it was only after the development of methods to culture
anaerobic organisms this field started to stride forward. Additionally, with further
advancement in technologies like the sequence-based screening and generation of germfree mice, the door is now opened for studying the effect of gut microbiota on health and
diseases. These studies have suggested a crucial role of gut microbiota in human health
via mechanisms that affect digestion and absorption of nutrients from food, protection of
the host from foreign pathogens and development of humoral and cellular mucosal
immune systems (2). Moreover, distinct changes to the microbiome composition, a state
known as dysbiosis, is described in various diseases which has encouraged the
development of therapeutic approaches such as prebiotics, probiotics and fecal
microbiota transplantation (FMT) to modulate and restore the gut microbiota (3). Such
advancements have highlighted an important role of gut microbiota in health and in the
pathophysiology of numerous diseases. Recent studies have even associated the
composition of gut microbiota with psychiatric disorders (4). Indeed, modulation of gut
microbiota is linked with a wide range of brain functions and disorders including stress,
depression, schizophrenia, bipolar disorder, Alzheimer’s disease and Parkinson’s disease
(5). Taken together, these studies have led to the description of the gut microbiota as a
super-organism that is now presented as one of the most exciting advancements in
biomedicine (6).
1

1.1 The gut microbiome
The human gut is home to extensive families of bacteria, archaea (mainly
Methanobrevibacter smithii), eukarya (mainly yeasts) and viruses (primarily phages)
collectively referred to as “gut microbiota” (7-9). Although yeast, fungi, and viruses are a
part of gut microbiota, most research to date has focused on bacteria present in the gut.
Such studies have defined the organisms present in the gut as the gut microbiota (10) and
their collective genome as the gut microbiome (11). Within the gastrointestinal (GI) tract,
approximately 100 trillion bacteria (7) exist as a complex ecosystem establishing a
symbiotic relationship with the host (12). The bacteria metabolize indigestible
compounds, supply essential nutrients, and defend against opportunistic pathogens (13)
whereas the host provides an environment to live in and a readily available source of
nutrients (14).
Colonization of the human GI tract, which is sterile at birth, begins immediately
after birth (12). The development of gut microbiota for the next few years shapes the
microbiota profile of the individual following which it remains fairly constant even in
adulthood (15, 16). Various factors influence colonization including the mode of
delivery, diet, level of sanitation and the environment in which the infant develop (17,
18). This period of development of microbiota in early life is very important as recent
studies have suggested that disruption of microbiota during this phase influences disease
susceptibility in later stages of life. Following infancy, development of the microbiota
remains fairly stable until old age when modulation in digestive physiology due to a
reduction in transit time, digestive secretions, and diet can modify the gut microbiota
(19). Results from the analysis of fecal microbiota have detected aerobic as well as
2

anaerobic bacteria in stool; anaerobic bacteria outnumber the aerobic bacteria by 2-3
orders of magnitude (20). Every individual has their own distinct gut microbiota profile
that is different to other individuals (21) but the genera Bacteroides, Bifidobacterium,
Eubacterium, Clostridium, Peptococcus, and Ruminococcus are usually predominant (22,
23).
1.2 Effects of gut microbiota on host physiology
The gut microbiota plays a significant role in the digestion of proteins (24) and
non-digestible carbohydrates (25). Such metabolic activities result in the recovery of
metabolic energy and absorbable substrates for the host, and supply of energy and
nutritive products for bacterial growth and proliferation. Additionally, the breakdown of
non-digestible carbohydrates and proteins results in the generation of short-chain fatty
acids (SCFA) that also improves the absorption of calcium and magnesium in the caecum
(26).
Studies in rats have shown that the production of crypt cells, an intestinal gland
found in between villi in the intestinal epithelium lining of the small intestine and large
intestine, is reduced in the colon of germ-free rats. Additionally, when the rats were
colonized with conventional microbiota the number of crypts cells was increased
suggesting that luminal bacteria can affect epithelial cell growth and differentiation (27).
Furthermore, gut microbiota also has a significant role in the maturation of the immune
system (28). The effect of microbiota in the immune system ensures that the immune
system differentiates the beneficial commensal pathogens from harmful pathogenic
bacteria (29, 30). Moreover, gut microbiota can control the differentiation of T cell
populations into the types of helper cells i.e. Th1, Th2, and Th17 or into regulatory T
3

cells (31). Additionally, studies performed in the germ-free animals suggested that the
germ-free animals had smaller Payer’s patches and a reduced number of CD4 +T cells and
IgA producing plasma cells (32), further highlighting the role of gut microbiota in the
immune system development. Furthermore, gut microbiota can also act as a line of
defense against exogenous microbes and opportunistic pathogens in the gut. The gut
microbiota, by competing and consuming nutrients (33) and preventing the attachment
and subsequent entry of pathogens into the epithelial cell (34), protect the gut from
harmful bacteria.
The enteric nervous system (ENS) is important in the regulation of vital functions
of the GI tract such as intestinal movements, local blood flow, gastric acid secretion, and
nutrient and water absorption (35). It consists of two major ganglionated plexus which
are the myenteric plexus and the submucosal plexus (36). The myenteric plexuses of
jejunum and ileum had lower nerve density and number of neurons per ganglia in germfree mice (37). Furthermore, studies have shown that innervation of the colonic
epithelium was reduced in germ-free (GF) animals but upon colonization of the mice
with microbiota from conventionally raised mice, the colonic epithelium innervation was
restored (38). Taken together, these data suggest an important role of the gut microbiota
in the development and maintenance of the ENS.
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Figure 1. 1 The effects of gut bacteria.
The gut microbiota has a beneficial effect in diverse physiological activities of the host which
range from the breakdown of food, synthesis of vitamins and other food nutrients, protection from
foreign pathogens and epithelial injury, modify nervous system and metabolism of therapeutics
into active compounds. From Laukens et al., 2015.

1.3 The gut microbiota and the brain
There is an increasing number of studies suggesting that the gut microbiota is
required for the development, maturation, and functions of the central nervous system
(CNS). Although a majority of brain structures, nuclei, and major connections are well
established before the end of the perinatal period (39, 40), the human brain undergoes
dramatic changes from birth to 6 years of age, increasing its size by 3 to 4-folds (41).
This increase is mostly a result of increased neurite outgrowth, synaptogenesis, and
gliogenesis. Recently, Luczynski et al. reported that germ-free mice had larger amygdala
and hippocampus (42). Additionally, the dendritic and spine morphologies in specific
5

amygdalar and hippocampal neuronal cell populations were altered, which suggested the
ability of gut microbiota to change the shape of the brain. In a separate study, germ-free
mice were demonstrated to upregulate genes linked to myelination and myelin plasticity.
Furthermore, the brains of germ-free mice had hypermyelination of prefrontal cortex
neurons (43). Using humanized mice, Lu et al. have further demonstrated the requirement
of intestinal microbiota for growth and brain development (44). In their study, mice pups
from germ-free mice were colonized with microbiota from either slow- or fast-growing
infants. Pups with microbiota from fast-growing infants showed an accelerated neuronal
differentiation when compared with slow-growing humanized and germ-free pups.
Moreover, slow-growing humanized mice were found to exhibit more signs of
neuroinflammation which highlighted the significance of gut microbiota for the growth
and development of the brain.
In addition to inducing structural changes within the CNS, recent studies have
highlighted the potential impact of gut microbiota on cognitive abilities (45-47). In
studies using germ-free mice, the germ-free mice were reported to have impairments in
tests of memory and a reduction in hippocampal brain-derived neurotrophic factor
concentration compared to normally colonized mice (48). In another study, it was
reported that ampicillin induced disturbances of gut microbiota caused impairment in
memory retention in rats which further highlights the importance of gut microbiota in
memory (49). Likewise, administration of milk oligosaccharides to rats and mice
enhanced their performance on working memory, spatial learning and memory, and
learning via reinforcement memory tests (50). Many groups have reported the effect of
gut microbiota on cognitive processes by studying the effect of probiotic-induced
6

modulation of gut microbiota on cognitive processes in rodents. Mice fed with a probiotic
Bifidobacterium longum for 11 weeks, assessed in a battery of tests relevant to different
aspects of cognition, demonstrated better learning and memory compared to the mice that
were vehicle-treated (51). Likewise, a probiotic Lactobacillus helveticus, protected mice
from western diet-induced anxiety-like behavior (52).
The relationship between the gut microbiota and the brain can also be deduced
from studies suggesting gut microbial dysbiosis as a common phenomenon in numerous
CNS disorders (53). A number of studies have demonstrated that stress alters the
composition of gut microbiota (54-56). Additionally, there are reports that have
suggested the regulatory effect of gut microbiota in stress. A study using germ-free mice
demonstrated that elevated levels of adrenocorticotropic hormone and corticosterone
demonstrating elevated hypothalamic–pituitary–adrenal (HPA) axis responses to stress
(57). Furthermore, modulation of the gut microbiota using probiotics reversed the effect
of stress in animal models which also supports the role of gut microbiota in stress (54, 58,
59).
A study from Zheng et al. reported that germ-free mice had lower immobility time
in the forced swimming test relative to conventionally raised healthy control mice (60)
suggesting the role of gut microbiota in depression. Moreover, the administration of
probiotics improved symptoms associated with depression by increasing serotonin
availability and/or decreasing levels of inflammatory markers (61, 62). Furthermore, the
gut microbiota composition of patients of depression was significantly different
compared to healthy controls (63, 64). Taken together, these studies indicate a role of gut
microbiota in depression. Comparison of the fecal sample from participants of
7

Alzheimer’s disease (AD) patients and age- and sex-matched control individuals
demonstrated that gut microbiota of AD participants had decreased microbial diversity
and is compositionally distinct from a fecal sample of control participants (65).
Specifically, they reported decreased Firmicutes, increased Bacteroidetes, and decreased
Bifidobacterium in the microbiome of AD participants. Additionally, a different study
from Cattaneo et al. measured the stool abundance of selected bacteria and demonstrated
an increase in pro-inflammatory bacteria and a reduction in the level of anti-inflammatory
bacteria (66) suggesting an association of the gut microbiota and AD. Furthermore, there
are reports suggesting modulation of gut microbiota in Parkinson’s disease (67-70). The
colonization of germ-free mice with the microbiota of Parkinson’s disease patients
developed the hallmark symptoms of Parkinson’s disease, highlighting the role of gut
microbiota in Parkinson’s disease (71). Another neurological disorder, multiple sclerosis,
also has a similar relationship with gut microbiota as different studies suggested
alterations in the microbiota during multiple sclerosis (72-74). Indeed, it was
demonstrated that microbial species Akkermansia muciniphila and Acinetobacter
calcoaceticus are elevated in patients suffering from multiple sclerosis compared to
healthy volunteers (75). Furthermore, when these strains were introduced to mice, they
exhibited symptoms of multiple sclerosis. Taken together these studies highlight the role
of gut microbiota in neurodegenerative diseases.
While the above studies suggest a relationship between the gut microbiota and
brain, there are reports demonstrating the ability of brain to modulate the gut microbiota
as well. The GI tract is innervated by ENS along with sympathetic and parasympathetic
innervation of autonomic nervous system (ANS) that regulates its functions such as
8

digestion, nutrient absorption, and the elimination of waste (76). Using neuroanatomical
tracings, studies have identified the CNS structures that are involved in the processing of
GI information from the neural innervations of gut (76). Such structures include nucleus
tractus solitarius (NTS), the hypothalamus, the periaqueductal gray and amygdala (7780). These neural circuits between ANS and CNS provide a medium by which the CNS
modulate the functions of GI tract.
GI motility is one such function which impacts the colonization of the intestine by
influencing water content, nutrient availability, and bacterial clearance rates (81). The
migrating myoelectrical complex, the pattern of cyclic electrical and motor activity in the
intestine, can be influenced by factors like food intake patterns, sleep quality, and stress
(82). An impairment in migrating myoelectrical complex reduces the flow rate resulting
in bacterial overgrowth in the small intestine (SI) (83). In a separate study, it was
reported that accelerated transit time contributed to the composition of gut microbiota in
the colon, with shorter time linked to increased abundance of fast-growing species (84).
Likewise, the intestinal barrier is another physiological function influenced by the ANS
that can alter the composition of the gut microbiota. The ANS influences intestinal barrier
function by controlling the secretion of mucus and mucoprotein production by goblet
cells (85, 86). Consistently, experimental stoke induced alteration in caecal microbial
composition, with specific changes in Peptococcaceae and Prevotellacea, was reported to
be mediated by increased noradrenaline release from the ANS; these changes altered
caecal mucoprotein production and goblet cell numbers.
The brain can modulate gut microbiota by its influence on the luminal release of
host signaling molecules from neurons, immune cells, and enterochromaffin (EC) cells
9

(87, 88). Indeed, catecholamines were suggested to increase the concentration of gramnegative bacteria (89). Furthermore, exposure to norepinephrine resulted in increased
growth rate, motility and invasion of cultured epithelial cells by a pathogenic bacteria
Campylobacter jejuni when compared with cultures grown in the absence of NE (90).
1.4 Potential mechanisms of gut microbiota-brain signaling
With increasing evidence highlighting the ability of gut microbiota in modulating
the structure and functions of the brain, numerous studies have aimed in understanding
the mechanisms by which the gut microbiota influence brain and behavior. Such studies
have focussed on microbiota-gut-brain axis to unravel the mechanisms involved in the
communication between gut microbiota and brain. The microbiota-gut-brain axis is an
extension of the gut-brain axis (GBA), which is a well-established concept to understand
the mechanisms by which the gut and the brain communicate with each other (91, 92).
Gut microbes and their metabolites can modulate the functions of brain by
influencing the hormonal signaling pathways that involve the release of gut peptides such
as orexin, galanin, ghrelin, gastrin, and leptin from enteroendocrine (EE) cells (93). EE
cells are present between gut epithelial cells throughout the length of the gut and contain
more than 20 different types of signaling molecules, which often are colocalized and coreleased (85). These peptides are suggested to have an important role in modulating
feeding behavior, enteric neural reflexes, energy homeostasis, sleep-wake cycle, sexual
behavior, arousal, and anxiety (94, 95).
Recent studies have demonstrated the ability of gut microbiota to produce
different neurotransmitters like gamma-aminobutyric acid (GABA), serotonin, and
acetylcholine that can affect the functions of the brain (96). Bacterial strains of
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Lactobacillus brevis and Bifidobacterium dentium are demonstrated to increase the
production of GABA when they are cultured in a medium containing monosodium
glutamate, which suggested the ability of gut bacteria to produce GABA in vivo (97).
Another probiotic Lactobacillus rhamnosus reduced anxiety and depression-like behavior
in mice by increasing the concentration of GABA in the hippocampus of the brain (58).
An earlier study demonstrated that plasma extracts from conventional animals had a
higher level of serotonin compared to germ-free mice (98) suggesting regulation of
serotonin by commensal microbiota. There are previous studies that have demonstrated
that bacterial strains Enterococcus faecalis, Rhodospirillum rubrum, Bacillus cereus, and
Staphylococcus aureus cultured in vitro produce serotonin, which further supported the
ability of gut microbiota to synthesize neurotransmitters in vivo (99). Additionally, upon
recolonizing the germ-free mice with specific pathogen-free fecal flora, the level of
serotonin increased within 3 days of their exposure (100). In a separate study, Yano et al.
reported that indigenous spore-forming bacteria from mouse and human microbiota
promoted serotonin synthesis from colonic EC cells, which supply serotonin to the
mucosa, lumen, and circulating platelets (101). Likewise, a probiotic strain
Bifidobacterium infantis was reported to modulate the concentration of kynurenine (102),
the precursor of serotonin which further supports the ability of bacteria to modulate
serotonin production.
Bacterial metabolites represent another class of mediators produced by bacteria
that can regulate the functions of brain. Examples of such mediators include
lipopolysaccharide (LPS), SCFA’s, and proteases (103). LPS is a bacterial mediator
produced from the cell wall of gram-negative bacteria. LPS can directly influence the
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CNS by activating toll-like receptor 4 (TLR4) expressed on the neurons and microglial
cells and indirectly by acting on the GI tract inducing the release of pro-inflammatory
cytokines (104, 105). The microbial fermentation of dietary fibers in the large intestine
produces different SCFA’s, including acetic acid, propionic acid, and butyric acid (106).
The produced SCFA’s can activate Gpr41 and Gpr43, the receptors of SCFA (107),
which are expressed in vagal, spinal and trigeminal ganglion to induce intracellular
signaling (108). Furthermore, SCFAs butyric acid and propionic acid can monitor the
synthesis of neurotransmitters dopamine and noradrenaline by increasing the expression
of enzyme tyrosine hydroxylase and dopamine-β-hydroxylase (109). Long term treatment
of propionic acid in germ-free mice lowered in vivo levels of neurotransmitters GABA,
serotonin, and dopamine levels in the brain (110). Additionally, SCFAs can act on
microglial cell and astrocytes and enhance LPS-induced inflammatory response, regulate
microglial homeostasis, and reorganize their cellular structure (111-113).
Another important class of mediator released from bacteria is proteases. Proteases
are the class of enzymes that hydrolyze the amide bonds of proteins. On the basis of
principle catalytic residue, proteases can be divided into aspartic, cysteine, glutamic,
metallo, asparagine, serine, and threonine proteases (114-116). Protease mediates their
activity through the activation of protease-activated receptors (PARs). PARs are a family
of 7 transmembrane domain G-protein-coupled receptors (GPCR) and exist in four
isoforms (PARs 1-4) (117). The PARs are activated through proteolytic cleavage of the
extracellular N-terminal component of the receptor which releases a tethered peptide
ligand residue that binds to another region of the receptor resulting in the initiation of the
intercellular signaling cascade (118). Earlier studies have detected the expression of
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PARs in vagal and spinal afferent neurons (119). Therefore, the microbial proteases can
regulate the activity of afferent pathways of the gut, resulting in modulation of behavior.
Indeed, a serine protease from commensal gut bacteria, via PAR4, decreased the
excitability of DRG neurons (120). Consistently, Valdez-Morales et al. reported that
cysteine protease from colonic biopsies of inflammatory bowel syndrome (IBS) patients
increased the neuronal excitability of DRG neurons, further supporting the ability of
proteases to modulate the activity of afferent neurons of the gut. An earlier study reported
that gut bacteria, Akkermansia muciniphila, can degrade mucin, the core protein of mucus
(121). Mucus is a major component of the mucosal barrier that protects the host tissues
from their luminal content (122). Moreover, there are reports suggesting that proteases
from bacteria Porphyromonas gingivalis, Entamoeba histolytica, or Trichuris muris
degrade mucus barrier. Taken together, these studies suggest the ability of bacterial
proteases to modify the barrier property of the gut.
In addition to the above-mentioned mechanisms, gut microbiota can also
modulate the activity of afferent nerves of the gut and modulate the functions of the
brain. The afferent pathways of the gut are further described below.
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Figure 1. 2 Pathways of the bidirectional communication between the gut
microbiota and the brain.
A simplified diagram describing major pathways involved in the bidirectional communication
between the gut microbiota and the brain. From Toribio-Mateas et al., 2018.

1.5 The afferent pathways of the GI tract
The human GI tract receives both intrinsic and extrinsic afferent neurons to
monitor diverse functions of the GI tract, that includes but is not limited to digesting
food, absorbing nutrients and water, detecting and eliminating waste material and
pathogens which they emit via emesis and diarrhea (123-125). The intrinsic afferent
neurons have cell bodies located within the gut whereas the extrinsic afferents have cell
bodies located outside the gut.
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1.5.1 Intrinsic primary afferent neurons (IPAN’s)
IPAN’s are the intrinsic afferents of the gut. This class of afferent neurons has
their cell bodies within the myenteric and submucosal ganglia of the ENS (126). The
IPANs are transducers of physiological stimuli, including the movement of the villi or
distortion of the mucosa, contraction of intestinal muscle and changes in the chemistry of
the contents of the gut lumen. They are the first neurons in intrinsic reflexes that
influence the patterns of motility, secretion of fluid across the mucosal epithelium and
local blood flow in the small and large intestine (127). IPAN’s are multipolar neurons
with some axons that project to other nerve cells in the intestine and other axons that
project to the mucosa (126). IPAN’s can be classified into different types on the basis of
their body shape, electrophysiological and pharmacological properties, and by the
connection they make with other neurons. Hirst et al., on the basis of their
electrophysiological properties, divided the neurons of myenteric plexus of guinea-pig
into S neurons and AH neurons (128). The AH neurons are those neurons that exhibited a
prolonged afterhyperpolarization following an action potential in the cell body. S neurons
did not have this prolonged afterhyperpolarization, but fast synaptic events could be
recorded in their cell bodies when they are stimulated.
1.5.2 Spinal afferent neurons
In addition to IPANs, the human gut also receives extrinsic innervation from
spinal afferent neurons. The spinal afferent neurons have their cell body in dorsal root
ganglia (DRG) which are located just outside the spinal cord (129). Most of the cell
bodies of spinal afferent neurons have small axons whereas some cell bodies of spinal
afferents have very long axons (130). The spinal afferent neurons, on the basis of axon
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diameter and conduction velocity, can be divided into A-fibers, A-fibers and C fibers
(131). The spinal afferent neurons have an important role in the detection and
transmission of painful (noxious) and innocuous stimuli from visceral organs to the brain
(132-134).
Once activated the spinal afferents synapse with interneurons in the dorsal horn of
spinal cord which then transmit the afferent signal to the brainstem. The dorsal horn can
be divided histologically into ten layers called Rexed laminae. Aδ and C fibers transmit
information to nociceptive specific neurons in Rexed lamina I and II, in addition to
projections to other laminae. Neurons within laminae constitute the major output from the
dorsal horn to the brain. Multiple ascending pathways originate at the dorsal horn of the
spinal cord which carries messages to the brainstem in midbrain. Among the ascending
pathways, spinothalamic and spinoreticulothalamic tracts carry nociceptive signals to the
brain.
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Figure 1. 3 Afferent neural pathways connecting the gut and the brain.
The major afferent neurons of the gut are vagal sensory neurons, spinal sensory neurons,
and primary afferent neurons of ENS located in myenteric and submucosal plexus of the
ENS. The vagal afferent neurons have their cell bodies in nodose ganglia whereas the
spinal afferent neurons have their cell bodies in dorsal root ganglia neurons. MP
myenteric plexus, CM circular muscle, and muc mucosa. From Forsythe et al. 2012.
1.5.3 Vagal afferent neurons
The vagus nerve, also known as the “wandering nerve”, is the 10th cranial nerve in
the body. It is a mixed sensory-motor nerve, containing 70% to 80% of sensory fibers
depending on the species (135). The cell bodies of vagal afferent neurons are located in
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the jugular and nodose ganglia (NG) and the nerve fibers extend from the NTS of the
brainstem to various internal organs (including the airways, lungs, GI tract, pancreas,
liver, bile ducts, and portal vein) (136). Based upon measures of conduction velocity, the
vagal afferent fibers, can be classified into myelinated A-type and Ah-type, and
unmyelinated C type fibers (137). Likewise, on the basis of nature of the stimuli, the
vagal afferent neurons are classified as chemoreceptors, mechanosensors, temperature
sensors, and osmosensors (135). The afferent fibers of the vagus nerve can convey
information from the periphery to the brainstem via tractus solitarius (138). In the tractus
solitarius, they synapse onto neurons of the NTS. Sensory information is then projected
to several regions of the CNS, such as the locus coeruleus, rostral ventrolateral medulla,
amygdala, and thalamus. Glutamate and substance P are the main neurotransmitters
involved in the transmission of these signals (135). Additionally, vagal afferents can
make synaptic connections within the dorsal motor nucleus of the vagus (DMV) (139,
140). The NTS-DMV synapse uses GABA, glutamate or catecholamines as main
neurotransmitters (138, 141, 142). The response is then transmitted to preganglionic
parasympathetic motor neurons that direct the motor response back to the visceral organ
via efferent fibers of the vagus nerve (143). Efferent fibers of vagus nerve originate in the
DMV and nucleus ambiguous in the brainstem medulla oblongata and give projections to
visceral organs in the thoracic and abdominal cavity, including the lungs, heart, liver,
gastrointestinal tract, kidneys, and pancreas. The postganglionic fibers of the efferent arm
of vagus nerve, upon activation, releases acetylcholine which binds with the muscarinic
acetylcholine receptors on cardiac myocytes, smooth muscle cells, and glandular cells
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and regulates bronchoconstriction, gastrointestinal motility and secretion, heart rate, and
other physiological functions (144).
1.6 Vagal innervation of the gastrointestinal tract
The development of ENS involves the invasion of foregut by ENS precursors
derived from vagal neural crest cell, and subsequent rostral to caudal migration of these
ENS precursors to colonize the myenteric region of the gut (145). These vagal NCCs is
already present in foregut at embryonic day 9 (E9), enter esophagus at E10, stomach at
E11, and the duodenum by E14 (146-148). There are reports suggesting that the vagal
nerve fibers and migrating vagal NCC’s follow same pathway from hindbrain to foregut
(146, 149). Taken together, these findings suggest innervation of the vagus nerve in the
gut. The vagal afferent fibers innervate GI tract via vagal terminals located both in the
lamina propria (136, 155) and in the muscularis externa (156) whereas the vagal efferent
fibers enter the abdominal cavity along with the esophagus through the diaphragmatic
hiatus. Once entered, the left and right vagus nerve become anterior and posterior trunk
respectively. The anterior trunk distributes the gastric branches to the anterior aspect of
the stomach and gives off the hepatic branch whereas the posterior trunk innervates to the
proximal posterior aspect of the stomach and the coeliac plexus which innervates the
spleen and the colonic flexure (157, 158).
In a study, Berthoud et al. reported that injection of fluorescent carbocyanine dye
Dil to DMV of rat labeled the myenteric plexus throughout the gastrointestinal tract as far
as the descending colon (150). Additionally, they demonstrated that the labeling was
dense in the stomach and proximal duodenum but rapidly decreased further caudal with
the exception in the cecum and proximal colon. Further study has suggested that there are
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two distinct and characteristic classes of vagal afferents innervating the GI tract of mouse
(151). They are intraganglionic laminar ending (IGLE) and intramuscular array (IMA).
IGLEs are found throughout the stomach and duodenum of the mouse in myenteric
ganglia, between the longitudinal and circular muscle layers. The individual axon of
vagal afferents terminates in several closely distributed IGLEs which are typically
associated with the neurons of neighboring myenteric ganglia. IGLEs respond to muscle
tension generated by both passive stretch and active contraction of the muscle layers and
are important for the generation of vagal afferent tone (152). On the other hand, mouse
IMAs consist of axonal telodendria that run parallel to the longitudinal and circular
smooth muscle fibers. The IMAs are concentrated almost entirely in the sphincters and
the forestomach and are suggested to have a vital role in sensing the gut wall stretch
(153).
1.7 Functions of vagal afferent neurons
As vagal afferent neurons are ideally located to receive and exchange information
between the brain and the visceral organs, it performs diverse functions in the regulation
of autonomic, cardiovascular, respiratory, gastrointestinal, immune, and endocrine
systems (143). Moreover, NG neurons express diverse mechanochemical and chemical
receptors making it the target of gut hormones and regulatory peptides which supports the
ability of vagal afferent neurons in the regulation of afferent signals from abovementioned systems to the brain (154).
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1.7.1 Transmission of satiety signals
The vagal afferents innervating the GI tract can conduct information about
digestible food whereas the vagal efferents along with hormonal mechanisms can control
the rate of nutrient absorption, storage, and its mobilization (155). The vagal afferents
which express a diverse array of mechanosensitive receptors that are activated by gastric
distention. Additionally, the mechanoreceptors convey afferent signals related to the
volume or load of the meal, thus influencing the meal size (156). The vagal afferent
neurons also express chemoreceptors which are the targets of gut hormones and
regulatory peptides which, in addition to, digestion and absorption of nutrients play an
important role in signaling of satiety (157). The major gut hormones, cholecystokinin
(CCK), ghrelin and leptin, can activate their respective receptors present on vagal
afferents predominantly in a paracrine manner (158, 159), resulting in diverse visceral
effects including gastric relaxation, reduced gastric emptying, altered motility, and
pancreatic secretion (160-162). Additionally, gut hormones, by entering the bloodstream
after their release, exert nonparacrine effects on vagal activity. The gut hormone,
serotonin and CCK, after meal ingestion, is reported to increase 3-fold and 5- to 8-fold
respectively (163, 164). The released serotonin and CCK have access to the cell body of
vagal afferent neurons and can, therefore, modulate their functions. The activity of vagal
afferents is also enhanced by food nutrients such as glucose (162) and amino acids (165)
which further supports the ability of these neurons to modulate food ingestion.
1.7.2 Detection of immune mediators and inflammation
Numerous studies have provided evidence suggesting the existence of multiple
pathway or mechanisms by which the immune system communicates with the brain.
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These mechanisms include, but not limited to, active transport of cytokines into the brain
parenchyma (166), activation of endothelial cells responsible for the subsequent release
of second messengers (167), and transmission of cytokine signals via afferent nerve
fibers, such as the vagus nerve. The neural cells, in addition to the receptors of immune
cells, expresses toll-like receptor, nucleotide-binding oligomerization domain-like
receptors, and cytokine receptors providing a molecular basis for modulation by
cytokines and other immune molecules (168, 169). Additionally, the immune cells can
also synthesize and release neurotransmitters like acetylcholine, dopamine, and other
catecholamines that activates the neural cells (170, 171).
Vagal afferent neurons, with cell body in NG neurons (136), have their peripheral
axonal terminals in internal organs (including the airways, lungs, gastrointestinal tract,
pancreas, liver, bile ducts, and portal vein) and central axon terminals projecting
predominantly to NTS (135, 136, 172). It is ideally located to detect immune responses
and signal to the brain. Indeed, intraperitoneal (i.p.) administration of LPS caused an
increase in c-fos, marker of neuronal activation (173), in NTS (174), which suggests a
possible role of the vagus nerve in the transmission of immune responses from i.p.
administration of LPS to the brain. Furthermore, subdiaphragmatic vagotomy reduced the
sickness response due to i.p. administration of LPS, underlining the significance of vagal
afferent neurons to relay the immune signals to the brain (175). Likewise, Hansen et al.
presented data suggesting that i.p. injection of interleukin -1 (IL-1) increased IL-1
mRNA level in the brainstem and hypothalamus of sham rats; subdiaphragmatic
vagotomy blocked the increase in IL-1 mRNA (176). However, no effect was observed
in IL-1 mRNA level in the liver of sham and vagotomised rats. This study further
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highlights the significance of vagus nerve to transmit immune signals in the periphery to
the brain. In a separate study, Benjamin et al. recorded the activity of the cervical vagus
nerve of adult mice following administration of pro-inflammatory cytokines TNF (tumor
necrosis factor) and IL-1 (169). They reported that administration of TNF and IL-1
generated compound action potential in the cervical vagus nerve. Furthermore, action
potentials generated by the administration of TNF exposure was absent in double
knockout mice lacking TNF receptors 1 and 2 (TNF-R1/2KO). Likewise, IL-1β induced
action potentials are eliminated in knockout mice lacking IL-1β receptor (IL-1RKO).
These findings provided mechanistic insight into the detection of immune signals by the
vagal afferent neuron. Campylobacter jejuni (C.jejuni) is demonstrated to induce
gastrointestinal infection in mice (45). C.jejuni led to significant increase in c-fos
expression in the vagal afferent neurons, and in a time-dependent manner, in the NTS and
other brainstem and forebrain regions, including the area postrema, ventrolateral medulla,
LC, thalamus, amygdala, and insular cortex (177). This study highlights the significance
of vagal afferent pathway in the detection of gut infection as well.
Inflammation, the result of infection and disrupted innate immune regulation, can
be controlled by communication between the immune system and the brain. Earlier
studies have reported that cytokine or pathogen-derived products signal vagal afferent
neurons which in turn activate efferent vagus nerve-mediated output to regulate proinflammatory cytokine production and inflammation (178). This finding introduced the
anti-inflammatory role of the vagus nerve. Recent studies have further elaborated the
pathway of “vagal anti-inflammatory reflex”. These studies have suggested that the
increased activity of the efferent arm of vagus nerve releases acetylcholine which binds
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to the α7 nicotinic acetylcholine receptor (α7nAChR) in celiac ganglia, which activates
the splenic sympathetic nerve releasing norepinephrine at the distal end of the splenic
nerve. Norepinephrine binds with the splenic lymphocytes releasing acetylcholine which
binds to splenic macrophages to inhibit the production of TNF-α (179) that reduces the
severity of lethal effects of pro-inflammatory cytokines by reducing the magnitude of the
peripheral immune response (180). The vagal afferent fibers, which have their cell bodies
in NG, terminate in the NTS of dorsal vagal complex (DVC) of medulla oblongata which
is also the major site of origin of preganglionic vagus efferent fibers (135). Hence, the
activation of vagal afferent fibers can activate efferent fibers in DVC. Therefore, an
increase in excitability of vagal afferent neurons, by conveying the signals to NTS,
increases the activity of efferent arm of the vagus nerve. This activates the “vagal antiinflammatory reflex” which consecutively inhibits inflammation. In line with these
reports, a number of studies have evaluated the effect of stimulation of vagus nerve in
inflammation. In a study, Meregnani et al. reported that in a rat model of inflammatory
bowel disease, vagal nerve stimulation reduced the degree of body weight loss and
inflammatory markers as observed by histological score and myeloperoxidase
quantification (181). Additionally, Payne et al. studied the effect of abdominal and
cervical vagus nerve stimulation in rats with 2,4,6-trinitrobenzene sulphonic acid
(TNBS)-induced colitis (182). They reported that abdominal vagus nerve stimulation, via
an electrode array, had no off-target effects on cardiac, respiratory, and blood pressure
parameters whereas cervical vagus nerve stimulation decreased the heart rate, inhibited
respiration and decreased the blood pressure. Together, this study suggested abdominal
vagus nerve stimulation is effective in reducing inflammation with fewer off-target
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effects in rodents. Such studies have encouraged scientists to investigate the effect of
vagal nerve stimulation in humans as well. In a pilot study, 5 Crohn’s disease patients
receiving continuous vagal nerve stimulation for 6 months evolved toward clinical,
biological, and endoscopic remission (183) which suggested that vagus nerve stimulation
is an exciting tool for the treatment of active Crohn’s disease. Additionally, Koopman et
al. reported the ability vagus nerve stimulation to inhibit the production of TNF, IL-1β,
and IL-6 in rheumatoid arthritis patients (184), which further supports the inhibitory
effect of vagus nerve stimulation in inflammation.
1.7.3 Transmission of gut microbial signals to the brain
There is increasing evidence suggesting the interaction of gut microbiota with the
vagus nerve that subsequently affects brain function and behavior. Initial evidence for
this function of the vagus nerve came from the pathogenic bacteria Salmonellae
typhimurium and C.jejuni. Intubation of Salmonellae typhimurium resulted in increased
expression of c-fos in the paraventricular nucleus of rats brain (185) that was
significantly attenuated in vagotomised mice. Additionally, the CD4+ T cells increased
during the infection were also significantly lower in vagotomised mice. Together, these
findings suggested the role of vagus nerve in Salmonellae typhimurium induced infection
in mice. This observation is further supported by a different study that reported that
administration of C.jejuni increased the expression of c-fos in NG and NTS of the brain
(177).
Consistent with the effect of pathogenic bacteria, non-pathogenic bacteria are also
reported to interact with the vagus nerve. The probiotic strain, Lactobacillus johnsonii
(La1) reduced renal sympathetic activity, blood pressure and increased gastric vagal
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nerve activity that was blocked upon pre-treatment with histaminergic H3-receptor
antagonist (186). Moreover, denervation of all the vagal nerve fibers surrounding the
esophagus abolished the effects of La1, suggesting the interaction of La1 with the vagus
nerve. In another study, oral administration of Lactobacillus rhamnosus (JB-1) reduced
anxiety and depression-like behavior in Balb/c mice (58). However, the anxiolytic and
antidepressant effects of JB1 was absent when the mice were vagotomized. Likewise, the
anti-anxiety effect of Bifidobacterium longum (B.longum) in a mouse model of colitis
was absent in mice that had undergone subdiaphragmatic vagotomy (187). Collectively,
these studies suggest the ability of gut bacteria to modulate the activity of the vagus nerve
with subsequent modulation of behavior.
1.8 The gut microbiota and inflammation
Increasing number of studies have suggested the association of gut bacteria with
inflammation. Indeed, an increased proportion of E. coli and B. fragilis have been
associated with inflammatory diseases (188-190). Additionally, LPS, the major
constituent of the outer cell membrane of gram-negative bacteria, by interacting with
macrophages releases pro-inflammatory cytokines such as TNF- , IL-6 and IL-1 which
causes endotoxic shock in mice (191). Furthermore, a study which attempted to correlate
gut microbiota composition with inflammation suggested that increase in proinflammatory cytokine in peripheral blood correlates with changes in gut microbiota
profile (192). Specifically, the increase in pro-inflammatory cytokines IL-6 and IL-8 was
linked with enrichment in Proteobacteria and a decrease in the amount of some butyrateproducing bacteria.
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Besides the above evidences associating gut bacteria with inflammation, there are
some bacterial species with anti-inflammatory properties. The inflammation-suppressing
effect could be due to the ability of few bacteria to counteract some of the inflammationaggravating bacteria, to improve the barrier effect of the GI mucosa allowing less
inflammation-inducing components in the lumen and to interact with inflammationdriving components of the immune system. For example, application of Fecalibacterium
prausnitzii (F.prausnitzii) on Caco-2 cells transfected with nuclear factor-B (NF-B)
reduced the effect of pro-inflammatory cytokines on the activity of NF-B, suggesting
the ability of the bacteria to inhibit inflammation (193). Moreover, oral administration of
either live F.prausnitzii or its supernatant reduced the severity of TNBS colitis which
further supported the anti-inflammatory potential of this bacteria. Likewise, certain
species/strains of Lactobacillus and Bifidobacterium are also reported to exhibit the antiinflammatory effect (194, 195).
In addition to above studies, the association of gut microbiota with inflammation
is further supported by studies that have characterized the role of gut microbiome in
inflammatory bowel disease (IBD). IBD is a disorder characterized by chronic and
relapsing intestinal inflammation and is mainly classified as ulcerative colitis or Crohn’s
disease (196, 197). Several lines of evidence suggest that the diversity of gut microbiota
is reduced in IBD patients (198-200). The most consistent observations in the
composition of the gut microbiota that are altered in IBD patients are a reduction in
Firmicutes and an increase in Proteobacteria. Additionally, these studies have reported
changes to Enterobacteriaceae, Bacteroides, Bifidobacteria, and Lactobacillus species
but the changes are not consistent among studies (201-204). With reference to the above
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studies, there have been attempts to utilize gut microbial-dysbiosis as a biomarker for
IBD. Indeed, a study performed by Gevers et al., used the largest CD microbiota cohort
so far, comparing 447 newly diagnosed pediatric CD patients with 221 healthy controls
(205). They proposed a “dysbiosis index,” which was shown to be associated with
clinical disease severity. Moreover, they also reported that the profiles of gut microbiota
could be used as a diagnostic marker of CD.
There are studies that have aimed at understanding the mechanism by which
dysbiosis resulted in intestinal inflammation. An earlier study revealed a decrease in the
gene responsible for carbohydrate and amino acid metabolism and an increase in those in
the oxidative stress pathway (206). This study raised a possibility that oxidative stress
from gut microbiota caused intestinal inflammation in IBD patients. Furthermore, few
studies have suggested the role of specific bacterial metabolites in the pathophysiology of
IBD. One study has specifically investigated the role of SCFA’s butyrate and propionate
in the pathophysiology of IBD. This study reported that on comparing the concentration
of SCFA in the feces of IBD patients, the concentration of butyrate in feces of IBD
patients was consistently found to be decreased when compared to healthy controls (204).
Additionally, the concentration of a butyrate-producing bacteria, F.prausnitzii, was found
to be consistently decreased in IBD patients. Together, these findings suggested a
decreased level of butyrate contributed to the development of inflammation in the gut.
Information about IBD is acquired from different animal models of IBD that have
been described in literature. These models can be divided into five different categories
that are antigen-induced colitis and colitis induced by microbials, other inducible forms
of colitis (chemical, immunological, and physical), genetic colitis models (transgenic and
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knock-out models), adoptive transfer models, and spontaneous colitis models (207).
Although multiple models of IBD is designed, the science community is still missing a
‘perfect’ model. Therefore, numerous aspects should be considered when choosing an
animal model for a particular study. The chemical-induced IBD animal models, DSSinduced colitis and TNBS-induced colitis, are the most widely used models, because of
the immediate inflammation, the high reproducibility, and the simplicity of the induction
process (207). Additionally, numerous studies have highlighted the importance of gut
microbiota in development and severity of DSS-induced colitis. In a study it was reported
that the depletion of microbiota by the administration of broad spectrum antibiotics
exacerbates DSS-induced colitis in mice (208). Although opposite to this effect, Hans et
al. have reported that I.P. injection of antibiotics to the mice with DSS colitis protected
the mice from inflammation (209). Taken together, these studies highlights the
significance of gut bacteria or bacterial products in acute DSS-induced colitis. Another
widely used model of inflammation is the TNBS model of colitis. In this model, ethanol
and TNBS is administered intra-rectally to the animals (210). Administered ethanol
disrupt intestinal barrier and enable the interaction of the hapten TNBS with colon tissue
proteins that leads to the development of an excessive cell mediated immune response
reflected by acute Th1 inflammation (211).
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1.9 Aim of the study
Vagal afferent neurons are important in conveying afferent information from the
gut to the brain. Additionally, recent studies have suggested an important role of these
neurons in gut microbiota induced effects in brain and behavior. Although increasing
evidence has supported the ability of vagus nerve to act as a conduit between the gut
microbiota and the brain, the cellular mechanisms leading to bacterial modulation of the
vagal afferent neuron is still unclear. Therefore, the first aim of my study was to enhance
the understanding of how gut microbiota interacts with CNS by identifying the bacterial
mediator and the cellular mechanism involved in the interaction between gut microbiota
and vagal afferent neurons.
Furthermore, with increasing studies suggesting the association between vagal
afferent neurons and inflammation, the second aim of this thesis was to determine the
effect of DSS-induced colitis on the excitability of vagal afferent neurons. Additionally, I
also determined the role of gut microbial mediators in DSS colitis-induced excitation of
vagal afferent neurons.
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Chapter 2
Material and Methods
2.1 Animals
Male C57BL/6 mice (25-30 g) used in this study were purchased from Charles
River Laboratories (Montreal, Quebec, Canada). The use of animals in our study was
approved by the Queen's University Animal Care Committee, under the guidelines of the
Canadian Council of Animal Care.
2.2 NG dissociation and neuronal culture
NG neurons were isolated as described previously (212). The NG was located by
following the cervical vagus nerve to the base of the skull, dissected and placed in sterile
Ca2+ and Mg2+ free Hanks’ balanced salt solution (HBSS). The dissociation process was
initiated by incubating the whole ganglia in HBSS containing 60 units/ml of papain
(Worthington Biochemical Corporation, Lakewood, NJ, USA), previously activated by
0.4 mg/ml cysteine (Sigma-Aldrich, Saint Louis, MO, USA). It was subsequently
incubated in HBSS containing 4 mg/ml collagenase type II (Worthington) and 8 mg/ml
dispase II (Roche Diagnostics, Indianapolis, IN, USA). The ganglia were transferred to
Dulbecco’s Modified Eagle’s Medium/Nutrient F-12 Ham (DMEM/F-12; Sigma-Aldrich,
Saint Louis, MO, USA), 10% fetal calf serum and 1% penicillin-streptomycin, and
triturated using a flame-polished Pasteur pipette until a single cell suspension was
obtained. The single-cell suspension was plated onto coverslips coated with laminin (50
g/ml) (Invitrogen Corporation, Carlsbad, CA, USA) and poly-D-lysine (100 g/ml;
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Corning, Bedford, MA, USA) and incubated overnight at 37°C (95% O2, 5% CO2) prior
to electrophysiological characterization.
2.3 Patch-clamp electrophysiology
A glass coverslip containing isolated NG neurons was placed in a recording
chamber, mounted on an inverted microscope and superfused with solution containing (in
mM): 140 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 10 HEPES, and 10 D-glucose, pH 7.4, with
NaOH. Glass microelectrodes (Warner Instruments, Hamden, CT, USA) were pulled
using PC-10 puller (Narishige Group, Setagaya, Japan). The pipettes had resistances of 24 mOhm when filled with an internal solution containing (in mM): 110 K-gluconate, 30
KCl, 10 HEPES, 1 MgCl2, and 2 CaCl2, 10 mM EGTA pH 7.25, with KOH. Current
clamp recordings were performed using Amphotericin B (240 g/ml) perforated patchclamp. The signals were amplified by using a Multiclamp 700B (Molecular Devices, San
Jose, CA, USA) and digitized using a Digidata 1440A (Molecular Devices). The neurons
with an access resistance of < 40 mOhm were used for current-clamp recordings. In
current-clamp mode, depolarizing current steps from -10 to 180 pA were applied to the
cells for 500 ms, in 10 pA increments to measure the rheobase, minimum amount of
current required to fire an action potential, of the neurons. Junction potential was
calculated as 13.7 mV and the resting membrane potential was adjusted accordingly.
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Figure 2. 1 Relationship between rheobase and excitability of neurons.

Rheobase of the NG neurons were measured to investigate the excitability of the neurons.
A decrease in rheobase of a NG neurons indicates an increament in its excitability and
vice versa.
2.4 Whole-cell electrophysiology
Whole-cell configuration was used for voltage-clamp analysis of voltage-gated
Na+ and K+ currents. The neurons with an access resistance of < 10 mOhm were used for
voltage-clamp recordings. For studying Na+ currents , cells were superfused with solution
containing (in mM): 55 NaCl, 80 NMDG, 1 MgCl2, 1 CaCl2, 10 HEPES, and 5 Dglucose, pH 7.4, with HCl and the electrodes were filled with internal solution containing
the following (in mM): 110 CsCl, 1 MgCl2, 11 EGTA,10 HEPES, and 10 NaCl, pH 7.3,
with CsOH. For measuring current-voltage (IV) relationship for Na+, cells were recorded
in a voltage-clamp mode in which the cells were depolarized for 100 ms steps from a
holding potential of -60 mV to between -55 mV and +50 mV for 100 ms in 5 mV
increments. For studying K+ currents, the bath solution contained (in mM): 140 NMDG, 5
KCl, 10 HEPES, 10 D-glucose, 1 MgCl2, 2 CaCl2 pH 7.3 with HCl whereas the internal
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solution contained (in mM): 110 Potassium Gluconate, 30 KCl, 10 HEPES, 1 MgCl2, 2
CaCl2, 10 EGTA pH 7.25 with KOH. For measuring the current-voltage (IV) relationship
for voltage-gated K+ current, cells were depolarized from a holding potential of -80 mV
to between -100 mV and +40 mV for 500 ms, in 10 mV increments. Series resistance was
70% - 80% compensated. The current density was calculated by normalizing the peak
current at each voltage to cell capacitance. Junction potential was calculated as 7.7 mV
and 20.7 mV for Na+ and K+ currents respectively which was adjusted to the membrane
potential accordingly. Data were recorded onto a PC using pClamp software and
analyzed offline using Clampfit 10.0 (Molecular Devices).
2.5 Properties of voltage-gated conductance
To calculate the voltage dependence of activation of Na+ channels, the
conductance (G) was first calculated from the peak current (Ipeak) at each potential using
the following equation,
G

I peak
(Vstep-Vrev)

Where Vrev is the reversal potential. Vrev is calculated by fitting the concentration of the
Na+ or K+ ion in pipette and bath to the Nernst’s equation.
Normalized conductance-voltage curve was then fitted to the Boltzmann equation:
G
Gmax

1
1 + e(V1/2 - V)/k

Where V1/2 is the voltage of half-activation and k is the slope factor.
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2.6 Production of Microbial Ecosystem Therapeutics-1 (MET-1) supernatant
The production of MET-1 supernatant is described in detail previously (213).
Briefly, bacterial isolates were cultured individually on fastidious anaerobe agar (FAA)
(Lab M Ltd. Heywood, Lancashire, UK) either with or in the case of the F. prausnitzii
strain, without 5% defibrinated sheep blood (Hemostat Laboratories, Dixon, California,
USA), under anaerobic conditions for 3 days. Bacterial cultures were formulated into a
mixture at a predetermined ratio, directly into filter sterilized F12 medium using
microbiological loops to achieve 3.5 ˟ 109 CFU/ml; homogenized and then kept in an
anaerobic chamber under an atmosphere of CO2:H2:N2 5:5:90 for 6 h at 37°C prior to
storage at -80°C. Before use, MET-1 supernatant was thawed, centrifuged and filter
sterilized using 0.2 µm filters (Sarstedt, Nümbrecht, Germany). Supernatants from
individual bacterial strains were prepared in a similar manner.
2.7 Reverse transcriptase-polymerase chain reaction (RT-PCR)
Total RNA from dorsal root ganglia (DRG) and NG was extracted using the
RNeasy plus mini kit (Qiagen, Venlo, Netherlands). The total RNA extracted was used to
transcribe the first-strand cDNA using high-capacity cDNA reverse transcription kits
(ThermoFisher Scientific, Waltham, MA, USA). The RT-PCR amplification of mouse βactin and PAR1-4 was performed using Taq polymerase (Promega, Madison, WI, USA).
The reaction mixture for PCR amplification was initially activated at 95˚C for 2 min
following which cDNA was amplified with custom-synthesized primers (Invitrogen
Corporation, Carlsbad, CA, USA) (Table 1) by 30 cycles of denaturation at 95˚C for 30
sec, annealing at 60˚C for 30 sec and extension at 72˚C for 60 sec. The final product was
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extended at 72˚C for 5 min. It was then visualized in SYBR safe DNA gel (ThermoFisher
Scientific, Waltham, MT, Canada) stained 1.5% agarose gels.
2.8 Antibiotic treatment
Mice were treated with antibiotics via drinking water containing vancomycin
hydrochloride (VCN) (50 ng/ml) for 7 days. Body weight was monitored daily. Mice
were euthanized on the 7th day, its NG isolated, enzymatically dissociated, cultured
overnight and used for our perforated patch-clamp experiments. Recovery mice were
given normal drinking water for 21 more days following antibiotic treatment and
euthanized on 28th day. Control mice were given normal drinking water for a similar time
period.
2.9 Induction of colitis
Colitis was induced via drinking water ad libitum containing 3% dextran sodium
sulphate (DSS) for 5 days, followed by a 2-day recovery period where the mice were
provided with normal drinking water. Body weight was monitored daily.
2.10 Evaluation of the anti-inflammatory effect of VCN
To evaluate the anti-inflammatory effect of VCN treatment, colitis was induced
(as explained before) on VCN treated mice. Mice were divided into three experimental
groups (n = 5/group). The vehicle-treated control, mice were given normal drinking water
throughout the entire experimental period. Similarly, the DSS-group mice were provided
with normal drinking water for the first 7 days following which the protocol for induction
of colitis was commenced. Finally, for the ABX-group mice were provided VCN for the
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first 7 days following which, like the DSS-group, colitis was induced in them as well.
Mice were euthanized on the 15th day.
2.11 Measurement of MPO activity
Colonic tissue isolated from the control and VCN-treated mice were weighed and
immediately frozen for future study. On the day of the experiment, the frozen colonic
tissue was homogenized in hexadecyltrimethylammonium bromide buffer at a ratio of 50
mg tissue to 1 ml buffer following which it was centrifuged for 2 min at 14000 rpm. 7 l
from the supernatant were used for colorimetric reaction with 200 l of the reaction
mixture containing 16.7 mg of O-dianisidine dihydrochloride, 90 ml of distilled water, 10
ml of potassium phosphate buffer, and 50 l of 1% hydrogen peroxide. Myeloperoxidase
activity was calculated from the color produced by the reaction which was read using a
microplate UV scanner at 460 nm.
2.12 Blood serum collection
Blood was obtained by cardiac puncture of anesthetized mice. The collected blood
was left at room temperature till coagulation. Serum was obtained from the coagulated
blood by centrifugation for 10 min at 3000g and then stored at -20 C. To determine the
effect of serum, dissociated NG neurons from sham mice were treated overnight with 5%
(for VCN study) or 3% (for DSS study) of the thawed serum and used for patch-clamp
experiments.
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2.13 Stool Microbial Analysis
The stool was collected by placing each animal in a sterile cage-free of bedding
until it produced a sufficient amount of stool for analysis (~3 pellets). The animal was
then returned to its regular cage and the stool sample collected aseptically and stored in
95% ethanol at -80˚C until analysis. This collection procedure was performed on day zero
prior to antibiotic treatment, day 7, directly after antibiotic treatment, and every seven
days following until day 28 for a total of 5 samples from each animal (day 0, 7, 14, 21,
and 28). DNA was extracted using the Quick-DNA™ Fecal/Soil Microbe Miniprep Kit
(ZYMO Research - D6010) according to the manufacturer’s instructions. Approximately
150 mg of fecal sample (4-5 mouse stool pellets) was used for extraction. DNA was
eluted in 100 µl of DNA Elution Buffer.
Following DNA extraction, 1 μl of each sample (including a nuclease-free water
negative control and an E. Coli standard positive control) was added to an initial
amplicon polymerase chain reaction (PCR). Sequencing libraries were prepared using the
Nextera XT Index Kit (Illumina, FC‐131‐1001) protocol according to the manufacturer’s
instructions, with the following modifications:
An initial PCR reaction, using the Invitrogen Platinum™ Taq DNA Polymerase,
amplified genomic DNA using region of interest-specific primers with overhand adapters
(Forward: 5'
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG3’, Reverse: 5'GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAA
TCC-3’) for the 16S V3 and V4 region.
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PCR cycle was run as follows: 95°C for 3 minutes followed by 30 cycles of 95°C
for 30 seconds, 55°C for 30 seconds, 72°C for 30 seconds, followed by a final ligation
step of 72°C for 5 minutes. PCR results were validated by loading 10 µl of PCR product
onto a 2% agarose gel and running the gel at 120V for 45 minutes. The remaining PCR
product (40 µL) were then individually transferred to a ThermoFisher Scientific 0.2 mL
Standard 96 well PCR plate. No more than 16 samples were analyzed at once. At the end,
the supernatant was transferred to fresh, labeled 1.5 ml microcentrifuge tubes and stored
at -20 °C. The ThermoFisher Scientific Qubit™ dsDNA HS Assay Kit was used for this
step, according to the manufacturer’s instructions. Libraries over 2 ng/µL were
considered good enough to proceed. Library validation was done every 10-20 libraries.
To validate the library, 1 µl of the sample was run on an Agilent Technologies 2100
Bioanalyzer trace, to verify the size. Using the V3 and V4 primer pairs in the protocol,
the expected size on a Bioanalyzer trace of the final library was ~630 bp. The MiSeq run
output is approximately > 20 million reads and, generates > 100,000 reads per sample,
commonly recognized as sufficient for metagenomic surveys.
2.14 Metagenomics
Bioinformatics analysis was performed at the Queen’s University high
performance computing cluster using an in-house designed analysis pipeline. Raw
sequencing read quality was assessed using FastQC tool and sequencing read quality or
adapter contamination was corrected using seqtk, FASTX-Toolkit, and Cutadapt. Reads
passing quality control were preprocessed using the Quantitative Insights into Microbial
Ecology (QIIME) suite of analysis tools. Preprocessed reads were used as input for
operational taxonomic unit (OTU) picking against the Greengenes database with
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QIIME’s pick_open_reference_otus.py script and clustered at 97% identity. Generated
OTUs were normalized in R using the metagenomSeq statistical package to eliminate
sampling biases. Visualization of normalized OTU data was completed with QIIME’s
plot_taxa_summary.py. Statistical and graphical analysis of data was conducted with the
Statistical Analysis of Metagenomic Profiles (STAMP) and MicrobiomeAnalyst analysis
packages to identify OTUs of interest.
2.15 Drugs
C-34 was purchased from Tocris Bioscience (Bristol, UK), GB 83 was purchased
from Axon Medchem (Groningen, Netherlands) and DSS was purchased from MP
Biomedicals, LLC (Solon, OH, USA). All other drugs were purchased from SigmaAldrich (St Louis, MO, USA).
2.16 Statistical analysis
Data are presented as scatter plot with mean ± S.E.M. The number of mice used
for each experiment is reported as N. For normally distributed data, differences were
measured using Student's t-test for comparisons of two data sets and for more than two
groups, one-way analysis of variance (ANOVA) followed by Tukey's multiple
comparisons test was used. IV relations were compared by two-way ANOVA, followed
by Sidak’s multiple comparison test. For data that were not normally distributed,
Kruskal–Wallis test followed by Dunn’s multiple comparison test was used. p ≤ 0.05 was
considered statistically significant.
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Chapter 3
Protease-dependent excitation of nodose ganglion neurons by
commensal gut bacteria
3.1 Introduction
An accumulating body of evidence has established that the gut microbiota is
capable of signaling to the central nervous system (CNS). The interactions between gut
microbes and the CNS have been implicated in regulating fundamental processes such as
memory formation (48, 214), psychological disorders such as stress (215) and depression
(216), and may play a role in neurodegenerative disorders, including Parkinson’s and
Alzheimer’s disease (217). The potential clinical impact of these interactions has spurred
efforts to better understand the signaling pathways involved in the interaction between
the gut microbiota and the brain (218, 219). Luminal microbes may influence the CNS
via the circulation due to effects on the immune system or EE cells, or by of microbial
production of mediators, including SCFA that can affect the CNS (220-222). There are
also two prominent afferent neural pathways connecting the gut and the CNS: spinal
afferents, with cell bodies in the dorsal root ganglia, and vagal afferents, with cell bodies
in the nodose and jugular ganglia (223).
Vagal afferent neurons are thought to be important for the behavioral effects of
gut bacteria (224-226). Lactobacillus rhamnosus was previously found to reduce anxiety
and depression in mice (58). This beneficial effect was lost in mice that had undergone a
vagotomy, which suggests that the behavioral effects of this gut microbe required
signaling by vagal afferent neurons. Similarly, the anxiolytic effect of Bifidobacterium
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longum on mice was also absent following vagotomy, which further highlights the
interaction between the vagus nerve and gut microbiota (187). More recently, spatial and
episodic memory were impaired following selective ablation of vagal afferent neurons in
rats (214). Although these studies offer tantalizing evidence that the vagus nerve is a
potential conduit between the gut microbiota and the brain there is a lack of mechanistic
insight into how gut microbes might impact the function of vagal afferent pathways
(219).
Accordingly, my primary focus was to examine if vagal afferent neuron
excitability is altered by the products of the gut microbiota and determine the
mechanisms of this interaction. A human stool-derived microbial community, MET-1
containing the secretory products of 33 bacterial species isolated from the stool of healthy
human volunteer (227), was used to determine the effect of gut-commensals on the
excitability of NG neurons. Additionally, I compared the mechanisms of these effects
with those underlying the effect of LPS, a component of the cell wall of gram-negative
bacteria, which has previously been shown to excite NG neurons (228).
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3.2 Results
3.2.1 MET-1 increases the excitability of NG neurons.
To determine the effect of MET-1 on NG neurons, I incubated isolated NG
neurons overnight in MET-1 supernatant. In contrast to the inhibitory effect of MET-1 on
the excitability of DRG neurons (229), MET-1 increased the excitability of NG neurons
by decreasing rheobase, (Fig 3.1A & 3.1B; F (3, 92) = 3.33, p < 0.05, one-way ANOVA
followed by Tukey's multiple comparison test). MET-1 (1:100) was used in all
subsequent experiments. Consistent with the excitatory effect of MET-1 on rheobase, the
number of action potentials discharged at 2 x rheobase was significantly increased by
MET-1 (Figure 3.1C and 3.3D). However, input resistance (0.8 ± 0.05 G vs 0.9 ± 0.08
G) and RMP (-65.4 ± 0.8 mV vs -64.9 ± 1.1 mV) of NG neurons treated with MET-1
(1:100) were not significantly different when compared with untreated control neurons.
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Figure 3. 1 MET-1 supernatant increases the excitability of NG neurons.
(A) Example traces from a typical NG neuron showing that incubation of the NG neurons
with MET-1 (1:100) overnight increased the excitability of the neurons by decreasing the
rheobase compared to neurons treated with media alone. (B) Dilution-dependence of
MET-1 on rheobase (N = 5 mice). (C and D) The number of APs discharged at 2 x
rheobase was significantly increased by MET-1 (N = 5 mice). * p < 0.05
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3.2.2 MET-1 modulates the voltage-dependence of activation of voltage-gated Na+
channels.
As my data showed increased excitability of the NG neurons without a significant
effect on the input resistance, I examined whether MET-1 increased rheobase by
affecting the function of voltage-gated Na+ or K+ currents. Although no significant
difference was observed in the current density of voltage-gated Na+ current (Fig 3.2A, F
(21, 1012) = 0.64, p = 0.89, two-way ANOVA followed by Sidak's multiple comparison
test), the voltage-dependence of activation of Na+ current was shifted in a
hyperpolarizing direction in cells exposed to MET-1 (Fig 3.2B, F (15, 690) = 3.58, p <
0.01, two-way ANOVA followed by Sidak's multiple comparison test). Furthermore,
when fitted with Boltzmann's function MET-1 treatment significantly hyperpolarized the
voltage of half-activation of Na+ conductance (Fig 3.2C, t (46) = 2.09, p = 0.04, unpaired
t-test). However, the slope factor of the voltage-dependence of Na+ conductance was not
significantly different (0.21 ± 0.03 vs 0.26 ± 0.03, p = 0.24, unpaired t-test). I also
compared the IV relation of voltage-gated K+ currents in control cells and cells exposed
to MET-1. There were no significant differences in the current density between control
and MET-1 treated NG neurons (Fig 3.2D; F (14, 450) = 0.22, p = 0.1, two-way ANOVA
followed by Sidak's multiple comparison test).

45

Figure 3. 2 MET-1 hyperpolarized the voltage-dependence of half activation of Na+
conductance.
(A) Overnight incubation of the NG neurons with MET-1 (1:100) had no effect on the
current density of voltage-gated Na+ current compared with neurons treated with media
alone (N= 8 mice). (B) Comparison of the voltage-dependence of activation of Na+
conductance in control and MET-1 treated neurons (N = 8 mice). (C) The voltagedependence of half activation of the Na+ current was significantly hyperpolarized by
MET-1 (N = 8 mice). (D) MET-1 supernatant had no effect on the voltage-gated K+
current density (N = 3 mice). * p< 0.05
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3.2.3 Mediators responsible for MET-1 effects on neuronal excitability.
I next sought to identify the mediator(s) responsible for the effect of MET-1 on
NG neurons. First, I heat-inactivated the MET-1 solution at 100ºC for 20 min and then
allowed it to cool before adding to the dissociated NG neurons. The rheobase of the
neurons treated with heat-inactivated MET-1 (1:100) was similar to that of control NG
neurons (55.79 ± 5.15 pA vs 47.37 ± 4.32 pA, t (36) = 1.25, p = 0.22, unpaired t-test, data
not shown) suggesting the excitatory effect of MET-1 on NG neurons was lost on heating
the MET-1 solution.
In earlier work from our laboratory, we observed a protease-dependent effect of
MET-1 on DRG neurons (229). Therefore, I pre-incubated MET-1 supernatant with a
protease inhibitor (PI) cocktail (1:10000) for 1 hr before applying it to the isolated NG
neurons to see if the mediator responsible for the effect of MET-1 is a protease. The PI
cocktail blocked the increase in NG neuron excitability in response to MET-1 (Fig 3.3A,
F (4, 78) = 10.09, p = 0.02, one-way ANOVA with Kruskal-Wallis test followed by
Dunn's multiple comparison test).
The PI chosen is a mixture of five different bacterial protease inhibitors, i.e.
serine, cysteine, metalloprotease, acid proteases, and aminopeptidases. Therefore, to
evaluate if the effect is due to a specific protease, I used inhibitors of specific protease
classes. E-64 (30 nM), a cysteine protease inhibitor, blocked the effect of MET-1 on NG
neuron rheobase (Fig 3.3B, F (3, 104) = 4.70, p < 0.01, one-way ANOVA with Tukey’s
multiple comparison test). In contrast, pre-incubation of MET-1 with either the serine
protease inhibitor (FUT 175, 10 µM) or the aminopeptidase inhibitor (bestatin, 200 nM)
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had no effect on MET-1’s ability to increase excitability of NG neurons (Fig 3.3C, F (3,
63) = 6.21, p < 0.01, one-way ANOVA with Tukey’s multiple comparison test and Fig
3.3D, F (3, 61) = 6.97, p < 0.01, one-way ANOVA with Tukey’s multiple comparison
test). Given the ability of a cysteine protease inhibitor to block MET-1’s effect on
excitability, I investigated whether a cysteine protease, papain 20 µM, recapitulates the
effect of MET-1 on the excitability of NG neurons. Exposure of NG neurons with 20 µM
papain (230) for 10 minutes decreased neuronal rheobase (Fig 3.3E, t (31) = 2.84, p =
0.01, one-way ANOVA with Tukey’s multiple comparison test).
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Figure 3. 3 Cysteine protease mediates the effect of MET-1 on NG neurons.
(A) The rheobase of the NG neurons treated with MET-1 (1:100) was significantly
decreased compared with those treated with media alone; pre-treatment of the neurons
with protease inhibitor cocktail (1:10000) blocked this effect (N = 12 mice). (B) MET-1
treatment decreased the rheobase of the NG neurons; pre-treatment with the cysteine
protease inhibitor E-64 (30 nM) abrogated this effect (N = 11 mice). (C & D) The serine
protease inhibitor FUT-175 (100 M) (N = 5 mice) and aminopeptidase inhibitor Bestatin
(200 nM) (N = 5 mice) did not impact MET-1’s effect on rheobase. (E) Superfusion of
the cysteine protease, papain (20 M) for 10 minutes produced a similar effect on the
excitability of NG neurons as MET-1 (N = 5 mice). * p < 0.05
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3.2.4 The effect of MET-1 on NG neurons is mediated by protease-activated
receptor-2 (PAR2).
Recent studies have highlighted the ability of cysteine proteases to sensitize
sensory neurons via PAR2 in DRG neurons (231, 232), which led us to examine the role
of PAR2 in MET-1 induced increased excitability of the NG neurons. Pre-incubation of
NG neurons for 1 hr with the PAR2 antagonist GB 83 (10 µM) abrogated the effect of
MET-1 (Fig.3.4A, F (3, 60) = 4.91, p < 0.01, one-way ANOVA with Tukey's multiple
comparison test). Following this, I examined if activation of PAR2 can increase the
excitability of NG neurons. Earlier studies have demonstrated that trypsin can activate
PAR2 (233, 234). Incubation of NG neurons with trypsin (50 nM) significantly increased
neuronal excitability (Fig 3.4B, F (2, 42) = 4.09, P = 0.02, one-way ANOVA with
Tukey's multiple comparison test), further supporting my earlier observation that the
effect of MET-1 is mediated by PAR2.
An earlier study identified a role for PAR4 activation in the inhibition of DRG
neurons by MET-1. Therefore, I next focussed on delineating the role of PAR4 on MET1 induced excitation of NG neurons. Pre-incubation of NG neurons for an hour with
PAR4 antagonist, ML 354 (10 µM) (235) did not impact the excitatory effect of MET-1
on NG neurons (Fig 3.4C, F (3, 55) = 5.66, p < 0.01, one-way ANOVA with Tukey's
multiple comparison test). Therefore, I investigated whether there is a difference in the
expression of PAR2 and PAR4 in NG neurons compared to DRG neurons which might be
the reason behind the discrepancy observed between the two neurons. However, our RTPCR experiments detected the expression of PAR2 and PAR4 mRNA in NG as well as
DRG neurons (Fig 3.4D). Finally, I studied if PAR4 agonist, Ala-Tyr-Pro-Gly-Lys-Phe50

NH2 trifluoroacetate salt (PAR4-AP, 100 µM) (236) was capable of modulating the
excitability of NG neurons. However, overnight incubation of PAR4-AP had no effect on
the excitability of NG neurons (Fig 3.4E, t (40) = 0.33, p = 0.74, unpaired t-test).
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Table 1. Sequence of primers used to analyze the expression of mouse PAR 1-4
Gene

Primer

Sequence (5’ to 3’)

Product
length

-actin

PAR1

Forward

CTG GTC GTC GAC AAC GGC TCC

Reverse

GCC AGA TCT TCT CCA TG

Forward

AGC CAG CCA GAA TCA GAG
AG

238 bp

206 bp

Reverse

PAR2

Forward

TCG GAG ATG AAG GGA GGA
G
GGA CGC AAC AAC AGT AAA
GGA

289 bp

Reverse

PAR3

Forward

CAG AGA GGA GGT CAG CCA
AG
AGA CAA CTC AGC AAA GCC
AAC

243 bp

Reverse

PAR4

Forward

TAG CCC TCT GCC TTT TCT
TCT
AGC CGA AGT CCT CAG ACA AG

Reverse

GCA AGT GGT AAG CCA GTC GT
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303 bp
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Figure 3. 4 The effect of MET-1 on NG neurons is PAR-2 dependent and PAR-4
independent.
(A) MET-1(1:100) increased the excitability of the NG neurons by decreasing the
rheobase compared with media; this effect is blocked by treating the NG neurons with the
PAR2 antagonist, GB 83 (10 M) (N = 6 mice). (B) Acute application of the PAR2
agonist trypsin (50 nM) decreased the rheobase of the NG neurons compared to media
alone, increasing the excitability of the NG neurons (N = 5 mice). (C) The effect of MET1 on rheobase of NG neurons was not modulated by pre-treatment with selective PAR4
antagonist ML 354 (10 M) (N = 5 mice). (D) RT-PCR data showing that PAR2 and
PAR4 are expressed in both nodose ganglia and dorsal root ganglia. () Overnight
incubation of NG neurons with the PAR4-activating peptide ATPGP-NH2 (100 M) had
no effect on the rheobase of NG neurons (N = 5 mice). * p < 0.05
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3.2.5 Bacterial strain responsible for increasing the excitability NG neurons.
In our previous study, we found that a single bacterial strain within MET-1,
Fecalibacterium prausnitzii 16-6-I 40 FAA (F. prausnitzii 40 FAA), could recapitulate
the effect of MET-1 on the excitability of the DRG neurons (229). Therefore, I next
aimed to identify the bacterial strain accountable for the effect of MET-1 on NG neurons.
I tested the bacterial strains Lactobacillus paracasei 6MRS (L. paracasei 6MRS), F.
prausnitzii 40 FAA, and Bifidobacterium longum 16-6-I 4FM (B. longum 4M) as these
strains have previously been implicated in gut microbiota-visceral afferent signaling.
Supernatant from L. paracasei 6MRS (1:100) (Fig 3.5A, t(34) = 2.4, p = 0.02, unpaired ttest), but not from F. prausnitzii 40 FAA (1:100) (Fig. 3.5B, t(35) = 0.07, p = 0.95,
unpaired t-test) and B. longum 4M (1:100) (Fig. 3.5C, t (31) = 0.14, p = 0.89, unpaired ttest) affected the excitability of NG neurons. Additionally, E-64, 30 nM (Fig 3.5D, F (2,
60) = 4.70, p = 0.01, one-way ANOVA with Tukey`s multiple comparison test) and GB
83 10 M (Fig 3.5E, F (2, 50) = 3.80, p = 0.03 one-way ANOVA with Tukey’s multiple
comparison test) blocked the effect of L. paracasei 40 FAA on NG neurons, which
supports the notion that L. paracasei 40 FAA recapitulates the effect of MET-1 on NG
neurons. However, it cannot be excluded that other strains within MET-1, that aren’t
analyzed in my study, also excite NG neurons.
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Figure 3. 5 Lactobacillus paracasei 6MRS recapitulates the effect of MET-1 on NG
neurons.
(A) Application of supernatant from L. paracasei 6MRS increased the excitability of the
NG neurons by decreasing their rheobase compared with the NG neurons treated by
media alone (N = 5 mice). (B & C) Incubation with F. prausnitzii 40 FAA (N = 5 mice)
and B. longum 4M (N = 5 mice) had no effect on the rheobase of the NG neurons. (D &
E) Pre-incubation with the cysteine protease inhibitor, E-64 (30 nM) (N = 5 mice) and the
PAR2 antagonist, GB 83 (10 M) (N = 5mice) attenuated the effect of L. paracasei
6MRS on the NG neurons. * p < 0.05
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3.2.6 Comparison of the mechanisms of MET-1 and LPS effects on NG neuronal
excitability.
A previous report described an excitatory effect of LPS on NG neuronal
excitability (228). I sought to determine whether the excitatory effect of LPS was
mediated by similar or distinct signaling pathways to those employed by MET-1
supernatant. Overnight incubation of ultrapure LPS from Escherichia coli 05:B5 (10
µg/ml) decreased the rheobase of NG neurons, thus increasing its excitability (Fig 3.6A, t
(49) = 2.65, p = 0.01, unpaired t-test). Moreover, the toll-like receptor-4 (TLR4) inhibitor
C-34 (10 µM) blocked the effect of LPS on NG neurons (Fig 3.6B, F (2, 65) = 5.31, p <
0.01; one-way ANOVA followed by Tukey's multiple comparison test). I next focussed
on whether similar intracellular signaling pathways mediated the effects of LPS and
MET-1. Incubation of the NG neurons with GB 83 (10 µM) for one hour before the
administration of LPS did not block the increased excitability of NG neurons in response
to LPS (Fig 3.6C, F (2, 69) = 5.39, p < 0.01, one-way ANOVA followed by Tukey's
multiple comparison test). Conversely, C-34 also didn’t alter the effect of MET-1 on NG
neurons (Fig 3.6D, F (3, 55) = 6.50, p < 0.01, one-way ANOVA followed by Tukey's
multiple comparison test). Earlier studies have suggested that LPS-induced excitation of
neuroendocrine cells is downstream of TLR4 activation of NF-κB signaling (237).
Consistent with these studies, the NF-κB inhibitor SC-514 (20 µM) blocked the effect of
LPS on NG neurons (Fig 3.6E, F (2, 65) = 7.29, p < 0.01, one-way ANOVA with
Tukey’s multiple comparison test). In contrast, SC-514 had no effect on the increased
excitability of NG neurons due to MET-1 incubation (Fig 3.6F, F (2, 50) = 11.64, p <
0.01, one-way ANOVA with Tukey’s multiple comparison test). Together, these findings
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suggest that LPS excites NG neurons due to TLR4 activation and NF-κB signaling,
whereas MET-1 induced excitation is the consequence of PAR2 activation by a cysteine
protease.
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Figure 3. 6 MET-1 and LPS increase the excitability of the NG neurons through
distinct intracellular pathways.
(A) Administration of LPS (10 g/ml) increased the excitability of the NG neurons by
decreasing the rheobase of the neurons compared to media alone (N = 5 mice). (B) The
effect of LPS (10 g/ml) on the NG neurons were inhibited by the TLR4 inhibitor, C-34
(10 M) (N = 6 mice). (C) In contrast, GB 83 (10 M) (N = 5 mice) had no influence on
the ability of LPS to excite NG neurons. (D) Conversely, the TLR4 inhibitor, C-34 (10
M) had no effect on the increase in excitability of NG neurons due to MET-1 (N = 5
mice). (E) Pre-incubation of the NG neurons with the NF-κB inhibitor SC-514 (20 M)
abolished the effect of LPS (N = 8 mice) but had no effect on MET-1 (F) induced
hyperexcitability of the NG neurons (N = 5 mice). * p < 0.05
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3.3 Discussion
In this study, I have shown that the excitability of vagal afferent neurons can be
modulated by the bacterial inhabitants of the GI tract. A community of human
commensal GI bacteria, a single strain of commensal bacteria, L,paracasei 6MRS and
LPS, a bacterial cell wall component, each have pronounced excitatory effects on vagal
afferent neurons. Furthermore, I have identified an important role for cysteine proteases
acting on PAR2 as a mediator of communication between commensal bacteria and vagal
afferent neurons. Together, these data provide an important new mechanistic context to
earlier studies that implicated the vagus nerve as a conduit of communication between the
gut microbiota and the central nervous system (219).
3.3.1 Contrasting effects of the microbiota on vagal afferent and spinal afferent
pathways
One of the most striking findings of this study is that commensal bacteria have
opposite effects on the two neuronal afferent pathways linking the gut microbiota and the
CNS: vagal afferent neurons and spinal afferent neurons. MET-1 increased the
excitability of NG neurons, likely due to an effect on the voltage-dependence of
activation of INa whereas DRG neurons were less excitable following exposure to MET-1,
due to an increase in IK (229). Furthermore, while proteases are involved in the
communication between bacteria and visceral afferent neurons, there are distinct
differences between DRG and NG neurons in the mechanisms involved. DRG neuron
excitability was reduced by MET-1 through the activation of PAR4 by a serine protease
(229). In contrast, the excitation of NG neurons was mediated by cysteine protease
activation of PAR2. These observations led me to question why the serine proteases
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present in MET-1 (229) did not exert a PAR4-dependent effect on NG neuron excitability.
I first determined whether NG neurons express PAR4. Consistent with previous studies
(119, 238), I detected mRNA encoding PAR2 and PAR4 in DRG and NG neurons.
However, administration of the PAR4 activating peptide had no effect on NG neurons.
This suggests that, although PAR4 mRNA is present in the NG, the receptor is either not
functional in these neurons, is only expressed in a small minority of NG neurons or is not
coupled to signaling pathways that modulate NG neuronal excitability.
Another noteworthy difference between the effects of commensal microbes on
vagal afferent and spinal afferent neurons is the bacterial species within the MET-1
community that is responsible for neuromodulation. DRG neurons were inhibited by
supernatant from F.prausnitzii 16-6-I 40 FAA, whereas supernatant from this bacterium
had no effect on NG neurons. This may be due to the lack of PAR4-mediated signaling in
NG neurons, as discussed above. In contrast, supernatant from L.paracasei 6MRS had
no effect on DRG neurons (229) but excited NG neurons. Whether these differences
reflect selective interactions between individual microbes and afferent neurons or is
simply a consequence of differences in PAR expression and function between NG
neurons and DRG neurons remains to be determined.
LPS, a component of gram-negative bacteria, affects the physiology of a large
number of eukaryotic cells that express TLR4, including immune cells, epithelial cells,
endocrine cells and neurons (239-241). Activation of TLR4 leads to intracellular
signaling pathways that include activation of NF-κB and changes in gene transcription
(240). Ultrapure LPS from Escherichia coli had no impact on the rheobase of DRG
neurons, whereas standard LPS decreased DRG neuronal rheobase, indicating an
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excitatory effect. However, the excitatory effect of standard LPS was still observed in
TLR4 knockout mice (242). NG neurons also express TLR4 (243), and LPS has
excitatory effects on NG neurons, which is consistent with our current observations.
Additionally, LPS can excite NG neurons in a TLR4-independent manner due to an
increase in the activity of TRPA1 channels (228). However, the excitatory effect of
ultrapure LPS on NG neurons seen in our study was blocked by the TLR4 antagonist C34 and by inhibition of NF-κB signaling by SC-514. Together, these findings indicate
that TLR4 activation has different consequences in DRG and NG neurons: no effect in
DRG neurons and excitation in NG neurons. Furthermore, our findings and those of
Meseguer et al 2014 suggest that commensal microbes can excite vagal afferent neurons
via multiple signaling pathways: cysteine protease-mediated activation of PAR2, and
TLR-dependent and -independent effects of LPS.
3.3.2 Potential physiological relevance
Vagal afferent neurons that innervate the gut monitor several important
physiological variables, including nutrient status and inflammatory status. The central
terminals of vagal afferent neurons innervate the NTS, which in turn innervates several
nuclei in the hypothalamus and preganglionic parasympathetic neurons in the brain stem
(156). Indeed, previous studies have demonstrated that LPS treatment of rats in vivo
activates vagal afferent neurons and downstream neurons in the NTS. Given the
excitatory effects of commensal microbes on vagal afferent neurons, this may result in
satiety signaling or the activation of parasympathetic pathways, including the cholinergic
anti-inflammatory pathways.
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Changes in the gut microbiota have been implicated in the development of obesity
for many years, through effects ranging from nutrient harvesting, metabolism, and
inflammation (244, 245). Furthermore, chronic infusion of LPS over six weeks leads to
reduced vagal satiety signaling, hyperphagia and increased adiposity (246, 247). Given
the acute excitatory effects of LPS and MET-1 on vagal afferent neurons (228), chronic
exposure of LPS may lead to downregulation of this excitatory signaling access and
thereby reduce the excitability of vagal afferent neurons. Consistent with this, chronic
LPS administration in vivo led to reduced vagal satiety responses to CCK and leptin
(247).
Activation of vagal afferent neurons by the commensal gut microbiota may lead
to activation of the cholinergic anti-inflammatory pathway. This is supported by a recent
study that demonstrated the ability of selective electrical stimulation of abdominal vagal
afferent to suppress TNF  production in a rat model of sepsis. If this is correct, it is
possible that a tonic vagally-mediated anti-inflammatory effect of the commensal
microbiota may contribute to immune tolerance of commensal microbes. However,
commensal microbes also have well-characterized direct immunomodulatory effects that
occur independently of vagal afferent neurons (248). In addition, previous studies have
shown that vagal afferent pathways in rats are activated in response to oral gavage of
pathogenic bacteria, including Campylobacter jejuni and Salmonella enterica
Typhimurium (249, 250); which suggests that vagal afferent neurons may not be capable
of distinguishing between commensal and pathogenic gut microbes.
Overall, our findings identify two potential mechanisms that may enable vagal
afferent neurons to detect the composition of the intestinal microbiota. Microbial cysteine
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proteases from commensal gut bacteria stimulate vagal afferent neurons by activation of
PAR2 and modulation of the voltage-dependence of INa. LPS enhances vagal afferent
excitability by activation of NF-B downstream of TLR4 activation. Together, these
parallel pathways of vagal afferent signaling to the brain stem may mediate some of the
behavioral influences of the gut microbiota, especially in states such as obesity and
intestinal inflammation when gut epithelial barrier function is compromised. It is also
likely that EE cells/neuropod cells (251-253) facilitate communication between luminal
microbes and vagal afferent neurons. Given the diverse functions modulated based on
vagal afferent inputs, microbial influences on these pathways may have widespread
effects on host physiology and behavior.
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Chapter 4
The effect of vancomycin-induced perturbation of the gut microbiota on
the excitability of the vagal afferent pathway of the gut.
4.1 Introduction
Gut microbial dysbiosis, which is associated with pathogenesis of many notable
diseases like IBD, celiac disease, obesity, colorectal cancer, and autism spectrum
disorder, is defined as a state of imbalance in the gut microbial ecosystem which could
result in overgrowth of some organism and loss of some other organisms (213) (254). As
my previous chapter demonstrated the ability of gut commensal to modulate the
excitability of NG neurons, I hypothesized that the alteration of gut microbiota during gut
microbial dysbiosis can modulate the excitability of NG neurons. Accordingly, the main
focus of this study was to examine the effect of gut microbial dysbiosis on the vagal
afferent neurons. There are multiple approaches that can be used to induce gut microbial
dysbiosis, one of which is the administration of antibiotics (255, 256). Particularly board
spectrum antibiotics were suggested to drop the taxonomic richness, diversity, and
evenness. Vancomycin (VCN), the preferred treatment for Clostridium difficile infection
(257, 258), is a non-absorbable antibiotic which alone or with combination with other
antibiotics can cause the depletion of most bacterial species found in GI tract (259, 260).
Therefore, I studied the effect of VCN-induced gut microbial dysbiosis on the excitability
of NG neurons. Additionally, I identified the mediator and cellular mechanism by which
VCN treatment modulated the excitability of NG neurons. Finally, I also investigated the
effect of VCN administration in a mouse model of IBD.
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4.2 Results
4.2.1 VCN administration increases the excitability of NG neurons.
To determine the effect of VCN administration on the excitability of the NG neurons
I compared the rheobase of NG neurons dissociated from control and VCN treated mice.
Administration of VCN significantly lowered the rheobase of the NG neurons, suggesting
these neurons were more excitable than the NG neurons from control mice (Fig 4.1A,
4.1B, & 4.1C t (46) = 2.03, p = 0.05, unpaired t-test). Nevertheless, no significant
differences were noted in RMP (-69.17 ± 0.88 mV vs -68.82 ± 0.90 mV) and IR (1.05 ±
0.07 G vs 1.26 ± 0.09 G) of the neurons.
An earlier study had reported that the antibiotic-induced gut-microbial dysbiosis is
reversed after 3 weeks (261). Therefore, I allowed a group of VCN treated mice to
recover for 3 weeks following which NG neurons from these mice were cultured to
measure their rheobase. No significant difference was observed in rheobase between the
control and recovered mice suggesting maybe the effect of VCN treatment on the NG
neurons was due to gut-microbial dysbiosis induced by administration of VCN (Fig 4.1F,
t (96) = 0.1, p = 0.32, unpaired t-test).
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Figure 4. 1 VCN treatment increases the excitability of NG neurons.
(A&B) Rheobase of NG neurons from VCN treated mouse was consistently lower than
the rheobase of NG neurons from control mice. (C) Summary of the effect of VCN
administration on NG neurons of mice. (D&E) Rheobase of NG neurons from recovery
mouse was similar to the rheobase of NG neurons from control mice. (F) Summary of the
effect of recovery on rheobase of NG neurons in control and VCN administered mice (N
= 4 mice per group). * p < 0.05
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4.2.2 VCN administration modulated the gut microbial composition in mice.
To confirm VCN administration induced gut microbial dysbiosis in mice, I
performed stool microbial analysis of control and VCN-administered mice. The principal
component analysis plot of stool from control mice demonstrated little change for 28
days whereas in case of VCN-treated mice the microbial population drastically changed
in the first week whereas gut microbial dysbiosis gradually reversed by the 28th day (Fig.
2A & 2B). Additionally, on comparing the population of the bacterial species VCNtreatment significantly increased the concentration of gram-negative Enterobacteriaceae
whereas the concentration of gram-positive Lachnospiraceae was decreased (Fig. 2C).

Figure 4. 2 Impact of VCN exposure on microbial communities.
(A) PCA plot of microbial population in naive mice showing little change over 28 days.
(B) PCA plot of VCN-treated animals showing drastic changes following VCN
administration. (C) Population data demonstrating an increase in gram-negative
Enterobacteriaceae and a decrease in gram-positive Lachnospiraceae following VCN
administration (N = 8 mice, per group).
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4.2.3 VCN administration increased the current density of Na+ channels and
hyperpolarized the voltage dependence of half-activation of Na+ conductance.
Voltage-clamp recordings from NG neurons were obtained to investigate if the
increase in excitability of NG neurons was due to modulation in the activity of voltagegated ion channels. Although, administration of VCN had no effect on current density of
the voltage-gated K+ current (Fig 4.3A; F (14, 705) = 1.14, p = 0.32, two-way ANOVA
followed by Sidak’s multiple comparison test), the current density of the voltage-gated
Na+ currents was significantly increased (Fig 4.3B & 4.3C; F (21, 836) = 2.16, p = 0.01,
two-way ANOVA followed by Sidak’s multiple comparison test). Furthermore, on
determining the voltage dependence of activation of Na+ conductance, administration of
VCN hyperpolarized the voltage dependence of activation of Na+ conductance. Finally,
on fitting to Boltzmann’s function, administration of VCN hyperpolarized the voltage
dependence of half activation (Fig 4.3E, t (33) = 3.45, p = 0.01, unpaired t-test) and
increased the slope factor (Fig 4.3F, t (33) = 2.46, p = 0.02, unpaired t-test) of Na+
conductance of NG neurons when compared to the control mice.
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Figure 4. 3 VCN administration increased the current density of Na+ channels and
hyperpolarized the voltage dependence of half-activation of Na+ conductance.
(A) The effect of VCN administration on the current density of voltage-gated K+ current.
(B) Example traces from a typical NG neuron showing the effect of administration of
VCN on Na+ current. (C) The effect of VCN administration on the current density of
voltage-gated Na+ current. (E) The voltage dependence of half-activation of the Na+
conductance in the NG neurons from the VCN treated mice was significantly
hyperpolarized compared to the neurons from control mice. (F) VCN treatment
significantly decreased the slope factor of the NG neurons (N = 5 mice per group). * p <
0.05
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4.2.4 Circulating cysteine proteases increase the excitability of the NG neurons
during VCN treatment via PAR2 activation.
In order to understand the cellular mechanism which resulted in increased excitability
of NG neurons, I first investigated the effect of direct application of VCN on NG
neurons. However, overnight incubation of NG neurons with VCN (17 g/ml) had no
effect on the rheobase of the NG neurons suggesting the increase in the excitability of the
NG neurons isn’t due to direct effect of VCN on NG neurons (Fig 4.4A, t (29) = 0.16, p =
0.88, unpaired t-test). As my data demonstrated an overall, not specifically to the ones
innervating the GI tract, increase in the excitability of NG neurons during VCN
treatment, I postulated the increase in excitability of NG neurons is due to circulating
mediators released during VCN administration. To test my hypothesis, I compared the
effect of 5% serum from control and VCN treated mice on the excitability of NG neurons
from naive mice. The rheobase of the NG neurons treated with 5% serum from VCN
treated mice was significantly lower than the rheobase of the NG neurons treated with
serum from control mice or media alone (Fig 4.4B; F (2, 66) = 3.91, one-way ANOVA
followed by Tukey’s multiple comparison test).
Next, I focused on identifying the mediator responsible for the effect of serum from
VCN treated mice on the NG neurons. An earlier study had described the capability of
proteases from bacteria to modulate the excitability of spinal afferent neurons (120).
Additionally, even in my earlier chapter, I have observed that bacterial proteases can
increase the excitability of NG neurons, therefore I first focused on proteases (120). Preincubation of the serum from VCN treated mice with protease inhibitor cocktail (PI,
1:10000) blocked the effect of serum from VCN treated mice of the NG neurons (Fig
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4.4C, F (2, 59) = 4.40, p = 0.02, one-way ANOVA followed by Tukey’s multiple
comparison test) which suggests that proteases released during VCN treatment resulted in
increased excitability of the NG neurons.
In line with the results from my previous chapter, I next studied the effect of cysteine
protease inhibitor and PAR2 antagonist on VCN-serum exerted effect on NG neurons.
Pre-incubation of the serum from VCN treated mice with a cysteine protease inhibitor, E64 (30 nM) blocked the effect of serum on NG neurons (Fig 4.4D; F (2, 76) = 5.22, p =
0.01, one-way ANOVA using Tukey’s multiple comparison test). Furthermore, preincubation of NG neurons from naive mice with GB 83 for an hour also resulted in
blockage of the VCN-serum induced increase in the excitability of NG neurons (Fig 4.4E;
F (2, 43) = 5.37, p = 0.01, one-way ANOVA followed by Tukey’s multiple comparison
test). These results suggested that the cysteine protease in VCN-serum increased the
excitability of NG neurons via activation of PAR2 expressed in NG neurons.
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Figure 4. 4 Circulating cysteine protease, via PAR2, resulted in increased excitability
of NG neurons during VCN administration.
(A) Incubation of the NG neurons with VCN (17 g/ml) overnight had no effect on its
excitability compared to the NG neurons treated with media alone (N = 3 mice). (B)
Overnight incubation of the NG neurons from naive mice with 5% serum from VCN
treated mice significantly decreased the rheobase of the NG neurons compared with those
neurons treated with 5% control serum or media alone (N = 9 mice); pre-treatment of the
neurons with PI mixture (1:10000) blocked this effect (C) (N = 6 mice). (D) 5% serum
from VCN treated mice decreased the rheobase of the NG neurons; pre-treatment with
cysteine PI, E-64 (30 nM) abrogated this effect (N = 3 mice). (E) Furthermore, preincubation of the NG neurons with PAR2 antagonist GB 83 (10 M) also blocked the
effect of the serum from VCN treated mice on the NG neurons (E) (N = 4 mice). * p <
0.05
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4.2.5 Administration of VCN inhibits DSS induced inflammation in mice.
Evidence from earlier studies has presented data suggesting increased activity of
the vagus nerve to exhibit anti-inflammatory effect (262). This study encouraged us to
determine the anti-inflammatory effect of VCN treatment. For this purpose, we designed
an animal study in which the mice in their first week were treated with normal drinking
water or VCN followed by administration of 3% DSS via drinking water in their second
week in order to induce inflammation. Body weight was monitored daily in these groups
of mice. Our data suggest that neither antibiotic treatment during the 1st week nor DSS
administration during the 2nd week had a significant effect on the body weight of mice
(Fig 4A, F (28, 329) = 0.08, p > 0.1 & Fig 4B, F (28, 329) = 0.57, p = 0.96, two-way
ANOVA). Nevertheless, on measuring the colon length we observed that it was
significantly different (Fig 4C, F (2, 22) = 7.81, p = 0.01 one-way ANOVA followed by
Tukey’s multiple comparison test). Our multiple comparison tests suggested that on
treatment with DSS, the mice that were provided with VCN in their first week had
significantly longer colons than the mice that were administered normal drinking water.
Furthermore, MPO activity of the colon, after DSS administration, of those mice
administered with normal drinking water on the first week was significantly higher than
naive mice and mice that were administered VCN in their first week. These data
suggested that DSS administration induced inflammation in the colon of mice, that was
significantly reduced when the mice were pretreated with VCN (Fig 4D, F (2, 21) = 6.36,
p = 0.01, two-way ANOVA with Tukey’s multiple comparison test). * p < 0.05
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Figure 4. 5 VCN treatment can inhibit DSS-induced colitis in mice.
The effect of VCN on DSS-induced colitis was assessed in Control+DSS and VCN+DSS
mice compared to control (control+control) mice. (A&B) The body weight of mice was
not significantly decreased by VCN administration (note the body weight change in 1 st
week) and DSS administration (note the body weight change in the 2nd week). (C)
However, VCN treatment prevented the shortening of the colon due to the administration
of DSS. (D) Additionally, MPO activity, due to DSS administration, was significantly
lower in the colon of the mice that were previously administered with VCN than those
that were provided with normal drinking water (N = 5 – 10 mice for each group). * p <
0.05
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4.3 Discussion
In this study, I observed that VCN administration via drinking water increased the
excitability of the NG neurons. Additionally, the cysteine proteases released during VCN
administration activated PAR2 expressed in NG neurons resulting in increased excitability
of NG neurons. Finally, mice pretreated with VCN was protected from DSS induced
inflammation which suggested an anti-inflammatory effect of VCN treatment.
4.3.1 Protease modulates the excitability of vagal afferent neurons.
An interesting finding in my study is the ability of cysteine protease inhibitor to
block the effect of serum from VCN treated mice on the NG neurons. Specifically, a
cysteine protease inhibitor inhibited the effect of serum from VCN mice on NG neurons,
suggesting that the cysteine protease released during VCN treatment resulted in increased
excitability of NG neurons. Consistent with my observation, an earlier study has reported
that IBS patients have a higher amount of proteolytic activity in IBS patients (263).
Additionally, administration of supernatant from the colonic biopsies of IBS patients to
DRG neurons increased its calcium mobilization, suggesting intestinal epithelial cells are
the major source of proteases. In a different study, Carroll et al., on characterizing the
microbiota in a fecal sample of healthy individual and patients with various severities of
IBS symptoms, reported distinction between the microbiotas within fecal samples with
high and low fecal protease activity (264). Specifically, they suggested that individual
with a lower diversity of bacterial species had higher fecal protease activity and the
individual with higher diversity of bacterial species had lower fecal protease activity.
Taken together, these findings suggest different sources of circulating proteases in GI
diseases.
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In my study I have observed that, in addition to a cysteine protease inhibitor an
antagonist of PAR2 also blocked the effect of VCN-serum on NG neurons. These findings
suggested that cysteine protease released during VCN treatment activated PAR 2 receptor
expressed in NG neurons resulting in the increased excitability of NG neurons. This
mechanism is similar to the cellular mechanism, as described in the earlier chapter, by
which cysteine protease from commensal bacteria increased the excitability of NG
neurons. In line with these studies, I postulate the effect of VCN on NG neurons is
accountable to the bacterial protease released during VCN treatment. However, further
experiments are required to determine the source of protease.
4.3.2 VCN treatment can inhibit inflammation in mice.
My study suggests that administration of VCN increased the excitability of NG
neurons. Moreover, the PCA plot data implies that the administration of VCN increased
the concentration of gram-negative Enterobacteriaceae whereas the concentration of
gram-positive Lachnospiraceae was decreased. This finding is consistent with an earlier
study which suggested that VCN reduced fecal microbiota diversity by removing grampositive bacteria followed by a compensatory increase in gram-negative bacteria (265).
With many studies highlighting gut microbial dysbiosis by the antibiotics behind its
subsequent physiological effect, I predict the bacterial family modified resulted in
increased excitability of NG neurons. However, with the emergence in the concept of
antibiotic resistance, it is difficult to predict a similar modulation is taking place in the
mice used in our study. VCN resistance, which was first recognized in 1988, by the first
decade of this century has surpassed 80% in the US alone (266). In addition to the
development of resistance, a recent study has demonstrated that VCN-resistance gene,
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vanA, can be transferred between bacterial families i.e. from Enterococcus to
Staphylococcus (267, 268). A similar phenomenon was observed in bacteria from the
Lactobacillus family (269). This study demonstrated that bacterial strain Lactobacillus
acidophilus acquired vanA in vitro as well as in vivo from the bacteria Enterococcus
faecium. Interestingly (from the earlier chapter), I have presented data showing that the
bacterial strain Lactobacillus paracasei increases the excitability of the NG neurons via a
similar mechanism as the VCN serum increased the excitability of the NG neurons. In
agreement with these findings, I can hypothesize that during VCN treatment the bacteria,
Lactobacillus paracasei, acquire the vanA resistant gene increasing its population.
Cysteine protease from this bacterium, via activation of PAR2, resulted in increased
excitability of the NG neurons. However, further studies are required to validate if the
excitability of the NG neuron is increased by this phenomenon.
In the present study, I demonstrated that administration of VCN attenuated the
DSS induced inflammation in mice. Although DSS administration reduced the colon
length and increased the MPO activity of the colon, the body weight of the mice wasn’t
significantly different. These observations suggest that DSS administration induced a
mild inflammation in mice and VCN administration repressed this effect of DSS. Even if
the inflammation in our study is very mild my finding encourages further study to
determine the effectiveness of VCN in other mouse models of IBD. Such studies are
further encouraged by previous studies that have tried to study the effectiveness of
antibiotics in remission of IBD. In 2011 Khan et al., conducted an updated, high quality,
and comprehensive systematic review of all randomized clinical trials to evaluate
antibiotics for induction and maintenance in IBD. This study suggested that antibiotic
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therapy may induce remission in active UC and CD (270). In a separate study, 5 children
during IBD onset, that were previously noncompliant to treatment, were provided oral
VCN treatment with or without gentamicin treatment. The study reported that 4 out of 5
children were successfully treated with oral VCN (271). Furthermore, VCN, a nonabsorbable antibiotic, is a preferred therapy for Clostridium difficile infection (CDI) (272,
273) and because of its favorable pharmacokinetics, i.e. fairly stable fecal concentration,
it is widely preferred than metronidazole, the other treatment option for CDI (274). This
property of VCN also provides an additional reason for future studies to investigate the
beneficial effect of VCN in other mice models of IBD.
4.3.3 Possible role of the vagus nerve in VCN-induced inhibition of inflammation
Previous studies, in addition to monitoring autonomic function and controlling
satiety, have emphasized the role of vagus nerve in bringing afferent information from
multiple internal organs like gut, liver, heart, and lungs to the brain (275). In addition to
it, recent studies have also recognized the vagus nerve to act as a possible conduit
between the gut microbiota and the brain (225, 276). Similar to these studies, I postulate
that the increase in excitability of vagal afferent neurons during VCN treatment suggests
a role of the vagus nerve in mediating the information about the gut microbial dysbiosis
induced by the administration of VCN. An increasing body of evidence has associated an
increase in activity of vagus nerve to exhibit anti-inflammatory effect (262, 275, 277).
Such findings have encouraged me to believe that the increase in activity of vagal
afferent neurons during VCN treatment resulted in inhibition of DSS-induced colitis in
mice. Currently, I can’t confirm if an increase in the excitability of the NG neurons can
be associated with the diminished inflammation in VCN-treated mice. Therefore, to
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investigate the role of vagus nerve in the anti-inflammatory effect of VCN treatment, for
the future study I am trying to see the effect of VCN in vagotomized mice. These
experiments will confirm the role of vagus nerve in VCN induced inhibition of
inflammation.
Overall, my findings suggest that VCN administration increases the excitability of
the vagal afferent neurons by modulation of the voltage-dependence of conductance of
INa. Specifically, circulating cysteine proteases via activation of PAR2 increased the
excitability of NG neurons. Additionally, VCN administration attenuated the DSSinduced colitis in mice. Inline to the results from earlier chapter, I speculate the role of
commensal from Lactobacillus family for this effect. Together, my data encourage future
studies in different mice models of IBD to explore the anti-inflammatory effect of VCN.
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Chapter 5
Plasticity of vagal afferent neurons in the DSS model of colitis.
5.1 Introduction
A large number of studies have reported the inflammation suppressing function of
the efferent arm of the vagus nerve by introducing the concept of cholinergic antiinflammatory pathway (178, 180, 278, 279). These studies have suggested that the
increase in activity of efferent arm of vagus nerve releases acetylcholine that
subsequently inhibits the release of pro-inflammatory cytokines such as TNF, IL-1,
IL-6, and IL-18. Likewise, there are studies that have demonstrated the ability of afferent
arm of the vagus nerve to mediate immune signals from the periphery to the brain (173).
Indeed, intraperitoneal (i.p.) administration of LPS caused an increase in c-fos within the
NTS (174). Furthermore, subdiaphragmatic vagotomy reduced the sickness response due
to i.p. administration of LPS, which highlighted the significance of vagal afferent neurons
to relay the immune signals to the brain (175). Additionally, a study by Hansen et al.
demonstrated that i.p. injection of IL-1 increased IL-1 mRNA level in the brainstem
and hypothalamus of sham rats and this effect wasn’t observed in rats that had undergone
subdiaphragmatic vagotomy (176). Moreover, no such change was observed in IL-1
mRNA level in the liver of sham and vagotomised rats which further supports the role of
the vagus nerve in transmitting immune signals to the brain. In light to these studies, it is
accepted that the sensory vagal afferents together with the regulatory vagal efferents,
form an inflammatory reflex that continually monitors and modulates the inflammatory
status in the periphery (180). Therefore, I hypothesized inflammation exerted a change in
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the activity of vagal afferent neurons. Accordingly, the primary focus of this study was to
investigate the effect of inflammation on vagal afferent neurons. The effect of
inflammation on vagal afferent neurons was studied by comparing the
electrophysiological properties of NG neurons from DSS-induced colitis mice to the NG
neurons from control mice.
Increasing number of studies have demonstrated the association of gut microbiota
in the pathophysiology of IBD (196, 197, 280). Furthermore, in my earlier chapters, I
have observed the ability of gut microbiota to modulate the excitability of NG neurons.
Therefore, I also investigated the role of gut microbiota in DSS colitis induced
modulation of the excitability of NG neurons.
5.2 Results
5.2.1 Administration of 3% DSS causes inflammation in the colon of mice.
Consistent to my previous chapter, I used 3% DSS colitis mouse model to study the
effect of inflammation on NG neurons and measured the body weight, colon length, and
MPO activity of distal colon to investigate inflammation induced by DSS administration.
Although DSS administration had no significant effect on the body weight of mice
(Fig.5.1A, F (7, 64) = 0.60, p = 0.75, two-way ANOVA, & 5.1B, F (7, 56) = 1.12, p =
0.32, two-way ANOVA), DSS administration reduced the colon length (Fig.5.1C, t(8) =
7.99, p < 0.01, unpaired t-test), and increased the MPO activity of colonic tissue (Fig
5.1D, t(7) = 4.06, p < 0.01, unpaired t-test). These observations suggested that 3% of
DSS administration resulted in mild colitis in mice. There are earlier studies that have
suggested that DSS-induced colitis is confined to the large intestine suggesting the role of
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gut microbiota in DSS-induced colitis as an enormous number of microorganisms reside
in the distal colon (281). Therefore, I measured the MPO activity of small intestine (SI)
to determine the role of gut microbiota in DSS-induced colitis. The MPO activity of SI
was similar in between the two groups of mice (Fig 5.1E, t (8) = 0.20, p = 0.85, unpaired
t-test). These results suggest a possible role of gut microbiota in DSS-induced colitis.
However, further studies are required to verify its role in DSS colitis.
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Figure 5. 1 Administration of 3% DSS via drinking water causes inflammation in
the colon.
(A & B) Change in body weight and percentage change in body weight from days 0 to 7.
(C) Colon length was significantly decreased during DSS treatment. (D) The MPO
activity of the colon of DSS treated mice was significantly higher than the control mice
whereas no significant effect was seen in the SI of the mice (E) (N = 5 mice per group). *
p < 0.05 versus control.
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5.2.2 DSS administration decreased the rheobase and increased the input resistance
(IR) of NG neurons.
To determine the effect of DSS administration on NG neurons, I compared the
rheobase of NG neurons between the control and DSS treated mice. DSS administration
significantly reduced the rheobase of NG neurons (Fig 5.2A, 2B & 2C, t (57) = 2.68, p =
0.01, unpaired t-test) suggesting that DSS administration increased the excitability of NG
neurons. However, the number of action potential fired at 2  rheobase wasn’t
significantly different (Fig 5.2D, t (57) = 1.78, p = 0.08, unpaired t-test). Furthermore, the
IR of NG neurons from DSS treated mice was significantly higher than those obtained
from the control mice (Fig 5.2E, t (56) = 3.02, p < 0.01, unpaired t-test) whereas DSS
administration had no effect on the RMP of NG neurons (Fig 5.2F, t (57) = 1.87, p =
0.07, unpaired t-test).

85

Figure 5. 2 DSS treatment modulated the electrophysiological properties of the NG
neurons of mice.
(A&B) Rheobase of NG neurons from DSS treated mouse was consistently lower than
the rheobase of NG neurons from control mice. (C) Summary of the effect of DSS
administration on the rheobase of NG neurons. The IR of NG neurons from DSS treated
mice were significantly higher than NG neurons from control mice (E) but no significant
difference was seen in the number of action potential fired at 2  rheobase (D) and the
RMP (F) of the neurons (N = 5 mice per group). * p < 0.05
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5.2.3 Effect of DSS administration on voltage-gated ion channels.
I next focussed on studying the effect of DSS-induced colitis on the voltage-gated
ion channels to determine if the increase in the excitability of NG neurons is due to
modulation in the activity of the voltage-gated ion channels. DSS administration
significantly decreased the current density of K+ current (Fig 5.3A&B: F (14, 448) =
2.68, p < 0.01 two-way ANOVA with Sidak’s multiple comparison test). DSS
administration also increased the current density of Na+ current but the difference wasn’t
statistically significant (Fig 5.3C: F (21, 777) = 0.60, p = 0.92, two-way ANOVA with
Sidak’s multiple comparison test). In my earlier chapters, I have observed that alteration
in excitability of NG neurons could be the result of modulation in the voltage-dependence
of activation of K+ and Na+ conductance. Therefore, I focussed on the effect of DSS
administration on the voltage dependence of activation of K+ and Na+ conductance (Fig
5.3D & Fig 5.3E). Additionally, when fitted to Boltzmann’s function DSS administration
had no significant effect on the voltage dependence of half-activation of K+ and Na+
conductance (Data not presented).
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Figure 5. 3 Effect of DSS administration on the voltage-gated ion channels of NG
neurons.
A) Example traces from a typical NG neuron showing the effect of DSS administration
on K+ current. (B) DSS administration significantly decreased the current density of K +
current. (C) For Na+current, DSS administration increased the current density of NG
neurons but the difference wasn’t significant. (D & E) Voltage dependence of activation
of K+ and Na+ conductance. * p < 0.05
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5.2.4 Circulating mediators in the serum of DSS treated mice resulted in increased
excitability of NG neurons.
As my data demonstrated an increase in the excitability of NG neurons not exposed
directly to DSS, I sought to examine whether this effect could be due to circulating
mediators released during DSS treatment. DSS treatment caused disruption of the
intestinal barrier which leads to colitis in mice. Therefore, I hypothesized that the
inflammatory mediators released during DSS administration exerted a systemic effect on
NG neurons. To test this hypothesis, I incubated NG neurons from naive mice with 2%
blood serum from control and DSS-induced colitis mice. NG neurons from naive mice
that were incubated with serum from DSS-induced colitis had lower rheobase compared
to NG neurons incubated with media alone or serum obtained from control mice (Fig
5.4A, F (2, 42) = 6.44, p < 0.01, one-way ANOVA with Tukey’s multiple comparison
test). This finding suggested that the circulating mediators released during DSS treatment
exerted a systemic effect on the excitability of NG neurons.
Following this, I sought to identify the circulating mediators responsible for the
effect of DSS serum on NG neurons. An earlier study has shown that DSS administration
causes alteration in the composition of gut microbiota (282). The gut microbial dysbiosis
resulting from DSS administration might increase the production of some bacterial
metabolites which, from the data I have obtained from my previous chapters, can
modulate the activity of the vagal afferent neurons. Therefore, I next aimed at evaluating
the possible role of circulating bacterial mediators released during DSS treatment in
modulating the excitability of NG neurons. Earlier studies have associated proteases
(283, 284) and LPS (285-287) with inflammation during IBD. Furthermore, in my earlier
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chapters, I have presented data demonstrating the ability of protease and LPS to increase
the excitability of NG neurons. Therefore, I focussed on protease and LPS. Preincubation of NG neurons with a protease inhibitor (PI, 1:10000) (229) and TLR4
antagonist (LPS RS, 10 μg/ml) (288) had no effect on DSS serum-induced increased
excitability of NG neurons (Fig, 5.3A, t (25) = 2.15, p = 0.04, unpaired t-test, and Fig,
5.3B, t (25) = 2.25, p = 0.03, unpaired t-test respectively). These findings suggest that at
least proteases and LPS, aren’t the mediators responsible for increasing the excitability of
NG neurons.
Next, I focussed on circulating cytokines as they can regulate host responses to
infection, immune response, inflammation, and trauma (289). NF-κB is a transcription
factor that regulates the transcription of pro-inflammatory cytokines (290). Therefore, to
identify if the mediator is a pro-inflammatory cytokine, I investigated the effect of a NFκB inhibitor in DSS-serum induced increase in the excitability of NG neurons. Preincubation of NG neurons with a NF-κB inhibitor, SC-514 (20 μM) (291), for an hour
before the administration of serum from DSS-treated mice blocked its effect on the
excitability of NG neurons (Fig 5.4D, F (3, 60) = 5.95, p  0.01, one-way ANOVA with
Tukey’s multiple comparison test). From these data, I can suggest the pro-inflammatory
cytokines could be the mediator responsible for increasing the excitability of NG
neurons. However, further experiments are needed to confirm cytokines are the mediators
responsible for altering the excitability of NG neurons.
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Figure 5. 4 Circulating cytokines are the mediators present in the serum of DSS
treated mice that resulted in increased excitability of NG neurons.
(A) Overnight incubation of NG neurons from naive mice with 2% DSS serum
significantly decreased the rheobase of NG neurons compared to the NG neurons that
were treated with 2% control serum or media alone (N = 10 mice). (B) Pre-incubation of
NG neurons with PI mixture (1:10000) and (C) LPS RS (10 g/ml) had no effect on DSS
serum-induced increased excitability of NG neurons (N = 7 mice). (D) However, preincubation with NF-κB inhibitor, SC-514 (20 M) blocked the effect of 2% DSS serum
on NG neurons (N = 5). * p < 0.05
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5.3 Discussion
In this study, I investigated the effect of inflammation on vagal afferent neurons
by studying the effect of DSS-induced colitis on NG neurons. DSS colitis increased the
rheobase and IR of NG neurons whereas the current density of IK was decreased. This
effect is the result of activation of NF-κB mediated signaling pathway by circulating
mediators released during DSS-induced colitis.
5.3.1 Electrophysiological properties modulated during DSS colitis
My data suggested that DSS administration increased the rheobase and IR of NG
neurons whereas the number of action potential fired at 2  rheobase and RMP of the NG
neurons weren’t significantly different. IR of a neuron reflects the state of ion-channels of
neurons, with high resistance indicating closed channel and low resistance suggesting the
channels are in open state. Additionally, higher resistance indicates neurons require
weaker stimulating currents to reach the threshold for the firing of action potential (292).
This could explain the observed increase in excitability of NG neurons in DSS treated
mice. Moreover, my voltage-clamp experiments demonstrated that the current density of
K+ current is significantly decreased but no significant effect on the current density of
Na+ current was observed. Additionally, no significant effect on the voltage dependence
of conductance K+ and Na+ was detected. From these data, I can speculate that DSS
colitis has no significant effect on the permeability of sodium and potassium ion channels
which might explain no significant difference observed in RMP of the NG during DSS
colitis.
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5.3.2 Circulating mediators increased the excitability of NG neurons
One interesting finding from my study is the ability of serum from DSS treated
mice to recapitulate the effect of DSS administration on NG neurons. It suggests that the
DSS administration induced physiological changes in the periphery were transmitted to
the brain through the systemic effect of released mediators on vagal afferent neurons.
Additionally, on pre-treating NG neurons with an inhibitor of NF-κB, the effect of serum
from DSS treated mice was blocked. NF-κB is a family of inducible transcription factors
and includes transcription factors like NF-κB1, p50, NF-κB2, p52, p65, RELB and cREL (293). NF-κB switches a large array of genes that have a significant role in
inflammatory responses (294). One important class of mediators that act by signaling via
NF-κB is cytokines. Indeed, earlier studies have suggested that pro-inflammatory
cytokines such as IL-1 and TNF can activate NF-κB (295). Furthermore, NF-κB is also
linked to the development of different inflammatory diseases like inflammatory bowel
disease, multiple sclerosis, atherosclerosis, type I diabetes, chronic obstructive pulmonary
disease and asthma (296). Moreover, earlier reviews have nicely detailed the role of NFκB in the electrical activity within neurons and synaptic transmission between neurons
(297, 298). Activation of NF-κB in the nervous system is shown to have a major role in
neuronal development (299, 300) and neuroplasticity (120, 298, 301, 302). In addition, its
activation in the glial cell can initiate inflammation process resulting in apoptosis (303).
Even in neurodegenerative diseases like stroke, epilepsy and traumatic injury, activation
of NF-κB can modify neuronal survival affecting recovery from the disease (297). These
studies suggest the vital role of NF-κB activated intracellular signaling pathway, in
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neurons and nervous system, for mediating signals ranging from neuroplasticity,
neurodegenerative diseases, and neuronal survival.
There are a number of studies that have suggested that dysregulation of proinflammatory cytokines in DSS-induced colitis mice (304, 305). With these studies
suggesting increased production of pro-inflammatory cytokines in DSS colitis that can
activate the NF-κB signaling pathway, I speculate that cytokines released during DSS
administration increased the excitability of NG neurons. However, further studies are
required to establish the role of pro-inflammatory cytokines in increased excitability of
NG neurons during DSS-induced colitis.
5.3.3 Significance of increased excitability of NG neurons
An increasing number of studies have suggested immune responses due to
inflammation can be transmitted to the brain via neural and humoral routes (173, 306,
307). The neural mechanism relies on the activation of vagal afferent sensory fibers that
transmit the information to the NTS in the medulla oblongata. Signal, from NTS, is
conveyed to hypothalamic nuclei, amygdala and insular cortex of the forebrain (307). In
addition to the neural route, immune to brain communication can take place via humoral
pathway. Existence of the humoral pathway was suggested by a study from Hansen et al.,
that suggested that vagotomy, which reduced the sickness behavior in response to i.p.
administration of LPS (308), did not block the pyrogenic action of i.p. administration of
LPS (309). Indeed, these observations implied the ability of LPS to activate the neural as
well as a humoral route to transmit the immune signals to the brain. Humoral pathway
indicates the communication between the cytokine and brain via circumventricular organs
which lack normal blood-brain barrier function (173). Activation of the circumventricular
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organs result in the production of prostaglandin that can activate the HPA axis. Our data
indicating that DSS administration increased the excitability of NG neurons highlight the
significance of neural route to transfer inflammatory responses due to DSS-induced
colitis in mice. However, as in the case of LPS, the role of the humoral pathway in DSS
colitis can’t be disregarded. Further studies are therefore needed to resolve their role in
the transmission of the inflammatory signals.
Increasing evidence has demonstrated the anti-inflammatory effect of increased
activity of the vagus nerve (181, 262, 277). Indeed, recent studies have very nicely
described the pathway of “vagal anti-inflammatory reflex”. These studies have suggested
that the increased activity of the efferent arm of vagus nerve releases acetylcholine which
binds to the α7 nicotinic acetylcholine receptor (α7nAChR) in celiac ganglia. This
activates the splenic sympathetic nerve releasing norepinephrine at the distal end of the
splenic nerve. Norepinephrine binds with the splenic lymphocytes releasing acetylcholine
which binds to splenic macrophages to inhibit the production of TNF-α (179) which
reduces the severity of lethal effects of pro-inflammatory cytokines by reducing the
magnitude of the peripheral immune response (180). The vagal afferent fibers, which
have their cell bodies in NG, terminate in the NTS of DVC of medulla oblongata which is
also the major site of origin of preganglionic vagal efferent fibers (135). Hence, the
activation of vagal afferent fibers can activate efferent fibers in DVC. Therefore, an
increase in excitability of vagal afferent neurons, by conveying the signals to NTS,
increases the activity of efferent arm of the vagus nerve. This activates the “vagal antiinflammatory reflex” which consecutively inhibits inflammation. Indeed, Cailotto et al.,
by determining the expression of c-fos in NG and in brainstem nuclei, provided neuro95

anatomical evidence for the existence of the endogenous “inflammatory reflex” and its
activation during inflammation (310). Our findings also suggest the increase in activity of
vagal afferent neurons during DSS-induced colitis. Therefore, from the evidence, I can
hypothesize the activation of “inflammatory reflex” in this model of inflammation as
well. However, further studies are required to validate this hypothesis.
5.3.4 Proteases and LPS are not the mediators that resulted in increased excitability
of NG neurons.
There are a large number of studies that have associated important role of gut
microbiota in DSS colitis (282, 311-313). These studies mainly aimed at understanding
whether dysbiosis is a cause or consequence of chronic gut inflammation. By studying
the fecal and colonic mucosa microbial composition, these studies have suggested that
DSS administration decreased bacterial species richness and shifted bacterial
composition. Although each study has informed multiple bacterial taxa are modulated
during DSS administration, the bacterial taxa Bacteroides and Enterobacteriaceae are the
most common bacterial taxa modulated in these studies. In spite of multiple studies
confirming gut microbial dysbiosis a common phenomenon in DSS-induced colitis, it is
still unclear if it is a causal event or the consequence of profound changes in gut
physiology. In line with these studies and data from my earlier chapters, where I have
demonstrated that gut microbiota can modulate the excitability of vagal afferent neurons,
I hypothesized that dysbiosis of gut microbiota causes the release of bacterial mediators
which increases the excitability of NG neurons. However, no significant role of bacterial
metabolites, proteases, and LPS, were observed in increasing the excitability of NG
neurons. These data are too preliminary to conclude any significant conclusions regarding
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the role of gut microbiota in mediating the signals of inflammation to the brain. However,
as earlier studies have proposed that disruption of the intestinal epithelial barrier and
thereby entry of luminal bacteria or bacterial antigens into the mucosa as the proposed
mechanism of DSS-induced colitis (281, 314), I speculate the involvement of gut
microbiota in generation of immune changes in mice than transmission of the information
of these changes to the brain.
In summary, I provide evidence demonstrating the modulation of excitability of
vagal afferent neurons during DSS-induced colitis. Specifically, circulating mediators
released during colitis, by the activation of NF-κB signaling pathway, resulted in the
increased excitability of NG neurons. Future studies to determine the regions of the brain
activated due to activation of vagal afferents would further establish the neural circuits
activated in DSS mice model of inflammation.
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Chapter 6
General Discussion
There is an increasing body of evidence supporting the role of vagal afferent
neurons in between the gut microbiota and the brain (226). However, the mechanisms
behind this interaction are still not yet fully understood. My third and fourth chapters
focused on understanding the effect of the gut microbiota on NG neurons. With
increasing studies supporting the role of the vagus nerve in inflammation, in my fifth
chapter, I investigated the effect of DSS colitis on NG neurons and explored the role of
gut microbiota in DSS colitis induced modulation of excitability of NG neurons.
My findings suggest that bacterial proteases increased the excitability of NG
neurons via NF-κB independent intracellular signaling pathways. Furthermore, the
protease-mediated increase in the excitability of NG neurons resulted in significant
hyperpolarization of the voltage dependence of half-activation of Na+ conductance but
had no effect on the IR of the neurons. On the other hand, the circulating mediators
during DSS-induced colitis via NF-κB dependent pathway increased the excitability of
NG neurons. Additionally, colitis increased IR of NG neurons whereas it had no effect on
the voltage dependence of the conductance of INa and IK. Therefore, it appears that vagal
afferent neurons detect gut microbiota and colitis via distinct mechanisms.
6.1 Implications of major findings
6.1.1 Mechanisms of vagally-mediated interactions between the gut microbiota and
the brain
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As suggested in my earlier chapters vagal afferent neurons is an important
component of the microbiota-gut-brain axis. However, the mechanisms underlying the
ability of the gut microbiota to affect vagal afferent pathways were unclear before. In my
studies, I have suggested two potential mechanisms that may enable vagal afferent
neurons to communicate with the intestinal microbiota. Microbial cysteine proteases from
commensal gut bacteria stimulate vagal afferent neurons by activation of PAR 2 and
modulation of the voltage-dependence of INa and LPS enhances vagal afferent excitability
by activation of NF-κB downstream of TLR4 activation. These findings, in some extent,
has clarified the mechanisms by which the gut microbiota communicates with the vagal
afferent neurons.
Earlier studies have highlighted a significant role of bacterial proteases in health
and GI diseases (122, 315). With my data demonstrating the ability of bacterial proteases
to modulate the activity of vagal afferent neurons, similar to other studies that have
suggested the ability of bacterial proteases to modulate the activity of spinal afferent
neurons (120, 316, 317), I have proposed a novel mechanism by which proteases effect
health and diseases.
6.1.2 Multiple mechanisms of increasing the excitability of NG neurons
In my study, I have observed that administration of NF-kB inhibitor blocked the
effect of DSS-serum on NG neurons suggesting that the effect of DSS-serum is mediated
by NF-kB dependent intracellular signaling pathway. Similarly, LPS induced increased
excitability of NG is also dependent in activation of NF-kB dependent intracellular
signaling pathway. However, circulating cysteine protease induced an increase in
excitability of NG neurons is independent of NF-kB dependent intracellular signaling
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cascades. These findings suggest the existence of NF-κB dependent/independent
intracellular pathways activated by increased excitability of vagal afferent neurons.
Indeed, NF-κB is a family of inducible transcription factors and includes transcription
factors like NF-κB1, p50, NF-κB2, p52, p65, RELB and c-REL (293). Previous studies
have suggested that activation of NF-κB is important in its survival and plasticity of
neurons (297). Its role in plasticity and survival of neurons is mainly due to the ability of
growth factors and neurotransmitters like nerve growth factor (318), brain-derived
neurotrophic factor (319) and glutamate (320) to modulate the activity of NF-κB.
Moreover, an earlier study suggested that a blockade of NF-κB by a peptide inhibitor
(SN50) diminished the ability of NGF to prevent the death of cultured sympathetic
neurons (321). Another cytokine transforming growth factor- activates NF-κB to
prevent neuronal apoptosis in hippocampal neurons (322) and its blockade by NF-κB
decoy DNA reduced its ability to prevent neuronal apoptosis suggesting a role for NF-κB
in neuronal survival. Likewise, it is also important in the effect of IL-17 in the
neuroanatomical plasticity of mouse sympathetic neurons that accompanies inflammation
(302) and serine protease-mediated modulation of excitability of DRG neurons (229).
Even in neurodegenerative conditions like stroke, epilepsy, and traumatic injury, NF-κB
influences the neurodegenerative process by either directly affecting gene expression in
neurons themselves or indirectly by regulating gene expression in glial cells (297). In
addition to the role of NF-κB in survival and plasticity of neurons, a large number of
studies, that do not focus on neurons, have highlighted the role of NF-κB in immunity
and inflammation (323). Such studies, that involved lymphocytes, monocytes, and
macrophages, proposed that the regulation of NF-κB in relationship to pro-inflammatory
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cytokines production (324). In a study in endothelial cells, inflammatory cytokines like
TNFα was reported to activate NF-κB (325). Additionally, even in human gestational
tissue like human placenta, amnion, and choriodecidua tissues, sulfasalazine, an inhibitor
of NF-κB, inhibited the release of IL-2, IL-12, and TNFα in the presence of LPS,
suggesting NF-κB activation regulates the formation of pro-inflammatory cytokines in
human gestational tissues (326). Taken together these studies suggest the significance of
NF-κB signaling in diverse physiological functions that includes survival and plasticity of
neurons, in neurodegenerative diseases and in the transmission of signal related with
inflammation. While vagal afferent neurons that innervate the gut monitor several
important physiological variables, including nutrient status and inflammatory status, the
NF-κB dependent/independent pathway may have a role in suggesting the effect of a
particular mediator induced increase in excitability of NG neuron.
6.1.3 The anti-inflammatory effect of VCN
VCN, a non-absorbable antibiotic, is a preferred therapy for Clostridium difficile
infection (CDI) (272, 273). Due to favorable pharmacokinetics, i.e. fairly stable fecal
concentration, it is widely preferred than metronidazole, the other treatment option for
CDI (274). In a separate study, 5 children during IBD onset, that were previously
noncompliant to standard treatment, were provided oral VCN treatment with or without
gentamicin treatment. The study reported that 4 out of 5 children were successfully
treated with oral VCN with or without gentamycin (271). My result, VCN can inhibit
inflammation in mice model of colitis, is in line with this study. Indeed, in absence of an
animal model that sufficiently represents the complex clinical and histopathological
characteristics of IBD, DSS-induced colitis model has become an indispensable tool to
101

understand the histopathological, immunological and morphological changes during IBD
(28, 29). Although, the DSS colitis model used in my study displays very mild colitis,
this finding encourages further studies, in other animal models of IBD, to further explore
the potential anti-inflammatory effect of VCN.
6.2 Limitations
My study demonstrates the ability of gut microbiota and inflammatory mediators
to alter the excitability of vagal afferent neurons. I have mainly used a patch-clamp gigaseal technique to study the excitability of cultured NG neurons. This technique was first
introduced by Neher and Sakmann and is currently an established technique in
neuroscience to characterize the electrical properties of neurons (327). Although, the
patch-clamp technique has been considered as a gold standard technique for the
investigations of neuronal excitability (328) it still has few disadvantages. For example,
the patch-clamp recordings are performed at room temperature which is different than the
natural environments of neurons. Additionally, it remains unclear whether recordings
obtained from isolated cell bodies accurately reflect the electrical events occurring in the
nerve terminal. With regards to these drawbacks, use of other techniques like calcium
imaging and extracellular recordings for studying the signaling in the nervous system
(329, 330) would have further supported the observations that I have presented in my
study. However, the calcium imaging technique has a similar disadvantage as the
perforated-patch clamp technique and in the case of extracellular recordings, recordings
only from vagal afferents are very difficult. Therefore, these techniques weren’t
performed in my study.
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The afferent fibers of vagal afferent neurons, based upon measures of conduction
velocity, can be classified into myelinated A-type and Ah-type, and unmyelinated C type
fibers (137). This finding suggests the existence of different classes of NG neurons.
Therefore, I examined the effect of gut commensal on smaller NG (capacitance less than
20 pF) and larger NG neurons (capacitance more than 20 pF) to determine if the effect of
gut commensals is specific to a class of neurons. No significant difference was observed
in the rheobase of both classes of neurons (51.11 ± 9.84 pA vs 47.50 ± 10.31 pA, data not
shown).
An earlier study has suggested the use of diameter and/or action potential
properties to determine the class of neurons (331). Specifically, it suggested the presence
of Ca2+ and Na+ ion-dependent prominent hump during repolarization of C-type NG
neurons action potential, which was absent in action potential fired from A-type NG
neurons. Additionally, the A-type neurons fired the action potential with multiple action
potential discharges whereas the C-type neurons fired with one or two action potential at
the beginning of the depolarization step. However, another study from Lu et al. reported
similar electrophysiological characteristics between A-type and C-type NG neurons (332)
which suggested that soma diameter or capacitance isn’t an appropriate technique for
identification of the type of NG neurons. It suggests an acceptable method to classify the
types of NG neurons is currently lacking in the literature. Therefore, although I have
observed a similar effect on both the smaller and larger NG neurons, I can not confirm if
the effect of gut microbiota is consistent on all the classes of NG neurons.
In all of my studies described in this thesis, I observed an increase in the
excitability of NG neurons. These observations raised a question regarding the ability of
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my experimental setup to detect an effect other than the increased excitability in NG
neurons. In addition to the data that I have presented in this thesis, I have performed
experiments to study the acute effect of the bile salt, deoxycholic acid (DCA), on the
excitability of NG neurons. The main aim of this study was to investigate the
mechanisms underlying activation of colonic extrinsic afferent nerves and their neuronal
cell bodies by DCA. For this study, I measured the rheobase, IR and RMP of NG neurons
before and after a brief superfusion of 100 M DCA for 10 min. DCA superfusion,
opposite to the effects seen in all my studies, decreased the excitability of NG neurons by
increasing the rheobase of NG neurons (Fig. 6.1A, p < 0.01, paired t-test) (333).
Additionally, DCA application hyperpolarized the RMP of the NG neurons (Fig. 6.1B, p
< 0.01, paired t-test), whereas no significant effect was observed in IR of the neurons
(746±92 MΩ vs. 708±101 MΩ, p = 0.796, paired t-test) (data not presented). This finding
suggests that the increase in NG neuron excitability found in chapters 3, 4 and 5 are not
an artifact of the experimental setup used in my assay.
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Figure 6. 1 DCA administration decreased the excitability of NG neurons.
(A) DCA superfusion (100 M for 10 minutes) increased the rheobase and (B)
hyperpolarized the RMP of NG neurons. Vehicle had no effect on the rheobase and RMP
of the NG neurons.

As demonstrated in previous chapters, I observed mild inflammation in the DSS
colitis mice model used in my study. I measured the body weight, colon length, and MPO
activity of the colonic tissue to detect inflammation. In addition to these assays, use of
H&E staining technique to evaluate the pathological changes in the colon and real-time
PCR analysis to measure changes in the pro-inflammatory cytokines level during DSStreatment could be performed to detect the inflammatory status in mice (334). Moreover,
previous studies have used multiplex cytokine ELISA for cytokine profiling in the blood
serum of DSS-treated mice (305). Use of such techniques would have further clarified
inflammatory status during DSS-administration in my studies.
6.3 Future experiments
Previous studies have well recognized the ability of the vagus nerve to act as a
medium for the bi-directional communication between the brain and the gut microbiota.
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My study, for the first time, has proposed the mechanism by which the gut microbiota
can communicate with the afferent neurons of vagus nerve. I have observed that cysteine
proteases via activation of PAR2 resulted in increased excitability of NG neurons that
were treated with MET-1 and serum from VCN treated mice. Furthermore, VCN
administration also diminished the severity of inflammation induced by administration of
DSS to the mice. Therefore, an interesting future experiment would be to understand the
role of PAR2 signaling in NG neurons during inflammation. It can be achieved by
studying the effect of VCN in DSS colitis in conditional knockout mice. The conditional
knockout mice are generated by using “Cre-loxp system”. Earlier studies have used Creloxp system to study the role of NMDA receptors and Nav1.6 in dopamine neurons and
DRG neurons respectively (335, 336). Similar to these studies, I can generate mice
lacking PAR2 in NG neurons which would then be used for studying the antiinflammatory effect of VCN. An earlier study has suggested that in mice that expressed
bacteriophage-derived Cre recombinase driven by the regulatory sequences of the Phox2b
gene, Cre activity was detected in all neurons in the NG but was absent from sympathetic
or parasympathetic ganglia (337, 338). Therefore, mice carrying an allele of PAR2
flanked by loxP sites can be bred with Phox2b::Cre mice to generate mice lacking PAR2
in NG neurons.
From my data suggesting VCN pretreatment reduced the severity of DSS induced
inflammation in mice, I speculate anti-inflammatory effect is a consequence of VCN
administration induced increase in the excitability of NG neurons. Therefore, an
interesting future experiment would be to study the role of vagus nerve in the antiinflammatory effect of VCN. Earlier studies have suggested the anti-inflammatory effect
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of the vagus nerve is mediated by nAChR α7 (339, 340). Therefore, pre-administration of
a nAChR α7 antagonist to the mice (341) or nAChR α7-/- (342) mice can be used to study
the role of vagus nerve in VCN induced inhibition of colitis. There are previous studies
that have tried to determine the significance of vagus nerve in the anti-depression and
anxiolytic effect of Lactobacillus rhamnosus and Bifidobacterium longum respectively by
using subdiaphragmatic vagotomized mice (58, 187). Additionally, Ghia and colleagues
have demonstrated the role of vagus nerve in vulnerability to inflammation induced by
depressive-like conditions and the anti-inflammatory role of vagus nerve in acute colitis
(343) (344). These studies have suggested the significance of pyloroplasty in
subdiaphragmatic vagotomy to minimize gastric dilation in vagotomized mice. With
regards to these studies, an approach to study the role of the vagus nerve in VCN induced
anti-inflammatory effects in mice would be the use of mice that have undergone
subdiaphragmatic vagotomy and pyloroplasty.
An alternative approach would be to inhibit the vagal anti-inflammatory pathway
by blocking the innervation of the spleen. Vida et al. have demonstrated that splenic
neurectomy can prevent the anti-inflammatory effect of both the vagus nerve and
cholinergic agonists (179). Additionally, they have reported that the splenic nerve
stimulation alone can recapitulate the vagal and cholinergic agonists induce inhibition of
systemic inflammation. The blockade of vagal immunomodulation of colitis by splenic
neurectomy is also supported by a different study that has demonstrated that the antiinflammatory effect due to central cholinergic activation was abolished in mice with
vagotomy, splenectomy, or splenic neurectomy (345). These findings supported the
ability of splenic neurectomy to inhibit the anti-inflammatory effect of vagus nerve.
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Therefore, a future experiment that could be performed is to study the effect of VCN on
inflammation in mice that have undertaken splenic neurectomy.
Vago-vagal reflexes that control gastric and intestinal digestive functions and
motility are controlled through functionally distinctive pathways (346). These circuits
connect the gut with brain stem nuclei, i.e. NTS and DMV (310). Studies suggesting the
role of efferent arm of the vagus nerve in reducing the release of pro-inflammatory
cytokines (178) have introduced the concept of the “inflammatory reflex” by which
central nervous system is capable of sensing inflammation and subsequently inhibit the
release of pro-inflammatory cytokines (347, 348). Furthermore, an earlier study using the
expression of the nucleoprotein fos demonstrated that intestinal inflammation in a
postoperative ileus model of inflammation, leads to NTS and DMV activation (310). It
supported the existence of an endogenous vagal “inflammatory reflex” modulating
intestinal inflammation. Similar to this study, in my study of DSS colitis, I can determine
the expression of fos protein in the brain stem to determine the circuits activated by DSS
colitis in mice. It is an important experiment as it will provide an insight into the neural
circuits activated during IBD.
6.4 Conclusion
The overall goal of the research performed in this thesis is to understand the
mechanism of interaction between gut microbiota and vagal afferent neurons. With
increasing evidence suggesting the ability of gut microbiota to effect brain function and
behavior, the cellular mechanism of interaction that I have proposed in my study will
serve to improve the understanding of the interaction between gut microbiota and brain.
Additionally, my finding suggesting the ability of VCN to inhibit inflammation
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encourages further studies to explore its anti-inflammatory property in other animal
models of IBD. Moreover, my study also highlights the significance of vagal afferent
neurons in the transmission of inflammatory status to the brain in DSS-induced colitis.
Although earlier studies have highlighted the role of gut microbiota in IBD, my data
suggest that the cellular mechanisms related to informing the brain of inflammatory status
are independent of gut microbiota. Taken together, the work presented here reveals
cellular mechanisms by which gut microbiota and inflammatory mediators modulate the
activity of vagal afferent neurons. A better understanding of how these mediators
influence this component of the gut-brain axis may lead to new ways to treat CNS effects
of gut microbial dysbiosis.
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