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Abstract

Energy homeostasis is a tightly regulated system that is vital for survival involving
anorectic and orexigenic signals. Obesity is a maladaptive response where the
balance becomes disrupted. Obesity is one of the most concerning health problems
of our time. It is no longer considered a consequence of a western lifestyle, with
more developing countries now reporting an increased incidence of obesity and
associated illnesses. While obesity itself can be debilitating and decrease quality of
life, it is the associated comorbidities that are the main cause for concern; including
type two diabetes, cancer and thrombo-occlusive diseases. One of the molecules
thought to be responsible for occlusive events is plasminogen activator inhibitor
(PAI)-1. This inhibitor of the plasminogen system is also reported to be up to 5 fold
higher in obese subjects in plasma, and similar to leptin, is released from adipose
tissue. PAI-1 is considered to play a protective role in circumstances of gastric
mucosal attack, thus a transgenic mouse (PAI-1HKp) was generated, with targeted
expression of PAI-1 to the gastric parietal cells, to study this. However, an
unexpected phenotype emerged, most notably hyperphagia and increased body

weight, which formed the basis of these present studies.

The gut-brain axis is a major and well-studied regulator of energy homeostasis and
this was the focus of this project. The PAI-1HKP mice when compared to wild-type
had decreased brain stem responses to the satiety hormone, Cholecystokinin (CCK).
Brainstem responses were also attenuated in wild types pre-treated with exogenous
PAI-1. Furthermore, it was shown that the urokinase plasminogen activator (uPA)
receptor by which PAI-1 binds, was required to influence the observed decrease in

brainstem responses.

XV



CCK also has other physiological functions in the role of energy homeostasis,
including gastric emptying. While delayed gastric emptying was observed following
a protein rich liquid test meal in C57BL/6 mice, PAI-1HKp mice had a blunted
response. Blockade of the CCK; receptor in C57BL/6 mice also attenuated the delay
in gastric emptying.  Moreover, exogenous PAI-1 attenuated CCK-mediated
inhibition of gastric emptying. The PAI-1HK mice had an attenuated inhibition of
gastric emptying of a non-nutrient containing liquid test meal in response to CCK.
Treatment with gastrin was shown to increase plasma PAI-1 and attenuated delayed

gastric emptying in C57BL/6 mice.

Food intake is stimulated by orexigens, most notably ghrelin, working via appetite-
stimulating neurons in the arcuate nucleus. While ghrelin stimulated feeding in fed
ad libitum C57BL/6 mice, PAI-1 increased feeding in previously fasted C57BL/6
mice only. This response to ghrelin and PAI-1 was also replicated in PAI-1 7 mice,
suggesting PAI-1 is not required for the orexigenic effect of ghrelin. Moreover,
intrapertoneal (ip.) administered ghrelin increased fos expression in arcuate neurons

of both C57BL/6 and PAI-1 7 mice, whereas ip. PAI-1 did not.

Weight loss in the PAI-1HK[ mice appeared to reverse the insensitivity to CCK in
terms of gastric emptying. PAI-1HKpB mice were also found to be insensitive to
other gut-derived satiety hormones, suggesting gastric PAI-1 is an anti-satiety factor.
However, mice null for wild-type gastric PAI-1 responded normally to CCK prior to
feeding, indicating that wild type is necessary for CCK insensitivity in the PAI-

1HK} mice.

The current findings demonstrate that PAI-1 plays a role in the control of food

intake. PAI-1 is an example of a novel anti-satiety factor that can modulate gut-brain

XV



signalling via the vagus nerve in order to preserve nutrient intake. This work
provides a platform for future investigations into novel pathways implicated in the

development and treatment of obesity.
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Chapter 1

Introduction



1.1 Overview

Over a century ago Pavlov commented on the acidification of the upper intestine
that resulted in pancreatic secretion (Pavlov, 1901). Wertheimer and le Page then
showed that the flow of juice persisted after section of nerves to the intestine
(Lepage, 1901). Bayliss and Starling, realised that the link between intestine and
the pancreas was via the circulation and on 16™ January 1902, showed that
extracts of duodenal mucosa administered intravenously stimulated pancreatic
secretion (Bayliss and Starling, 1902). The active factor was called secretin: it
was the first hormone although the word *hormone’ was only introduced in 1905
to describe blood-borne messenger molecules. Shortly after, Edkins hypothesised
that an analogous mechanism might regulate gastric secretion and reported the
extraction of an active factor (gastric secretin, or gastrin) from antral mucosa
(Edkins, 1906). The gastrins were subsequently isolated, sequenced and
synthesised in 1964 by Gregory et al. (Gregory and Tracy, 1964). At about the
same time Jorpes and Multt isolated and sequenced secretin (Jorpes et al., 1962,
Mutt et al., 1970). Other hormones discovered in the interim included insulin
from pancreatic islets and in 1928, cholecystokinin, which was described as a
hormone released by intestinal fat that stimulated gall bladder contraction (lvy and
Oldberg, 1928). Initially, it was suggested that secretin, gastrin and
cholecystokinin (CCK) acted on the same receptor, although that was soon proved
to be incorrect. Gut hormones were considered for many years to be exclusively
involved in regulating digestion. However, in more recent times, it is now clear
that many are involved in the control of food intake. CCK for example, is a well-
established satiety hormone. Gut hormones are now thought to hold particular

relevance in the development of obesity (Suzuki et al., 2011).



Obesity is one of the largest emerging health problems of our time. The reasons
for this are the fatal consequences of co-morbidities such as, stroke, coronary
heart disease, type Il diabetes and also cancer. Insulin and leptin resistance are
key players in obesity, where the normal mechanisms for food intake regulation
are blunted (de Lartigue et al., 2012). Obesity is a multifactorial disease. Genetic
predisposition of metabolic disorders is widely accepted (O'Rahilly and Farooqi,
2008). However, an increase in the amount of energy-rich foods available, which
are high in fat and sugar, combined with an increasingly sedentary lifestyle, have
proved to be important risk factors in the emergence of such a global epidemic in

today’s modern society (Rolls et al., 2007, Speakman, 2007).

The control of food intake falls into two categories of regulation: hedonic control
via mesolimbic reward pathways, and homeostatic control. Homeostatic control
of energy balance is primarily mediated via the feeding centres within the
hypothalamus. The hypothalamus receives signals from several peripheral organs,
including the liver, pancreas, stomach and adipose tissue. Hormonal signals can
influence energy homeostasis by either acting directly on the central nervous
system (CNS) via the circulation or by interacting with the afferent neurons of the
vagus nerve (Dockray, 2009b). The main source of input is from the
gastrointestinal tract via mechanoreceptors and chemoreceptors that respond to
distension and nutrient composition, respectively. The brainstem is the first part of
the vagal input. Many hormones activate vagal afferent neurons (VAN) via a
mechanism involving second order neurons in the nucleus of the solitary tract

(NTS) of the brainstem (Grill and Kaplan, 2002, Nozaki et al., 2002).

Multiple signals involved in the regulation of food intake are disrupted in obesity.

An increase or decrease in plasma concentrations of many factors occurs in



response to the level of adiposity. One molecule that is elevated in plasma of
obese individuals is plasminogen activator inhibitor-1 (PAI-1) (Shimomura et al.,
1996, Ma et al., 2004). PAI-1 is expressed in adipocytes, liver and the GI tract,
where the stomach holds significant importance, as levels of PAI-1 are also found

to increase in the stomach with infection and inflammation.

Targeted expression of PAI-1 to the parietal cells of the stomach in mice results in
hyperphagia, increased adiposity and weight gain. Previous work done by the
group has revealed a desensitivity to satiety hormone CCK in behavioural studies
(Kenny et al., 2013a). CCK is known to activate NTS neurons when administered
to rodents, via a vagally-mediated pathway. Investigating gut-brain signalling by
CCK in these mice will be an important aspect of this thesis. This current
research focuses on the general hypothesis that PAI-1 expressed in the stomach
acts as a novel signalling molecule involved in the disruption of energy

homeostasis.

1.2 The Gastrointestinal Tract and Digestive Function

The gastrointestinal tract, or alimentary canal is essentially a long cavity which is
designed for the digestion and absorption of nutrients. Food is initially broken
down during chewing by amylase contained within the saliva. Swallowed food
forms a bolus which is propelled to the stomach via peristaltic waves. The
stomach has two openings, located at the oesophageal and duodenal junctions. It
contains four regions known as the cardia, pylorus, fundus and the corpus. Each

region performs specific functions with regards to digestion. The stomach



liquifies its contents and controls the rate at which food enters the duodenum.
There are different types of cell in the stomach that are responsible for different
roles in digestion. Parietal cells are responsible for the secretion of hydrochloric
acid, chief cells release pepsinogen that on activation digests protein, and the
enteroendocrine cells release hormones. Mucous neck cells cover the whole
luminal surface and secrete bicarbonate mucus which enables lubrication and also
protects the epithelium from chemical insults. Once the food is liquified into
chyme, and the liquefied contents are passed to the duodenum, whose function is
to receive partly digested food and continue the digestive process. Here, it mixes
with digestive enzymes from the pancreas and bile from the gall bladder, before
moving further along the small intestine. The small intestine is divided into 3
sections; the duodenum, the jejunum and the ileum. The jejunum and ileum are
about 4-6 metres long in humans and maximise water and nutrient absorption due
to their large surface area. Surface area is further increased by the structure of the
villi and the microvilli. Digestive products absorbed here are transported to the
liver via the blood stream, known as the hepatic portal system. Once all the
nutrients have been absorbed, digestive products enter the large intestine, or the
colon. Here, water is removed from the remainder, resulting in the formation of
fecal waste products. Faeces pass to the rectum, where they are expelled from the
body via the anus. The cells and hormones that govern this system are highly

regulated involving multiple mechanisms and cell types.

1.2.1 Distribution, Structure and Biology of Enteroendocrine (EEC)
Cells



The enteroendocrine system within the gut is a one of the largest endocrine
systems in the body terms of cell number. There are at least 15 subtypes of
enteroendocrine cells that secrete various peptide hormones and biogenic amines
(histamine, 5-hydroxytryptophan [5-HT]) involved in the regulation of postpradial
secretion and motility (Moran et al., 2008). It is now widely accepted that some

EECs are capable of secreting more than one hormone.

1.2.2 Luminal Sensing

It is commonly accepted that the major function of the majority of EECs is to
sense the luminal contents. EECs described as ‘open’ are able to function as
transepithelial signal transducers by having contact with the lumen, leading to the
release of biological mediators. This may be via a ‘classic’ endocrine mechanism
or via a paracrine, or local, effects on nearby cells; ie vagal afferent fibres.
Expression of taste receptors such as G-protein coupled receptor (GPCR) families
T1 and T2 have been identified in EECs, and are considered key components that
trigger gut peptide release (Moran-Ramos et al., 2012). More specifically, there
are GPCRs involved in sensing sweet, bitter, fatty acids and amino acids. In
addition, there are other mechanisms of luminal sensing involved, including ATP-
sensitive K* channels and sodium-glucose linked transporter 1 (SGLT1). All
these mechanisms ultimately increase intracellular calcium which triggers

exocytosis.



1.3 Energy Homeostasis

Energy homeostasis is a key survival mechanism that allows the storage and
metabolism of ingested food. Energy expenditure and meal size, composition and
frequency vary from day to day but generally, body weight remains stable for
most people. The drive for hunger is mediated by orexigenic systems used by
ghrelin during the interdigestive period, whereas signals to terminate a meal, like
CCK, are released in response to nutrients and gastric distension (Tack et al.,
2006, Raybould et al., 1994). These processes are controlled by both peripheral
and central mechanisms. The CNS receives signals from the gut that aid the

surveillance of energy status (Figure 1.1).

The brain stem receives signals via the vagus nerve (Williams 2001) following
food intake. The NTS is where these signals terminate before projecting to
second order neurons in the hypothalamus. It was discovered by Grill and Smith
in 1988, that the brainstem is important in regulating meal size in short term
feeding, although the hypothalamus is required for more long-term control of food
intake (Grill and Smith, 1988). The hypothalamus is made up of several nuclei
each with their own functions. The projections between these nuclei and other
brain areas facilitate the integration of signals from the periphery, the gut and the
brain in order to regulate energy homeostasis (Neary et al., 2004). The arcuate
nucleus is located at the base of the hypothalamus containing cell bodies that
express receptors for hormones and neuropeptides that regulate food intake.
Hormones reach the arcuate via the circulation through permeable capillaries in

the median eminence. The arcuate contains specialised NPY/AgRP (neuropeptide



Y/ agouti-related protein) neurons (Goldstone et al., 2002). These neurons are
inhibited by insulin and leptin and activated by ghrelin (Kalra et al., 1999,
Nakazato et al., 2001). In fasted states, circulating levels of peptide YY (PYY) 3-
36, insulin and leptin are low and levels of ghrelin are high. This increases
NPY/AgRP neuronal activity and thus appetite is increased. In contrast, leptin
stimulates POMC (pro-opiomelanocortin)-expressing neurons (Cowley et al.,
2001). Furthermore, administration of PY'Y 3-36 increases POMC expression and
inhibits NPY expression (Batterham et al., 2002). The melanocortin receptors 3
(MC3) and 4 (MC4) are activated and inhibited by neuropeptides, POMC and
NPY/AgRP, respectively. This results in efferent signals that control food intake
and energy expenditure (Cone, 1999). Another hypothalamic region important in
energy homeostasis is the paraventricular nucleus (PVN). Located adjacent to the
third ventricle and protected by the blood brain barrier, this region receives
neuroendocrine signals via the arcuate nucleus as both POMC and NPY/AgRP
neurons have dense projections into the PVN. Here, anorexigenic hormones such
as thyrotropic-releasing hormone (TRH), corticotropin-releasing hormone (CRH)
and oxytocin are released. When adiposity signals reach the PVN, a catabolic
mechanism is activated, which switches to an anabolic mechanism when adiposity
signals fall, informing the brain that stores are low and require replenishment
(Vettor et al., 2002). The gut hormones activate vagal and sympathetic pathways
and work with central mechanisms to regulate energy intake and expenditure

(Figure 1.1).



lateral hypothalamus

4 .
Jaies {0
CH

Nk /_\‘
/

TFood intake

POMC
arcuate

circulation % Vagus

ghrelin

adipocyte

te
endocrine .
liver

intestine stomach
pancreas

Figure 1.1
Energy homeostasis (Adapted from Dockray et al., Regul Pept 2009;155:6-10)

Energy homeostasis is controlled via both peripheral and central signal. Many of
which act via the vagus (Dockray, 2009a) and trigger ascending pathways from
neurons in the brainstem to specific neurons in the hypothalamus. (Melanin
Concentrating Hormone, MCH; Pro-opiomelanocortin, POMC; Neuropeptide Y,
NPY; third ventricle, 3V).



1.3.1 Gut Hormones

The gut hormones together maintain homeostasis via various mechanisms and
interactions with other molecules, including neuropeptides, cytokines and
adipokines. Gut hormones exert their effects via exocrine glands, smooth muscle,
other endocrine cells and the peripheral nervous system (Murphy and Bloom,
2006). The majority of the gut hormones are released post-prandially (Adrian et
al., 1985, Le Quellec et al., 1992), but some, for example, motilin and ghrelin are
released in the interdigestive phase (Tack et al., 2006, Hellemans et al., 1976).
Those that are released following the ingestion of nutrients including CCK, PYY
and glucagon-like peptide (GLP)-1, regulate food intake by increasing satiety, but
ghrelin released in the interdigestive phase stimulates food intake (Tack et al.,
2006).  Furthermore, satiety hormones such as CCK, are able to mediate
inhibitory feedback mechanisms, thus delaying gastric emptying (Raybould et al.,

1994).
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1.3.1.1 The Gastrin Family

In mammals, gastrin and CCK are the only gut peptides that belong to this
particular family. They are structurally and functionally related. Both are
important in gastric and pancreatic secretion and smooth muscle contraction. As
with many regulatory peptides, they are produced as larger precursors that are

cleaved enzymatically to generate their active forms.

1.3.1.1.1 Gastrin

Gregory and Tracy chemically characterised the gastrins are peptides of 34 and 17
amino acid residues, both of which exist as sulphated and unsulphated peptides.
They proved that amidation at the C-terminal was important for the stimulation of

gastric acid secretion (Gregory and Tracy, 1964).

The main forms of gastrin are known as “classic gastrins’ (Dockray et al., 2005,
Pauwels et al., 1986) and include G-34 (big gastrin), G-17 (little gastrin), and G-
14 (mini gastrin). In humans, gastrin is expressed in both the G-cells of the
pyloric antrum and the duodenum. The presence of food in the stomach is a
strong stimulator of gastrin expression. There are several meal-associated
mechanisms that do this, including gastric distension, vagal stimulation, and
dietary protein. Following a meal, gastrin levels increase two- to three-fold
(Dockray, 2004). The release of gastrin is inhibited by gastric acid in a negative

feedback mechanism involving somatostatin.

Gastrin originates from a 101 amino acid precursor that undergoes a proteolytic
cleavage by endopeptidases, resulting in the 80 amino acid, progastrin (Bishop et

al., 1998). This precursor is subsequently cleaved before secretion. (Dockray et
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al., 2005). Gastrins act at CCK-2 receptors which belong to the GPCR
superfamily (Dockray et al., 2012). Once bound to these receptors, gastrin
stimulates the biosynthesis and release of histamine (Blackmore et al., 2001) from
enterochromaffin-like cells that in turn stimulates parietal cells to release
hydrogen ions into the stomach. In addition to the stimulation of acid release,
gastrin has many biological functions including stimulating gastric epithelial cell

proliferation and secretion of pepsinogen from chief cells.

Increased gastrin levels are associated with Helicobacter pylori infection (Steele
et al., 2007). Helicobacter pylori was first identified by Marshall and Warren as a
bacteria that was present in patients with gastric ulcers and chronic gastritis.
Conditions in which acid secretion is reduced or lost (thereby removing the
negative feedback control of gastrin release) especially following infection with
Helicobacter pylori, is thought to play a role in gastric pathology. Other
examples that disrupt gastrin release are pernicious anaemia and proton-pump
inhibitors (PPI) that inhibit the proton pump in parietal cells (Burman et al.,
1989).  Gastritis and hypergastrinaemia have been associated with the

development of gastric cancer (Fox et al., 2003, Przemeck et al., 2008).

1.3.1.1.2 Cholecystokinin (CCK)

CCK is a primary regulator of small intestinal fat and protein digestion: it
determines the capacity for digestion by regulating the secretion of pancreatic
enzyme and delivery of bile salt, and it controls substrate delivery to the small
intestine by inhibition of food intake and gastric emptying. CCK is produced in

the I-cells (Figure 1.2) of the duodenum and the jejunum, but is also widely
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expressed in neurons (Morino et al., 1994), including the afferent neurons of the
vagus. It was first identified as a 33 amino acid protein (Mutt and Jorpes, 1971).
Although there are several forms of circulating CCK across various species,
CCK-58, CCK-39, CCK-33, CCK-8 have been identified in humans (Eberlein et
al., 1988). The half-life of CCK-33 is relatively short, being rapidly degraded
within 2.5 minutes (Thompson et al., 1975). Post-prandial release of CCK is
stimulated by proteins and free fatty acids (FFA) (Liddle et al., 1986a).
Interestingly, there is a sharp cut-off point in fatty acid chain length that is
required for the functional release of CCK. Saturated fatty acids with a chain
length of 12 or more carbon atoms are able to stimulate CCK release, while those
with shorter chains are not (McLaughlin et al., 1999). One mechanism that has
been proposed is that fatty acids act at GPCR GPR40, which is highly expressed
in I-cells to trigger CCK release (Liou et al., 2011). However, binding at GPCR

GPR120 is another possibility (Tanaka et al., 2008).
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1.3.1.1.3 CCK Receptors and the Vagus

The receptors (CCK-1 and CCK-2) at which CCK exerts its effects are both
GPCRs, that when bound result in the activation of phospholipase C followed by
an intracellular increase in Ca?* (Wank, 1995). It has been proposed that CCK
release from the gut acts directly via the CCK-1R (Wank, 1995). The CCK-1Rs
are expressed in the pancreas, gall bladder, stomach kidney, lung and in parts of
the CNS. In addition, they are also expressed by vagal afferent neurons (VANS)
that serve the stomach and upper small intestine (Schwartz et al., 1993c, Moran et
al., 1990, Moriarty et al., 1997). CCK-induced satiety occurs predominantly via
interactions with CCK-1R. It has been proposed that CCK acts via a peripheral
mechanism, as shown by Passaro et al. where CCK could not cross the blood
brain barrier (BBB) (Passaro et al., 1982), but may, however, pass through where
the BBB is leaky such as the area postrema. Vagal afferent fibres originating in
the gut respond to administration of CCK-8. Okano-Matsumoto et al. described
how the excitation of intestinal vagal afferent terminals by CCK released post-
prandially from nearby intestinal endocrine cells primarily drives inhibition of
vagal excitatory motor drive to the hindstomach. Whereas the effects of CCK on
gastric emptying may occur only later, as CCK reaches the circulation in amounts
sufficient to influence the activity of gastric afferent fibres (Okano-Matsumoto et
al., 2011). Furthermore, vagal deafferentation abolishes the anorectic effect of
peripheral administration of CCK (Smith et al., 1981).

CCK is capable of influencing gene expression within VANs and inducing
subsequent satiety. On the one hand, CCK suppresses the expression of
orexigenic signals including cannabinoid receptor, CB1, melanin-concentrating

hormone (MCH) and its receptor, MHCR (Burdyga et al., 2004, Burdyga et al.,
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2006), and on the other, it increases the expression of anorectic factors including
cocaine amphetamine regulated transcript (CART) and neuropeptide tyrosine 2
(Y2) receptor (de Lartigue et al., 2007b, Burdyga et al., 2008).

In electrophysiological recordings of vagal afferent fibres, it was demonstrated
that these fibres are sensitive to 5-HT (lggo, 1955, Paintal, 1973) and later, CCK
could be shown to stimulate brainstem neurons including neurons stimulated by
gastric distension (Raybould et al., 1988). Moreover, capsaicin-treatment to
lesion small diameter vagal afferents abolishes the satiety and gastric-emptying
effects of CCK (Raybould and Tache, 1988, South and Ritter, 1988, Forster et al.,
1990). Vagally-mediated satiety effects of CCK work via a mechanism involving
second-order neurons in the NTS of the caudal brainstem (Patterson et al., 2002,
Reidelberger et al., 2004, Smith et al., 1985, Smith and Gibbs, 1985).
Furthermore, it has long been established as was first reported by Luckman et al.,
that peripheral administration of CCK induces fos protein abundance in brainstem
neurons (Luckman, 1992). Fos belongs to a family of intermediate early genes,
the products of which, form dimer complexes with either itself or Jun, a protein
encoded by c-jun (Stein et al., 1992) which is another intermediate early gene
(Angel and Karin, 1991). This complex becomes the transcription factor, AP-1,
which is important for the activation of other genes. Fos is detectable in neurons

at around 20-30 minutes after depolarisation.

1.3.2 PP-fold Family

1.3.2.1 Peptide Tyrosine Tyrosine (PYY)

Tatemoto and Mutt discovered PY'Y during their studies on C-terminally amidated

peptides in extracts of porcine upper intestinal tissue (Tatemoto and Mutt, 1980).



Later Adrian et al. described it as a putative gut hormone involved in post-
prandial satiety (Adrian et al., 1985). PYY shares structural features with
pancreatic polypeptide (PP) and neuropeptide Y (NPY). All are 36 amino acids
long with a characteristic hairpin PP fold (Berglund et al., 2003). PYY is secreted
as the 36-residue form (PY'Y1.3) which is converted to PYY336 (Grandt et al.,
1994) by DPP-1V after secretion (Medeiros and Turner, 1994). PYY is found in
L-type enteroendocrine cells (Figure 1.2) that are most abundant in the ileum and
colon (Adrian et al., 1985). PYY is released in proportion to the caloric content
of meals. Concentrations rise within 30 minutes of feeding and remain elevated

for up to 6 hours (Batterham et al., 2003).

PYY and other PP-fold peptides act on several different G-protein coupled
receptors: Y1, Y2, Y4 Y5 and Y6. Each receptor differs in tissue distribution,
function and selectivity for NPY, PP and PYY (Berglund et al., 2003). PYY3.3
selectively binds to Y2 receptors (Y2R) which are known to be involved in energy
homeostasis (Grandt et al., 1994, Browning and Travagli, 2009). Y2R is widely
expressed in the CNS and exerts its effects via inhibition of cCAMP production.
Deficiency of Y2R abolishes the satiety effects of PY'Y3.3 - the effects of which
are also attenuated by Y2R inhibitors (Browning and Travagli, 2009). PYY
knockout mice are hyperphagic with increased body weight and adiposity. This
phenotype is reversed by treatment with exogenous PYY3.3s (Batterham et al.,
2002). Some studies have demonstrated that administration of PYY to rodents
and humans inhibits food intake. However, in direct contrast, other studies using
PYY have failed to reproduce the inhibitory effect on food intake (Tschop et al.,
2004). In addition, others have demonstrated that administration of PYY can

inhibit food intake in the morning but not in the evening (Koegler et al., 2005).
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PYY3.3 has also been implicated in increased energy expenditure and

thermogenesis (Guo et al., 2006, Sloth et al., 2007).

The mechanisms by which PYY3.3 induces satiety remain unclear. The effects
appear to be mediated centrally via the arcuate nucleus (ARC) (Batterham et al.,
2002). While some groups have described exogenous PYY33s acting by a
decrease in expression and release of NPY combined with activation of POMC
neurons, others have reported an inhibitory effect of PYY3.36 on POMC neurons
via post-synaptic Y2R (Ghamari-Langroudi et al., 2005). Furthermore, POMC
knockout mice retain their responses to exogenous PYYs.3 , indicating that
POMC is not critical in the satiety effects of PY Y336 but instead works via NPY
family of receptors (Larhammar, 1996). A vagally-mediated pathway has also
been implicated. Y2Rs have been located on the vagus nerve (Koda et al., 2005,
Burdyga et al., 2008) and vagotomy abolishes all activation of ARC feeding
neurons following exogenous administration of PYYs.3s (Abbott et al., 2005).
PY'Y3.36 has also been reported to influence gastric motility, pancreatic secretions
and some effects of PYY3.3 may be mediated by gastric distension following a

delay in gastric emptying (Savage et al., 1987).

Levels of PYY3.3g are elevated in individuals diagnosed with anorexia nervosa, but
lower levels are reported in obese subjects (Pfluger et al., 2007). Furthermore,
obese individuals have a blunted response to satiety (Ashby and Bloom, 2007),
although following bariatric surgery, PYYs3s levels are elevated and are
consistent with the incidence of a reduced appetite in these patients (Korner et al.,

2006).
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1.3.2.2 Pancreatic polypeptide (PP)

PP was first described in chickens by Kimmel (Kimmel et al., 1968) and later
isolated from other mammalian species by Chance et al. (Lin and Chance, 1974).
Later, it was discovered by Larsson to be released by cells in pancreatic islets,
exocrine pancreas and the gut (Larsson et al., 1975). Further work by Adrian et
al. reported that it was released post-prandially by pancreatic PP cells that are
stimulated by vagal efferent fibres (Adrian et al., 1976, Taylor et al., 1978). There
are many similarities between PYY and PP, including secretion in proportion to
caloric intake and fluctuations in plasma concentrations depending on feeding
status (Adrian et al., 1976). PP release is also stimulated by a several gut
peptides including CCK, ghrelin and secretin during exercise and states of
hypoglycaemia (Kojima et al., 2007). Post-prandial levels are also elevated to a
greater extent following a meal ingested in the evening than one eaten earlier in
the day (Johns et al., 2006). PP binds to all Y receptors but has the highest
affinity for the Y4 receptor (Y4R) (Michel et al., 1998), acting via this
specifically to reduce food intake. The effects of PP are mediated through the
ARC and the AP in the brainstem. As these neurons are located near semi-
permeable blood-brain barriers, it is possible that the actions of PP are exerted
directly on CNS neurons delivered via the circulation. However, the vagus is
thought to play a significant role in the anorectic effect of PP, as vagotomy
abolishes satiety in rats (Asakawa et al., 2003). Thus, it has been proposed that
PP mediates its actions via a combination of both brain regions and vagal

afferents.
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PP has various biological actions including the regulation of gallbladder motility,
inhibition of pancreatic secretions and delayed gastric emptying (Adrian et al.,
1979, Adrian et al., 1976, Greenberg et al., 1979, Kojima et al., 2007). In
addition, PP has been shown to augment basal glucagon and insulin release in rats
via a direct paracrine mechanism (Szecowka et al., 1983). Obese individuals have
an attenuated PP satiety response, whereas anorexic patients show an exaggerated

response (Lassmann et al., 1980, Uhe et al., 1992).

Peripheral administration of PP decreases food intake in both humans and mice
(Asakawa et al., 1999). Furthermore, PP influences energy expenditure by
increasing oxygen consumption in PP-treated mice (Asakawa et al., 2003). PP
has a short half-life of approximately 7 minutes due to enzymatic degradation by

dipeptidyl peptidase (DPP)-1V and neprilysin.

1.3.2.3 Neuropeptide Y (NPY)

NPY was first discovered by Tatemoto and Mutt and was later shown by
Lundberg et al. to be localised to neurons in the brain and enteric nervous system
(Tatemoto et al., 1985) (Lundberg et al., 1982). Unlike PYY and PP, it is
expressed throughout the gut-brain axis, and is abundant in the sympathetic
neurons to the vasculature (Lomax and Vanner, 2010). The major receptors for
NPY are Y1 and Y2. NPY is a potent orexigen that increases appetite and food
intake and decreases energy expenditure (Holzer et al., 2012). Y2R antagonists
have been investigated as potential therapeutic agents in the treatment of obesity

(Brothers and Wahlestedt, 2010).
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1.3.3 Secretin/Glucagon Superfamily

The glucagon superfamily is the largest and most diverse family of gut hormones.
It includes secretin, glucagon, glucagon-like peptides 1 and 2 (GLP-1/GLP-2),
gastric inhibitory peptide (GIP), vasoactive inhibitory polypeptide (VIP), and
peptide histidine isoleucine (PIH). As well as being found in the gut, they are also
found in the central and peripheral nervous systems. Some of them act as
insulinotropic agents and many have been investigated as potential therapeutic

targets for obesity and type 11 diabetes.

1.3.3.1 Secretin

Secretin is a 27 amino acid gastrointestinal hormone, released from S cells in the
duodenum following food intake resulting in increased secretion of bicarbonate
into the lumen (Pelletier et al., 1978, Kim et al., 1979, Draviam et al., 1991).
Secretin exerts its effects via its receptor, SctR. This type of receptor, along with
receptors for other peptides of the glucagon superfamily, belong to the Bl
subclass of GPCRs. The SctR is expressed in both pancreatic acinar cells and
ductal epithelial cells in high levels, with much lower levels found in pancreatic
islets (Ulrich et al., 1998). They are also found in the epithelial cells of the bile
duct, in the stomach and on vagal afferent fibres that innervate the stomach
(Steiner et al., 1993, Gespach et al., 1981, Bawab et al., 1988, Li et al., 1998).
The receptors are also found in many regions of the brain, as well as in the

brainstem (Yung et al., 2001, Fremeau et al., 1983, Nozaki et al., 2002).
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Although the main physiological actions of secretin involve the exocrine pancreas,
and thus, increasing the secretion of bicarbonate, it can also stimulate the release
of bile, increase pepsinogen release and inhibit gastric acid in the stomach (Babu
and Vijayan, 1983). It has other potential physiological functions including in the
CNS where it has recently been considered a neuropeptide that can influence food

intake (Cheng et al., 2011).

1.3.3.2 Glucagon

Glucagon was first discovered by Kimball and Murlin in 1923 following
extraction of insulin from the pancreas (Kimball CP, 1923).  They found
additional substances that were hyperglycaemic. Glucagon was subsequently
sequenced in 1957 by Bromer et al., as a 29 amino acid peptide secreted from o-
cells in the islets of Langerhans (Bromer et al., 1957). Glucagon is released into
the portal vein during periods of fasting and in response to physical activity, and
acts on the liver to promote glycogenesis (Stevenson et al., 1987, Striffler et al.,
1981, Wasserman et al., 1989). These effects are mediated via the glucagon
receptor which is a GPCR. It is expressed in the gut, adrenal glands, heart, spleen,
pancreas, brain and adipocytes. However, it is predominantly expressed in the

liver and the kidney (Svoboda et al., 1994).

Glucagon has been shown to increase energy expenditure in both rats and humans,
particularly during insulin deficiency (Nair, 1987). Administration to rats has also
shown to significantly reduce food intake. Further studies in diet-induced obese
mice have demonstrated weight loss, making glucagon an attractive target for

obesity therapy (Geary et al., 1993, Day et al., 2009).
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1.3.3.3 Products of Preproglucagon Cleavage

Preproglucagon is a 160 amino acid pro-hormone containing a signal sequence of
20 amino acids at its N-terminal (Kieffer and Habener, 1999). It is expressed in
the a-cells of the islets of Langerhans, L-cells of the intestine, and within the
CNS. The manner in which this pro-hormone is cleaved gives rise to tissue-
specific production of biologically active products including GLP-1, -2 and

oxyntomodulin, as well as glucagon itself.

1.3.3.3.1 Glucagon-like peptide-1 (GLP-1)

Lund and Goodman were the first to make the discovery that proglucagon mRNA
encoded not just glucagon but also two other glucagon-related peptides (Lund et
al., 1980, Lund et al., 1981), later to be named GLP-1 and -2. GLP-1 exists in
two biologically active forms - GLP-1;3; and GLP-1;3 (Dhanvantari et al.,
1996). It was reported that the latter was found at a higher circulating

concentration (Orskov et al., 1994).

Partial post-translational processing in L-cells gives rise to GLP-1, GLP-2 and
oxyntomodulin, but not glucagon; the former are co-localised in L-cells with PYY
(Figure 1.2), and are released into the circulation in response to food intake
(Herrmann et al., 1995), in particular, dietary carbohydrates and lipids (Reimann,
2010). Upon release, GLP-1 is readily degraded by DPP-IV. GLP-1 exerts its
effects in pancreatic islets and centrally in the ARC, PVN and the supraoptic
nucleus (SON) via its receptor, GLP-1R (Shughrue et al., 1996) (Holst, 2007,

Yamato et al., 1997).
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GLP-1 stimulates glucose-dependent insulin release (MacDonald et al., 2002b,
MacDonald et al., 2002a), inhibits glucagon secretion and glucose production
(Murphy et al., 1996). It has also been implicated in delayed gastric emptying and
promoting satiation (Schirra et al., 2006, Punjabi et al., 2011). Thus both
peripheral and central administration to rats inhibits food intake (Tang-
Christensen et al., 2001, Turton et al., 1996). Furthermore, chronic administration
significantly reduces body weight (Meeran et al., 1999). In obese subjects, GLP-1
has been shown to reduce food intake in a dose-dependent manner (Verdich et al.,
2001a, Verdich et al., 2001b) and also to delay gastric emptying (Naslund et al.,

1999).

Since peripheral administration of GLP-1 activates neurons within the brainstem
(Imeryuz et al., 1997), it is believed to be acting via a vagally-mediated
mechanism. Moreover, vagotomy completely abolishes the satiety effects of

GLP-1 (Abbott et al., 2005, Imeryuz et al., 1997).

Due to its rapid degradation, GLP-1 has not been suitable for therapeutic use.
GLP-1 analogues, on the other hand, have been developed in recent years to
combat type Il diabetes (Joy et al., 2005). Exendin-4, which was originally
isolated from the venomous saliva of the Gila monster (Eng, 1992), has led to the
development of a long-acting competitive GLP-1 receptor antagonist, exenetide
(Drucker and Nauck, 2006). Following additional work on GLP-1 mimetics,
reports of reduced appetite and body weight became apparent (Buse et al., 2004,
DeFronzo et al., 2005, Kendall et al., 2005). The prevention of degradation of
GLP-1 by means of DPP-1V inhibitors has made this approach an attractive and

effective therapy (Astrup et al., 2012).
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1.3.3.3.2 Glucagon-like peptide-2 (GLP-2)

GLP-2 is a 33 amino acid peptide secreted by L-cells (Figure 1.2), along with
GLP-1 following the ingestion of food (Damholt et al., 1999) (Xiao et al., 1999).
GLP-2 is also rapidly degraded by DPP-1V. GLP-2 interacts with a specific
GPCR, increasing intracellular cAMP (Munroe et al., 1999). Receptors are
located throughout the CNS and periphery, primarily the stomach, large and small
intestines, brainstem and lung (Yusta et al.,, 2000). GLP-2 is capable of
stimulating intestinal growth and is potentially responsible for intestinal
adaptation, where the presence of nutrients in the gut stimulate mucosal growth.
It is thought that this occurs via a mechanism involving enteric neurons (Bjerknes
and Cheng, 2001). GLP-2 inhibits food intake in ICV-injected rats, although
peripheral injections in both rats and humans has not demonstrated the same

inhibition (Scott et al., 1998, Schmidt et al., 2003).

1.3.3.3.3 Oxyntomodulin (OXM)

Another preproglucagon product, OXM, is a 37 amino acid peptide corresponding
to glucagon extended at its C-terminus and was first described by Bataille et al
(Bataille et al., 1981) following its isolation from pig intestine. It is released from
L-cells following food intake (Le Quellec et al., 1992). Although OXM s
thought to act at the GLP-1 receptor (Dakin et al., 2004), OXM also acts via a
GLP-1 independent pathway and operates as a glucagon/GLP-1 receptor co-
agonist (Dakin et al., 2001, Sowden et al., 2007). Studies employing magnetic
resonance imaging (MRI) have shown that administration of OXM reduces
neuronal activity in the ARC, PVN and SON, indicating a separate mechanism to

that of GLP-1 (Chaudbhri et al., 2006). OXM delays gastric emptying, reduces acid
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secretion (Schjoldager et al., 1989) and induces satiety in rodents (Dakin et al.,
2001, Dakin et al., 2004, Wynne et al., 2005). Furthermore, it can inhibit food
intake in humans, reducing body weight in obese subjects (Wynne et al., 2005).
GLP-1 co-agonists such as OXM have proved to be extremely effective in
producing weight loss in rodent models of obesity making them an attractive

future obesity therapy (Liu et al., 2010, Wynne et al., 2010).

1.3.3.4 Gastric Inhibitory Peptide GIP

GIP was first described by Brown et al in 1971as a peptide capable of inhibiting
gastric secretion (Brown, 1971). Later, it was shown by Dupre et al that GIP was
responsible for enhancing glucose-induced insulin secretion (Dupre et al., 1973).
It is a 42 amino-acid derived from a 133-residue precursor, preproGIP. GIP is
released by K cells (Figure 1.2), a type of enteroendocrine cell that is open to the
gut lumen, and mainly located in the duodenal mucosa (Theodorakis et al., 2006).
The release of GIP is dependent on food intake and circulating levels closely

mirror that of insulin (Elliott et al., 1993, Cataland et al., 1974).

Plasma levels in fasted states are low and rapidly increase following food intake
(Cho and Kieffer, 2010). Dietary fat is the most potent stimulator, followed by
carbohydrates, with proteins being the weakest stimulus (Elliott et al., 1993,
Drucker, 2007). The metabolism of GIP occurs much in the same way as with
GLP-1; it is inactivated by DPP-1V. GIP is further degraded by the peripheral

tissues (Deacon, 2004).
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The receptor at which GIP exerts its actions is a GPCR. It is widely expressed in
peripheral tissues, including pancreatic islets, adipose tissue, the stomach, small
intestine, heart lung, bone, brain, kidneys, thyroid and various CNS sites (Usdin et
al., 1993, Baggio and Drucker, 2007, Kim and Egan, 2008). The highest numbers
of GIP receptors (GIPRs) are found in the pancreatic -cells, which is consistent
with its main physiological role as an incretin. However, the level of expression
in other tissues suggests it has functions outside of the pancreas. GIP has been
shown to play an important role in lipid metabolism and reformation of bone
(Tsukiyama et al., 2006, Irwin and Flatt, 2009). A role for GIP has also been
suggested in obesity. The ob/ob mouse when knocked out for GIPR is protected
from obesity (Miyawaki et al., 2002). Furthermore, GIPR antagonism has been

shown to reverse obesity in rats fed a high fat diet (HFD) (McClean et al., 2007).

1.3.3.5 Vasoactive intestinal polypeptide (VIP)

VIP was first discovered by Said and Mutt following its isolation from porcine
ileum (Said and Mutt, 1970a). It was named after its property of exerting long-
lasting vasodilatory effects (Said and Mutt, 1970b). VIP is a 28 amino acid
polypeptide (Mutt and Said, 1974), and was initially thought to be a gut hormone,

but is now considered an important neurotransmitter.

VIP is produced in various tissues, including the gut, pancreas and the
hypothalamus. VIP can act via any one of three GPCRs; PAC,, VPAC,, VPAC,
(Shivers et al., 1991, Laburthe et al., 1996, Laburthe et al., 2002). VPAC;, is
widely expressed through the CNS and in peripheral tissues of the liver and

intestines (Ishihara et al., 1992, Usdin et al., 1994). VPAC, receptors are also
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found in the peripheral tissues of the GI tract (Usdin et al., 1994), with PAC;
receptors predominantly distributed in the CNS (Hashimoto et al., 1996, Shioda et

al., 1997)

VIP’s actions on autonomic peripheral and central nerves control motility, blood
flow and secretion within the gastrointestinal (GI) tract (Fahrenkrug, 1993). VIP
stimulates the secretion of water and bicarbonate by the in pancreas. It also
inhibits gastric acid secretion (Schubert, 2002). PAC; and VPAC, receptors are
found on neurons also possessing anorectic POMC mRNA, indicating a role for

VIP in the regulation of food intake (Mounien et al., 2006).

1.3.4 Gut Hormone Interactions

1.3.4.1 Synergistic Interactions - CCK & Leptin

Leptin is a 16kDa adipokine secreted from white adipose tissue in concentrations
proportional to the level of adiposity (Loftus, 1999). It has long been associated
with the regulation of energy homoestasis in rodents and humans. The existence
of leptin was originally postulated following studies on the obese mutant ob/ob
mouse at the Jackson laboratories in 1950 (Ingalls et al., 1950). Later, Friedman
identified the gene encoding for leptin by positional cloning of the mouse ob gene
(Zhang et al., 1994). They showed that due to a genetic mutation, the ob/ob mouse
produces no leptin (Zhang et al., 1994). Further to that, administration of leptin
reversed the obese phenotype of the ob/ob mouse (Halaas et al., 1995,

Pelleymounter et al., 1995, Rentsch et al., 1995). These discoveries have added
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weight to the hypothesis that central mechanisms interact with peripheral signals

in order to regulate long-term energy balance (Loftus, 1999).

Leptin acts at the Ob-R receptor; there are several splice variants of the single
gene exist encoding the ‘long form’ of the receptor (Mercer et al., 1996). Upon
ligand-receptor interactions, activation of the JAK-STAT signalling pathway
occurs. Administration of recombinant leptin causes activation of STAT-3 in the
hypothalamus of both wild type and ob/ob mice (Vaisse et al., 1996). Circulating
leptin is transported in its intact form to the brain where it influences energy
homeostasis. It works via interactions with the long form, which are biologically
functional in terms of energy homeostasis, of the leptin receptor (Tartaglia et al.,
1995). Long form leptin receptors are predominantly expressed in the arcuate,
lateral, ventromedial and dorsomedial nuclei of the hypothalamus, whereas the
short forms are found in various tissue sites throughout the body (Schwartz et al.,

1996, Mercer et al., 1996).

Leptin is also expressed, along with several isoforms of its receptor, in gastric
epithelial cells, indicating a role in gastric epithelial function (Mix et al., 2000).
More recently, it was proposed by Cammisotto et al. that gastric leptin
participates in a physiological axis to rapidly control food intake and nutrient
absorption and that the combined secretion of adipose and gastric leptins ensures
proper management of food processing and energy storage (Cammisotto et al.,

2010).

Initially, leptin was considered to act directly as an adiposity signal in the brain.
Work by Wang et al. indicated a peripheral mechanism was involved (Wang et

al., 1997). Using electrophysiological recordings, they demonstrated that leptin
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may also increase vagal afferent activity and that CCK modulates the sensitivity
of gastric afferents to leptin. It is now known that the VANSs that express the
CCK-1 receptor, also express receptors for leptin (Burdyga et al., 2002, Buyse et
al., 2001). Owverall, these discoveries describe the synergy between an adipokine

and a short-term satiety hormone in the regulation of homeostasis.

CCK is a relatively short-acting and acute modulator of food intake, whereas
leptin is slow in onset (Barrachina et al., 1997a). It is now well established that
leptin and CCK work synergistically in the regulation of food intake (Wang et al.,
2000, Matson et al., 1997). Furthermore, co-administration in mice of
intracerebroventricular (icv.) injections of leptin and ip. CCK has the ability to
regulate body weight in rats (Matson and Ritter, 1999, Matson et al., 2000). The
reduction in body weight was not only attributable to the decrease in food intake;
the enhancement of thermogenesis and changes in metabolic rate has also been
implicated (Matson et al., 2000, Matson and Ritter, 1999). The modulation of
CCK in energy homeostasis does not appear to be specific to leptin. Other
hormones are now known to potentiate the effects of CCK, including insulin

(Riedy et al., 1995) and glucagon (Le Sauter and Geary, 1990).

1.3.4.2 Orexigenic & Anorexigenic Interactions

1.3.4.2.1 Ghrelin

Ghrelin is an acylated 28 amino acid peptide which is released from the endocrine
cells of the stomach during the interdigestive period. It was first identified by

Kojima et al. as an endogenous ligand for the growth hormone secretagogue



receptor, GHS-R (Kojima et al., 1999). It was found shortly afterwards, that the
acylation of ghrelin is vital for its biological activity. The enzyme responsible for
acylation is ghrelin O-acyl transferase (GOAT). Gutierrez et al. first described
how knockout of GOAT in mice leads to a loss of activity of ghrelin (Gutierrez et
al., 2008). The mice also displayed dramatic decreases in plasma glucose during
fasting, indicating that ghrelin acts to preserve glucose status in cases of starvation
(Li et al., 2012). Ghrelin is also a unique and powerful orexigen important in
hunger and meal initiation, as demonstrated by pre-meal plasma surges
(Cummings et al., 2002). Secretion of ghrelin prior to food intake is considered to
stimulated by sympathetic mechanisms (Mundinger et al., 2006). In contrast to
satiety gut hormones, plasma levels of ghrelin are decreased post-prandially
(Ariyasu et al., 2001, Tschop et al., 2001). Furthermore, ghrelin increases Gl
motility and insulin secretions (Masuda et al., 2000, Date et al., 2002b). The
ingestion of carbohydrates is thought to have the most pronounced effect on
decreasing levels of ghrelin. However, attenuation of ghrelin is considered to be
independent of nutrient sensing in the stomach and the duodenum, as the main

mechanisms of action occurs via neural pathways (Cummings et al., 2005).

Ghrelin inhibits growth hormone secretion and stimulates NPY and growth
hormone releasing hormone (GHRH)-producing neurons in rats (Date et al.,
2002a). Ghrelin mediates its actions via receptors expressed in NPY/AgRP
neurons in the arcuate nucleus (Hewson and Dickson, 2000) and can act on these
neurons following peripheral administration. Damage to the arcuate in rats
inhibits the response to peripheral administration of ghrelin (Tamura et al., 2002).
Central administration of ghrelin increases neuronal responses in other

hypothalamic nuclei including the paraventricular (PVVN), dorsomedial, and lateral
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nuclei. It also stimulates neurons in the NTS (Lawrence et al., 2002). NPY and
AgRP mRNA levels are significantly increased following central administration

of ghrelin (Kamegai et al., 2001).

Ghrelin has also been considered a key player in the development of obesity, by
inducing hyperphagia. However, high fat diets have been shown to inhibit the
orexigenic effects of ghrelin (Gardiner et al., 2010, Perez-Tilve et al., 2011).
High fat also results in ghrelin resistance in NPY/AgRP neurons (Briggs et al.,

2010).

In addition to role in energy homeostasis, ghrelin has also been implicated in the
hedonic responses to food. Malik et al. demonstrated that exposure to food
pictures during administration of ghrelin activated brain regions associated with
reward, including the amygdala, orbitofrontal cortex, anterior insula and the

stratium (Malik et al., 2008).

In addition to the central effects of ghrelin, the interactions between CCK and
ghrelin are thought to take place with the neurons and cell bodies of the vagus.
Electrophysiological studies have shown ghrelin is responsible for the inhibition
of basal discharge of VANs (Asakawa et al., 2001, Date et al., 2002a). In
cultured VANS, ghrelin blocks the effect of CCK in stimulating the expression of
CART. One way it is thought to do this is by excluding phosphoCREB from the

nucleus (de Lartigue et al., 2007Db).
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1.3.4.2.2 Orexin & CCK

Another orexigenic peptide, orexin, is also thought to modulate the actions of
CCK on VANs. Orexin has been identified in both the hypothalamus and in the
endocrine cells of the gut (Kirchgessner and Liu, 1999). Orexin receptors are
found throughout the CNS and also in VANSs. Orexin-A has been found to inhibit
the effect of CCK on vagal afferent nerve discharge (Burdyga et al., 2003). Pre-
treatment with orexin-A in rats inhibits the responses in nerves to CCK (Burdyga

et al., 2003); clearly demonstrating that a peripheral mechanism is at work.

1.4 The Cannabinoid System

1.4.1 Lipid Amides

There is a regulatory system involving the lipid amides that are capable of
operating alongside the gut hormones released from the EECs in the regulation of

energy homeostasis.

1.4.1.2 Oleoylethanolamide (OEA)

OEA is formed from dietary oleic acid and phosphatidylethanolamine in the small
intestine, where levels decrease in fasted states and increase following food
intake, specifically containing oleate (de Fonseca et al., 2001). OEA has a short

half-life, being rapidly degraded by fatty acid amide hydrolase (FAAH) or N-
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acylethanolamine-hydrolyzing acid amidase (ASAH)-like protein (Sun et al.,
2005). OEA is also involved in lipolysis, via a peroxisome proliferator-activated
receptor (PPAR)-o mediated pathway (Fu et al., 2003, Lambert and Muccioli,
2007). Additionally, OEA is an agonist at transient receptor potential cation
channel subfamily V member (TRPV)-1 receptors that are expressed in pre-
adipocytes (Matias et al., 2007) but also in peripheral vagal sensory nerves
involved in the control of food intake (Ahern, 2003). GPCR GRP119 is now also
considered to be an OEA receptor (Lauffer et al., 2009). Intestinal OEA is
considered to induce satiety signals via a peripheral mechanism (Petersen et al.,
2006). Ip. injections of OEA produce a dose-dependent inhibition of food intake
in rats, along with a significant reduction in body weight (Yang et al., 2007).
Moreover, icv. administration of OEA does not induce the same response (de
Fonseca et al., 2001). In terms of OEA’s interactions with other gut-derived
hormones, it has been found to decrease plasma ghrelin, but has no effects on
satiety hormones including CCK, PYY and GLP-1 (Proulx et al., 2005, Cani et

al., 2004).

1.4.1.3 Anandamide (AEA)

AEA has been the subject of great interest since it was discovered to be an
endogenous ligand for the cannabinoid (CB)-1 receptor which upon activation,
stimulates appetite (Devane et al., 1992). Both OEA and AEA are structurally
similar, although in direct contrast to OEA, AEA levels increase dramatically on
the withdrawal of food, most notably within the limbic forebrain and small

intestine. AEA activates CB1 receptors within the mesolimbic pathway, resulting
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in hyperphagic behaviour, in particular of more palatable foods (Kirkham et al.,
2002). Hypothalamic mechanisms are also activated upon food withdrawal,
indicating a dual mechanism of action (Jamshidi and Taylor, 2001, Kirkham et al.,
2002). Just as leptin controls the levels of orexigenic factors in the hypothalamus,
it also decreases the levels of anandamide (Di Marzo et al., 2001). Furthermore,
increased endocannabinoid tone is considered to result in augmented levels of
plasma ghrelin, the orexigenic effects of which can be blocked by CB1 antagonist,
rimonabant (Tucci et al., 2004). The system by which anandamide works is also
thought to involve vagally-mediated signals. Rats deprived of food have
increased anandamide levels within the duodenum. Peripheral injection of
rimonabant decreases food intake in these rats. Furthemore, destruction of
capsaicin-sensitive nerves that are also involved in CCK-induced satiety, reverses
the orexigenic effect of anadamide (Gomez et al., 2002). Withdrawal of food also
enhances CB1 expression in CCK1 receptor-expressing neurons in the nodose
ganglion. Re-feeding or exogenous CCK returns the neurons to low levels of CB1

receptor expression (Burdyga et al., 2004).

1.5 Obesity

1.5.1 Background

Obesity can be defined as an abnormal or excessive fat accumulation that has
significant implications on an individual’s health. Obesity can be classified using
a simple index of weight to height ratio known as BMI (body mass index). An

individual with a BMI of over 30 is considered to be obese. In the UK alone, it is
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estimated that 65% of men and 58% of women, and 3 in 10 children (between

ages 2-15) are classed as overweight or obese as of 2010 (Statistics on Obesity,

Physical Activity and Diet: England, 2013

https://catalogue.ic.nhs.uk/publications/public-health/obesity/obes-phys-acti-diet-eng-

2013/obes-phys-acti-diet-eng-2013-rep.pdf. Last accessed on 4™ April 2014 (Health and

Social Care Information Centre, 2013)).

1.5.2 Comorbidities

There are many common health complications associated with obesity. Vascular
occlusive disease, which results in heart attacks and strokes, kills over 17 million
people worldwide per year. Cases of adult onset diabetes have also been on the
increase, with the World Health Organisation (WHO) predicting that death from
diabetes will increase by 50% within the next ten years. Osteoarthritis can occur

as well as many forms of cancer.

1.5.3 Obesity - A Multifactorial Condition

Obesity was originally considered to arise solely from an imbalance between the
amount of calories consumed and energy expended. A combination of an increase
in the amount of energy-rich foods available, which are high in fat and sugar, plus
an increasingly sedentary lifestyle, are indeed factors responsible. However,
evidence has emerged that other various factors, including genetics, are also partly
responsible. Genes are thought to have a role in the risk of developing obesity;

leptin deficiency and FTO polymorphisms are just a few of the genetic conditions
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that have been implicated in the development of obesity (Meyre et al., 2010).
Epigenetics are now considered to have more of an influence. Epigenetic factors,
such as DNA methylation or chromatin remodelling, increase an individual’s
susceptibility to go on to develop obesity and obesity-related illnesses (Symonds
et al., 2011, Slomko et al., 2012). Hales et al. discovered that low birth weight
was a strong predictor for the development of type Il diabetes in later life (Hales

etal., 1991).

1.5.4 Gut Microbiota

The microbiota that reside in the gut are increasingly recognised as having
multiple biological functions, including intestinal defence and immunity,
assistance in the development of microvilli and degradation of undigested poly
saccharides (Delzenne et al., 2011, Delzenne and Cani, 2011). It has also been
implicated in the development of fat mass and influencing energy homeostasis.
The microbiome was first associated with obesity when Backhed et al. reported
that germ-free mice had 40% less body fat than normal wild type mice (Backhed
et al., 2004). Furthermore, they discovered that the introduction of microbiota to
the germ-free mice resulted in a 60% increase in body fat and insulin resistance.
Further work indicated that germ-free mice were resistant to diet-induced obesity
(Backhed et al., 2007). It has also been reported that gut microbiota can increase
the energy harvested from food, is capable of influencing the body’s signalling
pathways, thus leading to disruption of energy homeostasis (Backhed et al., 2004,
Turnbaugh et al., 2006, Hildebrandt et al., 2009). Furthermore, obese subjects

have been shown to have an increased capacity for harvesting energy from food
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due to the growth of microvilli (Turnbaugh et al., 2006). As will be discussed
later in this chapter, low grade inflammation has become a common feature of
obesity and related metabolic disorders. Lipopolysaccharide (LPS) has been
proposed as an important modulator in the development of metabolic conditions

(Cani et al. (2007), (Shen et al., 2013) via metabolic endotoxemia.

The two major phyla of gut microbiota are Firmicutes and Bacteroidetes
(Turnbaugh et al., 2006). A link was first discovered by Backhed et al. between
high fat diets and altered gut microbiota in mice (Backhed et al., 2007). Other
groups have since reported an increase in Firmicutes and a decrease in
Bacteroidetes in mouse models of obesity (Hildebrandt et al., 2009, Geurts et al.,
2011, Turnbaugh et al., 2008, Murphy et al., 2010). The Firmicutes/Bacteroidetes
ratio in obese individuals has become a candidate biomarker for the development
of insulin resistance and type Il diabetes.  Both Bifidobacterium and
Faecalibacterium levels are lower in obese patients suffering with type Il
diabetes, than in healthy, lean subjects (Furet et al., 2010). Further investigations
carried out by Vrieze et al. demonstrated that insulin resistance could be
temporarily reversed when intestinal microbiota from lean subjects were given to

metabolic syndrome patients (Vrieze et al., 2012).

The use of prebiotic foodstuffs is another area that has stimulated considerable
interest in the manipulation of gut microbiota in obesity. Evidence has shown that
prebiotic drinks can decrease appetite, improve glucose response via fermentation
by the gut microbiota (Cani et al., 2009). Furthermore, a sustained ingestion of
such prebiotic drinks caused a significant rise in GLP-1 and PYY plasma levels
(Cani et al., 2009). Thus, gut microbiota may be a key factor in the development

of obesity, suggesting the use of probiotics may be useful in individuals with a
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predisposition to obesity (Suzuki et al., 2011). Raybould et al. have reported that
shifts in the gut microbiota can lead to intestinal inflammation, leading to changes
in tight junction proteins and subsequent intestinal permeability (Raybould, 2012).
This allows the transfer of LPS from the lumen into the gut interstitial tissues,
causing the activation of toll-like receptors (TLR-4) located on vagal afferent
nerve terminals. It is thought that this inhibits leptin action at the site of vagal

afferents (Raybould, 2012).

1.5.5 Obesity - An Inflammatory Disease?

Obesity is now considered an inflammatory condition involving multiple cellular
and molecular mechanisms. The nature of the condition involves multiple organs
and can lead on to many other disease states. There is a dose-response
relationship between nutrient excess and the disruption of cellular and molecular
mediators of the immune and inflammatory systems (Lumeng and Saltiel, 2011).
Obesity has been described as a low-grade chronic inflammation; referred to as
‘meta-inflammation’ (Hotamisligil, 2006). Metainflammation is a tonic, low-
grade activation of the innate immune system that can affect metabolic
homeostasis (Hotamisligil, 2006). Immune activation can also occur following
periods of fasting or the ingestion of high fat foods (Kosteli et al., 2010, Alipour
et al., 2007). Expression of pro-inflammatory cytokines is elevated in the adipose
tissue of obese patients, providing more evidence of links between the immune
and metabolic systems (Emilsson et al., 2008). There are multiple inflammatory
inputs that can affect metabolism, including circulating cytokines and decreases in
protective adipokines (Hotamisligil et al., 1995, Hotta et al., 2000). Furthermore,

macrophages and T-cells have been shown to play pivotal roles in the
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development of insulin resistance (Varma et al., 2009, Huang et al., 2010). Some
adaptive immune responses are beneficial to maintain metabolic homeostasis.
Adipose tissue macrophages (ATMs) are recruited when chemokine release or
lipolysis is triggered. This could promote lipid storage by inhibiting lipolysis

(Lumeng and Saltiel, 2011, Kosteli et al., 2010).

It is also known that both LPS and IFN-y encourage macrophages to assume a
pro-inflammatory activation state known as M1 that generates Thl responses
observed in obesity (Lumeng and Saltiel, 2011). Conversely, Th2 cytokines such
as IL-4 and IL-3 encourage an M2 activation state that promotes fibrosis via
inhibition of NF-xB pathways (Zeyda et al., 2010). Increased adiposity results in
a switch from one state (M2) to a pro-inflammatory response (M1) (Lumeng et

al., 2007).

There is thought to be over 20 million macrophages within each kilogram of
excess fat in humans (O'Rourke et al., 2009). Endoplasmic reticulum (ER) stress,
adipose tissue hypoxia and adipocyte death are all hallmarks of the inflammatory
response in obesity (Liu et al., 2009). Insulin resistance can also influence the
expression of genes and macrophages. Natural Kkiller cells and mast cells are also
considered to be contributors to metainflammation (Ohmura et al., 2010).
Although metainflammation in obesity occurs within the adipose tissue, there are
other locations that undergo pro-inflammatory changes. Inflammation in
pancreatic islets decreases insulin secretion and promotes beta cell apoptosis,
leading to the development of diabetes (Ehses et al., 2008, Donath et al., 2010).
Macrophages are also known to aggregate within the islets in diet-induced obesity

(Ehses et al., 2007).
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Changes within the liver also occur. Non-alcoholic fatty liver disease (NAFLD) is
a well-known risk factor for insulin resistance, steatohepatitis and dyslipidaemia
(Fabbrini et al., 2009). In this condition, M1/Th1l cytokine levels are increased,
similar to observations in adipose tissue (Li et al., 2005, Kremer et al., 2006).
Myocytes within muscle are also found to respond to inflammation via pattern
recognition receptors such as toll-like receptor (TLR)-4 (Frisard et al., 2010).
Interestingly, inflammation within the hypothalamus occurs following high fat
diet and lipid infusion (Thaler and Schwartz, 2010). Here, diaglycerols and
ceramides accumulate and promote increased feeding and nutrient storage via
leptin and insulin resistance. It is thought to be partly mediated by saturated fatty
acids that stimulate JNK and NF-kB signalling in neurons (Zhang et al., 2008).
Inflammation in the hypothalamus can impair insulin release and its peripheral
actions (Calegari et al., 2011, Purkayastha et al., 2011). Hypothalamic
inflammation can also lead to oxidative stress in the renin-angiotensin system and

potentiate the hypertensive response (Kang et al., 2009).

1.5.6 Treating Obesity

Along with significant health problems, obesity decreases quality of life and life
expectancy dramatically. As little as 5% reduction in body weight has been shown
to be effective in reducing the risks associated with obesity (Tsigos et al., 2008).
Lifestyle modifications are first employed to reduce caloric intake, increase
physical activity and modulate behaviour through cognitive behavioural therapy
(Tsigos et al., 2008, WHO, 2000). Whilst these approaches are considered

essential, long-term effects on weight loss are difficult to achieve. Thus, other
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pharmacological and surgical approaches have been introduced in weight loss

management programmes.

1.5.6.1 Drugs and Targets

Pharmacological interventions have included many drug types working on various
targets either in the CNS or peripheral tissues of the muscle, fat, and the GI tract
(Schwartz et al., 2000). Drugs generally fall into one of three categories. The
first category of drug aims to reduce appetite and or induce satiety by working via
specific receptors in the brain, such as CB1 antagonists and neurotransmitter
reuptake inhibitors. The second type aims to increase physical activity and lipid
oxidation via catecholaminergic systems within the CNS and periphery. The final
type aims to reduce the absorption of lipids from the diet via lipase inhibition
(Hainer and Hainerova, 2012). Orlistat, a derivative of lipostatin, falls into the
latter drug category. It inhibits the lipases found in the stomach and pancreas that
are responsible for the hydrolysis of ingested dietary fat (Hanif and Kumar, 2002).
It is currently the only drug on the market specifically aimed at reducing weight
loss in obese patients. However, despite what seems to be promising results,
effective weight loss is only obtained with a hypocaloric diet. Rimonabant, an
antagonist of CB1 receptors in both the periphery and the CNS was shown to be
an efficient anti-obesity drug in trials. It is capable of influencing both
homeostatic and hedonistic mechanisms (Cota et al., 2006, Cota, 2008).
However, in 2009, it was withdrawn from the market due to serious adverse
events associated with depression and suicidal ideation. Other drugs of this class,

including taranabant and otenabant (Aronne et al., 2010) have also proved to
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influence mood and were subsequently pulled from late phase trials. Another
drug, ecopipam, a dopamine (D1/D5) receptor also had effects on mood and was
also withdrawn from trials (Astrup et al., 2007). There are other drugs that have
shown promise in effective weight loss management. GLP-1 analogues, although
used primarily for the treatment of diabetes, have been effective in reducing body

weight during treatment (Bunck et al., 2009).

1.5.6.2 Surgery

Bariatric surgery has long been established as an effective approach to sustained
weight loss in obese patients (Brolin, 2002, Cummings et al., 2004). Surgery for
obesity is either malabsorptive or restrictive. The former involves bypass of the
proximal jejunum, which allows nutrients to pass directly to more distal regions of
the intestine (Brolin et al., 2002). Restrictive surgery involves the use of a gastric
band to restrict the size of the stomach, and thus limit meal size. Although weight
loss results following this procedure is not as dramatic as a bypass, it is
considered the safer option (Favretti et al., 2009). A procedure known as roux-en-
Y gastric bypass combines both malabsorptive and restrictive methods, but may
put patients at increased risk of complications (Tadross and le Roux, 2009). An
interesting outcome of bariatric surgery is the modulation of gut hormone release,
which in turn has been implicated in the long-term maintenance of weight.
Ghrelin levels decrease whilst levels of PYY and GLP-1 rise (Cummings et al.,
2002, Korner et al., 2009, le Roux et al., 2007). Gastric bypass has also shown to

have dramatic, positive effects on diabetic patients; most notably by improving
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their overall glycaemic profile within 48 hours of surgery (Laville and Disse,

2009).

1.5.7 Animal Models of Obesity

One of the first genetic mutations associated with obesity was observed in the
Agouti mouse, which was described over a century ago (Little, 1913). A further
particularly well known example is the Ob/ob mouse (Ingalls et al., 1950)
described in section 1.3.4.1 (Zhang et al., 1994). There have been many more
single-gene loss of function defects discovered, but only a small number of
models have shown an obese phenotype that have mutations within these genes
(Speakman et al., 2007). The diabetic db/db model has an Ob-R mutation,
therefore administration of leptin shows no effect on obesity, but has been used as
a leptin-resistance model. The tubby and fat models (Coleman, 1982) have been
shown to develop late-onset obesity along with insulin resistance, however the
mechanism is unknown. Deafness and retinal degeneration have also been
implicated with such mutations. Several other mutant transgenic organisms have
become useful in further research, making the mutant mouse a powerful tool in

the investigations of defects that lead to obesity (Table 1.1).
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Gene Product Mutation/Deficiency Function and
Phenotype
& Agout signalling Agouti yellow Antagomist of melanocortin-
peptide 4 receptor/ yellow fur and
obese
Lep Leptin ob (Ob/ob) Satiety hormone in fat cells/
deficiency causes massive
obese phenotype
Lepr Leptin receptor db (Db/db) Lack of receptor produces a
diabetic model
Cpe Carboxypeptidase E Fat Production of active forms
of promsulin and
proopiomelanocortin, obese
model
Tub Insulin signalling tub (tubby) Insulin signalling, obese
protein

Table 1.1: Mouse models of obesity
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1.6 The Urokinase Plasminogen Activator System

Fibrinolysis was first discovered by McFarlane et al. (Macfarlane and Pilling,
1947). Subsequent investigations found that a substance, urokinase (UPA), within
the urine could stimulate plasmin activity from plasminogen (Williams, 1951).
uPA is a 53 kDa extracellular matrix enzyme which hydrolyses a specific Arg>®-
Val®® bond resulting in the activation of plasminogen (Lesuk et al., 1965). uPA
is a multi-domain protease with a large C-terminal region. Its N-terminal has a
growth factor (GF)-like domain, a kringle domain and a connecting linker region.

The kringle domain is a folded protein stabilised by 3 disulphide bridges, and

holds significant importance in blood clotting proteins.

1.6.1 Urokinase and the uPA Receptor

The uPAR is glycosylphosphatidyl inositol (GPI)-anchored receptor that binds
UPA via the GF-like domain. Once bound, uPA catalyses plasminogen activation
via a positive feedback loop (Figure 1.3). UuPAR is able to mediate other
intracellular signalling processes involved in cell proliferation, migration,
invasion and survival (Collen and Lijnen, 2004). One of the unique aspects of
UPAR is that is has neither cytoplasmic nor transmembrane domains but is
involved in ligand-dependant signalling transduction (Ploug et al., 1991). It is
now an accepted that uPAR interacts with other transmembrane receptors
including integrins, epidermal growth factor (EGF)- and platelet-derived growth
factor (PDGF)- receptors, and GPCRs. uPAR also interacts with the extracellular
matrix (ECM) protein, vitronectin. The association with vitronectin activates a
signalling cascade leading to rearrangements of the cytoskeleton and stimulation

of cell migration (Kjoller and Hall, 2001). Interestingly, uPAR can bind both
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vitronectin and uPA, due to two distinct binding sites (Wei et al., 1994, Huai et
al., 2008). Furthermore, binding of uPA to uPAR enhances vitronectin binding by

UPAR (Sidenius et al., 2002).

Various cell types express uPAR including epithelial and endothelial cells
(Limongi et al., 1995, Pepper et al., 1993). Under normal physiological
conditions, UPAR has low tissue expression (Solberg et al., 2001). However,
certain conditions have been identified in mice that induce the expression of
UPAR, including tissue remodelling and wound healing (Solberg et al., 2001,
Floridon et al., 1999, Romer et al., 1994). uPAR is also expressed in response to
stress, tissue injury and inflammation (Beschorner et al., 2000, Plesner et al.,

1994, Nykjaer et al., 1994).
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Figure 1.3:
The uPA system

Illustration showing the interactions between uPA and its receptor, uPAR. uPAR
interacts with integrins and vitronectin when bound to uPA.
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1.6.1.1 Plasminogen Activator Inhibitor (PAI)-1

PAI-1 belongs to the family of serine protease inhibitors (SERPINSs). It was first
discovered in 1981 by Loskutoff et al. in the endothelial cells of the rabbit
(Loskutoff and Edgington, 1981). PAI-1 is an inhibitor of plasminogen activation
by both tissue-type (t-) and urokinase-type (u-) plasminogen activator (PA)
(Carmeliet et al., 1993a, Carmeliet et al., 1993b). It is a single chain glycoprotein
with a molecular weight of 50 kDa (Lawrence et al., 1989). PAI-1 has a reactive
centre loop, located at the carboxy terminus (Figure 1.4) and is a pseudosubstrate
for serine proteases (Loskutoff et al., 1987). PAI-1 is known to exist in various
conformational states: active, inactive and latent states have all been identified
(Nar et al., 2000, Levin and Santell, 1987). The active form spontaneously
converts to its latent form with a half-life of approximately one hour (Hekman and
Loskutoff, 1988). Latent forms of PAI-1 are capable of being converted into the
active forms via mechanisms including treatment with denaturants, negatively-

charged phospholipids, and also vitronectin (Lambers et al., 1987).
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Figure 1.4:
Structure of uPA and PAI-1

This figure represents PAI-1 interacting with free uPA via its reactive centre loop.
Figure was originally published in the Journal of Biological Chemistry (Lin et al.,
2011)
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1.6.1.1.1 PAI-1 in disease

PAI-1 is an inhibitor of fibrinolysis, and therefore, deficiency was originally
considered to cause problems with blood clotting. However, individuals and mice
lacking PAI-1 have minor issues with bleeding and hyperfibrinolytic states, they
also have normal development, and display no other major health concerns (Fay et

al., 1997, Carmeliet et al., 1993a, Carmeliet et al., 1993b).

Elevated levels of plasma PAI-1 have been associated with an increased risk of
developing cardiovascular diseases, myocardial infarction and inducing vascular
occlusive episodes such as coronary sclerosis and deep vein thrombosis
(Thogersen et al., 1998, Kohler and Grant, 2000). Moreover, increased
expression of PAI-1 has been identified in atherosclerotic plaques which are
indicative of the role of PAI-1 in diseases of vessel walls (Lupu et al., 1993,
Schneiderman et al., 1992). PAI-1 deficient mice appear to protected against

venous thrombi induced by endotoxin

Increased PAI-1 expression has been linked to fibrosis in the lung and liver. It is
also increased in cases of glomernulonephritis and diabetic nephropathy
(Yamamoto and Loskutoff, 1996, Loskutoff and Quigley, 2000, Tang et al.,
2000). PAI-1 knock-out mice demonstrate an attenuated fibrinogenic phenotype
when compared to wild-type or PAI-1 over-expressing mice following a fibrotic

challenge (Eitzman et al., 1996a, Eitzman et al., 1996b).

PAI-1 has also been implicated in the development of tumours by influencing
processes including tumour cell invasion, metastasis and angiogenesis (Jung et al.,
2011). Elevated levels of PAI-1 are associated with poor prognosis in many

different tumour types (Foekens et al., 2000).
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1.6.1.1.2 PAI-1 and Obesity

PAI-1 is known to be elevated in individuals with obesity (Landin et al., 1990,
Loskutoff and Samad, 1998). Adipose tissue is a source of PAI-1 and is
considered to directly contribute to the observed elevation of PAI-1 in obesity.
The adipose tissue of mice has high expression of PAI-1 mRNA (Sawdey and
Loskutoff, 1991). In humans, weight loss from calorie controlled diets or surgical
intervention reduces plasma PAI-1 levels (Calles-Escandon et al., 1996, Juhan-
Vague and Alessi, 1997, Nielsen and Jensen, 1997). The increase in size of
adipocytes is a characteristic of obesity, which in turn leads to a surge in PAI-1,
compared to other tissue sites. Plasma PAI-1 is also increased up to five-fold in
obese mice and humans (Samad and Loskutoff, 1996, Alessi et al., 1997).
Omental (visceral) fat produces more PAI-1 than subcutaneous adipose tissue. In
addition, triglycerides and fatty acid levels stimulate the expression of PAI-1 in

3T3-L1 adipocytes (Loskutoff and Samad, 1998).

1.6.1.1.3 Gastric expression of PAI-1

Increased expression of gastric PAI-1 has been documented following chemical
insult, mucosal irritation and Helicobacter infection. It is thought that PAI-1
plays a protective role in mucosal gastric defence mechanisms (Kenny et al.,
2013b, Kenny et al., 2008); see Figure 1.5. The generation of a mouse model by
Kenny et al. with targeted expression of PAI-1 to gastric parietal cells (Figure 1.6)
resulted in the serendipitous observation of an obese phenotype. This has
encouraged further investigations into the underlying mechanisms of obesity

relevant to PAI-1 (Kenny et al., 2013a).
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HKB/PAH
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Figure 1.6: Vector for gastric expression of PAI-1

The promoter region corresponds to the beta subunit of gastric parietal cells,
which drives the expression of mouse PAI-1 mRNA, producing a transgenic

mouse with targeted expression of PAI-1 to the gastric parietal cells (Kenny et

al., 2013a)
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1.7 Aims and objectives

The PAI-1HK mice have a moderately obese phenotype, displaying hyperphagia
and increased body weight and adiposity (Kenny et al., 2013a). Despite what is
known about PAI-1, for example PAI-1 plasma levels being increased in obesity;
its specific role in metabolic function is yet to be explored. This project aimed to
investigate the gut-brain signalling in the PAI-1HKB mice, with particular
emphasis on the satiety hormone CCK. CCK is a well-studied gut peptide which
has several biological actions, including stimulation of brainstem neurons and
delayed gastric emptying. The attenuation of satiety signals has been implicated
in the development of obesity, and thus, experiments analysing these process in
the PAI-1HKp mice would provide mechanistic insights into the role of PAI-1 in

appetite regulation. The specific objectives of this project are listed below.

1. To investigate the effect of ip. CCK and feeding on gut-brain signalling in
PAI-1-HKP compared to C57BL/6 mice by observing neuronal fos
expression in the NTS.

2. To identify the role of the uPAR receptor in PAI-1 signalling using uPAR
null mice.

3. To develop a model for studies of CCK-regulated gastric emptying in mice
and investigate the hypothesis that PAI-1 modulates CCK-regulated gastric
emptying.

4. To test the hypothesis that PAI-1 stimulates food intake in both C57BL/6 and
PAI-1"" and to determine whether this is influenced by nutritional status

(fasted or fed ad libitum).
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. To determine whether the effect of ghrelin on food intake is preserved in PAI-
17 mice.

. To elucidate the neuronal responses to PAI-1 in CNS regions influenced by
orexigenic stimulation.

. To compare the effects on food intake in PAI-1-HKB mice of a variety of
satiety factors.

. To determine whether CCK resistance in PAI-1-HKf3 mice is a consequence
or cause of obesity by studies of NTS fos labelling and gastric emptying after
calorie-restriction. In addition, investigate whether the obese phenotype in

PAI-1-HKp mice is solely attributable to the transgene
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Chapter 2

Materials and Methods
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2.1 Chemical reagents

ABC Vectarstain Elite

Acetic Acid

Anandamide

Anti-c-Fos (Ab-5) (4-17) Rabbit pAb
Camostat Mesilate (FOY-305)
CCK8-s

DAB Peroxidase Substrate Kkit,
3, 3’-diaminobenzidine

Distilled Water
DMSO

Exendin-4

Gastrin (G17ns)
Ghrelin

Hydrogen Peroxide

Lorglumide

Methanol

Methyl Cellulose
Normal Donkey Serum
Normal Goat Serum
Oleoylethanolamide
Orexin-A
Oxyntomodulin

PAI-1

PAI-1 ELISA

Vector Labs (Peterborough, UK)
Sigma (Poole, UK)

Sigma

Calbiochem (Middlesex, UK)
Tocris (Bristol, UK)

Tocris

Vector labs

Sigma
Tocris
Tocris
Tocris
Sigma

Rotta Research Laboratories,
(Milan, Italy)

Sigma

Sigma

Stratech (Suffolk, UK)
Stratech

Sigma

Tocris

Tocris

Calbiochem

Molecular innovation, MI, USA
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Paraformaldehyde

Pentoject (Pentobarbitone)
Peptone

Phenol Red
Phosphate-buffered Saline
Polyclonal Goat Anti-Rabbit
Immunoglobulins/Biotinylated
Saline

Sodium Azide

Sodium Chloride

Sodium Hydroxide

Sucrose

Triton-X100

Trisodium citrate

2.2 Equipment

Microscope (Axioplan 2 with AxioCam HRm)

Spectrophotometer

Nanodrop (2000C)

Freezing microtome (SM2000R)

Sigma
Animal Care Ltd (York, UK)
Sigma
Sigma

Life technologies (paisley, UK)

Dako (Glostrup, Denmark)
Baxter (Berkshire, UK)
BDH (Poole, UK)

BDH

BDH

BDH

Sigma

Sigma

Zeiss (Oberkochen, Germany)

WPA Biowave Il
(Biochrom, Cambridge, UK)

Thermo Scientific
(Leicestershire, UK)

Leica (Newcastle-Upon-Tyne,
UK)
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2.3 Animals

C57BL/6 mice were purchased from Charles River, (Wilmington MA, USA).
Mice null for PAI-1 (PAI-17) or for uPAR and PAI-1-HKf mice were maintained
on a C57BL/6 background. Transgenic PAI-1-HKB mice exhibiting
overexpression of PAI-1 targeted to the gastric partial cells were generated using
1.1 kb of the proximal promote of H*/K*ATPase B-subunit coupled to the coding
sequence of mouse PAI-1 (PAI-1-HKP mice) have previously been described
(Kenny et al., 2008). The transgenic mice null for wild type PAI-1 and uPAR
were purchased from The Jackson Laboratory (Bar Harbour ME, USA) and a
breeding colony established in house. Mice expressing only the transgene (tg) for
PAI-1 were generated by crossing PAI-1" with PAI-1-HKp mice over three
generations. Genotyping of PAI-1", tg"* and PAI-1", tg*" populations were
carried out and confirmed by Prof. Rod Dimaline using PCR

(http://jaxmice.jax.org/protocolsdb/f?p=116:2:1668577038540339::NO:2:P2 MA

STER_PROTOCOL _ID,P2 JRS CODE:6284,002507. Last accessed 4™ April

2014) where the expected amplicon for the mutant was 290 bp. All mice were
housed in a controlled environment in a light to dark cycle of 12 hours. Animals
were fed on a commercial pellet diet and water was available ad libitum. Where
fasting took place, animals were subjected to removal of food for no more than 24
hours and full access to water was given, unless otherwise stated. All experiments
were approved by the University of Liverpool Animal Welfare Committee and
were conducted in compliance with the UK Laboratory Animals (Experimental
Use) Act, 1986 and performed under the Home Office personal licence of Joanne

Gamble (PIL number 40/9281).
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2.4 Animal treatments

Animals were fasted for 24 hours unless otherwise stated, prior to procedures. For
experiments involving expression of c-fos in the NTS of the brainstem, mice
received an ip injection of either CCK8s (2.5nmol/kg, Tocris Biosciences, Bristol,
UK) in a 100pul of saline, or reintroduction of food for a period of 90 minutes
before perfusion. C57BL/6 mice received an interperitoneal injection of stabilized
human recombinant PAI-1 (2.5nmol/kg; Calbiochem, Hertfordshire, UK) prior to
refeeding. In some experiments, C57BL/6 and PAI-17 were allowed free access
to food prior to an interperitoneal injection of either PAI-1 (2.5nmol/kg), ghrelin
(3nmol/kg, Tocris Biosciences, Bristol, UK) both in 100ul saline. Food was
removed for 90 minutes before the animals were perfused. In gastric emptying
assays, animals were fasted overnight and water was removed 1 hour prior to
procedures. ip injections (100ul; CCK8s or PAI-1 at 2.5nmol/kg, and CCK-1
receptor antagonist, lorglumide [Rotta Research Laboratories, Milan, Italy] at
4ng/kg in saline or saline alone for controls) prior to gastric emptying
experiments. In additional experiments, mice received ip. injections of human
gastrin (G17ns; Tocris Biosciences, Bristol, UK; 20nmol/kg) 6 h prior to gastric
emptying studies. Where mice received two ip. injections, a period of five minutes

was timed in between injections, with the exception of gastrin.
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2.4.1 Whole animal fixation via transcardial perfusion

Animals received a terminal ip injection of pentobarbitone (pentoject; Animalcare
York, UK) at a volume range of 300-400ul or 40-50 mg/kg. Paw reflexes were
checked prior to making an abdominal incision to expose the thoracic and
peritoneal membrane. This was cut to gain access to the ribcage and diaphragm.
The ribcage was cut at each lateral aspect along with the diaphragm and removed
to gain access to the heart. The vena cava was cut before a perfusion syringe (29
Gauge) was injected into the left ventricle of the heart. A physiological saline
solution (0.9%) was delivered (approximately 100ml) prior to switching the flow
to 4% ice-cold paraformaldehyde, both at a rate of approximately 12mls per
minute. Once the whole animal had become stiff, the head was removed for

dissection.
2.4.2 Murine Helicobacter felis infection

Helicobacter felis (H. felis ATCC 49179) was cultured by Ms Debbie Sales
(Medical Microbiology, The University of Liverpool). Animals aged 6-8 weeks
were infected by oral gavage with 0.5ml (10'° colony forming units/mL) of a H.
felis suspension in TBS broth, three times over a 1-2 week period (Kenny et al.,
2013a). In order to ensure quality control of the bacteria, the optical density of
suspension was above 1.5 and H. felis had been passaged no more than 5 times.
Positive H. felis infection was confirmed by rapid antral urease test (Prontodry,
Medical Instruments Corporation, Solothrum, Switzerland) or by antral histology

performed by Dr. Suzanne Lyons and Dr. Susan Kenny.
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2.5 Immunohistochemistry for the detection of fos in the
brainstem and hypothalamus

2.5.1 Brainstem

Brains were dissected from the skull with the brainstems attached and post-fixed
for four hours prior to storing in 30% sucrose. Brainstems were detached from the
cerebellum, trimmed and cut on a freezing microtome at 40um and stored as free
floating sections in 0.1M phosphate buffered saline (PBS). Sections from
approximately -7.76 mm to -7.32mm from Bregma were then processed for
immunological localisation of fos in the nucleus of the solitary tract (NTS).
Firstly, sections were incubated in a peroxidase deactivating solution (20%
methanol, 0.2% Triton X100, and 1.5% hydrogen peroxide) for 30 minutes. Next,
they were incubated for an hour in blocking agent of 10% donkey serum. The
sections were then incubated in a primary rabbit anti-c-fos antibody (1:2000) for

48 hours at 4°C.

Sections were washed three times in 0.1M PBS prior to incubation with
biotinylated secondary anti rabbit immunoglobulins (Ig) antibody (1:200) for 2
hours. A further three washes in 0.1M PBS was conducted before the addition of
ABC (Vector) kit to the sections and incubated for 1 hour. Three more PBS
washes were performed prior to the 3,3'-Diaminobenzidine reaction (DAB Kit,
Vector labs). Sections were watched closely for colour change from white to
brown before a rapid wash in 0.1M PBS. Sections were then transferred to

distilled water and mounted onto slides with vectarshield mountant.
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2.5.2 Quantification of fos

Sections from the level of the area postrema were analysed using the bright field
on the Zeiss axioplan-2 microscope at x10 magnification. All neurons within the
areas corresponding to NTS nuclei with black/brown staining within the nucleus
were counted as fos-positive. On average, 4-6 sections per brainstem were
quantified, with the mean number of fos-positive neurons. Sample datasets were

independently scored by an observer blinded to the experimental groups.

2.5.3 Hypothalamus

Brains were dissected from the cerebellum to the top of the olfactory bulb and
sectioned on a freezing microtome at 40um as previously described at the level of

the third ventricle and median emenence.

2.6 Gastric Emptying Assays

Mice were fasted overnight and water was removed Mice received a liquid test
meal with either methyl cellulose (1.5% wi/v in distilled water) or peptone (4.5%
wi/v in methyl cellulose) with both containing 50mg/L phenol red, at a volume of
600ul via a steel gavage needle. All test meals were previously stored at 4°C and
were pre-warmed for the mice to 37°C. Mice were culled after ten minutes with
rising CO, followed by cervical dislocation. An abdominal incision was made,
the pylorus and oesophageal junctions were clamped then ligated and the intact
stomach was securely removed with the gastric contents collected into Eppendorf

tubes. The contents were centrifuged at 15294 RCF for five minutes; the
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supernatant was collected and the volume measured. Samples were alkalinised
with a 1:5 dilution with 0.1M NaOH and the absorbance was determined using a
spectrophotometer at 550nm. Samples of methyl cellulose and peptone test meals
were used as controls. The equation, taken from Debas et al., was used to

calculate the rate of gastric emptying for each mouse (Debas et al., 1975).

2.7 Feeding studies

2.7.1 Anorexigenic peptides

Wild type C57BL/6 and PAI-1-H/K mice were fasted overnight prior to procedures.
Mice received ip. injections (100ul; CCK8s at 2.5nmol/kg, Exendin-4 at
0.75nmol/kg, oxyntomodulin at 3nmol/kg in saline and Oleoylethanolamide at
5mg/kg in 4% DMSO, with saline and 4% DMSO as controls) prior to access to a
pre-weighed measurement of food. The food was weighed after 30 and 60 minutes
and this amount was subtracted from the intial weight to give the amount of food

eaten.

2.7.2 Orexigenic peptides

Wild type and PAI-1"" mice were either fasted overnight with some allowed free
access to food, with all mice allowed free access to water. Mice received ip.
injections (100pul; PAI-1 at 2.5nmol/kg, ghrelin at 3nmol/kg, Orexin-A at 3nmol/kg
in saline, anandamide at 14nmol/kg in 4% DMSO, with saline or 4% DMSO as
controls) prior to returning pre-weighed food to all mice. The food was weighed at

time points at 30 and 60 minutes, subtracted from the initial weight to calculate
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amount of food eaten. All animals were given 2-3 days in between experiments to

recover from injections and fasting.

2.7.3 Short term fasting studies

In some studies, C57BL/6 and PAI-1 ” male mice were fasted for 6 hours prior to a

period of re-feeding. Food intake was measured at time points of 30 and 60 minutes.

2.8 Enzyme-linked immunosorbent assay (ELISA) studies

Blood was obtained from C57BL/6 mice via cardiac puncture, collected in 0.1M
trisodium citrate, centrifuged and concentrations of plasma PAI-1 were determined
by ELISA (Molecular Innovations, MI, USA) according to manufacturer’s

instructions.

2.9 Statistical analyses

Data was analysed with GraphPad® Prism software (version 5) using unpaired,
two-tailed t-tests. All data was expressed as mean + standard error of the mean
(SEM) unless otherwise stated. In other analyses, one-way or two-way analyses of
variance (ANOVA) were performed where the data warranted such tests. Where
the experimental design indicated a three-way ANOVA test was required, but
effect of genotype or time had little/or no impact on experimental outcomes, a
two-way ANOVA was performed. Bonferroni post-hoc tests were performed,

unless otherwise stated.
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Chapter 3

PAI-1 inhibits gut-brain
signalling by CCK via the uPA

receptor
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3.1 Introduction

CCK is one of the most studied of all the satiety hormones. Since its discovery in
1928, it has been shown to be a short-term satiety signal released post-prandially.
Peripherally administered CCK stimulates neurons within the brainstem and the
effects of CCK on these neurons are mediated via vagal afferent neurons
(Raybould et al., 1988). Increased fos expression in the neurons located in the
nucleus tractus solitarii (NTS) can be observed following either exogenous
administration CCK ip. or postprandial release of CCK after feeding (Chen et al.,
1993, Luckman, 1992, Fraser et al., 1995, Wang et al., 1999, Zittel et al., 1999a).
The NTS is located in the dorsal medial medulla, ventral to the area postrema (AP)
and 4™ ventricle and dorsal to the efferent system of the dorsal motor nucleus of

the vagus nerve (DMV).

There are different NTS subnuclei arrayed rostrocaudally that process respiratory,
gustatory and gut afferent signals (Grill and Hayes, 2009, Grill and Hayes, 2012).
Vagal afferents originating from the stomach and small intestine project into
neurons within the medial (Sol M), gelatinous (Sol G), dorsolateral (Sol DL) and
commissural (Sol C) NTS subnuclei and amongst others are activated by satiation
signals. Neurons expressing fos following ingestion of nutrients, or gastric
distension, reach a peak at around -7.5mm from Bregma (figure 3.1), at the level
of the AP (Fig 3.1). From around -8.12mm to -7.92mm from Bregma, the point
where the AP is disappears and the DMV is smaller than it is more caudally, the
appearance of additional NTS subnuclei becomes apparent. These disparate NTS
neurons within the ventrolateral and interstitial NTS subnuclei receive vagal

afferent inputs originating from receptors in the trachea, larynx and the bronchi.
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Interaural -3.96 mm Bregma - 7.76 mm

Figure 3.1
Mouse brainstem section.

Example of an annotated brainstem section at the level of the area postrema (AP)
including the subnuclei regions of the NTS; adapted from Paxinos and Franklin.
Permission was granted for this figure by Elsevier. Copyright Elsevier (Paxinos &
Franklin, 2001) .
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Previous work in the group resulted in the generation of a transgenic mouse model
over-expressing PAI-1 in the stomach. These mice exhibit moderate obesity
(Kenny et al., 2013a) and hyperphagia. The role of PAI-1 in gut-brain signalling
remains to be explored. The experiments described in this chapter sought to

address this.

3.1.1 Aims

The aim of the work in this chapter was to determine the role of PAI-1 in gut-

brain signalling. The specific objectives were:

. To investigate the effect of CCK on gut-brain signalling in PAI-1-HK( compared
to C57BL/6 mice by observing neuronal fos expression in key areas in the
brainstem.

Using fos expression, to compare gut-brain signalling in PAI-1-H*/K'B and
C57BL/6 mice following feeding.

. To determine the effect of exogenous PAI-1 administration on brain stem fos in
C57BL/6 mice.

. To identify the role of the uPAR receptor in PAI-1 signalling using uPAR null
mice.

. To determine the effect of chronic H.felis infection on brainstem fos in responses

to CCK8s in wild type an PAI-1 null mice.
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3.2 Methods

3.2.1 Animals (C57BL/6, PAI-1-HKp , uPAR™ and PAI-1 ™)

Wild type (C57BL/6) and PAI-1-H*/K*B mice, previously described in chapter 2,
were fasted for no longer than 24 h prior to treatments. In some experiments,

C57BL/6 and PAI-1"" mice were infected with H.felis as described in chapter 2.

3.2.2 Brainstem fos labelling

Mice were culled 90 min after either reintroduction of food or administration of
CCKS8s. Mice were anaesthetised and perfused transcardially. Dissected brainstems
were post-fixed and stored in 30% wi/v sucrose. Free-floating sections (40um)
approximately -7.76 to -7.32 from Bregma were processed for
immunohistochemistry using a peroxidase labelling technique described in Chapter
2. Neurons in the NTS with nuclear black brown staining at the plane of view were
counted as positive. On average, 4-6 sections per brainstem were quantified and the

mean number of fos-positive neurons was determined.

3.2.3 H.felis infection

C57BL/6 and PAI-1" mice were infected with H.felis were verified by an antral
urease test or by antral histology as described in Chapter 2. Following 6 months of
infection, mice were used in experiments to investigate fos labelling in the NTS after

ip. CCK8s (2.5nmol/kg) administration.
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3.3 Results

3.3.1 Mouse brainstem

In C57BL6 mice, neurons expressing fos were identified in several subnuclei of
the NTS following ip injections of CCK (2.5nmol/kg; figure 3.2) or refeeding.
Thus, in both cases, positive neurons were observed within the medial (Sol M),
gelatinous (Sol G), dorsolateral (Sol DL) and commissural (Sol C). In subsequent
experiments quantification of fos in PAI-1-H/Kf mice, C57Bl/6 or PAI-1 null

mice was carried in these subnuclei and the data aggregated.
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Figure 3.2

Expression of c-fos in NTS neurons in C57BL/6 mice in response to ip.
CCKa8:s.

Neurons with stained nuclei (in focus in a single focal plane) in the NTS were
counted for quantitative studies following ip injections with either saline or
CCKS8s (2.5nmol/kg). NTS, nucleus tractus solitarius; AP, area postrema;
DMX, dorsal motor nucleus of the vagus; CC, central canal. Scale bar, 100um.

73



3.3.2 PAI-1 suppresses neuronal activation by CCK

The physiological effects induced by the release of CCK are mediated via vagal
afferent neurons, which increases expression of c-fos in the neurons located in the
NTS. Fasted C57BL/6 mice had minimal expression of brainstem fos compared to
mice that were refed following an overnight fast for 90 min (fasted C57BL/6
mean of 2.0 + 0.2 neurons per mouse, compared to a mean of 18.0 £1.4 neurons
per mouse in previously fasted refed mice; Figure 3.3). These neurons were
observed in populations located in SolG, Sol M and Sol DL subnuclei of the NTS.
Expression in fasted and refed PAI-1-HKB mice showed minimal brainstem fos
expression, which was significantly lower than that of C57BL/6 fasted and refed
mice (fasted PAI-1-HKp mice; a mean of 1.0 + 0.4 neurons per mouse and 5.0 +

0.6 neurons in the fasted and refed mice; P = 0.0001, n=8).
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Figure 3.3.

PAI-1-H/KB mice exhibit decreased brain stem fos labelling following
refeeding. Quantification of NTS c-fos labelled neurons in response to feeding
after a 24 hour fast in PAI-1-H/K and C57BL/6 mice. C57BL/6 mice showed an
increase of fos-positive neurons when refed after a fast. In comparison, PAI-1-
H/Kp showed a reduced number of fos-positive neurons;***P = 0.001 C57BL/6
compared to PAI-1-H/Kp, one-way ANOVA, Bonferroni post-test.
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3.3.3 PAI-1-H/Kp have decreased brainstem fos associated with
neuronal activation by exogenous CCK8s

Just as postprandial release of CCK stimulates fos expression in the NTS,
exogenous administration of CCK8s also increases fos expression in NTS neurons
(Luckman, 1992). Thus both C57BL/6 and PAI-1-HKB mice were treated with
either saline or CCK (2.5nmol/kg) to investigate expression of fos in NTS
subnuclei associated with gastrointestinal signals (figure 3.4. In PAI-1-HKp
mice, fos expression in the NTS was significantly less than in C57BL/6 after ip
CCKS8s (2.5nmol/kg; Figure 3.5; C57BI/6: 10.0 £1.2 neurons vs PAI-1-HK mice:

3.0 £0.7 neurons; P=0.0014, n=8).
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............
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Figure 3.4
Suppressed stimulation of c-fos in NTS neurons in PAI-1-H/KB mice in
response to ip CCKas.

Neurons with stained nuclei in the NTS were counted for quantitative studies
following ip injections with either saline or CCK8s (2.5nmol/kg). C57BL/6
mice displayed fos expression in the NTS compared to a decrease in fos in
PAI-1-HKp mice. Scale bar, 100um.
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Figure 3.5

PAI-1-H/KB mice are resistant to CCKa8.

Quantification of NTS fos labelled neurons in response to CCKS8s (ip 2.5
nmol/kg) in PAI-1-H/KB and C57BL/6 (n=8) mice. C57BL/6 mice showed an
increase in the number of fos-positive neurons following treatment with CCK. In
comparison, PAI-1-H/Kp treated with CCK had a reduced number of fos-positive
neurons; ***P = 0.001 C57BL/6 compared to PAI-1-H/Kp, one-way ANOVA,
Bonferroni post-test.
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3.3.4 Exogenous PAI-1 suppresses neuronal activation following
feeding

The results demonstrate a marked difference between brainstem fos expression in
PAI-1-HKp and C57BL/6 mice. The data suggest that gastric expression of PAI-1
in the transgenic mice attenuates brainstem neuronal responses to feeding. To
further examine this idea, recombinant PAI-1 (2.5 nmol/kg, ip) was administered
to C57BL/6 mice immediately prior to re-feeding after a 24 h fast. The data

indicated a significant decrease in fos-positive neurons in the NTS (Figure 3.6)
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Administration of exogenous PAI-1 (2.5 nmol/kg) inhibits brain stem c-fos
responses to refeeding.

C57BL/6 mice were fasted for 24 hours prior to ip injections of saline, PAI-1 and a
period of refeeding. There was a decrease in fos-positive neurons in C57BL/6 mice
that were refed and injected with recombinant PAI-1 (****P= 0.0001 where fasted
and refed saline-treated mice were compared to fasted and refed mice receiving an
injection of PAI-1, one-way ANOVA, Bonferroni post-test; n=8).
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3.3.5 UPAR is required for the action of PAI-1

Some actions of PAI-1 are mediated by interaction with the urokinase
plasminogen activator receptor (UPAR) (Binder et al., 2002). To identify if the
UPA receptor was implicated in the effects on brainstem fos brought about by
exogenous PAI-1, PAI-1 (or saline) was administered to refed C57BL/6 and
uPAR™ mice (Figure 3.7). While PAI-1 suppressed fos labelling in C57BI/6 mice
as already noted, The expression of c-fos in the NTS in uPAR™ mice following
re-feeding was not significantly different after PAI-1 compared with saline; the

data are therefore consistent with the idea that the action of PAI-1 requires uPAR.
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Figure 3.7
UPAR mediates the action of PAI-1 on brain stem fos in response to feeding.

In uPAR™ mice, refeeding stimulated brainstem fos and this was not blocked by
exogenous PAI-1 (2.5 nmol/kg). Re-fed C57BL/6 mice that were given an ip
injection of recombinant PAI-1, showed a significant decrease in fos-positive
neurons in the NTS, compared to controls. UPAR” mice showed no significant
difference (*** P = 0.0001 n= 6-8).
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3.3.6 H.felis infection does not have a significant effect on brainstem

fos expression

Helicobacter infection increases gastric PAI-1(Kenny et al., 2008) and could
decrease expression of fos as a potential consequence of inhibition of gut-brain
signalling. C57BL/6 and PAI-17" mice were infected with H.felis and infection
was Vverified by antral urease and histology (Kenny et al., 2013a). After CCK8s
administration there was stimulation of fos in both control and infected wild type
mice. PAI-17" mice responded with less fos expression following treatment with
CCKSs; ip 2.5nmol/kg in both infected and non-infected groups. Interestingly,
infected C57BL/6 mice had a slight decrease in the number of fos labelled cells
compared to the non-infected, however this was shown to be not significant
(Figure 3.8; n=5-8). Helicobacter-driven effects were observed, however, in

feeding studies carried out by Kenny et al (Kenny et al., 2013a).
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Figure 3.8

H. felis infection shows no significant effect on brainstem fos following ip
CCKS8s (2.5nmol/kg)

Chronic infection with H.felis marginally decreased the number of fos labelled
cells in the brainstem in response to CCK8s in C57BL/6 mice, although there was
no significant difference between infected and non-infected groups for both
C57BL/6 and PAI-17 mice (n=5-8).
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3.4 Discussion

The results described in this chapter suggest that PAI-1, which is increased in the
plasma of obese individuals (Shimomura et al., 1996) and in the stomach of
H.pylori-infected patients (Kenny et al., 2008), can play a role in suppressing
brainstem stimulation by the satiety hormone CCK. The current data imply that
PAI-1 is a locally-acting gastric factor that is capable of suppressing gut-brain

signalling by CCK.

The PAI-1-HKB mouse was generated to investigate the gastric mucosal biology
of PAI-1. The entire coding region of the mouse PAI-1 gene and ~1.1kb of the
promoter region of the mouse H*/K*ATPase B-subunit gene, was inserted into the
PEGFP vector to generate the transgene. The H'/K*ATPase B-subunit promoter
has been used to direct gene expression specifically to parietal cells in a number
of previous transgenic studies (Shimomura et al., 1996, Landin et al., 1990) and
specificity of transgene expression was confirmed by using PCR. The phenotype
of transgenic PAI-1-HKf mice has been described by Kenny et al. (Kenny et al.,
2013a). Overexpression targeted to the gastric parietal cells was verified and
results showed that there was a significant increase in plasma PAI-1 and gastric
PAI-1 mRNA abundance in the transgenic PAI-1-HKB compared to C57BL/6
mice. Overexpression was associated with a moderately obese phenotype. These
mice also had hyperphagic traits; eating approximately 25% more than C57BL/6
mice in a 24 h period. Furthermore, exogenous CCKS8s did not inhibit food intake
in these mice until higher doses of 10nmol/kg were administered. Kenny et al.
also described the effect of a high fat diet on C57BL6 and PAI-1-HKf mice. Both

transgenic and C57BL/6 mice alike were shown to be susceptible to diet-induced
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obesity. Interestingly, mice null for PAI-1 (PAI-1-/-) were not susceptible to diet-
induced obesity. Similarly, PAI-1/" mice maintained sensitivity to CCK
following chronic infection with H.felis, although C57BL/6 mice did not,
compared to non-infected C57BL/6 controls. On a molecular level, PAI-1 was
also shown to inhibit nodose ganglion neuron responses to CCK with regard to
nuclear translocation of the immediate early gene early growth response (EGR)-1
and stimulation of Y2 receptor expression. Furthermore, uPAR was shown to be
expressed by nodose neurones, consistent with the findings described in this
chapter that uPAR is required for PAI-1 to elicit its apparent attenuation of fos-

responses to CCK.

Compatible with the findings from Kenny et al., the current study has found that
fos expression in the brainstem, either after re-feeding or exogenous
administration of CCK8s, was reduced in PAI-1-HKf mice and also in C57BL6
mice treated with exogenous recombinant PAI-1. The data imply that normal gut-
brain signalling is attenuated by PAI-1; these effects could, of course, account for
the hyperphagia and weight gain observed in PAI-1-HKf mice (Kenny et al.,
2013a). The mechanism by which gastric PAI-1 influences gut-brain signalling
remains unclear, but the results from experiments in mice lacking uPAR indicates

that the effects of PAI-depend on interactions with uPAR .

The characteristic obese phenotype found in PAI-1-HK(B mice has not been
reported in other transgenic mice in which PAI-1 is overexpressed.
Physiologically, PAI-1 is found in many different tissue types, including adipose

tissue (Shimomura et al., 1996, Landin et al., 1990), the liver and endothelial
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cells. Other groups have generated transgenic mice with increased expression of
PAI-1; Elevated levels of PAI-1 have been shown to exacerbate fibrosis (Eitzman
et al., 1996b) following injury when PAI-1 transgenic mice are generated under
the CMV promoter, which is expressed almost ubiquitously. Another issue which
has been described is tail auto-amputation (Erickson et al., 1990), where there is a
subcutaneous haemorrhage in the tail and it eventually becomes necrotic and is
lost. Due to the mechanisms in which PAI-1 is involved, it plays a significant role

in venous occlusions and coronary thrombosis (Nordstrom et al., 2007).

It has long been established that satiety signals originating from the upper small
intestine act locally on vagal afferent fibres to delay gastric emptying and
decrease food intake (Gibbs et al., 1973, Dockray, 2009b). More specifically,
CCK acts via its receptor, CCK1, on vagal afferent neurons that terminate in the
NTS. The method of fos labelling to identify neuronal responses to vagal afferent
stimulation was first reported by Luckman et al. (Luckman, 1992) who showed
that 90 min following an ip injection of CCK in rats, fos protein was expressed in
the NTS in sections at the level of the area postrema. The stimulated neurons
were also found to be catecholaminergic following further work involving double
labelling for tyrosine hydroxylase. This method provides useful information on
which populations of neurons can be excited following CCK administration.
Many other studies have adapted this method in investigations of various
mechanisms in several species including gastric distension, feeding behaviour and
gastric nutrient content (Rinaman et al., 1998, Zittel et al., 1999b, Boswell and Li,
1998, Blumberg et al., 2007). However, there are limitations; the method does not

show inhibition of neurons, or indeed the intensity or strength of the signal being
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produced. There are additional points to consider when using fos as a marker.
Fos protein forms dimers with Jun to bind to AP-1 sites of which there are a
number of variants. AP-1 sites are carried by many gene promoters and it is
difficult to identify specifically the downstream targets. In addition, fos can
increase rapidly in some neurons and more slowly in others, so it is important that
appropriate time points are considered. It is widely accepted that prolonged
stimulation of neurons increases the expression of fos. However this is not always
the case; some neurones located in the dorsal root ganglion (DRG), for example,
stain more readily for Jun following nerve damage (Kenney and Kocsis, 1997, De

Leon et al., 1995).

Alternative approaches to investigate the possible inhibitory role of PAI-1 on
these neurons may be able to answer specific questions regarding the potential
attenuation of CCK in the presence of PAI-1. One alternative technique could
involve electrophysiological techniques. Daly et al., investigated vagal afferent
neurons in diet-induced obesity in mice by recording vagal afferent discharge.
Their results showed a marked reduction in afferent sensitivity to satiety related
stimuli following exposure to CCK and 5-HT after a chronic high fat diet with
reduced excitability of the neuronal cell membrane (Daly et al.,, 2011).
Potentially, PAI-1 may be influencing this effect. Another electrophysiological
technique, used by Raybould et al., recorded responses in brain stem neurons
following peripheral CCK-8 administration. They concluded that CCK acts
directly on vagal afferents within the gastric wall (Raybould et al., 1988). Some
neurons that express fos upon stimulation with CCK are known to release trigger
the release of oxytocin from oxytocin-releasing neuron populations in the

paraventricular nucleus via an ascending pathway (Verbalis et al., 1991).
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Functional magnetic resonance imaging (fMRI) could be used to identify neuronal
activity and this would be potentially informative in both animal and human
studies (Miller et al., 2007). Finally, as the specific manner by which PAI-1
attenuates CCK-induced fos expression is not yet fully understood, one way to
identify if PAI-1 is producing an effect at peripheral vagal afferents or direct
effects on the CNS, would be to use a transgenic mouse, null for uPAR expression
in vagal afferent neurons.  Vianna et al. investigated the involvement of CB;
receptor on vagal afferents in energy homeostasis. They generated a transgenic
mouse null for the receptor specifically on the afferent and efferent branches of
the vagus (Vianna et al., 2012). A similar method could be employed for these
studies although the specific knockdown of CCK; receptors would provide

important insights into the role of PAI-1.

In the current studies, wild-type mice that are re-fed after a period of fasting have
shown there is a substantial expression of fos-positive neurons in the NTS.
However, in comparison, the PAI-1-HK 3 mice had significantly less expression of
fos in neurons of the NTS. Upon further investigation, experiments described in
this chapter have shown this also to be true when exogenous CCK was
administered peripherally in place of feeding. The dose of CCK used is
considered to mimic the physiological post-prandial release of CCK. Following
dose-response studies, 2.5nmol/kg was effective in the inhibition of food intake

after a 24 h fast in C57BL/6 mice (Kenny et al., 2013a).

As previously reported (Kenny et al., 2008), individuals infected with

Helicobacter are known to have an increased expression of gastric PAI-1. Results
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from experiments in wild-type mice and mice null for PAI-1 infected with H.felis
showed that wild-type mice did not appear to develop a significant resistance to
CCKS8s with regards to a decrease in NTS fos expression. Interestingly, they did
develop a resistance to CCKS8s in feeding studies, showing that feeding was
maintained following treatment (Kenny et al., 2013a). The relationship between
CCK and PAI-1 may not be as clear cut in cases of infection, as the balance
between orexigenic and anorexic signals may be affected. Following infection
with Helicobacter, gastric expression of leptin has been found to be elevated
(Azuma et al., 2001). It has also been reported that pro-inflammatory cytokines,
such as IL1P can increase leptin in response to infection (Bornstein et al., 1998,
Faggioni et al., 1998, Sarraf et al., 1997) as well as lower ghrelin concentrations
(Osawa, 2008). Therefore, PAI-1 is potentially capable of counterbalancing the
anorexic effects of stomach infection and maintain food intake (Kenny et al.,

2013a).

PAI-1 has been associated with many of the co-morbidities that present in obese
patients. This could explain why there is a higher risk of heart attacks and strokes
in obese subjects. The present study suggests that PAI-1 can influence the certain
aspects of the homeostatic control of food intake which potentially could indicate

a therapeutic target for an ever increasing obese population.

CCK was the first gut hormone implicated in the control of food intake
(Maclagan, 1937). In recent years, additional research has discovered the neural
mechanisms that mediate the satiety effect of CCK (Rogers and Hermann, 2008).
CCK is regarded as a short-term satiety factor, whereas another regulator of
appetite homeostasis and adipokine, leptin, acts to control energy balance in a

more long-term manner (Villanueva and Myers, 2008). Leptin monitors the
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peripheral energy stores and relays this information centrally to suppress food
intake but also increase energy expenditure. Not only is leptin capable of acting
directly on hypothalamic neurons, leptin can also act via vagal afferent pathways,
by synergistic interactions with CCK in vagal nodose ganglia; potentiating CCK’s
short-term satiety effect (Barrachina et al., 1997b, Heldsinger et al., 2011).
Furthermore, diet-induced obesity has been found to decrease sensitivity to leptin
in vagal afferent neurones (de Lartigue et al., 2007a). From the results obtained in
this study, it appears that PAI-1 can elicit effects that are in direct contrast to the

actions of leptin.

Vagal afferent neurons also express receptors that can stimulate food intake
including the GHS-1 receptor for ghrelin. Ghrelin has been shown to negatively
modulate satiety by CCK by inhibiting vagal discharge (de Lartigue et al., 2007a).
Interestingly, CCK is capable of abolishing the orexigenic drive of ghrelin
presumably because both ghrelin and CCK; receptors are expressed in the nodose

ganglia (Date et al., 2005, de Lartigue et al., 2007a).

The results obtained from this work are compatible with evidence that resistance
to CCK involves changes to vagally-mediated gut-brain signalling mechanisms
(Covasa, 2010, Daly et al., 2011). The evidence presented in this chapter also
suggests that PAI-1 is an adipokine but unlike leptin, it is producing opposite
effects on food intake by suppressing vagal afferent responses to CCK (Kenny et

al., 2013a).

This study supports a role for PAI-1 and has wider implications for obesity. We
have investigated one line of evidence in this chapter; however, CCK is involved

in various other mechanisms that are associated with energy homeostasis. The
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expression of fos upon stimulation with CCK has been used here as a marker for
neuronal activation in key brainstem regions involved in satiety. However,
stimulation of these neurons could reflect other mechanisms, including CCK-
induced pancreatic secretion, gastric inflammation and also the control of gastric
emptying. CCK is known to play a role in the delay of gastric emptying in
response to ingested protein and fat via a vagally-mediated pathway (Raybould
and Tache, 1988). Studies into this area will no doubt provide further insights

into the effect of PAI-1 on the satiety hormone, CCK.
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3.5 Conclusions

PAI-1-HKp mice exhibit decreased brain stem neuronal responses to CCK8s and
refeeding that could contribute to an obese phenotype.

PAI-1 administration decreases brain stem neuronal responses to refeeding in
C57BL/6 mice.

. The uPA receptor, with which PAI-1 interacts, is required for the action of PAI-1
in influencing brain stem responses to CCK.

Infection with Helicobacter felis did not have a significant effect on brainstem fos

responses to CCKS8s.
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Chapter 4

Plasminogen activator
Inhibitor (PAI)-1 suppresses
Inhibition of gastric emptying

by cholecystokinin (CCK)
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4.1 Introduction

Nutrient contents of gastric loads determine the rate of which they are delivered
to the duodenum for absorption. Dietary fat and protein in particular can delay
gastric emptying. Gastric emptying is under the control of several neuro-
endocrine mechanisms that influence the pressure differences across the
pylorus. CCK is considered to act as a mediator of gastric emptying in
response to the ingestion of fat and protein (Debas et al., 1975, Raybould and
Tache, 1988, Forster et al., 1990, Fried et al., 1991). The inhibition of gastric
emptying by CCK is also thought to be mediated through the stimulation of
vagal afferent neurons that express CCK-1 receptors (Dockray, 2009b). The
vago-vagal reflex has been shown to cause a relaxation within the corpus of the
stomach and thus, decreases the pressure difference across the pylorus
(Raybould and Tache, 1988, Forster et al., 1990). In addition, cells containing
CCK are stimulated by trypsin-sensitive releasing factors. Local trypsin
inactivates CCK-releasing factors, although nutrients or chemicals such as

FOY-305 compete with trypsin and upregulate CCK release (Iwai et al., 1987).

The presence of PAI-1 in the stomach released from gastric parietal cells is
considered to be increased in response to infection, such as H. pylori (Kenny et
al., 2008) and high gastrin concentrations (Norsett et al., 2011); (Kenny et al.,
2013a). The evidence described in chapter 3 suggests that PAI-1 attenuates
gut-brain signalling by CCK. Since this pathway has also been implicated in
the inhibition of gastric emptying, the following experiments were designed to

investigate the potential effect of PAI-1.
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4.1.1 Aims

. To develop a model for studies of CCK-regulated gastric emptying in mice.
. To investigate the hypothesis that PAI-1 modulates CCK-regulated gastric

emptying.

4.2 Methods

4.2.1 Animals

Male mice of 10-12 weeks (C57BL/6, PAI-1-HKp and PAI-17) were used for all

studies.

4.2.2 Gastric emptying assay

Mice were fasted overnight (>12 h) and access to water was removed 1 h prior to
procedures. Mice received ip. injections (100ul; CCK8s or PAI-1 at 2.5nmol/kg
in saline, or saline alone) 5 minutes prior to gastric emptying assays. Some
experiments included ip. administration of gastrin (20nmol/kg) 6 h prior to gastric
emptying assays. Mice received liquid test meals of either methyl cellulose (1.5%
w/v) or peptone (4.5% wi/v) at a volume of 600ul by oral gavage that were
prewarmed to 37°C. In studies where FOY-305 was used, animals were
pretreated by oral gavage 5 minutes before the test meal was administered (100ul,
100mg/kg). Mice were culled 5 minutes after gavage and stomach contents were

collected for analysis. Samples of methyl cellulose and peptone were used as
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controls and the rate of gastric emptying was calculated as described by Debas

(Debas et al., 1975)

4.2.3 PAI-1 ELISA

Blood was obtained from C57BL/6 mice via cardiac puncture, collected into 0.1M
trisodium citrate, centrifuged and concentrations of total plasma PAI-1 were

determined by ELISA according to the manufacturer’s instructions.

4.2.4 Immunohistochemistry of gastric corpus tissue

Stomachs were fixed and rings were cut on a cryostat in 7-10um sections and
prepared for immunohistochemistry as described in Chapter 2 using primary
antibodies to substance P, Calcitonin gene-related peptide (CGRP) and Met-

encaphalin (MetEnk).

4.3 Results

4.3.1 Peptone delays gastric emptying in C57BL/6 mice via a CCK-
mediated pathway

A method to study CCK-regulated gastric emptying in mice was adapted from that
previously used in rats (Forster et al., 1990). In particular, peptone which is
known to release CCK was used as a physiological test meal. Initial studies
suggested almost complete emptying of control solutions of saline in 5 min and it

was considered advantagous to use test meals of increased viscosity by employing

97



1.5% (w/v) methyl cellulose. Even so, in C57BL/6 mice over 85% of a liquid test
meal of methyl cellulose emptied within 5 minutes of oral gavage. However, a
peptone-containing liquid test meal prepared in methyl cellulose significantly
delayed gastric emptying compared with methyl cellulose alone (Figure 4.1) The
action of peptone was reversed following administration of the CCK-1 receptor
agonist, lorglumide (Figure 4.2) consistent with a role for endogenous CCK
mediating the action of peptone on gastric emptying in C57BL/6 mice. The data
obtained from this study was considered to indicate this was a useful model for

investigative studies of gastric emptying in PAI-1HKp mice.
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Figure 4.1

Peptone delays the rate of gastric emptying compared to a control liquid test
meal of methyl cellulose in C57BL/6 mice.

C57BL/6 male mice were fasted overnight (>12hours) and water removed 1 hour
before procedure. A liquid test meal of either methyl cellulose or peptone in
methyl cellulose was administered orally. Peptone significantly decreased the rate
of gastric emptying (GE). **P= 0.016 when comparing methyl cellulose-treated
and peptone treated C57BL/6 mice, unpaired t-test (n=14-17, pooled controls).
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Figure 4.2

Peptone delays the rate of gastric emptying (GE), which is blocked by
lorglumide

Mice that received a liquid test meal of methyl cellulose had a higher rate of
gastric emptying compared with peptone test meal, as shown previously and
administration of the CCK-1 receptor antagonist, lorglumide (ip,4mg/kg) reversed
the effect by peptone. ****P=0.0004 when comparing saline and lorglumide pre-
treated C57BL/6 mice that were both given a peptone test meal, one-way ANOVA

with Bonferroni post-test; n=3-6.
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4.3.2 Peptone does not cause delayed gastric emptying in PAI-1-
HKP mice

In PAI-1-HKB mice, peptone did not inhibit gastric emptying compared with
methyl cellulose (methyl cellulose gastric emptying rate (GER) 0.43 + 0.01 vs
peptone GER 0.52 + 0.007ml/5mins in PAI-1-HKp mice; P=0.0002) but emptied

at a higher rate than that of peptone in C57BL/6 mice (Figure 4.3).

4.3.3 Camostat mesilate (FOY-305) delays gastric emptying of
methy!| cellose

FOY-305 is a protease inhibitor that can increase plasma concentrations of CCK
by suppressing the negative feedback control of CCK secretion exerted by
pancreatic proteases (Goke et al., 1986, Liddle et al., 1984). In this study, prior
gavage of FOY-305, significantly delayed gastric emptying of methyl cellulose in

C57BL/6 but not PAI-1-HK mice (Figure 4.4).

101



0.6+

ok ko Bl Vethyl cellulose
] Peptone
o ke ok
k=
£
Lh 0.4+
=
£
@
'
o
L
O o2
0.0- -
C57BL/6 PAI-1-HKB
Figure 4.3

Peptone delays gastric emptying (GE) in wild type C57BL/6 but not in PAI-1-
HKP mice

PAI-1-HKp mice that were gavaged with a liquid test meal of methyl cellulose
had a similar rate of gastric emptying to that of C57BL/6 mice. However, with a
peptone test meal, the PAI-1-HKp mice showed an increase in the rate of gastric
emptying. ****P=0.0002 when comparing peptone with methyl cellulose-treated
PAI-1HKP mice, unpaired t-test n=5-17, pooled controls.
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PAI-1-H/Kp

- Saline

FOY-305

Oral preload of FOY-305 (Camostat mesilate) significantly delays GE rate in
wild type C57BL/6 but not in PAI-1-HKp mice

Pre-treatment by gavage 5 min prior to test meals with the CCK-releasing agent,
camostat mesylate (FOY-305, 100 mg/kg) significantly delays gastric emptying
(GE) of methyl cellulose in C57BL/6 but not in PAI-1-HK mice. ****P= 0.0003
when comparing vehicle pre-treatments with FOY-305 in C57BL/6 mice, **P=
0.0078 when comparing FOY-305- treated C57BL/6 and PAI-1-HKp mice, one-
way ANOVA, Bonferroni post-test n= 4-7.
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4.3.4 PAI-1 reverses the action of exogenous CCK on gastric
emptying

Previous experimental findings have indicated attenuation by PAI-1 of
endogenous CCK-mediated effects on gut-brain signalling via the vagus (Kenny
et al., 2013a). It was therefore considered important to determine whether PAI-1-
HKp mice were also resistant to the effects of exogenous CCK on gastric empting,
since these effects are known to be mediated via vagal afferent neurons. The
action of CCK8s (2.5nmol/kg, ip) on gastric emptying was investigated by
administration prior to gavage of methyl cellulose. Ip. CCK8s produced an
approximately 50% inhibition of emptying of methyl cellulose in C57BL/6 mice
while in PAI-1-HKp mice there was no significant difference in emptying after
administration of either vehicle or CCKS8s (Figure 4.5). To extend these findings,
the effect of exogenous PAI-1 (2.5nmol/kg, ip) on the inhibition of gastric
emptying by exogenous CCK was examined. In C57BL/6 mice, exogenous PAI-1
accelerated the emptying of a peptone test meal (Figure 4.6). Furthermore, the
inhibition of gastric emptying by ip CCK8s was partially reversed by prior
administration of PAI-1 (Figure 4.7). The data indicate that PAI-1 inhibits the

effects of endogenous as well as exogenous CCK on gastric emptying.
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Figure 4.5

Exogenous CCK delays gastric emptying (GE) rate in wild type C57BL/6 but
not in PAI-1-HKp mice

Mice received either ip saline or CCK (2.5nmol/kg) prior to gavage with a liquid
test meal of methyl cellulose. CCK-treated C57BL/6 mice exhibited decreased
gastric emptying compared to saline-treated mice. In contrast, PAI-1-H/K mice
showed no significant difference between treatments. *P= 0.0139 when
comparing CCK-treated C57BL/6 to CCK-treated PAI-1-H/Kf mice, unpaired t-
test n=4-5.
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Exogenous PAI-1 attenuates peptone-mediated delayed gastric emptying
(GE) in C57BL/6 mice.

C57BL/6 mice received either saline or PAI-1 ip prior to a liquid test meal of
peptone. PAI-1-treated mice (2.5nmol/kg) showed an increase in the rate of
gastric emptying compared to those treated with saline. ****P= <0.0001 when
comparing saline-treated and PAI-1-treated mice receiving a peptone test meal,
unpaired t-test; n=4-8.

106



4.3.5 Increased endogenous gastric PAI-1 attenuates CCK-mediated
gastric emptying

The expression of PAI-1 has been shown to be highly regulated (Loskutoff et al.,
1993); moreover, elevated plasma gastrin concentrations are associated with an
increase of expression of gastric PAI-1. Therefore, it was considered possible that
prior administration of gastrin to increase gastric PAI-1 levels might influence
CCK-mediated gastric emptying. There was increased plasma PAI-1 in C57BL/6
mice 6 h following ip administration of G17ns (Figure 4.8) compared with saline
(saline: 4.6 = 0.6 ng/ml; G17ns: 9.8 = 1.0 ng/ml; p=0.0016, n=6). There was no
significant difference in plasma PAI-1 after treatment with CCK8s. In C57BL/6
mice, prior treatment with G17ns significantly reversed the effect of subsequent
administration of CCKS8s in delaying gastric emptying of methyl cellulose (Figure
4.9). There was a stark contrast, however, in PAI-17" mice in which CCK
inhibition of gastric emptying was maintained after prior treatment with G17ns

indicating a role for endogenous PAI-1 in mediating the effect of gastrin.
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Exogenous CCK delays gastric emptying (GE) in wild type C57BL/6 mice,
exogenous PAI-1 reverses this effect

Animals were given combination of ip injections of saline, CCK or PAI-1 prior to
a liquid test meal of methyl cellulose. Mice receiving a combination of CCK (ip;
2.5nmol/kg) and PAI-1 (ip 2.5nmol/kg), had a significantly higher gastric
emptying when compared to CCK treatment alone. ***P= 0.0001 when
comparing CCK-treated and CCK plus PAI-1-treated mice, one-way ANOVA

with Bonferroni post-test; n=5.
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Gastrin (G-17ns) increases plasma PAI-1 concentrations in wild type
C57BL/6

Pre-treatment with G17ns (20 nmol/kg, ip, 6 h previously) significantly increased
plasma PAI-1 in C57BL/6 mice (*P= 0.0464 when comparing all groups and
**p=0.0062 when comparing saline-treated controls to G-17 plus CCK-treated
C57BL/6 mice; with one-way ANOVA with Bonferroni post-test; n=5-6).
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Gastrin (G-17ns) increases gastric emptying in wild type C57BL/6 but not in
PAI-1 " mice

Mice of both C57BL/6 and PAI-1"" strains pre-treated with saline showed similar
inhibition of gastric emptying of methyl cellulose in response to CCK However,
after pre-treatment with G-17ns, C57BL/6 mice showed no inhibition of gastric
emptying in response to CCK while there was still a significant decrease in gastric
emptying in PAI-17 mice. ****P=< 0.0001 comparing all treatment groups of
C57BL/6 mice, **p= 0.0074 when comparing all treatment groups of PAI-17"
mice, respectively; one-way analysis of variance; ****P= <0.0001 when
comparing gastrin-treated C57BL/6 to PAI-1"" mice when given CCK, two-way
ANOVA with Bonferroni post-test; n=3-7.
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4.3.6 Expression of neuropeptides in the gastric corpus of C57BL/6
and PAI-1HKp mice

The myenteric plexus is responsible for the motor innervation of the stomach.
The results presented above raise the possibility that in PAI-1IHKB mice
insensitivity to the effects of CCK on gastric emptying might be attributable to
changes in the pattern of innervation of the stomach. To examine this possibility,
a pilot study using immunofluorescence to examine the neuropeptide innervation
of the stomach was conducted in C57BL/6 and PAI-1HKP mice. Similar
observations were made for all three neuropeptides (CGRP, Substance P and Met-
enkephalin) indicating normal innervation in the stomachs of PAI-1HKf mice

(figure 4.10).
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Fig 4.10

Expression of neuropeptides in the smooth muscle/myenteric plexus of C57BL/6
and PAI-1HKp mice

Arrows highlight the expression of neuropeptides within the smooth muscle/
myenteric plexus. CGRP is expressed in C57BL/6 (A) and PAI-1-HKB mice (B).
Similar expression of Substance P in stomachs of both strains (C, D) and expression
of Met-enkephalin in both strains (E,F) was observed (n=1).
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4.4 Discussion

The results presented in this chapter contribute further evidence to indicate that
PAI-1 can influence the actions of CCK. The experiments were based on the
concept that CCK stimulates vagal afferent neurons to delay nutrient delivery to
the small intestine via inhibition of both gastric emptying and food intake. Since
previous studies (Kenny et al., 2013a) had indicated that PAI-1 inhibited the
satiety effect of CCK, the present experiments were designed to investigate the
effect of gastric PAI-1 on CCK-dependent delays in gastric emptying. The data
indicate that both exogenous and endogenous PAI-1 are able to reverse inhibition

of gastric emptying either endogenous or exogenous CCK.

The results in this chapter have been obtained using methods to investigate gastric
emptying adapted from those first reported by Debas et al. (Debas et al., 1975).
Gavaging fully-conscious animals has advantages: it is efficient and quick to
perform. However, the limitation of only using one animal per observation can be
costly in terms of animal numbers. There have been several studies, many of
which conducted in humans, to measure gastric emptying that have been adapted
for the use in animal experiments (Symonds et al., 2000, Schoonjans et al., 2002)
and may be used as alternatives. These methods include firstly, radioscintigraphy,
which is considered to be the gold standard for measuring gastric emptying in
humans (Heading et al., 1976) and secondly, the *3C-octanoic breath test that is
widely applied in clinical settings following the first reported results from Ghoos
et al (Ghoos et al., 1993). The latter method has been described as well-suited for

repetitive measures and for use in children as no radioactive materials are used
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(Schoonjans et al., 2002).  Another non-invasive technique to consider is MRI
(de Zwart and de Roos, 2010) although this could not be conducted in conscious
animals due to the production of artefacts from the moving targets.

Debas et al. first reported that CCK played an important physiological role in the
delay of gastric emptying (Debas et al., 1975). Gastric emptying is dependent on
the resistance to flow at the pylorus and on the pressure gradient within the main
body of the stomach. CCK relaxes the stomach via a vago-vagal reflex that
results in relaxation of the gastric corpus thereby delaying the delivery of nutrients
to the intestine (Zittel et al., 1999b, Schwartz et al., 1993b, Schwartz et al.,
1993a). Thus, animal studies show the effects of CCK on gastric emptying and
feeding are blocked by vagal afferent damage either by capsaicin or surgical
intervention (Moran et al., 1997). Furthermore, in human studies, vagotomy
disrupts the effects of nutrients on gastric emptying, motor functions of the
stomach, and proximal gastric relaxation - all of which are dependent to some
extent on the actions of CCK (Thompson et al., 1982, Lal et al., 2004).
Receptors located in the small intestine are sensitive to dietary protein and which
activates mechanisms that delayed gastric emptying (Green et al., 1988) (Liddle et
al., 1986b, Forster and Dockray, 1992, Debas et al., 1975). Evidence for the
involvement of CCK-1 receptors in energy homeostasis has been reported in
studies using CCK and CCK-1 receptor null mice (Lo et al., 2008, Bi et al., 2004,
Donovan et al., 2007). Additionally, CCK-1 receptors antagonists (Lotti et al.,
1987), including lorglumide, where the normal delay of gastric emptying
following a protein-richest meal is attenuated. Furthermore, it is considered that
CCK release is suppressed by trypsin so that trypsin inhibitors can increase

plasma CCK concentrations (Rausch et al., 1987). Thus, the use of the trypsin
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inhibitor, FOY-305 (camostat mesilate) has provided an additional line of

evidence in comparing gastric emptying in wild type and PAI-1-HKf mice.

Obese individuals, especially in Western cultures are more likely to consume
energy-dense foods with high fat content. Studies into the effects of a high fat
diet have shown acceleration in the rate of gastric emptying (Cunningham et al.,
1991, Castiglione et al., 2002). Furthermore, studies in obese subjects and animal
models have demonstrated decreased sensitivity to CCK-induced gastric emptying
(Little et al., 2007, Covasa and Ritter, 2000). As previously discussed, PAI-1-
HKpB mice display a moderately obese phenotype; with increased hyperphagia,
adiposity and body weight (Kenny et al., 2013a). These results support evidence
that in obesity, the action of CCK on gastric emptying is altered by the presence
of PAI-1. The question remains whether the resistance to CCK on gastric

emptying in PAI-1-HKp mice is a consequence of their obesity.

There has been no previous link between increased gastric PAI-1 and the
disruption of gastric emptying, there is evidence associating high gastrin levels
with an increase of PAI-1 (Norsett et al., 2011). Interestingly, studies into
patients with Zollinger-Ellison syndrome, who suffer from upregulated release of
gastrin (Dockray et al., 1975), have also presented with symptoms of rapid
gastric emptying (Quigley, 1996, Dubois et al., 1977). In the current study, PAI-
1HKP mice have demonstrated insensitivity to CCK-induced delay in gastric
emptying. Such desensitivity to CCK in obesity is still not yet fully understood,

although many potential mechanisms have been implicated, most notably changes
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in sensitivity of vagal afferent neurons. In this case, PAI-1 appears to be acting as

a prokinetic, much in the way ghrelin has been described (Levin et al., 2006).

Overall, the work described in this chapter indicates that PAI-1 suppresses the
effect of CCK on gastric emptying. A variety of gut signals can influence gastric
emptying, including GLP-1 and PYY3.3s which can delay (Dockray, 2009a), and
ghrelin which can accelerate gastric emptying, respectively (Dockray, 2009a,
Bassil et al., 2006, Edholm et al., 2004, Fujino et al., 2003, Kamiji et al., 2009).
Manipulating the expression of PAI-1 in the stomach has been useful in
determining the effects on the actions of CCK, which may lead to future studies
into other hormones released by the stomach and how they interact with PAI-1.
Moreover, the clinical implications for patients suffering from gastric dumping,
obesity and diabetes are important if PAI-1 is indeed considered a prokinetic like
ghrelin (Bassil et al., 2006, Murray et al., 2005). It is known that ghrelin, which
is also released from the stomach (Kojima et al., 1999, Asakawa et al., 2005) can
influence the effects of CCK on both food intake and gastric emptying (Asakawa
et al., 2005). Unlike other peripheral signals in appetite control, ghrelin increases
appetite and body fat accumulation (Abizaid and Horvath, 2012). Recent
evidence has emerged that ghrelin can inhibit CCK-induced effects in vagal
afferent neurons (de Lartigue et al., 2007a), similar to the inhibition in studies into
PAI-1 (Kenny et al., 2013a). The role that PAI-1 plays centrally is an important
next step in this present study; the effects of peripheral and circulating PAI-1 on
hypothalamic orexigenic neurons associated with ghrelin (Lawrence et al., 2002)

would provide valuable insights into PAI-1 and energy balance.
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4.5 Conclusions

. Delayed gastric emptying occurs following protein rich gastric test meals an upon
stimulation with oral pre-loads of FOY-305 in C57BL/6 mice

. CCKS8s ip (2.5nmol/kg) inhibits gastric emptying of a non-nutrient containing test
meal in C57BL/6 mice via the CCKj receptor.
Both endogenous and exogenous PAI-1 attenuated the effect of CCK on gastric

emptying. An increase in PAI-1 occurred following administration of gastrin,
which also attenuated CCK-mediated delayed gastric emptying.

. A pilot study indicated that both C57BL/6 and PAI-1HKf3 mice have similar vagal
afferent innervation to the stomach.
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Chapter 5

PAI-1 stimulates food intake
via a separate mechanism to
ghrelin.
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5.1. Introduction

Exogenous administration of recombinant PAI-1 was shown in Chapters 3 and 4 to
decrease brainstem fos responses to feeding and to CCK, and to supress CCK-
inhibition of food intake and gastric emptying in C57BL/6 mice.; Taken together
with the observation that mice overexpressing PAI-1 in the stomach are
hyperphagic (Kenny et al., 2013a), it would appear that PAI-1 is an orexigen.
Orexigens provide the drive within humans and animals to feed. Several molecules
induce feeding, including orexin and anadamide. However, the major and only gut
hormone known to stimulate hunger is ghrelin. Ghrelin acts by stimulating
neurons associated with appetite located in the ARC. Peripheral ghrelin works via
a mechanism can be observed in the ventromedial ARC neurons (Figure 5.1) using

fos expression as a marker for activation (Kobelt et al., 2008).

The GSH-1 receptors, by which ghrelin acts, are also co-localised with CCK-1
receptors in certain populations of vagal afferent neurons (Burdyga et al., 2006).
The release of ghrelin can influence gene expression mediated by CCK in these
neurons. As noted earlier, PAI-1 may inhibit satiety via a vagally-mediated
pathway, and therefore potentially increases food intake via a similar mechanism
to ghrelin. PAI-1" mice lack PAI-1, and have been shown to be resistant to diet-
induced obesity, and potentially could be resistant to orexigenic signals produced

by ghrelin and other appetite-stimulating peptides.
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Figure 5.1
Hypothalamic Neuroanatomy

Figure displaying some of the hypothalamic nuclei involved in feeding and
appetite regulation. ARC is highlighted both left and right of the 3" ventricle
(3V) and above the median eminence (ME), adapted from Paxinos and Franklin.
Permission was granted for this figure by Elsevier. Copyright Elsevier (Paxinos &
Franklin, 2001).
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5.1.1 Aims

1. To test the hypothesis that PAI-1 stimulates food intake in both
C57BL/6 and PAI-1" mice and to determine whether this is influenced
by nutritional status (fasted or fed ad libitum).

2. To determine whether the effect of ghrelin on food intake is preserved
in PAI-1" mice.

3. To elucidate the neuronal responses to PAI-1 in CNS regions

influenced by orexigenic stimulation.

5.2 Materials and methods

5.2.1 Animals

Wild type (C57BL/6) and PAI-1 null (PAI-17") mice were either fed ad libitum or
fasted for 6 to 24 hours prior to procedures with full access to water. Mice were

not subjected to fasting for more than twice per week.

5.2.2 Arcuate nucleus fos labelling

Mice were anesthetised and perfused transcardially 90 min after ip. administration
of ghrelin, PAI-1 or saline.  Neurons located in the arcuate nucleus with nuclear
black brown staining at the plane of view were counted as positive. Generally, 4-
6 sections per animal were quantified and the mean number of fos-positive

neurons was determined.
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5.2.3 Feeding behaviour

Mice received ip injections of orexigenic agents: ghrelin (3nmol/kg), orexin-A
(10nmol/kg), anandamide (14nmol/kg) and stable recombinant PAI-1

(2.5nmol/kg). Food intake was noted after 30 and 60 minutes.

5.3 Results

5.3.1 PAI-1 stimulates food intake in fasted mice

The present experiments were designed to test the effects of PAI-1 on food intake
of C57BL/6 and PAI-1" mice, in both fed and fasted states. Fasted mice of both
strains exhibited significantly increased food intake 30 minutes after PAI-1
(2.5nmol/kg) compared with saline treatment (Fig 5.1). There was a slight but not
statistically significant increase of food intake in fed ad libitum mice of both

strains when treated with PAI-1.
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Figure 5.2

PAI-1 increased food intake in fasted C57BL/6 and PAI-1 null mice but not
in fed ad libitum mice

Both C57BL/6 and PAI-1 null mice that were fasted for 24 hours exhibited a
significant increase in food intake 30 minutes after PAI-1 (2.5 nmol/kg) compared
to vehicle-treated mice *** P = 0.0001 when comparing fed ad libitum to fasted
saline-treated PAI-17 mice, fasted saline-treated to fasted PAI-1-treated PAI-17"
mice, fed ad libitum to fasted saline-treated C57BL/6 mice, fasted saline-treated
C57BL/6 to fasted PAI-1-treated C57BL/6 mice; two-way ANOVA as genotype
not relevant, with Bonferroni post-test, n=6).

123



5.3.2 Ghrelin and other orexigens stimulate food intake
independently of PAI-1

Because both PAI-1 and ghrelin stimulate food intake it was considered important
to determine whether the action of ghrelin depends upon the presence of
endogenous PAI-1. To test this, fasted and fed ad libitum PAI-17 and C57BL/6
mice were treated with ghrelin and food intake monitored. In fed ad libitum PAI-
17 mice, ghrelin strongly stimulated food intake compared with saline. There
was also stimulation by ghrelin in fed C57BL/6 mice although the response was
smaller than in PAI-17" mice. In fasted mice, food intake was not significantly
different after ghrelin compared with saline and was similar in the two strains,
presumably reflecting a strong orexigenic drive after fasting. Nevertheless, the
data indicate that PAI-1 is not required for the orexigenic action of ghrelin (Figure

5.2).

In other experiments, additional orexigens including orexin-A and anandamide
were tested with the same protocol, and were shown to elicit weak orexigenic
responses, but again these were not dependent on PAI-1 expression since there

was no difference in response in C57BL/6 and PAI-1 null mice (Fig 5.3 and 5.4).
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Figure 5.3

PAI-1 is not required for the orexigenic effect of ghrelin

Both C57BL/6 and PAI-17 mice fed ad libitum exhibited a significant increase in
food intake 30 minutes after ip ghrelin (10pg/mouse); ghrelin did not stimulate
additional food intake compared to saline in mice refed after fasting for 24 h.
(*** P = <0.001 when comparing fed ad libitum to fasted saline-treated PAI-1""
mice; *** P = <0.001 when comparing fed ad libitum saline-treated and ghrelin-
treated PAI-1” mice; ***P = <0.001 when comparing fed ad libitum saline-
treated C57BL/6 to fed ad libitum ghrelin-treated C57BL/6 mice; no significant
difference between strains treated with ghrelin; two-way ANOVA, Bonferroni
post-test; n=4-7).
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Orexin-A does not induce a strong orexigenic effect in fed ad libitum mice,
and does not require PAI-1 to induce an orexigenic effect in fasted mice

Fed ad libitum mice of both strains treated with orexin-A had a small increase in
food intake. Fasted mice had a larger increase in food in both C57BL/6 and PAI-
17" ***p = 0,001 when comparing fed ad libitum C57BL/6 and PAI-1"" mice in
both treatment groups; no significant difference between strains treated with
orexin-A; two-way ANOVA, Bonferroni post-test; n=4-6).
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Figure 5.5

Anandamide induces a mild orexigenic effect in fed ad libitum mice,
independently of PAI-1

Fed ad libitum mice of both strains treated with anandamide had a small increase
in food intake. Fasted mice had a larger increase in food in both C57BL/6 and
PAI-17" . *** P =0.001 when comparing fed ad libitum with fasted vehicle-
treated PAI-17" mice. (**P = 0.0093 when comparing fed ad libitum saline-
treated C57BL/6 to fed ad libitum Anandamide-treated C57BL/6 mice, two-way
ANOVA, Bonferroni post-test; n=4-6).
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5.3.3 PAI-1 and ghrelin stimulate food intake via a separate
pathways

Systemic administration of ghrelin stimulates neurons in the arcuate nucleus of
the hypothalamus (Date et al., 2001, Kobelt et al., 2008), which can be observed
using fos as a marker (Hewson and Dickson, 2000, Lawrence et al., 2002). To
determine whether PAI-1 also activated arcute neurons, ip injections of ghrelin
(3nmol/kg) and PAI-1(2.5nmol/kg) were administered to fasted C57BL/6 and
PAI-1"" mice, and the hypothalamus processed for quantification of fos. Both
C57BL/6 and PAI-17" mice treated with ghrelin exhibited a significant increase in
fos expression in the arcuate nucleus (Figure 5.5 and figure 5.6). However, PAI-1
did not stimulate fos expression, indicating a different central mechanism for its

effect on food intake.
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Figure 5.6

Ghrelin stimuates fos expression the arcuate nucleus of C57BL/6 mice

Example of a full section of the arcuate nucleus (bilateral; A) with widespread fos
expression in the arcuate nucleus following ip ghrelin (B;10ug/mouse) compared
to low fos expression in sections following ip PAI-1 (2.5nmol/kg; C) and ip saline
(D). Representative of 4-6 sections from 4-7 animals.
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PAI-1 does not stimulate orexigenic neurons in the arcuate nucleus

Quantification of fos-positive labelled cells in the arcuate nucleus (bilateral) in
response to PAI-1 and Ghrelin in C57BL/6 and PAI-1" mice, showed no
significant difference between strains. In addition, when compared to vehicle,

PAI-1 had no s

ignificant difference in the level of fos stimulation in both strains

(Two-way ANOVA, n= 4-6).
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5.3.4 PAI-1 stimulates food intake following a short term fast

The orexigenic effect of PAI-1 described above was seen after 24 h fasting and
there was a relatively weak effect on mice fed ad libitum. To determine whether
there might be a physiological role for PAI-1 in regulating food intake after a fast,
C57BL/6 and PAI-1 " male mice were fasted for 6 h prior to a period re-feeding.
In mice fasted for 24 h there was no difference in food intake 30 and 60 after
refeeding in the two strains. After fasting for 6 h, food intake was less in both
strains compared with 24 h fasting. Importantly, however, there were differences
between the two strains. The mean weight of food at 30 minutes in C57BL/6 mice
was 0.20 £ 0.03 g and 0.05 + 0.004 g at 30 and 60 min respectively, compared
with a mean food weight of 0.12 + 0.03 and 0.04g + 0.03 and 30 at 60 minutes,
respectively, in PAI-1" mice (p=0.0105 C57BL/6 compared to PAI-17 ; unpaired
t test, n=6-10; figure 5.7). A short term fast may therefore stimulate a PAI-1-

mediated orexigenic response.
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Food intake data following short term fasting in C57BL/6 and PAI-1 7 male
mice

PAI-1"" and C57BL/6 mice have a similar food intake profile following a 24h fast.
However, following a 6h fast, behavioural differences between strains are
observed. * p= 0.0145 C57BL/6 compared to PAI-1 7~ food intake after 30
minutes and total food intake; unpaired t-test; n=6-10.
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5.4 Discussion

The results in this chapter provide further insight into the mechanisms by which
PAI-1 regulates food intake. It is well known that ghrelin stimulates food intake
even in fed ad libitum mice (Toshinai et al., 2006). However, this is not the case
with PAI-1 which has little effect in mice fed ad libitum but acts to increase, still
further, food intake in mice reintroduced to food after a period of fasting. The
orexigenic effect of ghrelin was similar in wild type and PAI” mice and so not
dependent on PAI-1 expression; moreover while ghrelin increased arcuate fos
labelling, PAI-1 did not. The data suggest that PAI-1 and ghrelin act through
different mechanisms, and that PAI-1 may have a physiological role after a

relatively short fast.

Several feeding behaviour studies have made use of metabolic cages which can
monitor a range of parameters in rodents, including food intake, energy
expenditure and water consumption. In addition to overall food intake, mice also
visit the food hoppers to take small bouts, that are not necessarily due to hunger
signals alone (Atalayer and Rowland, 2011). Such equipment can be useful when
measuring parameters over long periods of time. In this present study, methods
using a computerised metabolic cage system were initially sought, although in
practice, it was found not to accurately reflect food intake in mice. Mice are
known to be ‘grazers’ taking several bouts of food throughout the day (Atalayer
and Rowland, 2011), and consequently, the food pellets crumbled outside of the
hopper, making it impossible to record the correct weight of food consumed. This

behaviour was considered to be linked to boredom or the need to gnaw, so
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wooden blocks were introduced, but had no positive effect on animal behaviour.
Recent evidence suggests that mice may not readily acclimatise to metabolic
cages so that aberrant behaviours are observed (Kalliokoski et al., 2013). The
current method of weighing food hoppers in home cages, at specific time points,
reflects normal mouse behaviour with minimal intervention. The method is well-
recognised and has been used extensively by others (Kenny et al., 2013a, Dakin et
al., 2001). However, a disadvantage of the method is long-term monitoring of
food intake is more difficult. At present, overall 24 hour food intake can be
measured but the amount and duration of ‘meals’ or ‘bouts’ is unknown.
However, all experiments in this study were designed to investigate short-term
effects of systemic administration of orexigenic peptides on feeding, and this
method proved to be adequate. Another disadvantage is not having an automated
system to monitor water intake, as some studies have reported changes in water
intake following weight loss (Thanos et al., 2012). However, the main aim of this
study was to investigate the effects of orexigens on short-term food intake in the

absence of endogenous PAI-1.

Experiments in this chapter were designed to investigate specific questions about
the role of PAI-1 in the stimulation of food intake, and to determine if the
presence of PAI-1 could influence the responses to other orexigens, Previous
studies indicate that PAI-1, both endogenous and exogenous, increases food
intake and attenuates the normal physiological responses to CCK (Kenny et al.,
2013a, Gamble et al., 2013). The results obtained from feeding studies showed a
weak effect on previously fed C57BL/6 mice. However, there was a substantial
orexigenic drive produced in fasted C57BL/6 mice. Interestingly, the same effect

was observed in the PAI-17" mice, indicating that this effect is not dependent on
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the presence of endogenous PAI-1. Mice lacking PAI-1 were generated and
investigated by Carmeliet et al. (Carmeliet et al., 1993b). Since then, other
studies have reported PAI-17"mice are resistant to diet-induced obesity and insulin
resistance (Ma et al., 2004). In direct contrast, other groups have found that PAI-
1 deficiency had no overall effect on diet-induced obesity and overexpression of
PAI-1 attenuated obesity following a high fat diet (Ma et al., 2004). However,
slight variations in the genetic strains used to generate the mice, combined with a
difference in food formulation could account for such discrepancies. The present
studies indicate that PAI-17" mice respond similarly to C57BL/6 mice when

receiving ip PAI-1.

Ghrelin was first discovered as a stomach-derived hormone by Kojima et al.
(Kojima et al., 1999). It is well established that gastric expression and circulating
levels of ghrelin are increased by fasting (Asakawa et al., 2001). Ghrelin can
encourage adiposity, increase gastric emptying and gastric acid secretions (Cota,
2007, Tschop et al., 2000). Experiments in fed rodents that received peripheral
administration of ghrelin increased their feeding to a level similarly observed
following a 24h fast (Tschop et al., 2000). Consistent with this, a significant
increase of food intake in fed ad libitum C57BL/6 mice following ip ghrelin, was
observed in current studies. Furthermore, fed ad libitum PAI-1"" mice had a
substantial increase in food intake following ip ghrelin. These results indicate that
the orexigenic drive induced by ghrelin is not dependent upon the presence of

PAI-1.
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Other orexigenic peptides have since been discovered. Firstly, orexin-A along
with orexin-B was described by Sakurai et al. (Sakurai et al., 1998). These novel
neuropeptides were capable of stimulating food intake when centrally
administered to rodents. More recently, orexin can positively modulate
spontaneous physical activity in rodents (Perez-Leighton et al., 2012). Perez-
Leighton et al. found that orexin-treated rats developed a resistance to diet-
induced obesity also had an increase in physical activity. Interestingly, they
claimed that central administration of orexin-A increased physical activity and
helped to combat obesity. However, high variability can occur in animal models
of diet-induced obesity. Secondly, anandamide (AEA), was first identified by
Devane et al. as an endogenous ligand for the cannabinoid receptor (Devane et al.,
1992). Recent evidence suggests that endocannabinoids like anandamide
stimulate orexigenic pathways (Cota, 2007, Di Marzo and Matias, 2005).
Elevated levels of anandamide have been observed in obese patients, although a
direct link between high circulating levels and obesity is yet to be discovered
(Gatta-Cherifi et al., 2012). The group suggests that anandamide is similar to
ghrelin that acts as a meal initiator (Gatta-Cherifi et al., 2012) and that
deregulation of both orexigenic and anorectic pathways can lead to depressed
satiety and obesity (le Roux et al., 2006). Both orexigens were found to stimulate
food intake, to a lesser degree than with ghrelin, in both fasted C57BL/6 and PAI-
17 mice, but had a much weaker effect compared to ghrelin in fed ad libitum mice
of both strains. This is consistent with the idea that PAI-1 is not required for the

stimulation of orexigenic pathways.

Ghrelin induced the biggest increase in food intake in these experiments; working

via a specific pathway that can easily be observed and investigated in mice (Scott

136



et al., 2007). It stimulates food intake and increases fat mass by acting on the
neuropeptide Y/agouti-related peptide population of neurons within the arcuate
nucleus of the hypothalamus (Cone et al., 2001). Activation of such neurons
enabled the observation of the effect of ghrelin in the arcuate nucleus in our test
animals. Interestingly, when PAI-1 was administered using the same protocol, it
did not produce widespread fos expression in the arcuate, and expression levels
were comparable to that of saline-treated mice. The results confirm reports in
published literature that ghrelin produces widespread activation of such neurons in
C57BL6 mice. Moreover, having a similar response in both strains demonstrates
that ghrelin-induced stimulation of food intake is not mediated via a PAI-1-
dependent signalling pathway. This is compatible with the idea that the
hyperphagia reported in PAI-1HK[ mice is not due to the stimulation of appetite,
but by potentially inhibiting satiety signals. However, the control of food intake
appears to be influenced by the presence of PAI-1. PAI-1 may not be required to
maintain food intake via an orexgenic pathway, but potentially works via another
mechanism of control. Interestingly, when a short term fast is introduced, we
begin to observe behavioural differences between the wild type and PAI 17 mice.
This indicates that PAI-1 may play a role in the control of food intake following
short term food withdrawal. Moreover, the previous results suggest that this is not

due to differences in sensitivity to orexigens.

The clinical implications from these results reinforce previous data that PAI-1 is
associated with obesity, but that the inhibition of PAI-1 may not necessarily
attenuate hyperphagia via pathways involved in hunger. It is important to

establish if PAI-1-HK mice can restore all aspects of food intake control such as
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gastric emptying and fos expression in the NTS following diet-induced weight
loss. If PAI-1 is behaving as an anti-satiety factor, it is plausible that it could
attenuate the effects of additional satiety hormones acting via vagal pathways.
Experiments were designed to address these hypotheses and are discussed in the

next chapter.

5.5 Conclusions

Exogenous PAI-1 stimulates food intake in fasted C57BL/6 and PAI-17 but not in
fed ad libitum mice.

Ghrelin stimulated food intake in fed ad libitum C57BL/6 and PAI-1"" mice.
Unlike ghrelin, ip PAI-1 did not stimulate fos expression in neurons in the arcuate
nucleus.

Short term fasting highlighted feeding behavioural differences between C57BL/6
and PAI-1"" mice, indicating a role for PAI-1 in stimulating food intake after a
short fast.

This study suggests that PAI-1 and ghrelin stimulate food intake via separate

pathways.
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Chapter 6

Effect of satiety factors Iin
PAI-1HKp and PAI-1 "™
"*and PAI-1" 9" mice.
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6.1 Introduction

PAI-1 is positively correlated with an increase in body fat and leptin. BMI has
been implicated as a major determinant of plasma PAI-1 levels (Mavri et al.,
1999). Dieting and weight loss have been shown to reduce PAI-1 levels, and
improve insulin and glucose levels (Mavri et al., 1999). By reducing the body
weight of PAI-1HKJ via a restricted diet, it is possible to observe the return of
physiological responses to CCK that have previously been attenuated (chapter 3

and 4).

Gut hormones play a major role in the homeostatic control food intake and
energy expenditure. CCK is the key satiety hormone that acts via the vagus to
regulate food intake. Several other satiety peptides act via their cognate
receptors expressed by vagal afferent neurons. Animal studies have shown that
diet-induced obesity can attenuate these signals in vagal afferent neurons, as
well as altering nutrient detection and gut peptide secretion (Ukkola et al.,
2011, Kentish et al., 2013, Daly et al., 2011, de Lartigue et al., 2011a).
Exposing PAI-IHKB mice to other anorectic peptides could provide

mechanistic insights into the action of PAI-1 in feeding and obesity.

As previously demonstrated, the PAI-1 has a moderately obese phenotype as a
result of targeted overexpression of PAI-1 in gastric parietal cells (Kenny et al.,
2013a). However, these mice express wild type PAI-1 in both stromal and

epithelial cells of the stomach. The transgene in the PAI-1HKB mice is only
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expressed in the parietal cells of the stomach. The generation of a mouse line
with expression of the transgene only would allow investigations in to the role

of gastric PAI-1 expression in satiety.

6.1.1 Aims

To determine whether CCK resistance in PAI-1-HK mice is a consequence or
cause of obesity by studies of NTS fos labelling and gastric emptying after
calorie-restriction.

To compare the effects on food intake in PAI-1-HKf mice of a variety of satiety
factors.

To investigate whether the obese phenotype in PAI-1HKB mice is solely
attributable to the transgene by studies in transgenic mice null for wild type PAI-1

expression.
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6.2 Materials and Methods

6.2.1 Body weight and calorie restriction

The body weight of PAI-1-HKp and C57BL/6 mice were recorded daily for five
days. Food consumption for PAI-1-HKp mice was restricted to 3.5g per day for

four weeks.

Brainstem fos expression and gastric emptying following CCK8s ip, (2.5nmol/kg)

were determined as described in Chapter 2.

6.2.2 Food intake studies

Food intake was measured directly in all experiments. In some experiments, food
intake was measured at 30 and 60 minutes following ip CCK8s (2.5nmol/kg),
exendin-4 (0.75nmol/kg), oxyntomodulin (3nmol/kg) or OEA (5mg/kg) in both
PAI-1-HKB and C57BL/6 mice. In other experiments, transgenic mice of both
genders and null for wild type PAI-1 (described in chapter 2) were monitored

using the same protocol.
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6.3 Results

6.3.1 Insensitivity to CCK is reversed in PAI-1HKp mice following
weight reduction by caloric restriction

PAI-1-HK mice display a modest obese phenotype (Kenny et al., 2013a) and this
phenotype was confirmed in the mice used for this study (Figure 6.1). PAI-1-
H/KB mice also consumed on average 14% more than C57BL6 mice when

monitored over 24 hours (Figure 6.1).

When PAI-1-HK mice were entered into a restricted diet plan that matched their
daily food intake to that of C57BL/6 mice (3 and 3.5g) there was a mean weight
loss of 12% (Figure 6.1). Pair-fed PAI-1- H/KP mice then received CCK8s and
fos expression was determined. There was no significant difference between the
number of fos-positive neurons within the NTS of saline-treated and CCK-treated
PAI-1-HK mice; moreover, fos-labelled cells were significantly fewer in pair-fed

mice than in C57BL/6 mice (Figure 6.2).

143



-
o
@]

%

on
=

-HKE

3% ks & % n
= : ¥ C: #C5TELSE
T L . . L &0 45 . . s
‘-’30 L Al-1
£ - W = :

e : A p q
2% ¢ ¢ Euw £
3 P
- * *— 8 E_
S 9 < 35 z
(=0 ] g 3
™~ 6 24
3.0
0 T — . : :
Day Day C57BL/6 PAI-1-HKB Sat W W W
1 5
Figure 6.1

PAI-1-H/Kp male mice have increased body weight and are hyperphagic but
lose body weight when pair fed with C57BL/6 mice

PAI-1-H/KB mice weighed more than C57BL/6 (A; ***P < 0.0001 C57BL/6
compared to PAI-1-H/Kp, unpaired t test. SYMBOLS: Open circles, C57BL/6;
filled circles, PAI-1-H/Kp). PAI-1-HKf mice consumed more food than C57BL/6
over a 24 hour period (B;**P= 0.0057 for C57BL/6 food intake compared to PAI-
1-H/KpB food intake, unpaired t-test). PAI-1-H/KB mice pair-fed with C57BL/6
mice lost weight over a 4 week period (C); one-way ANOVA with Bonferroni
post tests showed a significant difference in body weight between strains (* =
p<0.05 comparing mean C57BL/6 body weight to PAI-1-H/Kp mice, week 1
(start) - week 3; ** = p<0.01 comparing C57BL/6 mean body weights to PAI-1-
H/Kp mice, week 4; n=6-9)
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Figure 6.2 Diet-induced weight loss in PAI-1IHKB mice does not restore
brainstem responses to CCK

PAI-1H/K mice that were pair fed with C57BL/6 mice did not exhibit increased
fos-positive neurons in the NTS following ip CCK8s (2.5nmol/kg). ***p =
0.0001 one-way ANOVA comparing both groups of PAI-1HKB with C57BL/6
mice all treated with CCK. Bonferroni post-test showed no significance between
the pair-fed and fed ad libitum PAI-1HKp mice; n=5-12,

145



Gastric emptying assays were then performed to identify functional changes in
response to CCK in pair-fed PAI-1H/KB mice (Figure 6.3). As previously
reported (Chapter 4), PAI-1HKB mice are resistant to inhibition of gastric
emptying in response to CCK. In comparison, the pair-fed group showed a
significant decrease in the rate of gastric emptying to CCK, similar to C57BL/6
mice. Thus, CCK8s-treated C57BL/6 and fed ad libitum PAI-1HKf exhibited
mean emptying rates of 0.17 £ 0.02 and 0.41 + 0.01 mL, respectively, compared
to 0.24 £ 0.04 mL in pair-fed PAI-1HK mice; Bonferroni post test showed no

significant difference between pair-fed PAI-1-HKp and C57BL/6 mice n=4-6.
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CCK (2.5nmol/kg) delays gastric emptying in calorie-restricted PAI-1-H/Kp
mice.

PAI-1-HKp mice that were pair fed with C57BL/6 mice regain gastric responses
to CCK (***p= 0.0002 one-way ANOVA. Bonferroni post test showed no
significant difference between pair-fed PAI-1-H/Kf and C57BL/6 mice, n=4-6).
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6.3.2 PAI-1-H/Kp mice are resistant to several satiety hormones

In order to determine whether the resistance of PAI-1-H/Kf mice to CCK applied
to other satiety hormones, the effects of several other gut-derived satiety factors
were examined. Comparisons of food intake in PAI-1-H/Kf and C57BL/6 mice
that had been fasted for 24 h were monitored at 30 minutes as intake at 60 minutes
proved uninformative. Vehicle-treated C57BL/6 mice consumed 0.38 £ 0.01 g
compared with 0.49 £ 0.04 g over 30 minutes in PAI-1-H/Kp mice. CCK inhibited
consumption in C57BL/6 mice by over 65% (0.13 £ 0.02 g) compared with
approximately 12% inhibition in PAI-1-H/KB mice (0.43 £ 0.07 g) (**** p=
<0.0001 comparing C57BL/6 and PAI-1-H/KB CCK-treated mice; ANOVA,

Bonferroni post-test, n=6-12).

The GLP-1 agonist, exendin-4, inhibited food intake in C57BL/6 mice by 60% at
30 minutes (0.15g + 0.03), compared with approximately 25% inhibition (0.37g +
0.04) at 30 minutes in the PAI-1-H/Kf mice (** p =<0.001 comparing C57BL/6
to PAI-1-H/KB exendin-4-treated mice, ANOVA, Bonferroni post-test n=6)

(Figure 6.4).

Administration of proglucagon gene product, oxyntomodulin demonstrated a
significant difference between the two strains, with an inhibition in C57BL/6 mice
of 48% at 30 minutes (0.20g = 0.04) for C57BL/6 mice, compared with no
inhibition (0.54g + 0.08) at 30 minutes in the PAI-1-H/KB mice (Figure 6.4)(
**p= <0.001 C57BL/6 compared to PAI-1-H/KB oxyntomodulin-treated mice;

ANOVA with Bonferroni post-test, n=7.

Oleoylethanolamide (OEA) also highlighted significant behavioural differences
between the two strains. Vehicle-treated C57BL/6 mice consumed in 30 minutes,
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0.42 + 0.06 g compared with 0.63 + 0.05 g in PAI-1-H/KB mice. OEA inhibited
consumption in C57BL/6 mice by over 45% (0.23 £ 0.03 g) compared with no
inhibition in PAI-1-H/Kp mice (0.75 = 0.08 g) at 30 minutes (Figure 6.5)( **** p=
<0.0001 comparing C57BL/6 and PAI-1-H/KB CCK-treated mice; ANOVA,

Bonferroni post-test, n=6.

149



0.81
I cs78L/6

ses [ rali-1-Hkp

S
i

Food intake (g)
f=]
=

o
Ao

0.0

30 min 60 min 30 min 60 min 30 min 60 min 30 min 60 min

Saline CCK Exendin-4 Oxyntomodulin

Figure 6.4

PAI-1HKpP mice are resistant to the satiety effects of three anorexigenic
peptides

Food intake in PAI-1HKP mice following ip injections of CCK, exending-4 and
oxyntomodulin was greater than in wild type mice. Two-way ANOVA was used
to highlight differences between strain and treatments and showed significant
differences in food intake between strains treated with anorectic peptides; one-
way ANOVA with Bonferroni post tests showed significant increases in food
intake when comparing PAI-1-HKB to C57BL/6 mice (*¥*** p=<0.0001
comparing C57BL/6 and PAI-1-HKp CCK-treated mice;. ** p=0.001 comparing
C57BL/6 to PAI-1HKpB exendin-4-treated mice; *** p= 0.0041 C57BL/6
compared to PAI-1HKp oxyntomodulin-treated mice; n=6-12).
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Oleoylethanolamide (OEA) reduces food intake in C57BL/6 mice but not in
PAI-1IHKp

Insensitivity to OEA was observed in the PAI-1HKP mice. Two-way ANOVA
showed a significant difference between strains (****p= <0.0001; Bonferroni
post-test highlighted the biggest difference was when comparing C57BL/6 to PAI-
1HK mice treated with OEA at 30 minute time point; n=6).
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6.3.3 PAI-1 79" and PAI-1 " *" male and female mice respond to
CCK

Body weights of PAI-17" and PAI-17 9 ** and PAI-17 9 *" were not significantly
different to those of C57BL/6 mice (Figure 6.6). Food intake over 30 min
following ip. CCK8s (Figure 6.7) in C57BL/6 and PAI-1"" male mice was similar
(0.13 + 0.02 compared with 0.07 + 0.02, respectively; n=4-6). Moreover, food
intake (Figure 6.8) was inhibited by CCK8s in both homozygous and

heterozygous transgenic mice that were also null for wild type PAI-1.
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Figure 6.6 Comparative body weights of all transgenic mice

The weights of male mice (PAI-1HKB, PAI-1 ", PAI-1 ""9** and PAI-1 7" '9*") of
10-12 weeks of age were monitored and compared to C57BL/6 male mice. PAI-
1HKB mice are obese compared to C57BL/6 mice ***p= <0.0001 one way
ANOVA; Bonferroni showed no significant weight differences between the other
PAI-1 transgenics when compared to C57BL/6 mice, n=3-5.
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Food intake data following CCK compared to saline administration after a
24 hour fast in C57BL/6 and PAI-1 " male mice

PAI-1"" mice respond to CCK following a 24 hour fast, consuming less food than
C57BL/6 mice at 30 minutes. However, this was not significant. n=4-6

154



B saline
B cck

-
o

o
W

Food intake (g)

0.0

60 min 30 min &0 min 30 min 60 min

30 min 60 min 30 min
A PAI-L e+ O pal-l et Dpp)-l e JPAI-1 -/-te -

Figure 6.8
PAI-1HKJ transgenic mice that are null for wild type PAI-1 respond to CCK

Mice injected with CCK consumed less food than mice treated with saline
following a 24 hour fast. One-way ANOVA with Bonferroni post-tests showed
**x*%n<().0001 saline-treated compared to CCK-treated PAI-1 7~ ** male mice,
unpaired t test, n=11. ****p<0.0001 saline-treated compared to CCK-treated
PAI-1 79 ** female mice, unpaired t test, n=12. ** p= 0.0012 saline-treated
compared to CCK-treated PAI-1 7' * male mice, unpaired t-test, n=3. *p=
0.0117 saline-treated compared to CCK-treated PAI-1 7 9 ** female mice,
unpaired t-test corrected for number of comparisons, n=>5.
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6.4 Discussion

The experiments discussed in this chapter were designed to determine the
physiological basis of the hyperphagic and obese phenotype in PAI-1HK[ mice.
Insensitivity to CCK is one of the features of obesity (Lawton et al., 1993, de
Lartigue et al., 2012), therefore it becomes relevant to ask whether the phenotype
of PAI-1-HKf mice is a cause of CCK resistance or a consequence of it. By
maintaining PAI-1HKP mice on a calorie-restricted diet (matched food intake to
C57BL/6 mice) it was possible to examine this question. In previous food intake
studies in pair-fed PAI-1HK mice, a partial restoration in CCK sensitivity was
reported (Kenny et al., 2013a). In this current study, PAI-1HKP mice did lost
body weight and after 4 weeks were only marginally heavier than wild type mice.
However, brainstem fos responses to CCK were still significantly depressed in
calorie-restricted PAI-1HK mice. In contrast, gastric emptying assays revealed
restoration of sensitivity to CCK in pair-fed PAI-1HKf mice. From these data,
we can conclude that CCK resistance observed in the PAI-1IHKP mice can be

partly attributed to their obesity.

The next experiments were designed to investigate the response of PAI-1HKp
mice to other satiety hormones (exendin-4, oxyntomodulin and OEA) known to
exhibit CCK-like actions. The response of C57BL/6 mice was as expected, with
an inhibition of food intake following ip injections of the three hormones.
However, consistent with the CCK data, PAI-1HK mice were insensitive to these
hormones. The final set of experiments examined whether the phenotype of the
PAI-1HKP mice was solely attributable to the expression of the transgene or

whether both transgene and wild type gene were required. The results clearly
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indicate that both transgene and wild type gene are required for inhibition of food

intake by CCK.

Analogues of anandamide were first investigated by Koga et al. (Koga et al.,
1997). One particular molecule which is chemically related to anandamide,
oleoylethanolamide (OEA), was found to bind to peroxisome proliferator-
activated receptor alpha (PPARa) leading to a reduction in food intake and
increased lipolysis (Tourino et al., 2010). OEA was best described by Fonseca et
al. in terms of appetite regulation (de Fonseca et al., 2001). They observed that
fasting reduced synthesis of OEA in the small intestine. Peripheral administration
of OEA caused a significant decrease in food intake, which was not observed
following central administration (de Fonseca et al., 2001). Oleoylethanolamide
has also been reported to bind to both GPR119 and
TRPV1 receptors (Overton et al., 2006, Wang et al., 2005). Both of these
receptors are expressed in vagal afferents, and therefore potential targets for the

reduction of food intake.

Oxyntomodulin (OXM) was first described by Bataille et al. (Bataille et al., 1981)
following the isolation of the peptide from pig intestines. Although evidence
suggesting the existence of OXM appeared as early as 1968, when it was
discovered that there were two gut peptides that showed glucagon-like
immunoreactivity (Unger et al., 1968). OXM, a product of the proglucagon gene,
inhibits gastric acid secretion, pancreatic enzyme secretion and food intake (Dakin
et al., 2001). It is a dual agonist at both the GLP-1 and glucagon receptors (Dakin
et al.,, 2001), making it an attractive potential therapy for type 2 diabetes and
obesity (Pocai, 2012). Agonists of the GLP-1 receptor have become the subject of
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huge therapeutic interest, for the most part for their role in diabetes (Meier, 2012,
Wilding, 2007). However, evidence has also been reported on how they are able
to lower post-prandial blood glucose through inhibition of gastric emptying
(Wilding, 2007). The experiments from this study have demonstrated that PAI-1-

HKp mice are also resistant to the satiety effects of OXM.

Exendin-4 was first described by Eng et al. following work conducted on the
beaded lizard’s venom (Raufman et al., 1991, Eng et al., 1992). Exendin-4 was
first isolated from the venomous saliva of the Gila monster (Raufman et al., 1982)
and differs from exenedin-3 by two amino acid substitutions (Eng et al., 1992).
This allows exendin-4 to interact exclusively with the GLP-1 receptor to increase
CAMP (Eng et al., 1992). In addition to exendin-4’s anti-diabetic properties,
reduction of food intake has also been reported (de Fonseca et al., 2000).
Exendin-4 is known to delay gastric emptying and decrease appetite (Wettergren
et al., 1993, de Fonseca et al., 2000). De Fonseca et al. reported weight loss in
Zucker obese rats following treatment with exendin-4. Moreover, peripheral
administration produced better results than centrally administered exendin-4 (de
Fonseca et al., 2000). Exendin-4 also has a longer duration of action than
endogenous GLP-1 (Wilding, 2007), allowing it to inhibit food intake for up to 4
hours (de Fonseca et al., 2000). In the present study, the results were consistent
with reports that suggest that exendin-4 has a more pronounced effect (Dakin et
al., 2001) on the inhibition of food intake in C57BL/6 mice than OXM and OEA.
However, compatible with the findings throughout this thesis, PAI-1-HKf} mice

were resistant to exendin-4, even at a low dose of 0.175nmol/kg.

Overall, the resistance to a variety of satiety hormones in PAI-1-HK( mice

provides evidence that elevated gastric PAI-1 disrupts satiety signalling. GLP-1
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agonists are already well established as a therapy for type Il diabetes. The
additional benefit of losing weight provides hopes for future anti-obesity drugs.
However, it is important to note that not all patients who are obese have type Il
diabetes, although could potentially be at risk of developing this in the future.
PAI-1-HKB mice, however do not exhibit a diabetic phenotype (Kenny et al.,
2013a). Whether the obese model we present closely resembles the moderate

obese population is yet to be confirmed.

As discussed throughout this thesis, the moderate obesity phenotype is an
unexpected outcome in the PAI-1-HKf model. Interestingly, the insensitivity of
PAI-1-HKpB mice to CCK requires both the wild type and transgene of PAI-1.
Following experiments in mice possessing only the transgene, their feeding
behaviour following CCK was comparable to the response observed in PAI-17"
mice. In chapter 5, the PAI-17" mice were investigated with particular emphasis
on the orexigenic pathways. In this chapter, their food intake behaviour was
monitored in response to CCK. The results obtained from this study demonstrate

that PAI-17" mice are sensitive to CCK.

Gastric PAI-1 may indeed play a vital part in the development of obesity, but
appears to depend upon the additional presence of wild type PAI-1 released from
either parietal cells or other sources, possibly from adipose tissue. The
insensitivity to satiety factors in this model suggests that PAI-1 may play a pivotal
role in the development of obesity. Particularly when these mice are diet-
controlled to lose weight, they are able to regain some homeostatic aspects of

energy balance.
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6.5 Conclusions

1. Restriction of food promoted weight loss in the PAI-1-HKp mice which
resulted in the return of normal physiological responses in CCK-
induced gastric emptying.

2. CCK-induced fos expression in the NTS was not restored in the PAI-1-
HK mice following weight loss.

3. PAI-1-HKp mice are not only insensitive to the satiety effects of CCK,
but other hormones including exendin-4, oxyntomodulin and OEA.

4. The presence of the wild type PAI-1 gene appears to be required for the

resistance to CCK exhibited by PAI-1-HK[3 mice.
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Chapter 7

Discussion

161



7.1 Major findings

The major finding of this thesis is that PAI-1 suppresses the effects of the satiety
hormone, CCK. Transgenic mice over-expressing PAI-1 in gastric parietal cells
exhibited a decrease in brainstem neuronal fos-labelling following administration
of exogenous CCK-8s. Furthermore, a decrease in brainstem responses was also
observed in previously fasted PAI-1HKpB mice that were re-fed to induce the
release of post-prandial CCK. In addition to the inhibitory effect of endogenous
PAI-1 on CCK, brainstem responses were also decreased in C57BL/6 mice treated
with exogenous PAI-1 following feeding. Experiments using mice without the
receptor which binds PAI-1 (UPAR), showed that this receptor was required for

the inhibition by PAI-1 of brain stem responses to CCK.

In addition to inhibition of food intake, CCK also delays gastric emptying via
vagal afferent neurons. The present experiments showed that both exogenous and
endogenous PAI-1 attenuated CCK’s ability to delay gastric emptying in mice.
Furthermore, administration of gastrin increased plasma PAI-1 concentration in

C57BL/6 mice, which also attenuated the effects of CCK.

In feeding studies, PAI-1 administration increased food intake dramatically in
fasted C57BL/6 and PAI-17 mice. The effect was substantially attenuated in
mice fed ad libitum. PAI-17" mice exhibited a normal physiological response to
ghrelin in both feeding and hypothalamic fos expression studies indicating that
PAI-1 is not required for the orexigenic response to ghrelin. Short-term food
withdrawal highlighted behavioural differences between C57BL/6 and PAI-17"

mice, suggesting PAI-1 may have a role in the maintenance of food intake.
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Finally, there is the question of whether PAI-1 was a cause of the obese phenotype
or a consequence of it in PAI-1-HKB mice. When the latter were entered onto a
calorie-restricted feeding study, there was weight loss and increased effects of
CCK in delaying gastric emptying. In further experiments to characterise the
phenotype of the PAI-1HKp mice, feeding studies showed that the mice have a
blunted response to other gut-derived satiety factors that act on vagal afferents.
Overall, this thesis describes how PAI-1 expression can act to attenuate the

physiological mechanism of satiety via the vagus.

A limitation from these present studies using PAI-1-HKp mice is that targeted
overexpression to parietal cells may not completely mimic physiological levels of
PAI-1. By utilising an inducible model, this limitation may be overcome. The
tetracycline-dependent regulatory system allows precise control of gene
expression (Urlinger et al., 2000). With this approach, the transgene allows the
expression of the tetracycline-controlled transactivator (tTA) and one other gene
of interest, and is controlled by a synthetic tTA-dependent promoter. This allows
the activation of the tTA promotor and transcription of the gene of interest in the
absence of tetracycline and its analogues. When tetracycline is introduced, this
causes a conformational change of tTA, inhibiting its interaction with DNA, and
subsequent gene expression. Genes can be then induced specifically. For
example, Blondeau et al. employed an approach by where activation of the
reporter gene occurred specifically in Pdx1- or Insulinl- expressing cells in the
pancreas (Blondeau et al., 2002). This approach could potentially be adapted to
study the PAI-1HKp mice. Thus, with inducible expression of PAI-1 in gastric
parietal cells that accurately mimic physiological process, further studies into

disease states are possible.
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Nutrient content, inflammation and the microflora of the gut can all influence the
development of obesity. Vagal afferent neurons are known to alter their
neurochemical phenotype in response to nutrient status (Dockray, 2013). Fasting
rats for over 6 hours decreases the expression of cocaine-amphetamine-regulated
transcript (CART) and Y2 receptors in vagal afferent neurons. In contrast, CB1
receptor expression is increased and this phenotype can be reversed by CCK
(Dockray, 2013). Recent animal studies have shown that high-fat diets that
promote obesity are capable of ‘locking’” the neurochemical make-up of the
neurons into a ‘fasted’ state. This results in insensitivity to satiety hormones such
as CCK and leptin and also gastric distension. The cell bodies contained within
the nodose ganglion have increased CB1 and MCHL1 receptor expression and
decreased Y2 and leptin receptors (Daly et al., 2011, de Lartigue et al., 2011a, de
Lartigue et al., 2012, Kentish et al., 2013). Furthermore, leptin resistance appears
to occur in vagal afferent neurons, before it occurs in the hypothalamus. Changes
in microbiota that causes intestinal inflammation are considered to be capable of
desensitising vagal afferents to leptin (de Lartigue et al., 2011b, Raybould, 2012).
With this in mind, future work would benefit from studies of the nodose ganglia
of the PAI-1HKp mice. This would establish whether the hyperphagic behaviour
observed in PAI-1THKB mice could be attributed to a ‘locked’ fasting-type of
neurochemical phenotype. This would reinforce previous data showing that PAI-

1 plays a major role in the development of obesity.

PAI-1 can influence the physiological responses involved in the regulation of
energy homeostasis. Plasma PAI-1 and gastric PAI-1 are known to be increased
in obesity (Landin et al., 1990, Shimomura et al., 1996) and Helicobacter

infection (Kenny et al.,, 2008, Keates et al., 2008), respectively. Furthermore,
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there is evidence that obesity can attenuate the ability of CCK to inhibit gastric
emptying (Little et al., 2007, Covasa, 2010). This is consistent with the findings
discussed in this thesis of the PAI-1HK model. The implications point towards
PAI-1 acting as a gastric factor that is capable of suppressing not only the satiety
effects of CCK, but also other satiety peptides that can act via vagal afferents.
The mechanism by which PAI-1 acts is considered to be via a paracrine action on
nearby vagal afferents. It is well established that food inhibition by CCK via
vagal afferent neurons is potentiated by leptin (de Lartigue et al., 2010,
Barrachina et al., 1997a). The results from this investigation suggest that PAI-1
and leptin are both adipokines expressed in the stomach and adipose tissue, but act
via opposite mechanisms; where PAI-1 suppresses vagal responses to CCK, and
indeed other satiety peptides. The orexigen, ghrelin similarly promotes feeding,
adiposity and inhibits the effects of CCK on vagal afferent neurons (Cummings
and Overduin, 2007, Date et al., 2002a, Burdyga et al., 2006). However the
present data suggests that PAI-1 does not act via a similar pathway to ghrelin
since PAI-1 (unlike ghrelin) did not increase fos in ARC neurons). Instead, it
seems possible that PAI-1 is exerting its effects via vagal afferent neurons, but not

through stimulation of NPY/AgRP neurons located in the arcuate.

PAI-1 appears to be a gastric factor expressed in addition to ghrelin, whose
function is to maintain food intake in circumstances of infection and
inflammation. Helicobacter infection in humans has been linked to depressed
ghrelin levels (Nweneka and Prentice, 2011), and in mice, it has the ability to
disrupt feeding patterns (Bercik et al., 2009). Furthermore, it has been shown that
during cases of increased inflammation in the stomach, proinflammatory

cytokines can enhance satiety factors such as CCK (McDermott et al., 2006), and
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the present data suggest PAI-1 acts as a defence mechanism to protect nutrient

delivery in such pathological circumstances.

Multiple mechanisms have been implicated in the development of obesity in
animals including changes is the sensitivity and the neurochemical phenotype of
vagal afferent neurons, inflammation and infection. It is known that PAI-1 is
increased in obesity and these present studies are compatible with the idea that
PAI-1 causes insensitivity to CCK. However, a component of these present
investigations have relied upon exogenous PAI-1 which is a long lasting human
recombinant form of the molecule and future work including dose-response

studies would be beneficial.

The present data indicate that PAI-1 is a previously unsuspected anti-satiety
gastric factor that modulates vagal afferent signalling to maintain nutrient delivery
to the gut by opposing interactions between CCK and other satiety factors at the
level of the vagus. This work will provide potential new prospects for the

prevention and treatment of obesity.
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