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Abstract
Background and aim: Within the gastrointestinal tract, vagal afferents regulate satiety and food intake
via chemical and mechanical mechanisms. Cysteinyl Leukotrienes (CysLTs) are lipid mediators that are
believed to regulate food intake and body weight. However, the involvement of vagal afferents in this
effect remains to be established. Conversely, Glucagon like peptide-1 (GLP-1) is a satiety and incretin
peptide hormone. The effect of obesity on GLP-1 mediated gut-brain signaling has yet to be investigated.
Since intestinal vagal afferents’ activity is reduced during obesity, it is intriguing to investigate their
responses to GLP-1 in such conditions. Methods: Extracellular recordings were performed on intestinal
afferents from normal C57Bl6, low fat fed (LFF), and high fat fed (HFF) mice. To examine the effect on
neuronal calcium signaling, calcium-imaging experiments were performed on isolated nodose ganglion
neurons. Food intake experiments were conducted using LFF and HFF mice. Oral glucose tolerance tests
(OGTT) were carried out. Whole cell patch clamp recordings were performed on nodose ganglion
neurons from A) normal C57Bl mice to test the effect of CysLTs on membrane excitability, B) LFF and
HFF mice to examine GLP-1 effect on membrane excitability during obesity. c-Fos immunohistochemical
techniques were performed to measure the level of neuronal activation in the brainstem of both LFF and
HFF mice in response to Ex-4. Results: CysLTs increased intestinal afferent firing rate and
mechanosensitivity. In single nodose neuron experiments, CysLTs increased excitability. The GLP-1
agonist Ex-4 significantly decreased food intake in LFF but not HFF mice. However, Ex-4 markedly
attenuated the rise in blood glucose in both LFF and HFF mice. The observed increase in nerve firing and
mechanosensitivity following the application of GLP-1 and Ex-4 was abolished in HFF mice. Cell
membrane excitability was significantly increased by Ex-4 in nodose from LFF but not HFF mice. Ex-4
significantly increased the number of activated neurons in the NTS area of LFF mice but not in their HFF
counterparts. Conclusion: The previous observations indicate that the role CysLTs play in regulating
satiety is likely to be vagally mediated. Also that satiety, but not incretin, effects of GLP-1 are impaired
during obesity.
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Chapter 1
Introduction
Overweight and obesity are the fifth leading causes of global death as they are a main gate and
major cause of death attributable to heart disease, cancer, diabetes etc. Over the last ten years the
prevalence of obesity has been dramatically increasing (WHO) (Figure 1). Furthermore, health
consequences of obesity now rival those of smoking. The major threat of obesity on health has
directed research focus and increased the need to understand the mechanisms controlling appetite,
satiety, food intake, and bodyweight, which has led to a significant increase in the number of GI
physiology research in the last few years.

Control of food intake and body weight occurs mainly through mechanisms within the gut brain
axis (Cummings et al., 2007). Where the brain receives hormonal, neural, and metabolic signals
in order to control satiety and keep a stable energy status (Cummings et al., 2007). However, any
disturbance of these mechanisms could lead to a serious disruption of energy balance leading
consequently to health disorders including obesity (Karagiannides et al., 2008) (Chaudhri et al.,
2008).

Afferent neurons innervating the gut receive a massive amount of sensory information in order to
keep track of changes in gut environment (Grundy, 2006) (Blackshaw et al., 2007). The GI tract
receives a dual afferent innervation via the vagus nerve and spinal afferent nerves. Vagal
afferents relay information important to maintaining normal physiology and homeostasis (e.g.
satiety), while spinal afferents also relay nociceptive information (Bielefeldt and Gebhart, 2008).
This study focuses on the role of vagal afferents in mediating satiety signals arising from the
1

satiety mediators cysteinyl leukotrienes (CysLTs), and the study of the different mechanisms by
which these mediators perform their actions. Furthermore, the role of vagal afferents in the
actions of the satiety and incretin hormone Glucagon-Like Peptide-1 (GLP-1) is investigated in
both lean and obese mice in order to consider the influence of obesity. I hypothesize that the
satiety mediators CysLTs regulate food intake mainly via intestinal vagal afferents. I also
postulate that the effects of the satiety mediator GLP-1 are impaired during obesity, and this
impairment is due to diminished intestinal afferents activity.

Figure 1: Over the last ten years, the prevalence of obesity has been dramatically increasing
(Gotay and Katzmarzyk et al., 2013. Reproduced with permission of the Canadian Public Health
Association).
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Chapter 2
Literature Review
2.1 Food Intake Regulation
Food intake is regulated by neuroendocrine interactions between the gut, sensory afferent nerves,
brain stem, hypothalamus, and higher regions in the central nervous system (CNS) including the
emotional and reward centres in the brain (Beyak et al., 2006). The main regions in the brain
responsible for controlling food intake include mainly the hypothalamus, particularly the arcuate
nucleus, and the dorsal vagal complex in the brain stem, where hormones act either via the vagus
nerve to activate ascending pathways from the gut, or via the circulation straight to the brain
(Schwartz, 2006) (Wise, 2006) (Fourchaud, 2011). The latter pathway takes place through areas
in the brain stem and the hypothalamus that lack blood brain barrier (BBB), these include Area
Postrema (AP) and Median Eminence (ME) (Peruzzo et al., 2000) (Chaudhri et al., 2008). Two
groups of neurons within the Arcuate Nucleus (ARC) in the hypothalamus are involved in
regulating appetite. One group is stimulatory, and includes Neuropeptide Y (NPY)/Agouti
Related

Peptide

(AgRP).

Opiomelanocorticortin

While

the

other

(POMC)/Cocaine-and

one

is

inhibitory

Amphetamine-Regulated

and

includes

transcript

Pro-

(CART)

immunoreactive neurons (
Figure 2). In the brain stem on the other hand, the nucleus of the Tractus Solitarius (NTS) is
where the cell bodies of vagal afferents project centrally. Second order neurons in the NTS then
project to higher regions in the CNS including the hypothalamus to receive and transmit
peripheral satiety signals (Figure 3) (Chaudhri et al., 2008). The brain-stem mediates sensory

3

signals that involve short-term fluctuations in nutritional status, while the hypothalamus
integrates information about long-term energy status (Lam et al., 2010).

While both the inhibitory and the stimulatory structures in the CNS are critical, vagal afferents
are the main link in the gut brain axis regulating food intake (Chaudhri et al., 2008). Vagus nerve
is the 10th cranial nerve and it innervates the GI tract from the pharynx to the mid colon. Vagal
afferents have their cell bodies lying in the nodose ganglia and projecting centrally to the NTS in
the brain stem (Thompson, 2006) (Berthoud et al., 2004). These vagal afferent fibers are mainly
specialized in detecting the presence of food in the gut, and they do so via two different
mechanisms.

4

Figure 2: Central nervous system (CNS) centers of appetite control and the pathways by which
circulating factors may influence appetite. The area postrema (AP) in the brainstem and the
median eminence (ME) in the hypothalamus lack a complete blood-brain barrier and are
susceptible to influence by blood-borne signals such as increased lipid or glucose levels, although
this is controversial in the case of the ME (denoted by the dashed line). Circulating factors may
also act on the vagus nerve and modify neuronal activity in the nucleus of the tractus solitarius
(NTS). The arcuate nucleus of the hypothalamus (ARC) acts as an integrative center. Two major
subpopulations of neuron in the ARC influence appetite: Those coexpressing neuropeptide Y
(NPY) and agouti-related protein (AgRP) are orexigenic, that is their activation results for
increase in food intake, whereas those coexpressing pro-opiomelanocortin (POMC) and cocaineand amphetamine-regulated transcript (CART) are anorexigenic; their activation results in
decrease in food intake. AgRP antagonizes the effects of the POMC product, α-melanocytestimulating hormone (α-MSH). (Al-Helaili MSc thesis, 2010) (Modified from Chaudhri et al.,
2008).
5
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Figure 3: Gut-Brain axis controlling food intake. Intestinal vagal afferents regulate food intake
via two mechanisms, chemical and mechanical.

2.2 Chemical Signals Involved in Regulation of Food Intake
Extrinsic innervation of the GI tract includes two types of sensory afferent pathways (Larsson,
2007). First, the spinal afferents, with unmyelinated or thinly myelinated axons, and they act
mostly as nociceptors. Second, the parasympathetic vagal afferents, with both myelinated and
unmyelinated axons, and they play a major role in regulating satiety signals, as well as other
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homeostatic functions (motility and secretion) (Larsson, 2007) (Grundy, 2006). Vagal afferents
are sensitive to a variety of chemical mediators released in the gut in response to nutrients, such
as carbohydrates, fatty acids, and amino acids. These nutrients are detected by different types of
specialized sensory cells including enteroendocrine cells (EE), which are specialized endocrine
cells found in the GI tract that release peptide hormones, and enterochromaffin cells, which are
specialized EE cells and release 5-HT (Beyak et al., 2006). These cells have been compared to
taste buds in the gut and they detect the presence of glucose, fatty acids (FAs), and amino acids
through specific receptors (Cummings et al., 2007). Nerve terminals of vagal afferents are found
to be in close proximity to these sensory cells. Suggesting an interactive relationship between
luminal nutrients, EEC, and vagal afferents (Figure 4) (Furness and Clerc, 2000) (Raybould,
1999).
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Figure 4: Similarities in nutrient-sensing mechanisms used by taste-receptor cells of the tongue
and enteroendocrine cells of the intestine (exemplified by an L cell) (Reproduced with
permission from Cummings and Overduin, 2007).

2.3 Mechanical Signals Involved in Regulating Food Intake
The volume of hollow gastrointestinal organs changes constantly according to the type and size of
the ingested meal, and the different digestive muscular contractions and waves involved in
breaking and propelling the food (Sengupta et al., 1990). Distention of the gut wall itself, due to
ingesting food, stimulates mechanosensitive afferent endings lying in the gut wall resulting in
satiation. Some studies demonstrate that vagal afferents fall under the low activation threshold
category where they get activated merely under low intraluminal pressure (Bielefeldt and
8

Gebhart, 2008) (Sengupta et al., 1990), such as would be expected to occur with slow luminal
filling after a meal.

Vagal afferent fibers perceive distention or pressure subsequent to ingesting a meal by at least
two types of mechanosensitive endings. The first are called Intraganglionic Laminar Endings
(IGLEs) and they terminate in and around the myenteric ganglia. Experiments by Zagorodnyuk et
al. have demonstrated that vagal IGLE’s are directly mechanosensitive. This type of endings have
been speculated to detect muscle stretching as they are called stretch or length receptors (Figure
5-A) (Wang et al., 2000) (Fox et al., 2000) (Phillips, 2000) (Zagorodnyuk et al., 2001). The
second type are the Intramuscular Arrays (IMAs) and terminate between smooth muscle cell
bundles and proposed to mediate muscle tension produced through passive stretch or active
contraction and thus they are called the “in series tension receptor endings” (Figure 5-B&C)
(Wang et al., 2000) (Fox et al., 2000) (Phillips, 2000). The stimulation of vagal afferent nerves
due to mechanical stimuli (distention) could happen through a direct activation of
mechanosensitive ion channels such as Acid Activated Ion Channels (ASIC), and Transient
Receptor Potential Channels (TRP) (Grundy, 2005) (Brierley et al., 2009). Mechanical stimuli
can also be transduced indirectly, via release of neuro-active mediators from the mucosa. As an
example, mechanical alteration of mucosal villi leads to activation of vagal afferent nerves in
response to the release of serotonin (5-HT), where the latter acts on its receptors on vagal afferent
nerve endings in order to increase vagal afferent mechanosensitivity (Andrews, 1994). It is
important to note also that chemical mediators can modulate mechanosensation. Food ingestion,
especially fat, causes luminal distention along with the release of variety of peptide hormones
such as Cholecystokinin (CCK) from Enteroendocrine Cells (EEC). Many studies have shown
that CCK stimulates mechanosensitivity of vagal afferents through activation of its receptors on
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vagal afferents terminals in the gut wall (Furness and Clerc, 2000) (Raybould and Tache, 1994)
(Takahashi and Owyang, 1999).

Figure 5: Photomicrograph of wheat germ agglutinin-horseradish peroxidase (WGAHRP) labeled
vagal Intraganglionic Laminar Ending (IGLE) and Intramuscular Arrays (IMA) nerve terminal in
the fore-stomach of C57 mouse. Scale bar = 100 µm. A) Five interconnected IGLEs B) A
longitudinal IMA oriented horizontally and its axon extends from the lower right side C) A
circular IMA shown vertically (Fox et al., 2000) (Reproduced with permission from Wiley and
Sons publisher).
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2.4 Selected Satiety Hormones that Regulate Food Intake
Satiety hormones are released in response to a meal in order to optimize digestion and report
energy status to the brain to regulate appetite and food intake (Druce and Bloom, 2006). There are
varieties of mediators that are known to play a role in food intake regulation. These mediators are
divided below based on their synthesis sites into three main groups.
2.4.1 Gastric Satiety Peptides
Lately, a great role for gastric hormones in regulating satiety and food intake has been
established, where the stomach contains gastric endocrine-like cells that have seen to produce a
number of important hormones that control appetite and satiety (Stengel and Taché, 2012).
Leptin
In addition to its production by adipose tissue, leptin has shown to be released in the lower half of
the stomach by the pepsinogen secreting chief cells (Zhang et al., 1994) (Bado et al., 1998) (Cinti
et al., 2000 and 2001) (Picó et al. 2003). Gastric leptin secretion is stimulated by verity of factors
including feeding where its levels has been shown to be reduced in fasted rats and increased in
fed ones (Cinti et al., 2000) (Picó et al. 2002). Intestinal peptides, such as cholecystokinin CCK,
have also shown to induce gastric leptin release (Cinti et al., 2000) (Sobhani et al., 2000)
Furthermore, insulin administration has been shown to promptly increase leptin secretion in the
stomach (Sobhani et al., 2000 and 2002) (Picó et al. 2003). The effect of gastric leptin is
dependent mainly on vagal afferents stimulation (Kentish et al., 2013) (Gaigé et al., 2002). In a
study done using conditional knockout (KO) mice, where leptin receptors deleted selectively in
sensory neurons (Nav1.8/LepRfl/fl mice), body weight and food intake including meal size and
meal duration in the dark phase were all significantly increased in the KO mice fed normal diet
compared to wild-type WT ones (Figure 6) (Lartigue et al., 2014).
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Figure 6: Increased body weight and food intake in leptin KO mice compared to WT. (left)
(Nav1.8/LepRfl/fl) KO mice body weight increased significantly compared to WT. (Right) KO
mice average food intake was significantly increased during the dark cycle but not in the light
cycle, giving a rise to the overall 24-hour food intake compared to WT mice (Reproduced with
permission from Lartigue et. al., 2014).
Ghrelin
Ghrelin is the main peptide hormone that is known to have orexigenic effects, and is produced
mainly in the stomach by the gastric endocrine X/A-like cell (Date et al., 2000) (Jeon et al., 2004)
(Rindi et al., 2004) (Stengel and Taché, 2012). Ghrelin released in the gut can regulate food
intake by activating the vagus nerve, as rats with subdiaphragmatic or gastric vagotomy do not
have increased food intake in response to ghrelin injection (Date et al., 2002) (Sakata et al.,
2003). The orexigenic effect of ghrelin is mediated by the ghrelin receptor GRLN-R, and mice
lacking these receptors do not eat more following ghrelin injection (Sun et al., 2004) (Zigman et
al., 2005).
2.4.2 Intestinal Satiety Mediators
Specialized enteroendocrine (EE) cells are known to be present not only in the stomach, but also
in the small intestine (Rindi et al., 2004). These EE cells were established as a main source for
12

intestinal peptide hormones that play a major role in regulating food intake. In addition,
endocrine-like and other cells in the intestine produce non-peptide mediators important in
regulating ingestive behavior.
Proximal Intestinal Satiety Peptides
Cholecystokinin (CCK)
CCK is one of the best known satiety mediators and is released when fatty acids, with a ≥ 12
length of carbon chain, or amino acids, exist in the gut lumen (McLaughlin rt.al., 1998)
(McLaughlin et al., 1999). It is produced by I cells located in the duodenal and jejunal mucosa, in
addition to the brain and neurons of the enteric nervous system (ENS) (Rehfeld, 2004)
(Cummings et al., 2007). Adding to its role of inhibiting food intake, CCK causes inhibition of
gastric emptying and gastric acid secretion via vago-vagal reflexes (Moran et al., 1982). CCK
stimulation results from increase of intracellular calcium leading to depolarization of vagal
afferent neurons, thus activation of voltage gated calcium Ca+2 channels as a result of the presence
of CCK stimuli (Beyak et al., 2006). CCK receptors are expressed on vagal afferents, and its
administration has been shown to increase vagal afferents activity as well as neural activity in the
hindbrain (Moran et al., 2004) (Zittel et al., 1999). It has been shown that long chain fatty acid
oleate activates intestinal afferent nerves in mice through CCK dependent mechanism (Grundy,
2005) (Webster and Beyak, 2013). The importance of CCK and the CCK-1 receptor in satiety is
demonstrated by the fact that the administration of CCK-1 receptor antagonist inhibits CCK
effect on satiety; and CCK-1 receptor deficient rats become obese and eventually insulin resistant
and diabetic (Moran et al., 1998). Furthermore, as a proof of the vagal role in mediating CCKinduced satiety, subdiaphragmatic vagotomy has shown to decrease the peripheral satiating effect
of CCK (Moran et al., 1997). The excitatory effect of CCK on intestinal afferents is similarly
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ablated by vagotomy, as is the effect of long chain fatty acids is in both rats (Lal et. al., 2001) and
mice (Webster and Beyak, 2013).
Distal Intestinal Satiety Peptides
Glucagon-Like Peptide-1 (GLP-1)
GLP-1, which is cleaved from proglucagon, a 160 amino acid prohormone, that is expressed in
the gut, pancreas, and brain, produced mainly by L-cells in the distal small intestine and colon
(Drucker, 2006) (Cummings et al., 2007). Ingesting nutrients, carbohydrates, fatty acids and
amino acids, stimulates GLP-1 secretion, which then decreases food intake (Cummings et al.,
2007). GLP-1’s effect on food intake is thought to be mainly mediated by vagal afferent nerves as
this effect is abolished by vagotomy (Abbott et al., 2005) (Drucker. 2006). Vagal afferent
excitation due to GLP-1 occurs in part due to inhibition of sustained and inactivating potassium
currents, (Gaisano et al., 2010). As with CCK, GLP-1 secretion is dependent on the activation of
voltage gated calcium channels VSCC and increase in cytoplasmic Ca+2 concentration after
depolarization of the L-cell membrane (Tolhurst et al., 2009) (Reimann et al., 2006).

One of the most important functions of GLP-1 is the regulation of glucose homeostasis, as its
application leads to glucose dependent insulin release, a mechanism called the “incretin effect”
(Holst and Gormada, 2004) (Vilsboll and Holst, 2004). As it has been mentioned before, GLP-1
administration causes increased activity of vagal afferents, it has been suggested that these
impulses of activity are transmitted to the pancreas as well (Nakabayashi et al. 1996), likely via a
vago-vagal reflex. Once GLP-1 is released, it diffuses across the lamina propria and is taken by
the capillaries where the enzyme Dipeptidyl Peptidase IV (DPP-IV) degrades GLP-1 as it reaches
the circulation (Hansen et al., 1999). This degradation pathway reduces the half-life of GLP-1 to
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less than two minutes. The short half-life of GLP-1, combined with the intimate association of
afferent terminals with L-cells, and the known action of GLP-1 on vagal afferents points toward a
local paracrine action being highly important in the actions of GLP-1 in satiety and possibly
incretin effects. The possibility of vagal involvement in these pathways is explored in this thesis.
Peptide Tyrosine Tyrosine (PYY-3-36)
PYY-3-36 is a 36-amino acid peptide produced by the L-cell type in the intestine (Adrain et al.,
1985). PYY-3-36 is an anorexigenic peptide hormone where its circulating levels increase
dramatically following a meal and the level of the rise has found to be proportional to the
ingested calories (Adrain et al., 1985) (Grandt et al., 1994) (Degen et al., 2005). Studies have
shown that peripheral administration of PYY-3-36 to both rodents and human results in a
significant reduction of food intake (Batterham et al., 2003). PYY-3-36 actions are mediated by
the Y2-receptor, as mice lacking this receptor have shown to be resistant to PYY3-36’s anorectic
effects (Batterham et al., 2002). Additional studies have also demonstrated that the co-application
of Y2-receptor antagonist BIIE0246 abolishes the PYY-3-36 anorectic actions (Abbott et al.,
2005) (Scott et al., 2005) (Talsania et al., 2005) (Ghitza et al., 2007). Correspondingly, the
application of Y2-receptor agonist reduced food intake significantly (Ortiz et al., 2007). It is
suggested that major part of PYY-3-36 actions occurs via the vagus nerve, since its receptor is
found to be expressed in the NTS area of the brain-stem, the nodose ganglia, as well as the vagus
nerve itself (Gustafon et al., 1997) (Koda et al., 2005). In line with this, peripheral administration
of PYY-3-36 has shown to increase vagal afferent activity, and disruption of this pathway
eliminates PYY-3-36 anorectic effect (Koda et al., 2005). Furthermore, peripheral injection of
PYY-3-36 increases c-Fos expression in the NTS area in mice (Blevins et al., 2008).

15

Apolipoprotein A-IV (Apo A-IV)
Apo A-IV is a protein primarily synthesized by enterocytes, in the mid-distal jejunum, in
response to fat absorption, as its secretion was found to be associated with long chain fatty acid
transportation (Bisgaier et al., 1985) (Theodore et al., 1994) (Kalogeris and Fukagawa, 1994).
Apo A-IV plays a role in regulating food intake where its gene expression levels are inhibited by
fasting and up regulated by fat feeding (Fujimoto et al. 1992) (Liu et al., 2001). Furthermore,
exogenous central and peripheral administration of Apo A-IV reduces food intake and inhibits
gastric emptying as well as acid secretion (Fujimoto et al., 1992) (Fujimoto et al., 1993) (Glatzle
et al., 2002). On the contrary, Apo A-IV KO mice showed to have faster gastric emptying and
higher acid secretion after meal ingestion (Whited et al., 2005).

Leptin is a major satiety mediator that is also secreted in response to fat ingestion (Collins et al.,
1996). Hence, it is sensible to investigate whether or not Apo A-IV and leptin have an interactive
relationship. In a study that was done by Doi and others, i.p. administration of leptin to rats
reduced Apo A-IV synthesis in response to lipid (Doi et al., 2001). Similar effects were observed
in mice, where circulating leptin negatively affected intestinal Apo A-IV synthesis and secretion.
Leptin deficient mice (ob/ob) have significantly increased Apo A-IV levels compared to WT ones
(Shen et al., 2007). On the contrary, central leptin has an opposite effect on central Apo A-IV.
Leptin up regulates central Apo A-IV gene expression and this increase is reduced in ob/ob mice
(Shen et al., 2007).

As mentioned earlier, leptin release has seen to be induced by the satiety mediator CCK (Cinti et
al., 2000) (Sobhani et al., 2000). Moreover, CCK and Apo A-IV are alike in terms of acting
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centrally as well as peripherally, they both are secreted in response to fat absorption, and more
importantly they both exert their actions via CCK-1 receptor (CCK-1R) (Glatzle et al., 2004) (Lo
et al., 2012) (Fei et al. 2015). Studies have shown that combination of high doses of both CCK
and Apo A-IV results in prolonged satiety effect that is not observed by either of them alone (Lo
et al., 2012). In CCK-KO mice Apo A-IV satiety effects are greatly attenuated indicating that
CCK-1R expression on vagal afferents is required for an intact Apo A-IV induced actions (Lo
ei.al. 2012). Lipid induced Apo A-IV secretion showed to stimulate the release of CCK followed
by activation of vagal afferents through CCK-1R pathway, an effect that is attenuated by
subdiaphragmatic sensory vagotomy (Whited et al., 2005) (Lo et al. 2012).

Apart from regulating food intake, a role for Apo A-IV in regulating glucose metabolism and
insulin secretion has been recognized (Wang et al., 2012). In Apo A-IV KO mice insulin
secretion in response to i.p. glucose dose is attenuated resulting in glucose intolerant mice.
However, exogenous administration of Apo A-IV showed to significantly increase insulin
secretion and ameliorate glucose tolerance (Wang et al., 2012). It is worth noting that unlike the
incretin hormone GLP-1, Apo A-IV half-life is long, as its activity lasts about eight hours making
it a valuable treatment for diabetes (Wang et al., 2012) (Wang et al., 2015).

2.5 Serotonin (5-HT)
5-HT is a neurotransmitter biochemically originated from tryptophan and mainly found in the GI
tract contained in specialized neuroendocrine cells called enterochromaffin (EC), platelets, and
CNS (Graham-Smith, 1967) (reviewed in Lam et al., 2010). Hypothalamic and peripheral
administration of 5-HT leads to a significant reduction in food intake and body weight (Wurtman
J and Wurtman R, 1977) (Reviewed in Sharma S and Sharma J, 2012). This indicates that 5-HT
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affects feeding behavior with both central and peripheral sites of action (Simansky, 1996).
Peripheral actions of 5-HT involve vagal afferent neurons since systemic application causes a
major increase in intestinal afferent fibers activity (Hillsley et. al., 1998). Moreover, this response
was completely abolished by chronic sub-diaphragmatic vagotomy, indicating that 5-HT activity
is mediated by vagal afferent neurons (Reynolds et al., 1991).

2.6 Fatty Acid Derived Satiety Mediators
While a large percentage of mediators involved in gut related satiety signaling are peptides or
neurotransmitters secreted by neuroendocrine-like cells in the gut, in the last half decade growing
attention has been directed to mediators derived from fatty acids (FA). These fatty acid satiety
hormones include fatty acid amides and eicosanoids.
2.6.1 Fatty Acid Amides (FAA)
Anandamide (AEA)
The most studied FAA is anandamide (AEA), Which is an endocannabinoid (EC) that acts on
cannabinoid (CB) receptors to regulate appetite (Gomez et al., 2002) (Kunos, 2007). Activation
of CB receptors has shown to increase food intake and their deletion is correlated with a lean
phenotype and resistance to diet induced obesity (Gomez et al., 2002) (Kunos, 2007). These
receptors are expressed on nerve terminals innervating the GI tract and mediate satiety signals
arising from the gut (Gomez et al. 2002). The destruction of sensory fibers decreases the effect of
AEA on food intake. Furthermore, studies have shown that mice lacking CB-1 receptor (KO)
were leaner compared to their Wild Type (WT) littermates (Kunos, 2007). Studies have shown
that overweight and obese individuals have increased CB-1 mRNA expression in visceral adipose
tissue as well as an up regulation of the genes involved in CB1 synthesis in abdominal adipose
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tissue (Blüher et al., 2006) (You et al., 2011). Since CBs are products of dietary FAs, an
adjustment of dietary FA intake can modify CB receptor function and consequently appetite
(Blasbalg et al., 2011) (Harris and Klurfeld, 2011).
Oleoylethanolamide (OEA)
Oleoylethanolamide (OEA) is an endogenous CB-like fatty acid that plays a part in regulating
food intake and body weight (Wang et al., 2005). However, unlike AEA, OEA have shown to
inhibit food intake (Fonseca, 2004). It is suggested that it performs its actions on two types of
receptors, transient receptor potential cation channel subfamily V member 1 (TRPV1) receptors
and Peroxisome Proliferator-activated Receptor-alpha (PPAR-α) (Wang et al., 2005) (Fu et al.,
2003) (Fu et al., 2005) (Ahern, 2003). The levels of OEA increase by feeding, and its effect on
food intake is abolished by the destruction of vagal sensory afferents (capsaiacin). It also
increases c-Fos expression in the brain through vagal afferent pathway (Wang et al., 2005). The
previous suggests that vagal afferent neurons mediate OEA activity.
2.6.2 Eicosanoids
Prostaglandins (PG)
PGs are Arachidonic Acid (AA) derivatives, comprising a group of eight hormone-like
substances and found in cell membranes of all tissues and organs (Figure 7). These substances
play a role mainly during inflammation in responses to injuries as they dilate blood vessels and
increase their permeability to fluid and proteins (FitzGerald et al., 2004) (Nasjletti et al., 2003).
They additionally increase nerve endings sensitivity to pain (FitzGerald et al., 2004) (Waller et
al., 2001).
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Besides inflammation, PGs plays a role in regulating food intake, as the central administration of
PGE suppresses food intake (Ohinata et al., 2006). Furthermore, mice lacking PGE receptor
(EP3R-/-) have increased food intake and body weight (Sanchez-Alavez et al., 2007).

Figure 7: AA produces important derivatives that play a role in inflammation including
Prostagalndins (PGs) and Leukotrienes (LTs). Arachidonic acid is liberated from membrane
phospholipid but phospholipase A2. Parallel enzymatic pathways involving lipoxygenase, or
cyclooxygenase (1 and 2) metabolize arachidonic acid into the leukotrienes and prostaglandins
respectively (Al-Helaili MSc thesis, 2010).
Leukotrienes (LTs) As Potential Satiety Mediators
LTs are synthesized, through 5-lypoxygenase (5-LO) pathway, from AA in response to
inflammation, as they are involved in a variety of inflammatory reaction including asthma and
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allergy (Figure 7). There are six types of LTs (LTA4-LTF4), and three of which (LTC4, D4, and
E4) are called Cysteinyl Leukotrienes (CysLTs) due to the presence of cysteine amino acid in
their structure (Zarini et al., 2009). CysLTs perform their actions mainly through two types of Gprotein Coupled Receptors (GPCRs), known as Cysteinyl-leukotriene 1 and 2 receptors
(CysLT1Rs and CysLT2Rs) (Kroeza et al., 2003) (Capra et al., 2007).

Studies have demonstrated that in addition to its established role during inflammation, 5-LO
pathway is also associated with adiposity and body weight. 5-LO deficient mice (Alox5-/-) have
increasing lipid levels and fat mass indicating that 5-LO could contribute to metabolic phenotypes
(Mehrabian et al., 2008). Moreover, Horrillo et al., have suggested that the pro-inflammatory 5LO pathway contributes to adipose tissue inflammation and lipid dysfunction during obesity, as
the key components of the 5-LO pathway as well as LT receptors were detected in adipose tissue
and adipocytes. This work suggested that products of the 5-LO pathway may be involved in food
intake regulation. My previous MSc work focused on one group of these mediators, the Cysteinyl
leukotrienes, and their action on the CysLT2 receptor.

2.7 Role of CysLTs in Regulating Food Intake
Previously, our colleagues have made the observation that CysLT2Rs are expressed in vagal
afferent neurons and nodose ganglia (Figure 8) (Barajas-Espinosa et al., 2011). This combined
with evidence that other inflammatory type mediators can affect food intake (Guijarro et al.,
2006) (Langhans, 2007), led us to examine the effects of CysLT2 receptor activation on food
intake. In my MSc thesis, I showed that CysLT2R-/- mice not only have significantly higher body
weight, but also eat significantly more than CysLT2R+/+ mice. It was also demonstrated that
LTC4 and LTD4 increased calcium Ca2+ influx in nodose ganglion neuron (Figure 9). Moreover,
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the level of neuronal activation in the brainstem (NTS area), which was measured in both groups
of mice using immunohistochemical techniques, indicated less postprandial neuronal activity in
KO mice (Figure 10) (Figure 11). These data strongly suggest that CysLT2Rs take part in
regulating body weight and food intake. In addition, these results implicate vagal afferents as a
possible pathway (Al-Helaili, MSc thesis 2010). However, the effects of CysLTR activation on
afferent nerves innervating the GI tract remain unknown. Demonstration of such an action would
lend further support to the idea that GI derived CysLTs can have a paracrine action in vagal
afferents, thus reducing food intake. These subjects were a major focus in the present thesis.
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Figure 8: CysLT2Rs located on the nodose ganglion and the vagus nerve innervating the gut.
CysLT2Rs visualized using galactosidase X-Gal staining in CysLT2Rs(-/-)/ LacZ. Staining is seen
within extrinsic nerves innervating the gut (A), a sectioned vagus nerve (B), and nodose ganglion
(C). (Reproduced with permission from Dr. Moss and Funk, un-published) (Reproduced with
permission from Barajas-Espinosa et al., 2011).
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Figure 9: LTD4 and LTC4 both activate Nodose Ganglia Neurons (Al-Helaili MScs, 2010).

Figure 10: c-Fos immunoreactivity in ad-lib fed CysLT2R+/+ and CysLT2R-/- mice. c-Fosimmunostained cells in sections of brainstem taken from CysLT2R+/+ and CysLT2R-/- mice
(20µ) using DAB staining. A) CysLT2R-/-. B) CysLT2R+/+. More positive cells can beclearly
seen in the NTS area of the WT mouse section. (NTS: Nucleus Tractus Solitarius, CC: Central
Canal, AP: Area Postrema) (Al-Helaili MScs, 2010).
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Figure 11: Number of c-Fos positive neurons in the NTS area of CysLT2R KO and WT mice. Ad
lib fed KO mice have significantly fewer c-Fos positive cells in the NTS compared to the WT
(Al-Helaili MSc thesis, 2010).

The previous implies that inflammatory derived mediators are strongly involved in food intake
regulation, in acute and chronic inflammatory states. However, given the fact that the immune
system of the gut is continually in a state of low grade activation, some of these substances may
also be released in smaller amounts in health, and therefore possibly play a role in the
physiological control of food intake.

2.8 Obesity and Food Intake Regulation
Obesity is a major worldwide problem that is believed to have resulted from the accessibility of
high caloric food combined with a reduction in physical activity (Chaudhri et al., 2008). The
human body overcomes the daily fluctuations in food intake and maintains weight overtime
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through appetite regulatory pathways, where vagal afferents transmit satiety signals to the brain
through chemical and mechanical mechanisms (Karagiannides et al., 2008) (Chaudri et al., 2008)
(Cummings et al., 2007) (Daly et al., 2011). There is growing evidence that responses to satiety
mediators and distention of the gut are attenuated during obesity.

Previously, it has been shown that satiety responses provoked by CCK are reduced in obese rats
(Covasa and Ritter, 1998). Moreover, satiety responses to intraluminal lipid are diminished in
these obese rats (Covasa and Ritter, 1999). Also, it has been shown that neuronal signaling in
response to CCK and lipids is attenuated in the same animals (Covasa et al., 2000) (Covasa et al.,
2000) (Donovan et al., 2009). In 2011, Daly et al. have shown that intestinal afferent nerve satiety
signals and vagal afferents excitability in response to CCK and 5-HT are impaired in Diet
Induced Obesity (DIO) mice (Figure 12). Furthermore, it has been shown recently that obeseprone (OP) rats fed high energy/high fat diet (HE/HF) had significantly less suppressed food
intake, lower plasma GLP-1 levels and decreased protein levels of GLP-1 in the intestinal
epithelium, with down regulated expression of GLP-1R mRNA in the nodose ganglia in response
to Exendin-4 (Ex-4), GLP-1 agonist, compared to OP rats fed chow (Duca et al., 2013).
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Figure 12: Attenuated intestinal afferent responses to chemical stimulation in HFF mice. A)
Baseline afferent discharge arising from isolated jejunum was significantly attenuated in HFF
mice compared to LFF mice (P<0.0001 Student’s t test). B) The mesenteric afferent response to
CCK application (100nM) was significantly lower from HFF mice compared to LFF mice. C)
The mesenteric afferent response to 5-HT application (10µM) was significantly lower from HFF
compared to LFF mice (Student’s t test, n=10 for each group) (Reproduced with permission from
Daly et al., 2011).

Furthermore, in a study using obese humans and mice, it was shown that obese subjects have
lower endogenous postprandial PYY responses, an impairment that would cause a reduction in
satiety and reinforcement of obesity (Roux et al., 2006). In the literature, it was indicated that the
protein adiponectin plays a role in regulating food intake and body weight (Qi et al., 2004).
Adiponectin controls food intake differently through two types of receptors, adiponectin receptor
1 (ADIPOR1) and adiponectin receptor 2 (ADIPOR2) (Yamauchi et al., 2003). ADIPOR1 has
shown to decrease food intake and glucose intolerance, while ADIPOR2 has shown to increase
body weight (Bjursell et al., 2007). Lately, Kentish et al., (2015) were able to show that the
adiponectin opposite effects are reversed during diet-induced obesity. In this study C57BL mice
were fed either standard laboratory diet (SLD) or a high fat diet (HFD) in order to examine the
effect of diet induced obesity on gastric vagal afferents response to adiponectin (Kentish et al.,
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2015). The results showed a significant reduction in mechanosensitivity of gastric vagal afferents
of HFF mice as well as a decrease in ADIPOR1 mRNA expression in the mucosal gastric
afferents of these mice compared to the SLD fed ones, which indicates an altered gastric vagal
afferents signaling activity in response to adiponectin during HFD induced obesity (Kentish et al.,
2015).

Similar to peptide hormones, fatty acid derived mediators activity has shown to be affected by
obesity as well. In a recent study, it was shown that rats and mice put on a diet that is high in fat
and became obese showed to have disturbed OEA production in the gut. Similarly, same results
were observed when feeding animals with high sucrose diet. These results indicate that OEA
mediated satiety signals are inhibited by high fat or sugar diet (Igarashi et al., 2015).

While acute consumption of fat stimulates Apo A-IV synthesis and secretion, chronic high fat
diet dramatically reduces Apo A-IV mRNA levels and responsiveness in the hypothalamus.
Intragastric infusion of lipid emulsion to fasted animals had negligible effect on Aop A-IV
synthesis and secretion in the high fat fed mice compared to low fat fed or control ones (Liu et al.,
2004). In a study performed using pro-inflammatory (TNF-α and IL-6) treated intestinal cells,
Apo A-IV levels induced by linoleic acid, a dietary fatty acid, were inhibited compared to those
in normal intestinal cells. Since body fat during obesity is a major source of pro-inflammatory
cytokines, these results suggest that pro-inflammatory cytokines can play a role contributing to
Apo A-IV reduction in response to high fat diet leading to diet induced obesity (Hotamisligil,
2006) (Park et al., 2010) (Li et al., 2015).
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Vagal afferents report nutritional status of the gut, the quantity and nature of food, via two
mechanisms, chemical and mechanical. Mediating this activity are group of satiety mediators
many of which are well-known in the literature including CCK, 5-HT, and GLP-1. Proceeding
from there, and based on recent observations done by our lab regarding the fatty acid derived
mediators CysLTs acting as satiety mediators, the first aim of this project is to demonstrate
CysLTs actions on intestinal vagal afferents and their effects on both chemical and mechanical
sensitivity of these afferents. In addition, the study aims at demonstrating a direct excitatory
action of these mediators on vagal afferents.

The second aim was built upon previous data from our lab and others, that diet induced obesity
impairs intestinal afferent nerve satiety signals, both chemical and mechanical. One of the
important known satiety mediators is GLP-1, yet there has been no attempt in the literature to
examine the impact of obesity on GLP-1 mediated intestinal vagal afferents signals. Hence, it is
aimed to examine whether GLP-1 mediated intestinal vagal afferent signals are impaired during
obesity or not. In addition, GLP-1 works also as an incretin hormone where its postprandial
release enhances insulin secretion from pancreatic ß-cells. It has been suggested in the literature
that vagal afferents are involved in GLP-1 mediated glucose dependent insulin secretion (Vahl et
al., 2007) (Cheung et al., 2009). Therefore, we tested the influence of obesity on GLP-1 mediated
incretin effects.

The following chapter displays the basic experimental techniques that have been used in order to
investigate the stated aims.
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Chapter 3
Materials and Methods
3.1 Animals
All experiments were performed in accordance with the Queen’s University Animal Care
Committee, under an approved protocol, according with guideline from the Canadian Council for
Animal Care. Male C57Bl6/J mice from Charles River Canada (Montreal, QC, Canada) or The
Jackson Laboratory (BarHarbor,ME, USA) were used in all experiments.

The concentrations of the drugs used throughout the following experiments were specifically
chosen based on either dose response performed experiments, literature review, or manufacturers’
recommendations.

3.2 Nerve Recording Experiments
In vitro extracellular recording from intestinal afferent nerves
Mice were killed by isoflurane overdose followed by exsanguination. The abdomen was
immediately opened, and the jejunum or ileum, depending on the site of expression of the
receptor of interest, was excised and placed immediately in cold carbogenated Krebs solution
(composition in mmol l−1:NaCl, 118.4;NaHCO3, 24.9;CaCl2, 1.9;MgSO4, 1.2; KH2PO4, 1.2;
glucose, 11.7). Segments of jejunum ~5 cm in length were prepared, each with a mesenteric
neurovascular arcade emanating from the middle of the segment. Preparations were transferred to
a purpose built recording chamber and continuously superfused at 2ml/min with carbonated
Krebs solution and kept at 35°C. A mesenteric nerve bundle was isolated and placed in a glass
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suction electrode connected to a Neurolog NL100AK headstage (IBIS Instrumentation, Ottawa,
Canada) (Figure 13). Signals were amplified with an NL104 amplifier, band pass filtered at 200–
3000 Hz with an NL125 filter. The signal was acquired at 20 kHz using a Micro1401 interface
and recorded and displayed on a PC running the Spike2 software package (Cambridge Electronic
Design, Cambridge, UK). All drugs were applied by bath superfusion and intraluminally for
either 5 min or 10 min with a washout period of 30 min between drug applications. Spike
amplitudes exceeding twice the basal noise level were counted. Responses were assessed by mean
change in afferent activity (spikes / s) over a 100 s period (peak) compared to a 100 s baseline
period. All data were expressed as means ±SEM, and the percentage of increase in firing rate was
calculated. Significant differences between the two groups were determined by paired or unpaired
Student’s t test as appropriate (P <0.05).

Figure 13: In vitro extracellular recording from intestinal afferent nerves (investigating chemical
sensitivity).
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Investigating mechanosensitivity of intestinal afferents
In order to investigate mechanosensitive responses, segments of jejunum or ileum were
cannulated at both ends and connected to an input and an output port. The input port was attached
to an infusion pump enabling the continuous perfusion of the lumen with Krebs solution when the
output port was open and periodic distension of the jejunum or ileum when the output port was
closed (Figure 14). A pressure transducer (NL 108, Digitimer, Welwyn Garden City, UK) was
attached in parallel to the input port, allowing the intraluminal pressure to be continuously
monitored. Preparations were distended at 30 min intervals with Krebs solution alone or with the
addition of drugs at a rate of 160 µl/min (10 mls/hr) to a maximal intraluminal pressure of 60
mmHg. The pressure–response relationship was determined using a custom made script (provided
by Cambridge Electronic Design, CED) in the Spike2 interface. Responses were classified into
two broad groups depending on their activation thresholds. Increases in discharge rate at
pressures ≤15 mmHg were classified as low threshold and those responding at pressures >15
mmHg were classified as high threshold. Multiple comparisons were made using ANOVA with
the Bonferroni post hoc test.
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Figure 14: In vitro extracellular recording from intestinal afferent nerves (investigating
mechanical sensitivity).

3.3 Isolated Neuron Recordings
Nodose ganglion neuron isolation
The nodose ganglia were located by following the cervical vagi to the base of the skull, rapidly
excised and placed in sterile Ca2+ and Mg2+-free Hanks’ balanced salt solution (HBSS; GibcoBRL, Burlington, ON, Canada) pH 7.4, and adhering connective tissue dissected without
desheathing the ganglia. The neurons were then dissociated using the following protocol. Whole
ganglia were incubated (10 min, 37◦C) in 0.2 mgml−1 papain (Worthington Biochemical Corp.,
Lakewood, NJ, USA), which had previously been activated with 0.4 mgml−1 cysteine (SigmaAldrich Co., St Louis, MO, USA), followed by two washes of HBSS. This was followed by a 10
min incubation in a HBSS solution containing 1 mgml−1 collagenase type II (Worthington) and 4
mg ml−1 dispase II (Boehringer-Mannheim, Gaithersburg, MD, USA). Reaction was stopped
with tissue culture medium (F12, GIBCO and 10% fetal calf serum). Ganglia were then triturated
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10 times through a flame-polished Pasteur pipette until the tissue was fully dispersed into a
single-cell suspension. The suspension was subjected to low speed centrifugation for 5 min at
1000 rpm (136 g) to remove myelin debris. The resulting neuron pellet was resuspended in tissue
culture medium and layered onto coverslips pre-coated with PureCol (Inamed, Gauting,
Germany). Cells were kept in an incubator at 37°C (5% CO2) for 12–24 h.

Whole cell patch clamp recordings
Whole-cell patch clamp recordings were performed 12–24 h after neuron isolation. Coverslips
containing nodose ganglion neurons were placed in a recording chamber and mounted on an
inverted microscope (Axiovert 10, Zeiss, Montreal Canada). Glass microelectrodes were pulled
with a PC-10 puller (Narishige, Japan). The pipette resistance was between 2 and 4MΩ. Signals
were amplified by using a Multiclamp 700B voltage clamp amplifier and digitized with a
Digidata 1440A A/D converter (Molecular Devices, Sunnyvale, CA, USA). After obtaining
whole cell access, membrane access resistance was stable reaching less than 10MΩ. Using the
amplifier circuitry, series resistance was compensated up to 75–80%. In current clamp mode,
electrophysiological properties were assessed. To assess the rheobase, 500 ms current pulses were
applied to the cells from 10 to 290 pA with an increment of 10 pA. Recordings were analyzed by
the Clampfit 10.0 software (Molecular Devices) and Origin (OriginLab Corp., Northampton, MA,
USA).

Calcium imaging
Nodose ganglion neurons were incubated at room temperature with Fura-2 AM for 30 min (4 µm
final concentration in culture media). After the incubation, the cells were superfused with Hepes
buffer for 30 min. The experiments were performed at room temperature using calcium imaging
34

system and software ImageMaster (PTI, NJ, USA) and an inverted epifluorescence microscope
(Olympus 1X71, Olympus Canada, Markham, Ontario) with a fluorescence lens. The images
were captured with a CCD Camera (Cascade 512B, Roper Scientific, Tuscon, AZ, USA). The
data were expressed as the 340/380 nm ratios. A positive response was defined as an increase in
fluorescence ratio of twice baseline. All data were analyzed in Origin. All data are expressed as
means ± SEM. Significance was determined by an independent Student's t test (P < 0.05).
Solutions for patch clamp and calcium imaging experiments
For patch clamp experiments, the extracellular HEPES buffered saline used contained (mM):
NaCl, 135; KCl, 5; MgCl2, 1; CaCl2, 2; HEPES, 10; glucose, 10; pH adjusted to 7.4 using
NaOH. The intracellular solution contained (mM): KCl, 140; Hepes, 5; MgCl2, 5; EGTA, 0.05;
pH adjusted to 7.2 using KOH. Identical extracellular solutions were used to superfuse the cells in
Ca2+ imaging experiments. All drugs were prepared as stock solutions, and then diluted to their
final concentrations in bath solution. Drugs were dissolved in distilled water or DMSO. Fura-2
AM from Molecular Probes (Eugene, OR, USA).

3.4 Induction of Diet Induced Obesity
Four-week-old male mice were placed on commercially available chow composed of either 10%
or 60% total calories from fat (Research Diets Inc., New Brunswick, NJ, USA) and fed ad
libitium (Figure 15). Mice were housed under identical conditions with a standard light–dark
cycle. Animals were maintained on these diets until the time of experimentation at 12–14 weeks
of age. All mice had free access to food and water up to the time of the experiment.
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Figure 15: 10% fat containing food pellets (yellow) and 60% fat containing food pellets (blue).

3.5 Acute Feeding Experiments
Mice were housed in the same room, same room temperature, singly housed in metabolic cages
that had food reservoirs attached to sensors that allowed for changes in the weight of the
reservoirs to be monitored on a minute-to-minute basis (Figure 16) (TSE Systems Inc.,
Chesterfield, MI, USA). During the week prior to experimentation, 4 LFF and 4 HFF mice
received daily i.p. injections of 0.1 mL saline, to acclimatize them to this procedure.
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Figure 16: The cages that the mice food intake will be measured with. (TSE Laboratory Manual).
On the day of the experiment, the mice were weighed just prior to drug administration, to allow
the determination of the appropriate dose. Mice received either 0.1 nmol/kg Ex-4 (Sigma-Aldrich,
St. Louis, MO, USA) or volume-matched saline by i.p. injection. Immediately after
administration of Ex-4 or saline, food intake was recorded for 3 hours starting at 7:00 PM (lights
off), taking in consideration that mice are nocturnal feeders. The following day, the experiment
was repeated, with each mouse receiving the alternate treatment. Long term food intake was also
measured, where food intake was recorded 3 days a week for 24 hours.
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3.6 Data Analysis
Analysis was performed using the TSE Labmaster System (TSE, Germany). The system
measured 8 cages simultaneously, which allowed us to measure food intake of four LFF and four
HFF at the same time. Mann-Whitney U test was used to compare food intake between groups.

3.7 Oral Glucose Tolerance Test (OGTT)
During the week prior to experimentation, 4 LFF and 4 HFF mice were acclimatized to the
experimental procedures, where mice were handled and placed in a restrainer (Kent Scientific
Corporation, Torrington, CT, USA) daily, and received 0.1 mL saline by i.p. injection and 0.1 mL
water through a plastic feeding needle (Instech Laboratories Inc., Plymouth Meeting, PA, USA)
on two occasions.

On the day of experiment, mice were fasted for 6 hours prior to the glucose infusion. After the
fast, mice were weighed, for drug dose determination by body weight. In preparation for tail vein
blood collection, mice were placed into the restrainer and the tail was placed in warm water
(37°C) for 5-10 seconds. Fasting blood glucose levels were measured by nicking the tail vein at
the tail tip and collecting the blood droplet using a Bayer Contour glucometer (Bayer Diabetes
Care, Toronto, ON, Canada). Mice were assigned to receive i.p. injections of either 0.1 nmol/kg
Ex-4 or volume-matched saline. After 15 minutes, mice received 2 g/kg of a 40% (w/v) glucose
solution in deionized water by oral gavage. Blood glucose levels were measured at 15, 30, 60, and
120 minutes after the glucose load. After four days, OGTTs were repeated with each mouse
receiving the alternate treatment (Figure 17).
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Figure 17: Oral glucose tolerance test (OGTT). A) Mice restrainer. B) Nicking the vein at the tip
of the tail to measure blood glucose levels. C) A glucometer. D) i.p. injection of either saline or
Ex-4. E) Gavage with glucose.
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3.8 Statistical Analysis
To determine differences in peak blood glucose levels in response to saline vs. Ex-4 during the
OGTTs, repeated measures two-way ANOVA with a Bonferroni correction for multiple
comparisons. All statistical analyses were performed using GraphPad Prism v6 (GraphPad
Software Inc., San Diego, CA, USA).

3.9 Immunohistochemistry, c-Fos Expression in the Brain
All mice were habituated to handling and saline injections for a week prior to the beginning of the
experiment. Four LFF and Four HFF mice were fasted for six hours followed by an i.p. injection
of either (0.01 nmol/kg) Ex-4 or saline then gavaged with 2g/kg of 40% glucose. Sixty minutes
later, a time point at which c-Fos signals reach a peak (Cullinan et al. 1995), mice were sacrificed
by ketamine xylazine i.p. injection, then perfused transcardially with 20 ml of cold saline
followed by 30 ml of cold 4% paraformaldehyde. Brain-stem was dissected and removed and
placed directly in 4% paraformaldehyde at 4°C overnight. Following three washes with phosphate
Buffered Solution (PBS), the tissue was placed in pure 30% sucrose solution for the next 48 hours
at 4°C for cryo-protection. The brain-stem was sectioned into 20 µm coronal sections using a
sectioning cryostat. c-Fos was visualized according to the manufacturer's protocol (ABC Elite kit)
from Vectastain. The specimens were incubated in 0.3% Hydrogen Peroxide (H2O2) for 30
minutes in order to block the endogenous peroxidase activity, then following three washes with
PBS (2-3 minutesapart) sections were incubated in a mix of 50 µl of goat serum and 10 ml of
PBS for 20 minutes to suppress the non-specific binding of secondary immunoglobulin. Brain
tissue tends to have high concentrations of Biotin (a co-enzyme vitamin B-complex) which has a
strong affinity to Avidin (a glycoprotien). In order to isolate endogenous Biotin staining a
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blocking step was performed by incubating the sections with 50 µl of Avidin for 15 minutes, then
wash briefly and incubate with Biotin for another 15 minutes. Sections were then incubated with
Rabbit antibody-5 405 (1:10000) from Calbiochem, or only antibody diluent as a negative
control, overnight at 4oC. Next day, a rinse with three changes of PBS, 2-3 minutes each was
done. Afterward, incubate with a mix of 50 µl of biotinylated goat anti-rabbit secondary antibody
(1:200) with 10 ml PBS and 150 µl GS for 30 minutes at room temperature. At the time of
incubation, ABC reagent (Avidin Biotin complex) were prepared by adding 100 µl of reagent A
to 5 ml of PBS, then 100 µl of reagent B and allowed to stabilize at room temperature for 30
minutes before use. Incubation with ABC reagent for 30 minutes then rinsing with PBS 3
changes, 2-3 minutes each were done. At the same time where the incubations were running, 3,3'Diaminobenzidine (DAB) solution was prepared by dissolving 5 mg DAB in 10 ml PBS with 0.3
ml of 0.1% H2O2. After the incubation with ABC reagent and rinsing in PBS three times, the
specimens were incubated in DAB solution for 10 minutes. The development of the brown color
was checked under microscopy, and if further intensification of staining was needed the slides
were returned to DAB solution for longer time (2-3 minutes) then rinsed in PBS. Finally, the
slides were covered with cover-slips using 50% glycerol, then examined under light microscope.

Based on the used thickness of sections (20 µm) the number of c-Fos positive nuclei in the NTS
was counted blindly in every other third section, to avoid the replication, using a 10×10 Olympus
reticule, in a 2.4×1.2 mm area bilaterally from the central canal C.C. The increase in c-Fos
positive cells induced by glucose was compared in LFF and HFF mice. In this way, both the
region of the brain as well as the surface area examined were rigorously standardized. All data
expressed as mean ± S.E.M. Significance was determined by a Student t-test (Figure 18).
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Figure 18: The localizing NTS area in the brain-stem using a reticule. The red box designates the
Nucleus Tractus Solitarius (NTS) area highlighted using the reticule in a 2.4Å~1.2 mm area
bilaterally from the Central Canal (C.C.) where number of c-Fos is counted as an indication of
neuronal activity.
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Chapter 4
Cysteinyl Leukotrienes Activate Intestinal Afferent Nerves
4.1 Abstract
Background and aim: Leukotrienes are lipid derived inflammatory mediators, important in a
variety of disease states, such as asthma, where they trigger contraction in smooth muscles.
Cysteinyl leukotrienes are a subgroup that acts on the receptors CysLTR1 and CysLTR2. Based
on previous studies, CysLT2Rs take a part in regulating body weight and food intake. Yet, the
effect of CysLTs activation on afferent nerves innervating the gut is to be investigated. The aim
of this study is to examine the effect of CysLTs on intestinal vagal afferents. Methods: In vitro
extracellular intestinal afferent nerve recordings were performed using isolated segments of
jejunum from C57Bl6 mice. Both ends of the intestine were cannulated to allow perfusion of
drugs as well as mechanical stimulation (distention). Direct (chemical) effect of the cysteinyl
leukotrienes LTC4 and LTD4 (Both 1uM), was also examined. Role of the CysLT1R was
examined with CysLTR1 antagonist Montelukast (100 nM), and the effect of CysLT2R
antagonist HAMI 3379 (38 nM) on both chemical and mechanical sensitivity was tested. The Ltype voltage gated calcium channel blocker Nicardipine (3 uM) was used to exclude an effect on
smooth muscle contraction. To examine the effect of CysLT2R activation on neuronal calcium
signaling, ratiofluorometric calcium imaging was performed on isolated nodose ganglion (vagal
afferent) neurons in normal, Ca+2 free, and L type Voltage Operated Calcium Channel (LVOCC) blocker (Nicardipine, 3µM) conditions. Whole cell patch clamp recordings were
performed on nodose ganglion neurons. Results: Intestinal afferents significantly increased their
firing rate in response to LTC4/D4 when applied in the bath. We then examined the effects of
43

LTC4/D4 on afferent nerve responses to distention. Compared to baseline, intraluminal LTC4
increased responses to distention significantly at low and high pressures. Similar results were
observed when perfusing LTD4. In the presence of Montelukast LTC4 and D4 had similar effects
to the LTC4 and D4 alone. Nicardipine did not prevent the effect of LTC4 on afferent responses
to low and high pressure as well. However, in the presence of Nicardipine LTD4 had a significant
effect on mechanosensitive afferent responses only at low pressure but not at high pressure.
CysLT2R antagonist HAMI 3379 significantly inhibited the direct effect of LTC4 and LTD4 as
well as their effects on mechanical sensitivity. In single nodose neuron experiments LTC4 and
LTD4 increased excitability with a decreased rheobase and increased number of action potentials
at twice rheobase. Calcium imaging experiments revealed that both LTC4 and LTD4 induced
increased intracellular calcium in nodose neurons in a dose dependent fashion. Furthermore, this
response was completely abolished in Ca+2 free solution, and significantly decreased in the
presence of Nicardipne. Suggesting that the rise in intracellular calcium was due to influx via
voltage gated calcium channels. Conclusion: These experiments show that cysteinyl leukotrienes
both directly activate and potentiate intestinal afferent nerves. They also demonstrate that CysLTs
C4 and D4 (LTC4 & LTD4) both potentiate mechanosensitive intestinal afferents activity. This
effect is likely CysLTR2 mediated, and the action on low threshold is possibly vagal
mechanoreceptors. The effect of CysLTs on intestinal afferents chemical and mechanical activity
was abolished in the presence of CysLT2R antagonist HAMI 3379. Moreover, CysLT2R
agonists, LTD4 & LTC4, both activate and increase excitability of nodose ganglion neurons. This
activation is likely to be mediated by extracellular calcium. In addition, CysLTs LTC4/D4 both
activate and increase excitability of nodose ganglion neurons partially through L-type Voltage
Operated Calcium Channels L-VOCC. The previous observations indicate that the role that
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CysLTs play in regulating satiety may be vagally mediated. These findings may play a part in
mediating satiety signals from the gut to the brain in both normal and inflammatory states.

4.2 Introduction
Obesity is a major health problem, and therefore studying of basic mechanisms regulating food
intake is of great importance. Work performed during my master’s thesis, demonstrated a novel
role for cysteinyl leukotrienes (CysLTs) in regulation of food intake. The CysLTs, LTC4 and
LTD4 are potent lipid mediators synthesized from arachidonic acid and are best known for their
role as inflammatory mediators, increasing microvascular permeability and mucus secretion
(Nothacker et al., 2000). CysLTs play an important role in pathophysiological conditions such as
asthma and allergic rhinitis, and other inflammatory conditions like cardiovascular diseases,
urticaria, cancer, and atopic dermatitis (Capra et al., 2007). These mediators work through
specific G protein coupled receptors (GPCRs) belonging to the purine receptor cluster of the
rhodopsin family, and are known as cysteinyl leukotriene receptors CysLTRs (Kroeza et al.,
2003) (Capra et al., 2007). My work has focused specifically on the CysLT2 subtype of receptor.

My previous work implicated the CysLT2 receptor in regulating food intake and body weight. I
showed that their deletion resulted in a significant increase in food intake and body weight (AlHelaili et al. MSc thesis). I also showed that CysLT2 receptor deficient mice have less meal
related c-Fos activation in the brain, suggesting a role for vagal afferents in the food intake
regulating actions of CysLT2 receptors. However, a question remains, and that is could CysLts
activate vagal afferent nerves in the periphery, at the level of the intestine?
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Satiety signals arising in the gut are mediated and carried mainly via the vagus nerve, which is the
first link in the gut-brain signaling pathway (Schwartz, 2000) (Sobocki et al., 2005). Vagal
afferents express receptors for variety of GI satiety mediators and are activated in response to
signals from hormones, luminal nutrients, as well as to mechanical stimuli that results from gut
wall distention in response to the presence of food (Nelson et al., 2007) (Furness and Clerc, 2000)
(Raybould, 1999). It has been shown that lipid derived mediators, such as the cannabinoid-like
compound Oleoylethanolamide (OEA), in general activate vagal afferents (Wang et al., 2005).
Therefore, I hypothesized that the role that CysLTs play in regulating food intake is likely to be
mediated by intestinal vagal afferents. Therefore, the current study aimed to investigate whether
CysLTs (LTC4 and LTD4) could directly activate intestinal vagal afferents and / or modulate
mechanosensation by these intestinal afferents. To further probe the mechanisms of action of
CysLTs on vagal excitation I examined the effect on CysLTs on nodose ganglia neurons (Vagal
afferent cell bodies) excitability. As I have previously demonstrated that CysLTs signal via
increasing intracellular calcium in nodose ganglion neurons, I carried out further experiments to
determine the source of this rise in calcium.

4.3 Results
4.3.1 Cysteinyl Leukotrienes Activate Intestinal Afferent Nerves
In order to examine the effect of CysLTs (LTC4 and LTD4) on intestinal vagal afferents, whole
nerve multiunit extracellular recordings were conducted. Application of LTC4 (1µM) increased
firing rate from (5.2 ± 0.9 Hz) to (10.1 ± 1.5 Hz P≤0.01). A similar response was observed when
applying LTD4 (1µM) where afferents discharge significantly increased (5.1 ± 1 Hz to 8.6 ± 1.2
Hz N=9 P = 0.04) (Figure 21) (Figure 20) (Figure 21).
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Figure 19: Raw trace (Green) of action potentials showing the effect of LTC4 on intestinal
afferents firing rate.
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Figure 20: Raw trace (Green) of action potentials showing the effect of LTD4 on intestinal
afferents firing rate.
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Figure 21: The effect of LTC4 and LTd4 on intestinal afferents firing rate. A&C, sequential rate
histogram of intestinal afferent nerve firing rate. B, D – summary data showing effect of LTC4
and LTD4 on intestinal afferent firing rate. Intestinal afferents significantly increased their firing
rate in response to 1µM LTC4 and to 1µM LTD4. (p = 0.01 and 0.04 respectively, paired t test).

4.3.2 Jejunal Afferent Mechanosensitivity was Increased in Response to CysLTs
In addition to studying their impact on baseline activity and chemical sensitivity, the effect of
CysLTs on mechanosensitivity of jejunal afferents was examined. Ramp distension of isolated
segments of jejunum induced an increase in afferent discharge that was associated with the
increase in intraluminal pressure. In response to LTC4 intraluminal perfusion the afferent
response to distension was significantly increased at low (15 mmHg; 77.30 ± 18.10 Hz to 513.9 ±
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166.6 Hz; P = 0.01*) and high pressures (50 mmHg; 234.6 ± 43.13 Hz to 1039 ± 170.7 Hz; P =
0.0001) (n=13) (Figure 22 A&B) (Figure 23). Similarly, LTD4 increased afferent firing rate in
response to pressure at low (15 mmHg; 114.4 ± 24.68 Hz to 1003 ± 410.8 Hz; P = 0.04*) and
high pressure (50 mmHg; 276.1 ± 46.27 Hz to 1682 ± 459.9 Hz; P = 0.007**) (n=10) (Figure 24
A&B) (Figure 25).
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Figure 22: The effect of LTC4 on intestinal afferents response to distention. A) Ramp distension
(0-60 mmHg) (control – left, LTC4 1µM right) increases intestinal afferent activity, with the
response potentiated in the presence of LTC4. B) LTC4 (1µM) perfusion elicited a significantly
enhanced afferent nerve activity compared to control (p = 0.05 ANOVA with Bonferroni
correction).
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Figure 23: The effect of LTC4 on intestinal afferents response to distention at low and high
pressure. LTC4 (1µM) perfusion elicited a significantly enhanced afferent nerve activity at both
low (15mmHg) and high (50mmHg) (77.30 ± 18.10 vs 513.9 ± 166.6 N=13 P = 0.01 and 234.6 ±
43.13 vs 1039 ± 170.7 N=13 P = 0.0001, respectively).
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Figure 24: The effect of LTD4 on intestinal afferents response to distention. A) Ramp distension
(60 mmHg) (control – left, LTD4 1µM right) increases intestinal afferent activity, with the
response potentiated in the presence of LTD4. B) LTD4 (1µM) perfusion elicited a significantly
enhanced afferent nerve activity compared to control (p = 0.05, ANOVA with Bonferroni
correction).
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Figure 25: The effect of LTD4 on intestinal afferents response to distention at low and high
pressure. LTD4 (1µM) perfusion elicited a significantly enhanced afferent nerve activity at both
low (15mmHg) and high (50mmHg) (114.4 ± 24.68 vs 1003 ± 410.8 N=10 P = 0.04 and 276.1 ±
46.27 vs 1682 ± 459.9 N=10, P = 0.007, respectively).
4.3.3 Increase in Jejunal Afferent Mechanical Sensitivity in Response to CysLTs is Due to
CysLT2R Activation
CysLTs (LTC4 and LTD4) are inflammatory lipid mediators that perform their actions through,
most notably, two types of G protein Coupled (GPC) receptors CysLTR1 and CysLTR2 (Yan et
al. 2011). CysLT1R and CysLT2R have different ligand affinities, where CysLT1R binds
leukotriene D4 (LTD4) with a 10-fold higher affinity than it binds leukotriene C4 (LTC4),
whereas CysLT2R binds LTC4 and LTD4 equally (Lynch et al.1999) (Heise et al.2000) (Mellor
et al. 2003). In order to confirm that the increase in afferent firing rate was through the activation
of CysLT2Rs, Montelukast, a potent specific Cysteinyl Leukotriene 1 Receptor (CysLT1R)
antagonist, was used. In the presence of Montelukast response to distention was increased at low
and high pressure as well when perfusing LTC4 (15 mmHg; 96.12 ± 24.85 to 443.6 ± 60.81; P =
0.0001***) (50 mmHg; 376.0 ± 89.72 to 889.2 ± 163.4; P = 0.01*) (n=11) (Figure 26
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A&B)(Figure 27). A similar increase was observed with LTD4 (15 mmHg; 125.3 ± 33.48 to
334.9 ± 62.21; P = 0.007**) (50 mmHg; 380.6 ± 57.47 to 832.4 ± 185.6; P = 0.03*) (n=11)
(Figure 28 A&B) (Figure 29).
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Figure 26: The effect of LTC4 on intestinal afferents response to distention in the presence of
Montelukast. A) Ramp distension (60 mmHg) (control – left, during LTC4 perfusion – right).
Representative tracing of response to distention. Response is enhanced by LTC4 in the presence
of Montelukast B) Group data - LTC4 (1µM) in the presence of Montelukast (100nM) perfusion
elicited a significant increase in afferent nerve response to distention compared to control (p =
0.05, ANOVA with Bonferroni correction).
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Figure 27: The effect of LTC4 on intestinal afferents response to distention at low and high
pressure in the presence of Montelukast.

LTC4 (1µM) in the presence of the CysLTR1

antagonist Montelukast (100 nM) was still able to elicit a significant increase in afferent nerve
response at low (15 mmHg) and high (50 mmHg) pressure (96.12 ± 24.85 vs 443.6 ± 60.81 N=11
P = 0.0001 and 376.0 ± 89.72 vs 889.2 ± 163.4 N=11 P = 0.01 respectively).
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Figure 28: The effect of LTD4 on intestinal afferents response to distention in the presence of
Montelukast. A) Ramp distension (60 mmHg) (control – left, during LTD4 perfusion – right).
Response to distention is enhanced with LTD4 administration B) LTD4 (1µM) in the presence of
CysLTR1 antagonist Montelukast (100 nM) perfusion elicited a significant increase in afferent
nerve response compared to control (p = 0.05, ANOVA with Bonferroni correction).
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Figure 29: The effect of LTD4 on intestinal afferents response to distention at low and high
pressure in the presence of Montelukast. LTD4 (1µM) + the CysLTR1 antagonist Montelukast
(100nM) perfusion elicited a significant increase in afferent nerve response low (15 mmHg) as
well as high (50 mmHg) pressure (125.3 ± 33.48 vs 334.9 ± 62.21 N=11 P = 0.007 and 380.6 ±
57.47 vs 832.4 ± 185.6 N-11 P = 0.03, respectively).
4.3.4 Nicardipine Did not Block the Increase in Jejunal Afferent Mechanosensitivity in
Response to CysLTs
The cysteinyl LTs (CysLTs), are known to cause intestinal and bronchial smooth muscle
contraction (Findlay et al. 1981)(Hanna et al. 1981)(Dahlen et al.1980)(Murphy et al. 1979)
(Alabaster et al.1976)(Kanaoka et al.2004)(Rovati et.al 2007). Therefore increased afferent
mechanosensitive responses might be related to increases in smooth muscle tone of the intestine.
Thus, Nicardipine, an L-type calcium channel blocker, was used, to prevent secondary effects on
smooth muscle contraction. In the presence of Nicardipine LTC4 was still able to increase
afferents response to distention at low and high pressures (15 mmHg; 166.7 ± 55.10 to 969.2 ±
270.0 P = 0.008) (50 mmHg; 269.0 ± 61.07 to 1041 ± 254.3 P = 0.009) (n=11) (Figure 30 A&B)
(Figure 31). However, with LTD4, the difference was significant only at low pressure (15 mmHg;
182.5 ± 54.59 to 627.6 ± 189.3 P = 0.03) but not at high pressure (50 mmHg; 311.3 ± 88.67 to
787.5 ± 258.0) (n=13) (Figure 32 A&B) (Figure 33).
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Figure 30: The effect of LTC4 on intestinal afferents response to distention in the presence of
Nicardipine. A) Ramp distension (60 mmHg) during intraluminal perfusion of 1µM LTC4. B) In
the presence of Montelukast – a CysLT1R antagonist (100nM) + Nicardipine (3µM) (to block
effects on smooth muscle contraction) LTC4 potentiated distention induced increase in intestinal
afferent nerve activity compared to control (p<0.05, ANOVA with Bonferroni correction).
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Figure 31: The effect of LTC4 on intestinal afferents response to distention at low and high
pressure in the presence of Nicardipine. In the presence of Montelukast – a CysLT1R antagonist
(100nM) + Nicardipine (3µM)(to block effects on smooth muscle contraction) LTC4 potentiated
distention induced increase in intestinal afferent nerve activity at low (15 mmHg) and High (50
mmHg) pressure (166.7 ± 55.10 vs. 969.2 ± 270.0 N=11 P = 0.008 and 269.0 ± 61.07 vs. 1041 ±
254.3 N=11 P = 0.009).
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Figure 32: The effect of LTD4 on intestinal afferents response to distention in the presence of
Nicardipine. A) Ramp distension (60 mmHg) during intraluminal perfusion of 1µM LTD4. B) In
the presence of Montelukast – a CysLT1R antagonist (100nM) + Nicardipine (3µM) (to block
effects on smooth muscle contraction) LTD4 potentiated distention induced increase in intestinal
afferent nerve activity compared to control (p<0.05, ANOVA with Bonferroni correction).
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Figure 33: The effect of LTD4 on intestinal afferents response to distention at low and high
pressure in the presence of Nicardipine. In the presence of Montelukast – a CysLT1R antagonist
(100nM) + Nicardipine (3µM)(to block effects on smooth muscle contraction) LTD4 potentiated
distention induced increase in intestinal afferent nerve activity at low pressure (15 mmHg), with a
non-statistically significant increase at high (50 mmHg) pressure (182.5 ± 54.59 vs 627.6 ± 189.3
N=13 P = 0.09 and 311.3 ± 88.67 vs. 787.5 ± 258.0 N=13).

4.3.5 The Observed Responses of Intestinal Afferents are Due to CysLT2s Effect on
Afferent Nerves
In order to confirm that neither CysLT1Rs or muscle constricting effects of CysLTs contribute to
intestinal afferent responses to CysLTs, a comparison between the effect of CysLTs in the
presence of Nicardipine then in the presence of CysLT1R antagonist, Montelukast, was made
(Figure 34). The results indicate that the detected responses of intestinal afferents are due to
CysLT2s effect, rather than activating CysLT1Rs or via indirect means by affecting smooth
muscle tone.
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A)

B)

Figure 34: The observed responses of intestinal afferents Are Due to CysLT2s effect on afferent
nerves. In the presence of Montelukast – a CysLT1R antagonist (100nM) and Nicardipine (3µM)
(to block effects on smooth muscle contraction) LTC4 (A) and LTD4 (B) potentiated distention
induced equivalent increase in intestinal afferent nerve activity compared to the effect of the
drugs alone (P>0.05, N=13).

63

4.3.6 Intestinal Afferents Increase in Firing Rate in Response to LTC4 was Inhibited in the
Presence of HAMI, the Selective CysLT2R Antagonist
Few years ago a potent selective CysLT2R antagonist was identified (Wunder et al., 2010). Since
CysLTs acitivity is mediated by two different GPCRs, CysLT1 and CysLT2 Rs (Kroeza et al.,
2003)(Capra et al., 2007), it was critical to further confirm that CysLTs observed effects are
completely mediated by CysLT2R activity. HAMI 3379 (38 nM) almost completely abolished the
increase in intestinal afferents firing rate triggered by CysLTs alone (LTC4: 7 ± 4.12 % vs. 118.3
± 13.28% N=4 P≤0.0002, student’s t test) (LTD4: 9 ± 8.03% vs. 101.0 ± 24.58% N=4 P≤0.01,
student’s t test) (Figure 35) (Figure 36).
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Figure 35: The effect of LTC4 on afferent nerve firing rate in the presence of HAMI 3379. A)
Raw trace of intestinal afferents responses to LTC4. B) Raw trace of intestinal afferents responses
to LTC4 + HAMI 3379. C) Intestinal afferents increased firing rate in response to LTD4 was
significantly inhibited in the presence of HAMI 3379 (118.3 ± 13.28 vs. 7 ± 4.12 N=4 P =
0.0002, student’s t test).
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Figure 36: The effect of LTD4 on afferent nerve firing rate in the presence of HAMI 3379. A)
Raw trace of intestinal afferents responses to LTD4. B) Raw trace of intestinal afferents
responses to LTD4 + HAMI 3379. C) Intestinal afferents increased firing rate in response to
LTD4 was significantly inhibited in the presence of HAMI 3379 (101.0 ± 24.58 vs. 9 ± 8.03 N=4
P = 0.01, student’s t test).
4.3.7 HAMI 3379 Abolished the Effects of LTC4 and LTD4 on Distension-Induced
Responses
HAMI 3379 was also used to assess the effect of blocking CysLT2Rs on CysLTs effect on
afferents response to distention. HAMI 3379 perfusion completely abolished the stimulatory
effect of CysLTs on intestinal afferents response to pressure, with the response to pressure in the
presence of HAMI comparable to that of control at both low (15 mmHg) and high (50 mmHg)
66

pressure. (LTC4 at 15 mmHg: control: 204.76±73.54 % vs. LTC4: 691.66±97.43 % vs.
LTC4+HAMI: 194.37±64.47 % N=4, P≤0.002, ANOVA with Bonferroni correction) (LTC4 at
50 mmHg: Control: 548.81±202.32 % vs. LTC4: 1448.61±327.23% vs. LTC4+HAMI:
352.92±119.46 % N=4, P≤0.01, ANOVA with Bonferroni correction) (LTD4 at 15 mmHg:
control: 116.42±22.98 vs. LTD4: 460±151.49% vs. LTD4+HAMI: 106.59±45.12 % N=4, P≤0.03,
LTD4+HAMI: 340.38±196.61 % N=4, P≤0.03, ANOVA with Bonferroni correction).
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Figure 37: The effect of LTC4 on intestinal afferents response to distention in the presence of HAMI 3379. A) Ramp distension (0 - 60 mmHg) Control – left,
during intraluminal perfusion of LTC4 alone (middle) and LTC4+HAMI (right). B) In the presence of HAMI – a CysLT2R antagonist (38 nM), LTC4
potentiated distension induced increase in intestinal afferent nerve activity was completely abolished (p = 0.0001, ANOVA with Bonferroni correction). C) In the
presence of HAMI, effect of LTC4 on afferent response to low pressure distension (15 mmHg) was abolished (control: 204.76±73.54 vs. LTC4: 691.66±97.43
vs. LTC4+HAMI: 194.37±64.47 N=4, P = 0.002, ANOVA with Bonferroni correction), D) similarly at high (50 mmHg) pressure (control: 548.81±202.32 vs.
LTC4: 1448.61±327.23 vs. LTC4+HAMI: 352.92±119.46 N=4, P = 0.01, ANOVA with Bonferroni correction).
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Figure 38: The effect of LTD4 on intestinal afferents response to distention in the presence of HAMI 3379. A) Ramp distension (60 mmHg) - control (left), during intraluminal
perfusion of LTD4 alone (middle) and LTD4+HAMI (right). B) In the presence of HAMI – a CysLT2R antagonist (38 nM) LTD4 potentiated distention induced increase in
intestinal afferent nerve activity was completely abolished (p = 0.0001, ANOVA with Bonferroni correction). C) In the presence of HAMI, distention induced increase in intestinal
afferent nerve activity was inhibited at low pressure (15 mmHg) (control: 116.42±22.98 vs. LTD4: 460±151.49 vs. LTD4+HAMI: 106.59±45.12 N=4, P = 0.03, ANOVA with
Bonferroni correction), D) and at high (50 mmHg) pressure (control: 322.26±116.2 vs. LTD4: 960±152.37 vs. LTD4+HAMI: 340.38±196.61 N=4, P≤0.03, ANOVA with
Bonferroni correction).
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4.3.8 Cellular Mechanism of CysLT Action on Intestinal Afferents - Membrane Excitability
is Increased in Nodose Ganglion Neurons in Response to CysLTs
In vitro whole cell current clamp recordings were conducted to study the effect of CysLTs on
membrane properties of randomly selected dissociated nodose ganglion neurons from C57 BL6/J
mice. Current-clamp experiments showed that LTC4 and LTD4 both were able to elicit a
significant decrease in the rheobase (minimum current necessary to elicit a single action
potential) (76.4 ± 9.4 to 41.8 ± 4.4 LTC4 p = 00.4, n=11) (66.3 ± 6.5 control to 33.8 ± 4.2 LTD4
P = 0.008, n=8). However, there was no change in the input resistance (resting resistance of the
membrane) when applying LTC4 and LTD4 (342.3 ± 34.1 control to 301.9 ± 15.9 LTC4, n=11)
(397.7 ± 37.9 control to 338.4 ± 49.4 LTD4, n=8). There was a significant increase in the number
of action potentials at 2X rheobase (1.7 ± 0.2 control to 2.6 ± 0.4 LTC4 P = 0.02, n=11) (1.6 ± 0.3
control to 2.3 ± 0.5 LTD4 P = 0.04, n=8) (Figure 39) (Figure 40).
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Figure 39: CysLT2R agonist LTC4, increases excitability of nodose ganglion neurons. A&B) raw traces that shows the effect of LTC4 (B) on
nodose excitability compared to control (A). C) Rheobase was significantly increased during LTC4 superfusion (76.4 ± 9.4 to 41.8 ± 4.4 LTC4 p =
0.04, n=11). D) At twice rheobase, significantly more action potentials were elicited in neurons in response to LTC4 (1.7 ± 0.2 control to 2.6 ± 0.4
LTC4 P = 0.02, n=11) . E) However, there was no change in input resistance (342.3 ± 34.1 control to 301.9 ± 15.9 LTC4, n=11).
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Figure 40: CysLT2R agonist LTD4, increases excitability of nodose ganglion neurons. A&B) raw traces that shows the effect of LTD4 (B) on
nodose excitability compared to control (A). C) Rheobase was significantly increased during LTD4 superfusion (66.3 ± 6.5 control to 33.8 ± 4.2
LTD4 P = 0.008, n=8). D) At twice rheobase, significantly more action potentials were elicited in neurons in response to LTD4 (1.6 ± 0.3 control
to 2.3 ± 0.5 LTD4 P = 0.04, n=8). E) However, there was no change in input resistance (397.7 ± 37.9 control to 338.4 ± 49.4 LTD4, n=8).
72

4.3.9 Source of Intracellular Calcium in Response to CysLTs is Mainly Extracellular in
Nodose Ganglia Neurons
I have shown previously that CysLTs activate nodose ganglia neurons (Figure 9), demonstrated as
a rise in intracellular calcium (Al-Helaili, MSc thesis 2010). To investigate the source of
intracellular Ca2+, cytosolic Ca2+ fluctuations were monitored in Ca2+ free solution. When
comparing the effect of LTC4 and LTD4 (1 µM) in normal buffer solution and in Ca2+ free one,
Removal of Ca2+ from the bath solution prevented the increase in intracellular Ca2+ indicating that
the increase was dependent on influx from external sources (Figure 42 A&B) (Figure 42 A&B).
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Figure 41: Source of intracellular calcium in response to LTC4 is extracellular in nodose ganglia
neurons. A) Raw trace shows that LTC4 effect on intracellular Ca2+ increase in nodose ganglia in
Ca2+ free conditions is abolished compared to normal conditions. HEPES – Normal HEPES
buffer with calcium B) Removal of Ca2+ from the bath solution completely prevented the LTC4
induced increase in intracellular Ca2+ (P<0.05, Student’s Paired t-test).
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Figure 42: Source of intraceelular calcium in response to LTD4 is extracellular in nodose ganglia
neurons. A) Raw trace shows that LTD4 effect on intracellular Ca2+ increase in nodose ganglia
in Ca2+ free conditions is abolished compared to normal conditions. B) Removal of Ca2+ from the
bath solution completely prevented the LTD4 induced increase in intracellular Ca2+ (P<0.05,
Paired t-test).
4.3.10 Calcium Signaling in Response to CysLTs is Partially through L-type Calcium
Channels in Nodose Ganglia Neurons
To examine the involvement of L-type calcium channels in the Ca2+ influx, the L-type voltage
operated calcium channels (L-VOCC) blocker Nicardipine (3 µM) was used. The CysLTs C4/D4
(LTC4 and LTD4) induced increase in Ca2+ was significantly attenuated by Nicardipine.
Suggesting that CysLT2R agonists, LTD4 & LTC4 1 µM, depolarize nodose ganglion neurons
resulting in activation of L-VOCC leading to Ca2+ influx (Figure 44 A&B) (Figure 44 A&B).
Residual increase in calcium in the presence of Nicardipine suggests involvement of other
VOCC’s, possibly N, P, Q type channels.
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Figure 43: Effect of LTC4 on nodose ganglia in the presence of Nicardipin. A) Raw trace, arrow
indicates the time that superfusion with 1µM LTC4 was begun. The effect of LTC4 was reduced
when using L-type calcium channel blocker (Nicardipine 3µM). B) LTC4 results in a rise in
intracellular calcium in normal solution while this effect was decreased when in the presence of
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Figure 44: Effect of LTD4 on nodose ganglia in the presence of Nicardipin. A) Raw trace, arrow
indicates the time that superfusion with 1µM LTC4/D4 was begun. The effect of CysLTs was
reduced when using L-type calcium channel blocker (Nicardipine 3µM). B) LTD4 results in a rise
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in intracellular calcium in normal solution while this effect was significantly decreased when
perfusing Nicardipine (Paired t-test).

4.4 Discussion
In my MSc thesis work, I demonstrated that Cysteinyl Leukotrienes (CysLTs) played a role in
regulating food intake. I showed that the absence of CysLT2Rs, increased body weight (AlHelaili, MSc thesis 2010). Furthermore, I suggested that these mediators perform their satiety
actions on CysLT2Rs that are expressed in the gut and on the vagus nerve innervating the gut
(Barajas-Espinosa et al., 2011) (Al-Helaili, MSc thesis 2010), as CysLTs were capable of
activating vagal afferent cell bodies. The current study unveils the physiological pathway by
which CysLTs perform their satiety actions, where we show the role of intestinal afferents in
mediating CysLTs activity.

Whole nerve extracellular intestinal afferent recordings show that cysteinyl leukotrienes both
(LTC4 and LTD4) directly activate intestinal afferent nerves. They both also increase
mechanosensitivity of intestinal afferents. CysLTs (LTC4 and LTD4) are non-specific agonists
where they perform their actions on two types of receptors CysLT1 and CysLT2. CysLT1R binds
leukotriene D4 (LTD4) with a 10-fold higher affinity than it binds leukotriene C4 (LTC4) (Lynch
et al.1999) (Heise et al.2000) (Mellor et al. 2003). Yet their effect on intestinal afferents activity
is not abolished by Montelukast, a specific CysLT1Rs antagonist, which indicates that the activity
is likely CysLTR2R mediated. Furthermore, CysLTs have contractile effects on intestinal smooth
muscles (Findlay et al. 1981) (Hanna et al. 1981) (Dahlen et al.1980) (Murphy et al. 1979)
(Alabaster et al.1976) (Kanaoka et al.2004) (Rovati et.al 2007). When smooth muscle contraction
is blocked by Nicardipine, LTC4 still potentiates mechanosensitive responses at low and high
76

pressure. On the other hand, LTD4 only potentiates responses at low pressure. This indicates that
the increase in firing rate at high level of pressure before applying Nicardipine could be a result
of the smooth muscle constricting effects of the LTD4, perhaps on CysLT1Rs, for which it has
greater affinity. This was not the case when perfusing LTC4, where the increase in firing rate
occurred at high pressure even when using Nicardipine. The potentiating effect at low pressures
suggests an action on vagal mechanoreceptors, which encode responses to low threshold stimuli.

The previous results suggested that CysLTs effects on intestinal afferents are mediated by
CysLT2Rs and occur via direct neuronal activation. However, in order to negotiate whether
CysLT1Rs and/or muscle constricting effects of CysLTs do not contribute partially to the
observed responses a comparison between the responses of intestinal afferents to CysLTs alone,
CysLts with Montelukast, and CysLTs with Nicadipine was made. Figure 34 shows no
significant difference among the three conditions indicating no influence of CysLT1Rs or muscle
contraction on the increased neuronal firing. To further confirm that the observed chemical and
mechanical effects of CysLTs are fully mediated by the CysLT2Rs, HAMI 3379, a specific
CysLT2R antagonist was used. The results demonstrated that the increase in intestinal afferents
chemical and mechanical sensitivity was due to CysLT2R activation.

Since basal afferents’ discharge as well as mechanical sensitivity were increased in response to
CysLTs, we ought to examine whether there may be an increase in excitability at the level of the
cell membrane. Whole cell current clamp recordings from nodose ganglion neurons (vagal
afferent cell bodies) were performed. Nodose ganglia neurons showed a significant decrease in
rheobase (current threshold), and a significant increase in numbers of action potentials at 2X
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rheobase in response to CysLTs (LTC4 and LTD4). The latter results confirm the involvement of
vagal afferents. These results support what was shown in my MSc work, where CysLTs was able
to directly activate vagal afferents (Al-Helaili, MSc thesis, 2010). These effects on excitability
(rheobase and repetitive firing) with an absence of effect on input resistance raise the possibility
of an action on voltage-gated potassium channels in nodose neurons.

I previously showed that CysLTs C4/D4 - induced an increase in Ca2+ in nodose ganglia neurons
(Figure 9) (Al-Helaili, MSc thesis, 2010). To follow up on that observation, this study
demonstrated that the source of CysLTs-induced increase of cytosolic calcium in cultured nodose
neurons is mainly extracellular, as the removal of extracellular calcium completely diminished
Ca2+ influx induced by CysLTs. On the other hand, selective blocker of L-type calcium channel,
Nicardipine, significantly reduced the signal. Indicating a partial role for L-type channels in
mediating CysLTs effect on Ca2+ influx. The remaining calcium signal not blocked by these
supramaximal concentrations of Nicardipine is likely due to influx via other voltage gated
channels (eg. N, P Q channels), or possibly other calcium-permeable non-selective cation
channels, such as TRP channels.

In summary, building on the findings of my master’s thesis, this study demonstrates clearly that
CysLTRs, acting via CysLT2 receptors, can directly activate vagal afferents, and that this action
is due to an increase in membrane excitability.
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Chapter 5
Impaired Satiety Effect of GLP-1 Agonist in Obesity is Associated with
GLP-1 Resistance in Intestinal Afferent Nerves
5.1 Abstract
Intestinal afferent responses to satiety related stimuli are impaired in obesity. Glucagon Like
Peptide-1 (GLP-1) is a satiety and incretin hormone that is released in response to luminal
nutrients. The actions of peripheral GLP-1 may occur in part through vagal afferents. We
hypothesize that GLP-1 receptor mediated satiety and incretin effects are impaired in DIO mice,
and that this is due to impaired sensitivity of intestinal afferents. Methods: Obesity was induced
by feeding C57Bl6J mice a high fat (60% Kcal from fat) diet for 10-12 weeks (HFF). LFF
controls received a low fat (10% kcal from fat) diet (LFF). Food intake was monitored in LFF and
HFF mice after i.p. injection of the stable GLP-1 agonist Ex-4 (Ex-4) (0.01 nmol/kg) or saline.
Oral glucose tolerance tests (OGTT) were performed by gavaging mice with glucose following an
i.p. injection of Ex-4, and measuring blood glucose concentrations every 15 minutes. In vitro
extracellular intestinal afferent nerve recordings were performed using isolated segments of ileum
from LFF and HFF mice. GLP-1 (100 nM) and Ex-4 (10 nM) were perfused in the bath and
intraluminally. Change in basal firing rate and response to distension were examined. Whole cell
patch clamp recordings were conducted on nodose ganglia neurons from both LFF and HFF mice.
The level of neuronal activation in the brainstem (NTS area) was measured in both groups of
mice after i.p. injection of Ex-4 using immunohistochemical techniques. Results: Ex-4
significantly decreased food intake in LFF mice compared to saline. This decrease in food intake
was not seen in HFF mice. HFF mice showed a significantly higher peak glucose compared to
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LFF mice. Ex-4 markedly attenuated the rise in blood glucose in both LFF and HFF mice. LFF
mice showed a significant increase in nerve firing (spike/s) in response to GLP-1 and Ex-4
compared to baseline firing. On the other hand, intestinal afferent firing rate was not significantly
increased in HFF mice in response to GLP-1 and Ex-4 compared to baseline firing. GLP-1 and
Ex-4 both increased afferent response to distention at low pressures in LFF mice, but not in HFF
mice. The cell membrane excitability of LFF mice was significantly increased with Ex-4, where
there was a decrease in rheobase and increase in number of action potentials at twice rheobase.
On the other hand, there was no difference in cell membrane excitability of HFF before and after
Ex-4. Input resistance was significantly increased in LFF mice with Ex-4, but there was no effect
of Ex-4 on input resistance of HFF mice. Ex-4 significantly increased number of activated
neurons in the NTS area of LFF mice but not in HFF ones. Conclusion: Satiety effects of GLP-1
receptor activation are impaired in obesity. This is likely due to resistance to the effects of GLP-1
receptor activation at the level of the intestinal vagal afferent nerve terminals. The incretin effect
of Ex-4 is preserved, with only higher post-prandial glucose in HFF mice. Loss of vagal afferent
response to GLP-1 receptor stimulation may contribute to impaired control of food intake.

5.2 Introduction
Obesity is a threat as it is linked to at least 2.8 million adult deaths worldwide every year (WHO).
Research has pointed out the importance of diet and food intake in controlling obesity (Canadian
institute for health information CIHI). In normal healthy conditions, the chemical presence of
food can be detected by specialized enteroendocrine cells (EEC) that in turn release satiety
mediators, including CCK, 5-HT, and GLP-1, causing activation of vagal afferents in response
(Moran et al., 1997) (Avenell et al., 2006) (Berthoud, 2008) (Bucinskaite et al., 2009). Besides
chemical stimulation, vagal afferent nerves convey information about movement, distention and
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contraction of the gut wall (mechanical stimulation) (Grundy, 2002). These meal-related signals
are important in determining meal size, and therefore are a potential target for the management of
excess energy intake and obesity. There is growing evidence that there is an altered chemo- and
mechano-sensitivity of vagal afferent pathways in response to satiety hormones, including CCK
and 5-HT, and intraluminal fat during obesity (Covasa and Ritter, 1999) (Covasa et al., 2000)
(Covasa et al., 2000)(Daly et al., 2011). These findings suggest a possibility for impairment in
vagal afferent activity. Since GLP-1 is known to be a critical satiety mediator, it would be of
interest to investigate whether its satiety effects are influenced by obesity or not.

In addition to its role in regulating food intake, a classic action of GLP-1 is to stimulate insulin
secretion in the pancreatic islet in a glucose dependent fashion, acting as an incretin hormone
(Holst and Gromada, 2004). This action is thought by some to be due to direct binding to the
GLP-1 receptor located on the surface of the pancreatic β-cells. However, it is known that the
half-life of GLP-1 is less than two minutes as GLP-1 gets degraded, after its release from
intestinal L-cells, by the enzyme DPP-IV. This suggests a possible alternate mechanism of action,
i.e. a paracrine action on intestinal (vagal) afferent terminals, which are located in close proximity
to the site of release of the hormone. (Hansen et al., 1999) (Donath and Burcelin, 2013) (Cabou
and Burcelin, 2011).

Given the effect of diet-induced obesity on intestinal chemo and mechanosensory function we
hypothesize that the effects of GLP-1 and Ex-4 on intestinal afferents are attenuated in diet
induced obese mice. Furthermore, we hypothesize that this impairment will lead to attenuated
satiety effects of GLP-1 as well as impaired incretin effects.
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5.3 Results
5.3.1 Impaired Responses to the Satiety Effects of Ex-4 in HFF Mice
Continuous real time measurement of food intake in both LFF and HFF groups was measured in
order to investigate the ability of Ex-4, a stable GLP-1 agonist, to suppress food intake in both
LFF and HFF mice. LFF and HFF mice were divided randomly into two groups, saline and Ex-4.
Three-hour food intake was measured after i.p. injection of either saline or 0.01 nmol/kg Ex-4.
Mice were 14 weeks old at the time of experimentation. LFF mice treated with Ex-4 showed
significantly decreased food intake compared to saline treated ones (1.190 ± 0.1673 vs. 0.7175 ±
0.06575 n=4, P = 0.03, 2-way ANOVA with Bonferroni post-test) (Figure 45-A). On the other
hand, food intake was not affected in the Ex-4 treated HFF group compared to saline ones
(0.5125 ± 0.07867 to 0.4325 ± 0.1070 n=4, 2-way ANOVA with Bonferroni post-test) (Figure
45-B).
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A)

B)

Figure 45: The effect of 0.01 nmol/Kg Ex-4 on food intake in LFF and HFF mice. A) Food
intake is significantly decreased response to Ex-4 in LFF mice (4.582 ± 0.6440 to 2.762 ± 0.2531
n=4, P = 0.03) B) Ex-4 did not decrease food intake significantly in HFF mice (2.665 ± 0.4091 to
2.249 ± 0.5566 n=4 Mann – Whitney test).
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5.3.2 Incretin Effects of Ex-4 are Delayed in HFF Mice
In order to assess the ability of Ex-4 to lower postprandial glucose levels, OGTTs were conducted
after i.p. injection of either saline or 0.01 nmol/kg Ex-4. Glucose levels were significantly
decreased in response to Ex-4 in LFF mice where glucose levels after 15 minutes were (13.40 ±
0.31 Vs. 10.45 ± 0.64 n=4, 2-way ANOVA with Bonferroni post-test) (Figure 46 -A). Ex-4
significantly decreased glucose levels in HFF mice as well (19.08 ± 1.14 to 13.45 ± 0.78 n=4)
(Figure 46-B). However, unlike in LFF mice where glucose postprandial levels are back to
baseline at as early as 15 min (at 0 min: 9.450 ± 0.6021 to at 15 min: 10.45 ± 0.6449 N=4
P>0.05)(Figure 47-A), glucose postprandial levels did not return to baseline until 30 minutes later
(at 0 min: 10.75 ± 0.5951 to a 15 min: 13.45 ± 0.7858 N=4 P = 0.03) (Figure 47-B).
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Figure 46: The effect of 0.01 nmol/Kg Ex-4 on glucose tolerance in LFF and HFF mice. A)
Glucose levels were significantly decreased response to Ex-4 in LFF mice (13.40 ± 0.31 Vs.
10.45 ± 0.64 n=4, 2-way ANOVA with Bonferroni post-test). B) Ex-4 significantly decreased
glucose levels in HFF mice as well (19.08 ± 1.14 to 13.45 ± 0.78 n=4, 2-way ANOVA with
Bonferroni post-test).

85

A)

Glucose levels (mmol/L)

15

10

5

0

Exe. at 0 min.

Exe. at 15 min.

Glucose levels (mmol/L)

B)
15

*

10

P<0.03

5

0

Exe. at 0 min.

Exe. at 15 min.

Figure 47: The effect of 0.01 nmol/Kg Ex-4 on glucose tolerance in LFF and HFF mice. A)
Glucose levels were significantly decreased in response to Ex-4 in LFF mice at earlier time point
(15 minutes) (9.450 ± 0.60 to 10.45 ± 0.64 N=4) (at 0 min: 9.450 ± 0.6021 to at 15 min: 10.45 ±
0.6449 N=4 P>0.05) compared to B) HFF mice (at 0 min: 10.75 ± 0.5951 to a 15 min: 13.45 ±
0.7858 N=4 P = 0.03).
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5.3.3 GLP-1 Activates Intestinal Afferents Nerves in a Concentration-Dependent Manner
GLP-1s effect on food intake is mediated by vagal afferent nerves as this effect is abolished by
vagotomy (Abbott et al., 2005) (Drucker. 2006). Previously, our lab was able to show that GLP-1
can increase intestinal afferents firing rate (Gaisano et al., 2010). Whole nerve multi-unit extra
cellular recordings were performed to examine whether this effect occurs in a concentrationdependent manner. The doses (10 pM, 100 pM, 1 nM, 10 nM, and 100 nM) were used. Doses
from 10 pM-100 nM increased afferents activity in a concentration-dependent manner (Figure
48).
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Figure 48: Concentration-response curve. Intestinal afferents firing rate in response to multiple
GLP-1 doses.
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5.3.4 Diminished Intestinal Afferent Responses to GLP-1 in HFF Mice
In order to assess intestinal afferent nerve responses to GLP-1, whole nerve multi-unit extra
cellular recordings were performed. The response of ileal afferents to GLP-1 (100 nM) was
examined. In preparations from LFF mice application of GLP-1 significantly increased afferents
discharge compared to HFF (555.3 ± 240.5 vs. 16.50 ± 14.77 N=6 P = 0.04, student’s t-test)
(Figure 49)(Figure 50 A&B).
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Figure 49: Raw trace (Green) of action potentials showing the effect of GLP-1 on LFF mice
intestinal afferents firing rate.
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Figure 50: The effect of GLP-1 and Ex-4 on afferent nerve firing rate in LFF and HFF mice. A)
Raw traces of LFF and HFF mice intestinal afferents responses to 100 nM GLP-1. B) Intestinal
afferents significantly increased the firing rate in response to 100 nM GLP-1 in LFF compared to
HFF mice (555.3 ± 240.5 vs. 16.50 ± 14.77 N=6 P = 0.04).
5.3.5 Diminished Intestinal Afferent Responses to Ex-4 in HFF Mice
Similar results were observed when applying Ex-4 (10 nM). Ileal afferent responses to Ex-4 were
significantly increased in LFF mice compared to afferents discharge in HFF ones (376.6 ± 108.6
vs. 75.50 ± 40.55 N=6 P = 0.02, student’s t test)(Figure 51 A&B).
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Figure 51: The effect of Ex-4 on afferent nerve firing rate in LFF and HFF mice. A) Raw traces
of LFF and HFF intestinal afferents responses to 10 nM Ex-4. B) 10 nM Ex-4 did increase
intestinal afferents firing rate significantly in LFF compared to HFF mice as well (376.6 ± 108.6
vs. 75.50 ± 40.55 N=6 P = 0.02).
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5.3.6 Effect of GLP-1 on Intestinal Afferents Mechanical Sensitivity was Diminished in HFF
Mice
Ramp distention of ileal isolated segments caused a significant increase in firing rate in LFF
mice. GLP-1 enhanced this effect. As the pressure was classified into low-pressure (respond to
distention at ≤15 mmHg) and high-pressure (respond to distention at >15 mmHg), in LFF mice,
GLP-1 increased the response to distention at low-pressures only (at 15 mmHg: 124.3 ± 66.41 to
652.4 ± 115.3 N=6 P = 0.002, 2-way ANOVA and Bonferroni post-test) but not high-pressures
(at 50 mmHg: 643.8 ± 125.7 to 913.7 ± 177.2 N=6 P>0.05, 2-way ANOVA and Bonferroni posttest) (Figure 52 A&B) (Figure 53). On the other hand, there was no effect of GLP-1 in HFF mice
on responses to either the low- nor high-pressure distention (at 15 mmHg: 63.92 ± 39.95 to 81.39
± 28.76 N=5 P>0.05, 2-way ANOVA and Bonferroni post-test) (at 50 mmHg: 173.3 ± 58.77 to
198.0 ± 83.85 N=5 P>0.05, 2-way ANOVA and Bonferroni post-test) (54 A&B) (Figure 55).
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Figure 52: GLP-1 effect on LFF mice intestinal afferents mechanical sensitivity. A) Raw traces
shows LFF mice intestinal afferents’ responses to 100 nM GLP-1 B) 100 nM GLP-1 (7-36)
perfusion during ramp distension (60 mmHg) increases intestinal afferent nerve activity in LFF
mice compared to control (p<0.05, ANOVA with Bonferroni correction).
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Figure 53: GLP-1 effect on LFF mice intestinal afferents mechanical sensitivity at low- and highpressure. 100 nM GLP-1 (7-36) perfusion during ramp distension (60 mmHg) increases intestinal
afferent nerve activity in LFF mice at low-pressure (15 mmHg) (124.3 ± 66.41 to 652.4 ± 115.3
N=6 P = 0.002) but not at high-pressure (50 mmHg) (643.8 ± 125.7 to 913.7 ± 177.2 N=6 P>0.05,
2-way ANOVA and Bonferroni post-test).
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54: GLP-1 effect on HFF mice intestinal afferents mechanical sensitivity. A) Raw traces shows
HFF mice intestinal afferents’ responses to 100 nM GLP-1. B) GLP-1 perfusion during distention
did not enhance afferent nerve activity in HFF mice (p<0.05, ANOVA with Bonferroni
correction).
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Figure 55: GLP-1 effect on LFF mice intestinal afferents mechanical sensitivity at low- and highpressure. 100 nM GLP-1 (7-36) perfusion during ramp distension (60 mmHg) did not increase
intestinal afferent nerve activity in HFF mice at low-pressure (15 mmHg) (63.92 ± 39.95 to 81.39
± 28.76 N=5 P>0.05, 2-way ANOVA and Bonferroni post-test) or at high-pressure (50 mmHg)
(6173.3 ± 58.77 to 198.0 ± 83.85 N=5 P>0.05, 2-way ANOVA and Bonferroni post-test).

5.3.7 Effect of Ex-4 on Intestinal Afferent Mechanosensitivity is Lost in HFF Mice
Parallel responses to Ex-4 in both groups were observed. In preparations from LFF mice Ex-4
increased the response to distention, the increase being significantly higher only at low-pressures
(at 15 mmHg: 123.9 ± 60.28 to 569.5 ± 112.3 N=5, P≤0.008, 2-way ANOVA and Bonferroni
post-test) but not at high pressures (at 50 mmHg: 389.5 ± 69.95 to 629.3 ± 113.2 N=5 P>0.05, 2way ANOVA and Bonferroni post-test) (Figure 56 A&B) (Figure 57). However, in preparations
from HFF mice, ileal afferent discharge was not affected by Ex-4 perfusion at both low- and
high-pressure (at 15 mmHg: 66.07 ± 32.37 to 113.6 ± 50.90 N=6, 2-way ANOVA and Bonferroni
post-test) (at 50 mmg: 216.3 ± 59.79 to 209.7 ± 80.81 N=6 P>0.05, 2-way ANOVA and
Bonferroni post-test) (Figure 58 A&B) (
Figure 59).
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Figure 56: The effect of 10 nM Ex-4 on afferent nerve firing rate in LFF and HFF mice. A) Raw
traces of LFF intestinal afferents responses to 10 nM Ex-4. B) Intestinal afferents response to
distention was increased by Ex-4 in LFF mice compared to control (p<0.05, ANOVA with
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Figure 57: Ex-4 effect on LFF mice intestinal afferents mechanical sensitivity at low- and highpressure. Intestinal Afferents Increased the firing rate in response to Ex-4 in LFF mice at lowpressure (15 mmHg) (123.9 ± 60.28 to 569.5 ± 112.3 N=5, P = 0.008) but not at high-pressure
(50 mmHg) (389.5 ± 69.95 to 629.3 ± 113.2 N=5 P>0.05, 2-way ANOVA and Bonferroni posttest).
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Figure 58: The effect of 10 nM Ex-4 on afferent nerve firing rate in HFF mice. A) Raw traces of
HFF intestinal afferents responses to 10 nM Ex-4. B) Ex-4 did not increase response to distension
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Figure 59: Ex-4 effect on LFF mice intestinal afferents mechanical sensitivity at low- and highpressure. Ex-4 did not increase HFF intestinal afferents’ response to low-pressure (15 mmHg)
(66.07 ± 32.37 to 113.6 ± 50.90 N=6, 2-way ANOVA and Bonferroni post-test) or at highpressure (50 mmHg) (216.3 ± 59.79 to 209.7 ± 80.81 N=6 P>0.05, 2-way ANOVA and
Bonferroni post-test).
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5.3.8 Ex-4 Enhances Membrane Excitability in Nodose Ganglion Neurons from LFF but
Not HFF Mice
In vitro whole cell current clamp recordings were performed to study the effect of Ex-4 on the
electrical membrane properties of randomly selected nodose ganglion neurons from both LFF and
HFF mice. In LFF mice Ex-4 increased nodose ganglia excitability compared to control ( -A&B)
where current clamp experiments displayed a decreased rheobase (minimum current necessary to
elicit a single action potential) in nodose neurons from LFF mice in response to Ex-4 (75.6±7 to
41.1±2.6) ( -C). Input resistance was also significantly increased in response to Ex-4 (324.6±37.7
to 449.1±80.4)( -D). Moreover, there was a significant increase in number of action potentials at
twice rheobase (2.2±0.4 to 3.3±0.5) ( -E). On the contrary, there was no significant change in any
of the previous variables in response to Ex-4 in nodose neurons from HFF mice (Figure 61A&B). There was no change in rheobase when adding Ex-4 (132.2±16.6 to 125.6±24.3) (Figure
61-C). At twice rheobase, there was no significant increase in the number of action potentials
after Ex-4 (1.2±0.1 to 1.6±0.3) (Figure 61-D). Input resistance was the same with and without Ex4 (251.1±37.8 to 270.4±31.8) (Figure 61-E) (Paired Student t-test, N=9).
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Figure 60: Impact of 10 nM Ex-4 on nodose ganglia neurons of LFF mice. The rheobase was
determined as the lowest current leading to action potentials. A&B, LFF mice nodose ganglia
excitability with vs. without Ex-4. C, Rheobase was significantly increased by Ex-4 (75.6±7 to
41.1±2.6). D, at twice rheobase, significantly more action potentials were elicited in neurons in
the presence of Ex-4 (2.2±0.4 to 3.3±0.5). E, there was a significant increase in the input
resistance (324.6±37.7 to 449.1±80.4). Paired t-test, N=9.
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Figure 61: Impact of Ex-4 on excitability of nodose ganglia neurons of HFF mice. A&B, action
potential generation at rheobase in HFF neurons with vs. without Ex-4. C, There was no change
in rheobase in the presence of Ex-4 (132.2±16.6 to 125.6±24.3). D, at twice rheobase, there was
no significant increase in the number of action potentials after Ex-4 (1.2±0.1 to 1.6±0.3). E, input
resistance was unchanged by Ex-4 (251.1±37.8 to 270.4±31.8). Paired t-test, N=9.
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5.3.8 Ex-4 Fails to Activate c-Fos in the NTS of HFF Mice
Vagal afferents terminate centrally in the Nucleus Tractus Solitarius NTS (Chaudhri, Salem et al.,
2008); therefore, in order to examine the effect of Ex-4 on neuronal activity, number of activated
neurons in the NTS area of LFF and HFF mice was investigated. Change in c-Fos reactivity was
used as a marker of neuronal activity in fasted re-fed mice from both groups. LFF Ex-4 treated
mice showed a significant increase in number of c-Fos positive NTS neurons compared to saline
mice (** P = 0.004 N=4, 6-8 sections per mouse, Un-paired t-test) (Figure 62-A&C). The NTS
region from Ex-4 treated LFF animals had an average of 38.17 ± 3.23 (N=84) positive cells
compared to 27.17 ± 2.16 positive cells in saline treated animals. On the other hand, in the HFF
groups, there was no significant difference in the number of c-Fos positive cells between Ex-4
and saline (23.13 ± 1.74 vs. 27.56 ± 2.53) (N=4 mice, 6-8 sections per mouse, Un-paired t-test)
(Figure 62-B&D).
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Figure 62: c-Fos expression in the NTS area of LFF and HFF mice brainstem with vs. without Ex-4. A) c-Fos expression in saline injected LFF
mouse brainstem section (left) compared to Ex-4 injected ones (right). B) c-Fos expression in saline injected HFF mouse brainstem section (left)
compared to Ex-4 injected ones (right). C) LFF Ex-4 injected mice have significantly higher number of c-Fos positive neurons compared to that in
saline injected ones (38.17 ± 3.23 vs. 27.17 ± 2.16). D) no significant difference in the number of c-Fos positive neurons in Ex-4 versus saline
injected mice (23.13 ± 1.74 vs. 27.56 ± 2.53) (N=4 mice, 6-8 sections per mouse, Un-paired t-test).
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5.4 Discussion
Obesity is a rapidly increasing health problem, hence understanding and investigating the
mechanisms lying behind excessive eating and weight gain is critical to understand and therefore
treat the disorder. This study has focused on the hypothesis that intestinal vagal afferent responses
to satiety mediators are impaired during diet-induced obesity. Since satiety mediators are the
mechanism by which satiety signals arise through intestinal vagal afferents to the brain, studying
their effect on vagal afferents activity during obesity was the approach used in this study.

High fat fed (HFF) C57Bl6/j mice were used as model of obesity, and the effect of GLP-1 and its
stable form of agonist Ex-4 was examined. Knowing that the function of intestinal afferents is
impaired in diet – induced obesity, we hypothesized that GLP-1 and Ex-4 effects on HFF mice in
terms of food intake and postprandial glucose levels, are impaired and that is due to impaired
intestinal vagal afferents response to GLP-1 receptor stimulation. Accordingly, we set out to
examine food intake for both LFF and HFF mice in response to either Ex-4 or saline. Ex-4 was
used in this experiment and not GLP-1 due to the short half-life GLP-1 has (1-21/2 min), as it
gets metabolized and inactivated by DPP-IV instantly (Hansen et al., 1999). In this experiment,
LFF mice showed a significant increase in food intake in response to Ex-4 compared to the saline.
This increase in food intake was not seen in the HFF mice, which indicates impaired satiety
responses to Ex-4 in diet-induced obesity mice. The latter results coincide with a recent study
where DIO rats showed diminished satiety effects in response to Ex-4 (Duca and Covasa, 2013).

Figure 45 demonstrates that HFF mice ate less than the LFF mice during the three hours
following the saline treatment, however, 24-hour food intake showed that both LFF and HFF
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mice ate the same amount of calories overall. This is coherent with what Petro et al. (2004) found
in their study, where increased fat intake contributes to increase in body weight in DIO mice
independently of caloric intake. Even though HFF mice ate less at the time of experiment, the
overall caloric intake for saline treated LFF and HFF mice was the same (Error! Reference
ource not found.), which suggests different 24-hour eating patterns between LFF and HFF mice.
Moreover, a study by Kohsaka et al. (2007) showed that HFF mice display a reduction in diurnal
food intake after just one week on the diet, as they ate significantly more food during the light
phase of a 12:12h light-dark cycle compared to regular chow-fed mice. This explains the
reduction in food intake in HFF saline mice compared to LFF ones since the experiment was
conducted at night where according to their eating patterns HFF mice are already satiated, unlike
LFF mice that are hungry and ready to eat.

Figure 63: 24 hours food intake in calories in LFF (10%) and HFF (60%) mice.

As one of the main actions of GLP-1 is to stimulate insulin secretion, it was as important to
investigate its incretin effect in diet-induced obesity. Surprisingly, the incretin effect of Ex-4 was
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preserved in HFF mice. However, postprandial glucose levels were back to baseline at 15 min
time point in Ex-4 treated LFF mice, but not in HFF ones where there is a 30 min delay in the
reduction of glucose levels (Figure 47). Indicating impairment in the incretin effect of Ex-4 in
HFF mice and the involvement of different pathway.

Intestinal GLP-1 Incretin effect can be conducted locally through the neural pathway where its
activation of hepatic vagal afferents is reflexly transmitted to the pancreas (Nishizawa et al.,
1996)(Nakabayashi et al., 1996). However, higher doses of the hormone may result in higher
plasma concentrations leading to the activation GLP-1 receptors located on the pancreatic islets
directly (endocrine pathway) (Vilsboll et al., 2003), thus making up for the impairment in
neuronal mediated GLP-1 effect. In the OGTTs Ex-4, a GLP-1 stable long lasting agonist (halflife 125-174 min) (Parkes et al. 2001), was used for the assessment of the incretin effect. It is
likely the long half-life of Ex-4 that gives it the time to travel through the circulation and directly
activate GLP-1 receptors on the islets masking the effect of neuronal suggested resistance, which
in turns explains the delay seen in Ex-4 treated HFF mice. As a matter of fact, in a study where
they generated transgenic mice that lack GLP-1 receptors and express the human GLP-1R in
islets and pancreatic ductal cells, they were able to show that the activation of pancreatic GLP-1
receptor alone is sufficient for incretin control of glucose metabolism (Benjamin et al., 2011). On
the other hand, the role of other incretin hormones that could have been released upon the
ingestion of glucose, such as Gastric Inhibitory Polyleptide GIP (Takemura et al., 1981)
(Taminato et. al., 1977), should not be neglected as well. While our results do not support a role
for vagal afferents in the incretin effect of GLP-1, they do not rule it out either. Further
experiments examining the effect of luminal nutrients (which result in endogenous release of
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GLP-1) on glucose tolerance will need to be performed, in intact and vagotomized mice, to
conclusively determine the role for vagal afferents in the incretin effects of endogenously
released GLP-1.

Previously, it has been established that intestinal afferents satiety responses to intraluminal lipids,
CCK, and 5-HT are attenuated in DIO mice due to a decrease in vagal afferents responsiveness
(Covasa and Ritter, 1998) (Covasa and Ritter, 1999) (Daly et al., 2011). Likewise, it has been
demonstrated that acute high fat diet induced obesity in obese-prone OP rats diminishes
sensitivity to Ex-4 (Duca et al., 2013). In this study, the effect of the satiety hormone GLP-1 on
intestinal afferents activity was examined using LFF and HFF mice in order to assess weather
afferents responses to GLP-1 are attenuated during obesity or not. The observed diminished
intestinal afferent responses to GLP-1 and its agonist Ex-4 application indicates impairment of
direct gut – brain GLP-1 signaling. As mechanosensitivty of intestinal afferents is subject to
chemical influences as well, the effect of GLP-1 and Ex-4 on responses to distention was
examined. GLP-1 and Ex-4 enhanced low-pressure mechanosensitive responses, and this effect
was abolished in HFF mice. Furthermore, Figure 57 illustrates that the increase in intestinal
afferents activity occurs only at the low threshold afferents. While it is acknowledged that
intestinal afferents include both spinal and vagal, studies demonstrate that low intraluminal
pressure activates only vagal afferent nerves making them fall under the low threshold category
(Bielefeldt and Gebhart, 2008) (Sengupta et al., 1990). Moreover, the literature abundantly
suggests that GLP-1 effects are vagally mediated (̇MERYÜZ et al., 1997) (Holmes et al., 2009).
This suggests that the afferents responded to GLP-1 and Ex-4 are most likely to be vagal.
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One can speculate that the abolished effects in the HFF mice might be because GLP-1 used dose
is low (100 nM). In order to invalidate this claim, an in-vitro extracellular nerve recording dose
response experiments were performed. In these experiments, it was shown that the used dose falls
towards the high effective concentrations in the dose response curve (Figure 48). In fact, a paper
that was published in 2009 performed recordings from rats’ gastric vagal nerve mass activity, was
able to show that GLP-1 injections at 30-1000 pM elicited gradual increase in afferents activity in
a dose response manner (Bucinskaite et al., 2009). This further indicates that the observed
abolished responses in the HFF mice are not due to low used dose.

The potential mechanism lying behind the attenuated responses of intestinal afferents is that
desensitization possibly occurred through a down-regulation of the receptors or alteration of ion
channels in response to the excessive release of GLP-1 during obesity. Previous work from our
lab (Daly et al. 2011) demonstrated that vagal afferents from DIO mice were less excitable, and
perhaps this might explain the failure of GLP-1 and Ex-4 to activate intestinal afferents. However
the lack of effect of GLP-1 receptor stimulation on the nodose ganglion cell membrane suggests
alterations beyond impaired electrical excitability, either decreased receptor expression or altered
downstream signaling. Supportive evidence for this suggested mechanism is what Nefti et al.
(2009) demonstrated in their study, where the acute, but not chronic, high fat diet caused a down
regulation of satiety mediators, CCK and 5-HT, receptors in vagal afferents. Moreover, GLP-1
receptor mRNA was decreased in nodose ganglia of high energy/high fat fed (HE/HFF) OP rats
in another study (Duca et al., 2013).
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Whole cell recordings from nodose ganglion neurons (vagal afferent cell bodies) were performed
in order to examine whether there is a reduction in cell membrane excitability, which in turns
explains the decrease in chemo- and mechano-sensitivity of the HFF intestinal afferents in
response to Ex-4. In nodose ganglion neurons from LFF mice, Ex-4 significantly reduced
rheobase (current threshold) and increased number of action potentials at twice rheobase. Also,
there was a significant increase in input resistance indicating an increased responsiveness of vagal
afferents. On the contrary, in nodose ganglia from HFF mice, Ex-4 elicited no significant change
in rheobase or number of action potentials at twice the rheobase correlating with the diminished
intestinal afferents discharge seen in these mice. Furthermore, there was no alteration in input
resistance of the membrane. Diminished effects of Ex-4 may indicate a desensitization of nodose
ganglion neurons that may have resulted of reduced GLP-1 receptors expression or alteration of
ion channels. This is coincides with what Duce et al. (2013) exhibited, as there was a decrease in
GLP-1 receptor mRNA in nodose ganglia of high energy/high fat fed (HE/HFF) OP rats.

To determine if the observed alteration in peripheral afferent activation leads to decreased
signaling to the CNS, c-Fos Immunohistochemical staining experiments were used on brain-stem
sections from both LFF and HFF mice as a marker for neuronal responsiveness to Ex-4. It is
worth noting that there was no structural or anatomical difference observed between sections
from LFF vs. HFF mice; furthermore, there was no significant difference in the number of
positive c-Fos cells between the different coronal levels within the same group. In the LFF mice,
Ex-4 induced a significant increase in c-Fos activated neurons compared to saline. However there
was no increase in c-Fos in response to Ex-4 injection in HFF mice coinciding with our
observations at the level of intestinal afferents and nodose ganglion neurons. These observations
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confirm impaired GLP-1R mediated gut-brain signaling, and likely explain our observation of the
loss of effect of GLP-1R stimulation on food intake in HFF mice. An argument could be raised
against the use of c-Fos in the NTS area as a specific marker for vagal neurons activity. As the
NTS not only projects vagal afferents activity, but also has high population of glial cells
(Dallaporta et al., 2010). Primarily, c-Fos-positive neuron has been used as a marker of neuronal
activation in order to examine the impact of a selective macronutrient or peptide hormone on
brain activity. For example, c-Fos levels were significantly increased in rats infused with
intralipids (Lo et al., 2006). In fact, it has been further shown that the increase in number of c-Fos
positive cells in nodose ganglia in response to 5-HT was eliminated after acute vagotomy (Wu et
al., 2004). Furthermore, recently McDougal et al. (2011) showed that NTS astrocytes can be
activated directly by vagal afferents, suggesting that c-Fos positive glial cells could represent
vagal afferent neurons activity as well. At the end, an acute inhibition of glial cells in the NTS, by
performing bilateral microinjections of fluorocitrate (FCt), a glial cell inhibitor, into the caudal
and intermediate subnuclei of the NTS, can be done in order to confirm that the observed c-Fos
positive cells are indeed projecting vagal afferent neurons activity (Costa et al., 2012).

In summary, this chapter has confirmed the suggested theory that diet induced obesity results in
impaired satiety signals. Furthermore, this impairment results in diminished response of intestinal
afferents to the satiety mediator GLP-1 and its agonist Ex-4 and to the mechanical stimulation
(distention) of the intestine. The diminished responses of intestinal vagal afferents were observed
at both gut and brain levels and could explain the excessive food intake and the induction and
maintenance of obesity and the resultant glucose intolerance. These findings open doors not only
for treating obesity but also contributes to treating type-2 diabetes associated with obesity.
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Chapter 6
Summary
6.1 Study Limitations
The studies described in this thesis benefitted from the use of multiple methods, from whole
animal to single cell, which allowed the determination of detailed mechanisms of action of
CysLT’s effects on intestinal afferents as well as the effects of obesity on GLP-1’s action on food
intake and intestinal afferent activity. Indeed, the use of a diet–induced model of obesity is a
particular strength. The model used here (high fat fed C57BL6 mouse) bears many similarities to
the majority of cases of human obesity. However, it is worth contemplating some limitations of
the approaches used here as these can aid in interpretation of the data as well as point in to further
research questions.

We chose to use the C57BL6 mouse as this is one of the most commonly used animal models in
science. Furthermore, this mouse strain is the background for many genetically altered mice.
However, it is an inbred strain, with a particular sensitivity to diet-induced obesity. It is unknown
if the changes in afferent function seen here are due to the effects of obesity itself or diet. Use of
an obesity resistant strain may allow some of this distinction and provide further weight to the
importance of the results observed here.

With regard to the feeding experiments, we looked at only short-term food intake. It could be
argued that longer term effects on total energy intake are probably more relevant to determination
of body weight, and obesity. It would be worth testing if the perturbations in GLP-1 signaling are
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long lasting, and therefore responsible for weight gain, or if there is a compensatory alteration in
meal pattern over time.

We have inferred a role for CysLTs in control of food intake, and that vagal afferents mediate this
effect, however direct demonstration that A) CysLTs inhibit food intake B) vagal ablation
abolishes this effect and C) that CysLTs are released after a meal, have not been performed.
Addressing the first problem might be problematic, as exogenous administration of CysLTs (e.g.
by i.p. injection) might cause an acute inflammatory response / illness response that might
confound the measurement of the effect on food intake. Vagotomy is possible to directly
demonstrate the role of vagal afferents in the effect of various substances in control of food
intake. However this also disrupts efferent vagal pathways, and therefore motility, and subsequent
digestion and absorption of food could be altered, confounding the results. The third point,
regarding the potential for CysLTs to be released after a meal could be addressed by measuring
them, using available ELISA or mass spectrometry techniques on intestinal tissue. These
approaches are ripe for future study.

6.2 Future Directions
The experiments performed in this thesis have described a number of new observations pertaining
to gut brain signaling in health and obesity, specifically regarding the physiology of CysLTs and
GLP-1 signaling. However equally important is that, a number of new avenues of
experimentation have been opened.

I have shown that CysLT2R receptor activation both directly stimulates and potentiates
mechanosensation in intestinal afferents, likely through an increase in excitability at the level of
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the cell membrane. As intestinal afferents contain both vagal and spinal fibres, chronic vagotomy
could be performed to examine if there are effects on spinal afferents, which may have relevance
to painful conditions like IBD and inflammatory bowel disease. To determine the specific ion
channels involved in the effects on nodose gangion neurons, we could perform whole cell voltage
clamp experiments to test the hypothesis that voltage gated potassium currents are involved.

It has been shown that the source of intracellular calcium in nodose ganglia in response to
CysLTs is mainly extracellular (Figure 42 & Figure 42). The use of thapsigargin, an inhibitor of
the sarco/endoplasmic reticulum Ca²⁷ ATPase, is a further step to examine the intracellular
pathway involved. Besides, L-VOCC has shown to partially mediate CysLTs effect on nodose
ganglia. Accordingly, one might ask, what are the other types of channels that could be involved.
For that, Omega-conotoxin (ω-conotoxin) N,P/Q calcium channels blocker, can be applied to
identify whether these type of channels play a role as well.

Taken together the results of this thesis as well as my MSc work shown a role for CysLTs in
regulation of food intake, via an action on intestinal vagal afferents. Extrapolating from our
results on GLP-1 and obesity it would be interesting to test if this signaling pathway is similarly
perturbed in obesity.

GLP-1 is a major incretin hormone, where its effect is speculated to be impaired in DIO mice.
Surprisingly, the incretin effect of Ex-4 was not attenuated in the HFF mice. However this does
not rule out a role for intestinal vagal afferents in the enteroinsular axis, as Ex-4 has a long
enough half-life to be able to circulate to the beta cells in the pancreas. In order to demonstrate
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that GLP-1 preserved incretin effect was compensated through alternative pathways, and not via
vagal afferents, a more physiological activation of the enteroinsular axis via nutrient infusion into
the ileum could be performed in anaesthetized animals.

Another approach could be using

conditionally GLP-1 receptor KO mice, where the receptors are knocked out only in pancreas, but
not neurons.

In order to study the influence of obesity on GLP-1 satiety and incretin effects, a high fat DIO
model was used. Nonetheless, a question may arise whether a diet that is high in carbohydrate or
protein have the same impact or not. Accordingly, it would be of interest to investigate the effect
of a high carbohydrate or protein diet and whether it is the weight gain or the diet itself that
causes the detected impairment. It is well established in the literature that the consumption of
high fat diet leads to adiposity resulting in increase in leptin levels, and the chronic ingestion of
this diet can be associated with leptin resistance (Myers et al., 2008) (Morris and Rui, 2009).
There is also a growing evidence in the literature that diet induced obesity is associated with
impairment of vagal afferent responses to satiety mediators such as CCK and 5-HT and that this
impairment can be due to altered expression of peptide hormones’ receptors on vagal afferents
(Paulino et al., 2009) (Covasa, 2010). However, similar studies have been done linking high fat
diet to microflora. In mice fed high fat diet there was a rise in a branch of Firmicutes, a phylum of
bacteria where its levels are known to be associated with obesity (Turnbaugh et al., 2008).
Interestingly, stylizing germ free mice with cecal microbiota from normal ones showed to
increase body weight independently of any change in food intake or activity (Turnbaugh et al.,
2006). Vagal afferents are responsive to gut microflora as their terminals are situated within the
gut mucosa and express lipopolysaccharide LPS receptor (Toll-like receptor TLR1) (Tsukumo et
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al., 2007) (Gakis et al., 2009). Accordingly, recently it has been shown that chronic LPS
treatment increases food intake, reduces vagal afferents responses to leptin, and inhibit CCK
effect on satiety (La Serre et al., 2014). High fat feeding has shown to be associated with increase
in body fat (visceral) as well as LPS levels, hence, investigating the link between vagal afferents
function, satiety mediators, and gut microbiota during obesity can be the first step towards a
solution for the question “Does high fat diet itself modulate vagal afferents activity or could the
obesity be the main factor?”

Furthermore, it is of importance to consider whether DIO – induced impairment in afferent
sensitivity is reversible if mice are fed normal or LFD or not. In 2014, a study was performed to
investigate the reversibility of gastric afferents function after high fat DIO (Kentish et al., 2014).
The data showed that when diet induced obese mice were put on a standard chow diet display a
small weight loss followed by a return to the previous weight, where there was an increase in the
weight of food consumed. In regards to gastric vagal afferent mechanosensitivity, there was no
significant difference in between the normal HFF group of mice and the reversed one (Kentish et
al., 2014). However, it was also shown that leptin sensitivity was a partially recovered in diet
induced obese rats and mice put on standard chow diet (Apolzan and Harris, 2013) (Kentish et al.,
2014). Proceeding from there, more experiment examining the onset at which the desensitization
and the reversibility can occur, as well as the reversibility of intestinal afferents sensitivity to
other satiety mediators such as GLP-1 as well would be intriguing.

6.3 Potential Significance
Overweight and obesity are major health problems. Data from 2013 demonstrates that there are
around 4.6 million adults obese in Canada alone (Gotay et al, 2013). As overweight and obesity
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are the fifth leading causes of death, the need for options to treat obesity problem is highly
needed. Food intake and body weight regulating mechanisms are complex processes that involve
gut brain interaction, and a specific role for vagal afferents as the main link (Schwartz, 2000)
(Sobocki et. al., 2005). Based on the experiments performed in the study, possible role for
intestinal vagal afferents in mediating CysLT2Rs satiety signals has been suggested. Given the
importance of intestinal vagal afferents in regulating satiety signals, these results could have
significant implications in the development of obesity therapeutics. Furthermore, CysLTs are
known originally as inflammatory mediators that are used during inflammatory conditions such as
asthma and allergy. Here we have suggested a novel role in regulating food intake. These findings
can help explaining the changes in appetite and body weight for patients who use CysLTs based
medications to treat their asthma or allergy. In addition, in chronic inflammatory diseases of the
GI tract, undernutrition is a problem, due to decreased appetite and food intake, and blocking
CysLT mediated effects on food intake could provide a therapy to improve appetite, food intake
and nutrition in gut inflammation.

This report has further shown that chronic consumption of a high fat containing diet, has shown
to result in impairment responsiveness of intestinal afferents to the satiety and incretin hormone
GLP-1. This destruction is indicated to be due to reduction in membrane excitability and neuronal
sensitivity. This impairment of vagal afferents function is possibly a major cause for impaired
satiety signaling from the gut to the brain and could be the principal mechanism by which
overeating and obesity occur and retain. Besides controlling food intake and insulin, released
GLP-1 is known to regulate intestinal motility (HellstrÖm et al., 2008). According to a prior
study, intestinal motility is increased during obesity and this could be partially a consequence of
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impaired satiety signals conveyed from the small intestine including GLP-1 satiety signals (Al
Mushref and Srinivasan, 2012). These results could have important influence on the improvement
of obesity and its associated type 2 diabetes treatments.

6.4 Conclusion
The current study has examined the mechanisms of action of one well known (GLP-1) and one
novel (CysLT2) satiety-signaling pathway. In both cases it appears that there is likely an
important role of intestinal vagal afferents in mediating the satiety effects. In the case of
CysLT2Rs, this signaling pathway may represent a novel endogenous satiety signaling system
involved in regulating appetite and food intake, making it a contributing treatment for overweight
and obesity.

Furthermore, this work explored the actions of GLP-1 and demonstrated that this critical
signaling pathway is lost in a model of diet-induced obesity that closely resembles most cases of
obesity in humans. While we did not conclusively demonstrate loss of the incretin effect, it is
interesting to speculate that loss of the incretin effect due to dysfunctional GLP-1 mediated gut
brain signaling might be an “early hit” in the development of type 2 diabetes that often
accompanies obesity, and is responsible for major morbidity in this population.

Taken together, the work presented here reveals important findings and new concepts underlying
mechanisms controlling satiety and food intake that advance our understanding of the physiology
of satiety and energy metabolism, the pathophysiology of obesity, and may in the future lead to
better targeted therapies for obesity and type 2 diabetes.
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