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Abstract

The prevalence of chronic liver disease is rising worldwide with a clear unmet need
for therapy: The only current treatment is liver transplant or elimnation of the
underlying cause. The hepatic stellate cell (HSC) has been identified as the
fibrogenic cell type responsible for scarring. Following liver injury HSCs are
activated, transforming into a proliferating, perpetuating population of
myofibroblast-like cells, that secrete extracellular matrix. Evidence that serotonin (5-
HT) influences HSC biology has been reported, with activation up-regulating the
expression of 5-HT,a, 5-HT,g and 5-HT1g receptors and therefore have potential as
targets for therapy. In this thesis an ‘in-depth’ quantitative pharmacological
characterisation of the 5-HT receptors present on mouse and human HSCs was
undertaken to fully evaluate and extend the evidence for a role of 5-HT in driving the
fibrogenic process.

The 5-HT,a receptor was demonstrated pharmacologically to be responsible for both
5-HT-stimulated intracellular calcium signalling in mouse and human HSCs and for
extracellular regulated kinase (ERK) phosphorylation signal in mouse HSCs. A
second 5-HT receptor responsible for ERK phosphorylation was found to be present
on mouse HSCs, with pharmacological properties suggesting the 5-HT1g receptor as
the most likely candidate.

The role of 5-HT in fibrotic phenotypic endpoints of proliferation and collagen
production was also investigated with no evidence of a role for 5-HT identified.
Although 5-HT was reported to enhance platelet derived growth factor (PDGF)-
induced proliferation, 5-HT was found only to enhance the PDGF-induced ERK
phosphorylation in mouse HSCs. These data, therefore, did not support a role for 5-
HT in driving HSCs fibrogenesis.

In a mouse CCly, liver injury model the consistent delivery of low pharmacologically
selective doses of a selective 5-HT,a and 5-HT,g antagonist, volinanserin and
GSK1606260A respectively, were evaluated. Volinanserin was found to have no
anti-fibrotic effect whereas GSK1606260A was pro-fibrotic. These data highlights
the challenge of reliance on in vitro single cell type assays and their translation into
in vivo models. Taken together these data were not consistent with the functional 5-
HT,a and 5-HT;g receptors present on HSCs playing a key role in driving fibrosis
and suggest they do not present a viable anti-fibrotic therapy opportunity.
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CHAPTER 1. INTRODUCTION



1.1 Liver fibrosis.

Liver fibrosis is a reversible wound-healing response to acute or chronic injury of the
liver and a structural consequence of the balancing between repair and accumulation
of extracellular matrix (ECM) components, such as collagen and fibronectin, to form
scarring. Wound repair is one of the most complex biological processes that occur in
the body, where various intracellular and intercellular pathways are activated and
coordinated, to restore tissue integrity and homeostasis (Gurtner et al., 2008; Wynn,
2008). Normal tissue repair can progress into fibrosis if the injury is severe,
repetitive or if the wound healing response becomes unregulated and therefore
fibrosis is a feature of most chronic inflammatory diseases (Wynn and Ramalingam,
2012).

The liver is the largest internal organ and plays an important role in metabolism,
blood clotting, regulation of most substances in the body, production of bile,
resistance to infection and clearance of poisons and drugs from the body. A healthy
liver has substantial overcapacity and has a remarkable ability to regenerate in
response to parenchymal loss of up to 70% (Wallace et al., 2008). In chronic liver
injury the accumulation of the matrix proteins, along with the stimulus to regenerate,
leads to the distortion of the architecture of the liver and vascular structures resulting
in progressive loss of organ function and eventual irreversible damage known as
cirrhosis (Friedman et al., 2013). Cirrhotic patients can have apparently normal liver
function for long periods before the liver fails, along with development of ascites
(accumulation of fluid in the peritoneal cavity), portal hypertension, encephalopathy
and possibly hepatocellular carcinoma. Fibrosis often causes lifelong disability and

has a significant economic impact leading to a huge burden on public health.
1.2 Prevalence of liver disease and patient population.

Chronic liver disease is rising worldwide with the prevalence of non-alcoholic fatty
liver disease (NAFLD) escalating over the last 10 years (Lazo and Clark, 2008;
Williams et al., 2011). The main causes of liver fibrosis are infection, autoimmune
diseases, inherited diseases, diet (e.g. high fat diet) and chemical (e.g. alcohol).

Before the 21% century, alcoholic liver disease and viral hepatitis-induced liver



disease were considered the main cause of liver morbidity but with the increased
prevalence of obesity, non-alcoholic fatty liver disease (NAFLD) is now becoming
the most common liver disease (Lazo and Clark, 2008). NAFLD covers the spectrum
of liver disease from simple steatosis (deposition of fat in the liver) to the most
extreme form of NAFLD, which is non-alcoholic steatohepatitis (NASH:-
inflammation of the liver with concurrent fat accumulation), associated with
metabolic syndrome and insulin resistance. Globally there are at least 400 million
obese adults (Ogden et al., 2006) and it has been estimated that 75% of those with
obesity will have NAFLD and with approximately 20% prevalence of NASH (Clark,
2006). NAFLD is a recognised cause of liver cirrhosis and hepatocellular carcinoma
(HCC). In England the number of people dying from liver disease has risen by 40%
in the last decade and is still rising. Liver disease is the 3™ biggest cause of
premature mortality with over 90% of cases being due to alcohol, viral hepatitis and
obesity (Verne, 2014). Overall liver disease is the fifth ‘big killer’ in England &
Wales, after heart disease, cancer, stroke and respiratory disease, and is the only
major cause of death still increasing (Department of Health: Safe, Sensible, Social —
Consultation on further action Impact Assessments 22 July 2008). Up to 45% of the
deaths in the developed world can be attributed to some type of fibrosis (Wynn,
2008) and thus fibrosis represents a huge unmet clinical need.

1.3  Liver fibrosis therapy.

Over the last 20 years the understanding that liver fibrosis is a dynamic and
reversible process, along with the underlying sources and mediators of fibrosis
progression, has led to the identification of therapeutic approaches. The progression
of liver fibrosis occurs over 15-40 years depending on the patient’s rate of fibrosis
progression, which eventually may culminate in cirrhosis and therefore long term
pharmacological intervention will be required (Cohen-Naftaly and Friedman, 2011).
Most therapies for chronic liver disease target the removal of the causative agent, as
there is no effective therapy for hepatic fibrosis, and therefore for some patients the
only available treatment is a liver transplant (Bataller and Brenner, 2005; Said and
Lucet, 2008; Wallace et al., 2008).



There are currently over 400 clinical trials ongoing for liver fibrosis around the world

(http://clinicaltrial.gov) but the majority of the trials are for novel methods for the

assessment of fibrosis. Elimination of the source of chronic injury is the most
effective treatment and along with therapeutic strategies to treat the underlying cause
such as cessation of drinking alcohol or weight reduction which fall into this
category. Taking away the cause of the injury therefore stops the insult and allows
the liver to repair (Novo et al., 2014). There is a great deal of evidence that liver
fibrosis is reversible, not just from animal studies, but in patients too (Rockey, 2008).
Reversion of the fibrosis was observed, even in some patients who exhibited
histologic cirrhosis, after eradication of hepatitis C (HCV) (Poynard et al., 2002;
Abergel et al., 2004) and hepatitis B (HBV) (Lai et al., 1998; Hadziyannis et al.,
2003). In patients suffering with NASH treatment with peroxisome proliferator-
activated receptor y (PPARY) agonist, rosiglitazone, for 48 weeks, demonstrated a
reduction in both the steatosis and fibrosis (Neuschwander-Tetri et al., 2003). Table

1.3.1 shows a list of possible treatments that target the underlying cause.

There have been other approaches considered for fibrosis therapy which treat the
underlying disease mechanism such as reducing inflammation, targeting specific
signalling pathways, inhibition of matrix synthesis and blocking the function of or
eliminating effector cells. (Rockey, 2008; Cohen-Naftaly and Friedman, 2011).
There have been a number of clinical trials which have investigated therapy to treat
the underlying disease but so far no new anti-fibrotic therapy has emerged. Table
1.3.2 highlights examples of anti-fibrotic therapy that has been tested in clinical trials
over the last 10 years. These include antioxidants, which target ROS generation to
reduce inflammation, such as S-adenosylmethionine (SAMe), Silybin, vitamin E and
reservatol (Loguercio et al., 2007; Sanyal et al., 2010; Medici et al., 2011;
Faghihzadeh et al., 2014) (Table 1.3.2). Targeting more than one mechanism in
fibrosis with agents such as losartan, olptipraz and pentoxifylline have been tried
with interesting results (Colmenero et al., 2009; Lebrec et al., 2010; Kim et al., 2011)
(Table 1.3.2).

There are many different types of cells in the liver such as hepatocytes, Kupffer cells

(fixed macrophages) endothelial cells and hepatic stellate cells (HSCs). All the cells


http://clinicaltrial.gov/

Disease Therapy Evidence
HBV Antiviral Lamivudine, Adefovir | (Lai et al, 1998;
dipivoxil Hadziyannis et al., 2003)
HCV Interferon alpha (Poynard et al., 2002;
Abergel et al., 2004)
Autoimmune Corticosteroids (Dufour, 1997)
hepatitis

Hemochromatosis

Iron depletion

(Pietrangelo et al., 1995)

Alcoholic hepatitis

corticosteroids

(Ramond et al., 1992)

Primary biliary | Ursodeoxycholic acid, Methotrexate (Hammel et al., 2001)
cirrhosis
NASH Gastric bypass surgery, PPAR vy ligands | (Neuschwander-Tetri et al.,

2003; Furuya et al., 2007)

Table adapted from Rockey, 2008.

Table 1.3.1. Treatments that target the underlying cause of fibrosis.




Therapy

Trial Protocol

Trial outcome

Population: 37 Alcoholic liver disease
(ALD) patients.

Type : Double blind, randomized placebo
controlled.

Treatment: Daily: SAMe or placebo

Improvement of AST, ALT,
Bilirubin levels in both groups due to
alcohol abstinence.

24 weeks of therapy with SAMe was

S-adenosyl- Duration: 24 weeks. no more effective than placebo.
methionine Extra advice: Subjects were required to
(SAMe) remain abstinent from alcohol
Pharmacology Evidence
Antioxidant: Prevents activation of TLR | (Medicietal., 2011)
pathways,  pro-inflammatory  response,
fibrogenesis, cirrhosis, and hepatocellular
carcinoma
Therapy Trial Protocol Trial outcome
Population: 50 NAFLD patients (2 groups) | Reduction in  liver  enzyme,
Type: Double blind, randomized placebo | inflammatory cytokines, and
controlled hepatocellular apoptosis.
Treatment: 500-mg reservatol or placebo
Reservatol Duration: 12 weeks. Treatment along with lifestyle
Extra advice: Patients to follow an energy- | modification is superior to lifestyle
balanced diet and received physical activity | modification alone
recommendation
Pharmacology Evidence
Antioxidant and anti-inflammatory (Faghihzadeh et al., 2014)
Therapy Trial Protocol Trial outcome
Population 85 patients (Group A: 59 | Improved in liver enzyme levels,
NAFLD, Group B: 26 NAFLD with HCV- | hyperinsulinemia, and indexes of
related chronic hepatitis ) liver fibrosis.
o Treatment: 4 pills per day of | Recommendation: use as a
Silybin/ S . . .
vitamin E / 5|be|n_/ph.ophat|dylchollne/V|tam|n E. compl_ementgry approfalch_ to treatment
. Duration: 6 months treatment followed by | of patients with chronic liver damage.
phospholipid
6 month of no treatment.
Pharmacology Evidence
Antioxidant: suppresses HCS proliferation | (Loguercio et al., 2007)
& collagen deposition in vitro in humans
(Dehmlow et al., 1996)
Therapy Trial Protocol Trial outcome
Population: 247 NASH patients Significant improvement of liver
Type : Double blind, randomized placebo | enzyme levels, hepatic steatosis and
Pioglitazone controlled. lobular inflammation.
Treatment: Daily pioglitazone, Vit E or | No significant improvement in NASH
placebo. with pioglitazone but Vitamin E

Duration: 24 months

therapy was superior to placebo

Pharmacology

Evidence

PPARy agonist which is expressed on
HSCs. Activation inhibits fibrogenicity

(Sanyal et al., 2010)

Table 1.3.2 Examples of anti-fibrotic therapy completed trials in patients with liver

disease.




Therapy

Trial Protocol

Trial outcome

Population: 14 patients with chronic | Collagen remained stable
hepatitis C (CHC). 7  patients demonstrated a
Type :uncontrolled open-label study reduction in fibrosis stage and
Treatment: Losartan 50mg daily inflammation.
Duration: 18 months Prolonged  administration  of
losartan, is associated with down
Losartan regulation of NOX components
and fibrogenic genes
Pharmacology Evidence
Angiotensinl (AT1) receptor antagonist | (Colmenero et al., 2009)
which  decreases expression of NADPH
oxidase and inhibits proliferation and
contraction of HSCs.
Therapy Trial Protocol Trial outcome
Population: 83 patients suffering from liver | 60mg OPZ group: Decreases in
fibrosis and cirrhosis hepatic ~ collagen area and
Type: Double blind, randomized placebo | plasmaTGF-p1
controlled An association between TGF-f1
Treatment: 3 groups: Twice daily admin of | repression and improvement in the
. OPZ 60mg, OPZ 90mg or Placebo histological index of fibrosis was
Oltipraz Lo
Duration : 24 weeks observed.
(OP2)
No significant difference in liver
histological outcomes between the
three treatment groups.
Pharmacology Evidence
TGF-B inhibition and inhibition of TNF-a (Kimetal., 2011)
Therapy Trial Protocol Trial outcome

Pentoxifylline

Population: 335 cirrhosis patients
Treatment: 3 times daily admin 400mg
pentoxifylline or placebo

Duration: 6 months

No reduction in short term
mortality  but  probability of
survival without complications was
higher.

Pharmacology

Evidence

Phosphodiesterase inhibition causing
increased CcAMP leading to TNF-a
inhibition

(Lebrec et al., 2010)

Table 1.3.2 continued.




have a potential role in the pathogenesis of liver fibrosis, but one cell which is
thought to be a key mediator is the HSC due to its role in matrix production
(Friedman, 2008b) (See section 1.8). In the injured liver activation of the HSC occurs
which involves the cell undergoing a phenotypic and functional transformation into a
myofibroblast-like cell that has enhanced collagen production (Friedman, 2000;
Bataller and Brenner, 2005; Ruddell et al., 2006) (See Section 1.8 for in-depth
discussion of HSC biology). The location of the HSC in the liver in the sinusoidal
space of Disse allows it to come into contact with platelets and hepatocytes, as well
as being in close proximity to nerve endings. HSCs can be influenced by
neurotransmitters and growth factors through expression of appropriate receptors on
their surface, whose expression is influenced by activation of the HSC (Wong et al.,
1994; Ruddell et al., 2006; Friedman, 2008b). Targeting receptors on the HSC
therefore offer an opportunity for anti-fibrotic therapy. 5-HT receptors are expressed
on HSCs, with increased expression of 5-HT,a, 5-HT,s and 5-HT;g observed
following HSC activation (Ruddell et al., 2006). Links between 5-HT and fibrosis
have been reported since the 1960s (Oates et al., 1966; Pavlovic et al., 1995), with 5-
HT, receptors implicated as drivers of fibrosis in heart valves, lung, skin and liver
(Reimund, 1987; Waller et al., 2005; Roth, 2007; Rothman and Baumann, 2009).
Antagonists of the 5-HT receptors therefore offers a prospect for fibrosis therapy.

1.4 5-Hydroxytryptamine.

5-hydroxytryptamine (5-HT), also known as serotonin, was first synthesised in 1951
(Hamlin and Fischer, 1951) and has been the subject of extensive research since then.
5-HT is a neurotransmitter and probably best known for its modulation of neural
activity and neuropsychological processes, due to its wide use in psychiatry and
neurology. However it also regulates numerous biological processes outside the brain
(Berger et al., 2009). 5-HT is an important neurocrine and paracrine hormone and is
heterogeneously distributed throughout the brain and peripheral tissues. In the CNS,
5-HT is important in regulation of virtually all brain function, controlling regulatory
processes such as temperature, sleep, learning, memory, pain, feeding and motor
activity (Berger et al., 2009). Therefore any dysregulation of the 5-HT system in the

CNS can lead to many pathological conditions such as aggression, depression,



anxiety, suicidal behaviour and alcoholism (Figueroa et al., 2009). Outside of the
CNS, 5-HT is involved in the contraction and relaxation of smooth muscle and
vasculature, cardiovascular function, gastrointestinal tract (GIT) motility, bladder
control and platelet aggregation (Ruddell et al., 2008; Berger et al., 2009; Figueroa et
al., 2009).

Platelet-derived 5-HT has been demonstrated to be critical for normal wound healing
In many organs such as liver, lung, heart and skin (Mann and Oakley, 2013). 5-HT
has been shown to influence inflammatory responses and promote formation of a
temporary scar, which acts as a scaffold for normal tissue to be restored (Ruddell et
al., 2008; Mann and Oakley, 2013). During acute injury, 5-HT is therefore able to
exert a pro-fibrogenic and pro-regenerative influence which ensures the repair and
restoration of tissue architecture (Yokoyama et al., 1953; Lesurtel, 2006; Lesurtel et
al., 2012; Mann and Oakley, 2013). 5-HT also plays a complex role in the regulation
of processes in the body, such as digestion or pain (Berger et al., 2009). This
therefore means that pharmacological intervention at a specific receptor in a disease
is a challenge, as a single 5-HT receptor is likely to have effects in multiple body

systems (Berger et al., 2009).

It was the discovery that platelet—derived 5-HT can initiate liver regeneration after
partial hepatectomy in rodent models (Lesurtel, 2006; Papadimas et al., 2006; Tian et
al., 2011) that increased the interest in its contribution to hepatic disease. During
chronic liver injury, 5-HT can promote aberrant healing, which leads to tissue
fibrosis and impairs organ regeneration (Papadimas et al., 2006; Ruddell et al., 2006,
2008; Mann and Oakley, 2013). 5-HT can therefore be both ‘friend and foe’ in the
liver and has potential as a pharmacological target in liver disease (Lesurtel et al.,
2012).

1.4.1 5-HT synthesis and metabolism.

About 95% of 5-HT can be found in the GIT, with 90% found in enterochromaffin
cells (ECs) and the rest in the enteric neurones. The CNS contains the remaining 5%,
which it makes itself, as 5-HT is unable to cross the blood brain barrier (Lesurtel et
al., 2008). The 5-HT found in the blood is mainly derived from the GIT (Bertaccini,



1960), due to its presence and synthesis in ECs and enteric neurones (Dreyfus and
Bornstein, 1977; Gershon and Tamir, 1981; Costa et al., 1982; Yu et al., 1999).
Platelets contain 95% of the blood 5-HT, which they accumulate from the plasma
due to a high-affinity uptake system for 5-HT, which allows them to become loaded
with 5-HT as the blood passes through the intestinal circulation (Da Prada et al.,
1967). Although we ingest 5-HT through our diet (5-HT is widely distributed in
animals, fungi, plants, fruit and vegetables), this is mostly metabolised before ever
entering the blood (Lesurtel et al., 2008).

5-HT is synthesised from L-tryptophan by tryptophan hydroxylase (TPH) to produce
5-hydroxytryptophan (5-HTP) followed by decarboxylation by L-aromatic acid
decarboxylase (Figure 1.4.1) (Lesurtel et al., 2008). There are two isoforms of TPH,
TPH1 which is present in the periphery and THP2 in the brain. 5-HT is mainly
metabolised in the liver through the action of mono amine oxidase, to produce 5-
hydroxyindoleacetaldehyde, with further oxidation by aldehyde dehydrogenase to
form 5-hydoxyindole acetic acid (5-HTIAA), which is excreted in the urine (Tyce,
1990)(Figure 1.4.1). The GIT and CNS both have an inactivating mechanism which
is a serotonin reuptake transporter (SERT) (Wade et al., 1996; Chen et al., 1998) and
this has also been demonstrated to be present in rat HSCs (Ruddell et al., 2006).
SERT plays an important role in terminating the action of 5-HT and maintaining
transmitter homeostasis. The lack of SERT in mice manifests itself as increased

colonic motility and water in the stools (Lesurtel et al., 2008).

1.4.2 5-HT receptor classification.

Pharmacology as a scientific discipline was born in the mid 19" century, to
understand how therapeutic agents and poisons produced their effects in the body.
Pharmacologists’ big idea was the lock-and-key relationship between drugs and a
specific site, to allow drugs to have the desired specificity and efficacy (Rang, 2006).
For more than a century, pharmacologists have studied receptors, with G protein-
coupled receptors (GPCRSs) and ion channels as major examples. Experiments with
isolated animal tissues have been crucial in providing data to define the interaction

between chemical and tissue responses until the era of molecular research in the
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Figure 1.4.1 5-Hydroxytryptamine synthesis and metabolism. L-tryptophan undergoes
hydroxylation by the enzyme tryptophan hydoxylase to produce 5-hydroxytryptophan (5-
HTP). This is followed by decarboxylation of 5-HTP by L-aromatic amino acid
decarboxylase to form 5-Hydroxytryptamine (5-HT). 5-HT is metabolised in the liver and
kidneys by monoamine oxidase to form 5-Hydroxyindoleacetic acid which is further
oxidised by aldehyde dehydrogenase to produce 5-Hydoxyindole acetic acid (5-HTIAA). 5-
HTIAA is then excreted in the urine (Figure adapted from Tyce, 1990).
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1970’s and 80’s, which provided the physical evidence of the existence of receptors

(Rang, 2006).

The subdivision of the 5-HT receptors started in the 1950’s when it was realised that
5-HT effects could be inhibited in part by morphine (M), and in part by dibenzyline
(D) in the guinea pig ileum (Gaddum and Picarelli, 1957). The proposed division into
5-HT M, on smooth muscle, and 5-HT D, associated with intramural nervous tissue,
was defined using non-selective ligands. Black’s application of Schild’s approach to
receptor classification led to the development of propranolol (to treat angina
pectoris), and cimetidine (to treat gastric and duodenal ulcers) (Black et al., 1965,
1972). Many drug companies adopted this approach to receptor classification leading
to the development of a large array of new drugs with which to pharmacologically
characterise different receptors (mainly GPCR) families. The development of the
ability to radiolabel compounds offered a simple, but powerful way to identify and
study receptors, which had a massive impact on receptor research (Hill, 2006).
Radioligand binding studies in membranes and cells, along with autoradiography in
brain slices and second messenger studies in cells and tissue, led to the further
identification of 5-HT receptor subtypes and their renaming as 5-HT;, 5-HT, and 5-
HTs3, with the latter considered the previously classified M receptor (Bradley et al.,
1986; Hannon and Hoyer, 2008).

It is competitive antagonist affinity which has provided the framework for the
receptor classification that we have today (Kenakin, 1997). Competitive antagonists
have the same affinity for a given receptor irrespective of the system or agonist used
to study it. Within the 5-HT field of receptor classification there were still a number
of antagonist affinity discrepancies due to the mixed populations of 5-HT receptors
present in peripheral tissues. Agonists have the added complication of requiring two
parameters, affinity and intrinsic efficacy, to describe their effects. This means that
agonist potencies vary depending on the cellular system used to measure them
(Kenakin, 1997). An approach using agonist and antagonist analogues of 5-HT to
provide affinity and efficacy ‘fingerprints’ was proposed as a quantitative basis for

differential classification of 5-HT receptors (Martin et al.,, 1987; Martin and

12



MacLennan, 1990). This approach complemented and extended the current scheme

for identifying and classifying receptors for 5-HT (Martin and MacLennan, 1990).

In 1986 the molecular biology era of receptor cloning began. 5-HT14 the first 5-HT
receptor to be cloned, advanced the knowledge and understanding of 5-HT receptors
(Hoyer and Martin, 1997). The use of this technology, confirming the traditional
pharmacological and biochemical approaches, led to the identification of the 14
receptors we have today based on operational, structural and transductional
information (Humphrey et al., 1993; Hoyer and Martin, 1997; Hannon and Hoyer,
2008). 5-HT has 7 receptor families (classified as 5-HT; to 5-HT>), with a total of 14
receptor subtypes, comprising of 13 distinct GPCRs and one ligand gated ion
channel (Table 1.4.1) (Hannon and Hoyer, 2008; Alexander et al., 2015). The
GPCRs can be further grouped by their coupling to Gog11 (5-HT2a, 5-HT2g and 5-
HTac), Gaip (5-HT1a, 5-HT1g, 5-HT1p, 5-htie, 5-HT1f, 5-htsy), Gas (5-HT4, 5-HTs
and 5-HT>) and no coupling has yet been designated to the 5-hts, receptor (Hannon
and Hoyer, 2008; Alexander et al., 2015) (Table 1.4.1). With the multiplicity of
receptors, transporters and metabolising enzymes it is not hard to see how 5-HT is
able to regulate systems, such as behaviour or cognition, in a complex way (Cools et
al., 2008).

The three main G-proteins, once activated through stimulation of the receptor, are
able to trigger distinct downstream signalling events. Gog-coupled receptors activate
phospholipase C (PLC), which hydrolyses phosphatidyl 4,5-bisphophate to
diacylglycerol (DAG) and inositol phosphate (IP3) the latter which binds to IP3
receptors which leads to increase in intracellular calcium. The Gai, class of 5-HT
receptors when activated reduce the cAMP levels through suppression of adenylate
cyclase. Activation of Gas-coupled receptors results in an increase of CAMP, which
causes a downstream activation of protein kinase A (PKA) and the cCAMP response
element binding protein (CREB). Although the 5-HT receptors can be subdivided
due to their coupling it does not mean that they exclusively couple to one type of G-
protein, and can couple to a variety of other types of intracellular signalling
molecules (Millan et al., 2008). In the case of 5-HT,4, non-hallucinogenic agonists

can stimulate Gq whereas hallucinogenic agonists stimulate both Ggi; and Gij
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Receptor Receptor | G protein Agonists Antagonists
Class Subtype | coupling
5-HT A 8-OH-DPAT, NLX-101 (x)WAY 100635, robalzotan
CP94253, L-694,247, SB224289, GR 55562,
5-HTp naratriptan, eleptriptan,
. L SB 236057
sumatriptan, zolmitriptan
5-HT 5-HTp Go. PNU109291,
' o sumatriptan, eletriptan SB714786
5-Ntie BRL-54443 .
LY 334370, lasmiditan,
5-HT4 5-BODMT, BRL- -
54443, sumatriptan
ketanserin, pimavanserin,
volinanserin, mianserin,
S-HTza DOl trazodone, sarpogrelate,
ritanserin, methiothepin
R0 OREsTss BF-1, RS-127445, EGIS-7625,
5-HT, 5-HT Gogn o mianserin, ritanserin,
methysergide . .
methiothepin
WAY-163909, SB242084, FR260010,
5-HT lorcaserin , DOI, RS-102221, mianserin,
2 Ro 60-0175 methysergide, trazodone,
olanzapine, loxapine
Ligand SR 57227, .
5-HT; 5-HT; | gatedion m-Chlorophenyl- Granisetron, Ondansetron,
. . Tropisetron
channel biguanide
BIMU 8, TD-8954,
RS67506, relenopride, GR 113808, SB 204070,
5-HT, S-HT, Gos | ML 10302, velusetrag, RS 100235
cisapride
S-hts, Gaip - SB 699551
5-HT;
5-htsy, ? - -
WAY-181187, E6801, Ro 630-563, SB 271046,
5-HT; 5-HTs Ga WAY-208466, EMD- SB 357134, SB399885,
386088 cerlapirdine
SB 258719, SB 269970,
5-HT, 5-HT, Go, | P12 LP-44,LP-211, SB656104, DR-4004,

AS-19, E55888

JNJ-18038638

Table 1.4.1 5-Hydroxytryptamine receptor classification

. Classification of the receptors

by class, subtype, G-protein coupling, agonists and antagonists. (Adapted from Hannon and
Hoyer, 2008; Alexander et al., 2015). Selective agonist and antagonists are highlighted in

bold.
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in the rat frontal cortex (Gonzalez-Maeso et al., 2007). 5-HT receptors can also
transactivate other pathways such as the tyrosine kinases where 5-HT,a receptor-
mediated ERK phosphorylation is dependent on Src, calmodulin and transactivation
of epidermal growth-factor receptor (in neuronal cells) or fibroblast-growth-factor
receptor (in glial cells) (Quinn et al., 2002; Tsuchioka et al., 2008). It is the receptor
distribution along with the cellular environment which dictates the effect of 5-HT on
a target organ (Figueroa et al., 2009).

1.5 5-HT and the liver.

1.5.1 Structure of the liver.

The human liver weighs about 1.5 kilograms and contains approximately 13% of the
body’s blood supply (Wallace et al., 2008). The relative size of the liver and its
structure varies depending on species and diet, the average for a carnivore is about 3-
4% of body weight compared with about 2% for an omnivore and 1% for herbivores.
The liver is a complex multifunctional organ. In man the liver is divided by fissures
(fossae), on its surface, into two major lobes (right and left) and two smaller lobes
(quadrate and caudate). De-oxygenated blood, which contains nutrients and
potentially harmful material from the gut, is delivered via the hepatic portal vein,
which divides to pass in between the lobules and terminates in the sinusoids.
Oxygenated blood is supplied via the hepatic artery into the sinusoids. Blood leaves
the liver via a central vein in each lobule, which drains into the hepatic vein before
draining into the inferior vena cava (Figure 1.5.1 A). The liver regulates the chemical
levels in the blood and secretes bile to eliminate waste products. Over 500 functions
have been identified in the liver such as production of protein for blood plasma,
production of cholesterol, conversion of excess glucose into glycogen for storage and

regulation of blood clotting.

Microscopically, the liver parenchyma, which is the functional part of the liver
filtering the blood to remove toxins, is arranged in lobules based upon blood flow

(Figure 1.5.1 B). The lobule is a cylindrical structure constructed around the central
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Figure 1.5.1  Liver structure. (A)Whole liver structure showing the blood supply
network and bile duct network. (B) Liver lobule structure. The parenchyma is the primary
functional part of the liver and supported by the connective tissue called stroma. Blood is
supplied from the hepatic portal vein and hepatic artery which is discharged into capillaries
of the liver. Bile ducts are surrounded by a network of small blood vessels from the hepatic
artery. (C) Three-dimensional structure of the liver lobule. Branches of the portal vein
and hepatic artery supply the sinusoids, which takes blood through the acinus to the central
vein. Bile ducts transport bile from the canaliculus and eventually to the gut. The sinusoids
are lined by morphologically and phenotypically unique endothelial cells (See inset) that are
characterised by the absence of tight junctions, a recognisable basement membrane and the
presence of open fenestrae, that are organised into sieve plates. The sinusoidal endothelium
is interspersed with macrophages, known as Kupffer cells and overlies the space of Disse,
which contains fibroblasts known as hepatic stellate cells. Dendritic cells from the
parenchyma exit the liver through the space of Disse (Adapted from Adam and Eksteen 2006
and Google Images).
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vein and composed of many hepatic cellular plates that radiate from the central vein
(Figure 1.5.1 B and C) (Adams and Eksteen, 2006). Each hepatic plate is only a
maximum of two hepatocytes thick, with small bile canaliculi lying between them
The portal triad is composed of the bile duct along with small portal venules and that
feed into the terminal bile ducts in the portal triad between adjacent liver lobules.
hepatic arterioles, which deliver the blood to the flat hepatic sinusoids, that lie
between the hepatic plates, and flows eventually to the central vein at the centre of
the lobule (Braet and Wisse, 2002). The way in which the blood flows from the
portal triad to the central vein in the lobule sets up a gradient of oxygen, nutrients,
drugs and enzymes. The concentrations are highest nearest the portal triad, known as
the periportal zone, and decrease as blood enters the midzonal region, with the lowest
concentrations observed in the centrilobular zone nearest the central vein. One of the
striking features of the liver is the heterogeneous expression of its enzymes along the
sinusoids, such as cytochrome P450 genes (Oinonen and Lindros, 1998).
Cytochrome P450 (CYP) enzymes are highly expressed in hepatocytes surrounding
the central vein and are active in mono-oxygenation and hydroxylation of various
xenobiotics, including drugs and alcohols. This therefore means that the damage will
predominantly occur in the area of highest expression which will be the central vein
(Wallace et al., 2008). Another consideration is that the oxygen levels will be at the
lowest nearest the central vein and this will impact on the cells ability to respond to

and survive injury (Wallace et al., 2008).

The sinusoids are lined by fenestrated endothelial cells and contain the Kupffer cells
(tissue fixed macrophages), which are phagocytotic cells like macrophages (Braet
and Wise, 2002). Between the sinusoids and hepatocytes (epithelial cells) is the
space of Disse and this is where the HSCs reside and where dendritic cells can also
be found (Figure 1.5.1C) (Braet and Wisse, 2002; Adams and Eksteen, 2006). Bile is
secreted by the hepatocytes into the canaliculi, which causes the bile to flow towards
the bile duct in the opposite direction to the flow of blood (Boyer, 2013). The bile is
then delivered to the gallbladder where it is concentrated and stored. Once something
is eaten, bile is discharged into the duodenum to help dissolve the fat from ingested
food. Humans can produce up to a litre of bile a day, with 95% of the bile being

reabsorbed in the ileum to be reused by the liver (Boyle 2013).
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1.5.2 Overview of cellular composition of the liver.

There are many different types of cells in the liver with the major types being
hepatocytes (60-80%), biliary epithelia, Kupffer cells (fixed macrophages) and oval
cells (hepatocyte and cholangiocyte precursors). The remaining cells are endothelial
cells, HSCs, Ilymphocytes, fibroblasts, smooth muscle cells, mesothelia,
hematopoietic cells and blood cells. The hepatocytes are the major functional cells in
the liver performing synthesis of protein, cholesterol, bile salts and phospholipids.
They also store protein, transform carbohydrates, secrete bile and detoxify

endogenous substances (Wallace et al., 2008).

The Kupffer cells are the largest group of fixed tissue macrophages (Bilzer et al.,
2006; Pellicoro et al., 2014), which predominate in the uninjured liver and reside in
the sinusoids. Kupffer cells are predominately located in the periportal area, to allow
close contact with passing lymphocytes. This enables direct sampling of antigens in
the blood coming from the gastrointestinal tract via the portal vein and ensuring early
exposure to pathogenic bacteria, bacterial endotoxin and microbial debris (Bilzer et
al., 2006; Pellicoro et al., 2014). Kupffer cells possesses major histocompatibility
complex (MHC) antigens which allow them to recognise antigen and so are able to
pass through the space of Disse to contact directly with hepatocytes. Kupffer cells
like macrophages can phagocytose debris and microorganisms and clear endotoxin
from the blood. They are capable of releasing cytokines such as Tumour necrosis
factor-a. (TNF-a), interleukin-1, -6 and -8 (IL-1, IL-6, IL-8), transforming growth
factor-p (TGFB) and interferons (Bilzer et al., 2006; Pellicoro et al., 2014). The
population of Kupffer cells decreases during hepatic inflammation and fibrogenesis,
which leads to increased recruitment of monocyte-derived macrophages. Once the
inflammation and fibrosis resolves the Kupffer cells are gradually replenished
(Ramachandran et al., 2012; Pellicoro et al., 2014). The actual mechanism of Kupffer
cell depletion, through cell death or migration, and source of cell replenishment has
not been established (Pellicoro et al., 2014). The pro-fibrogenic macrophages are
therefore derived from the monocyte population and undergo a phenotypical switch
induced by phagocytosis (Ramachandran et al., 2012). Kupffer cells play a crucial

role in the early response to liver injury and then it is the monocyte-derived
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macrophages, which then take over as the population switches and expands, as

fibrosis progresses (Ramachandran et al., 2012; Pellicoro et al., 2014).

Liver sinusoidal endothelial cells (LSEC) make up 50% of non-parenchymal cells in
the liver and constitute the sinusoid wall (Braet and Wisse, 2002). The liver sinusoids
are regarded as unique capillaries because of the presence of open pores or fenestrae
lacking a diaphragm and a basal lamina underneath the endothelium (Braet and
Wisse, 2002). The LSECs have numerous bristle coated micropinocytotic vesicles
and lysosome-like vacuoles in the cytoplasm, which indicates that these cells are
capable of endocytosis (Braet and Wisse, 2002). The LSEC act as a ‘selective sieve’
for substances passing into and out of the space of Disse, where HSCs and
hepatocytes can be found, and as a ‘scavenger system’ which cleans the blood of

waste macromolecules from different tissues (Braet and Wisse, 2002).

Dendritic cells (DCs), are predominantly immature cells that capture and process
antigen. These cells are derived from bone marrow and can also be found in the liver
in the space of Disse. They reside around the central veins and portal tracts. The liver
also contains lymphocytes and cholangiocytes, which are biliary epithelial cells
which line the bile duct. All the cells have a potential role in the pathogenesis of liver
fibrosis but one cell which is thought to be the predominant player is the HSC due to
its role in matrix production (Friedman, 2008b).

1.5.3 5-HT and liver blood flow.

It has been known for many years that 5-HT regulates liver blood flow and plays a
role in the regulation of portal blood flow. 5-HT was found to increase portal
resistance in dogs (Richardson and Withrington, 1978) and rats (Cummings et al.,
1993). The fact that the 5-HT, antagonists ketanserin and ritanserin have been
demonstrated to cause significant reductions in the hepatic portal vein pressure have
led to the proposition that they should be considered as a treatment of portal
hypertension (Mastai et al., 1989, 1990; Cummings et al., 1993). Studies
investigating ketanserin as a clinical treatment for portal hypertension demonstrated
a significant decrease in portal hypertension. However 50% of the patients developed

significant side effects, such as reversible portosystemic encephalopathy (brain
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dysfunction) (\VVorobioff et al., 1989). There have also been studies investigating the
effects of 5-HT on hepatic sinusoidal blood flow. The 5-HT, antagonist LY53857
caused inhibition of the 5-HT-induced reduction of blood flow at the inlet of the
periportal and outlet of the centrivenous sinusoids. Thereby demonstrating the
presence of 5-HT, receptors in the hepatic sinusoids (Cummings et al., 1993). The
HSCs, which express 5-HT, receptors (Ruddell et al., 2006), reside within the
sinusoids and they have been postulated to regulate sinusoidal blood flow when the
cells are activated, due to their increased contractile phenotype. The HSC are not the
only cell within the sinusoid which responds to 5-HT. Sinusoidal endothelial cells
(SECs) have also been found to respond to 5-HT to contract the fenestrae (Brauneis
et al., 1992; Gatmaitan et al., 1996). 5-HT therefore plays a role in the regulation of
the hepatic blood flow through activation of individual cells within the liver and also
through neuronal innervations of the liver during both normal liver function and

during liver injury.
1.5.4 Evidence for involvement of 5-HT in fibrosis.

In the 1960’s a link between fibrosis and 5-HT was first reported due to a condition
called carcinoid syndrome, which is associated with tissue fibrosis (Oates et al.,
1966). Carcinoid syndrome is caused by large amounts of 5-HT being secreted by
neuroendocrine carcinoid tumours. This causes symptoms such as flushing of the
skin or face, diarrhoea and heart palpitations. In addition it also causes tissue
fibrosis, mainly in the heart valve, but also other organs such as lung and skin
(Pavlovic et al., 1995). 5-HT was also implicated in cardiac and pulmonary fibrosis
in patients taking methysergide as anti-migraine therapy (Graham, 1967).
Ergotamine treatment for migraine has also been found to cause aortic and mitral
valve disease (Hendrikx et al., 1996). Methysergide, a 5-HT antagonist, was found to
cause retroperitoneal fibrosis due to formation of a metabolite methylergonovine,
which is a 5-HT agonist (Reimund, 1987). Fenfluramine, was approved for the
treatment of obesity in the US in 1973 but was withdrawn in 1997 due to the
incidence of valvular heart disease (VHD) (Rothman and Baumann, 2009).
Subsequent investigation determined that fenfluramine induced VHD due to its
activation of 5-HT,g receptors by its metabolite, norfenfluramine. 3,4-
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methylenedioxy-N-methylamphetamine (MDMA), a hallucinogen (Rothman et al.,
2000) and dopamine agonists (pergolide and cabergoline), used to treat Parkinson’s
disease, which are structurally similar to 5-HT, have all been associated with the
development of VHD and this involves activation of the 5-HT,g receptor (Waller et
al., 2005). 5-HT g receptors are present on human cardiac valves and are required for
normal cardiac development (Roth, 2007). Valvulopathic drugs induce mitogenesis
in human valvular interstitial cells via activation of 5-HT,g receptors and stimulation
of the ERK pathway (Setola et al., 2003). Due to the association with 5-HT,g
agonism and valvular disease, with drugs from diverse indications, this led to
recommendation to drug companies and regulatory authorities ensure that candidate
drugs, and their major metabolites, should be screened for 5-HT,g activity (Roth,
2007).

There is evidence that 5-HT can stimulate the proliferation and fibrogenic actions of
lung fibroblasts (Welsh et al., 2004). 5-HT can stimulate sclerotic remodelling of the
pulmonary vasculature and airways, which leads to increased pulmonary vascular
resistance and lung fibrosis. The 5-HT receptor involved in this process remains to
be determined (Almeida et al., 2011). 5-HT,a receptors were implicated due to the
antagonist effect of ketanserin in treatment of pulmonary arterial hypertension (PAH)
(Demoulin, 1981), but some more recent work has implicated contributions by the 5-
HT1g and 5-HTg receptors (Morecroft et al., 1999; Launay et al., 2002; Dumitrascu
et al., 2011). In idiopathic pulmonary fibrosis (IPF) there is reported to be an up-
regulation of both 5-HT,» and 5-HT,g receptors, with 5-HT,a localising to the
fibroblasts and 5-HT,g localising mainly in the epithelium in lungs (Konigshoff et
al., 2010). Terguride, a 5-HT,a/g antagonist, was shown to inhibit TGFB1 expression
and reverse lung function in mice subjected to bleomycin induced fibrosis
(Konigshoff et al., 2010). Another group (Fabre et al., 2008), using a similar
bleomycin fibrosis model, demonstrated attenuation of the fibrosis by blockade of
the 5-HT,a receptor with ketanserin, or the 5-HT,g receptor with SB215505.

Systemic sclerosis scleroderma (SSc), a rare autoimmune disease, is characterised by
deposition of fibril-forming collagen in the skin, stomach, lungs, heart, and kidneys.

Many SSc patients have vascular disease and Raynauds syndrome. Dermal
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fibroblasts have been shown to express 5-HTig, 5-HT,a and 5-HT,g (Slominski et
al., 2003; Dees et al., 2011). In addition 5-HT,g levels are up-regulated in SSc
fibroblasts (Dees et al., 2011). 5-HT involvement in the disease is unclear but there is
some recent evidence for a causative role of platelet-derived 5-HT (Dees et al.,
2011). 5-HT stored in platelets was found to induce ECM synthesis in interstitial
fibroblasts through activation of the 5-HT,g receptor in a TGF3 dependent manner.
Dermal fibrosis was also reduced in 5-HT,g-deficient mice using both inducible and
genetic models of fibrosis (Dees et al., 2011). SB204741, a 5-HT,g receptor
antagonist prevented the onset of fibrosis and reduced established fibrosis. 5-HTg
receptors were found to be up regulated in fibrotic tissue when compared to healthy
controls. This study suggests a link between vascular damage, platelet activation and
tissue remodelling with 5-HT,g receptor as a novel target to treat fibrotic disease
(Dees et al., 2011).

1.6 Role of 5-HT in liver regeneration and hepatic fibrosis.
1.6.1 5-HT and liver regeneration.

The adult liver is a regenerative organ that is capable of efficiently restoring liver
mass as well as rebuilding its complex structure required for normal liver function.
Experiments using rodent models of liver regeneration have pointed to 5-HT having
an autocrine and paracrine hepatic signalling role, which helps to regulate growth
and regeneration of parenchymal liver cells. There seems to be evidence of an
inverse relationship between the 5-HT driven epithelial growth mechanisms and 5-
HT signalling pathways that act on myofibroblasts to stimulate fibrosis (Lesurtel et
al., 2012; Mann and Oakley, 2013).

Intestinal 5-HT has been found to be quickly mobilised and accumulate in liver
remnants following seventy percent hepatectomy (PHXx) in mice. Initial studies
demonstrated that 5-HT could enhance hepatocyte proliferation (Lesurtel, 2006). If
platelets were depleted or if a platelet inhibitor (clopidogrel) was used liver
regeneration was markedly reduced in mice (Lesurtel, 2006). Clinical study results
demonstrate that platelets are critical for liver regeneration, as low platelet count was

associated with delayed liver regeneration (Alkozai et al., 2010), and after liver
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donation a platelet transfusion was associated with liver regeneration (Kim et al.,
2010).

Platelets were identified as the primary source of 5-HT, with 5-HT,a playing a major
role in hepatocyte regeneration (Lesurtel, 2006). Expression of 5-HT,4 and 5-HT,g
receptors in the liver increased after hepatectomy, with antagonists of these
receptors, ketanserin and SB 206553 respectively, inhibiting liver regeneration in
mice studies (Lesurtel et al., 2006). In thrombocytopenic mice 5-HT agonism
restored hepatic proliferation and peripheral 5-HT deficient knock-out mice
demonstrated impaired liver regeneration after partial hepatectomy (Lesurtel et al.,
2012). Further studies have confirmed a pro-inflammatory and pro-regenerative role
of 5-HT in post ischemic liver (Nocito et al., 2007). 5-HT,g agonism of the receptor
was found to improve animal survival in small liver graft transplantation (Tian et al.,
2011).

Elderly mice (2 year old), when compared with young mice (7-8 week), have been
found to have impaired capacity to initiate liver regeneration, which is similar to that
observed in humans (Clavien et al., 2007; Furrer et al., 2011). 5-HT,g agonism
improved liver regeneration along with sinusoidal perfusion. Similar effects have
been observed in humans (Clavien et al., 2007). Ultra-structural changes of hepatic
sinusoids occur with ageing in a process called pseudocapillarisation, which includes
the defenestration (reduction of porosity) and thickening of the sinusoidal
endothelium (Furrer et al., 2011). 5-HT agonism has an immediate impact on the
fenestration pattern of old liver (Furrer et al., 2011). 5-HT agonism allowed the re-
attachment of platelets to sinusoids, a process that is required after hepatectomy, but
is absent in pseudocapillarised liver (Furrer et al., 2011). These findings suggest that
close communication is required between blood factors, platelets and hepatocytes
through sinusoidal fenestrae to ensure initiation of liver regeneration, with 5-HT
playing a role in this (Lesurtel et al., 2012). Another group, using SERT deficient
mice, which lack platelet derived 5-HT, failed to show a role for this source of 5-HT
in liver regeneration (Matondo et al., 2009).

Biliary remodelling that occurs in adults in response to obstruction involves

paracrine crosstalk between cholangiocytes (epithelial cells of the bile duct) and
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stromal cells, particularly myofibroblasts (Omenetti et al., 2011). 5-HT inhibits
proliferation of cholangiocytes (Omenetti et al., 2011). It has been demonstrated that
cholangiocytes are able to synthesise 5-HT and that autocrine/paracrine mechanisms
that suppress biliary 5-HT production stimulate proliferation of ductular cells, liver
myofibroblasts, and progenitors (Omenetti et al.,, 2011). 5-HTia and 5-HTig
receptors has been shown to be expressed on cholangiocytes in the liver (Marzioni et
al., 2005). Administration of the selective 5-HTia agonist 8-hydroxy N,N-
dipropylaminotetralin (8-OH-DPAT) and the 5-HT1g agonist anpirtoline to BDL rats
for 1 week was shown to inhibit cholangiocyte proliferation (Marzioni et al., 2005).
It has been demonstrated that activation of the 5-HTia and 5-HT;g receptors is
responsible for the enhanced intracellular 1P; signalling and the consequent
inhibition of the cAMP/PKA/Src/ERK1/2 pathway (Marzioni et al., 2005). This
therefore means that liver-cell 5-HT functions as one of the ‘brakes’ that restrains the
outgrowth of cholangiocytes through a negative feedback mechanism (Omenetti et
al., 2011) and that the 5-HT;a and 5-HTig receptor are likely to be responsible
(Marzioni et al., 2005).

1.6.2 Role of 5-HT in hepatic fibrosis.

Hepatic stellate cells play a key role in hepatic wound healing and fibrosis. Quiescent
rat and human HSCs have been shown to express 5-HT1g, 5-HT1r, 5-HT2a, 5-HT2g,
and 5-HT5 receptors. Indeed, expression of 5-HT1g 5-HT,a and 5-HT,g are induced
once the cells are activated (Ruddell et al.,2006). This has been confirmed in rat
HSCs by other groups (Li et al., 2006; Park et al., 2011). HSCs have also been found
to express the SERT (Ruddell et al., 2006). 5-HT, receptors couple to Gg11 family G-
proteins and therefore 5-HT stimulation will elicit an increase in intracellular calcium
(Raymond et al., 2001). 5-HT stimulated a concentration-dependent increase in
intracellular calcium in activated rat HSCs but not in quiescent HSCs (Park et al.,
2011). Expression of L-type calcium channel and a-SMA were found to be
proportional to the level of activation of the rat HSC, as was the up-regulation of the
TGFB1 receptor (Park et al., 2011). The ability of 5-HT to stimulate release of
intracellular calcium in rat HSCs correlating with the increase in 5-HT,a and 5-HTg
receptor expression and HSC activation (Park et al., 2011). In addition, ritanserin, a
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non-selective 5-HT, antagonist, was shown to attenuate the 5-HT stimulated calcium
release (Park et al., 2011).

Further in vitro studies have implicated 5-HT,g as the predominant receptor in HSC
function (Ebrahimkhani et al., 2011). In these studies 5-HT was shown to activate the
mitogen-activated protein kinase 1 (ERK) and transcription factor JunD to mediate
stimulation of TGFB1 transcription in activated HSCs. These workers demonstrated
inhibition of ERK phosphorylation following incubation with PD98059, an MEK
inhibitor, and a 5-HT,g antagonist, SB 204741, in mouse, rat and human HSCs
(Ebrahimkhani et al.,, 2011). However the concentration at which SB 204741
inhibited pERK levels was > 10 uM, which would not selectively inhibit the 5-HTg
receptor. However, 5-HT-induced expression of TGFB1 and SMAD4 was inhibited
by ketanserin, a 5-HT,a antagonist, in rat HSCs (Li et al., 2006). Also using LX-2
cells, an immortalised human HSC line (Xu et al., 2005; Cao et al., 2006), an
increased expression of 5-HT,a upon activation was demonstrated (Kim et al., 2013).
Sarpogrelate and ketanserin (5-HT,a antagonists) were also shown to inhibit
viability, apoptosis and wound healing in LX-2 cells (Kim et al., 2013). Rat HSCs
proliferation studies reported that a number of 5-HT, antagonists, some not selective
for a specific 5-HT subtype, suppressed the proliferation and increase the rate of
apoptosis of activated HSCs (Ruddell et al., 2006).

Kidney glomerular mesangial cells, like HSCs in the liver, can be activated to
become proliferative and deposit ECM in the renal glomerulus (Grewal et al., 1999).
It was demonstrated that 5-HT is able induce expression of TGFB1 in a concentration
and time-dependent manner in rat mesangial cells, and that this effect is via the ERK
pathway, with mapping studies implicating the 5-HT,a receptor being responsible
(Grewal et al., 1999). Connective tissue growth factor (CTGF) expression was also
induced in rat mesangial cells by 5-HT, which was inhibited by ketanserin (Hahn et
al., 2000). Increased type IV collagen stimulated by 5-HT was found to be
antagonised by both sarpogrelate and ketanserin in a concentration-related manner in
human mesangial cells (Kasho et al., 1998). The effects of 5-HT observed in

mesangial cells in the kidney seem similar to those observed in the liver with HSCs.
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In vivo studies in rats and mice again have provided conflicting results as to the
actual 5-HT receptor subtype involved. In a mouse CCl, model of liver injury study,
SB 204741, a 5-HT,g antagonist, was demonstrated to reduce fibrosis and hepatic a-
SMA positive fibrogenic cells together with a reduction in TGFB1 levels, TIMP 1
and collagen 1 expression (Ebrahimkhani et al., 2011). SB 204741, which was dosed
in a BDL-induced liver fibrosis model was also shown to improve liver function and
reduce concentrations of serum transaminases, ALT and AST (Ebrahimkhani et al.,
2011). However in sarpogrelate, a 5-HT,a antagonist, was shown to reduce TAA
induced liver inflammation but did not significantly attenuate periportal fibrosis in
rats (Kim et al., 2013).

Evidence to date implicates 5-HT as a key player in liver fibrosis with the 5-HT, the
predominant receptor. However, the subtype of 5-HT, receptor involved still remains
to be confirmed and may depend on the individual cell type being investigated. 5-HT
receptors of numerous classes are present throughout the liver, with expression by
vascular endothelium, HSCs, hepatocytes, Kupffer cells and cholangiocytes (Ruddell
et al., 2008; Ebrahimkhani et al., 2011). The 5-HT>a receptor is abundant on platelets
and promotes their aggregation and activation, which leads to the activated platelets
releasing their stored serotonin, creating a positive feedback loop (Przyklenk et al.,
2010; Watts et al., 2012). Therefore a 5-HT,a antagonist might provide the added
benefit of preventing 5-HT release from platelets, which is important in the
development of fibrosis (Ruddell et al., 2008; Dees et al., 2011). The interplay
between the different cells and possible different 5-HT receptor subtypes may
suggest that when the liver is taken as a whole, the effect of a compound may not be
as expected. For instance some mechanisms may dominate more than others. 5-HT
stimulation of the 5-HT,4 receptor has been shown to have a role in the development
of portal hypertension by increasing resistance in the intrahepatic vasculature and in
the portal vein itself (Kaumann and Levy, 2006; Watts et al., 2012). Therefore a 5-
HT,a antagonist may alleviate or protect against the development of portal

hypertension but may also have unwanted side effects.
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1.7 Overview of the pathogenesis of hepatic fibrosis.

Hepatic fibrosis starts with an initial injury and subsequent wound-healing response
to the injury, which is similar to other organs’ response. If this injury persists then
fibrosis occurs leading progressively towards but not always cirrhosis. Chronic liver
injury can result from a number of different sources including viral infections (e.g.
hepatitis B and C), obesity, alcohol, drug-induced toxicity, liver infections, immune
liver disease, metabolic disorders and cholestasis (Figure 1.71) (Bataller and
Brenner, 2005). 75% of the blood supply to the liver via the portal vein, which comes
directly from the gastrointestinal viscera and spleen. The blood is rich in toxins, such
as endotoxin, xenobiotics and alcohol, and has low oxygen tension, making the liver
vulnerable to hypoxia and ischemia. The structure of the liver sinusoids, with the
fenestrated endothelium, allows the blood to interact with many of the different cells
of the liver including the hepatocytes. For most hepatoxic agents such as alcohol
metabolites, hepatitis viruses and bile acids, hepatocytes are the main target (Higuchi
and Gores, 2003). The liver, due to its function to metabolise and biotransform
chemicals, is also at risk from free radical damage. Thus, if its function is
compromised then this will also lead to liver injury (Higuchi and Gores, 2003). It is
cell death and inflammation which are the major initiators of most liver disease
(Higuchi and Gores, 2003; Bataller and Brenner, 2005). Injury to the liver will
typically induce necrosis of hepatocytes and apoptosis which then leads on to a
complex interplay between all the different hepatic cell types. The damaged
hepatocytes undergo genomic DNA fragmentation to form apoptotic bodies and
release reactive oxygen species (ROS). Hepatocytes also release cytokines, such as
TNFa, TGFP1, vascular endothelial growth factor (VEGF), insulin-like growth
factor (IGF-1), release lipid peroxidation products and chemokines. Together these
stimulate the activation of endothelial cells, HSC and Kupffer cells (Bataller and
Brenner, 2005; Kisseleva and Brenner, 2007).

The Kupffer cell, which has a major role in liver inflammation, engulf the apoptotic
bodies leading to enhanced expression of pro-fibrotic genes and Fas ligand (death
ligand) (Canbay et al., 2003). Thus, Kupffer cells are a major player in liver

inflammation. The clearing of apoptotic bodies is required to protect tissues from
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Figure 1.7.1 Hlustration of the cellular mechanism of fibrosis.

HSC apoptosis

Many different types of

agents are able to damage the liver to induce inflammation of the hepatic cell types.

Damaged hepatocytes and biliary cells release inflammatory cytokines and soluble factors,

which cause activation of the Kupffer cells and stimulate T-cells. The inflammatory milieu

that stimulates activation of the HSC into a myofibroblast-like cell. The activated HSC

secretes cytokines, which perpetuates their activated state. If the liver injury persists then

accumulation of the HSCs and portal myofibroblasts occurs, synthesising large amounts of

cytokines such as TIMP’s. Apoptosis of damaged hepatocytes stimulates the fibrogenic

actions of the HSC. If the liver injury is removed, fibrosis resolves due to apoptosis of the

HSC and regeneration of hepatocytes. The remaining collagen is degraded by increased

activity of the MMP’s induced by decreased TIMP expression. (Taken from Bataller and

Brenner, 2005).
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their inflammatory contents. The Kupffer cells then independently initiate
intracellular signalling which leads to further amplification of liver injury by release
of free radicals and many cytokines (See section 1.5.2). The HSC, due its close
proximity to the hepatocytes in the space of Disse, can also phagocytose the
hepatocyte apoptotic bodies. This helps to activate the phenotypic change in HSCs,
driving TGFB1 expression, macrophage inflammatory protein-2 (MIP-2) expression
and induction of collagen, which exacerbates hepatocyte damage (Kisseleva and
Brenner, 2007). Activated HSCs (aHSCs) have also been implicated in antigen
presentation and phagocytosis-dependent antigen trafficking (Vifas et al., 2003). In
severe cases of liver toxicity, oxidative stress products and ROS are able to reach
critical concentrations to induce fibrosis, without any significant hepatocyte damage

and inflammation (Kisseleva and Brenner, 2007).

A major cytokine which plays a critical role in fibrosis progression is TGFf. This is
released by hepatocytes, Kupffer cells, LSECs and HSCs (Dooley and ten Dijke,
2012). TGFP triggers the apoptosis of hepatocytes, activates and recruits
inflammatory cells and stimulates hepatic stellate cells to transform into a
myofibroblast phenotype that produces collagen. Activated HSC are myofibroblast—
like cells which produce collagen types I, Il and 1V, proteoglycans, laminin and
fibronectin and secrete TGFB1 (Breitkopf et al., 2005). This change in the ECM
composition further stimulates fibrosis and HSC activation, thus maintaining the
elevated TGp1 level (Bataller and Brenner, 2005). There are other myofibroblast-like
cells that are resident in the liver, such as portal myofibroblasts. These cells are also
activated by TGFB1 and they help to further recruit circulating myofibroblasts to the

injured liver (Bataller and Brenner, 2005).

Another factor, platelet derived growth factor (PDGF), is considered to be a key
fibrogenic and proliferative stimulus of HSCs. High concentrations of PDGF are
released by platelets and macrophages during tissue repair and inflammatory
processes. There are other mitogens which play a role in the proliferation of stellate
cells such as VEGF, endothelial growth factor (EGF), transforming growth factor a
(TFGa), thrombin and insulin (Friedman 2008a). There is also evidence that CTGF is

an important fibrogenic mediator which is downstream of TGFB1 (Jiao et al., 2009).
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After acute liver injury the damaged parenchymal cells regenerate to replace the
necrotic and apoptotic cells. Persistent injury is associated with major alterations of
the quantity and composition of ECM. The site of the ECM deposition in the liver is
dependent on the origin of the injury. Fibrosis around the portal tracts is associated
with chronic viral hepatitis and cholestatic disorders. In contrast fibrosis induced by
alcohol tends to be localised in the pericentral and perisinusoidal area (Pinzani and
Gentilini, 1999).

The composition and deposition of ECM alters during the progression of fibrosis. A
liver in the advanced stages of fibrosis can contain 6 times more ECM than normal
liver (Bataller and Brenner, 2005). The accumulation of ECM, which contains
collagens (I, Il and VI), fibronectin, undulin, elastin, laminin, hyaluronan and
proteoglycans is due to both the synthesis and decreased degradation of matrix
proteins (Arthur, 2000). The reduced matrix degradation is due to inhibition of
matrix-metalloproteinases (MMP-1, -8 and -13) (Arthur, 2000), which are regulated
by tissue inhibitors of metalloproteinases (TIMPs). Activated HSCs express TIMPs
with TIMP-1 as the major TIMP secreted. TIMP inhibits MMPs, thus preventing
matrix degradation (Iredale et al., 2013), which favours scar deposition. TIMP-1 has
also been found to be anti-apoptotic towards stellate cells (Murphy et al., 2002),

which ensures their persistence.

If the liver injury is removed, then resolution of the liver occurs and there is evidence
to support this occurrence even after advanced fibrosis (Arthur, 2002). The time it
takes to resolve is dependent on the type of injury and severity (Arthur, 2000).
Increased MMP activity along with a decreased expression of TIMP’s allows the
degradation of the fibrillar collagen, which in turn causes apoptosis of the HSC

through stimulation of death receptors (Arthur, 2000; Bataller and Brenner, 2005).

1.8  Hepatic stellate cell biology and role in fibrosis.

The hepatic stellate cell was first described by Carl von Kupffer in 1876 (Friedman,
2008b). In the beginning of the 20™ century other investigators reported a
macrophage-like cell that contained vitamin A. However it was not until the early

1970’s that these cells were found to be different from the macrophages, and linked
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with the pathogenesis of hepatic fibrosis (Wake, 1971; McGee and Patrick, 1972).
Development of methods to isolate these cells in animal and human species has
initiated substantial research into stellate cells (De Leeuw et al., 1984; Friedman et
al., 1992). One of the earliest findings was that these cells, when cultured on plastic,
proliferate and differentiate in a similar way to that had been observed in the injured
liver (Friedman et al., 1992). Since then a wealth of information has been discovered
about these cells and their role in fibrosis. HSCs are widely recognised as one of the

key mediators in hepatic fibrosis (Friedman, 2000).

In healthy liver, HSCs are spindle shaped cells that lie in the recesses between
neighbouring cells in the sub-endothelial space, known as the space of Disse. The
stellate cells act as the principle storage site for retinoids (vitamin A metabolites)
(Rockey, 2006). They represent 5-8% of the cells in the normal liver (Blouin et al.,
1977). HSCs possess long cytoplasmic branches which allow connection with the
endothelial cells and hepatocytes in the space of Disse (Friedman, 2008b). It is this
contact between the cells that facilitates intercellular transport of soluble mediators
and cytokines. The HSCs lie in a circumferential fashion around the sinusoidal
endothelial cells with the cytoplasmic processes extending along the sinusoid
(Rockey, 2001b). This anatomical feature of the HSCs is very similar to the smooth
muscle-like pericytes in tissue capillaries which regulate blood flow (Sims, 1991;
Soon and Yee, 2008). HSCs have been found to be adjacent to nerve endings (Ueno
et al., 1997) and so can be influenced by neurotransmitters through the expression of
appropriate receptors on their surface. The position of the HSCs indicates a role of
HSCs in the regulation of sinusoidal blood flow (Nakatani et al., 1996; Rockey and
Weisiger, 1996) which is considered to be a key function. HSCs have also been
found to be influenced by growth factors, such as PDGF, whose receptor expression
has been found to be enhanced by liver injury and activation of the cells (Cassiman et
al., 2001; Borkham-Kamphorst et al., 2004). The average lifespan of the stellate cell
is still unknown and they are considered to be long-lived cells, as proliferation is rare
(Geerts, 2001). The discovery in the 1980s that the activation of HSCs, through liver
injury, was key in the deposition of ECM in both normal and fibrotic liver drove an
increased interest in the role of HSCs in liver fibrosis. Many scientists reported the

close proximity of the HSC to the collagen fibres in the injured liver (McGee and
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Patrick, 1972; Okanoue et al., 1983; Kent et al., 1984; Martinez-Hernandez, 1984).
This led to development of the methods to isolate the cells from rats (Knook et al.,
1982; Friedman and Roll, 1987), mice (Chen et al., 1989) and humans (Friedman et
al., 1992).

1.8.1 Activation of hepatic stellate cells.

The activation of the stellate cells marks their transformation in both function and
phenotype to a myofibroblast-like cell (Friedman, 2000; Bataller and Brenner,
2005). This process consists of two major stages. These are: initiation and
perpetuation (Friedman, 2004). A third stage known as the resolution phase can
follow where the liver injury is healed (Figure 1.8.1). The initiation stage, which is
also referred to as the pre-inflammatory stage, is due to paracrine stimulation from
all the neighbouring cells such as hepatocytes, sinusoidal endothelial cells and
platelets. As already described (Section 1.7), once the liver is injured cellular
apoptosis is the first response to the toxic event (Canbay et al., 2004). Hepatocyte
necrosis and apoptosis causes release of apoptotic bodies, ROS and lipid
peroxidation products. The hepatocyte apoptosis promotes HSC initiation by a
process mediated through death receptors such as the Fas ligand (a type I
transmembrane protein belonging to the tumour necrosis (TNF) family) and tumour
necrosis factor-related apoptosis-inducing ligand (TRAIL) (Canbay et al., 2004). The
clearance of the apoptotic bodies through phagocytosis directly simulates fibrosis.
Kupffer cell infiltration and activation occurs, which contributes to the activation of
the stellate cell. It should also be pointed out that HSCs are capable of phagocytosing
the apoptotic bodies themselves due to their close proximity to the hepatocytes
(Canbay et al., 2004; Kisseleva and Brenner, 2007), which stimulates further
activation. The Kupffer cells stimulate release of cytokines (especially TGFp1),
matrix synthesis and promote cell proliferation (Canbay et al., 2003; Bilzer et al.,
2006). Endothelial cells also contribute to the activation of the HSCs by converting
the TGFp from the latent form to the profibrogenic active form, along with a cellular
isoform of fibronectin (Jarnagin et al., 1994). In addition, the platelets provide
paracrine stimulation of HSCs through release of PDGF, TGF and EGF (Bachem et
al., 1989).
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Figure 1.8.1 Hepatic stellate cells initiation, perpetuation and resolution following
liver injury. During liver injury initiation of HSC activation is provoked by soluble stimuli
that include oxidative stress signals, apoptotic bodies, lipopolysaccharide and paracrine
stimulus from neighbouring cell types, such as Kupffer cells, sinusoidal endothelium and
hepatocytes. Perpetuation follow, which is characterised by specific phenotypic changes
including proliferation, contractility, fibrogenesis, altered matrix degradation, chemotaxis
and inflammatory signalling. During resolution of fibrosis there is apoptosis of the fibrogenic
cells along with reversion to a more quiescent phenotype (Taken from Puche et al., 2013).
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1.8.2 Perpetuation of stellate cell activation.

Perpetuation of the stellate cell activation involves a number of discrete changes in
function and phenotype. These are expression of a-smooth muscle-actin (a-SMA),
increased production of collagen, expression of TIMP-1, loss of its retinoid storage
capability, proliferation, chemotaxis, and increased contractility (Friedman, 2008)
(Figure 1.8.1). The activated HSC becomes resistant to apoptosis, due to inhibition of
MMPs by the increased expression of TIMP-1 (Murphy et al., 2002) and high basal
nuclear factor-xB activity (Oakley et al., 2005). In the chronically injured liver,
HSCs persist and produce excess deposition of collagen. This alters the constituents
of the hepatic ECM, such that the liver becomes fibrotic. If ECM remodelling is
allowed to continue unchecked this ultimately leads to cirrhosis of the liver (Benyon
and Arthur, 2001).

1.8.2.1 Proliferation of hepatic stellate cells.

The activated HSCs change to a proliferative phenotype and become more
responsive to PDGF, the most potent mitogen (Pinzani, 2002). This is due to the up-
regulation of the PDGF receptor (Wong et al., 1994). PDGF exists as a dimer of two
polypeptide chains, A and B chain, with three possible combinations, AA, BB, and
AB. The BB dimer is the most potent at stimulating HSCs (Pinzani, 2002). The
PDGF receptor comprises of an a and B subunit, which dimerises following PDGF
binding. The A-chain of PDGF binds to a-receptors, whereas the B-chain of PDGF
can bind to both to a- and B-receptors with high affinity (Heldin and Westermark,
1999). The PDGF cell surface receptor, which has intrinsic tyrosine kinase activity,
becomes autophosphorylated on the tyrosine ligands when PDGF binds (Heldin and
Westermark, 1999). This then leads to the formation of high affinity binding sites for
signalling proteins with src-homology-2 (SH-2) domains or phosphotyrosine binding
(PTB) domains (Pinzani, 2002). The PDGF receptor then associates with the adapter
protein Grb2 which causes recruitment of the exchange factor mSos leading to
recruitment and sequential activation of Ras, Raf-1, MEK and ERK, followed by
ERK translocation to the nucleus. Translocation to the nucleus is associated with
phosphorylation of transcription factors such as Elk-1 and SAP, and it is these that
are required for proliferation (Pages et al., 1993). Thus inhibition of this pathway
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upstream of ERK causes a concentration-dependent inhibition of proliferation (Marra
et al., 1999a). Pentoxifylline, a phosphodiesterase inhibitor, which causes increased
levels of cCAMP was found to induce a reduction in the PDGF-stimulated ERK
phosphorylation (Pinzani et al., 1996). Increased levels of cAMP inhibits PDGF
growth by protein kinase A (PKA) catalysed phosphorylation of Raf kinase, which
is upstream of ERK (Graves et al., 1993; Wu et al., 1993) and by inhibition of
STAT1 (Kawada et al., 1997).

Phosphatidylinositol 3-kinase (PI13K) activation by the PDGF receptor is required for
proliferation and chemotaxis in human HSCs (Marra et al., 1997; Pinzani, 2002).
PI3K activation is able to mediate the PDGF stimulated proliferation through both a
Ras-ERK pathway and ERK-independent pathways. Thus, PI3K inhibitors, such as
LY294002 and Wortmanin, are only able to inhibit ERK activation by at most 50%
(Marra et al., 1995; Gentilini et al., 2000; Pinzani, 2002). It should also be noted as
previously stated that other mitogens such as VEGF, EGF, TFGa, thrombin and
insulin have been found to have a potential role in liver fibrosis (Friedman, 2008a).

1.8.2.2 Hepatic stellate cell chemotaxis.

The accumulation of activated HSCs at sites of injury and alignment within
inflammatory septae in vivo is caused by chemotaxis (Pinzani and Marra, 2001b;
Hasegaea et al., 2015). Monocyte chemoattractant protein-1 (MCP-1) has been found
to induce concentration-dependent chemotaxis of HSCs, but not via activation of its
CCR2 receptor (Marra et al., 1999b). Instead, this might possibly occur via CCR11
or due to a direct profibrotic action on the HSC (Pinzani and Marra, 2001b). It is
possible that MCP-1 (Marra et al., 1999b), like PDGF (lkeda et al., 1999), VEGF
(Novo et al., 2007), EGF (Yang et al., 2003) and CXCL10 (Bonacchi et al., 2001) are
all chemoattractants for the stellate cells. These mediators might act via activation of
the Ras/ERK or PI3K/AKT pathways to induce migration (Marra et al., 1999a; Novo
et al., 2011). Chemotaxis has been observed in the absence of any exogenous applied
chemoattractants and this has been found to be caused by ROS generated from
hepatocytes or via local tissue hypoxia (Novo et al., 2011). HSCs respond to changes

in the local ECM, as the fibrosis continues, such that they may even migrate towards
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collagen type 1 and MMP-1. These potentially may act in a feedback loop to further
amplify the fibrotic response (Yang et al, 2003).

1.8.2.3 Contractility of hepatic stellate cells.

HSCs are reported to be contractile and this may affect the portal resistance observed
during liver fibrosis. The large numbers of HSCs that are found in the end-stage
fibrotic collagenous bands cause constriction of the individual sinusoids, which
constricts the liver causing portal hypertension. (Rockey, 2001a, 2001b). In primary
HSC culture, it has been shown that stellate cells acquire the ability to contract when
they become activated. This is mediated by receptors that interact with the ECM
(Melton et al., 2006). Although Endothelin-1 (ET-1) and nitric oxide are considered
to be the key players in stellate cell contractility there are other agents such as
angiotensins, eicosanoids and somatostatin that have been implicated (Rockey,
2003). HSC expression of the cytoskeletal protein a-SMA increases upon activation,
and this correlates with the increased expression of L-type voltage-operated calcium
channels (Bataller et al., 1998, 2001; Park et al., 2011). HSCs upon activation have
the ability to release calcium following stimulation with arginine, vasopressin
(Bataller et al., 1997) and endothelin (Goto et al., 1989). This leads to an increased
contractile potential of the stellate cell (Reynaert, 2002; Rombouts et al., 2002).
Contraction of HSCs generates sufficient force to contract the sinusoids (Thimgan
and Yee, 1999). There are also reports that the HSC contractile response can be
driven by a calcium-independent mechanism (Melton et al., 2006). The new scheme
for the regulation of contractile force generation by rat hepatic stellate was proposed
where ET-1 stimulates contraction via a pathway signalling through Rho-associated
kinase rather than calcium (Melton et al., 2006). This proposal will have implications
for our understanding of sinusoidal blood flow and hepatic fibrosis (Melton et al.,
2006).

1.8.2.4 Fibrogenesis.

One of the key characteristics of HSCs is their fibrogenic potential driven by
increased cell numbers, due to both proliferation, resistance to apoptosis and
increased ECM production (Forbes and Parola, 2011). During hepatic fibrosis, TGF
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has an important role in initiation, promotion and progression of transdifferentiation
of the HSC into a myofibroblast (Gressner et al., 2007). TGFB1 is the most potent
stimulus for ECM synthesis in HSCs and this is derived from both a paracrine and
autocrine source (Inagaki and Okazaki, 2007). TGFB1 stimulates the production of
other ECM components, such as collagen 1, fibronectin and proteoglycans (George
et al., 1999), as well as a-SMA organisation and stress-fibre formation (Dooley et al.,
2003; Uemura et al., 2005). Increased TGFp activity during fibrogenesis is observed
along with increased production and deposition of collagen from HSCs, leading to

increased scarring and eventual loss of liver function (Gressner et al., 2007).

TGEFp is a multifunctional cytokine that regulates a large array of cellular responses.
It exists in three isoforms (TGFB1, TGFB2 and TGFB3), which all function through
the same signalling pathways (Inagaki and Okazaki, 2007; Kubiczkova et al., 2012).
Three types of TGFp receptors are present in most cells. These are: type I (TBRI)
Activin Like Kinase 5 (ALKS), type II (TBRII) receptors and type III (TPRII)
(Kubiczkova et al., 2012). TGFp signalling is mediated through interactions between
TBRI and TPRII receptors (Dooley et al., 2000). These receptors exist as independent
homodimers in the absence of ligand (Massague, 1996). TBRII is activated by the
binding of TGFB which recruits the TPRI receptor through transphosphorylation of
the glycine serine rich (GS) domain (Massagué, 1998). This forms a heteromeric
complex of TPRI and TPRII which leads to activated TGFf receptor kinase activity
and subsequent downstream signalling (Verrecchia and Mauviel, 2007). TPRI
initiates the intracellular signalling cascade by phosphorylating intracellular proteins
known as SMA and MAD proteins (SMADS) (Figure 1.8.2). There are three classes
of SMADs: receptor activated SMADs (R-SMAD), common-mediator SMADs (Co-
SMAD) and the inhibitory SMADs (I- SMAD). The R- SMADs, SMAD2 and 3, are
restricted to the TGFP pathway (Tsukazaki et al., 1998). Upon activation, SMAD2
and 3 are presented to the TGFp receptor complex via the SMAD anchor for receptor
activation (SARA) (Tsukazaki et al., 1998). Once phosphorylated by the TGFBR, the
R-SMADs form heteromeric complexes with SMAD4 (a Co-SMAD) and translocate
from the cytoplasm to the nucleus (Verrecchia and Mauviel, 2007). Within the
nucleus, the SMADs bind directly to transcription factors to induce transcription of
collagen type I and 111 (Inagaki and Okazaki, 2007) (Figure 1.8.2).
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Figure 1.8.2 Schematic diagram of the canonical TGFB-SMAD signalling pathway.
Free TGFp can bind to the transmembrane TGFf receptor II (TBRII). This then results in the
recruitment of and hetrodimerisation with the TGFP receptor type 1 (TPRI). This
heterodimerisation initiates signalling through transphosphorylation of TBRI by the TBRII
which is transmitted into the cell via phosphorylation of the TGFp receptor-specific SMADs
(R-SMADs: SMAD2 and SMAD3). They form heteromeric complexes with the common
mediator SMAD (co-SMAD: SMAD4) and translocate to the nucleus. Upon entry into the
nucleus the R-SMAD/co-SMAD complex binds, with high affinity and specificity, to the
genomic SMAD-binding element (SBE) sequence, requiring additional DNA binding
transcription factors that associate with specific sequences flanking the SBE. Inhibitors of
the different stages of the pathway are also shown (SMAD?7 and the nuclear proteins SKI and
SNO). mG and AAAAA, represents 5° capping and 3’ polyadeylation of mMRNAs
respectively (Taken from (Akhurst and Hata, 2012)).
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The effects of TGFB on HSCs will depend on whether they are quiescent or activated
(Dooley et al., 2000; Gressner et al., 2007; Dooley and ten Dijke, 2012). In quiescent
HSCs, TGFB will inhibit proliferation and this involves phosphorylation and
translocation of SMAD?2 to the nucleus (Dooley et al., 2000). Once the HSCs have
activated TGFB has no effect on proliferation and causes phosphorylation and
translocation of SMAD3 (Liu et al., 2003). It has been found that SARA, which is
required for SMAD?2 signalling, is not present in activated HSCs (Liu et al., 2003)
and that a constitutively phosphorylated SMAD?2 is found in the nucleus (Liu et al.,
2003). This therefore means that SMAD3 is a direct mediator of matrix production in
the activated HSC (Uemura et al., 2005). Another important SMAD for HSC with
respect to TGFP responses, which has been investigated is the I-SMAD, SMAD?7,
which acts as a feedback inhibitor of TGFp signalling (Stopa et al., 2000; Dooley et
al., 2003). This is the case in quiescent HSC, but in the activated HSC there is a lack
of SMAD?7 induction, which could explain the excessive effect of TGFP observed in
liver fibrosis (Stopa et al., 2000; Tahashi et al., 2002; Dooley et al., 2003).

Non-canonical TGFf signalling (Figure 1.8.3) as well as crosstalk with other
pathways has been reported to occur (Inagaki and Okazaki, 2007). Non-SMAD
TGFp signalling via Ras/Raf-1MAPK signalling has been reported (Reimann et al.,
1997), as well as p38/Jun amino-terminal kinase (JNK)/MAP kinase (Furukawa et
al.,, 2003). MAPK-mediated SMAD3 linker phosphorylation is thought to be
associated with HSC migration and disease progression (Furukawa et al., 2003,
Yoshida et al., 2005; Matsuzaki et al., 2007).

1.8.2.5 Matrix turnover.

Fibrosis is a consequence of an imbalance between matrix production and
degradation. Disruption of the normal hepatic matrix by matrix-degrading proteases
hastens matrix replacement by scar tissue. The ECM in normal liver is composed of
collagens (types I, IlI, IV, V and VI), the non-collagenous glycoproteins which
encompass laminin and fibronectin amongst others and proteoglycans (Iredale et al.,
2013). In the liver sinusoid the basement membrane comprises of laminin and type
IV collagen which is progressively replaced by rich interstitial collagens, such as

collagens | and Il (Maher et al., 1988; Friedman, 1993). It is the accumulation of
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Figure 1.8.3 Schematic diagram of the non-canonical TGFp signalling and crosstalk
with other signalling pathways. Free TGFp can bind to the transmembrane TGFf receptor
II (TBRID). This then results in the recruitment of and hetrodimerisation with the TGFf
receptor type I (TPRI). This heterodimerisation initiates signalling through
transphosphorylation of TPRI by the TBRII which is transmitted into the cell via the non-
canonical TGFpP pathways. These include signalling through p38 mitogen-activated protein
kinase (p38 MAPK), extracellular signal-regulated kinases (ERK), RHO, TGFp-activated
kinase 1 (Takl), phosphoinositide 3-kinase (P13K) , nuclear factor-kB (NF-xB, JUN N-
terminal kinase (JNK) and TNF receptor associated factor 4 (TRAF4) or TRAF6. TGF
signalling can be influenced by pathways other than the canonical and non-canonical TGFf
signalling pathways, such as the WNT, Hedgehog, Notch, interferon (IFN), tumour necrosis
factor (TNF) and RAS pathways. mG and AAAAA, represents 5° capping and 3’
polyadeylation of mMRNAs respectively (taken from (Akhurst and Hata, 2012)).
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the collagens which eventually distorts the sinusoid and vasculature, such that the
architecture of the liver is significantly disrupted (Iredale et al., 2013). The discovery
of the family of matrix-metalloproteinases (MMP), which are calcium-dependent
enzymes which specifically degrade collagens and non-collagenous substances, were
found to be a key element in the understanding of matrix remodelling (Benyon and
Arthur, 2001; Iredale, 2001). MMPs are categorised based on their substrate
specificity. HSCs produce MMP-2 and MMP-9 (specific for gelantinases), MMP-13
(specific for interstitial collagenases) and stromelysin (Friedman, 2008a). Increased
MMP-2 expression has been demonstrated in cirrhosis (Benyon et al., 1996). The
regulation of these enzymes occurs at many levels with their inactivation by binding
to Tissue Inhibitors of MMPs (TIMPs) (Iredale, 2001). HSCs produce functional
TIMP-1 and TIMP-2 during liver injury. This enables the inhibition of interstitial
collagenases (MMP-2 and MMP-9) which will result in reduced degradation of the
accumulating matrix (Murphy et al., 2002). TIMP-1 has been shown to be anti-
apoptotic toward stellate cells through MMP inhibition, therefore if its expression is
sustained then this will lead to an increased population of stellate cells due to the

prevention of their clearance (Murphy et al., 2002).
1.8.3 Resolution of Fibrosis.

Reversibility of advanced hepatic fibrosis and even early cirrhosis has been
demonstrated across a range of diseases (Ellis and Mann, 2012). The actual
mechanism by which fibrosis may be reversed has yet to be completely characterised
but it is believed that regression of activated HSCs and myofibroblasts are critical for
this (Hasegaea et al., 2015). There are two potential pathways for reduction of
activated HSCs, either reversion to a quiescent phenotype or through clearance via
apoptosis (Friedman, 2008b). A study investigating the fate of activated HSCs after
CCl4-induced and alcohol-induced liver fibrosis, using genetically labelled activated
HSCs, demonstrated that half of the activated HSCs escaped apoptosis. This involved
down regulating fibrotic genes and acquiring a phenotype similar to, but distinct
from, quiescent HSCs, during regression of fibrosis (Kisseleva et al., 2012).

Although the stellate cells reacquired markers of quiescence during fibrosis
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resolution, these inactivated HSCs adopted an intermediate phenotype, with a

heightened capacity to reactivate when treated with TGFp1 (Kisseleva et al., 2012).

1.8.3.1 Hepatic stellate cell apoptosis.

Apoptosis of HSCs is an important feature during regression of liver fibrosis (Iredale,
2001). The removal of the collagen and TIMP producing cells leads to restoration of
a normal baseline MMP activity along with remodelling of the ECM to a near normal
state (Oakley et al., 2005). Nuclear factor-kB (NF-xB) was speculated to function as
a survival factor for HSCs through the prevention of apoptosis (Lang et al., 2000;
Wright et al., 2001; Oakley et al., 2003; Elsharkawy et al., 2005). Cultured rat and
human HSCs have been shown to contain constitutively active NF-kB transcriptional
activity (Wright et al., 2001). Experimental evidence in rat HSCs, as well as in an in
vivo rat CCly liver injury model, has shown that HSC apoptosis can be stimulated via
a caspase-dependent mechanism. This involves inhibition of the anti-apoptotic
transcription factor NF-xB (Oakley et al., 2005). In the rat CCl, model of liver
injury, NF-xB inhibition caused rapid clearance of a-SMA positive myofibroblasts,
reduced hepatic expression of pro-collagen | and TIMP1 and increased hepatic MMP
activity, along with an accelerated resolution of liver fibrosis (Oakley et al., 2005).
Nerve growth factor, which can be derived from hepatocytes, is known to be
apoptotic towards stellate cells through inhibition of NF-xkB (Oakley et al., 2003)
and this activity has been shown to be blocked by a serotonin antagonist (Ruddell et
al., 2006). Human HSCs are relatively resistant to apoptosis when compared to rat
HSCs, due to increased expression of regulator protein B-cell lymphoma 2 (Bcl-2),
that regulates cell death (Novo, 2006). Therefore caution must be taken with
extrapolation from rodent models to humans. There is a hypothesis that natural Killer
(NK) cells limit liver fibrosis by induction of HSC apoptosis via TRAIL and it has
been reported that cultured HSCs are sensitive to TRAIL-mediated apoptosis
(Radaeva et al., 2006). Patients with rapid progression of disease exhibit impaired
NK cell function compared with patients with slow disease progression (Radaeva et
al., 2006). NK cell function also declines with age which may explain the

acceleration of fibrosis with age (Poynard et al., 2003).

42



1.9 Animal models of fibrosis.

Animal models have been used for many decades to study both fibrosis and evaluate
potential anti-fibrotic therapies. In vivo models of liver fibrosis offer a way to
investigate molecules in intact organs and have been crucial in increasing our
understanding of the pathophysiological processes of fibrosis. Animal models remain
a vital experimental tool, despite being unable to replicate the human disease
(Constandinou et al., 2005; Starkel and Leclercq, 2011). The choice of animal model
and the fibrosis-inducing stimulus is based on the expectation that the response will
engage mechanisms that are similar to the human disease, although this may not be
the case. It is not always possible to replicate the human disease in an animal model,
for example HCV does not infect rats, and specific inducing agents will have
differing effects depending on the species (Starkel and Leclercg, 2011). An important
difference in the human disease is the significant impact of the alteration of the
vasculature in the disease progression, causing liver loss due to secondary hypoxia,
which does not occur commonly in animal models (Wallace et al., 2008). There are
many different types of animal models used in research from toxin-induced, dietary-
induced, surgically-manipulated, genetically-modified and infection-induced, that
have and are used to advance our knowledge of liver fibrosis. The availability of
knockout mice has increased the understanding of the molecular mechanisms and the
significance of targeted genes in hepatic function and disease (Hayashi and Sakai,
2011). The stimulus, design, species and strain of animal are important factors that
need to be considered when choosing the animal model to study, as they will
influence the specific characteristics, location and development of the disease
(Wallace et al., 2008; Starkel and Leclercq, 2011). It is important to choose a model
that will match the mode of action of the potential anti-fibrotic agent being tested.
Another important consideration is that the potential anti-fibrotic agents are not toxic
or modulate the experimental agent being used to generate the liver injury, as this
will compromise the data interpretation of the study (Marek et al., 2005a; Wallace et
al., 2008). It is advisable when investigating the anti-fibrotic potential of a drug to
test it in at least two animal models, which should be mechanistically distinct, to
avoid model specific artefacts (Wallace et al., 2008; Popov and Schuppan, 2009).

The models that will be discussed further in this thesis will focus on those that have
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been used experimentally in the thesis and in the literature to provide evidence and
insight to the research being addressed. The models discussed further will be the
CCly liver injury model, thioacetamide (TAA) induced liver injury model and bile
duct ligation model (BDL), with the HSC playing an important role in the

fibrogenesis observed in all three of these models.
1.9.1 Carbon tetrachloride liver injury model.

The CCly liver injury model is one of the classical and most widely used. It is the
best characterised model as it induces fibrosis through repeated insult with a
hepatoxin, which is CCl, (Constandinou et al., 2005; Starkel and Leclercq, 2011;
Crespo Yanguas et al., 2015). It mirrors the pattern of disease seen in human fibrosis
and cirrhosis caused by toxic damage in many respects (Tamayo, 1983; Tsukamoto
et al., 1990), but with a more pronounced cholangiolar cell hyperplasia is observed in
advanced CCly-induced fibrosis in rat. There is also a failure to progress to

hepatocellular carcinoma (Tamayo, 1983).

After administration, CCl, (a halokane), is bio-transformed by CYP2EL to produce
trichloromethyl radical, which causes lipid peroxidation. The lipid peroxides can
then react with sulphydryl group of proteins (Tamayo, 1983; Tsukamoto et al., 1990;
Basu, 2003; Weber et al., 2003). This therefore causes an acute-phase reaction,
which is characterised by necrosis of centrilobular hepatocytes, activation of Kupffer
cells and the induction of an inflammatory response (Hendrikx et al., 1996). This in
turn causes the production of cytokines, which activates the HSC leading to liver
fibrosis (lwaisako et al., 2014). It has been demonstrated that the ERK pathway,
which regulates proliferation and chemotaxis of HSC has been found to be activated

following administration of CCl, (Marra et al., 1999a).

Most commonly CCl, (0.3-1mg/kg) is dosed 2-3 times weekly intraperitoneally for
4-12 weeks, depending on the level of fibrosis required to be achieved, in rats or
mice (Constandinou et al., 2005; Wallace et al., 2008; Crespo Yanguas et al., 2015).
Twice-weekly dosing of CCly fibrosis will induce fibrosis after 4 weeks, cirrhosis
after 8 week and advanced micronodular cirrhosis after 12 weeks (Constandinou et

al., 2005). CCl, can also be administered orally, subcutaneously or inhaled using
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different dosing regimens (Crespo Yanguas et al., 2015). The use of mice in this
model are preferred due to their higher metabolic rate of CCl, (Thrall et al., 2000)
and also because of the lower amount of agents required (Popov and Schuppan,
2009) in comparison to rats. The strain of mice is also important as BALB/c mice
develop more liver fibrosis compared with C57BL/6 and DBA/2 counterparts upon
CCl4 administration (Shi et al., 1997; Walkin et al., 2013). This model can also be
used to study fibrosis recovery after the cessation of CCl, administration and has
been used in conjunction with knockout and transgenic animals for mechanistic
studies (Iredale et al., 1998; Constandinou et al., 2005). Once the model is
established it provides predictable and reproducible fibrosis (Constandinou et al.,
2005).

The fibrosis observed in the histological examination of the liver demonstrates
fibrosis emerging from the central vein eventually leading to central-central bridging
fibrosis (Constandinou et al., 2005; Wallace et al., 2008). Histological analysis of the
liver, with different immunochemical stains is used to assess fibrosis. Hemotoxylin
and eosin (H&E) staining provides assessment on the overall architecture, degree of
inflammation, necrosis, cellular apoptosis and cellular mitosis that has been induced.
a-SMA stains areas of inflammation identifying activated HSCs and other tissue
myofibroblasts. Sirius Red stain identifies areas of the combination of collagen 1 and
collagen 3 deposition. These two stains provide a visual assessment of the extent and
distribution of fibrosis (Constandinou et al., 2005).

1.9.2 Thioacetamide induced liver injury model.

TAA, like CCly is another toxin widely used for fibrosis-induction, with it being bio-
transformed by CYP450 isoenzymes, into thioacetamide sulphur dioxide. This causes
centrilobular necrosis of the liver, with a more prominent periportal injury being
observed (Starkel and Leclercq, 2011; Crespo Yanguas et al., 2015; Wallace et al.,
2015). TAA is administered intraperitoneally, 2-3 times a week, for 4-12 weeks or
administered in drinking water for up to 16 weeks (Crespo Yanguas et al., 2015;
Wallace et al., 2015). The actual mechanism by which TAA causes liver injury is
still not fully understood. Severe oxidative damage associated with activation of

HSCs is observed (Palacios et al., 2008; Crespo Yanguas et al., 2015; Wallace et al.,
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2015). TAA administered in drinking water in mice was found to cause activation of
HSCs, as assessed by increased expression of glial fibrillary acidic protein (GFAP,
specific hepatic biomarker for HSCs) and cysteine- and glycine-rich protein 2
(CRP2, specific marker of HSC transdifferentiation). The increased expression
positively correlated with the increased collagen, a-SMA expression, and PDGF-BB
expression (Palacios et al., 2008). Therefore hepatic stellate cell activation is
essential for the observed fibrosis and cirrhosis (Palacios et al., 2008; Wallace et al.,
2015). A reliable, dose- and time-dependent pattern of liver injury can be achieved
with this model (Al-Bader et al., 2000; Laleman et al., 2006; Wallace et al., 2015)
but does require a longer time to develop liver injury when compared with the CCl,
model (Zimmermann et al., 1987; Wallace et al., 2015). Microscopic investigation of
rodent livers following TAA demonstrates a more periportal infiltrate with a greater
ductal proliferation and hepatic necrosis, than CCl, (Wallace et al., 2015). Chronic
intoxication, 18 weeks or longer, of TAA frequently results in malignancy with
mitotic figures being observed (Fitzhugh and Nelson, 1948; Laleman et al., 2006;
Wallace et al., 2015). TAA model of liver, like CCl, can be assessed by the
percentage of Sirius Red staining observed as well as a-SMA and H&E staining
(Wallace et al., 2015).

1.9.3 Bile Duct Ligation model.

This model was first established in rat and then later in mice (Rodriguez-Garay et al.,
1996; Miyoshi et al., 1999) and involves doubly ligating the bile duct and transecting
between the two ligatures (Rodriguez-Garay et al., 1996). This ligation causes
obstruction of the bile duct leading to increased biliary pressure, mild inflammation
and cytokine secretion from biliary epithelial cells to cause cholestasis (cessation of
the flow of bile). It is the bile acid toxicity that stimulates the proliferation of biliary
epithelial cells, with increased expression of fibrogenic markers a-SMA, TIMP-1,
Collagen | and TGFf1, along with accumulation of B and T-cells in the portal tract.
This causes liver damage and generation of ROS (Georgiev et al., 2008). HSCs play
an important role in the fibrogenesis as they are the major source of myofibroblasts
(>87%) in CCl, or TAA animal models. However in the BDL model, it is the portal
fibroblasts (PF) that are the major source of myofibroblasts (aPF) ( > 70%) at the

46



onset of injury. The HSCs contribution increases as the injury progresses (lwaisako
et al., 2014). Activated PF (aPF) respond to stimulation with taurocholic acid and IL-
25 by induction of collagen-al and IL-13, which is not observed with HSCs
(lwaisako et al., 2014). The aPFs have been found by gene expression to express a
number of novel markers, such as the mesothelial-specific marker mesothelin
(lwaisako et al., 2014). In mice marked dilatation of the gall bladder upon ligation of
the common bile duct can occur. There is therefore an increased risk of perforation,
bilioperitoneum and interindividual variability in expansion of the gall bladder
resulting in a variable parenchymal response (Starkel and Leclercqg, 2011). Addition
of a surgical clip on the cystic duct or cholecystectomy alleviates this problem
(Fickert et al., 2002). This complication does not occur in rats due to the absence of
the bile duct. Early mortality in rodents occurs due to bile leakage, rupture of biliary
cysts or gall bladder, with the mortality rate at 5-6 weeks post BDL in rats of about
20 %, but for mice the mortality rate peaks after 10 days (Starkel and Leclercq,
2011). Biliary fibrosis develops within weeks with portal hypertension,
hyperdynamic circulation, porto-systemic shunting and ascites observed in rats after
6-8 weeks (Tsukamoto et al., 1990; Geerts et al., 2008; Popov and Schuppan, 2009)
Seldom seen is the architectural changes observed in cirrhosis (Georgiev et al.,
2008).

1.10 Profile of 5-HT compounds used in the receptor characterisation.

Many of the studies carried out to pharmacologically characterise 5-HT receptors in
a specific cell or tissue have involved using a variety of 5-HT antagonists and
agonists. Although these compounds are reported to be selective there is often only a
small window of selectivity and the concentrations studied are often at levels which
could affect multiple receptor subtypes. Evidence for a particular receptor’s
involvement may be compromised by its ability to interact with other receptors, not
just a particular subtype of 5-HT receptors at the concentrations used. There is also
conflicting information on the true selectivity of these compounds. In drug discovery,
the use of recombinant receptor systems has enabled selective compounds to be
defined not only against human receptors, but against different animal species, which
is important if the compound of interest is to be profiled in animal models. To really
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understand the therapeutic potential of a compound, it needs to be characterised in a
physiologically relevant tissue or cell assay (Figueroa et al.,, 2009). The
determination of the true selectivity of compounds in the single receptor recombinant
systems is crucial in defining the concentration range, which can be used to block
selectively the receptor of interest, especially for antagonists in a physiologically
relevant assay. With the increased availability of human and animal primary cells,
similar techniques to those used to characterise receptors in tissues need to be
employed, combined with the added selectivity knowledge gained from simpler
single receptor recombinant systems. The 5-HT receptors of interest expressed on the
HSCs were 5-HT,a, 5-HT2s and 5-HTig due their increased expression upon
activation of the HSCs (Ruddell et al., 2006).

Ketanserin and volinanserin are potent 5-HT,a receptor antagonists with greater than
100-fold selectivity over the 5-HTg receptor (Table 1.10.1 A and B). Volinanserin,
also known as MDL 100907, which has been tested in clinical trials as a potential
antipsychotic (Offord et al., 1999), antidepressant (Marek et al., 2005b) and
treatment for insomnia (Teegarden et al., 2008), exhibits the most selective profile
over the receptors of interest. Ketanserin, which was discovered by Janssen
Pharmaceutica in 1980 and is used clinically as an antihypertensive agent, also has a
high affinity (pKi ~ 8) at a;-adrenoceptors (Yoshio et al., 2001). The a;g and aip-
adrenoceptor are reported to be present on the HSCs (Oben, 2004). It also has
affinity at the 5-HTp receptor in the 30 nM range but rather lower affinity at 5-HT;g
receptor (around 2 uM ) (Table 1.10.1 A) (Lesage et al., 1998). No antagonism of 5-
HT mediated inhibition of responses to forskolin by ketanserin was observed in cells
expressing the 5-HT1g receptor at concentrations up to 10 uM (Lesage et al., 1998).
A novel potent, selective 5-HT,a agonist, NBOH-2C-CN, reported in the literature
(Table 1.10.1C) was also used, although no data exists as to it activity at 5-HT
receptors other than 5-HT,a and 5-HT ¢ receptors (Hansen et al., 2014). It was also
shown to behave as a partial agonist (pECso = 8.7 and intrinsic activity = 0.86) in a

functional 5-HT4 assay (Hansen et al., 2014).
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A Receptor affinity values for ketanserin

Receptor Affinity pK; Species Reference
5-HTa 8.1-9.7 Human (Bryant et al., 1996;
Rashid et al., 2003;
Knight et al., 2004)
o 8.2-7.8 Human (Yoshio et al., 2001)
5-HTp 7.5 Human (Leysen et al., 1996;
Lesage et al., 1998)
5-HT,¢ 7.2 Human (Knight et al., 2004)
5-HTs 6.1-6.7 Human (Rashid et al., 2003;
Knight et al., 2004)
D1 6.7 Human (Sunahara et al.,
1991)
5-HT; 5.8-6.1 Human (Bard et al., 1993;
Thomas et al., 1998)
5-HT 5 5.4-5.8 Human (Lesage et al., 1998)

B Receptor affinity values for volinanserin

Receptor Affinity pK; Species Reference
5-HT,a 8.7-8.9 Human (Reavill et al., 1999;
Knight et al., 2004)
5-HT 7.5 Human (Knight et al., 2004)
5-HTp 6 Human (Knight et al., 2004)

C Receptor affinity values for NBOH-2C-CN

Receptor Affinity pK; Species Reference
5-HTa 8.9 Human (Hansen et al., 2014
5-HTyc 6.9 Human (Hansen et al., 2014)

Table 10.1 Affinity values for A) ketanserin, B) volinanserin and C) NBOH-2C-CN
reported in the literature.

49




RS-127445 and GSK1606260A are potent antagonists of the 5-HT,g receptor and
exhibit greater than 1000-fold selectivity over the 5-HT;a receptor (Table 1.10.2 A
and B) but are not in clinical use. These compounds exhibit higher affinity and
greater selectivity than SB 204741 (Table 1.10.2 C), which was reported in the
literature (Ebrahimkhani et al., 2011). No suitable 5-HT,g agonist was identified that
had a suitable selectivity window over the 5-HTa receptor.

Sumatriptan has been reported to be a selective 5-HT;g partial agonist (Table 1.10.3
A) and is used in the treatment of migraine. There is no reported agonist activity at
the 5-HT,a or 5-HT,g receptor. Therefore it is a good candidate to use for stimulation
of the 5-HTyg receptor. Cyanopindolol, which is also a potent B-adrenoceptor
antagonist, is a potent 5-HTg antagonist (Table 1.10.3 B) and has been shown
functionally to antagonise 5-HT CRCs in a competitive manner to yield a pKg
estimate of 8.7 (Giles et al., 1996). B, and B;-adrenoceptors have been reported to be
present on HSCs with expression of the P,-adrenoceptor increased upon activation
(Trebicka et al., 2009) and these receptors require consideration when using
cyanopindolol.

1.11 Summary of study aims.

The evidence of increased expression of 5-HT, receptors on HSC, once activated,
along with a body of literature implicating a role for 5-HT in fibrosis, makes
inhibition of 5-HT, receptors a possible target for fibrosis therapy. The activation of
the HSC is a central event in fibrosis and once activated these cells differentiate into
a proliferative, persistent myofibroblast-like cell which secretes ECM and TGFp1
(Bachem et al., 1992: Friedman 2008). If HSC activation can be inhibited by a small
molecule 5-HT, receptor antagonist, with 5-HT g as the preferred receptor due to key
target validation work that had been published (Ebrahimkhani et al., 2011), then this
could be developed into a drug therapy for liver fibrosis.

The primary aim of these studies was to pharmacologically characterise the 5-HT
receptor present on activated HSCs to fully evaluate and extend the evidence for a

role 5-HT, antagonists in fibrosis. There is conflicting data reported in the
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A Receptor affinity values for RS-127445

Receptor Affinity pK; Species Reference
5-HT 5 9-9.5 Human (Bonhaus et al., 1999;
Knight et al., 2004)
5-HT,¢ 7.5 Human (Knight et al., 2004)
5-HT,a 6 Human (Knight et al., 2004)
B Receptor affinity values for GSK1606260A
Receptor Affinity fpK; Species Reference
S-HT2s 9.2 Human (Bruton et al., 2009)
5-HTzc <5.3 Human (Bruton et al., 2009)
5-HT>A <5.3 Human (Bruton et al., 2009)
5-HTs 7.6 Human (Bruton et al., 2009)
C Receptor affinity values for SB-204741
Receptor Affinity pK; Species Reference
5-HTg 6.9 Human (Knight et al., 2004)
5-HT,¢ 5.6 Human (Knight et al., 2004)
5-HT,a <5 Human (Knight et al., 2004)
Table 10.2  Affinity values for A) RS-127445, B) GSK1606260A and C) SB-204741

reported in the literature.
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A Receptor affinity values sumatriptan

Receptor Affinity pK; Species Reference
5-HTp 7.9-85 Human (Leysen et al., 1996;
Napier et al., 1999)
5-HT 5 7.4-8 Human (Napier et al., 1999)
5-HTia 6 Human (Napier et al., 1999)
5-HT1f 7.9 Human (Napier et al., 1999)
5-HT, 5.9 Human (Napier et al., 1999)

B Receptor affinity values for cyanopindolol

Receptor Affinity pK; Species Reference
5-HTg 8.6 Mouse (Maroteaux et al.,
1992; Giles et al.,
8.7* Human 1996)
5-HTp 7.1 Human (Hamblin and
Metcalf, 1991)
-Adrenoceptors 10.3 Human (Niclauss et al., 2006)

Table 10.3 Affinity values for A) sumatriptan and B) cyanopindolol reported in the
literature.
* pKB
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literature as to the 5-HT, subtype involved (Ebrahimkhani et al., 2011; Park et al.,
2011; Kim et al., 2013) due to the use of non-selective concentrations of 5-HT,
antagonists and absence of analysis of 5-HT concentration-response data. The
literature has focussed on the effect of 5-HT and its antagonists on the expression of
proteins on HSCs, which has not been undertaken in a quantitative manner
(Ebrahimkhani et al., 2011; Kim et al., 2013). In vitro assays in this thesis were
therefore chosen to allow classical ‘in-depth’ pharmacological analysis of 5-HT
concentration-response curves using selective ligands, as outlined in section 1.10.
This will be used in combination and at selective concentrations, to characterise the
5-HT receptor present on both mouse and human HSCs and which has not been
previously undertaken in the literature. These assays range from simple in vitro
assays investigating early receptor signalling events, such as calcium release and
phosphorylation of ERK production, to downstream ‘phenotypic’ fibrotic end points,
such as proliferation and collagen production of HSC. Further analysis of data
obtained from a mouse CCl,; model, after treatment with selective 5-HT,a and 5-
HT,g antagonists was also undertaken to provide evidence of the relevance of 5-HT
in liver fibrosis. The overall aim of this thesis is to provide a robust pharmacological
characterisation of the 5-HT receptor present on mouse and human HSCs, determine

its role in fibrosis and potential to provide a target for therapy.
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Chapter 2: Materials and methods.
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2.1 Materials.

Volinanserin and GSK1606260A used in this study were synthesised by the
Medicinal Chemistry department at GSK, Medicines Research Centre (Stevenage,
UK). All compounds, pertussis toxin and OptiPrep™ used in this study were
purchased from Sigma-Aldrich Co. Ltd (Gillingham, UK),) unless otherwise stated.
NBOH-2C-CN hydrochloride was purchased from Tocris Bioscience (Bristol, UK).
All cell culture media and reagents (including recombinant mouse and human
platelet-derived growth factor-BB (PDGF-BB) and recombinant human transforming
growth factor-pl1) were obtained from Gibco (Invitrogen Ltd., Paisley, UK). All
tissue culture flasks and plates were obtained from Thermo Fisher Scientific
(Cheshire, UK) unless otherwise stated.

All primary antibodies, secondary antibodies, isotype controls and nuclear stains
used in the immunocytochemistry (ICC) for both the characterisation of the isolated
HSC’s and collagen deposition assays were commercially available. Primary
antibodies used were: polyclonal rabbit anti-mouse desmin (Thermo Fisher
Scientific, Cheshire, UK), mouse monoclonal anti-human synaptophysin (Sigma-
Aldrich Co Ltd, Gillingham, UK), mouse monoclonal anti-human CD31 (BioLegand,
San Diego, CA, USA), mouse monoclonal anti-human CD68 (Sigma-Aldrich Co
Ltd, Gillingham, UK), sheep polyclonal anti-human GFAP (R&D Systems,
Minneapolis, MN, USA), rabbit monoclonal anti-mouse o-smooth muscle actin
(Abcam, Cambridge, MA, USA) and mouse monoclonal anti-human collagen type 1
(Invitrogen Ltd., Paisley, UK). Isotype controls include: rabbit monoclonal 1gG1
isotype control (Sigma-Aldrich Co Ltd, Saint Louis, USA) and mouse monoclonal
IgG1 isotype control (Sigma-Aldrich Co Ltd, Saint Louis, USA). The secondary
antibodies, all obtained from Invitrogen Ltd. (Paisley, UK) include: Alexa Fluor 488
goat anti-mouse IgG, Alexa Fluor 488 goat anti-rabbit 1gG, Alexa Fluor 647 goat
anti-rabbit 1gG and Alexa Fluor 647 goat anti-sheep IgG. Nuclear stain used was
Hoechst 33342 solution (Invitrogen Ltd.,Paisley, UK).

The calcium sensitive dye, Fluo4-AM, was obtained from Molecular Probes,
(Invitrogen Ltd., Paisley,UK). DNase, collagenase and pronase were purchased from
Fisher Scientific Ltd (ThermoFisher Scientific Inc. New York USA). MSD
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Phospho/Total ERK1/2 assay plates were purchased from Meso Scale Discovery
(Rockville, USA) and cell proliferation ELISA BrdU (colourimetric) assay kits were
purchased from Roche applied Science (Mannheim, Germany). All studies were
completed with a final dimethyl sulphoxide (DMSQ) assay concentration of 0.1%

unless otherwise stated.

2.2 Isolation of hepatic stellate cells from mouse and human livers.

HSCs were isolated from C57BL/6 mouse and human livers as described by
Ebrahimkhani et al. (2011). All animal studies were ethically reviewed and carried
out in accordance with the Animals (Scientific Procedures) Act 1986 and the GSK
policy on the care, welfare and treatment of animals. Human HSCs were isolated
from cirrhotic and margins of normal resected livers. The human biological samples
were sourced ethically, and their research use was in accord with the terms of
informed consents. The livers were used within 2 h of retrieval for mouse and within

18h for human.

The liver tissues were chopped to a soup-like consistency in Hank’s Balanced Salt
Solution (HBSS) containing DNase (0.1 mg/ml), collagenase (1.5 mg/ml) and
pronase (5 mg/ml), with scissors or a scalpel in a petri dish, before incubation at
37°C for 20-30 minutes in a 50 ml falcon tube. The digested tissue was filtered
through 100 pm sterile nylon gauze stretched over a glass beaker. The cell
suspension was washed by centrifugation at 500g for 7 min in HBSS containing 4
png/ml DNase and aspiration of the supernatant twice. The resulting pellet was
resuspended in HBSS containing 4 pg/ml DNase, before dilution in OptiPrep™
density gradient medium at 11.7% OptiPrep™ solution for mouse and 13.5% for
human cells. For mouse, the cells were isolated using three layers in 15 ml Falcon
tubes (15.5% OptiPrep™ bottom layer, 11.7% OptiPrep™ middle and a top layer of
HBSS). For human, the cells were isolated using two layers in a 50 ml Falcon
(13.5% OptiPrep™ and HBSS). The gradients were centrifuged at 15009 for 30 min.
HSCs were recovered from the interface between the HBSS layer and the OptiPrep™
layer below. The isolated stellate cells were resuspended in HBSS containing 4
png/ml DNase before being washed at 500g for 7 min twice. The supernatant was

removed and the cell pellet resuspended in growth medium (Dulbecco’s Modified
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Eagles Medium (DMEM) containing 4.5 g/l glucose supplemented with 16% heat-
inactivated foetal calf serum (FCS), 100 U/ml penicillin and 100 U/ml streptomycin
and 2 mM L-glutamine for mouse or, for human, Iscoves modified Dulbecco’s
medium supplemented with 20% heat-inactivated foetal calf serum (FCS), 100 U/ml
penicillin and 100 U/ml streptomycin, 2.5 pg/ml Amphotericin B, 4 mM L-
glutamine, 0.1 mM non-essential amino acids, 1 mM sodium pyruvate and 0.6 1U/ml
insulin). The cells were plated out in uncoated plastic tissue culture flasks (0.5-1
X10° cells/ml) and incubated at 37°C in 5% CO,.

2.3 Cell culture.

2.3.1 Culture of isolated hepatic stellate cells.

Following isolation, cells (mouse of human) were grown in growth medium for 24 h
before medium was replaced to remove any residual cellular debris. Cells were kept
in culture using sterile techniques. When cells were deemed to be 80-90 % confluent
the medium was removed from the culture flask followed by washing of the cells
with phosphate buffered saline (PBS) and detached with TrypLE Express trypsin
solution. Once the cells were detached they were resuspended in culture medium and
either maintained in culture or frozen down for future experiments (see below). After
the second passage, the growth medium for cells were altered to contain dialysed
FCS, as using heat-inactivated serum in early cell culture was found to lead to earlier
activation of hepatic stellate cells and dialysed FCS contains less 5-HT which led to
less basal activation in the phosphoERK assay. HSC were used between passage 2
and passage 5. Batches of cells were frozen following detachment from the flask, as
described above, centrifuged at 350g for 5 min and re-suspended in 90% FCS:10%
DMSO at a concentration of 1 X 10° cells/ml. The 1 ml aliquots were frozen down

and stored in liquid nitrogen until required and cultured as above.
2.4 Immunocytochemistry staining.

Human and mouse HSC’s were plated out onto a clear, flat-bottomed, 96 well, black
plate (BD Bioscience, Bedford, MA, USA) to give a 90-100% confluent monolayer.
The cells were incubated overnight at 37°C in 5% CO, before the cells were fixed by
the addition of 100 pl of ice-cold methanol for 2 min. The fixed cells were
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permeabilised by treating with 0.1% Triton-X-100 solution in PBS for 90 s at room
temperature and washed with PBS three times. The cells were incubated at 4°C with
an appropriate dilution of one or two primary antibodies (anti-a-SMA (1 in 500),
anti-synaptophysin (1 in 100), anti-desmin (1 in 300), anti-GFAP (1 in 500), anti-
CD68 (1 in 100) and anti-CD31 (1 in 50)) overnight. The primary antibody was
removed and the cells washed with 0.05% Tween-20 in PBS. The secondary
antibodies were added at a 1:500 dilution and the Hoechst 33342 solution at a
1:10000 dilution ( to stain nuclei via binding to AT regions).

Following a 1 h incubation at room temperature, the plates were washed with 0.05%
Tween-20 in PBS and stored in PBS at 4°C. The fluorescence was visualised by the
InCell Analyser 2000 or InCell Analyser 6000. The image data was then transferred

into Columbus (v 2.7) to allow visualisation and analysis of the images.

2.5 Measurement of 5-HT stimulated intracellular calcium signal using the
Fluorescence Imaging Plate Reader (FLIPR™).

2.5.1 Principle of the measurement of intracellular calcium using the
FLIPR™,

Cells were plated out onto a clear, flat-bottomed, 96 well, black plate to give a 90-
100% confluent monolayer. The cells were loaded with the fluorescent calcium-
sensitive dye by incubating them with Fluo4-AM in the presence of a masking dye
(Brilliant Black). Fluo-4 AM is a non-fluorescent acetoxymethyl ester of Fluo4
which once inside the cell is cleaved to give the free, fluorescent Fluo-4. The plate
was placed in the Fluorometric Imaging Plate Reader ( FLIPR™) and the dye excited
at 488nm wavelength using an optic LED and the signal detected using 510-570nm
emission filter. Compounds were added to the plate to stimulate the intracellular
calcium signal and the change in fluorescence intensity is recorded over time (Figure
2.5.1).

2.5.2 FLIPR™ assay protocol.

Mouse and human hepatic stellate cells were plated out at 10,000 cells per well in
flat-bottomed, 96 well, clear plate in serum-free growth medium and incubated

overnight at 37°C in 5% CO,. For pertussis toxin treatment, 100 ng/ml was added to

58



Maski Background = significantly reduced
s o’? by masking extraceliular solution

Ligand binds
to cell-surface

Increase in cytosolic Co*
can be detected by FLIPR or FlexStaton
using calcium-sensitive dye indicators

Figure 2.5.1 Principle of FLIPR™ assay. Cells are loaded with Fluo4-AM in the presence
of brilliant black to reduce background fluorescence. The Fuo4-AM once inside the cell is
cleaved to give the free Fluo-4 which can bind to the free cytosolic calcium. The cells are
stimulated with a ligand which causes an increase in cytosolic calcium. The FLIPR™
microplate reader detects the increase in cytosolic calcium as an increase in fluorescence
intensity emissions (51-570nm) (From Molecular Device website. Lydford et al.).
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the serum-free medium before plating out. On the day of the assays the serum-free
medium were aspirated and replaced with loading assay buffer (Tyrodes solution
(137 mM NaCl, 13.4 mM NaHCOg, 5.6 mM glucose, 2.7 mM KCI, 1.8 mM CaCl,,
1.1 mM MgSO,, 0.4 mM Na,HPO, and 20mM N-2-hydroxyethylpiperazine-N’-
ethanesulphonic acid (HEPES) pH 7.4) with the addition of 2.5 mM probenicid (to
inhibit dye leakage from the cells), 500 uM brilliant black (to quench any excess
unloaded Fluo-4 AM dye) and 2 uM Fluo4-AM (Molecular probes, Invitrogen Ltd.,
Paisley,UK ). The plate was then incubated for 1 h at 37°C. The antagonist or vehicle
(0.1% DMSO) was added for 15 min before the plate was placed in the FLIPR where
the fluorescence was measured every second for 10 s before (basal reading) and
every second over 2 min following the addition of the agonists. All experiments were

carried out at room temperature.

For washout experiments the plates were incubated with antagonist or vehicle (0.1%
DMSO) for 15 min before being washed three times with FLIPR buffer. After the
final wash FLIPR buffer containing 2 uM Fluo4-AM with or without the antagonists
was added back to the plates for 15 min before being read on the FLIPR.

Basal (average of 10 s initial reading) and maximum response (max response - basal
response) obtained were determined for each well. The data was then expressed as %
basal fluorescence (((Max fluorescence response - basal fluorescence response)/basal
fluorescence response) x100) for each well.

2.6 Measurement of the phosphorylated ERK in hepatic stellate cell lysates.

2.6.1 Principle of Meso Scale Discovery (MSD) Phospho/Total ERK1/2 assay.

The MSD phospho (Thr202/Tyr204;Thr185/Tyr187) ERK1/2 and TotalERK1/2
assay is a sandwich immunoassay. The capture antibodies for phosphoERK and total
ERK are patterned on distinct electrodes (spots) in the same well of the plates. The
sample is incubated to allow attachment of the analyte in the sample to the capture
antibody, which is immobilised on the working electrode surface. The plates are
washed before incubation with the SULPHO-TAG labelled anti-ERK detection
antibody. The conjugated detection antibody is recruited by the bound analyte to
complete the sandwich. The MSD read buffer, which provides the appropriate
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chemical environment for electrochemiluminescence, is added and the plate loaded
into the MSD SECTOR®. The SECTOR imager plate reader applies a voltage to the
plate electrodes whereby the label bound to the electrode emits light. The instrument
measures the intensity of emitted light to provide a quantitative measure of phospho
ERK and total ERK present in the sample (See Figure 2.6.1).

2.6.2 PhosphoERK assay protocol.

HSCs were plated out (human and mouse cells at 10,000 per well) in flat-bottomed,
96 well plates and incubated overnight at 37°C in 5% CO, in serum-free growth
medium. For pertussis toxin treatment, pertussis toxin (100 ng/ml) was added to the
serum-free medium before plating out. The serum-free medium were replaced with
HBSS (without Ca?* and Mg?" on the day the assay was performed. The assay was
carried out at room temperature. Cells were incubated with antagonists for up to 30
min before stimulation by addition of stimulant or vehicle. Cells were then incubated
for up to 3 h, depending on the protocol, at room temperature. For the 24 h time
course experiment the cells were kept in serum-free growth medium and incubated at
37°C in 5% CO, throughout the time. The supernatant was aspirated and ice-cold
lysis buffer (MSD Lysis buffer made up as per kit instructions containing protease
inhibitors, phosphatase inhibitors, phenylmethylsulfonyl fluoride (PMSF) and
sodium dodecyl sulphate (SDS). The plates were left for a minimum of 15 min on ice
to ensure complete lysis of the cells. The percentage of phosphoERK was determined
using Meso Scale Discovery (MSD) Phospho/Total ERK1/2 assay following the

manufacturer’s instructions.

The assay was carried out at room temperature. Briefly phospho/total ERK1/2 MSD
plates were incubated on a plate shaker (600 rpm) for 1 h with blocking solution
before being washed three times with TRIS wash buffer. The cell lysate was
transferred to the Phospho/Total ERK1/2 assay plate and incubated on a plate shaker
(600 rpm) for 3 h. After 3 h, the plate was washed three times with TRIS wash buffer
and sulfo-tag detection antibody was added. The plate was incubated with the
antibody on a plate shaker for a further 1 h. The plate was washed three times with
TRIS wash buffer before addition of MSD read buffer. The MSD plates were then

61



pERK1/2 MSD MULTI-SPOT® ¥
96-Well 4-Spot Plate (por

//
P ——————— //
i 1 : SULFO-TAG™ Labeled
7 l Detection Antibody

1, (oa" @
= . — Analyte
N1

lv/ — Capture Antibody
ERK1/2 //

{
- weuss — Working Electrode

e
®C

QO ssABiocked

Figure 2.6.1 Diagram of the principle of the MSD phosphoERK /Total ERK sandwich
immunoassay. A multiplex MSD plate which has been pre-coated with capture antibodies
for phosphorylated ERK1/2 (Thr202/Tyr204; Thr185/Tyr187) and total ERK1/2 on spatially
distinct spots is used. The user adds the sample and a solution containing the detection
antibody—anti-total ERK1/2 conjugated with an electrochemiluminescent compound, MSD
SULFO-TAG label—over the course of one or more incubation periods. The Analyte in the
sample binds to the capture antibody which is immobilized on the working electrode surface;
recruitment of the conjugated detection antibody by bound analyte completes the sandwich
The user adds an MSD read buffer that provides the appropriate chemical environment for
electrochemiluminescence and loads the plate into an MSD SECTOR® Imager for analysis.
Inside the SECTOR Imager, a voltage applied to the plate electrodes causes the labels bound
to the electrode surface to emit light. The instrument measures intensity of emitted light to
provide a quantitative measure of phosphorylated ERK1/2 (Thr202/Tyr204; Thr185/Tyr187)
and total ERK1/2 present in the sample. (Taken from MSD protocol).
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read immediately using the SECTOR imager (MSD) and Discovery Workbench
software. The SECTOR imager expresses the amount of phosphoERK and total ERK
bound in each well in arbitrary light units. The percentage phosphoERK is calculated

using the following equation, as recommended by the manufacturer:
((2 x phosphoERK signal)/(phosphoERK signal + Total ERK signal))*100

The above equation assumes that the capture antibodies for both phosphoERK and
total ERK have similar binding affinities and so half the phosphoERK will bind to
the phospho-specific and half to the total. The data are then expressed as the %
phosphoERK (pERK).

2.7 Proliferation assay.

2.7.1 Principle of the BrdU proliferation assay.

Cellular proliferation requires replication of genomic DNA, therefore DNA synthesis
is an indirect measure of cell proliferation. Traditionally [*H]-thymidine
incorporation had been used to label the DNA of replicating (cycling) cells but this
has now been replaced by a non-radioactive alternative, 5-bromo-2'-deoxyuridine
(BrdU). The assay is based on the detection of BrdU which has been incorporated
into the genomic DNA of proliferating cells following incubation with the BrdU
label for 4 hours (Figure 2.7.1).

2.7.2 Proliferation assay protocol.

Hepatic stellate cells were plated out (human and mouse cells at 100,000 per well) in
flat-bottomed 96 well plates were incubated overnight at 37°C in 5% CO; in growth
medium. The following day the growth medium was replaced with 0.1% serum-
containing medium for 24 h. 24 h later the medium was replaced with 100 ul of 0.1%
serum-containing medium with the addition of 0.2 mM ascorbic acid. Mouse and
human PDGF-BB was reconstituted at 10 pg/ml in sterile 4 mM hydrochloric acid
containing 0.1% bovine serum albumin (BSA) and stored in small aliquots at -20°C
Cells were then incubated with PDGF-BB and compounds for 24 h at 37°C in 5%
CO,. After 24 h, 10ul of BrdU labelling solution as per kit’s instructions was added

to the cells plates. The plates were then incubated for a further 4 h at 37°C in 5%
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Figure 2.7.1  Picture showing the principle of the BrdU colorimetric proliferation
assay. The cells are incubated with the test substance for a period of time. The pyrimidine
analogue BrdU is added and incubated for a period of time (2-24 h). This allows
incorporation in place of thymidine into the DNA of the proliferating cells. The cells are then
fixed and the DNA denatured. Addition of the anti-BrdU-POD binds to the newly
synthesised cellular DNA. The immune complex is detected by addition and incubation of
tetramethyl-benzidine (TMB) substrate as absorbance in a spectrophotometer. The developed
colour and absorbance values directly correlating with the amount of DNA synthesis, which
correlates to the number of proliferating cells. (Taken from the kit protocol).
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CO,. The medium was aspirated and replaced with 200 ul of FixDenature solution
and incubated at room temperature for 30 min. The FixDenature solution was
removed and replaced with 100 ul per well of the anti-BrdU-POD solution (anti-

BrdU-peroxidase fab fragment), as per kit’s instructions.

The plates were incubated for 90 min at room temperature before being washed 3
times with 200 ul of washing solution followed by a wash with 200 ul of PBS. 100
ul of tetramethyl-benzidine (TMB) substrate solution was added to the wells and the
plates placed on the plate shaker for 5 min at 6000 rpm. Plates were then read on a
Tecan Sapphire at 370 nm with a reference wavelength of 492 nm after 20 min.

2.8 Scar-in-a-jar assay protocol.

2.8.1 Principle of the Scar-in-a-jar assay.

The Scar-in-a-jar model allows an in vitro study of fibrogenesis. In a monolayer
fibroblast culture, collagen deposition is slow due to the limiting enzymatic
conversion of pro-collagen to collagen (Lareu et al., 2007). This is overcome by the
introduction of macromolecule ‘crowding’, with addition of a neutral ficoll cocktail,
into the culture media, mimicking the highly crowded environment found in vivo
(Chen et al., 2009). The macromolecules occupy a significant volume resulting in the
excluded volume effect. This enhances the protelytic cleavage of procollagen to
collagen and the activity of lysyl oxidase catalysing the formation of collagen triple
helices, resulting in an accelerated mode of collagen | deposition in a reticular
formation in a 6 day culture (Chen, 2009). Collagen deposition can then be
quantified by immunofluorescence and in situ optical analysis. This allows study at
all stages of the biosynthetic cascade of collagen production and the assessment of
anti-fibrotic compounds targeting epigenetic to an extracellular level (Chen, 2009).

2.8.2 Scar-in-a-jar assay protocol.

HSCs were plated at the required seeding density, which unless specified is routinely
10000 cells per well, on clear-bottomed, black, tissue culture-treated sterile 96-well
plates. Following overnight incubation the growth medium was replaced with 85 pl

of low-serum medium (growth medium with only 0.4% FCS) for 24 h. The crowding
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medium (low-serum growth medium containing Ficoll 70 at 112.5 mg/ml, Ficoll 400
at 75 mg/ml and L-ascorbic acid at 50 pg/ml) was prepared. Mouse and human
TGFp; was reconstituted at 10 pg/ml in sterile 4 mM hydrochloric acid containing
0.1% BSA and stored in small aliquots at -20°C. TGFpB; was diluted into the
crowding medium and compounds were diluted in crowding medium and added to
the plates to give a final volume of 150 pl per well. Following 72 h incubation at
37°C in 5% CO, the plates were fixed by the addition of 100 ul of ice-cold methanol

for 2 min.

2.8.3 Scar-in-a-jar immunocytochemistry.

The fixed cells were permeabilised by treating with 0.1% Triton-X-100 solution in
PBS for 90 s at room temperature and washed with PBS three times. The primary
anti-collagen 1 antibody was incubated with the permeabilised cells overnight at 4°C
following the PBS wash. Cells were washed with 0.05% (v/v) Tween-20 in PBS to
remove non-specific staining. The Alexa Fluor 488 goat anti-mouse 1gG secondary
antibody was added at a 1:500 dilution and Hoechst 33342 solution was added at
1:10000 dilution to detect the anti-collagen primary antibody and stain nuclei.
Following a 1 h incubation at room temperature, the plates were washed with 0.05%
Tween-20 in PBS and stored in PBS at 4°C.

For mouse HSCs the fluorescence was visualised by the Cell Insight with the total
cell number via the Hoechst nuclei staining in Channel 1, and extracellular type |
collagen deposited within the matrix, with Alexa Fluor 488 detection antibody in
Channel 2. The MEAN_CircRingAvglintenDiffCh2 (measures the average pixel
intensity of the nuclei minus the average pixel intensity of defined areas without the
nuclei (representing collagen deposition)) was determined by an algorithm, which
was inverted (multiplied by -1) before CRC analysis. For the human HSCs, data was
collected from the InCell2000 using the following parameters; Total Granule Area,
Total Granule Area/Cell, Total Granule Intensity and Nuclei Count for analysis in
Excel.
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2.9 InVivo liver injury model.

This assay was carried out by a multidisciplinary group within GSK. The
methodology for this assay is set out in Chapter 9: Appendix (Section 9.4). | was
involved in determining the dose selection for the experiment and the further

interpretation of the data obtained.

2.9.1 Compound dose selection.

Before embarking on the in vivo model work, identification of the compounds to use,
formulation and dose to administer was carried out. Three 5-HTa and three 5-HT,g
antagonists were identified as suitable candidates to investigate. Based on their
selectivity across other receptors, stability of formulation and results from naive mice
pilot pharmacokinetic (PK) studies, volinanserin and GSK1606260A were chosen.
The doses required to achieve about 90 and 99% occupancy were determined using
the receptor specific functional pK; and data generated from the pilot PK study (See

Chapter 9: Appendix, Section 9.4.2 for dose selection).

2.9.2 PKI/PD analysis.

Further PK/PD analysis of the mean blood concentrations data was performed in
which the mean blood concentrations of the different compounds doses (Figure
9.4.2) were expressed as a fraction of their K; at the target receptor (See Table 9.4.1).
This normalises the mean blood concentrations for each compound dose to their
respective 5-HT receptor affinities. Data generated from the assays was fitted using
nonlinear regression analysis (four-parameter logistic equation with variable slope or
a fixed slope (=1) “Y=Bottom + (Top-Bottom)/(1+10"((LogECse-X)*Hill
Slope))”’(Hill, 1909)) in Prism 6.04 (GraphPad Software San Diego, CA, USA) A
statistical comparison of the data were carried out to determine the preferred model
of analysis. The data was then plotted against the % PSR area obtained for each dose

and the control (week 3 and week 8 controls) mean blood concentrations.
2.10 Data Analysis.

Concentration-response curves (CRC) were fitted to the data generated from the

assays using nonlinear regression analysis (four-parameter logistic equation with
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variable slope “Y=Bottom + (Top-Bottom)/(1+10°((LogECse-X)*HillSlope))”(Hill, 1909))
to obtain values for logECs, Hill slope, minimum response and maximum asymptote
response using Prism 6.04 (GraphPad Software San Diego, CA, USA). Any pA;

values were calculated using the equation :
pA; = logio (concentration ratio-1) - logip concentration of the antagonist used.

For the purpose of presentation of the mean fitted data, due to the variation in %
basal fluorescence and % pERK response between experiments, the data was
normalised to the maximum response of the control 5-HT CRC. Representative plots

were used where data could not be normalised to maximum response.

All statistical analyses were completed using 6.04 (GraphPad Software, San Diego,
CA, USA). All statistical comparisons were made using Student’s unpaired or paired
t-test and differences of p < 0.05 were considered to be statistically significant.

2.10.1 Two-Site Receptor Binding Model

A model was developed in order to investigate the interaction of two signals coming
from the two receptors activated by the same agonist which contribute to the ERK
response (Courtesy of David Hall). The final equation was used to construct CRCs
(Equation 2.10.1). Full derivation of the model can be found in Chapter 9: Appendix
(Section 9.3).

Ta[H]
Ka

tB[H]
Kb

+ [H ]Z(TA+TB)>

KaKb
[H]2(1 + ta+7TB)
KaKb

Emax( +

B 1 +%(1+TB)+%(1+TA)+

Equation 2.10.1.

The parameters of affinity and efficacy for each individual receptor were adjusted in
an iterative manner to define the final parameter values to model the experimental
CRCs observed i.e. Emax of the system =1 , affinity of receptor 1, Ka =30nM,
affinity of receptor 2 Kg= 3uM, efficacy for receptor At o = 5 and efficacy for

receptor Btg =5
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CHAPTER 3: PHENOTYPING OF MOUSE HEPATIC STELLATE
CELLS.
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3.1 Introduction.

The development of methods to isolate HSCs from rodents in the 1980°s has been
key in defining the role of HSCs in the pathogenesis of hepatic fibrosis (Friedman
and Roll, 1987; Friedman et al., 1992). This method has been further modified for
human tissue to allow the isolation, and culture of HSCs from normal human liver
sections within 48 hr of harvest (Friedman et al., 1992). HSCs when grown in culture
on plastic have been demonstrated to differentiate into myofibroblast-like cells which
proliferate, showing reduced retinoid content and secreting ECM after being in
culture for over a week (Friedman et al., 1992). The ability to culture the HSCs for in

vitro assays has enabled their role in driving fibrogenesis to be explored.

The method of isolation employed in these studies relied on isolating the HSC using
density gradient centrifugation. The HSCs are isolated at the top of the gradient due
to their retinoid droplet content, which makes them less dense and more buoyant.
This method tends to yield HSCs of high viability and purity (Friedman and Roll,
1987; Friedman et al., 1992) with low contamination from other cells in the liver,
such as hepatocytes, Kupffer and sinusoidal endothelial cells (Friedman and Roll,
1987). Immunocytochemical identification of the population of cells in culture needs
to be undertaken to confirm the cells are HSCs and that they have activated in

culture.

This chapter explores the immunocytochemical characterisation of the cells isolated
from the mouse that have been used in the experiments in this thesis in Chapters 4
and 5. Confirmation of the identity of the cells, and that a single population of HSCs
were isolated, is crucial for the interpretation of the data in this thesis.

3.2 Results.

3.2.1 Antibody staining of mouse hepatic stellate cells.

Mouse HSCs were isolated from livers and cultured on plastic for 21- 28 days before
being used for in vitro experiments or characterisation of the cells using
immunocytochemical staining. Culturing the isolated HSCs on plastic provides the

stimulus, due its stiffness, to activate the cells, causing them to undergo a phenotypic
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change into a myofibroblast cell. These cells express distinct cytoskeletal and cell
surface markers. The fluorescent Hoechst nuclear stain (blue) has been used in all the
experiments to identify individual cells.

Cells from three different batches of mouse HSC cells were found to
immunofluorescently stain positively for expression of a-SMA (red), which is the
most reliable marker of stellate cell activation (Figure 3.2.1). The a-SMA staining
highlighted the cytoskeletal fibre definition of the HSCs in all three batches. This
confirmed that the stellate cells have undergone a phenotypic change during culture
to become activated stellate cells. These feature are consistent with cells observed in
situ during liver fibrosis (Figure 3.2.1). In all the images the stain was coincident
with the nuclear stain, with no other discrete cells visible, suggesting the presence of

just activated HSCs in the population of cells in culture.

The three batches of mouse cells were also immunofluorescently stained for the
presence of desmin, which is considered as a phenotypic marker for HSCs in rat
HSCs (Yokoi et al., 1984). Not all the cells in each batch were found to stain
positively for desmin (green) (Figure 3.2.2), as there are blue nuclei with no desmin
staining associated. This indicates that there are two distinct populations of mouse
HSCs, a desmin and a-SMA positive population and a desmin negative and a-SMA

positive population.

Glial fibrillary acidic protein (GFAP), a marker for quiescent HSCs, was evaluated
in these batches of cells along with a-SMA. As expected no staining with GFAP
(red) was observed in these cells, just blue nuclei although positive for a-SMA
(green) (Figure 3.2.3). Positive staining was observed with synaptophysin (green)
(Figure 3.2.4), a marker of quiescent and activated HSCs (Cassiman et al., 1992), in
two batches tested. a-SMA (red) was also found to be present on the same cells
(Figure 3.2.4). Once the two stains were merged, both markers were demonstrated to

be present on the same population of cells (Figure 3.2.4).

Kupffer and sinusoidal endothelial cells are the most likely cell types that can

contaminate the HSCs population following isolation. Two markers, anti-CD68, a
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Batch 1:21 day culture Batch 2: 21 day culture

Batch 3: 28 day culture

Figure 3.2.1 a-SMA immunofluorescent staining (red) of three batches of mouse HSCs
kept in culture on plastic. Isolated mouse HSC, which had been in culture on plastic for 21
or 28 days, were plated out at 5000 cells per well in a black 96 well plate in growth medium.
Cells were fixed with ice cold methanol, stained first with primary antibody, rabbit a-smooth
muscle actin and then the secondary antibody Alexa Fluor® 647, along with Hoechst nuclear
stain (blue stain). The plate was imaged on an InCell Analyser 6000 and image analysis
carried out using Columbus software (See Chapter 2: Material and Methods). Data shown
are a representative area from a single well for each batch. Scale bar =100 um for all images.
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Batch 1:21 day culture

Batch3: 28 day Q%Iture

Figure 3.2.2 Desmin immunofluorescent staining of three batches of mouse HSCs kept
in culture on plastic. Isolated mouse HSC, which had been in culture on plastic for 21 or 28
days, were plated out at 5000 cells per well in a black 96 well plate in growth medium. Cells
were fixed with ice cold methanol, stained first with primary antibody, rabbit desmin and
then secondary antibody Alexa Fluor® 647, along with Hoechst nuclear stain. (blue stain)
The plate was imaged on n InCell Analyser 6000 and image analysis carried out using
Columbus software (See Chapter 2: Material and Methods). Data shown are a representative
area from a single well for each batch. Scale bar =100 um for all images.
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GFAP a-SMA a-SMA and GFAP

Batch2 : 21 day culture Batch 1: 21 day culture

Batch 3: 28 day culture

Figure 3.2.3 Immunofluorescent co-staining of a-SMA (Green) and GFAP (Red) of
three batches of mouse HSCs kept in culture on plastic. Isolated mouse HSC, which had
been in culture on plastic for 21 or 28 days, were plated out at 5000 cells per well in a black
96 well plate in growth medium. Cells were fixed with ice cold methanol, stained first with
primary antibody, rabbit a-smooth muscle actin and sheep GFAP, then secondary antibodies
Alexa Fluor® 647 (red stain) and Alexa Fluor® 488 (green stain) along with Hoechst
nuclear stain. (blue stain) The plate was imaged on an InCell Analyser 6000 and image
analysis carried out using Columbus software (See Chapter 2: Material and Methods). Data
shown are representative area from a single well for each batch. Scale bar =100 pum for all
images.
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Figure 3.2.4 Immunofluorescent co-staining of synaptophysin (green) and a-SMA
(red) of two batches of mouse HSCs kept in culture on plastic. Isolated mouse HSC,
which had been in culture on plastic for 21 or 28 days, were plated out at 5000 cells per well
in a black 96 well plate in growth medium. Cells were fixed with ice cold methanol, stained
first with primary antibody, rabbit a-smooth muscle actin and mouse synaptophysin, then
secondary antibodies Alexa Fluor® 647 (red stain) and Alexa Fluor® 488 (green stain) along
with Hoechst nuclear stain. (blue stain) The plate was imaged on an InCell Analyser 6000
and image analysis carried out using Columbus software (See Chapter 2: Material and
Methods). Data shown are representative area from a single well for each batch. Scale bar =
100 um for all images.

Batch 2: 21 day culture

Batch 3: 28 day culture
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Kupffer cell marker, and anti-CD31, present on both endothelial cells and Kupffer
cells, were chosen to determine if these cell types were present in the batches of
cells. No staining of any of the batches of positive a-SMA cells was observed with
anti-CD68 (green) (Figure 3.2.5) or anti-CD31 (green) (Figure 3.2.6) alone or in
combination with either anti-CD68 (Figure 3.2.5) or anti-CD31 antibodies (Figure
3.2.6). These results confirm no contamination with Kupffer cells and endothelial
cells in the batches of HSCs isolated, which had been kept in culture for either 21 or
28 days.

A summary of the immunocytochemical staining obtained in these experiments
confirms that the three batches of HSC stain positively for a-SMA and
synaptophysin, with a population of cells staining for positively desmin (Table
3.2.1). No staining was observed with either GFAP, anti-CD68 and anti-CD31 in all
three batches of cells (Table 3.2.1).

3.3 Discussion.

HSCs are recognised as one of the key mediators in the pathogenesis of hepatic
fibrosis (Friedman 2000) and once activated these cells differentiate into a
proliferative, persistent myofibroblast-like cell (Bachem et al., 1992: Friedman
2008). The experiments carried out in this thesis are reliant on these isolation
methods of HSCs from the livers of mice. The cells, once isolated, were cultured on
plastic to enable them to activate and differentiate into a myofibroblast-like cell.
Immunocytochemical staining of the cells was undertaken to characterise the cells

that had been isolated from the mouse livers and kept in culture.

a-SMA presence is a phenotypic marker for myofibroblasts and contractile
fibroblasts, with the induction of a-SMA being the most reliable identifier of HSC
activation (Friedman, 2008b). Marked a-SMA staining, with the cytoskeletal fibres
being clearly visible, was observed in all three batches of cells which had been in
culture for 21 or 28 days. All the cells stained positively for a-SMA indicating a pure
population of activated HSCs. The mouse HSCs used in the in vitro experiments in
this thesis were used between 14 and 35 days in culture, as after 14 days there were

sufficient numbers of cells, following isolation, for immediate use in experiments,
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o-SMA and
Anti- CD68 o-SMA anti- CD68

Figure 3.2.5 Immunofluorescent co-staining of a-SMA and anti-CD68 of three batches
of mouse HSCs kept in culture on plastic. Isolated mouse HSC, which had been in culture
on plastic for 21 or 28 days, were plated out at 5000 cells per well in a black 96 well plate in
growth medium. Cells were fixed with ice cold methanol, stained first with primary
antibody, rabbit a-smooth muscle actin and mouse anti-CD68, then secondary antibodies
Alexa Fluor® 647 (red stain) and Alexa Fluor® 488 (green stain) along with Hoechst
nuclear stain. (blue stain) The plate was imaged on an InCell Analyser 6000 and image
analysis carried out using Columbus software (See Chapter 2: Material and Methods). Data
shown are representative area from a single well for each batch. Scale bar = 100 um for all
images.

Batch 1: 21 day culture

Batch 2: 21 day culture

Batch 3: 28 day culture
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Figure 3.2.6 Immunofluorescent co-staining of a-SMA and anti-CD31 of three batches
of mouse HSCs kept in culture on plastic. Isolated mouse HSC, which had been in culture
on plastic for 21 or 28 days, were plated out at 5000 cells per well in a black 96 well plate in
growth medium. Cells were fixed with ice cold methanol, stained first with primary
antibody, rabbit a-smooth muscle actin and mouse anti-CD31, then secondary antibodies
Alexa Fluor® 647 (red stain) and Alexa Fluor® 488 (green stain) along with Hoechst
nuclear stain. (blue stain) The plate was imaged on an InCell Analyser 6000 and image
analysis carried out using Columbus software (See Chapter 2: Material and Methods). Data
shown are representative area from a single well for each batch. Scale bar = 100 um for all
images.



Marker Batch 1 Batch 2 Batch 3
a-SMA + + +
desmin +/- +/- +/-
GFAP - - -
synaptophysin + + +
Anti-CD68 - - -
Anti-CD31 - - -

Table 3.2.1 Summary of the immunocytochemical staining of the different markers
present on the three batches of HSCs tested. + = positive staining, - = no staining, +/- =
not all cells stained positive.
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or to keep in culture and freeze down for future experiments.

Another marker that is considered to identify activated HSCs is desmin (Yokoi et al.,
1984), which is an intermediate filament protein of smooth muscle and is a marker of
smooth-muscle related cells (Ballardini et al., 1994). The staining conducted
identified cells that were positive for desmin in all the cultures but there were blue
nuclei without out any evidence of associated desmin staining. It is reported that
desmin is a phenotypic marker for HSCs in rats (Yokoi et al., 1984) where it is used
to evaluate the purity of separated and cultured rat HSCs (Geerts et al., 1998).
Desmin negative HSCs have been reported in rats and humans (Schmitt-Gréaff et al.,
1991; Friedman et al., 1992; Ballardini et al., 1994). In rat liver desmin positive HSC
can be found in the periportal areas of the liver and in the pericentral area only 50%
of the HSCs stain positively for desmin (Ballardini et al., 1994). The conclusion
drawn was that desmin may only stain for a particular state of HSCs and may not be
considered as a phenotypic marker of all HSCs, but a differentiation marker for
HSCs (Ballardini et al., 1994). Vimentin, like desmin, is an intermediate filament
protein of smooth muscle, is reported to be uniformly expressed on HSCs regardless
of how long the cells have been in culture (Friedman et al., 1992) and is worth

considering investigating in future studies.

Glial fibrillary acidic protein (GFAP) is an astrocyte marker and intermediate
filament protein, which is closely related to vimentin and desmin, is also involved in
the structure and function of cells’ cytoskeleton (Neubauer et al., 1996). The
expression of GFAP was demonstrated to be present on freshly isolated HSCs which
was found to decrease with time in culture, whilst the expression of a-SMA
increased (Buniatian et al., 1996; Neubauer et al., 1996). Maintenance of quiescent
HSC has been achieved in culture, with the addition of a combined treatment of
insulin and vitamin A, resulting in maintained GFAP without a-SMA expression
(Yoneda et al., 2016). The cells stained in this chapter demonstrated no GFAP
expression, but expression of a-SMA, providing further evidence that the cells used
in these studies were activated HSCs. Synaptophysin, a transmembrane glycoprotein
involved in neurotransmitter exocytosis, is reported to stain both quiescent and
activated HSCs (Cassiman et al., 1992). Both cultures of HSCs tested co-stained for
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the presence of synaptophysin and a-SMA, as would be expected from an activated
HSC culture.

The HSC isolation method used is not expected to produce a completely pure
population of HSCs. The most likely cell types expected to contaminate the HSC
population are Kupffer cells, but also possibly sinusoidal endothelial cells (Friedman
and Roll, 1987). To examine this the cells were co-stained with anti-a-SMA and
either anti-CDG68: specific for human macrophage (Kunisch, 2004), or anti-CD31,
expressed on both endothelial cells and Kupffer cells, to determine if either of these
cells types were present. None of the cells, which were positive for a-SMA
expression, stained positively for either anti-CD68 or anti-CD31 suggesting that
neither cell type was present in the culture. The cells had been in culture for over 14
days and it is reported that Kupffer cells are only able to be maintained in the HSC
co-culture for about 14 days, before being overgrown by the HSCs (Friedman et al.,
1992). This therefore may explain the absence of Kupffer cells in the cultures of
HSCs tested.

Isolated human HSCs were also used in this thesis but the same ‘in-depth’
characterisation was not undertaken. The results of the studies with the human cells
isolated are reported in Chapter 6. In conclusion the immunocytochemistry confirms
that the mouse HSCs used in the experiments in this thesis were activated HSCs. We
can therefore be confident that the data generated in Chapter 4 and 5 of this thesis is

from the activated mouse HSCs.
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Chapter 4: Pharmacological characterisation of the 5-HT receptor
responsible for intracellular calcium release and ERK phosphorylation in
mouse activated hepatic stellate cells.
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4.1 Introduction.

As described in the introduction HSCs are recognised as one of the key mediators in
the pathogenesis of hepatic fibrosis (Friedman, 2000). Once activated these cells
differentiate into a proliferative, persistent myofibroblast-like cell which secretes
ECM and TGFB1 (Bachem et al., 1992; Friedman, 2008a). 5-HT now has been
reported to promote the fibrogenic activity of HSCs (Ruddell et al., 2006, 2008;
Ebrahimkhani et al., 2011; Kim et al., 2013). When HSCs are activated up-regulation
of the 5-HT;, 5-HT,a and 5-HT,g receptors has been observed, suggesting that 5-HT
may drive the fibrotic process by activating these receptor subtypes (Li et al., 2006;
Ruddell et al., 2006; Park et al., 2011). The signalling pathway which follows 5-HT
stimulation of the HSCs was shown to involve the activation of phospholipase C
(PLC) leading to an increase in calcium (Park et al., 2011) and phosphorylation of
ERK, followed by the activation of the transcription factor JunD and enhanced
TGFB1 expression (Ebrahimkhani et al., 2011).

The focus for this chapter is the pharmacological characterisation of the functional 5-
HT receptors expressed on activated mouse HSCs, responsible for both the calcium
release and phosphorylation of ERK responses, using selective agonists and
antagonists at concentrations that only bind to the specific receptor of interest. The
experiments will also explore the nature of the antagonism obtained in the assays and
whether the presence of multiple 5-HT receptors contributes the response. The
effects of 5-HT on calcium release in activated HSCs were investigated using
measurement of a fluorescent calcium dye over time, in a 96 well plate format,
following stimulation with different concentrations of 5-HT in the presence and
absence of antagonists. A similar analysis of the ERK phosphorylation using a 96-
well plate-based ELISA assay was performed to provide a quantitative measurement
of ERK phosphorylation in HSCs, when stimulated. This ‘in-depth’ pharmacological
analysis of the 5-HT concentration response in the presence of selective antagonists
has not been carried out previously in the literature. Together these two assays
providing a wealth of data with which to carry out the pharmacological
characterisation. This analysis will provide a definitive identification of the 5-HT

receptor subtype present on HSCs which is lacking in the literature.
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4.2 Results.

4.2.1 Measurement of 5-HT stimulated intracellular calcium signal in mouse

hepatic stellate cells.

Initial studies were carried out to investigate whether 5-HT was capable of
stimulating an intracellular calcium signal in the mouse HSCs. A standard calcium-
stimulated release protocol for the FLIPR assay, which had been used for different
primary cells, was followed. A concentration-dependent increase in fluorescent
intracellular calcium signal (Fluo-4) was observed following addition of 5-HT with a
PECs, of approximately 7.0 (Figure 4.2.1). To confirm that the cells were responding
as expected, 100 uM adenosine triphosphate (ATP) was used as a positive control,
through its stimulation of a calcium response via endogenously expressed P2Y
receptor (Dranoff et al., 2004). Examination of the kinetics of the 5-HT response
showed a rapid increase with a sustained maximum response being reached about 10
s after addition of 5-HT (Figure 4.2.2). The kinetics and peak response to ATP was
similar to that of the 5-HT response (Figure 4.2.2), although there was a small
reduction in signal upon addition of the 5-HT/ATP. This is a pipetting artefact due to
the increase in the volume of the well following the addition, which has a small

effect on the fluorescence signal.

4.2.2 Pharmacological characterisation of the 5-HT receptor responsible for

the [Ca®"] increase in mouse hepatic stellate cells.

5-HT,a, 5-HT,g and 5-HT;g receptors are reported to be up-regulated in activated
HSCs (Ruddell et al., 2006; Li et al., 2006; Park et al., 2011) and due to their
coupling through G4, are most likely to be involved in the 5-HT stimulation of
calcium. However the 5-HTg receptor couples through G; and this cannot be ruled
out, as it is possible to activate G; coupled receptors in this assay format (Hall et al.,
1999; Werry et al., 2002). To characterise the 5-HT receptor involved in stimulating
the calcium response, selective antagonists for the 5-HT,a (ketanserin and
volinanserin), 5-HT,g (GSK1606260A and RS127445) and 5-HT;g (cyanopindolol)
receptors were used. The concentration of the antagonists used were chosen carefully

based on their selectivity range for the receptor of interest. The affinities for both
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Figure 4.2.1 5-HT concentration-response curve obtained in mouse HSCs in the
FLIPR assay. Stellate cells were loaded with fluorescent dye (FLUO-4AM) for 1 h before
being stimulated with increasing concentrations of 5-HT in the FLIPR. (See Chapter 2:
Materials and Methods). Data was captured and analysed to obtain the basal signal and
maximum stimulated fluorescence above basal for each concentration, with the response
being expressed as a percentage of the basal fluorescence. CRC was fitted using non-linear
regression analysis (four-parameter logistic equation with variable slope (Hill, 1909)) (See
Chapter 2: Data Analysis section). 5-HT CRC are from the mean £ SEM from 3 replicate
CRCs in singlicate.
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Figure 4.2.2 5-HT and ATP response obtained in mouse HSCs in the FLIPR assay.
Stellate cells were loaded with fluorescent dye (FLUO4) for 1 h before being stimulated with
5-HT (100 uM) and ATP (100 uM) in the FLIPR. (See Chapter 2: Materials and Methods).
Data was captured and analysed to obtain the basal signal, before addition of the stimulus
and maximum stimulated fluorescence. Data presented are the response taken from a single
well from an individual experiment.
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mouse 5-HT,a and 5-HTg receptors have been confirmed in a simple recombinant
assay system (Table 4.2.1 See Chapter 9: Appendix, Section 9.2 for recombinant
CHO cell assay method). Literature data was also used to determine acceptable
concentration ranges to use for 5-HT,a, 5-HT25 and 5-HT1g compounds (See section
1.10, Table 1.10.1 to 1.10.3). To confirm if any of the antagonists used have a non-
specific effect on calcium signalling, single concentrations of ketanserin (100 nM),
GSK1606260A (1 pM) and cyanopindolol (1 pM) were tested against ATP
concentration-response curves (CRCs). The ATP CRCs in the presence of all three of
the antagonists overlaid the ATP CRC in the absence of the antagonists (Figure
4.2.3) showing that the antagonists were not acting non-specifically on calcium

signalling.

To investigate the relative contributions of 5-HT,g and 5-HTg receptor to the
response, 5-HT CRCs were generated in the presence (15 min pre-incubation) and
absence of 1 uM GSK1606260A or 100 nM RS-127445 or 1 uM cyanopindolol. 5-
HT produced a concentration-dependent increase in intracellular calcium associated
with a similar pECsp to that obtained previously (Figure 4.2.1). GSK1606260A or
RS-127445 or cyanopindolol did not produce a rightward shift in 5-HT CRC, and
PECs, values were similar to those obtained in the absence of the antagonists (Figure
4.2.4, Table 4.2.2). A concentration of either 1 uM GSK1606260A or 100 nM RS-
127445 (assuming a competitive interaction with the 5-HTg receptor) would be
expected to produce a > 1000-fold rightward shift of the 5-HT CRC, as predicted
from its fpK; of 10.2 and 10.8 respectively (Table 4.2.1). If 5-HT had been eliciting
the response through the 5-HTg receptor then a > 500-fold shift of the 5-HT CRC
would be expected to have been observed with cyanopindolol. These results indicate
that the 5-HT,g and 5-HTig receptor are not responsible for the 5-HT-stimulated

calcium response in the HSCs.

To determine if the 5-HT,a receptor was the receptor mediating the 5-HT stimulated
calcium response, 5-HT CRCs were generated in the presence of three different
concentrations (1, 10 and 100 nM) of ketanserin or volinanserin. Rightward shift and
depression of the maximum 5-HT response was observed with ketanserin (Figure
4.2.5, Table 4.2.3 A), with the 100 nM concentration completely blocking
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mouse 5-HT5a

mouse 5-HT,g

pr, pr,
Ketanserin 10.1+0.2 <5
Volinanserin 10.8+0.1 54+0.2
GSK1606260A 54+0.3 10.2+0.2
RS-127445 6.9+0.1 10.8£0.1

Table 4.2.1 fpK;value obtained for ketanserin, volinanserin, GSK1606260A and RS-
127445 in mouse recombinant 5-HT,, and 5-HT,g receptor calcium assays. CGE222 cell
expressing mu5-HT,a or 5-HT,s were loaded with fluorescent dye (FLUO-4AM) for 1 h
before stimulation with an ECg, concentration of 5-HT in the presence or absence of
increasing concentrations of antagonists. (See Chapter 9: Appendix, Section 9.2). Data

presented are mean values = SEM from three experiments.
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ATP 100 nM 1uM 1uM

Ketanserin GSK1606260A | cyanopindolol
Max Response 1444+ 7.7 140.8 + 6.7 148.3+9.7 140.9
pECs, 5.62+0.2 5.63+0.2 555+0.2 5.32
Hill slope 1.20+£0.1 1.09 £ 0.04 1.11+0.1 1.32

Figure 4.2.3 ATP CRCs and fitted curve parameters obtained in the presence and
absence of ketanserin, GSK1606260A and cyanopindolol in mouse HSCs in the
FLIPR™ assay. HSCs were loaded with fluorescent dye (FLUO-4AM) for 1 h before
stimulation with increasing concentrations of ATP in the presence and absence of a single
concentration of the antagonists in the FLIPR™. (See Chapter 2: Materials and Methods).
Data were captured and analysed to obtain the basal fluorescence response and maximum
stimulated fluorescence response above basal fluorescence response for each concentration,
with the response being expressed as a percentage of the basal fluorescence. CRCs were
fitted using non-linear regression analysis (four-parameter logistic equation with variable
slope (Hill, 1909)) (See Chapter 2: Data Analysis section). ATP CRC and fitted curve
parameters shown are mean values = SEM from 3 experiments carried out in duplicate
except cyanopindolol which was from 2 experiments.
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Figure 4.2.4 Effect of GSK1606260A (1 uM), RS-127445 (100 nM) and cyanopindolol
(1 uM) on the 5-HT CRC in the mouse HSC FLIPR™ assay. HSCs were loaded with
fluorescent dye (FLUO-4AM) for 1 h before stimulation with increasing concentrations of 5-
HT in the presence and absence of a single concentration of the antagonists in the FLIPR™.
(See Chapter 2: Materials and Methods). Data were captured and analysed to obtain the basal
fluorescence response and maximum stimulated fluorescence response above basal
fluorescence response for each concentration, with the response being expressed as a
percentage of the basal fluorescence. CRCs were fitted using non-linear regression analysis
(four-parameter logistic equation with variable slope (Hill, 1909)) (See Chapter 2: Data
Analysis section). Data shown are mean values + SEM from 3 or more individual
experiments carried out in duplicate.

5-HT 1uM 5-HT 100 nM
GSK1606260A RS-127445
Max Response 50.0+11.8 543+11.3 58.0+ 8.0 66.1+ 7.9
PECso 6.89 + 0.1 6.82+0.1 73704 7.29+0.2
Hill slope 1.25+0.3 147+0.3 0.97 £0.03 1.01+0.01
5-HT 1M
cyanopindolol
Max Response 57.6+£ 13.0 56.1+ 10.9
PECs 6.89+0.1 6.83+£0.1
Hill slope 0.99+0.1 1.42+0.3
Table 4.2.2 5-HT CRC parameters obtained in the presence and absence of

GSK1606260A (1 uM), RS-127445 (100 nM and cyanopindolol (1 pM) in the mouse
HSC FLIPR™ assay. Data represents the mean of the individual parameters obtained from
fitting the data from individual experiments represented in Figure 4.2.4 using non-linear
regression analysis (four-parameter logistic equation with variable slope (Hill, 1909)) (See
Chapter 2: Data Analysis section). Data shown are mean values £+ SEM from 3 or more
individual experiments carried out in duplicate.
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Figure 4.2.5 Effect of ketanserin and volinanserin (1, 10 and 100 nM) on the 5-HT
CRC in the mouse HSC FLIPR™ assay. HSCs were loaded with fluorescent dye (FLUO-
4AM) for 1 h before stimulation with increasing concentrations of 5-HT in the presence and
absence of the antagonists in the FLIPR™. (See Chapter 2: Materials and Methods). Data
were captured and analysed to obtain the basal fluorescence response and maximum
stimulated fluorescence response above basal fluorescence response for each concentration,
with the response being expressed as a percentage of the basal fluorescence. CRCs were
fitted using non-linear regression analysis (four-parameter logistic equation with variable
slope (Hill, 1909)) (See Chapter 2: Data Analysis section). Data shown are mean values +
SEM from 3 or more experiments carried out in duplicate.

A Ketanserin
5-HT 1nM 10 nM 100 nM
Max Response 445+ 134 26.2+155 *9.2+ 2.3 *45+2.2.
PECso 6.67 +0.2 6.31+0.4 #6.38
Hill slope 1.33+£0.2 1.16+0.2
B Volinanserin
5-HT 1nM 10 nM 100 nM
Max Response 71.5+£19.6 255+7.9 *8.9+4.0 *11.6 +5.6.
PECso 6.75+0.2 6.07+0.2 #6.67
Hill slope 1.16+0.1 0.79+0.1

Table 4.2.3 5-HT CRC parameters obtained in the presence and absence of (A)
ketanserin and (B) volinanserin (1, 10 and 100 nM) in the mouse HSC FLIPR™ assay.
Data represents the mean of the individual parameters obtained from fitting the data from
individual experiments represented in Figure 4.2.5. using non-linear regression analysis
(four-parameter logistic equation with variable slope (Hill, 1909)) (See Chapter 2: Data
Analysis section). Data shown are mean values + SEM from 3 or more experiments carried
out in duplicate. * Maximum response reached.# value from one curve fit.
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the 5-HT CRC. Volinanserin, like ketanserin, caused insurmountable antagonism
with a rightward shift and depression of maximum 5-HT CRC. 10 and 100 nM
volinanserin concentrations completely inhibiting the 5-HT CRCs (Figure 4.2.5,
Table 4.2.3 B). The insurmountable nature of the antagonism obtained with
ketanserin and volinanserin does not allow antagonist affinity values to be
determined due to the criteria for competitive antagonism not being met. However an
estimate of the affinity was determined from the 1 nM shifts which yielded pA;
values of 9.1 and 9.6 for ketanserin and volinanserin respectively. Qualitatively the
concentration range over which the antagonism is observed and the pA, estimates
indicate the involvement of the 5-HT 4 receptor in the 5-HT response. The profile of
the antagonism observed may indicate that ketanserin and volinanserin are behaving
as non-competitive antagonists but alternatively could also be explained by the
antagonist, agonist and receptor being unable to reach equilibrium in the time frame

of the agonist response (hemi-equilibrium conditions) (Kenakin et al., 2006).

To provide further evidence of 5-HT;a receptor involvement in the 5-HT-stimulated
response in the activated stellate cells, a selective 5-HT,a agonist, NBOH-2C-CN
(Hansen et al 2014) was tested. NBOH-2C-CN was found to behave as a low
efficacy agonist in one out of the three experiments with different preparations of
mouse HSCs. The combined data is shown in Figure 4.2.6 A. NBOH-2C-CN was
therefore investigated as an antagonist. Three concentrations of NBOH-2C-CN (0.3,
1 and 3 uM) were to found to cause rightward shift of the 5-HT CRC (Figure 4.2.6
B) in a concentration-dependent manner with depression of the maximum response
to 60% of the 5-HT CRC response. Although the criteria for competitive antagonism
is not met, a pA; of 7.6 was estimated from the 300 nM NBOH-2C-CN shift of the 5-
HT CRC. The nature of the antagonism again suggests a hemi-equilibrium with a

partial re-equilibration for this antagonist due to its lower affinity.

To further investigate whether the 5-HTg receptor could stimulate the release of
calcium in the cells, sumatriptan, a 5-HT;g selective agonist, was tested. No agonist
response was observed with sumatriptan thereby providing further evidence that the
5-HTyg receptor is not involved in inducing calcium release in this assay (Figure

4.2.7). Another method to confirm that the 5-HT was not stimulating the release of
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Figure 4.2.6 (A) NBOH-2C-CN agonist response observed in comparison with 5-HT,
(B) 5-HT CRC curves in the presence of NBOH-2C-CN (0.3, 1 and 3 uM) in the mouse
HSC FLIPR™ assay. HSCs were loaded with fluorescent dye (FLUO-4AM) for 1 h before
stimulation with increasing concentrations of 5-HT or NBOH-2CN in the presence and
absence of the NBOH-2C-CN in the FLIPR™. (See Chapter 2: Materials and Methods). Data
were captured and analysed to obtain the basal fluorescence response and maximum
stimulated fluorescence response above basal fluorescence response for each concentration,
with the response being expressed as a percentage of the basal fluorescence. The data was
normalised to the control 5-HT maximum response. CRCs were fitted using non-linear
regression analysis (four-parameter logistic equation with variable slope (Hill, 1909)) (See
Chapter 2: Data Analysis section). Data shown are mean values + SEM from 3 or more
individual experiments carried out in duplicate.

NBOH-2C-CN
5-HT 300 nM 1uM 3uM
Max response 948 +4.7 63.2+ 34 708 £122 | 61.3+3.8
(% 5-HT max resp)
PECsy 6.95+0.1 584+0.4 539+0.6 512+04
Hill slope 1.07+£01 1.09+£0.3 1.19+0.3 1.73+£0.1

Table 4.2.4 5-HT CRC parameters obtained in the presence and absence of NBOH-
2C-CN (0.3, 1 and 3 pM) in the mouse HSC FLIPR™ assay. The data was normalised to
the control 5-HT maximum response on each plate before fitting the CRCs. Data represents
the mean of the individual parameters obtained from fitting the data from individual
experiments represented in Figure 4.2.2.4 B using non-linear regression analysis (four-
parameter logistic equation with variable slope (Hill, 1909)) (See Chapter 2: Data Analysis
section). Data shown are the mean values £ SEM from 3 or more individual experiments
carried out in duplicate.
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Figure 4.2.7 5-HT and sumatriptan CRC in the presence and absence of overnight
treatment with pertussis toxin (100 ng/ml) in the mouse HSC FLIPR™ assay Plated out
Stellate cells were loaded with fluorescent dye (FLUO4) for 1 h before stimulation with
increasing concentrations of 5-HT or sumatriptan in the FLIPR™. (See Chapter 2: Materials
and Methods). Data were captured and analysed to obtain the basal fluorescence response
and maximum stimulated fluorescence response above basal fluorescence response for each
concentration, with the response being expressed as a percentage of the basal response. The
data was normalised to the control 5-HT maximum response on each plate before fitting the
CRCs. CRCs were fitted using non-linear regression analysis (four-parameter logistic
equation with variable slope (Hill, 1909)) (See Chapter 2: Data Analysis section). Data
shown are the average values from 2 experiments carried out in duplicate.
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calcium through a Gj-linked signalling cascade cells is via pre-treatment overnight
with PTX (100 ng/ml). PTX which should impair the G; interaction with 5-HT;g
receptor and therefore remove any influence of the 5-HT response. Following pre-
treatment with PTX there was no effect on the 5-HT CRC, when compared with the
5-HT CRC in the absence of pre-treatment (Figure 4.2.7), thus confirming lack of
involvement of the 5-HT g receptor or any other G;-linked receptor.

4.2.3 Investigation of the insurmountable antagonism obtained with

ketanserin and volinaserin in the FLIPR™ assay.

The insurmountable profile of the antagonism observed with both ketanserin and
volinanserin may indicate that they are behaving as non-competitive antagonists.
However this could also be explained by the fact that the antagonist, agonist and
receptor are unable to reach an equilibrium in the timeframe of the agonist response
(hemi-equilibrium conditions) (Paton and Rang, 1966; Kenakin et al., 2006). To
investigate whether hemi-equilibrium was a possible explanation for the
insurmountable antagonism observed with ketanserin and volinaserin a ‘wash off
experiment” was carried out. The compounds were incubated with the cells for 15
min before washing off. ‘Wash off” was compared with ‘control’ data obtained from
a plate which had undergone the same washing procedure but had the compounds
added back for 15 min before stimulation with 5-HT.

There was little difference between the 5-HT CRCs obtained from the washed and
control wash plates, as the pECsy and maximum responses were similar (Figure 4.2.8
and 4.2.9). All three concentrations of ketanserin and volinanserin tested
demonstrated less antagonism of the 5-HT CRC after being washed off. This was in
terms of less depression and rightward shift of the 5-HT CRCs in comparison to the
control CRCs (Figure 4.2.8 and 4.2.9). At the highest concentrations of volinanserin
(10 and 100 nM) and ketanserin tested (100 nM), the 5-HT response was almost
completely abolished but following ‘washoff’ there was recovery of the 5-HT CRC
response (Figure 4.2.8 and 4.2.9). The ‘wash off’ protocol was designed to produce a
greater than 1000-fold dilution of the antagonist. The 100 nM concentration of
volinaserin and ketanserin would therefore have been less than 0.1 nM and likely to
produced little or no antagonism of the 5-HT CRC if they had
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Figure 4.2.8 Effect of ‘washoff’ on ketanserin antagonism of the 5-HT CRCs in the
mouse HSC FLIPR™ assay with accompanying table of 5-HT CRC fitting parameters.
HSCs were loaded with fluorescent dye (FLUO4) for 1 h. Antagonist or vehicle was added
for 15 min before being washed off before either re-addition of antagonist or just vehicle.
The cells were stimulated with 5-HT in the FLIPR™. (See Chapter 2: Materials and
Methods). Data were captured and analysed to obtain the basal fluorescence response and
maximum stimulated fluorescence response above basal fluorescence response for each
concentration, with the response being expressed as a percentage of the basal response. The
data was normalised to the control 5-HT maximum response on each plate before fitting the
CRCs. CRCs were fitted using non-linear regression analysis (four-parameter logistic
equation with variable slope (Hill, 1909)) (See Chapter 2: Data Analysis section). Data for
each plate was normalised to the control 5-HT maximum response for fitting curves above.
Data shown are the mean values + SEM from 3 experiments carried out in duplicate. * mean
of max response achieved.
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Figure 4.2.9 Effect of ‘washoff’ on volinanserin antagonism of the 5-HT CRCs in the
mouse HSC FLIPR™ assay with accompanying table of 5-HT CRC fitting parameters.
HSCs were loaded with fluorescent dye (FLUOA4) for 1 h. Antagonist or vehicle was added
for 15 min before being washed off before either re-addition of antagonist or just vehicle.
The cells were stimulated with 5-HT in the FLIPR™. (See Chapter 2: Materials and
Methods). Data were captured and analysed to obtain the basal fluorescence response and
maximum stimulated fluorescence response above basal fluorescence response for each
concentration, with the response being expressed as a percentage of the basal response. The
data was normalised to the control 5-HT maximum response on each plate before fitting the
CRCs. CRCs were fitted using non-linear regression analysis (four-parameter logistic
equation with variable slope (Hill, 1909)) See Chapter 2: Data Analysis section). Data for
each plate was normalised to the control 5-HT maximum response for fitting curves above.
Data shown are mean values + SEM from 3 experiments carried out in duplicate.* mean of
max response achieved.
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completely washed off. These data demonstrated that the antagonism observed with
ketanserin and volinaserin was not irreversible as it was possible reduce the level of
antagonism following washing. Hemi-equilibrium can explain the insurmountable
antagonism observed due to the slow dissociation Kinetics of the antagonist

combined with the fast 5-HT stimulated intracellular release of calcium.

4.2.4 Pharmacological characterisation of the 5-HT receptor responsible for
ERK phosphorylation in mouse hepatic stellate cells.

4.2.4.1 Assay optimisation.

Initial studies were carried out to determine the nature and time course of the 5-HT
stimulated ERK phosphorylation (pERK) responses in HSCs over a 3 h period at
room temperature to determine the optimum incubation time for future studies.
Room temperature was used to make it easier to control conditions when running
multiple plates through the assay. 10 uM 5-HT was found to cause an increase in
PERK response, with a maximum response observed at 10-15 min (Figure 4.2.10). A
decline in the pERK response was then observed, reaching a minimum response at
60 min, which then increased a small amount over the next following 30 min. After
this response was sustained over the remainder of the time. From these results 10 min
stimulation time was chosen for all subsequent experiments, as there was no
significant difference in the maximum response obtained at 10 and 15 min time point
(P >0.05 Student paired t-test).

The effect of cell density on the 5-HT response was investigated to determine the
optimal cell concentration to use in subsequent experiments. The 10 min time point
was analysed at 3 different cell densities; 10000, 20000 and 40000 cells per well.
The pERK response window was calculated from the maximum response (10 uM 5-
HT). It was observed that as cell density increased, the 5-HT-stimulated pERK
response decreased, as did the basal ERK phosphorylation (Figure 4.2.11). 10000

cells per well gave the largest signal window and was used in future experiments.

4.2.4.2 Pharmacological characterisation of the 5-HT response in mouse
activated HSC.

To characterise the 5-HT-stimulated pERK response increasing concentrations (1.79
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Figure 4.2.10 5-HT stimulated ERK phosphorylation response over 3 h in mouse
hepatic stellate cells. Mouse hepatic stellate cells were stimulated with 10 uM 5-HT at
different times over a period of 3 h. The pERK and total ERK levels were measured in the
cell lysates using an MSD pERK/Total ERK kit (See Chapter 2: Materials and methods). The
data was normalised to the maximum response obtained in each assay. Data shown are mean
values + SEM from 3 individual experiments carried out in duplicate.
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Figure 4.2.11 Effect of cell density on the 10 uM 5-HT stimulated and basal ERK
phosphorylation in mouse hepatic stellate cells. The graph shows the % total ERK
increase in ERK phosphorylation following a 10 min stimulation with 5-HT stimulation in
comparison to the associated basal %total ERK phosphorylation for 3 cell well plating
densities (10000, 20000 and 40000 cells per well). Data shown are the mean values + SEM
for at least three experiments, with the 40000 cells value data determined from 2
experiments.

98



nM - 100 pM) of 5-HT were incubated with the stellate cells for 10 min. A
concentration-dependent increase in pERK signal was obtained. Characterisation of
this response was carried out in similar way to that performed for the FLIPR assay.
In the literature a 5-HT-stimulated pERK response was reported to signal via the 5-
HT,g receptor (Ebrahimkhani et al 2011). More recent evidence, however, suggests
that the up-regulated 5-HT,a receptor mediates an increase in the pERK level (Kim
et al., 2013). The effect of 5-HT,a antagonists (ketanserin and volinaserin) and 5-
HT,g antagonists (GSK1606260A and RS-127445) were used to identify the 5-HT
receptor responsible for eliciting the pERK assay response. The concentrations
chosen were known to be selective for the chosen receptor of interest as predicted
from in-house assays, with cells expressing recombinant mouse 5-HT,a or 5-HT2g
receptors (Table 4.2.1).

In HSCs, no rightward shift of the 5-HT CRCs in the presence of either
GSK1606260A (1 uM) or RS-127445 (100 nM) was observed (Figure 4.2.12). A
rightward shift of > 1000-fold, with GSK1606260A (1 uM) and > 10000-fold, with
RS-127445 (100 nM), of the 5-HT CRC would have been observed if there was a
competitive interaction with the 5-HT,g receptor. As can be seen from the table of
CRC parameters, the pECs values for 5-HT in the presence of either GSK1606260A
(1 uM) or RS-127445 (100 nM) are similar to that of the 5-HT CRC alone (Table
4.2.5). These results indicate that the 5-HT,g receptor is not the receptor mediating

the 5-HT-stimulated increase in pERK response in the HSCs.

Ketanserin, a 5-HT,a antagonist (10 nM, 100 nM and 1 uM) was found to produce a
rightward shift and depression of the 5-HT CRC (Figure 4.2.13 A, Table 4.2.6). The
Hill slopes of the curves appeared to become shallower with increasing
concentrations of ketanserin when compared with the 5-HT CRC alone (Table 4.2.13
A). The CRCs in the presence of ketanserin appeared to exhibit a biphasic profile
(Figure 4.2.13 A). Volinanserin (1 nM, 10 nM and 100 nM) caused considerable
depression of the maximum but little rightward shift of the 5-HT CRC (Figure 4.2.13
B, Table 4.2.6 B).
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Figure 4.2.12 Effect of A) GSK1606260A (1 uM) and B) RS-127445 (100 nM) on the
5-HT CRCs in the mouse HSC pERK assay. HSCs were incubated with antagonists or
vehicle for 30 min before 10 min stimulation with 5-HT. The pERK and total ERK levels
were measured in cell lysates using MSD pERK/Total ERK kit (See Chapter 2: Materials
and Methods). pERK response was expressed as the % total ERK was normalised to the 5-
HT maximum response. CRCs were fitted using non-linear regression analysis (four-
parameter logistic equation with variable slope (Hill, 1909)) (See Chapter 2: Data Analysis
section). Data shown are mean values £ SEM from > 3 experiments carried out in duplicate.

A 5-HT GSK1606260A (1 pM)
PECso 7.35+0.2 7.23+0.2
Hill Slope 0.99 +0.1 0.99 £0.1
B 5-HT RS-127445 (100 nM)
PECso 7.44 +0.04 7.18 £0.03
Hill Slope 1.03+0.1 0.83+0.1

Table 4.25 Mean pECs, and Hill slope obtained for 5-HT CRC:s fitted in the presence
of A) GSK1606260A (1 uM) and B) RS-127445 (100 nM) in mouse HSC pERK assay.
HSCs were incubated for with antagonists for 30 min before being stimulated with 5-HT for
10 min (See materials and methods). pERK response was expressed as the % total ERK was
normalised to the 5-HT maximum response. CRCs were fitted using non-linear regression
analysis (four-parameter logistic equation with variable slope (Hill, 1909)) (See Chapter 2:
Data Analysis section). Data shown are mean values £ SEM from > 3 experiments carried
out in duplicate.
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Figure 4.2.13 Effect of A) Ketanserin (10 nM, 100 nM & 1 puM) and B) Volinaserin (1
nM, 10 nM & 100 nM) on the 5-HT CRCs in the mouse HSC pERK assay. HSCs were
incubated with antagonists or vehicle for 30 min before 10 min stimulation with 5-HT. The
pPERK and total ERK levels were measured in cell lysates using MSD pERK/Total ERK kit
(See Chapter 2: Materials and Methods). pERK was expressed as the % total ERK was
normalised to the 5-HT maximum response. CRCs were fitted using non-linear regression
analysis (four-parameter logistic equation with variable slope (Hill, 1909)) (See Chapter 2:
Data Analysis section). Data shown are mean values + SEM from > 4 experiments carried
out in duplicate.

A Ketanserin
5-HT 10 nM 100 nM 1uM
PECsy 7.41+0.1 6.83+0.2 6.32+0.2 6.1*
Hill Slope 1.44+0.3 0.76 £ 0.1 0.62+0.1 0.38*
Max % 5-HT 86.6 £3.5 72.1+4.42 69.7+£9.3 60.3+6.8"
Maximu response

B Volinanserin
5-HT 1nM 10 nM 100 nM
PECso 7.38+0.2 7.64+0.3 7.08+£0.2 6.93+0.4
Hill Slope 1.04+0.1 1.21+0.7 0.83+0.1 2.35+1.7
Max % 5-HT 82.7+4.3 31.0+£1.9 389+7.8 28.7+9.0

Max response

Table 4.2.6 Mean pECs,, Hill slope and maximum response obtained for 5-HT CRCs
fitted in the presence of A) Ketanserin (10 nM, 100 nM and 1 pM) and B) Volinanserin
(1 nM, 10 nM and 100 nM) in mouse HSC pERK assay. HSC were incubated with
antagonists or vehicle for 30 min before 10 min stimulation with 5-HT. (See materials and
methods). pERK was expressed as the % total ERK was normalised to the 5-HT maximum
response. CRCs were fitted using non-linear regression analysis (four-parameter logistic
equation with variable slope (Hill, 1909)) (See Chapter 2: Data Analysis section). Data
shown are mean values + SEM from > 4 experiments carried out in duplicate. * data from 2
fitted curves * Max response incorporates max response reached for CRC from unfitted
curves.
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The antagonism observed with ketanserin and volinanserin was insurmountable and
no affinity could be determined using the standard methods (e.g. Schild analysis). As
the antagonism observed with ketanserin and volinanserin was at concentrations
expected to selectively inhibit the 5-HT,a receptor, then it can be concluded that 5-
HT,a receptor is most likely mediating the 5-HT stimulation of ERK
phosphorylation.

To provide further evidence of the identification of the 5-HT receptor subtype, a
selective 5-HT,a agonist, NBOH-2C-CN was used to explore the assay system. A
concentration-dependent increase in pERK was obtained with an average pECsy of
7.2 (Figure 4.2.14 A). NBOH-2C-CN behaved as a partial agonist with an intrinsic
activity of 0.38, when compared to the 5-HT CRC. (Figure 4.2.14 A, Table 4.2.7). To
further confirm that NBOH-2C-CN is acting as a 5-HT,a agonist, the CRC was
carried out in the presence of ketanserin (100 nM). Ketanserin caused a rightward
shift and depression of the NBOH-2CN CRC (Figure 4.2.14 B, Table 4.2.6)

providing further evidence of 5-HTa receptor involvement.

4.2.4.3 Investigation of the insurmountable antagonism.

Ketanserin and volinanserin both behaved as insurmountable antagonists of 5-HT in
the pERK aHSC experiments (Figure 4.2.13. A and B). Studies were undertaken to
investigate whether the pre-incubation time of the antagonist could be influencing the
nature of the antagonism observed in the experiment. Experiments were carried out
which investigated antagonism obtained where the antagonists were added at the
same time as 5-HT stimulation, compared with the standard 30 min pre-incubation
time prior to 5-HT stimulation used, for ketanserin (100 nM) and volinanserin (10
nM). The antagonism observed with no pre-incubation (red curves) for both
compounds was similar to the antagonism observed if the compounds were pre-
incubated for 30 min (black curves) prior to stimulation with 5-HT (Figure 4.2.15 A
and B, Table 4.2.8. A and B). The antagonism observed with both volinanserin and
ketanserin was still insurmountable, so it can be concluded that incubation time does

not influence the nature of the antagonism observed.
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Figure 4.2.14 A) NBOH-2C-CN agonism in comparison with 5-HT & B) Effect of
ketanserin (100 nM) on the NBOH-2C-CN CRCs in the mouse HSC pERK assay.
HSCs were incubated with antagonists or vehicle were incubated for 30 min before they
were stimulated for 10 min with 5-HT or NBOH-2C-CN. The pERK and total ERK levels
were measured in cell lysates using MSD pERK/Total ERK kit (See Chapter 2: Materials
and Methods). pERK was expressed as the % total ERK. CRCs were fitted using non-linear
regression analysis (four-parameter logistic equation with variable slope (Hill, 1909)) (See
Chapter 2: Data Analysis section). Data shown are mean values + SEM from 3 experiments
for NBOH-2C-CN and 5-HT. Data is average n=2 for ketanserin.

5-HT NBOH-2C-CN
Max Response 21.3+x4.7 8.7+1.7
PECs 7.53+£0.1 7.22+0.4
Hill slope 1.16+0.2 0.8+0.1
Intrinsic activity 1.00 0.38 £0.04

Table 4.2.7 pECs, Hill slope, maximum response (% Total ERK) and intrinsic activity
obtained for 5-HT and NBOH-2C-CN CRCs in mouse HSC pERK assay. HSC were
incubated for 30 min with vehicle or antagonist before stimulation with 5-HT or NBOH-2C-
CN for 10 min (See materials and methods). pERK was expressed as the % total ERK. CRCs
were fitted using non-linear regression analysis (four-parameter logistic equation with
variable slope (Hill, 1909)) (See Chapter 2: Data Analysis section). Data shown are mean
values £ SEM from 3 experiments carried out in duplicate.
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Figure 4.2.15 Effect of A) Ketanserin (100 nM) and B) Volinaserin (10 nM ) on the 5-
HT CRCs after 30 min pre-incubation (Black) or no pre-incubation (Red) in the mouse
HSC pERK assay. HSCs were incubated with antagonists or vehicle were incubated for 30
min before stimulation with 5-HT for 10 min. The pERK and total ERK levels were
measured in cell lysates using MSD pERK/Total ERK kit (See Chapter 2: Materials and
Methods). pERK was expressed as the % total ERK was normalised to the 5-HT maximum
response. CRCs were fitted using non-linear regression analysis (four-parameter logistic
equation with variable slope (Hill, 1909)) (See Chapter 2: Data Analysis section). Data
shown are mean values = SEM from > 3 experiments carried out in duplicate.

A No pre-incubation 30 min pre-incubation
5-HT 100 nM Ketanserin 5-HT 100 nM Ketanserin
Max response | 99.7 £ 1.2 64.0+15.1 1055+ 3.0 58.3+12.3
% 5-HT
PECsy 7.04£0.2 578+0.7 6.92+0.1 6.38 0.4
Hill slope 1.25+0.1 0.74+0.1 1.33+£0.3 05+£0.1
B No pre-incubation 30 min pre-incubation
5-HT 10 nM volinanserin 5-HT 10 nM volinanserin
Max response | 98.8 £4.1 47.0+23.5 103.8+2.9 294+123
% 5-HT
PECsy 7.22+0.1 6.44£0.2 7.10£0.2 7.17+0.3
Hill slope 1.35+0.2 1.06£0.2 1.32+£0.2 0.77+0.1

Table 4.2.8 5-HT CRC mean fitting parameters obtained for A) Ketanserin (100 nM)
and B) Volinaserin (10nM) after 30 min pre-incubation or no pre-incubation in the
mouse HSC pERK assay. HSCs were incubated with antagonists or vehicle were incubated
for 30 min or no pre incubation before stimulation for 10 min with 5-HT. pERK was
expressed as the % total ERK was normalised to the 5-HT maximum response. CRCs were
fitted using non-linear regression analysis (four-parameter logistic equation with variable
slope (Hill, 1909)) (See Chapter 2: Data Analysis section). Data shown are mean values +
SEM from > 3 experiments carried out in duplicate.
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4.2.4.4 Investigation into the presence of a second 5-HT receptor contributing
to the 5-HT response.

On closer inspection of the 5-HT CRC obtained in the pERK assay, the slope was
shallow and the curve was possibly biphasic in nature, with the second phase being
evident at 300nM to 100uM (Figure 4.2.16.A). The 5-HT CRC was repeated but
with a 1:2 dilution series instead of the usual 1:3 dilution series to help better define
the CRC (Figure 4.2.16.B). A clear biphasic CRC was obtained using the 1:2 dilution
(Figure 4.2.16.B), with the first phase reaching a plateau at around 300 nM (Figure
4.2.16.C). The second phase continuing to stimulate two receptor populations, which
both contribute to the pERK response. A computer model was generated (Courtesy
of David Hall) (Equation 2.11.1) to investigate the hypothesis that 5-HT stimulates
two receptor populations which both contribute to the pERK response (See Chapter
9: Appendix , Section 9.3).

By inputting different affinities (K) and efficacies (t) for 5-HT stimulation of each
receptor into the model, the shape of the CRC was adjusted until it best reflected the
experimental data (Figure 4.2.17). The model demonstrates that a system containing
two receptors for the same ligand can generate CRCs with a similar profile to those
observed in the HSC pERK assay. Therefore supports the hypothesis that more than
one 5-HT receptor subtype is present on the HSCs and contributes to the 5-HT
response in the pERK assays.

Further evidence that a second receptor could be contributing to the 5-HT CRC is
obtained from the 5-HT CRCs in the presence of ketanserin and volinanserin. The 5-
HT CRC in the presence of ketanserin is shallow and become progressively
shallower with increasing ketanserin concentrations. There is also some indication of
this occurring with volinanserin. However not all 5-HT CRCs in the presence of
volinanserin could be defined in all the experiments (Table 4.2.6 B). This
phenomenon of shallow curves in the presence of antagonists can be observed when
a second receptor contributes to the 5-HT CRC. As the 5-HT g receptor is unlikely to
be involved due to lack of activity of 5-HT,g antagonists in this assay, then most
likely potential candidate is the 5-HTg receptor. Indeed the expression of the 5-HTz

receptor has been reported to be increased upon HSC activation (Ruddell et al.,
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Figure 4.2.16 Biphasic 5-HT CRC investigation. A) 1 in 3 dilution 5-HT CRC, B) 1 in
2 dilution 5-HT CRC and C) 5-HT CRC fitted with two curves to show definition of
biphasic 5-HT CRC. The mouse HSCs were stimulated for 10 min with 5-HT. The pERK
and total ERK levels were measured in cell lysates using MSD pERK/Total ERK kit (See
Chapter 2: Materials and Methods). pERK was expressed as the % total ERK. CRCs were
fitted using non-linear regression analysis (four-parameter logistic equation with variable
slope (Hill, 1909)) (See Chapter 2: Data Analysis section). Data is from a representative
experiment.
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2006). The next experiments were therefore focussed on addressing the possibility
that 5-HT g receptors contribute to the 5-HT induced ERK phosphorylation in HSCs.

Sumatriptan is reported to be a selective 5-HT1g/5-HT1p agonist so the activity of
sumatriptan was investigated in the assay. Sumatriptan (1.7 nM to 100 uM) produced
a concentration-dependent increase in pERK response with a mean pECs, of 4.86
(Figure 4.2.18, Table 4.2.9). Sumatriptan behaved as a partial agonist with an
intrinsic activity of 0.56 when compared to 5-HT maximum response in the same
experiments (Table 4.2.9).

To further investigate the identity of the second receptor, sumatriptan was tested in
the absence or presence of ketanserin or cyanopindolol (a 5HT1g antagonist (pKg =
8.1 - 8.7, (Maroteaux et al., 1992; Giles et al., 1996)). Ketanserin (100 nM) produced
no rightward shift of the sumatriptan response but there was a 35% depression of the
maximum response observed although this was not significant (p>0.05, paired
Student t-test) (Figure 4.2.19, Table 4.2.10). Cyanopindolol (100 nM) was found to
cause a rightward shift of the sumatriptan CRC which can be interpreted as being
consistent with interaction at the 5-HTg receptor (Figure 4.2.20, Table 4.2.11). Due
to the low potency of sumatriptan (pECso= 4.61, Table 4.2.9) the rightward shift of
the sumatriptan CRC by cyanopindolol (100 nM) made it difficult to accurately
define a CRC over the concentration range used. An estimate of a pA; (assuming,
same maximum response and parallel rightward shift) > 7.7 was calculated. This
estimated pA, being in the range expected for a 5-HT,g interaction for
cyanopindolol. Taken together, the sumatriptan agonism, lack of antagonism with
ketanserin and antagonism with cyanopindolol this suggests that the second receptor

involved in the response is likely to be the 5-HT g receptor.

To confirm the 5-HTg receptor involvement a combined antagonist study was
undertaken. Experiments were carried out to investigate ketanserin antagonism in the
presence of cyanopindolol. This will inhibit the 5-HT;g response, and should
therefore effectively reveal a ‘pure’ 5-HT,a receptor system. There was no
significant effect of cyanopindolol (1 uM) on the 5-HT CRC (p>0.05, Student paired
t-test, pECso and Hill slope comparisons with 5-HT CRC alone) (Figure 4.2.21,
Table 4.2.12). Ketanserin (100 nM) caused a 50-fold rightward shift along with
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Figure 4.2.18 Sumatriptan CRC in comparison with 5-HT CRC in the mouse HSC
PERK assay. HSCs were stimulated for 10 min with 5-HT or sumatriptan. The pERK and
total ERK levels were measured in cell lysates using MSD pERK/Total ERK kit (See
Chapter 2: Materials and Methods). pERK was expressed as the % total ERK and normalised
to 5-HT max for the purpose of presentation of the CRC. CRCs were fitted using non-linear
regression analysis (four-parameter logistic equation with variable slope (Hill, 1909)) (See
Chapter 2: Data Analysis section). Data shown are mean values + SEM from 9 experiments
carried out in duplicate.

5-HT Sumatriptan
% Total ERK Max Response 236+29 141+3.1
% 5-HT max Max response 100 56.3+7.6
PECso 7.58+ 0.1 4.86 £0.1
Hill slope 1.04+0.1 0.97+0.1
Intrinsic activity 1 0.56 +0.1

Table 4.2.9 pEC:,, Hill slope, intrinsic activity, maximum % Total ERK response and
Maximum % 5-HT response obtained for sumatriptan CRCs in comparison with 5-HT
CRCs in mouse HSC pERK assay. HSCs were stimulated with sumatriptan or 5-HT for 10
min (See materials and methods). pERK was expressed as the % total ERK. CRCs were
fitted using non-linear regression analysis (four-parameter logistic equation with variable
slope (Hill, 1909) (See Chapter 2: Data Analysis section). Data shown are mean values +
SEM from 9 experiments carried out in duplicate.
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Figure 4.2.19 Antagonism of sumatriptan CRC by ketanserin (100 nM) in comparison
with 5-HT CRC = ketanserin in the mouse HSC pERK assay. HSCs were stimulated for
10 min with 5-HT or sumatriptan following a 30 min incubation with vehicle or antagonist.
The pERK and total ERK levels were measured in cell lysates using MSD pERK/Total ERK
kit (See Chapter 2: Materials and Methods). pERK was expressed as the % total ERK and
normalised to 5-HT max for the purpose of presentation of the CRC. CRCs were fitted using
non-linear regression analysis (four-parameter logistic equation with variable slope (Hill,
1909)) (See Chapter 2: Data Analysis section). Data shown are mean values £ SEM from 5
experiments carried out in duplicate.

5-HT 5-HT + 100 nM | Sumatriptan | Sumatriptan +100
Ketanserin nM Ketanserin

Max % total ERK | 24.1+4.2 242+6.4 146 £4.3 94+26
resp

Max % 5-HT max 100 97.1+145 58.7 +9.7 38.1+£6.3
resp

PECs 757 +0.1 5.89+0.3 5.01+0.1 5.35+0.3
Hill Slope 1.06+0.1 0.67 +0.2 0.99+0.1 0.85+0.1

Table 4.2.10 pECs, Hill slope, maximum % Total ERK response and Maximum % 5-
HT response obtained for sumatriptan and 5-HT CRCs + ketanserin (100 nM) in
mouse HSC pERK assay. HSCs were stimulated with sumatriptan or 5-HT for 10 min
following a 30 min pre-incubation with ketanserin or vehicle (See materials and methods).
PERK was expressed as the % total ERK. CRCs were fitted using non-linear regression
analysis (four-parameter logistic equation with variable slope (Hill, 1909)) (See Chapter 2:
Data Analysis section). Data shown are mean values + SEM from 5 experiments carried out
in duplicate.
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Figure 4.2.20  Antagonism of sumatriptan CRC by cyanopindolol (100 nM) in
comparison with 5-HT CRC in the mouse HSC pERK assay. HSCs were stimulated for
10 min with 5-HT or sumatriptan following a 30 min pre-incubation with vehicle or
antagonist. The pERK and total ERK levels were measured in cell lysates using MSD
pERK/Total ERK Kit (See Chapter 2: Materials and Methods). pERK was expressed as the %
total ERK and normalised to 5-HT max for the purpose of presentation of the CRC. CRCs
were fitted using non-linear regression analysis (four-parameter logistic equation with
variable slope (Hill, 1909)) (See Chapter 2: Data Analysis section). Data shown are mean
values + SEM from 4 experiments carried out in duplicate.

5-HT Sumatriptan Sumatriptan +
100 nM cyanopindolol
PECso 7.47+0.1 461+0.1 <382+0.2
Hill Slope 0.96+0.1 0.88+£0.2 0.84+0.2

Table 4.2.11 pECs, and Hill slope obtained for sumatriptan + cyanopindolol (100nM)
and 5-HT CRCs in mouse HSC pERK assay. HSCs were stimulated with sumatriptan or
5-HT for 10 min following a 30 min pre-incubation with cyanopindolol or vehicle (See
materials and methods). pERK was expressed as the % total ERK. CRCs were fitted using
non-linear regression analysis (four-parameter logistic equation with variable slope (Hill,
1909)) (See Chapter 2: Data Analysis section). Data shown are mean values = SEM from 4
experiments carried out in duplicate.
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Figure 4.2.21 Effect of ketanserin (100 nM) and cyanopindolol (1 uM) alone and in
combination on the 5-HT CRCs in the mouse HSC pERK assay. HSCs were stimulated
for 10 min with 5-HT or sumatriptan following a 30 min incubation with vehicle or
antagonist. The pERK and total ERK levels were measured in cell lysates using MSD
pERK/Total ERK kit (See Chapter 2: Materials and Methods). pERK was expressed as the %
total ERK and normalised to 5-HT max for the purpose of presentation of the CRCs. CRCs
were fitted using non-linear regression analysis (four-parameter logistic equation with
variable slope (Hill, 1909)) (See Chapter 2: Data Analysis section). Data are mean values +
SEM from 3 experiments carried out in duplicate.

5-HT 100 nM 1uM Combined 100 nM
Ketanserin | Cyanopindolol ketanserin & 1 uM
cyanopindolol
PECs, 746+0.1 | 5.75+£0.2 7.25+0.1 533+0.1
Hill Slope | 1.26+£0.2 | 0.750.1 0.76 £0.01 *1.06 £0.04

Table 4.2.12 Effect of ketanserin (100 nM) and cyanopindolol (1 pM) alone and in
combination on the 5-HT CRCs pECsy and Hill slope in mouse HSC pERK assay. HSCs
were stimulated with sumatriptan or 5-HT for 10 min following 30 min pre-incubation with
cyanopindolol and or ketanserin, or vehicle (See materials and methods). pERK was
expressed as the % total ERK. CRCs were fitted using non-linear regression analysis (four-
parameter logistic equation with variable slope (Hill, 1909)) (See Chapter 2: Data Analysis
section). Data shown are mean values + SEM from 3 experiments carried out in duplicate.
* Hill slope in presence of combination (cyanopindolol + ketanserin) is significantly
different Hill slope in presence of ketanserin alone (p=0.033, Student paired t-test).
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depression of the 5-HT CRC (Figure 4.2.21, Table 4.2.12.). The 5-HT CRC in the
presence of both ketanserin (100 nM) and cyanopindolol (1 pM) exhibited a Hill
slope of 1.06, which was significantly different to the Hill slope of the 5-HT CRC in
the presence of ketanserin (100 nM) alone (p= 0.033, Student paired t-test) (Figure
4.2.21, Table 4.2.12). In the presence of cyanopindolol, ketanserin is able to cause a
134-fold shift of the 5-HT CRC, with a pA, of about 9, which is similar to the
affinity that is expected for ketanserin (See table 1.10.1). However ketanserin is
clearly behaving as an insurmountable antagonist as the maximum response is clearly
depressed. Therefore an affinity cannot be accurately determined as not all criteria
for a competitive interaction are met. Overall these data would suggest that the 5-
HTg receptor is the second 5-HT receptor mediating the 5-HT stimulated ERK
phosphorylation.

Another way to pharmacologically investigate the removal of the 5-HT1g response is
to treat the cells with PTX. As 5-HT;g couples through Gj, protein and therefore
PTX impairs the Ga; interaction with 5-HTyg receptor. Cells were pre-treated with
PTX to remove the influence of the 5-HT,g receptor. PTX pre-treatment caused less
than a 2-fold rightward shift of the 5-HT CRC with no real depression of maximum
response (Figure 4.2.22, Table 4.2.13). 100 nM Kketanserin caused a 26-fold
rightward shift of the 5-HT CRC in the absence of PTX, but this increased to > 90-
fold after PTX treatment. The Hill slope of the PTX 5-HT CRC in the presence of
100 nM ketanserin was nearer unity than the 5-HT CRC in the presence of 100 nM
ketanserin, which was shallow (Figure 4.2.22, Table 4.2.13). This is similar to the
effect observed with cyanopindolol (1 uM) in combination with ketanserin (100 nM)
on the 5-HT CRC (Figure 4.2.21, Table 4.2.12). These data suggest that PTX pre-
treatment removes the component of the response that is G;-linked.

One further experiment was designed to investigate the effect of PTX treatment on
the sumatriptan CRC, as PTX treatment would block the effect of sumatriptan acting
via the 5-HT1g receptor. There was no effect of PTX treatment on the 5- HT CRC.
(Figure 4.2.23, table 4.2.14) The PTX treatment did not fully inhibit the sumatriptan
CRC but rightward shift of the CRC was observed (Figure 4.2.23, Table 4.2.14).
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Figure 4.2.22 5-HT CRCs in the presence and absence of 100 nM ketanserin following
PTX (100 ng/ml) overnight pre-treatment or no PTX pre-treatment in the mouse HSC
pPERK assay. HSC were pre-treated overnight with 100ng/ml PTX or vehicle. HSCs were
stimulated for 10 min with 5-HT or sumatriptan following a 30 min pre-incubation with
vehicle or 100nM ketanserin. The pERK and total ERK levels were measured in cell lysates
using MSD pERK/Total ERK kit (See Chapter 2: Materials and Methods). pERK was
expressed as the % total ERK and normalised to 5-HT max for the purpose of presentation of
the CRC and to allow comparisons between the + PTX pre-treatment. CRCs were fitted
using non-linear regression analysis (four-parameter logistic equation with variable slope
(Hill, 1909)) (See Chapter 2: Data Analysis section). Data shown are mean values + SEM
from 7 experiments carried out in duplicate.

No PTX PTX
5-HT 100 nM Ketanserin 5-HT 100 nM ketanserin
Max % total 17.7+1.8 13.4+2.0 10.9+1.7 554+1.6

ERK response

Maximum % 5- 100 77.5+115 100 55.46 + 18.2
HT response

pEC50 749 +0.1 6.07£0.2 7.26+0.1 <5.28+0.1

Hill Slope 0.95+0.1 0.76 0.1 1.04+£0.1 1.14+02%*

Table 4.2.13 5-HT CRC mean fitting parameters obtained in the presence and absence
of 100nM ketanserin following PTX (100ng/ml) overnight pre-treatment or no PTX
treatment in the mouse HSC pERK assay. HSCs were stimulated with 5-HT for 10 min
following a 30 min pre-incubation with ketanserin or vehicle and following + overnight pre-
treatment with 100ng/ml PTX (See materials and methods). pERK was expressed as the %
total ERK. CRCs were fitted using non-linear regression analysis (four-parameter logistic
equation with variable slope (Hill, 1909)) (See Chapter 2: Data Analysis section). Data
shown are mean values = SEM from 7 experiments. * slope from n=5 fits.
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Figure 4.2.23  Effect of PTX (100 ng/ml) overnight pre-treatment on 5-HT and
sumatriptan CRCs in the mouse HSC pERK assay. HSC were pre-treated overnight with
100 ng/ml PTX or vehicle. HSCs were stimulated for 10 min with sumatriptan or 5-HT. The
pPERK and total ERK levels were measured in cell lysates using MSD pERK/Total ERK kit
(See Chapter 2: Materials and Methods). pERK was expressed as the % total ERK and
normalised to 5-HT maximum response for the purpose of presentation of the CRC and to
allow comparisons between the = PTX pre-treatment. CRCs were fitted using non-linear
regression analysis (four-parameter logistic equation with variable slope (Hill, 1909)) (See
Chapter 2: Data Analysis section). Data shown are mean values + SEM from 4 experiments
carried out in duplicate.

5-HT 5-HT PTX Sumatriptan Sumatriptan PTX
Max % total ERK | 19.3+2.4 | 124+23 572+ 1.1 48+14
response
Max % 5-HT max 100 100 36.3+0.76 35.3+17.7
response
PECs 743+0.1 | 740+0.1 492+0.1 <4.18+0.3
Hill slope 095+0.1 | 10401 0.99 £0.01 11*

Table 4.2.14 5-HT and Sumatriptan CRC mean fitting parameters following PTX (100
ng/ml) overnight pre-treatment or no PTX treatment in the mouse HSC pERK assay.
HSCs were stimulated with 5-HT or sumatriptan for 10 min following + overnight pre-
treatment with 100 ng/ml PTX (See materials and methods). pERK was expressed as the %
total ERK. CRCs were fitted using non-linear regression analysis (four-parameter logistic
equation with variable slope (Hill, 1909)) (See Chapter 2: Data Analysis section). Data
shown are mean values = SEM from 4 experiments carried out in duplicate. * slope from n=2
fits.
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4.3 Discussion.

4.3.1 Characterisation of the 5-HT receptor responsible for calcium signalling
in mouse hepatic stellate cells.

During fibrosis the stellate cell undergoes a transformation to a myofibroblast-like
cell and this involves increased expression of a-SMA along with the L-type voltage
operated calcium channels and 5-HT, receptors (Bataller et al., 2001; Park et al.,
2011). This up-regulation of L-type voltage operated channels mediate Ca** influx
and is associated with the HSCs transforming into a myofibroblast-like contractile
cells. This process may therefore contribute to the increased resistance to blood flow
in fibrosis (Bataller et al., 2001). The activated HSCs are known to have increased
expression of 5-HT,a and 5-HTg receptors and these receptors are most likely to be
involved in the calcium signalling, due to their coupling through Gaq, which will
elicit a downstream increase in intracellular calcium. Another receptor, 5-HTyp,
whose expression is also up-regulated on activation of the HSCs, couples through
Gai and it is possible that this receptor will cause release of calcium in this assay
format (Hall et al., 1999; Werry et al., 2002). G; linked receptors can elicit release of
calcium by direct stimulation of PLC through the Gy subunits (Selbie and Hill,
1998).

In the mouse activated HSC 5-HT was demonstrated to cause a concentration-
dependent increase in release of intracellular calcium, confirming observations in the
literature with rat HSCs (Park et al., 2011). To identify the receptor involved in
eliciting the calcium release, selective agonists and antagonists were selected to
probe and pharmacologically dissect the response. ATP was used as a positive
control in the assay (to enable stimulation of the endogenously expressed P2Y
receptor) (Dranoff et al., 2004). Ketanserin, GSK1606260A and cyanopindolol had
no effect on the ATP CRC confirming that any effect of the antagonists was specific
to the 5-HT response and not interfering with the calcium release in a non-specific

manner.

5-HT,g antagonists, GSK1606260A (1 uM) and RS-27455 (100 nM), caused no
rightward shift of the 5-HT CRC, confirming the lack of 5-HT,s receptor
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involvement in mediating the 5-HT stimulated calcium release. The concentrations of
the 5-HT,g antagonists would have been expected to cause a > 100-fold rightward
shift of the 5-HT CRC if the response was due to activation of the 5-HT,g receptors.
No 5-HTg receptor involvement was observed due to a lack of effect of the 5-HTig
antagonist, cyanopindolol (1 uM) and lack of agonism observed with sumatriptan, a
5-HT;g agonist. Further evidence against 5-HT;g involvement in the 5-HT
stimulation of calcium release was evident from the lack of effect of PTX treatment
on the 5-HT CRC. Overnight pre-treatment of PTX, which catalyses ADP-
ribosylation of the G-proteins, Gi, Gy and Gt, thus impairing the G-protein
heterotrimer interaction with the receptors, will eliminate any response via a G;i

linked mechanism in the HSCs.

5-HT,a receptor involvement was investigated with 5-HT,a antagonists, ketanserin
and volinanserin (1, 10 and 100 nM). Both antagonists behaved as insurmountable
antagonists of 5-HT stimulated calcium release in the mouse HSC (Figure 4.2.5). 1
nM concentrations of both ketanserin and volinanserin caused rightward shift and
depression of the maximum 5-HT response, with the 10 and 100 nM concentrations
causing substantial depression of 5-HT CRC. Due to the insurmountable nature of
the antagonism observed and although the criteria for competitive antagonism has
not being met, pA, values of 9.1 and 9.6 were estimated for ketanserin and
volinanserin respectively which are consistent with 5-HT,a receptor inhibition. The
inhibition observed with ketanserin and volinanserin provides strong evidence that

the calcium response is driven by the activation of 5-HT,a receptors.

To further confirm the 5-HT response was elicited by 5-HT,a receptors, a selective
but partial 5-HT,a agonist, NBOH-2C-CN was investigated (Hansen et al., 2014,
Fantegrossi et al., 2015). In the calcium release assay this was found to produce only
partial agonism in one out of three experiments carried out. The ability of an agonist
to cause a response will depend on whether the stimulus is strong enough and if the
cell is capable of converting the stimulus to an observable response (Kenakin, 2006).
It may be that there are not sufficient receptors available for NBOH-2C-CN to elicit
a response or that as the calcium release assay is quite close to the initial receptor

activation insufficient amplification of the stimulus has occurred due to the receptor

117



coupling efficiency (Giles et al., 1996; Wilson et al., 1996; Kenakin, 2006). The
ability of an agonist to produce a response is very dependent on the assay system. As
no agonist CRC could be defined (Figure 4.2.6 A) NBOH-2C-CN was therefore
tested as an antagonist. To ensure that NBOH-2C-CN was not desensitising the 5-HT
receptor in the calcium release assay, as this would compromise the antagonism
observed, NBOH-2C-CN was tested as an agonist at the same time as being tested as
an antagonist. No agonism was observed with NBOH-2C-CN in any of the
antagonist experiments performed. NBOH-2C-CN was found to cause
insurmountable antagonism of the 5-HT CRC (Figure 4.2.6). NBOH-2C-CN caused
a concentration-related rightward shift of the 5-HT CRC with about 30% depression
of the maximum response. Due to insurmountable nature of the antagonism observed
no definite affinity could be determined. Although the criteria for competitive
antagonism is not met, a pA, of 7.6 was estimated from the 300 nM NBOH-2C-CN
shift of the 5-HT CRC.

There was only one previous study investigating the ability of 5-HT to stimulate an
increase in intracellular calcium in HSCs (Park et al., 2011). It was reported that
activated HSC express voltage activated calcium channels (Oide et al., 1999). The
expression level of the a-SMA and L-type calcium channels has been shown to be
proportional to the activation period, with no L-type currents being observed in
quiescent cells (Park et al., 2011). Thus the increased expression of L-type channels
is evident during activation of HSCs. The cells used in the studies for this thesis were
in culture for at least two weeks before being used in the calcium assay and have
been shown to be an activated phenotype as evidenced by the expression of a-SMA.
In this thesis, | have been able to show that, in mouse activated HSCs, 5-HT
produces a concentration-dependent increase in intracellular calcium which is
concordant with the literature in rat HSCs (Park et al., 2011). The literature (Park et
al., 2011) studies were performed by measuring the increase in intracellular calcium
using fura-2, a fluorescent calcium sensing dye, loaded rat HSCs on a fluorescence

microscope. This is similar to the FLIPR™

methodology used in this thesis but on a
smaller scale with a different calcium sensing dye. Although Park et al., (2011)
demonstrated a concentration-dependent response with 5-HT, they only examined

the effect of a single concentration of ritanserin (10 uM) on a 10 uM 5-HT response.

118



Ritanserin, a 5-HT, antagonist (5-HT2a pK; = 8.34, 5-HTg pK; = 8.7; (Knight et al.,
2004)) was found to inhibit the 10 uM 5-HT response and a phospholipase C
inhibitor, U73122 (1 puM) completely abolished the 5-HT response (Park et al.,
2011). These data therefore provide further characterisation of the subtype of 5-HT;
receptor involved in the 5-HT stimulated release of calcium. The data generated in
this chapter builds on this knowledge and provides a classical ‘in-depth’
pharmacological analysis, using selective antagonists and agonists to definitively
determine that the 5-HT,a receptor subtype mediates the 5-HT stimulated calcium
response in activated mouse HSCs. Park et al. (2011) also demonstrated that 5-HTa
receptor expression increased 17-fold compared to a 3-fold increase of 5-HT,g
receptor expression, after the cells had been in culture for 2 weeks. This adds further
weight to the hypothesis that the 5-HT,a receptor is responsible for the observed

increase in calcium following 5-HT stimulation in activated HSCs.

4.3.1.1 Investigation of the insurmountable antagonism obtained with
ketanserin and volinaserin in the FLIPR™ assay.

The insurmountable profile of the antagonism observed with ketanserin, volinanserin
and NBOH-2C-CN, may indicate that they are behaving as non-competitive
antagonists. However another explanation could be that these compounds establish a
hemi-equilibrium. This is where the antagonist and agonist together are unable to
reach a proper equilibrium with the receptor in the timeframe of the agonist response
(Hemi-equilibrium) (Paton and Rang, 1966; Kenakin et al., 2006). In the antagonists
experiments ketanserin, volinanserin and NBOH-2C-CN were pre-incubated with the
receptor for 15 min prior to 5-HT stimulation, thus allowing the antagonists to reach
equilibrium with the receptor, ensuring correct receptor occupancy according to the
concentration. When the agonist, 5-HT, is added to the cells then the system
undergoes a re-equilibration between the agonist and the antagonist already bound to
the receptor (Paton and Rang, 1966; Kenakin et al., 2006). During re-equilibration
there must be sufficient time for the antagonist to dissociate from the receptors in
order to allow the agonist to bind to the unbound receptors (Figure 4.3.1 A). If the
antagonist has a slow off rate and the agonist response is rapid, then the antagonist is
unable to dissociate fully from the receptor to allow the agonist to bind to the

unbound receptors to achieve the correct receptor occupancy according to the
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concentration. This is the most likely explanation for the observations in the calcium
release assay with the HSCs (Kenakin et al., 2006; Charlton and Vauquelin, 2010).

To determine if the hemi-equilibrium phenomenon was occurring with ketanserin
and volinanserin a ‘wash off” experiment was carried out. If the antagonists cannot
be washed off then this would indicate that the antagonists are acting as irreversible
antagonists. All three concentrations of ketanserin and volinanserin tested
demonstrated less antagonism of the 5-HT CRC after washing off, when compared to
the antagonism observed with no washing off (Figure 4.2.8 and 4.2.9). The washing
off of the antagonist allows the dissociation of the antagonist from the receptor thus
reducing the amount of antagonist bound to the receptors. Once the cells are
stimulated with 5-HT greater agonism is observed may be due to the increased
availability of free receptors (provided by the dissociation of the antagonist) for the
agonist to bind to. Another possibility that should also be considered it that these
compounds maybe acting as reversible non-competitive antagonists. Ketanserin is
reported in the literature to behave as a competitive antagonist (Frenken and
Kaumann, 1984; Leff and Martin, 1986) so it is unlikely that ketanserin is acting as a
reversible non-competitive antagonists. Volinanserin is a highly selective high
affinity antagonist and has been shown to demonstrate slow dissociation (t,,) of 13.5
min from the 5-HT,a receptor (Kristiansen et al., 2005). There has been no data
published to confirm that volinanserin is acting as a competitive antagonist but due to
its slow dissociation kinetics hemi-equilibrium is a phenomenon which could explain
the effects in the calcium release assay in HSCs. These experiments demonstrate that
ketanserin and volinanserin are observed to behave as insurmountable antagonists
due to there being insufficient time for re-equilibration of the agonist, antagonist and
receptor complex (Paton and Rang, 1966; Kenakin et al., 2006; Charlton and
Vauguelin, 2010). The data obtained with ketanserin (Figure 4.2.5 A) does resemble
the data depicted in Figure 4.3.1 B, Panel 1.
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Figure 4.3.1 Schematic depicting two types of antagonist kinetics. A) Equilibrium
kinetics refers to the process of antagonist binding to the receptors and reaching equilibrium
according to the Kg and concentration. Re-equilibration Kinetics refers to the binding of
added agonist to a preparation pre-equilibrated with antagonist and the process of the agonist
and antagonist achieving equilibrium with the receptor population according to their
respective equilibrium dissociation constants and relative concentrations within the time
allowed for measurement of agonist response . B) Summary of the kinetic for orthosteric
antagonism obtained experimentally and theoretically whereby the agonist and antagonist do
not (Panel 1: includes Figure 4.2.5 A) or partially do (Panel 2 : includes Figure 4.2.6 B)
equilibrate according to mass action Kinetics in the time allotted for observation of the
response. (Adapted from Kenakin et al., 2006)
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The nature of the antagonism observed with NBOH-2C-CN (Figure 4.2.6.) does
resemble a profile expected for a competitive insurmountable antagonist, as partial
equilibration occurs (Paton and Rang, 1966). This is where agonist, antagonist and
receptor are able to partially re-equilibrate and where the re-equilibration occurs at
the higher receptor occupancy (Kenakin et al., 2006). Some further experiments
could investigate NBOH-2C-CN concentrations lower than 300 nM, to establish
whether gradual depression of the 5-HT CRC maximum can be achieved. A ‘wash
off” experiment could also be carried out to further determine how this affects the
antagonism profile observed with NBOH-2C-CN. Indeed this would hopefully
demonstrate an antagonist profile as observed for the theoretical data shown in
Figure 2, panel 2.

Another observation from the data obtained with ketanserin and volinanserin
demonstrates there is little or no receptor reserve in the system. Rightward shift of
the 5-HT CRC would be observed, with no depression of the maximum response, if
there were a pool of free receptors that the agonist could bind to (Paton and Rang,
1966; Kenakin et al., 2006). With ketanserin and volinanserin there is rightward shift
with depression of the maximum response. This suggests that all the receptors are
bound by the antagonist, and there is no available pool of free receptors for the
agonist to bind to (Figure 4.3.1. B). Hence the maximal attainable response is

diminished.

4.3.2 Pharmacological characterisation of the 5-HT receptor responsible for

ERK phosphorylation in mouse hepatic stellate cells.

It was demonstrated the 5-HT can stimulate ERK phosphorylation, which leads to
activation of the transcription factor JunD and enhanced TGFB1 expression. The 5-
HT,g receptor has been reported to be the receptor in activated HSCs (Ebrahimkhani
et al., 2011). The ERK pathway can be stimulated by a many different receptor types
(Figure 4.3.2). These studies set out to investigate the ability of 5-HT to stimulate the
ERK phosphorylation and pharmacologically characterise the 5-HT receptors

responsible.
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The optimum time to measure the pERK response was determined to be around 10
min (Figure 4.2.10) where the response reached its peak. This time point was
therefore used in subsequent studies. It would also be of interest to investigate the
later sustained response out to 3 h but also further to 24 h, because the fibrotic
processes involved in phenotypic end points such as proliferation (See Chapter 5) are
subjected to a sustained 5-HT stimulus throughout the incubation. The pERK
response was found to be inversely correlated by the cell density (Figure 4.2.11) with

final assay cell number of 10000 cells chosen to achieve a robust signal.

As with the FLIPR assay, the 5-HT stimulated pERK response was characterised in
this assay format using the same 5-HT,a, 5-HT,g and 5-HTg antagonists and
agonists at selective concentrations. GSK1606260A (1 puM) and RS-127445 (100
nM) caused no rightward shift of the 5-HT CRC at concentrations expected to shift
the curve >1000-fold indicating that the 5-HT,g receptor was not driving the 5-HT
ERK phosphorylation in HSCs (Figure 4.2.12, Table 4.2.5). With the 5-HT;a
antagonist ketanserin (10 nM, 100 nM and 1 uM) a progressive rightward shift of the
5-HT CRC with depression of the maximum response was observed. The Hill slope
coefficients obtained for the CRCs were shallow and biphasic in nature. Therefore
the 5-HT response in the presence of ketanserin may act via a second 5-HT receptor.
It is difficult to determine the antagonist affinity at the 5-HT,a receptor because of
the complex behaviour of the CRC. Volinanserin (1 nM, 10 nM and 100 nM) did not
produce a rightward shift in the 5-HT CRC but with increasing concentrations
substantially depressed the maximum response. Although no affinity could be
determined for the 5-HT,s antagonists the concentration range over which the
antagonism was observed does suggest that the 5-HT,a receptor is the receptor

responsible for the 5-HT stimulated ERK phosphorylation.

NBOH-2C-CN was also investigated as an agonist in this pERK assay. It was found
to behave as a partial agonist, eliciting about 30% of the 5-HT maximum response,
which is consistent with its reported activity in the literature (Hansen et al., 2014;
Fantegrossi et al., 2015). The ERK response is further down the signalling cascade
than the stimulated intracellular calcium release (Figure 4.3.2). This therefore may

explain why NBOH-2C-CN behaves as a partial agonist in this ERK phosphorylation
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Figure 4.3.2 G protein-coupled receptor (GPCR) signalling pathways via ERK1/2.
ERK1/2 can be activated by GPCRs, which couple to different G-proteins (Gi,Gs,Gq,Go)

which transduce the signal by different pathways.
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assay. The further down the signalling cascade the greater the amplification of
signalling response is observed (Kenakin, 1997, 2006). The efficacy of the agonist is
determined by agonist occupancy, but it is the cellular amplification of receptor
signal, through a succession of saturable biochemical reactions, that will determine
the strength of amplification of receptor stimulus inherent to the cells (Kenakin,
2006). This means that NBOH-2C-CN is unable to stimulate intracellular release of
calcium, as it does not occupy sufficient receptors. Further down the signalling
pathway there are sufficient receptors occupied for NBOH-2C-CN to be observed as
a low efficacy agonist due to amplification of the signal in the cells (Kenakin, 2006).
NBOH-2C-CN was antagonised by ketanserin confirming 5-HT,a involvement. The
PECs is consistent with the range of antagonism observed with this partial agonist in
the FLIPR assay. These data provide further evidence of 5-HT,a receptor

involvement in the pERK response.

Interestingly the conclusion that the 5-HT,a receptor is mediating the 5-HT
stimulation of pERK response does not agree with the interpretation of the inhibition
of the pERK response using SB-204741, a 5-HT,s selective antagonist
(Ebrahimkhani et al., 2011). SB-204741 is documented in the literature as having a
binding affinity at the human 5-HTa receptor of > 10 uM, compared with a 5-HT,g
affinity of about 100 nM (Knight et al., 2004). Upon examination of the data
presented by Ebrahimkhani et al. (2011) the inhibition of 5-HT-induced ERK
phosphorylation by SB-204741 occurred at concentrations of > 10 uM in rat, mouse
and human HSCs. At these concentrations the inhibition is more likely due to an
action at the 5-HT,a receptor and not 5-HT,g. 5-HT,g inhibition should have been
observed at lower concentrations as its affinity is around 100 nM. The data generated
in this chapter seem to agree with other literature findings reported in LX-2 cells (a
human HSC immortalised cell line (Xu et al., 2005)), where it was demonstrated that
5-HT,a antagonists (ketanserin and sarpogrelate) induced apoptosis, inhibited cell
viability and inhibited wound healing (Kim et al., (2013). Overall the data obtained
at the concentrations tested are consistent with the selective pharmacology of the 5-
HT,a receptor and not the 5-HT g receptor, to produce a pERK response in HSCs.
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4.3.3 Investigation of the non-surmountable antagonism obtained with
ketanserin and volinaserin in the ERK phosphorylation assay.

Ketanserin is reported to be a competitive antagonist (Frenken and Kaumann, 1984;
Leff and Martin, 1986). In the pERK assay we observe insurmountable antagonism
with both ketanserin and volinaserin. Experiments were undertaken to investigate
whether antagonist incubation time would influence the nature of the antagonism
observed by ketanserin and volinaserin. Similar antagonism of the 5-HT CRCs was
obtained after 30 min incubation of the antagonists compared to no pre-incubation of
the antagonists, ketanserin (100nM) and volinanserin (10nM), indicating antagonist
incubation time does not influence the nature of the antagonism. The antagonist
would have been expected to demonstrate less insurmountable antagonism with no

pre-incubation if the antagonists were acting irreversibly.

In the literature there are reports that the nature of the antagonism observed with
ketanserin can be dependent on the assay selected (Leff and Martin, 1986). Four 5-
HT, antagonists, ketanserin, spiperone, trazodone and methysergide were
investigated in isolated preparations of rabbit aorta, rat jugular vein and rat caudal
artery (Leff and Martin, 1986). It was reported that spiperone and trazodone were
competitive antagonists in all three preparations. Ketanserin behaved as a
competitive antagonist in all except the rat caudal artery, where it behaved as a non-
competitive antagonist and methysergide behaved as competitive antagonist in the rat
aorta preparation only (Leff and Martin 1986). The rat caudal artery, of the three
tissue preparations used, had the fastest response to 5-HT (Leff and Martin, 1986).
Thus when ketanserin is pre-incubated with the tissue for 60 min it is unable to
dissociate sufficiently to allow 5-HT to reach its proper equilibrium with the receptor
in the timeframe of the agonist response (hemi-equilibrium) (Paton and Rang, 1966;
Kenakin et al., 2006). We observe hemi-equilibrium with ketanserin in the calcium
release assay and so it may be this could be true for the pERK assay as well. The
PERK assay response is a fairly quick response (~10 min). The insurmountable
antagonism observed with ketanserin and volinaserin in the pERK assay (Figure
4.2.13) shows a lesser degree of depression of the 5-HT CRCs when compared with
the 5-HT CRCs obtained in the calcium release assay (Figure 4.2.5). The pERK

ketanserin antagonism has a similar insurmountable antagonism profile compared
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with NBOH-2C-CN (Figure 4.2.6.) in the calcium release assay, in that there is
rightward shift and reduction of the maximum response to a similar level with all
three ketanserin concentrations. A ‘wash off’ experiment could be undertaken to
determine if hemi-equilibrium could explain the nature of the antagonism observed

with ketanserin and volinanserin in the pERK assay.

4.3.4 Investigation into the presence of a second 5-HT receptor contributing to
the 5-HT response in mouse HSCs.

On closer inspection of the 5-HT CRC it was observed that there was a possibility
that it was biphasic in nature. This was supported further by the data obtained for the
5-HT CRC in the presence of ketanserin. The 5-HT CRCs becomes progressively
more shallow in the presence of increasing concentrations of ketanserin, this
suggesting activation of more than one receptor by 5-HT. It is the nature of the
antagonism observed with ketanserin which rules out an alternative hypothesis which
is that 5-HT is stimulating two different G-protein signalling pathways via the 5-
HT,a receptor. In this alternative pathway 5-HT would stimulate the 5-HTja
receptors at the lower concentrations through the G, but at higher concentrations 5-
HT is then able to stimulate the 5-HT,a receptor via another G protein such as G;.
The antagonism profile for ketanserin expected, if the alternative hypothesis was
correct, would depict 5-HT CRCs shifting in a similar manner to that observed with

the 10 nM concentration, with similar Hill slopes.

Construction of a 5-HT CRC with greater definition supported this further (Figure
4.2.16.) and suggested that more than one 5-HT receptor subtype could be mediating
the pERK response. A model was constructed to explore the influence of two
receptor sub-types signalling via ERK. The model allowed the alteration of the
affinity and efficacy of the response of the two receptors. By investigating different
values for the affinity and efficacy of the receptors, a similar response profile as
observed in the experimental assay was obtained. The model suggests that two
receptors involved have differing affinities (Ka = 30 nM, Kg = 3 uM, 100-fold
difference) and that these receptors also exhibit different efficacies for 5-HT (ta =5,
ts = 10). These tau values imply that 5-HT is behaving as partial agonist at both

receptors. This model could be further explored by the addition of antagonists to

127



predict their behaviour in the experimental situation. The antagonism observed with
ketanserin and volinanserin is insurmountable in the pERK assay and this avenue

was not explored further in this study.

As three 5-HT receptors (5-HT2a, 5-HT2g and 5-HT;g) have been reported to be
induced upon activation of the cells, these were considered to be most likely to be
signalling through pERK, but the 5-HT g receptor was ruled out as antagonists failed
to inhibit the 5-HT CRC. Therefore the 5-HT;g receptor seems to be the most likely
candidate. However it is worth noting that 5-HT; and 5-HTr receptors have also
been reported to be present on stellate cells (Ruddell et al 2006). The expression of
5-HT;r remained stable over the 6 days the HSCs were kept in culture compared to 5-
HT,, which showed a 90% reduction after day 1 in rat HSC (Ruddell et al., 2006).

The role of the 5-HT g receptor was investigated to determine if activation of this 5-
HT receptor subtype contributed to the biphasic response. Two methods were
employed to investigate this. The first was to use a 5-HT;g agonist and antagonist
and the second was by blocking receptor G-protein activation with PTX. Sumatriptan
is reported to be a selective 5-HT;g/1p receptor agonist (Table 1.10.3). Sumatriptan
behaved as partial agonist in the pERK assay with no inhibition by GSK1606260A.
However ketanserin caused about a 30% depression of the sumatriptan CRC, but this
was not significant. A greater shift of the sumatriptan CRC would have been
expected with ketanserin if it was acting via the 5-HT,a receptor as is the case with
5-HT. To try to define the interaction further, the effect of cyanopindolol, a reported
antagonist at the 5-HTg receptor (pKg = 8.1 - 8.7) (Maroteaux et al., 1992; Giles et
al., 1996), on the sumatriptan CRC was investigated. Cyanopindolol (100nM) caused
a rightward shift of the sumatriptan CRC, which was consistent with sumatriptan
interacting at the 5-HTg receptor to elicit the pERK response. Due to the low
potency of sumatriptan, it was not possible to clearly define the CRC in the presence
of cyanopindolol but an affinity of 8 was estimated which is in the expected range for
5-HT;p effect.

To further test whether a 5-HT1g receptor was causing the biphasic 5-HT response,
an experiment was carried to investigate the effect of cyanopindolol, ketanserin alone
and in combination on the 5-HT CRC. The aim being to use cyanopindolol to block
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the 5-HTg receptor and therefore reveal a pure 5-HT,a response when stimulated
with 5-HT in the pERK assay. Cyanopindolol at 1 uM (which should produce >100-
fold shift of the 5-HT;g component) had no significant effect on the 5-HT CRC
although there was some flattening of the Hill slope. The 5-HT CRC constructed in
the presence of ketanserin (100 nM) was biphasic and had a shallow Hill slope. In
the presence of both ketanserin (100 nM) and cyanopindolol (1uM) the 5-HT CRC
was more sigmoid in shape, with a Hill slope similar to unity (Figure 4.2.21., Table
4.2.12). The 5-HTg receptor influence has been removed by cyanopindolol, with the
shift of the 5-HT CRC by ketanserin (100 nM) indicating of a single receptor
interaction and that the receptor involved is 5-HTa.

Another approach to pharmacologically dissect the 5-HT;g response is to treat cells
with PTX, as the 5-HT,g receptor couples through Gj, proteins. PTX catalyzes ADP-
ribosylation of G-proteins, Gj, G, and Gy, thus impairing G protein heterotrimer
interaction with receptors and blocking receptor coupling. Overnight PTX pre-
treatment caused a non-significant 1.7-fold rightward shift of the 5-HT CRC. The 5-
HT CRC Hill slope in the presence of ketanserin (100nM) alone was 0.76 but was
1.1 with the addition of PTX pre-treatment (Figure 4.2.22, Table 4.2.13), suggesting
that 5-HT was only stimulating the 5-HT,a receptor after PTX pre-treatment. The
effects observed with PTX treatment of the 5-HT CRC are similar to those observed
in the cyanopindolol/ketanserin combination experiment. Taken together the effect of
PTX treatment and the cyanopindolol/ketanserin combination experiment suggests
that the 5-HTg receptor is likely to be the second 5-HT receptor mediating the 5-HT
stimulated ERK phosphorylation.

The effect of PTX pre-treatment on the response to the 5-HT;g agonist, sumatriptan,
was investigated to provide further evidence of 5-HT;g involvement in the 5-HT
stimulated pERK response. If the influence of the 5-HTig receptor is effectively
removed in the cells then sumatriptan would be unable to elicit an agonist response.
Following PTX treatment the response to sumatriptan was not completely abolished
and there was a > 5-fold shift of the sumatriptan CRC. Due to the low potency
(PECso ~5) of sumatriptan it is feasible that at the higher concentrations sumatriptan

is causing phosphorylation of ERK via the 5-HTa receptor. Indeed we observed that
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ketanserin (100 nM) reduced the maximum sumatriptan response but not by as much
as would have been expected if mediated solely by 5-HT,a receptor. Alternatively
sumatriptan is behaving non-specifically. Future experiments could investigate the
effect of PTX on antagonism of the sumatriptan response to cyanopindolol to
ascertain if sumatriptan is eliciting the response through a different receptor. Another
way could be to investigate sumatriptan agonism following PTX pre-treatment in the
presence and absence of ketanserin as this may be able to further define whether 5-
HT,a is activated or sumatriptan is acting in a non-specific way at these high

concentrations.

Sumatriptan is a partial agonist and the amount of agonism observed will depend on
the 5-HT1g receptor expression level in the HSCs used in the experiment. Mouse
HSCs from different batches of mice were used for these experiments after they had
been in culture for 2-5 weeks. The receptor expression levels are likely to vary from
batch to batch, as well as within the batch depending on the time in culture. The
amount of 5-HT;g induction, when compared with quiescent HSCs receptor levels,
was less than observed for 5-HT,a or 5-HT,p after rat HSCs had been cultured on
plastic for 6 days (5-HTg ~ 4-fold, 5-HT,a ~120-fold and 5-HT,g ~60-fold (Ruddell
et al., 2006)). Here the induction was only followed over a 6 day period, where 5-
HT1g had a low level of receptor expression until day 4. After this time it increased
3-fold and maintained at this level for the remaining 2 days (Ruddell et al., 2006). 5-

HT1g expression was also observed in rat HSCs after 2 weeks of culture.

Further research could explore the receptor expression over a longer period of time.
It would be worthwhile exploring the possibility of radioligand binding saturation
studies using selective radioligands for the receptors of interest. This would allow
tracking of the actual number of receptors expressed over time in culture with the

cells.

4.3.5 Summary

These data taken together are consistent with 5-HT stimulating both calcium release
and phosphorylation of ERK through stimulation of the 5-HT,a receptor. This is the

first time that this ‘in-depth’, thorough, pharmacological characterisation of the 5-HT
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CRCs have been conducted. The 5-HTg receptor, although shown to be expressed in
these cells does not seem to play a role functionally. There is evidence for an
additional 5-HT receptor subtype being activated that is not Gg-coupled. The second
receptor is likely to be the 5-HT;g receptor due to the effect of cyanopindolol and
PTX on the ketanserin antagonism, along with the agonism observed with
sumatriptan, antagonism by cyanopindolol and previously reported receptor
expression profile (Ruddell et al., 2006). The PTX experiment data with sumatriptan
seems to contradict this but it is feasible that at the sumatriptan concentrations being
explored 5-HT,a receptors are activated which could be further investigated as

discussed earlier.
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CHAPTER 5: CHARACTERISATION OF THE ROLE OF 5-HT IN
PRODUCING PHENOTYPIC RESPONSES IN MOUSE HEPATIC
STELLATE CELLS.
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5.1 Introduction.

HSCs are the key cell type which orchestrates the pathogenesis of hepatic fibrosis
(Friedman, 2000). HSCs differentiate into a persistent proliferative myofibroblast-
like cell expressing a-SMA, which is increasingly contractile and migratory. They
also secrete ECM proteins (e.g. collagen), TGFB1, PDGF, CTGF and other cytokines
(Bachem et al., 1992; Friedman, 2008a). 5-HT has been reported to promote the
fibrogenic activity of HSCs (Li et al., 2006; Ruddell et al., 2006; Ebrahimkhani et al.,
2011; Kim et al.,, 2013). Literature evidence, indicating a role of 5-HT in
proliferation of HSCs has been reported (Ruddell et al., 2006). PDGF has been
shown to be the most potent mitogen for HSC in vitro (Pinzani, 2002). High
concentrations of PDGF are released, by a number of different cells during liver
injury, which cause HSCs to proliferate and migrate (Ross et al., 1986; Pinzani and
Marra, 2001a). Investigation of 5-HT’s ability to stimulate proliferation and the 5-HT
receptor mediating this response was therefore undertaken. As evidence suggesting
synergy between 5-HT and PDGF in a proliferation assay has previously been
reported (Ruddell et al., 2006) investigation of this was also carried out to develop a
greater understanding of the signalling pathways involved and the implications in

fibrosis.

A Scar-in-a-Jar (SIAJ) model, allows the study of fibroblast collagen deposition
through culture in the presence of a neutral ficoll cocktail (Chen et al., 2009). The
presence of the neutral ficoll cocktail causes ‘macromolecular crowding’” which
mimics the highly crowded environment found in vivo (Chen et al., 2009). This
crowded environment accelerates the collagen deposition in monolayer fibroblast
culture, which can be quantified by immunofluorescence and in situ optical analysis.
Study of all stages of the biosynthetic cascade of collagen production is possible
allowing assessment of anti-fibrotic compounds (Chen et al., 2009). This assay was
adapted for HSCs to investigate the ability of 5-HT to stimulate TGFB driven
collagen deposition.

Fibrosis is a multi-cellular process and animal models of liver injury offer the

opportunity to study the impact of novel compounds in a multi-cellular fibrotic
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environment. A number of groups have investigated 5-HT antagonists in rodent
models of liver injury (Ebrahimkhani et al., 2011; Kim et al., 2013). ERK activation
has been shown to occur in rat HSCs following in vivo liver injury with CCl, (Marra
et al., 1999a) and the mouse CCl, model of liver injury has been used in the literature
to investigate the effect of 5-HT, antagonists in the liver (Ruddell et al., 2006;
Ebrahimkhani et al., 2011). It has been established that 5-HT is able to activate the
ERK pathway through the 5-HT,a receptor in mouse HSCs (Chapter 4 pERK data).
There is literature evidence to support 5-HT,g involvement in the CCly liver injury
model with an anti-fibrotic effect reported with a 5-HT,g antagonist, SB-204741
(Ebrahimkhani et al., 2011).

Chapter 4 focussed on pharmacologically characterising the 5-HT receptors
expressed on activated HSCs involved in calcium release and pERK stimulation.
This chapter extends the characterisation to the downstream consequences of 5-HT
receptor activation in ‘phenotypic fibrotic’ assays. Investigations were carried out
using proliferation and collagen deposition assays to characterise the 5-HT
phenotypic responses in mouse HSCs. To help to develop a greater understanding of
the contribution of 5-HT in fibrosis, investigation into the concentration-relationship

of 5-HT, antagonists in a CCl, animal model of liver injury were also conducted.
5.2 Results.

5.2.1 Hepatic stellate cell proliferation assay.

The bromodeoxyuridine (BrdU) colourimetric ELISA was developed to measure
proliferation by assaying increased DNA synthesis. Mouse HSCs were stimulated
with a range of concentrations of 5-HT (1.8 nM-100 uM) and PDGF-BB (1.6 pM-1.6
nM). No increase in proliferation was observed with 5-HT (Figure 5.2.1.A), but there
was a trend to inhibition of proliferation at concentrations >10 uM. PDGF caused a
concentration-dependent increase in proliferation with a pECsy value of 9.8 (Figures
5.2.1B, Table 5.2.1.) which confirmed that HSCs were capable of proliferating in the
assay. The concentration-dependent effects of ketanserin and GSK1606260A on the
basal level of proliferation were investigated, with a small reduction in proliferation

being observed at concentrations around 1 uM (Figure 5.2.2 A & B). The relatively
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Figure 5.2.1 Effect of 5-HT and PDGF on proliferation of mouse HSCs. Culture-
activated mouse HSCs were cultured in medium containing 0.1% FCS for 24 h before
addition of increasing concentrations of 5-HT (A) and PDGF (B) for a further 24 h. The
BrdU label was added for a further 4 h incubation at 37°C in 5% CO,. The proliferation was
determined as incorporation of BrdU into the genomic DNA of the proliferating cells using a
colourimetric ELISA (See Chapter 2: Material and methods). Response values were
normalised to basal and data was expressed as absorbance. CRCs were fitted using non-
linear regression analysis (four parameter logistic equation with variable slope (Hill, 1909))
(See Chapter 2: Data analysis). Data shown are the mean £ SEM of at least 4 independent
experiments carried out in duplicate.

PDGF
Maximum response | 0.60+0.1
PECso 9.81+£0.1
Slope 3.21+1.0

Table 5.2.1 Mean maximum response, pECs, and slope values obtained from the
fitting of the PDGF CRCs obtained in the mouse HSC proliferation assay. Data
represents fitting parameters obtained from fitting all the individual data using non-linear
regression analysis (four parameter logistic equation with variable slope (Hill, 1909)) (See
Chapter 2: Data analysis) which is graphically represented in Figure 5.2.1. Data shown are
the mean + SEM of 6 independent experiments carried out in duplicate.
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Figure 5.2.2 Effect of increasing concentrations of (A) ketanserin and (B)
GSK1606260A on basal proliferation of mouse HSCs. Culture-activated mouse HSCs
were cultured in medium containing 0.1% FCS for 24 h before addition of increasing
concentrations of ketanserin or GSK1606260A for a further 24 h. The BrdU label was added
for a further 4 h incubation at 37°C in 5% CO,. The proliferation was determined as
incorporation of BrdU into the genomic DNA of the proliferating cells using a colourimetric
ELISA (See Chapter 2: Material and methods). Response values were normalised to basal
and data was expressed as absorbance. CRCs were fitted using non-linear regression analysis
(four parameter logistic equation with variable slope (Hill, 1909)) (See Chapter 2: Data
analysis). Data shown are the mean + SEM of at least 3 independent experiments carried out
in duplicate.
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high concentrations at which these compounds caused their effects are not consistent
with the 5-HT,a affinity of ketanserin or 5-HT,g affinity of GSK1606260A, and

therefore are more likely to be a non-specific effect.

5.2.2 5-HT and PDGF interaction studies in the proliferation and pERK
assay.

As there had been reports of enhancement of PDGF proliferation following addition
of 5-HT (10 pM), this was also investigated (Ruddell et al., 2006). No significant
effects were observed in the proliferation assay on the PDGF CRC parameters,
compared to the control PDGF CRC, in the presence of a maximal concentration of
5-HT (10 uM) (Figure 5.2.3, Table 5.2.2). The effect of the ketanserin (100 nM) and
GSK1606260A (1 uM) on PDGF proliferation was investigated, with no effect being
observed on the PDGF CRC parameters compared to the control PDGF CRC (Figure
5.2.4, Table 5.2.3), thus confirming no direct effect of the antagonists. PDGF, like 5-
HT signals through ERK. The pERK assay provides a platform to investigate
enhancement of PDGF response in the presence of 5-HT, that was observed in the
proliferation assay by Ruddell et al. (2006). This despite not being able to confirm
these findings in the current study.

The time course of PDGF (1.6 nM) stimulated ERK phosphorylation was
investigated and compared to 5-HT (10 uM), to determine the profile of response of
both stimuli over 24 h at 37°C in mouse HSCs. A rapid increase in ERK
phosphorylation was observed with PDGF, with a maximal response around 10 to 15
min followed by a slower decline to ~12% of the maximum response at 75 min,
which was then maintained out to 4 h, with a small decline to (~ 9 %) at 24 h. (Figure
5.2.5). The 5-HT response followed a similar pattern of stimulation over time as
PDGF, but after 75 minutes the residual response was about 6 % of the 5-HT
maximum response, which returned to baseline at 8 h. It is possible that the residual

response observed with PDGF is important for driving the ongoing proliferation.

PDGF and 5-HT CRCs were generated in the presence of sub-maximal
concentrations of 5-HT (100 nM) and PDGF (0.2 nM) respectively to explore the
potential for synergy. 5-HT (100 nM) caused a significant 4-fold leftward shift of
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Figure 5.2.3 Effect of 5-HT (10 pM) on PDGF-induced mouse HSC proliferation.
Culture-activated mouse HSCs were cultured in medium containing 0.1% FCS for 24 h
before addition of various concentrations of PDGF in the presence and absence of 5-HT
(10pM) for a further 24 h.The BrdU label was added for a further 4 h incubation at 37°°C in
5% CO,. The proliferation was determined as incorporation of BrdU into the genomic DNA
of the proliferating cells using a colourimetric ELISA (See Chapter 2: Material and
Methods). Response values were normalised to basal and data were expressed as absorbance.
CRCs were fitted using non-linear regression analysis (four parameter logistic equation with
variable slope (Hill, 1909)) (See Chapter 2: Data analysis). Data shown are the mean = SEM
of at least 3 independent experiments carried out in duplicate.

PDGF PDGF +
5-HT (10 pM)
Basal Response 0.11+01 0.3+0.2
Maximum response 0.56+£0.2 0.64+0.2
PECs 9.98+0.2 10.09+0.3
Slope 437+19 3.2+20

Table 5.2.2 Mean basal response, maximum response, pECs, and slope values
obtained from the fitting of the PDGF CRCs in the presence and absence of 5-HT (10
M) obtained in the mouse HSC proliferation assay. Data represents fitting parameters
obtained from fitting all the individual data using non-linear regression analysis (four
parameter logistic equation with variable slope (Hill, 1909)) (See Chapter 2: Data analysis)
which is graphically represented in Figure 5.2.4 Data shown are the mean = SEM of 3
independent experiments carried out in duplicate.
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Figure 5.2.4 Effect of ketanserin (100 nM) and GSK1606260A (1 uM) on PDGF CRCs
generated in the mouse HSC proliferation assay. Culture-activated mouse HSCs were
cultured in  medium containing 0.1% FCS for 24 h before addition of increasing
concentrations of PDGF in the presence and absence of ketanserin (100nM) and
GSK1606260A (1uM) for a further 24 h. The BrdU label was added for a further 4 h
incubation at 37°C in 5% CO,. The proliferation was determined as incorporation of BrdU
into the genomic DNA of the proliferating cells using a colourimetric ELISA (See Chapter 2:
Material and methods). Response values were normalised to basal and data was expressed as
absorbance. CRCs were fitted using non-linear regression analysis (four parameter logistic
equation with variable slope (Hill, 1909)) (See Chapter 2: Data analysis). Data shown are the
mean £ SEM of at least 3 independent experiments carried out in duplicate.

PDGF PDGF + PDGF +

ketanserin (100 nM) | GSK1606260A (1 uM)
Basal response 0.10+£0.2 0.20+£0.1 0.12+0.2
Maximum Response | 0.58 +0.2 091+0.3 0.65+0.2
PECs 9.95+0.2 9.49+0.2 9.82+0.2
Hill Slope 453+1.8 2.26+0.8 2.48+0.8

Table 5.2.3 Mean maximum response, pECs, and slope values obtained from the
fitting of the PDGF CRCs in the presence and absence of ketanserin (100 nM) and
GSK1606260A (1 uM) obtained in the mouse HSC proliferation assay. Data represents
fitting parameters obtained from fitting all the individual data using non-linear regression
analysis (four parameter logistic equation with variable slope (Hill, 1909)) (See Chapter 2:
Data analysis) which is graphically represented in Figure 5.2.2. Data shown are the mean +
SEM of 3 independent experiments carried out in duplicate.
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Figure 525 5-HT (10 uM) and PDGF (1.6 nM) stimulated ERK phosphorylation
response over 24 h generated in mouse HSCs. Inset graph highlights the response
observed over the first 2 h of the 24 h experiment. Culture-activated mouse HSCs were
cultured in serum-free medium at 37°C in 5% CO, for 24 h before addition of 5-HT (10 uM)
or PDGF (1.6 nM) or medium at different time points over 24 h incubation. The pERK and
total ERK levels were measured in the cell lysates using an MSD pERK/Total ERK Kit (See
Chapter 2: Materials and methods). The data was normalised to the maximum response
obtained in each assay and expressed as % maximum response. Data shown are the mean +
range from 2 individual experiments carried out in duplicate.
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the PDGF CRC (p <0.05, Student paired t-test), causing an increase in potency from
370 pM to 91 pM (Figure 5.2.6, Table 5.2.4). The signal window of the PDGF CRC
was reduced in the presence of 5-HT (100 nM), due to the increased baseline
response caused by 5-HT. However the actual maximum response achieved by both
PDGF curves was not significantly different (p>0.05, Student paired t-test).

The reciprocal experiment where the 5-HT CRCs were generated in the absence and
presence of PDGF (0.2 nM) was performed. The 5-HT CRC, in the presence of
PDGF (0.2 nM) was found to produce a similar pECso and signal window (Figure
5.2.6 B, Table 5.2.4). The 5-HT CRC baseline, in the presence of PDGF (0.2 nM)
increased, suggesting an additive effect. The actual maximum pERK response
attained by 5-HT, in the presence of PDGF (0.2nM), was not significantly different
from the maximum pERK response reached with PDGF alone (p>0.05, Student
paired t-test). In this system 5-HT is unable to stimulate pERK to the same level as
PDGF.

5.2.3 Role of 5-HT in driving TGF-p collagen deposition using the Scar in a jar
assay.

Collagen deposition was investigated using mouse HSCs in a high-content imaging
method adapted from Chen et al. (2009). In a preliminary study 5-HT, TGFp, PDGF,
or ketanserin applied to mouse HSCs did not elicit a concentration-related increase in
collagen deposition (Figure 5.2.7). 5-HT did not affect the collagen deposition until
concentrations of 10 uM or above but this is most likely due to the increase in cell
numbers observed at these concentrations (Figure 5.2.7 C). A small gradual increase
in collagen was observed with ketanserin in this single experiment with two different
batches of cells but this is due to the differences in the cell numbers observed (Figure
5.2.7 D). No collagen deposition was observed with TGFp, which would have been
expected to cause an increase in collagen deposition (Figure 5.2.7 B). PDGF caused
a small increase in collagen deposition at the lower 3 concentrations but this may
have been due to a lower overall cell count observed in one of the plates (Figure
5.2.7 C). A subsequent experiment was carried out investigating just TGFp1 alone

with a further three different batches of mouse HSCs.
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Figure 5.2.6 (A) PDGF CRC (+ 5-HT (100 nM)) and (B) 5-HT CRC (+ PDGF (0.2
nM)) generated in the mouse HSCs pERK assay. Culture-activated mouse HSCs were
cultured in serum-free medium at 37°C in 5% CO, for 24 h before replacing the medium with
HBSS. PDGF + 5-HT (100 nM) or 5-HT £ PDGF (0.2 nM) were incubated for 10 min at
room temperature before aspiration and addition of ice cold lysis buffer to the cells. The
pERK and total ERK levels were measured in the cell lysates using an MSD pERK/Total
ERK kit (See Chapter 2: Materials and methods). The data was expressed as the % Total
ERK. CRCs were fitted using non-linear regression analysis (four parameter logistic
equation with variable slope (Hill, 1909)) (See Chapter 2: Data analysis). Data shown are the
mean £ SEM from 3 independent experiments carried out in duplicate.

PDGF PDGF + 5-HT 5-HT +
5-HT (100 nM) PDGF (0.2 nM)
Basal % pERK 3.8+0.1 187+1.6 3.8+0.3 19.7+49
Max % pERK 38.2+4.0 43.0+2.7 23.8+49 39.3+5.6
PECs, 9.43+0.3 10.04 £ 0.3* 744 +0.1 7.39 +£0.02
slope 146+0.1 0.99 +0.1 1.11+£0.1 191+£0.6
Max % pERK 345+4.1 24.3+1.8 20.0+4.6 19.6 £3.5
window

Table 5.2.4 Mean fitting parameters obtained from fitting PDGF CRC (x 5-HT (10
UM) and 5-HT CRC (x PDGF (0.2 nM)) in the mouse HSC proliferation assay. Data
represents fitting parameters obtained from fitting all the individual data using non-linear
regression analysis (four parameter logistic equation with variable slope (Hill, 1909)) (See
Chapter 2: Data analysis) which is graphically represented in Figure 5.2.6. Data shown are
the mean £ SEM of 3 individual experiments carried out in duplicate. * p <0.05 (Student
paired t-test) when compared with PDGF pECs,.
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Figure 5.2.7 Effect of (A) 5-HT, (B) TGF1, (C) PDGF and (D) ketanserin on collagen
1 deposition and cell count in mouse HSCs. Culture-activated mouse HSC were cultured in
low serum (0.4%) medium at 37°C in 5% CO, for 24 h before replacing the medium with
Ficoll mix made up in low serum medium containing 0.2mM ascorbic acid. Compounds
were added and incubated for 72 h at 37°C in 5% CO,. Cells were fixed and stained to detect
collagen 1 and the nucleus of the cells. The fluorescence was then visualised and an
algorithm was used to determine cell number and collagen deposition (See Chapter 2:
Materials and methods). The data were expressed as the amount of collagen type 1
immunoreactivity (Mean circle ring 2 average intensity difference). Data shown are the mean
+ SEM from 8-16 replicate curves from 2 different batches of cells in a single experiment.
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Out of the three batches only one batch produced a TGFB1 concentration-dependent
increase in collagen 1 deposition (Figure 5.2.8 A), with no change in cell count over
the same concentration range (Figure 5.2.8 B). A CRC was fitted to the data
generating a pECsp value of 10.91 (Table 5.2.5). Interestingly, the basal level of
collagen deposition was markedly lower than with the other two batches of cells. The
maximum collagen deposition was similar to the basal levels of the two other batches
of cells. The cell number was lower in this batch of cells (Figure 5.2.8 B). This
suggests there was a reduced level of activation of this batch of HSCs compared to
the other batches of cells. This could be due to a mixed population of activated and
non-activated cells. The cells which produced the TGFB-induced collagen deposition
CRC had been in culture for 5 weeks, compared to 3 weeks for the two other batches

of cells. The effect of time in culture could be investigated further.

5.2.4 Invivo CCly liver injury model.

Two compounds volinaserin, a 5-HT,a antagonist, and GSK1606260A, a 5-HT.s
antagonist were identified as suitable candidates for the in vivo CCls experiment
from an initial list of 6 possible 5-HT,a and 5-HT,g antagonists. The selection of
volinanserin and GSK1606260A was based on their selectivity against other
receptors, solubility, stability of in vivo formulation, % protein binding and results of
naive mouse pilot PK studies. In order to fully assess the effect of target inhibition,
doses of the compounds were selected to achieve 90% and 99% receptor occupancy,
as calculated from their receptor functional pK; (Table 4.2.1). For volinaserin the
delivery doses were identified as 0.06 mg/kg/day (90% occupancy dose) and 0.64
mg/kg/day (99% occupancy dose), but due to unexpected formulation issues at the
start of the study this was reduced to 0.32 mg/kg/day, which achieved about 98%
occupancy at the 5-HT,a receptor (Chapter 9: Appendix, Table 9.4.1). For
GSK1606260A, 0.15 and 1.53 mg/kg/day doses required to achieve the 90 and 99%
receptor occupancy at the 5-HT,g receptor (Chapter 9: Appendix, Table 9.4.1).

5.2.4.1 PK/PD analysis of the in vivo CCl; model results.

The blood concentrations achieved were as predicted over the study (Figure 9.4.2).
Liver from animals dosed with the 5-HT,g antagonist GSK1606260A had
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Figure 5.2.8 Effect of TGFB1 on (A) collagen 1 deposition and (B) cell count in mouse
HSCs. Culture-activated mouse HSC were cultured in low serum (0.4%) medium at 37°C in
5% CO, for 24 h before replacing the medium with Ficoll mix made up in low serum
medium containing 0.2mM ascorbic acid. TGFp1 was added and incubated for 72 h at 37°C
in 5% CO.,. Cells were fixed and stained to detect collagen 1 and the nucleus of the cells. The
fluorescence was then visualised and an algorithm was used to determine cell number and
collagen deposition (See Chapter 2: Materials and methods). The data were expressed as the
amount of collagen type 1 immunoreactivity (Mean circle ring 2 average intensity
difference). CRCs were fitted using non-linear regression analysis (four parameter logistic
equation with variable slope (Hill, 1909)) (See Chapter 2: Data analysis). Data shown are
mean values £ SEM from 8 replicate curves for each of the 3 batches of cells in a single
experiment.

TGFp1
Basal -55.87
Maximum -36.39
Response
pPECsq 10.92
Slope 1.27

Table 5.2.5 Fitting parameters obtained from fitting TGFf1 CRC curve obtained for
Batch 2 in the collagen deposition assay in mouse HSCs. Data represents fitting
parameters obtained from fitting all the data using non-linear regression analysis (four
parameter logistic equation with variable slope (Hill, 1909)) (See Chapter 2: Data analysis)
which is graphically represented in Figure 5.2.9. Data shown are the fit from 8 individual
curves from a single experiment.
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significantly increased % PSR area at both doses compared to the 8 week vehicle
(*Dunnetts adjusted p-value=0.0445 for 0.15mg; **Dunnetts adjusted p-
value=0.0036 for 1.53mg) (Figure 9.4.4). Liver from animals dosed with the 5-HT;a
antagonist, volinanserin (0.06 and 0.32 mg/kg/day) showed no significant difference
in the % PSR area staining compared with liver from vehicle animals at week 8
(Figure 9.4.5).

Further PK/PD analysis of the picrosirius red (PSR) (for collagen) staining data
obtained for GSK1606260A in the in vivo study demonstrated that there was a
concentration-dependent effect relationship, with 5-HT,g antagonism producing a
pro-fibrotic effect in the mouse liver injury model (Figure 5.2.9). A similar analysis
was carried out for volinanserin but no evidence of a concentration-dependent effect
relationship for the involvement of a 5-HT,a receptor in fibrosis was found (Figure
5.2.10).

5.3 Discussion.

5.3.1 Hepatic stellate cell proliferation response to 5-HT.

The proliferation studies demonstrated that 5-HT was unable to induce proliferation
of mouse HSCs, whereas PDGF was able to induce proliferation in a concentration-
dependent manner (Figure 5.2.1). These results agree with the findings of Ruddell et
al. (2006) as they observed no proliferation with 5-HT alone in rat HSCs. The
methodology used to isolate, culture and measure proliferation of the mouse HSCs
were similar to that of Ruddell et al. (2006) for the rat HSCs. However other groups
using myofibroblasts derived from either mesangial cells (Eto et al., 1997) or
fibroblasts (Welsh et al., 2004; Chen et al., 2014) have reported a proliferative effect
of 5-HT. This may indicate a difference in sensitivity of a particular cell type to 5-

HT as a mitogen.

Following on from reports in the literature of 5-HT, antagonist inhibiting
proliferation (Ruddell et al., 2006; Lee et al., 2012; Kim et al., 2013) both ketanserin
and GSK1606260A were tested to see if they could inhibit proliferation, at
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Figure 5.2.9 Concentration-response analysis of GSK1606260A percent picrosirius red
staining area. Animals were injected i.p. with CCl, twice weekly for up to a total of 8 weeks
to induce fibrosis. One group was culled at 3 weeks to determine baseline and the rest of the
groups of animals were surgically implanted with minipumps (flow rate 3.6 pL/day) that had
been loaded with vehicle (DMSO : PEG200 : water 10:45:45 (v/v/v ), 0.15 mg/kg/day
GSK1606260A and 1.53 mg/kg/day GSK1606260A respectively. The blood samples were
taken throughout the in-life phase and as a terminal procedure to determine the drug
exposure levels (Figure 5.2.10.) (Chapter 9: Appendix Section 9.4). Histological assessment
of fibrosis was determined as % area picrosirius red staining of liver slices. The mean blood
concentrations were scaled to the 5-HT s fpK; ( see table 4.2.1) of the antagonists. Data were
fitted using non-linear regression analysis (three parameter logistic equation with slope =1)
(See Chapter 2: Data analysis).
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5.2.10 Concentration-response analysis of volinanserin percent picrosirius red staining
area. Animals were injected i.p. with CCl, twice weekly for up to a total of 8 weeks to
induce fibrosis. One group was culled at 3 weeks to determine baseline and the rest of the
groups of animals were surgically implanted with minipumps (flow rate 3.6 uyL/day) that
had been loaded with vehicle (DMSO : PEG200 : water 10:45:45 (v/v/v ), 0.06 mg/kg/day
volinanserin and 0.32 mg/kg/day volinanserin respectively. The blood samples were taken
throughout the life phase and as a terminal procedure to determine the drug exposure levels
(Figure 5.2.10.) (See Chapter 9: Appendix, Section 9.4). Histological assessment of fibrosis
was determined as % area picrosirius red staining of liver slices. The mean blood
concentrations were scaled to the 5-HT, fpK; ( see table 4.2.1) of the antagonists. Data were
fitted using non-linear regression analysis (three parameter logistic equation with slope =1)
(See Chapter 2: Data analysis).
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concentrations that could indicate the 5-HT receptor subtype mediating the response.
In the experiments inhibition of proliferation did occur, but at concentrations above
1uM, suggesting an affinity of greater than 1uM. It is therefore unlikely that either 5-
HT,a or 5-HTg receptor is involved, as both compounds have nM affinity for their
respective 5-HT, receptor subtypes. These data are similar to those previously
reported for ketanserin and a number of different 5-HT, antagonists in rat HSCs
where the 1Cs values were all greater than 1 uM and therefore difficult to determine
the specific 5-HT receptor subtype responsible (Ruddell et al., 2006). In apoptosis
assays, using LX2 cells (Kim et al., 2011) and rat HSCs (Ruddell et al., 2006), 5-HT,
antagonists demonstrated an increase in apoptosis, at concentrations greater than 1
MM, similar to that which caused reduced proliferation. One possible interpretation is
that the increase of apoptosis may be due to a non-specific toxic effect of the
compounds at these > UM concentrations. This highlights the problem of using high
concentrations of antagonists when trying to confirm a specific receptor effect and
subsequent potentially erroneous interpretation of the result.

5.3.2 5-HT and PDGF interaction studies in the proliferation and pERK assay.

Enhancement of PDGF-mediated proliferation with a maximal concentration of 5-HT
(10 uM) has been reported, where a 2-fold leftward shift of the PDGF CRC and
increased maximum response of approximately 30%, was reported in rat HSCs
(Ruddell et al., 2006). They also reported that, in the presence of a sub-maximal
concentration of PDGF, 5-HT was able to elicit a concentration-dependent increase
in proliferation (Ruddell et al., 2006). This was presented as a change in absorbance,
not % control BrdU incorporation in the previous study, due to a difference in the
methodology used. It is therefore difficult to get a sense of the magnitude of response
compared with the rest of the proliferation data presented (Ruddell et al., 2006).
These data generated in this study (Figure 5.2.3) did not replicate the 5-HT
enhancement of PDGF proliferation observed. There was also no observed effect
with a 5-HT,a antagonist, ketanserin, or 5-HT,g antagonist, GSK1606260A, on the
PDGF CRC parameters (Figure 5.2.4.). These data therefore suggest, in comparison
with Ruddell et al.’s, that 5-HT is not a mitogen in mouse HSCs, and that it does not

influence the PDGF proliferation response, despite both compounds exerting clear
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signalling events via the ERK pathway (Figure 5.3.1). The differences in results
could potentially be due to the methods used. It is possible that the assay format or
methodology carried out in these studies was not sufficiently sensitive to detect any
enhancement effects of 5-HT on PDGF CRC, or that 5-HT exerts more of a
proliferative effect in rat HSCs.

As both 5-HT and PDGF activate receptors that signal via the ERK pathway
investigation of PDGF and 5-HT in the pERK assay could offer an insight into
whether synergy occurs. PDGF activates a cell surface tyrosine kinase receptor
which signals downstream through phosphoinositide 3-kinase (PI3kinase) and
ERK/MAPK pathway (Figure 5.3.1) eventually leading to increased proliferation
(Figure 1.7.1) (Pinzani, 2002). In HSCs it has been demonstrated that 5-HT activates
the ERK pathway (Figure 5.3.1), which leads to signalling through the transcription
factor JunD, which is recruited to the TGFpB promoter leading to increased synthesis
and eventual release of TGFB1 (Ebrahimkhani et al., 2011).

The 24 h time course for 5-HT and PDGF to stimulate ERK phosphorylation was
investigated to establish whether differences in the profile of response could explain
the difference in ability to cause proliferation. 5-HT and PDGF had a similar profile
of ERK phosphorylation for about the first 10 min with a maximum pERK response
being observed at 10-15 min (Figure 5.2.5). The peak ERK response time with
PDGF agrees with the literature data obtained for PDGF in human HSCs (Marra et
al., 1995). The 5-HT response decreased to baseline at 8 hours, whereas the PDGF
response continued at a low level of activation out to 24 h (Figure 5.2.5), which
could explain the difference in proliferation response. Bonacchi et al. (2001)
observed a biphasic time course of ERK activation with a second peak being
observed at 15 h in human HSCs with PDGF. The 5-HT pERK response kinetics are
similar to those observed with the CXCR3 ligand, IP10, which is unable to induce
proliferation, with a peak pERK response observed between 15 - 30 min before
returning to baseline at 4 h in HSCs. (Bonacchi et al., 2001).
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Figure 5.3.1 G protein-coupled receptor (GPCR) and receptor tyrosine kinase (RTK)
signalling pathways via ERK1/2. ERK1/2 can be activated by GPCRs, which couple to
different G-proteins (Gi,Gs,Gq,Go) which transduce the signal by different pathways. The
ERK 1/2 pathway can be activated by activation of a receptor tyrosine kinase receptor .
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Whereas in renal glomerular mesangial cells (MCs), a kidney myofibroblast-like cell,
IP10 can stimulate proliferation, with the presence of a late phase ERK activation at
15-24 h (Bonacchi et al., 2001). The IP10 biphasic ERK phosphorylation response in
MC:s, is therefore similar to that observed by PDGF in HSC (Bonacchi et al., 2001)
and could be required for proliferation. This therefore may suggest that a biphasic
stimulation of ERK activation is related to the stimulation of proliferation which was
not observed with 5-HT.

Repeat of the ERK phosphorylation kinetics with PDGF, 5-HT and some other
mitogens, such as VEGF or insulin would ascertain if a biphasic ERK
phosphorylation kinetics is required for proliferation of the HSCs. There is evidence
that growth factors require a prolonged and continuous exposure to commit cells to
the cell cycle (Jones and Kazlauskas, 2001) and that other pathways, such as PI3K
activity is required for the second wave of PGDF-dependent DNA synthesis (Jones et
al., 1999; Pinzani and Marra, 2001a). The use of inhibitors to further dissect the
pathway downstream of ERK, such as Elk-1, SAP and transcription factor JunD, may
help to further define the proliferative response as well as investigating other

pathways which may be involved.

The pERK assay was then used to investigate whether there is any interaction
between PDGF and 5-HT, to produce an additive or potential synergistic effect in
HSC. Studies were undertaken to examine the effect of sub-maximal concentrations
of 5-HT on the PDGF stimulated pERK CRC. The reciprocal studies investigated the
effect of a sub-maximal concentration of PDGF, which can elicit a similar level of
ERK phosphorylation as a maximum concentration of 5-HT, on the 5-HT CRC. In
the presence of a sub-maximal 5-HT concentration, there was a 4-fold leftward shift
of the PDGF CRC when compared to the PDGF CRC alone (Figure 5.2.6 A, Table
5.2.5). The actual magnitude of the maximum response achieved by the PDGF CRC,
in the presence of 5-HT was not significantly different to that of PDGF alone (Table
5.2.5). This data suggests that there is an enhancement of the PDGF CRC which is
suggestive of a synergistic effect. If the effect of 5-HT on the PDGF CRC was
additive then the PDGF CRC (+100 nM 5-HT) would have a similar pECs to that of
PDGF alone and the maximum response would be elevated. The predicted additive
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Figure 5.3.2 (A) PDGF CRC (x 5-HT (100 nM)) alongside the predicted PDGF CRC in
the presence of 5-HT (100 nM) and (B) 5-HT CRC (x PDGF (0.2 nM)) alongside the
predicted 5-HT CRC in the presence of PDGF (0.2 nM) generated in the mouse HSCs
pPERK assay. PDGF = 5-HT (100 nM) or 5-HT + PDGF (0.2 nM) were incubated for 10 min
at room temperature before aspiration and addition of ice cold lysis buffer to the cells. The
pERK and total ERK levels were measured in the cell lysates using an MSD pERK/Total
ERK kit (See Chapter 2: Materials and methods). The data was expressed as the % Total
ERK. The predicted curves were plotted by addition of the baseline parameters from the
addition of 5-HT(100 nM) or PDGF (0.2 nM) to the control PDGF or 5-HT CRC responses
respectively. CRCs were fitted using non-linear regression analysis (four parameter logistic
equation with variable slope (Hill, 1909)) (See Chapter 2: Data analysis). Data shown are
from a mean = SEM fit from 3 individual experiments.

Predicted Predicted
additive additive 5-HT
PDGF 5-HT + +
PDGF + + 100 nM 5- 0.2nM 0.2nM
PDGF | 100 nM 5-HT HT 5-HT PDGF PDGF
Basal % total
ERK 4.1 18.9 17.8 4.6 21.8 17.9
Max % total
ERK 31.7 38.2 454 23.7 39.1 36.9
PECs, 9.52 10.2 9.52 7.42 7.35 7.42
slope 1.39 1.37 1.39 1.35 2.06 1.36
magnitude of
maximum total | 27.6 19.3 27.6 19.1 17.3 19
PERK

Table 5.3.1 Fitting parameters obtained from fitting PDGF (+ 5-HT (100 nM)) and 5-
HT CRC (+ PDGF (0.2 nM)) and predicted values based on addition of the 5-HT or
PDGF alone CRC or generated in the mouse HSCs pERK assay. Data represents fitting
parameters obtained from fitting all the data using non-linear regression analysis (four
parameter logistic equation with variable slope (Hill, 1909)) (See Chapter 2: Data analysis)
which is graphically represented in Figure 5.3.2. Data shown are from a mean £ SEM fit
from 3 individual experiments.
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effect can be modelled by the addition of the basal effect of 100 nM 5-HT added to
the PDGF CRC data (Figure 5.3.2, Table 5.3.1). It can be clearly seen that the
predicted PDGF (+ 100 nM 5-HT) CRC is to the right of the actual PDGF (+100nM
5-HT) CRC and elicits a greater maximum response than was actually obtained in the
experiment (Table 5.3.1). The actual PDGF (+ 100 nM 5- HT) CRC demonstrates a
greater than additive effect until nearing the maximum response. Due to the
experiments variability around the maximum response it is difficult to determine if
there is a true difference in the values or whether they all reach the same response or
there is a limit to the maximum pERK response obtainable. Further experiments
could be carried out with higher concentration of PDGF to enable better definition of
the top of the PDGF CRC.

Examining the reciprocal experiment, there is no leftward shift of the 5-HT CRC but
an increase in the maximum response in the presence of 0.2 nM PDGF. This would
therefore suggest that the effect of 0.2 nM PDGF on the 5-HT CRC is additive. To
examine the predictive additive effect of 0.2 nM PDGF on the 5-HT CRC the basal
response obtained for 0.2 nM PDGF was added to the 5-HT CRC data (Figure 5.2.6
B, Table 5.2.5). The predicted 5-HT CRC was plotted alongside the actual
experimental data obtained (Figure 5.3.2). It can be quite clearly seen that the
predicted 5-HT CRC (+ 0.2 nM PDGF) and actual data obtained for the 5-HT CRC
(+ 0.2nM PDGF) are very similar (Figure 5.3.2) with confirmation from the 5-HT
CRC parameters obtained from fitting of the mean data (Table 5.3.1). The actual
maximum response obtained by the 5-HT curve in the presence of PDGF was similar
to that reached by PDGF CRC alone.

Taken together the data with the different combinations seems to suggest that there
be may be a limit to the level of the ERK phosphorylation response achievable in
these cells and that PDGF is able to cause a greater degree of ERK activation than 5-
HT. We know that 5-HT stimulates two 5-HT receptors, the 5-HT,4 and possibly the
5-HT,g, from the ERK phosphorylation studies (See Section 4.2.4.4). These observed
effects may be explained by the two 5-HT receptors and PDGF, sharing the same
transducer protein. A two-receptor—one-transducer model has previously been

proposed in the literature, to explain analogous findings, such as the amplification of
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A+ R, ——» AR,

Figure 5.3.3. Schematic of the two receptor—one-transducer model proposed by
Leff (1987). Agonists A; and A, occupy receptors Ry and R, respectively to form
complexes. Each agonist-receptor complex is coupled to the formation of an
intracellular mediator, M, which leads to a pharmacologic effect E.
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5-HT effects in hypertension (Leff, 1987) (Figure 5.3.3). In the scenario we have
with the data generated in this system we have two 5-HT receptors stimulating the
ERK signal. This model may be applicable to the effects observed with the ERK
phosphorylation studies as at the lower concentrations of 5-HT as the 5-HTig

contribution may be negligible.

There are further studies that could be performed to investigate this further to build
up a comprehensive data set. These would include generating CRC for both 5-HT
and PDGF, in the presence of another higher sub-maximal and a supra-maximal
concentration of either PDGF or 5-HT respectively. To understand the contribution
of the second 5-HT receptor to the enhancement of the PDGF CRC, experiments
could be undertaken after PTX pre-treatment. This should remove the 5-HTig
receptor influence. These data then generated could then be used to explore the
applicability of the two-receptor—one-transducer model (Leff, 1987) or whether
another model may explain the observed data. The data is consistent with the signals
from 5-HT and PDGF converging on the downstream signalling ERK pathway. The
effect of PDGF on 5-HT is additive. However the effect of 5-HT on PDGF causes
enhancement and possibly synergistic effect in relation to ERK. Further studies could
determine the contribution of the different 5-HT receptors to the effect observed.

Although an synergistic effect of 5-HT on PDF has been determined in the ERK
phosphorylation this did not translate into an effect on proliferation as had been
proposed in the literature (Ruddell et al., 2006). As no effect of 5-HT on proliferation
or an enhancement of PDGF proliferation was observed in the proliferation studies it

can be concluded that 5-HT does not influence HSC proliferation.

5.3.3 5-HT stimulation of collagen deposition in the Scar-in —a-Jar assay.

The SIAJ assay format was used to investigate the ability of mouse HSCs to produce
collagen through 5-HT stimulation of TGFB1l. This methodology introduces
macromolecular crowding to occupy a significant volume resulting in the excluded
volume effect which enhances the proteolytic cleavage of pro-collagen to collagen
(Lareu et al., 2007; Kumar et al., 2015). The methodology used to carry out these
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experiments in this thesis, allowed rapid deposition of granular collagen | aggregates
within the 72 h timeframe of the assay (Chen et al., 2009).

According to the literature the hypothesis is that 5-HT stimulation of HSCs would
drive, through an ERK and JunD phosphorylation, the transcription and release of
TGFp (Ebrahimkhani et al., 2011). The released TGFB1 in turn activates the TGFf
receptors on the HSCs to stimulate collagen deposition (Ebrahimkhani et al., 2011;
Mann and Oakley, 2013). TGFB1 would be expected to drive collagen deposition, as
it has been shown to be a potent stimulator of collagen in fibroblasts (Caraci et al.,
2008). Therefore it’s important to demonstrate TGFB1 can drive collagen deposition
in HSCs as if this is not the case then 5-HT will be unable to influence the collagen
deposition. 5-HT, ketanserin and PDGF produced no effect on the collagen
deposition (Figure 5.2.7 B, C and D). The stimulation of collagen | with TGFp was
only observed in one of the two assays carried out, and with only one out of three
batches of HSCs (Figure 5.2.8A, Table 5.2.5.).

The activated HSC had been shown to demonstrate a difference in sensitivity to
TGFB1 depending on the activation state of the cell (Dooley et al., 2000). Quiescent
and newly isolated HSCs have been found to be more sensitive to TGFf than HSCs
that have been activated through culture on plastic (Dooley et al., 2000; Liu et al.,
2003; Dooley and ten Dijke, 2012). The HSCs used in the SIAJ assay were in culture
for 3 weeks or more and have been shown to express a-SMA. Interestingly the cells
which produced the TGFB1 driven collagen deposition had been in culture for 5
weeks. It has been reported that HSCs can become senescent whilst in culture
(Knittel et al., 1999). It is therefore possible that some of the HSCs could have
reverted to a more quiescent phenotype whilst in prolonged culture. This would
require further investigation to determine if this had occurred in these cells possibly
by investigation of a-SMA expression. Studies investigating HSCs, in the CCl,
model of liver injury, have found that once the CCl, stimulus was removed, that half
of the HSCs acquired a phenotype that was similar but distinct from the quiescent
HSCs (Kisseleva et al., 2012). This phenotype of HSCs was shown to exhibit a down
regulation of fibrogenic genes and able to respond more rapidly, reactivating into

myofibroblasts, in response to fibrogenic stimuli (Kisseleva et al., 2012).
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In patients with hepatic fibrosis and in experimental models of fibrogenesis there is
an increased expression of TGFf and extracellular matrix production (Dooley et al.,
2000; Inagaki and Okazaki, 2007). TGFB is a multifunctional cytokine which
regulates a large array of cellular responses with further definition of the signalling
pathways in Section 1.8.2.4 (Figures 1.8.2 and 1.8.3). Studies with rat HSC have
shown that quiescent cells express little TGFB but once activated they express
increased amounts of all three isoforms of TGF (Inagaki and Okazaki, 2007).
HSCs, both quiescent and activated, express TPRI and TPRII strongly, but in
activated HSCs the ligand binding activity is down-regulated (Dooley et al., 2000;
Dooley and ten Dijke, 2012). The activated cells become insensitive to TGFp, such
that activated HSC proliferation cannot be inhibited by TGFp (Dooley et al., 2000;
Liu et al., 2003). Deregulated TGFB signalling, which uncouples the anti-
proliferative and profibrotic TGFp effects during activation of HSCs, is proposed to
be due to reduced TPRII expression (Roulot et al., 1999). In the activated HSC the
receptor stoichiometry may shift into a more ECM producing phenotype (Roulot et
al., 1999). Differences in the relative involvement of SMAD2 and SMAD3 in TGFp
signalling pathway, in quiescent HSC compared to activated HSCs, may therefore be
implicated (See section 1.82.4, Figure 1.8.2.) (Dooley et al., 2000; Pinzani and
Marra, 2001a; Liu et al., 2003; Inagaki and Okazaki, 2007). TGFp inhibition of HSC
proliferation signals through SMAD2. Activated HSCs, express a constitutively
phosphorylated nuclear SMAD?2 and therefore TGFp is only able to induce SMAD3
phosphorylation and translocation to the nucleus (Dooley et al., 2000; Liu et al.,
2003; Inagaki and Okazaki, 2007). The lack of response to TGFp is supported in
literature, as it is suggested that upon differentiation into a myofibroblast phenotype
the cells lose sensitivity to TGFB and produce extracellular matrix protein by a
TGFp-independent pathway (Dooley et al., 2001). Furthermore, the activated
phenotype may only allow a small window for further activation by TGFf
stimulation. In activated HSCs, collagen expression is similar to that found in
quiescent HSCs after incubation with TGFp for 16 hours (Dooley et al., 2000). The
batch of activated HSCs, that demonstrate a TGFp concentration-dependent increase
in collagen deposition, have a lower baseline collagen level, when compared with the

other two batches (Figure 5.2.8.). The maximum level of collagen deposition, once
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stimulated maximally with TGFf, was similar to the basal level of collagen of the
other two batches of HSCs tested, suggesting the latter two batches were already
maximally stimulated. The baseline levels of collagen observed with lung fibroblasts,
was reduced when compared to activated HSCs (data not shown) in the SIAJ assay,
and that fibroblasts produce a consistent TGF concentration-dependent increase in
collagen deposition in the assay format. This therefore suggests that the current HSC
assay format is not suitable to investigate TGFB driven collagen deposition in

activated HSCs and therefore 5-HT stimulated TGFf driven collagen deposition.

5.3.4 In Vivo CCl, liver model

All the experiments in this chapter and Chapter 4 have used a single cell type, the
HSC. The liver, is a multi celluar organ and so the interplay between the different
populations of cells will have a major role in how the liver responds to the fibrotic
stimuli. To investigate this a selective 5-HT,a antagonist, volinanserin, and selective
5-HT,g antagonist, GSK160260A, were chosen, on the basis of their selectivity (>
1000-fold), PK and formulation stability, to explore their effects in a mouse CCl,4
model of lung injury. In the CCl; model doses of volinanserin and GSK1606260A
were selected to obtain 90% ~ 99% receptor occupancy, ensuring correct targeting of
selectivity at the receptors of interest. The blood concentrations achieved throughout
the study demonstrated the predicted exposure levels for the two concentrations of
volinanserin and GSK1606260A throughout the dosing period (by minipump).
Throughout the duration of the study the compounds maintained their solubility and

stability whilst being delivered by minipump.

Surprisingly both doses of GSK1606260A demonstrated a significant increase in
PSR staining at week 8 and further concentration-related analysis of the data implied
a 5-HT,g concentration-related relationship (Figure 5.2.9). This data suggests that 5-
HT has an anti-fibrotic activity via the 5-HT,g receptor in the injured liver and
blockade leads to increased fibrosis. In the presence of both concentrations of
volinanserin there was no significant difference in the PSR staining when compared
to week 8. This therefore implies that 5-HT, antagonism would have no benefit as

an anti-fibrotic therapy.
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An element that was not assessed in this assay was whether the profibrotic effect of
the GSK1606260A was due to toxicity of the compound. Constant very low
maintained concentrations of GSK1606260A was achieved throughout the study.
Therefore it is unlikely that the effect is driven through an off-target activity, as the
compounds is > 300-fold selective for the 5-HT,g receptor and concentrations
chosen were in the selective range. The in vitro data from the mouse HSCs implied a
possible anti-fibrotic role for 5-HT,a and not for 5-HT,g, but these experiments were
limited to the HSCs. The liver is a multicelluar organ, so the interplay between the
different resident cells (such as hepatocytes, Kupffer cells and sinusoidal endothelial
cells), as well as the vasculature, will determine the overall pharmacological effect of
the compounds.

The expression of 5-HT,a and 5-HT,g, using immunohistological techniques, were
studied in the livers from CCl,-treated rats (Ruddell et al.,2006). Diffuse 5-HT,a
staining throughout, was present in the uninjured livers, which increased following
CCly injury. 5-HT g staining was only found in elongated cells in the fibrotic bands,
suggesting that 5-HTg receptors are associated with activated HSCs (Ruddell et al.,
2006). Data from a mouse CCl, model, using SB-204741, a reported selective 5-
HT,s antagonist, found reduced numbers of activated HSCs, fibrotic matrix,
expression of TGFBl and fibrogenic genes (TIMP-1 and pro-collagen 1)
(Ebrahimkhani et al., 2011). The 5-HT,g compound, SB-204741, used in the study
has a pK; of 6.9 for the 5-HT,g receptor and pK; <5 for the 5-HT,a receptor (Knight
et al., 2004). SB-204741 was demonstrated to inhibit 5-HT pERK expression in
HSCs at concentrations >10uM, which would indicate a 5-HT,a interaction.
However within this study pharmacokinetics (PK) was not reported and so there was
no confirmation of the blood concentrations obtained with SB-204741. The level of
exposure and thus, the concentration-response relationship could not be explored to
confirm the 5-HT,a pharmacology. An ‘in-house’ study to determine the PK of SB-
204741, following the same dosing protocol as Ebrahimkhani et al. (2011),
demonstrated only brief exposure of the parent compound following dosing (all
parent compound was cleared by 2 h of dosing). The in vivo study reported in this
thesis demonstrated that the animals received constant exposure of 90-99%

occupancy of the compound throughout the last 5 weeks of CCl, dosing. These data
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generated in the in vivo study therefore contradicts the findings obtained in the in
vivo CCl, study with SB-204741 and data obtained using 5-HT,g knockout mice
which is suggestive of 5-HT,g involvement (Ebrahimkhani et al., 2011).

In another study, 5-HT,a antagonist, sarpogrelate (30mg/kg) (5-HT,a pK;i = 8.5, 5-
HT,s pK; = 6.7, (Rashid et al., 2003) was dosed in a thioacetamide (TAA) rat model
of liver injury and found to reduce lobular inflammation and cause a slight, but not
significant, attenuation of periportal fibrosis (Kim et al., 2013). There were no PK
studies to confirm exposure of the sarpogrelate, which is reported to have a short
half-life (Tanaka et al., 2000) but expression of markers of HSC activation, a-SMA,
TGFB and SMAD2/3 were all significantly reduced following treatment. This data is
partially consistent with the volinaserin data, as there was no significant anti-fibrotic
effect. Overall there is conflicting data reported in the liver injury models and further
comprehensive studies would be needed to explore dose exposure, receptor target
engagement and toxicity of compounds. It would also have been beneficial to
identify receptor specific biomarkers, although cell specific biomarkers may be an
issue but the occupancy data from PK demonstrates effective cover.

The in vitro analyses conducted in this chapter demonstrate that 5-HT or specific 5-
HT,a or 5-HT,g antagonists, at concentrations selective for their receptor subtype,
are unable to exert any effect on HSC proliferation or collagen deposition. This
therefore could suggest that 5-HT does not play a major role in these processes.
These are the first studies which have focused on measuring actual collagen
deposition following incubation with 5-HT and its antagonists rather than expression,
as had been carried out previously (Ruddell et al., 2006; Ebrahimkhani et al., 2011,
Kim et al., 2013). The in vivo mouse CCly liver injury study provided evidence that
5-HT,a antagonism is not anti-fibrotic with 5-HT,g antagonism stimulating fibrosis,
demonstrating the value of not relying on single cell experimental data. 5-HT has
been demonstrated to exert both a pro-fibrotic and pro-regenerative influence during
acute injury (Yokoyama et al., 1953; Lesurtel, 2006; Lesurtel et al., 2012; Mann and
Oakley, 2013). However, with chronic disease it would be advantageous to modulate
the specific 5-HT receptors that trigger activation of fibrogenic signal transduction

(Mann and Oakley, 2013). It is clear that a greater understanding of how the different
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5-HT receptors together exert both the pro-fibrotic and regenerative effects in the
liver is required (Lesurtel and Clavien, 2012; Lesurtel et al., 2012; Mann and Oakley,
2013). The in vivo animal models do not truly mimic the human disease but do offer
a way to investigate molecules in the intact organ (Constandinou et al., 2005; Starkel
and Leclercq, 2011). Whether these molecules will behave in a similar way in the

human HSC and the human disease requires further investigation.
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CHAPTER 6: CHARACTERISATION OF THE ROLE OF 5-HT IN
INTRACELLULAR CALCIUM RELEASE, ERK PHOSPHORYLATION,
PROLIFERATION AND COLLAGEN DEPOSITION IN HUMAN
HEPATIC STELLATE CELLS.
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6.1 Introduction.

The previous three chapters have focussed on characterisation of the 5-HT responses
in mouse HSCs, along with a mouse model of liver injury. Ultimately any developed
molecule will be dosed in humans and obtaining information on the role of 5-HT in
human HSCs is therefore crucial. A key question is whether the data obtained from
5-HT stimulation of mouse HSCs translate into a similar response in human HSCs?
Immortalised human HSC lines, such as LX-2, LI90 or HSC180 could be used to
explore this question due to their ease of use, unlimited supply and reproducibility of
results (Herrmann et al., 2007). However despite the advantages of HSC lines, there
are issues around their loss of differentiated morphology, function, growth
characteristics and genetics, which have called into question their suitability
(Herrmann et al., 2007; Crespo Yanguas et al., 2015). Human liver tissue was

therefore ethically sourced to allow isolation and culture of the human HSCs.

The main aim of the experiments in this chapter is to pharmacologically characterise
the 5-HT response in human HSCs using the Ca?* release, ERK phosphorylation,
proliferation and collagen deposition (Scar in a Jar) assays. Selective 5-HT,a, 5-HT2p
and 5-HTg antagonists, at concentrations known to engage the target receptor, were
used to pharmacologically characterise the responses, in a similar way that had been

carried out for the mouse HSCs.
6.2 Results.

6.2.1 Immunocytochemistry analysis of isolated hepatic stellate cells.

Human hepatic stellate cells, which had been isolated from human livers, maintained
in culture on plastic for 7 or 14 days, were stained to detect the expression of a-SMA
(Red), a marker for activated HSC, and synaptophysin (Green), a marker for both
activated and quiescent HSCs (Cassiman et al., 1992), along with Hoechst nuclear
stain (Blue), to identify the nuclei of cells clearly. The majority of the cells that had
been in culture for 7 days stained positively for a-SMA and synaptophysin (Figure
6.2.1) confirming the presence of activated HSCs. However, at this time there were a
few cells which stained only weakly for a-SMA (Figure 6.2.1 A), as blue nuclei can

be seen with a faint a-SMA stain (red) around them. When the 7 day cultured cells
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were co-stained with synaptophysin there were a few cells which stained green only
(Figure 6.2.1 B) with the majority co-staining for both a-SMA and synaptophysin
(orange). This would suggest that not all the cells had fully activated in the 7 day
culture. Cells that had been in culture for 14 days stained positive for a-SMA, with
clearly defined cytoskeletal fibres of immunocytochemical staining (Figure 6.2.2 A).
When the same cells were co-stained with synaptophysin and o-SMA it can be
observed that they both stain the same population of cells, as is shown by orange
staining (Figure 6.2.2 B). From these images it can be concluded HSCs that had been
in culture for 14 days had the characteristics of a population of fully activated HSC.
The same pattern of staining was observed for further batches of HSC which had
been in culture for up to 21 days (Data not shown).

6.2.2 Pharmacological characterisation of the 5-HT receptor responsible for
the [Ca®"] increase in mouse hepatic stellate cells.

Experiments were carried out to investigate whether 5-HT was capable of stimulating
an intracellular calcium signal in the human HSCs. 5-HT (0.12 nM to 100 uM)
caused a concentration-dependent increase in fluorescent intracellular calcium signal
(Fluo4) with a pECs of 7.35 (Figure 6.2.3). Characterisation of the 5-HT receptor
subtype responsible was investigated using 5-HT,a antagonists, ketanserin and
volinanserin, and 5-HT,g antagonists, GSK1606260A and RS-127445, as the
expression of both receptors are induced upon HSC activation. 5-HT,a and 5-HTg
will elicit a downstream increase in intracellular calcium when stimulated, due to
their coupling through Gaqg. As the 5-HTg receptor, which couples through G;, is
also up-regulated upon HSC activation and it is possible that stimulation of this
receptor could also cause an increase in calcium release. Therefore the effects of 5-
HTg antagonist, cyanopindolol, were also investigated. The concentration of the
antagonists used were chosen based on their selectivity range for the receptor of
interest. The affinities for both human 5-HT,» and 5-HT,g receptors had been
confirmed in a simple recombinant assay system (Table 6.2.1, Chapter 9: Appendix,
Section 9.2 for recombinant CHO cell assay method).
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Figure 6.2.1 Expression of a-SMA (A) and co-expression with synaptophysin (B) by
immunofluorescent staining of human HSCs which had been in culture on plastic for
7days. Human HSCs were plated out onto 96 well plates for 24 h before being fixed and
permeabilised. Cells were incubated with a primary antibody for a-SMA and synaptophysin,
followed by incubation with secondary antibodies and cell nuclear stain. The fluorescence
was visualised and quantified by the InCell Analyser 2000 (See Chapter 2 :Materials and
methods). Data shown are representative images from two different batches of HSCs. Scale
bar =250 pm.

Jal

Figure 6.2.2 Expression of a-SMA (A) and co-expression with synaptophysin (B) by
immunofluorescent staining of human HSCs which had been in culture on plastic for
14 days. Human HSCs were plated out onto 96 well plates for 24 h before being fixed and
permeabilised. Cells were incubated with a primary antibody for a-SMA and synaptophysin,
followed by incubation with secondary antibodies and cell nuclear stain. The fluorescence
was visualised and quantified by the InCell Analyser 2000 (See Chapter 2 :Materials and
methods). Data shown are representative images from two different batches of HSCs. Scale
bar =100 pm.
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Figure 6.2.3 5-HT concentration-response curve obtained in human HSCs in the
FLIPR™ assay with associated curve parameters. Stellate cells were loaded with
fluorescent dye (FLUOA4) for 1 h before being stimulated with increasing concentrations of
5-HT in the FLIPR. (See Chapter 2: Materials and Methods). Data were captured and
analysed to obtain the basal signal and maximum stimulated fluorescence above basal for
each concentration, with the response being expressed as a percentage of the basal response.
The CRC was fitted using non-linear regression analysis (four-parameter logistic equation
with variable slope (Hill, 1909) (See Chapter 2: Data Analysis section). Data are from a
single experiment.

human 5-HTa human 5-HT g
pr, pr,
Ketanserin 9.6+0.2 <5
Volinanserin 10.7+0.1 5.9 (0)
GSK1606260A 6.0+£0.3 10.2 (0.1)
RS-127445 6.3+0.2 11.3(0)

Table 6.2.1 fpK; value obtained for ketanserin, volinanserin, GSK1606260A and RS-
127445 in recombinant mouse 5-HT,, and 5-HT,z receptor calcium assays. CGE222
cells, expressing hus-HT,a or 5-HT,g, were loaded with fluorescent dye (FLUO4) for 1 h
before being stimulated with an ECg concentration of 5-HT in the presence or absence of
increasing concentrations of antagonists. (See Chapter 9: Chapter 9: Appendix, Section 9.2).
Data presented are the mean + SEM n=3 for 5-HT,, and average, n=2 with range for 5-HT .
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No rightward shift of the 5-HT CRC was observed following a 15 min pre-incubation
with GSK1606260A (1 uM) and RS-127445 (100 nM) (Figure 6.2.4), as similar 5-
HT CRC parameters values were obtained in the absence of the antagonists (Table
6.2.2). A concentration of 1 uM GSK1606260A or 100 nM RS-127445, assuming
competitive interaction with the 5-HTg receptor, should have produced a > 1000-
fold rightward shift of the 5-HT CRC as predicted from their fpK; of 10.2 and 10.3
respectively. (Table 6.2.1). Cyanopindolol (1 uM), 15 min pre-incubation, did not
cause any rightward shift of the 5-HT CRC (Figure 6.2.5, Table 6.2.3). For
cyanopindolol if 5-HT had been eliciting the response through the 5-HT1g receptor
then a >500-fold shift of the 5-HT CRC would have been observed. These results
suggest that the 5-HT,g and 5-HT g receptors are not mediating the 5-HT stimulated

calcium response in the human HSCs.

To determine if the 5-HT,a receptor was the receptor responsible for the 5-HT
stimulated calcium response 5-HT CRCs were carried out in the presence of three
concentrations of ketanserin and volinanserin (1, 10 and 100 nM). Rightward shift
and depression of the maximum 5-HT response was observed with ketanserin (Figure
6.2.6 A, Table 6.2.4 A), with the 10 and 100 nM concentrations almost completely
blocking the 5-HT response. Volinanserin, like ketanserin, caused insurmountable
antagonism, with a rightward shift and depression of maximum 5-HT CRC, with the
10 and 100 nM concentrations completely blocking the 5-HT CRCs (Figure 6.2.6 B,
Table 6.2.4 B). The insurmountable nature of the antagonism obtained with
ketanserin and volinanserin means that no antagonist affinity values could be
calculated, but does suggest the involvement of the 5-HT,a receptor in the 5-HT
response. This is due to the concentration range over which the antagonism was
observed. Although not all criteria are met for competitive antagonism a pA:
estimate was determined from the 1 nM shift of ketanserin and of volinanserin of 9.3
and 9.0 respectively. These values are in keeping with an expected 5-HT,a antagonist
effect. The profile of the antagonism observed may indicate that ketanserin and
volinanserin are behaving as non-competitive antagonists but could also be explained
by the fact that the antagonist, agonist and receptor are unable to reach a equilibrium

in the timeframe of the agonist response (hemi-equilibrium conditions)
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Figure 6.2.4 Effect of (A) GSK1606260A (1 uM) and (B) RS-127445 (100 nM) on the
5-HT CRC in the human HSC FLIPR™ assay. Stellate cells were loaded with fluorescent
dye (FLUOA4) for 1 h before being stimulated with increasing concentrations of 5-HT in the
presence and absence of a single concentration of the antagonists in the FLIPR. (See Chapter
2: Materials and Methods). Data were captured and analysed to obtain the basal signal and
maximum stimulated fluorescence above basal for each concentration, with the response
being expressed as a percentage of the basalfluorescence. CRCs were fitted using non-linear
regression analysis (four-parameter logistic equation with variable slope (Hill, 1909)(See
Chapter 2: Data Analysis section). Data shown are mean values = SEM from > 3
experiments carried out in duplicate.

5-HT 1uM 5-HT 100 nM
GSK16060260A RS-127445
Max 55.4+12.3 50.7£8.6 62.1£5.0 69.5% 4.3
Response
PECso 7.36 £0.2 7.15+0.1 7.41+0.2 7.35+0.3
Hill slope 0.94+0.2 1.27+0.1 09701 1.27+0.1

Table 6.2.2 5-HT CRC parameters obtained in the presence and absence of
GSK1606260A (1 uM) and RS-127445 (100 nM) in the human HSC FLIPR™ assay.
Data represents the mean of the individual parameters obtained from fitting the data from
individual experiments represented in Figure 6.2.3 using non-linear regression analysis
(four-parameter logistic equation with variable slope (Hill, 1909)(See Chapter 2: Data
Analysis section). Data shown are mean values £ SEM from > 3 experiments carried out in
duplicate.
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Figure 6.2.5 Effect of cyanopindolol (1 uM) on the 5-HT CRC in the human HSC
FLIPR™ assay. Stellate cells were loaded with fluorescent dye (FLUO4) for 1 h before
being stimulated with increasing concentrations of 5-HT in the presence and absence of a
single concentration of the antagonists in the FLIPR. (See Chapter 2: Materials and
Methods). Data were captured and analysed to obtain the basal signal and maximum
stimulated fluorescence above basal for each concentration, with the response being
expressed as a percentage of the basal response. CRCs were fitted using non-linear
regression analysis (four-parameter logistic equation with variable slope (Hill, 1909)(See
Chapter 2: Data Analysis section). Data shown are mean values + SEM from > 3
experiments carried out in duplicate.

5-HT 1uM
cyanopindolol
Max Response 55.4+12.3 52.7+8.3
PECsy 7.36 0.2 7.06 £0.1
Hill Slope 0.94+0.2 0.89+£0.1

Table 6.2.3 5-HT CRC parameters obtained in the presence and absence of
cyanopindolol (1 uM) in the human HSC FLIPR™ assay. Data represent the mean of the
individual parameters obtained from fitting the data from individual experiments represented
in Figure 6.2.5. using non-linear regression analysis (four-parameter logistic equation with
variable slope (Hill, 1909)(See Chapter 2: Data Analysis section). Data shown are mean
values £ SEM from > 3 experiments carried out in duplicate.
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Figure 6.2.6 Effect of (A) ketanserin and (B) volinanserin (1, 10 and 100 nM) on the 5-
HT CRC in the human HSC FLIPR™ assay. Stellate cells were loaded with fluorescent
dye (FLUOA4) for 1 h before being stimulated with increasing concentrations of 5-HT in the
presence and absence of the antagonists in the FLIPR. (See Chapter 2: Materials and
Methods). Data were captured and analysed to obtain the basal signal and maximum
stimulated fluorescence above basal for each concentration, with the response being
expressed as a percentage of the basal response. CRCs were fitted using non-linear
regression analysis (four-parameter logistic equation with variable slope (Hill, 1909) (See
Chapter 2: Data Analysis section). Data shown are mean values £ SEM from 3 experiments
carried out in duplicate.

A

5-HT 1 nM Ketanserin | 10 nM Ketanserin | 100 nM ketanserin
Max Response | 40.3+9.8 28.0+7.38 4114 574120
PECso 7.19+0.1 6.71+0.2 <5.35 <5.44
Hill Slope 1.21+0.2 1.20+0.1 1.17+£0.1

B
5-HT 1nM 10 nM 100 nM
Volinanserin Volinanserin Volinanserin

Max Response | 49.7 + 11.6 22.1+8.38 3815 *40+£15
PECs 7.16+0.1 6.88+£0.2 <5.12
Hill Slope 1.04+£0.1 1.30+£0.2

* maximum response reached

Table 6.24 5-HT CRC parameters obtained in the presence and absence of (A)
ketanserin and (B) volinanserin (1, 10 and 100 nM) in the mouse HSC FLIPR™ assay.
Data represents the mean of the individual parameters obtained from fitting the data from
individual experiments represented in Figure 6.2.4 using non-linear regression analysis
(four-parameter logistic equation with variable slope (Hill, 1909)) (See Chapter 2: Data
Analysis section). Data shown are mean values £ SEM from 3 experiments carried out in
duplicate.
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(Kenakin et al., 2006). The profile of ketanserin and volinaserin antagonism obtained
in the human HSCs is similar to that obtained with the mouse HSCs (See Chapter 4,
section 4.2.2).

6.2.3 Characterisation of the 5-HT stimulated ERK phosphorylation in human
hepatic stellate cells.

Investigation into the ability of 5-HT to cause ERK phosphorylation in the human
HSCs was carried out, using the same methodology as was used for the mouse HSCs
(Chapter 2, Section 2.6). 5-HT (1.79 nM -100 uM) was found to cause a very low
level of ERK phosphorylation (Figure 6.2.7). A PDGF CRC was generated in the
assays too, to confirm that the human HSCs were capable of ERK phosphorylation
and that the assay was performing as expected. PDGF caused a concentration-related
increase of ERK phosphorylation (Figure 6.2.7), with a pECs, value of 9.36 (Table
6.2.5), which is similar to that observed with mouse HSCs of 9.43 (Table 5.2.4). Due
to the level of pERK obtained with 5-HT, no CRC parameters could be reliably
generated and further characterisation of the response was not feasible. The basal
level of ERK phosphorylation in the human HSCs was found to be ~ 20% (Table
6.2.5) but in the mouse HSC was ~ 4% (Table 5.2.4), which could possibly explain
why 5-HT was unable to stimulate ERK phosphorylation in the human HSC.

6.2.4 Hepatic stellate cell proliferation assay.

The bromodeoxyuridine (BrdU) colourimetric ELISA was used to measure
proliferation of the human HSCs by measuring the increase in DNA synthesis.
Human HSCs were stimulated with increasing concentrations of 5-HT (1.8 nM -100
uM) and PDGF-BB (7.7 pM-7.9 nM). No increase in proliferation was observed with
5-HT (Figure 6.2.8). PDGF caused a concentration-dependent increase in
proliferation, with a pECsy value of 9.8 (Figures 6.2.8, Table 6.2.6) confirming that
HSCs were capable of proliferating in the assay.

As there had been reports of enhancement of PDGF proliferation with addition of 10
UM 5-HT in rat HSCs (Ruddell et al., 2006), this was investigated using the human
HSCs. No leftward shift of the PDGF CRC was observed in the presence of 10 uM
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Figure 6.2.7 PDGF and 5-HT CRC in the human HSC pERK assay. HSCs were
stimulated for 10 min with 5-HT or PDGF. The pERK and total ERK levels were measured
in cell lysates using MSD pERK/Total ERK kit (See Chapter 2: Materials and Methods).
PERK response was expressed as a % of total ERK. CRCs were fitted using non-linear
regression analysis (four-parameter logistic equation with variable slope (Hill, 1909) (See
Chapter 2: Data Analysis section). Data shown are mean values £ SEM from 8 experiments
carried out in duplicate.

PDGF
Minimum response 206+1.2
Maximum response 425+4.4
PECs 9.36+0.2
Hill Slope 1.44+0.2

Table 6.2.5 PDGF CRC parameters obtained in the human HSC pERK assay. Data
represents the mean of the individual parameters obtained from fitting the data from
individual experiments represented in Figure 6.2.6 using non-linear regression analysis
(four-parameter logistic equation with variable slope (Hill, 1909)(See Chapter 2: Data
Analysis section). Data shown are mean values £ SEM from 8 experiments carried out in
duplicate.
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Figure 6.2.8 5-HT and PDGF stimulation of proliferation in human HSCs. Culture-
activated human HSCs were cultured in medium containing 0.1% FCS for 24 h before
addition of increasing concentrations of 5-HT (A) and PDGF (B) for a further 24 h.The
BrdU label was added for a further 4 h incubation at 37°C in 5% CO,. The proliferation was
determined as incorporation of BrdU into the genomic DNA of the proliferating cells using a
colourimetric ELISA (See Chapter 2: Material and methods). Response values had the basal
values subtracted and was expressed as absorbance. CRCs were fitted using non-linear
regression analysis (four parameter logistic equation with variable slope (Hill, 1909)) (See
Chapter 2: Data analysis). Data shown are mean values £ SEM from > 6 experiments carried
out in duplicate.

PDGF
Maximum response 0.62+0.1
PECs 9.82+0.1
Hill Slope 1.90+£0.2

Table 6.2.6 PDGF CRC parameters obtained in the human HSC proliferation assay.
Data represents the mean of the individual parameters obtained from fitting the data from
individual experiments represented in Figure 6.2.7 using non-linear regression analysis
(four-parameter logistic equation with variable slope (Hill, 1909)(See Chapter 2: Data
Analysis section). Data shown are mean values £ SEM from > 6 experiments carried out in
duplicate.
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5-HT (Figure 6.2.9 A, Table 6.2.7) as would be expected if 5-HT had enhanced the
effect of PDGF.

6.2.5 Investigation of the role of 5-HT in driving collagen deposition in human
hepatic stellate cells.

Collagen deposition was investigated using human HSCs in a high content imaging
method adapted from Chen et al. (2009). 5-HT applied to human HSCs did not elicit
a concentration-related increase in collagen deposition (Figure 6.2.10). This therefore
demonstrates that 5-HT was unable to stimulate collagen deposition in the human
HSCs. TGFB was found to cause a concentration-dependent increase in collagen
deposition in 6 out of the 12 experiments performed from 6 different donors, a
representative TGFp CRC shown (Figure 6.2.11). The ability of TGFp to elicit a
response in the assay was not dependent on batch but was generally observed in the
HSCs which had had the shortest length of time in culture for each donor, with one

donor not responding at all.
6.3 Discussion.

6.3.1 Immunocytochemistry analysis of isolated hepatic stellate cells.

HSCs have been isolated from the livers of animals and humans since the 1980’s,
which led to extensive studies being undertaken to understand its role in fibrosis.
Culturing the HSCs on plastic causes the cells to differentiate into a myofibroblast
phenotype, similar to the population of cells that would be found in fibrotic liver. To
confirm that the HSCs used in the experiments were the activated phenotype,
immunocytochemical staining of the cells was undertaken. The human HSCs isolated
and kept in culture for 7 days or more were shown to express synaptophysin, a
marker for quiescent and activated HSCs (Cassiman et al., 1992) and a-SMA, a
marker for activated HSC in these studies. This confirmed that the cells that had been
isolated were HSCs and that, after at least 7 days in culture on plastic, they had
differentiated into the activated phenotype. There were a few cells which stained
faintly for a-SMA which could indicate that they were not completely activated. The
images of the cells that were in culture for 14 days demonstrated positive staining for
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Figure 6.2.9 Effect of 5-HT (10 uM) on PDGF CRCs generated in the human HSCs
proliferation assay. Culture-activated human HSCs were cultured in medium containing
0.1% FCS for 24 h before addition of increasing concentrations of PDGF in the presence and
absence of 5-HT (10uM) for a further 24 h. The BrdU label was added for a further 4 h
incubation at 37°C in 5% CO,. The proliferation was determined as incorporation of BrdU
into the genomic DNA of the proliferating cells using a colourimetric ELISA (See Chapter 2:
Material and methods). Response values were normalised to basal and data was expressed as
absorbance. CRCs were fitted using non-linear regression analysis (four parameter logistic
equation with variable slope (Hill, 1909)) (See Chapter 2: Data analysis). Data shown are
mean values = SEM of 4 individual experiments carried out in duplicate.

PDGF PDGF +
5-HT (10 um)
Maximum 0.65+0.2 0.55+0.2

response
PECso 9.79+0.2 | 9.60%0.1
Hill Slope 1.78+02 | 2.08+0.6

Table 6.2.7 PDGF CRC parameters obtained in the presence and absence of 5-HT (10
UM) in the human HSC proliferation assay. Data represents the mean of the individual
parameters obtained from fitting the data from individual experiments represented in Figure
6.2.7. using non-linear regression analysis (four-parameter logistic equation with variable
slope (Hill, 1909) (See Chapter 2: Data Analysis section). Data shown are mean values *
SEM of 4 individual experiments carried out in duplicate.
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Figure 6.2.10. Effect of 5-HT on stimulation of collagen 1 deposition in human HSCs.
Culture-activated human HSCs were cultured in low serum (0.4%) medium at 37°C in 5%
CO, for 24 h before replacing the medium with Ficoll mix made up in low serum medium
containing 0.2mM ascorbic acid. Compounds were added and incubated for 72 h at 37°C in
5% CO.,. Cells were fixed and stained to detect collagen 1 and the nucleus of the cells. The
fluorescence was then visualised and data expressed as granule intensity (See Chapter 2:
Materials and methods). CRCs were fitted using non-linear regression analysis (four
parameter logistic equation with variable slope (Hill, 1909)) (See Chapter 2: Data analysis).
Data shown are the individual data from batch 9 p4.
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Figure 6.2.11 Effect of TGFp- on stimulation of collagen 1 deposition in human HSCs.
Culture-activated human HSCs were cultured in low serum (0.4%) medium at 37°C in 5%
CO, for 24 h before replacing the medium with Ficoll mix made up in low serum medium
containing 0.2mM ascorbic acid. TGFp was added and incubated for 72 h at 37°C in 5%
CO.,. Cells were fixed and stained to detect collagen 1 and the nucleus of the cells. The
fluorescence was then visualised and data expressed as granule intensity (See Chapter 2:
Materials and methods). CRCs were fitted using non-linear regression analysis (four
parameter logistic equation with variable slope (Hill, 1909)) (See Chapter 2: Data analysis).
Data shown is a representative curve from a single experiment.
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a-SMA, with clearly defined cytoskeletal fibres, which were also highlighted by the
synaptophysin staining, indicating the cells were fully activated in this culture. This
pattern of staining was observed in cultures out to 21 days. These findings confirmed
that the cells that were used in these studies were activated HSCs.

6.3.2 Pharmacological characterisation of the 5-HT receptor responsible for
the [Ca®"] increase in human hepatic stellate cells.

5-HT was shown to cause a concentration-dependent increase in cytosolic calcium in
human HSCs. This confirmed observations in the literature with rat HSCs (Park et
al.,, 2011) and the data obtained in Chapter 4 with mouse HSCs. Due to their
increased expression upon activation of HSCs (Ruddell et al., 2006; Ebrahimkhani et
al., 2011) and involvement in calcium signalling due to their coupling through Gag,
5-HT,a and 5-HT,p receptors are the most likely receptors to be involved. 5-HTg
antagonists GSK1606260A (1 uM) and RS-27455 (100 nM) had no effect on the 5-
HT CRCs. This indicated a lack of 5-HT,g involvement in the 5-HT calcium release.
5-HTg receptor expression has been demonstrated to be up-regulated in the HSCs
upon activation (Ruddell et al., 2006) and although this receptor is G; linked it is
possible that it can cause release of calcium in this assay format (Hall et al., 1999;
Werry et al., 2002). However cyanopindolol (1uM), a 5-HT;g antagonist, had no

effect on the 5-HT CRC which rules out 5-HT g receptor involvement.

5-HT,a receptor antagonists, ketanserin and volinanserin caused insurmountable
antagonism the 5-HT CRC which meant that no affinity could be determined, but the
concentration range over which their antagonism of 5-HT CRC was observed
indicated a 5-HT,a effect. Ketanserin and volinanserin pA; estimates are from the 1
nM shifts of the 5-HT CRC, despite criteria for competitive not being met, were
determined as 9.3 and 9.0 respectively. These values in keeping with what would be
expected for a 5-HT,a antagonist effect. Therefore confirming the 5-HT,a receptor is
responsible for the 5-HT stimulated calcium release human HSCs and that this agrees

with data generated in the mouse HSC (Chapter 4).

The insurmountable nature of the antagonism may indicate that the antagonists,
ketanserin and volinanserin are behaving as non-competitive antagonists but there

could be another explanation for their non-competitive behaviour. The non-
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competitive nature of the antagonism could be explained by the fact that the
antagonist and agonist together are unable to reach equilibrium with the receptor in
the time-frame of the agonist response (Hemi-equilibrium) (Figure 4.3.1) (Paton and
Rang, 1966; Kenakin et al., 2006). VVolinaserin and ketanserin in the human HSCs 5-
HT stimulated calcium release assay have exhibited a similar pattern of antagonist
behaviour to that observed with the mouse HSCs in the same assay format (See
Section 4.2.2). 1t is therefore likely that ketanserin and volinanserin have a slow off
rate and that the 5-HT agonist response is relatively rapid, which means that
ketanserin or volinanserin are unable to dissociate from the receptor to allow 5-HT
binding to reach the correct equilibrium in these experiments in the human HSCs
(Kenakin et al., 2006; Charlton and Vauquelin, 2010). A ‘wash off’ experiment,
similar to that carried out with the mouse HSCs (See Section 4.2.3), could be
performed to confirm if the hemi-equilibrium phenomenon is responsible for the
non-surmountable antagonism observed in the human HSC. If the level of
antagonism observed with ketanserin and volinanserin was reduced (less rightward
shift and depression of the 5-HT CRC) once the antagonist was washed out then it

can be concluded that ketanserin and volinanserin are not irreversible antagonists.

6.3.3 Characterisation of the 5-HT stimulated ERK phosphorylation in human
hepatic stellate cells.

5-HT was found to cause a very low level of ERK phosphorylation of the human
HSC using a similar protocol that was used for the mouse HSCs. The human HSC
were capable of producing a pERK response in this experimental format as PDGF
produced a concentration- dependent increase in ERK phosphorylation. The pECsg of
9.36 for PDGF in the human cells was similar to that obtained for PDGF in the
mouse HSC (pECsp = 9.43) in the pERK assay (Section 5.2.2). 5-HT did cause a
small, concentration-dependent increase in phosphorylation of ERK but this was
difficult to quantify due to the low level of response. The basal level of ERK
phosphorylation in the human cells was around 20% which was higher when
compared to about 4% in the mouse HSC (Section 4.2.4.2). This would seem to
suggest that there was a greater level of basal ERK phosphorylation in the human

cells.
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The HSCs used in these assays were isolated mainly from fibrotic donors over 50
years old. HSCs isolated from mouse livers were from young healthy mice. It has
been demonstrated that HSCs isolated from human cirrhotic livers exhibit phenotypic
features of myofibroblasts, such as a spindle-like shape, expression of a-SMA and
fibronectin with less vitamin A droplets, which is not observed in freshly isolated
HSCs isolated from normal livers (Sancho-Bru et al., 2005). HSCs from normal
livers which are kept in prolonged culture do then progress into a myofibroblast-like
phenotype (Sancho-Bru et al., 2005). It is therefore conceivable that the HSCs
isolated for these studies are already partially activated and may possibly explain a
higher basal level of pERK stimulation. Further studies could be carried out to
determine if this was the case.

The human HSCs obtained from donors suffering from advanced liver fibrosis may
not be the best cells to use in our studies. The fibrosis will have developed over
decades and is considered less reversible, due to the dense cross-linked collagen,
rather than weeks in the case of animal models. Human hepatic stellate cells have
been shown to be resistant to apoptosis and this may be due to an over expression of
anti-apoptotic protein, Bcl2, in vitro (Novo, 2006). The expression of genes
implicated in apoptosis regulation in freshly isolated HSCs from diseased livers
differ from those cells that have been culture-activated so their apoptotic properties
may differ too (Sancho-Bru et al., 2005). The HSCs isolated from fibrotic livers will
undergo further activation when cultured on plastic and may develop a different
phenotype from HSCs isolated from normal livers cultured on plastic. Culture-
activated HSC may not reproduce the activated phenotype of activated HSC from
fibrotic liver (Sancho-Bru et al., 2005). This would warrant further investigation to
determine if cells isolated from fibrotic liver once cultured on plastic do take on a
different phenotype and whether that could explain the higher basal level of pERK
observed.

6.3.4 Effect of 5-HT on the proliferation of human activated HSCs.

5-HT was found to have no mitogenic effect or influence the proliferation induced
by PDGF in human HSCs, which was similar to that observed in the mouse HSCs
(Section 5.2.1). The data also agrees with the finding of Ruddell et al. (2006) who
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observed no proliferation with 5-HT in rat HSCs. Other groups have reported that 5-
HT can exert a mitogenic effect on cells but these were mesangial cells (Eto et al.,
1997) or fibroblasts (Welsh et al., 2004; Chen et al., 2014) so again highlighting

differences in particular cell type sensitivity to 5-HT.

6.3.5 Role of 5-HT in driving TGF-p collagen deposition using the Scar in a jar
assay.

5-HT was unable to induce collagen deposition in the human HSCs which was also
the case in mouse HSCs (Section 5.2.4). In the human HSC, TGFf was able to cause
a concentration-dependent increase in collagen deposition in only 50% of the
experiments performed, although this was not dependent on the batch, it was
observed with the HSCs that had been in culture for the shortest time. It can be
concluded that in this assay we are unable to demonstrate that 5-HT can stimulate the
transcription and release of TGFp to promote collagen deposition in cultured HSCs.
The lack of effect on collagen deposition by 5-HT was observed in cells which were
able to demonstrate TGFpB concentration-dependent collagen deposition. This may
therefore suggests that 5-HT is unable to drive collagen deposition in the human
HSCs.

A similar reasoning for the response observed in the mouse HSCs can be used to help
understand the response of the human HSC to TGFp in the collagen deposition assay.
TGE is the most potent pro-fibrogenic signal for activated HSCs, with an increased
expression during activation and a role in regulating extracellular matrix protein
genes (Tsukada, 2005). The reason why some cells were able to be stimulated to
produce collagen may be due to the state of the cells in the assay, such that they are
insensitive to TGF and produce extracellular matrix protein by a TGFB-independent
pathway (Dooley et al., 2001; Tsukada, 2005; Tsukada et al., 2006). TGFp as well as
activating classical SMAD signalling can also activate p38 MAPK signalling
(Tsukada, 2005). A reduction in al (I) collagen gene expression in untreated or
TGFp-stimulated HSCs was observed following inhibition of either of SMAD or p38
MAPK signalling (Tsukada, 2005). It was concluded that both signalling pathways,
SMAD and p38 MAPK, independently and additively regulate al (I) collagen gene

expression through transcriptional activation but the p38 MAPK also increases al (I)
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collagen mRNA stability (Tsukada, 2005). Furthermore, activated HSCs may only be
capable of a small increase in collagen deposition following further activation by
TGFp stimulation. In quiescent rat HSCs, TGFB-induced collagen expression after
16hrs is similar to that in activated HSCs (Dooley et al., 2000). After full trans-
differentiation into a myofibroblast phenotype, collagen mRNA levels are already
up-regulated to levels similar to TGFp treated cells, with no increase with TGFp
treatment and no down-regulation with an anti-TGFB antibody (Dooley, 2000).
Activated HSCs in vitro have also demonstrated constitutively activated SMAD2 and
SMAD3 that are not associated with endogenous TGFp signalling (Liu et al., 2003).

The variability in response observed in the human HSC could be due to different
activation states of the HSCs. Many studies conducted in cultured rat hepatic stellate
cells have shown differences in TGFf signalling dependent on duration of culture
and thus state of activation (Dooley et al., 2000; Liu et al., 2003). In quiescent cells,
TGFp signalling resulted in SMAD2 phosphorylation, whilst signalling after trans-
differentiation into an activated phenotype is mediated by SMAD3 (Liu et al., 2003).
In addition, SMAD?2 activation levels are dependent on time in culture and state of
activation (Liu et al., 2003). Inhibitory SMAD?7 regulation by TGFp is also
dependent on activation state, with an up-regulation of SMAD7 mRNA with TGFf
treatment in early HSCs but not in cultured cells (Lui et al., 2003).

The results of the studies carried out using human HSCs demonstrate that 5-HT is
capable of stimulating intracellular calcium through the 5-HT,a receptor. This is the
first time that this ‘in-depth’, thorough pharmacological characterisation of the 5-HT
response has been conducted, in calcium release assays in human HSCs. These data
are similar to those observed in the mouse HSC calcium release assays. The 5-HT
receptor subtype mediating ERK phosphorylation could not be determined due to the
very small 5-HT response and elevated basal level of ERK phosphorylation. In
studies investigating proliferation and collagen deposition there was no evidence to
demonstrate an effect of 5-HT. These studies are the first to pharmacologically
characterise the 5-HT response in the human HSC. The 5-HT studies undertaken in
the literature with HSCs have mainly been undertaken with rodent HSCs or human
cell lines (Li et al., 2006; Ruddell et al., 2006; Ebrahimkhani et al., 2011; Park et al.,
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2011; Kim et al., 2013). Any studies with human HSC have been expression analysis
of proteins with no quantitative pharmacology (Ebrahimkhani et al., 2011). None of
the literature studies carried out have conducted a rigorous pharmacological analysis
of the 5-HT subtype present on HSC from any species (Li et al., 2006; Ruddell et al.,
2006; Ebrahimkhani et al., 2011; Park et al., 2011; Kim et al., 2013). The conclusion
drawn from the studies carried out in this chapter with the human HSC is that 5-HT

may not play a major role in influencing the activated HSC during liver injury.
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Chapter 7: General Discussion
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7.1 Overview of data generated.

The prevalence of chronic liver disease has been rising worldwide (Lazo and Clark,
2008; Williams et al., 2011). Over the past 30 years there has been much research
undertaken in liver fibrosis and it is known that the HSC, a fibrogenic cell type, is
responsible for the scarring, as well as playing an immunomodulatory and
homeostatic regulatory role in fibrosis (Friedman, 2008a; Jiao et al., 2009; Koyama
and Brenner, 2015). During liver injury the quiescent HSC transforms into a
proliferating, perpetuating myofibroblast-like cell which produces scarring
(Friedman, 2008a; Jiao et al.,, 2009; Koyama and Brenner, 2015). During the
activation of the HSCs expression levels of proteins, such as receptors, have been
demonstrated to increase, making targeting the activation of the HSCs an attractive
strategy for anti-fibrotic therapy.

One of the targets of interest is 5-HT, receptors, which have been demonstrated to
promote fibrogenic activity, and whose expression is up-regulated upon activation of
the HSCs (Li et al., 2006; Ruddell et al., 2006, 2008; Ebrahimkhani et al., 2011; Park
et al., 2011; Kim et al., 2013). Conflicting evidence had been presented in the
literature as to the exact 5-HT receptor subtype responsible, 5-HT,a or 5-HT,g (Li et
al., 2006; Ebrahimkhani et al., 2011; Park et al., 2011; Kim et al., 2013) (See section
1.6.2 and 4.3). Much of the literature evidence relies upon the use of non-selective
concentrations of 5-HT antagonists, with interpretation of the 5-HT receptor subtype
responsible being compromised by this approach. The aim of the research presented
in this thesis was to undertake an ‘in-depth’ quantitative pharmacological
characterisation of the 5-HT receptor subtype present on mouse and human HSCs.
This involved a full evaluation and target validation for a role of 5-HT in driving the

fibrogenic process.

7.2 Phenotyping the hepatic stellate cells using immunocytochemistry.

Ensuring that the cells used in the in vitro experiments were activated HSCs was
crucial for the interpretation of the data generated for this thesis. This is essential as
it is the activated HSCs that are responsible for the excessive scarring, which causes
loss of function and architectural distortion in liver fibrosis. The

immunocytochemistry performed on the primary human and mouse HSCs confirmed
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that they were activated HSCs. All the cultured mouse and human hepatic stellate
cells were demonstrated to express a-SMA, a phenotypic marker for activated HSCs
(Friedman, 2008b), with co-expression of synaptophysin, a marker for HSCs
(Cassiman et al., 1992). The immunocytochemical analysis confirmed that there were

no contaminating cells, such as Kupffer cells, present in the cultures.

7.3 Pharmacological characterisation of the 5-HT receptor responsible for the
5-HT-stimulated calcium response in mouse and human activated hepatic

stellate cells.

An in vitro assay, investigating the ability of 5-HT to simulate calcium release, was
undertaken to enable in-depth pharmacological identification of the 5-HT receptor
subtypes in HSCs. Selective 5-HT agonists and antagonists were chosen and were
used at selective concentrations, as determined by ‘in-house’ and literature studies, to
clearly identify the 5-HT receptor subtype responsible. Characterisation of the 5-HT-
stimulated calcium response in both mouse and human HSCs identified the 5-HTa
receptor as the 5-HT receptor subtype mediating this response. 5-HT,a antagonists
ketanserin and volinaserin both behaved as insurmountable antagonists in the
concentration range expected for 5-HT,4 antagonism. NBOH-2C-CN, a low intrinsic
efficacy 5-HT,a agonist, was found to behave as an antagonist in the calcium release
assay in mouse HSCs. The concentration range of the antagonism of NBOH-2C-CN
was in the correct range for a 5-HT,a receptor-mediated effect. No effect on the 5-
HT-stimulated calcium release CRC was observed with the 5-HT,g antagonists
GSK1606260A or RS-177445 in the assay. Any contribution of the 5-HT;g receptor
was excluded by data demonstrating no effect of a specific 5-HTg agonist and
antagonist or receptor inactivation techniques on the 5-HT-stimulated calcium
response in both mouse and human HSCs. The 5-HT-stimulated calcium release data
generated in this thesis confirms and expands the pharmacological characterisation
reported in the literature (Li et al., 2006; Ruddell et al., 2006; Park et al., 2011). It
provides strong evidence that 5-HT,a is the receptor stimulated by 5-HT to cause
calcium release in both mouse and human HSCs. The increase in intracellular

calcium might influence the contractile nature of activated HSCs and so may be a
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contributor to the vascular resistance observed in vivo (Park et al., 2011) and in liver

fibrosis.

7.4 Pharmacological characterisation of the 5-HT receptor responsible for

ERK phosphorylation in mouse and human hepatic stellate cells.

Events downstream of 5-HT stimulation of the HSCs have been shown to involve
phosphorylation of ERK (Ebrahimkhani et al., 2011). A similar ‘in-depth’
pharmacological characterisation in both the mouse and human HSCs was then
undertaken to determine the 5-HT receptor subtype involved with literature reports
suggesting that the 5-HTg subtype was responsible (Ebrahimkhani et al., 2011). 5-
HT was found to cause a concentration-related increase of ERK phosphorylation in
the mouse HSC but in had a limited impact on ERK phosphorylation in human
HSCs. This very low level of ERK phosphorylation in the human HSCs prevented
any pharmacological characterisation of the response. This lack of pharmacological

evaluation therefore does question the role of 5-HT in liver fibrosis.

As observed in the calcium assay, 5-HT,g antagonists, GSK1606260A and RS-
127445 caused no rightward shift of the 5-HT CRC for ERK phosphorylation. 5-
HT,a antagonists, ketanserin and volinaserin, both behaved as insurmountable
antagonists over a 5-HT,a selective concentration range. The nature of the
antagonism with ketanserin also suggested the possible presence of a second 5-HT
receptor mediating the ERK phosphorylation which is discussed further in Section
7.4.6. NBOH-2C-CN, a selective 5-HT,a agonist (Hansen et al., 2014; Fantegrossi et
al., 2015), elicited a concentration-dependent increase in ERK phosphorylation with
an intrinsic activity of 0.3. This data therefore confirms that the 5-HT-stimulated

ERK phosphorylation was due to activation of the 5-HTa receptor.

This ‘in-depth’ pharmacological characterisation of the 5-HT concentration-related
increase in ERK phosphorylation carried out with the mouse HSCs identifies the 5-
HT,a receptor as mediating the response. This conclusion does not agree with the
published data from the analysis of SB-204741, a 5-HT,g selective antagonist, in
mouse, rat and human HSCs (Ebrahimkhani et al.,, 2011). Data presented by
Ebrahimkhani et al. (2011) using SB-204741 demonstrated inhibition of 5-HT
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stimulated expression of phospho-ERK in mouse, rat, and human HSCs at
concentrations of > 10 uM. The 5-HT,g affinity of SB-204741 is about 100 nM
(Knight et al., 2004) with a human 5-HTa receptor binding affinity of > 10 uM. This
therefore means that the SB-204741A inhibition, which was only observed at
concentrations of > 10 puM, is most likely due to a 5-HT,a receptor related effect.
These findings exemplifying how using high non-selective concentrations of specific
antagonists can lead to misinterpretation of data. Thus it can be concluded that the
ERK phosphorylation data generated in this thesis in the mouse HSCs agrees with

the literature.

In the human HSCs it was difficult to define a concentration-dependent ERK
phosphorylation effect by 5-HT in the human HSC. Instead a higher basal level of
ERK phosphorylation was observed in human HSCs, which was similar to the
maximum level of ERK phosphorylation observed in the mouse HSCs (Figure 7.4.1).
The cause of the elevated basal ERK phosphorylation was not investigated further
but may be due to the source of the cells. The mouse HSCs were isolated from
healthy juvenile to mature C57BL/6 mice while the human HSC were isolated from
donors who were over 50 years of age, with some coming from fibrotic donors.
HSCs isolated from human cirrhotic livers have been demonstrated to exhibit
phenotypic features of myofibroblasts, such as a spindle-like shape, expression of a-
SMA and fibronectin with less vitamin A droplets, which is not observed in freshly
isolated HSCs from normal livers (Sancho-Bru et al., 2005). HSCs from normal
livers which are kept in prolonged culture do then progress into a myofibroblast-like
phenotype (Sancho-Bru et al., 2005). It is therefore conceivable that the HSCs
isolated for these studies are already partially activated and may offer a possible
explanation for the higher basal level of ERK phosphorylation. It is therefore
conceivable that age and disease stage of the cells affects the signalling pathways or

the different results may reflect a species difference.
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7.5 Investigation of the insurmountable antagonism obtained with ketanserin

and volinaserin in the calcium release and ERK phosphorylation assay.

The 5-HT;a antagonism by ketanserin and volinaserin observed in both the calcium
release and ERK phosphorylation assays was insurmountable. In the literature
ketanserin is reported to be a competitive antagonist but this can depend on the assay
system (Frenken and Kaumann, 1984; Leff and Martin, 1986). Antagonist washout
experiments in the calcium release assay suggests that the insurmountable behaviour
is due to the antagonist having insufficient time to dissociate from the receptor
during the rapid agonist response (hemi-equilibrium) (Paton and Rang, 1966;
Kenakin et al., 2006). The response elicited by 5-HT in the ERK phosphorylation
assay is slower (10-15 min) compared to the response observed in the calcium
release assay (10s). In the ERK phosphorylation assay, ketanserin and volinanserin
exhibit a lesser degree of depression of the 5-HT CRCs (Figure 4.2.13) when
compared with the 5-HT CRC obtained in the calcium release assay (Figure 4.2.5).
The same hemi-equilibrium phenomenon may be applicable but as the 5-HT
response is slower we observe a profile expected for a competitive insurmountable
antagonism, as partial equilibration occurs (Paton and Rang, 1966). Additional
experiments could explore this further, for example using ‘washoff’ experiments in
the ERK phosphorylation assay. Understanding the molecular mechanism of
antagonism is important for the drug development process as different types of
antagonist can have complex behaviours, which will manifest itself in the therapeutic
environment (Kenakin et al., 2006). The behaviour of antagonists in assays with fast
agonist responses can be quite different to those determined in assays with slower
agonist responses (Leff and Martin, 1986; Kenakin et al., 2006; Charlton and
Vauguelin, 2010). Before the advances in molecular biology, where recombinant
receptors could be expressed in cell lines, tissue preparations were used in drug
discovery such that drugs were discovered in a physiologically relevant system (Leff
and Martin, 1986; Kenakin, 2006; Charlton and Vauquelin, 2010). The nature of the
antagonism of ketanserin and volinaserin will therefore likely change as more

physiologically relevant assay systems are explored.
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This is the first time an ‘in-depth’ pharmacological analysis has been undertaken in
this system and confirms that it is the 5-HT,a receptor present on activated mouse
HSCs is mediating the 5-HT stimulation of ERK phosphorylation. It also
demonstrates the value of performing quantitative ‘in-depth’ pharmacological
characterisation of the in vitro response which allows identification of the receptor
subtype. Much of the data published in the literature has relied on expression data
and use of single high concentrations of nominally specific receptor antagonists. The
pharmacological characterisation carried out in both the calcium release and ERK
phosphorylation assay reaches the same conclusion: that it is the 5-HT,a receptor

expressed on HSCs that is responsible for these 5-HT effects.

7.6  Investigation into the presence of a second 5-HT receptor contributing to
the 5-HT response in mouse HSCs.

Closer examination of the 5-HT CRCs obtained in the ERK phosphorylation assay in
mouse HSCS revealed a biphasic curve. Further evidence of a biphasic nature came
from the 5-HT CRCs, which become progressively more shallow in the presence of
increasing concentrations of ketanserin. These findings suggests activation of more
than one receptor by 5-HT. Construction of a more defined 5-HT CRC supported this
further and suggested that more than one 5-HT receptor subtype could be mediating
the ERK phosphorylation response. A model was constructed to explore the
influence of activation of two receptors signalling through ERK, which allowed
alteration of the affinity and efficacy of the response of the two receptors. The model
suggested that two 5-HT receptors are involved in the response with affinities that
differ by 100-fold and with different efficacies (ta = 5, g = 10). These tau values
implying that 5-HT behaves as a partial agonist at both receptors. This model could
be further explored by the addition of antagonists to predict their behaviour in the

experimental situation.

The most likely candidate for the second 5-HT receptor is 5-HTyg, as this receptor
had been reported to be induced upon activation of the HCSs. Sumatriptan, a
selective 5-HTig/1p receptor agonist behaved as partial agonist in the ERK
phosphorylation assay and was not inhibited by GSK1606260A or ketanserin.
Cyanopindolol (100 nM), a 5-HT,g antagonist (pKg = 8.1 - 8.7) (Maroteaux et al.,
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1992; Giles et al., 1996), caused a rightward shift of the sumatriptan CRC, with an
affinity estimate of 8. This evidence taken together adds support to the hypothesis
that sumatriptan is interacting at the 5-HTg receptor. Two experimental methods
were used with the aim to investigate the ketanserin antagonism of 5-HT in a pure 5-
HT,a system through removal of the influence of the 5-HTg receptor by inhibition
with cyanopindolol or blocking the G;-protein activation with PTX. The 5-HT CRC
slope in the presence of ketanserin (100 nM) approaches unity in combination with
cyanopindolol or PTX pre-treatment, with an estimated pA; of ~ 9. The 5-HTg
receptor influence was therefore removed to reveal a pure 5-HT,a response. This
data adds further evidence that the 5-HTg receptor is likely to be the second 5-HT
receptor involved in the 5-HT stimulated ERK phosphorylation response.

The effect of PTX pre-treatment on the sumatriptan CRC was investigated as this
response should be abolished if it is acting through the 5-HT ;g receptor. There was a
> 5-fold shift of the sumatriptan CRC but the response was not completely abolished.
Due to the low potency (pECso ~5) of sumatriptan, it is feasible that at the higher
concentrations, sumatriptan is causing phosphorylation of ERK via the 5-HTa
receptor, as ketanserin (100 nM) reduced the maximum sumatriptan response. The
magnitude of the response is not as much as would be expected for 5-HT,x effect but
could depend on how much of the response is elicited by the 5-HT,a receptor.
Further experiments investigating sumatriptan with PTX pre-treatment in the
presence and absence of ketanserin may be able to further define if 5-HT,a is

activated by sumatriptan or via another mechanism.

Indeed, it has been reported that 5-HT; and 5-HTf receptors are present on HSCs
and that their expression either reduces or remains stable respectively during
activation of HSCs (Ruddell et al 2006). However these receptors were not
investigated in this thesis. 5-HT;f like 5-HT;5 couples through G; and so would have
also been inhibited by PTX pre-treatment. Sumatriptan is also reported to be an
agonist at the 5-HTy¢ receptor (Adham et al., 1997) but cyanopindolol has not been
reported to be a 5-HTr receptor antagonist. The inhibition of sumatriptan by
cyanopindolol would therefore suggest a 5-HT1g receptor mediated effect as opposed
to 5-HTif receptor mediated response. Further investigation is warranted to clearly
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define the identity of the second 5-HT receptor, but the evidence so far seems to
support this being the 5-HT,g receptor. This is the first time that evidence has been
presented for the presence of a second receptor that contributes to the activation of

ERK phosphorylation by 5-HT in mouse HSCs.

7.7 Role of 5-HT in driving proliferation in mouse and human hepatic stellate

cells.

Next investigations as to the role the 5-HT, and 5-HT;g receptors, expressed on
HSCs, contribute to phenotypic fibrotic endpoints was undertaken. The key
phenotypic features of HSCs activation into a myofibroblast—like cell following liver
injury are proliferation, contractility, production of collagen, expression of TIMP-1,
expression of a-SMA, loss of retinoid storage capability, resistance to apoptosis, and
chemotaxis (Murphy et al., 2002; Friedman, 2008). Evidence in the literature had
reported that 5-HT was able to exert an effect on proliferation (Ruddell et al., 2006;
Ebrahimkhani et al., 2011; Kim et al., 2013).

5-HT did not induce proliferation in mouse and human HSCs whereas PDGF, a
potent mitogen, induced proliferation in a concentration-dependent manner in
agreement with the findings of Ruddell et al. (2006) in rat HSCs. Myofibroblasts
derived from either mesangial cells (Eto et al., 1997) or fibroblasts (Welsh et al.,
2004; Chen et al., 2014) have been reported to exhibit a proliferative effect of 5-HT,
which may indicate a difference in sensitivity of a particular cell type to 5-HT as a
mitogen. Investigation of the 24 h time course of ERK phosphorylation demonstrated
a difference profile of response between 5-HT and PDGF in mouse HSCs. 5-HT and
PDGF had a similar profile over the first 3 h but then the 5-HT response declined to
baseline after 8 h, whereas the PDGF response continued at a low level of activation
up to 24 h. This low level of activation possibly sufficient to continually stimulate
the proliferation of the cells. In the literature a biphasic time course for ERK
phosphorylation was observed in response to PDGF, with a second peak being
achieved at 15 h in human HSCs (Bonacchi et al., 2001). The 5-HT pERK response
kinetics are similar to those observed with the CXCR3 ligand, IP10, which is unable
to induce proliferation. In this case there is a peak pERK response observed between
15 - 30 min before returning to baseline at 4 h in HSCs. (Bonacchi et al., 2001).
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These data taken together confirm a different activation profile for both 5-HT and

PDGF which may explain why 5-HT does not influence proliferation of HSCs.

5-HT, antagonists had previously been reported to inhibit proliferation (Ruddell et
al., 2006; Lee et al., 2012; Kim et al., 2013). Ketanserin and GSK1606260A failed to
inhibit proliferation in the concentration range expected for responses mediated by
the 5-HT,a and 5-HT,z receptor respectively. Inhibition of proliferation with
ketanserin and GSK1606260A was observed at concentrations > 1 puM, but this is
probably a non-specific effect as both inhibitors have nM affinity for their respective
5-HT, receptor subtypes. These data are similar to those previously reported for
ketanserin and a number of different 5-HT, antagonists in rat HSCs where the 1Cs
values were all greater than 1 uM (Ruddell et al., 2006). This data does not support
an effect of 5-HT, antagonism on proliferation and highlights the problem of using
high concentrations of antagonists to confirm specific receptor effects subsequently

leading to erroneous interpretation of the result.
7.8 Investigation of a synergistic interaction of 5-HT and PDGF.

An enhancement of proliferation with a maximal concentration of 5-HT, as well as a
5-HT concentration-dependent increase in proliferation in the presence of a sub-
maximal concentration of PDGF was reported in rat HSCs (Ruddell et al., 2006).
This could not be replicated in the proliferation studies undertaken in this thesis. As
both 5-HT and PDGF activate receptors that signal via the ERK pathway,
investigation of PDGF and 5-HT in the pERK assay was undertaken to establish

whether synergy is observed.

The studies demonstrated that in the presence of a sub-maximal concentration of 5-
HT, there was a 4-fold leftward shift of the PDGF CRC with no significant
difference in the maximum effect observed with PDGF alone. This data suggests that
there is an enhancement of the PDGF CRC, indicative of a synergistic effect. From
the data generated it is possible to conclude that 5-HT increases the sensitivity of
tyrosine kinase (TRK) activation to PDGF and that PDGF is able to maximally
activate all the TRK. The reciprocal experiment demonstrated that a sub-maximally

effective concentration of PDGF does not affect the 5-HT CRC potency but causes a
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greater maximum response, therefore is suggestive of an additive effect. The data
with the different combinations seems to suggest that there may be a limit to the level
of the ERK phosphorylation response achievable in the HSCs, with PDGF able to
cause a greater degree of ERK phosphorylation or in fact maximally stimulate.
Further studies investigating the effect of higher concentrations of 5-HT on the
PDGF response and higher PDGF concentrations on the 5-HT response may be able
to elucidate if PDGF does maximally stimulate all the TRK.

This is the first time these studies have been undertaken in HSCs using the ERK
phosphorylation assay which has clearly demonstrated a synergistic effect of 5-HT
on the PDGF response. Translation of this synergistic effect in the proliferation assay
was not observed, but the proliferation assay used may not have been as sensitive as
the one used in the literature, where an enhancement was observed (Ruddell et al.,
2006). It is also possible that PGDF proliferation is achieved at sub-maximal
concentrations in terms of TRK activation. Taken together, the lack of effect of 5-HT
and any synergistic effect on the PDGF proliferation it is difficult to identify a role
for 5-HT in HSC proliferation.

7.9 Investigation of the role of 5-HT in driving collagen deposition in mouse

and human hepatic stellate cells.

Activated HSCs are the key cells involved in collagen deposition. In the chronically
injured liver HSCs persist, producing excess deposition of collagen, which alters the
constituents of the hepatic ECM, such that the liver becomes fibrotic (Benyon and
Arthur, 2001). 5-HT was shown to activate the mitogen-activated protein kinase 1
(ERK) and transcription factor JunD to mediate stimulation of TGFB1 transcription
in HSC (Ebrahimkhani et al., 2011). The hypothesis to explain these effect was that
5-HT-stimulates release of TGFB1, which binds to the TGFp receptor on the HSCs to
stimulate collagen deposition (Ebrahimkhani et al., 2011; Mann and Oakley, 2013).

The effects of 5-HT to induce collagen deposition was investigated in a Scar in a Jar
assay. This assay measures rapid deposition of granular collagen | aggregates within
a 72 h timeframe through macromolecular crowding. 5-HT had no effect on collagen

deposition in both mouse and human HSCs with ketanserin having no effect on
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collagen deposition in human HSCs. The ability of TGFB to stimulate collagen
deposition in HSC is key to being able to demonstrate an effect of 5-HT on
promoting collagen deposition. In mouse HSCs, TGFp exhibited a concentration-
dependent increase in collagen deposition in only one out of the three batches of
cells. The basal collagen levels of the two batches that were insensitive to TGFp
were similar to collagen levels at maximal stimulation by TGFp in the sensitive
batch. There was a greater number of cells in the TGFf insensitive batches. It is
possible that a greater number of HSCs produce more latent and active TGFp so the
cells are less sensitive to TGFB and a higher basal level of collagen deposition is
observed. Therefore if the cells become less sensitive to TGFf then this would

compromise the ability of 5-HT to induce an effect on collagen deposition.

In the human HSCs a TGFp concentration-dependent increase was observed in 50%
of the experiments performed. The HSCs batches that were insensitive to TGFp
tended to be HSCs that had been in culture for longest. This implies that HSCs
become resistant to TGFB with extended time in culture. This is supported by
previous work showing that upon differentiation into a myofibroblast phenotype the
cells lose sensitivity to TGFpB and produce extracellular matrix protein by a TGFp-
independent pathway (Dooley et al., 2001). Quiescent and newly isolated HSCs have
been found to be more sensitive to TGFf than cells in culture activated on plastic
(Dooley et al., 2000; Liu et al., 2003; Dooley and ten Dijke, 2012), so the activated
phenotype may only allow a small window for further activation by TGFp

stimulation.

The way each human donor cells responds will depend on the sex, age, genetic
makeup and state of liver (Mihlbauer et al., 2004). This suggests that there is strong
possibility of variability within other signalling pathways in human HSCs as well as
the TGFp signalling pathway. HSCs isolated from human cirrhotic livers are partially
activated, which is not observed in freshly isolated HSCs from healthy livers
(Sancho-Bru et al., 2005). This difference may therefore explain the difference in the
ability of TGFp to drive collagen deposition. This could be explored further but

would require donor information such as age, sex and liver disease status to be
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available for each set of HSCs that are isolated, which has not always been the case

in the cells used in these studies.

7.10 In Vivo CCI4 liver model.

Studies in this thesis focussed mainly on the HSCs role, as this cell has been shown
to play a key role in liver fibrosis and is responsible for the scarring observed in
fibrosis (Friedman, 2008a; Jiao et al., 2009). However, the liver, is a multi celluar
organ and so the interplay between the different populations of cells will play a
major role in how the liver responds to the fibrotic stimuli. The effect of a selective
5-HT,a antagonist, volinanserin, and selective 5-HT,g antagonist, GSK1606260A,
were tested in a mouse CCl; model of lung injury, by administration of selective
concentrations by minipump to achieve 90 and 99% receptor occupancy throughout
the study. Volinaserin, demonstrated no significant difference in the PSR staining, at
week 8, with both doses (0.06 and 0.32 mg/kg/day) implying that 5-HT,a antagonism
has no benefit as an anti-fibrotic therapy. GSK1606260A, demonstrated a significant
increase in PSR staining at week 8, with both doses (0.15 and 1.53 mg/kg/day) and
further analysis of the data implied a 5-HT,g concentration-related relationship. This
data suggests that 5-HT has an anti-fibrotic activity via the 5-HT,g receptor in the

injured liver and blockade leads to increased fibrosis.

As very low and selective 5-HTg concentrations of GSK1606260A were maintained
in the study it is unlikely that the effect of this inhibitor is driven through an ‘off-
target’ activity. The literature concerning the role of 5-HT in fibrosis demonstrates it
to be more likely to be pro-fibrotic (Oates et al., 1966; Graham, 1967; Reimund,
1987; Pavlovic et al.,, 1995). Data from the withdrawn anti-obesity drug
fenfluramine, demonstrated it to cause VHD through activation of 5-HT,g receptors
by its metabolite norfenfluramine (Rothman et al., 2000). MDMA, used in
Parkinson’s disease, was also found to cause VHD through activation of 5-HT,g
receptors. In addition data from a mouse CCl, model, using SB-204741, a selective
5-HT,g antagonist, found reduced numbers of activated HSCs, fibrotic matrix,
expression of TGFB1 and fibrogenic genes (TIMP-1 and pro-collagen I). No SB-
204741 PK was reported to confirm the blood concentrations obtained

(Ebrahimkhani et al., 2011), but an ‘in-house’ study, following the same dosing
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protocol, demonstrated only brief exposure of the parent compound following dosing
(all parent compound was cleared by 2 h of dosing). The in vivo study reported in
this thesis demonstrated a constant exposure of 90-99% occupancy of
GSK1606260A throughout the last 5 weeks of CCl, dosing to the animals. The data
generated in the in vivo study therefore contradicts the in vivo CCl, study with SB-
204741, which suggests a 5-HT,g anti-fibrotic effect (Ebrahimkhani et al., 2011), as
well as the literature concerning 5-HT and fibrosis. The data presented in this thesis
has been unable to demonstrate a functional 5-HT,g receptor present on HSCs. The
interplay between different resident cells, such as hepatocytes, Kupffer cells and
sinusoidal endothelial cells along with the vasculature will determine the overall
pharmacological effect of the compounds in the liver.

A 5-HT>a antagonist, sarpogrelate, was dosed in a thioacetamide (TAA) rat model of
liver injury and found to reduce lobular inflammation and cause a slight, but not
significant, attenuation of periportal fibrosis (Kim et al., 2013). Again no PK studies
were reported to confirm exposure of the sarpogrelate but expression of markers of
HSC activation, a-SMA, TGFB and Smad2/3 were all significantly reduced
following treatment. This data is partially consistent with the volinaserin data, as
there was no significant anti-fibrotic effect. Overall there is conflicting data reported
in the liver injury models and further comprehensive studies would be needed to

explore dose exposure, receptor target engagement and toxicity of compounds.

5-HT is able to exert its effects through 13 distinct GPCRs and one ligand-gated ion
channel. Numerous 5-HT receptors are present throughout the liver with expression
on vascular endothelium, hepatocytes, Kupffer cells and cholangiocytes (Ruddell et
al., 2008; Ebrahimkhani et al., 2011). Expression of 5-HT 14, 5-HT 15 5-HT ;p 5-HT
2a, 5-HT 25 5-HT 34 5-HT 35 receptors were shown in liver (Lesurtel, 2006). This
would mean that anti-fibrotic medication which targets 5-HT receptors could be
hindered by the diverse physiological role of these 5-HT receptors. 5-HT has been
shown to exert both a proliferative and anti-proliferative effect on cells (Lesurtel,
2006). Following hepatectomy there was observed a 3- to 4- fold up-regulation of 5-
HT,a and 5-HT 5 receptors, which suggests a role in liver regeneration (Lesurtel,
2006). Hepatocytes have been reported to express the 5-HT,a receptor, which when

198



stimulated by 5-HT would promote hepatocyte regeneration (Lesurtel, 2006;
Ebrahimkhani et al., 2011). A 5-HT,a antagonist would potentially inhibit
regeneration, an undesirable effect in an already injured liver. Conversely 5-HTa
inhibition may be desirable for some of the diverse processes involving 5-HT.
Platelets have also been reported to express the 5-HT,a receptor, which when
stimulated causes activation and aggregation of the platelets which manifests itself
with the release of their stored 5-HT, thus creating a positive feedback loop
(Przyklenk et al., 2010; Watts et al., 2012). This would mean that 5-HT,a
antagonism might provide the added benefit of preventing 5-HT release from
platelets, which is of importance in the development of fibrosis (Ruddell et al., 2006,
2008; Dees et al., 2011; Ebrahimkhani et al., 2011; Mann and Oakley, 2013). 5-HT
contributes to the development of portal hypertension by increasing resistance in the
intra-hepatic vasculature and in the portal vein itself by signalling through the 5-
HT,a receptor (Kaumann and Levy, 2006; Watts et al., 2012). This may therefore
identify 5-HT,a targeted therapy to alleviate or protect against the development of
portal hypertension. This diversity of effect of 5-HT on the 5-HT,a receptor in the
liver may therefore explain why there was no overall anti-fibrotic effect observed

with volinanserin in the CCl, mouse model.

7.11 Summary

The primary aim of these studies was to carry out an ‘in-depth’ pharmacological
characterisation of the 5-HT, receptor subtype present on activated mouse and
human HSCs to fully evaluate and extend the evidence for a role of 5-HT,
antagonists in fibrosis. In the literature this had not been carried out with any
quantitative pharmacological rigour with the focus on expression of proteins, which
has led to conflicting evidence as to which 5-HT, receptor was mediating the effect.
The data generated in the 5-HT-stimulated calcium release and ERK phosphorylation
assay using selective antagonists at selective concentrations have identified
conclusively that the 5-HT,a receptor is major receptor responsible for these effects
of 5-HT on HSCs. It was not possible to confirm the 5-HT,a receptors involvement
in the ERK phosphorylation assay using human HSCs, due to a high basal level of
ERK phosphorylation.
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Taken together the data generated in this thesis demonstrates that the 5-HT,a is
major receptor responsible for mediating the effects of 5-HT on activated HSCs and
that a second receptor, 5-HT1g may also play a role. The phenotypic studies have
been unable to demonstrate an effect of 5-HT on either proliferation or collagen
deposition which suggests that 5-HT does not play a major role in these processes.
The synergy studies using the mouse HSCs may indicate that 5-HT plays a role in
early fibrosis. The lack of effect of 5-HT on human HSCs to stimulate ERK
phosphorylation may indicate that 5-HT does not play a major role in fibrosis in
humans. The results from the in vivo CCl, mouse model of liver injury have provided
no evidence to imply involvement of 5-HT,a in fibrosis but have found that
activation of the 5-HT,g receptor could be profibrotic. This finding is interesting as
no functional 5-HT,g receptor was identified on HSCs. The interplay of the 5-HT
receptors present on the different cells and vessels in the liver seems to imply that a

selective 5-HT receptor anti-fibrotic mechanism is not a viable strategy.

7.12 Future Directions.

There are certainly some future experimental studies which can build on the data
generated in this thesis. Radioligand binding studies using selective ligands could be
undertaken to identify and confirm the identity of the 5-HT receptors present on
HSCs along with the concentrations of receptors present. Confirmation of 5-HT
receptor expression on HSCs being undertaken to narrow down the range of binding
experiments required. This would aid the identification of the second functional
receptor present on HSCs. The radioligand analysis combined with 5-HT receptor
expression analysis of the receptors could be undertaken in newly isolated cells and
continued as the HSCs activate in culture. In human HSCs the effect of disease

status, sex or age on the population of 5-HT receptors could be investigated.

There are some further mechanistic studies which could be undertaken. The
insurmountable nature of the antagonism of volinanserin and ketanserin observed in
the ERK phosphorylation assay could be investigated further. Similar ‘washoff’
experiments could be undertaken as were carried out for the calcium release assay.
This would be able to confirm whether the hemi-equilibrium phenomenon could

account for the insurmountable antagonism observed. Radioligand dissociation
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studies could be undertaken to determine if ketanserin and volinanserin do slowly

dissociate from the receptor adding further weight to the hemi-equilibrium theory.

The “phenotypic’ fibrotic responses of proliferation and collagen deposition are not
the only process that could be studied which the HSCs are involved in. HSCs when
activated are also capable of contraction, migration, and releasing TGFp which are
processes that could be further investigated. As activation of the 5-HT,a receptor
causes calcium release, which is important for contraction, this maybe something that
IS a more immediate response and more likely to be influenced by 5-HT. We also
have to remember that these cells have been activated through culture on plastic and
the stiffness of the plastic can have an influence on how the HSCs respond (Wells,
2008; Olsen et al., 2011; Caliari et al., 2016). Investigation of the response to 5-HT
on HSCs cultured on different plastics (exhibiting different degrees of stiffness), or
on basement membrane-like matrix Matrigel or stiffening hydrogels may provide

further insight into HSC behaviour.

Understanding how 5-HT influences release of TGFB may help to determine its
influence on collagen deposition. Although the data from the in vivo studies does cast
doubt on 5-HT,a being a viable therapy. There would still be value exploring
whether there were any off target effects of the compound in the in vivo studies.
Understanding the toxicity profile of the compounds used in the in vivo studies could

greatly enhance the interpretation of the data.

In vivo models of liver fibrosis offer a way to investigate molecules in a multi-
cellular environment but it is difficult to replicate the human disease (Constandinou
et al., 2005; Starkel and Leclercg, 2011). Human precision-cut liver slices (PCLS)
offer a way to investigate the HSCs along with other liver cell types present in a
physiological extracellular environment (Olinga and Schuppan, 2013; Trautwein et
al., 2015). Human PCLS have been used to investigate HSCs and can be used to test
potential anti-fibrotic drugs (Van de Bovenkamp, 2005; Van de Bovenkamp et al.,
2006, 2008). PCLS prepared from both normal and diseased liver could be employed
to further investigate 5-HT agonists and antagonists on human HSCs. This may

therefore provide further insight into the relevance of 5-HT in human liver fibrosis.
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CHAPTER 9: APPENDIX.
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9.1 Additional data.

Where additional data has been generated by co-workers, that was deemed to add
value to the author’s conclusions by being included, this has been highlighted in the
relevant results section and any methodology from those experiments fully described

in this appendix section.

9.2 Mouse and human 5-HT,a and 5-HT,g recombinant assay.

9.2.1 FLIPR™ Method.

CGE22cells (CHO/GAM/E1A clone22 cells) were thawed, washed and resuspended
in growth media (DMEM/F12 containing 10% FCS (charcoal and dextran treated)
and 1% glutaMax). 10% BacMam virus containing either muSHT,a or muSHT g or,
h5HT,a or h5HT,z was added to the cells. The cells were plated out at 10,000 cells
per well in a black flat-bottom clear bottomed 384 plate and incubated at 37°C in 5%
CO, for 24 h. The media was removed and replaced with loading buffer (FLIPR
buffer:-HBSS (137 mM NaCl, 4.24 mM NaHCOj3, 5.6 mM glucose, 5.4 mM KCl,
1.3 mM CaCl,, 0.8 mM MgSO, 04 mM K;HPO, and 20mM N-2-
hydroxyethylpiperazine-N’-ethanesulphonic acid (HEPES) pH7.4) 25 mM
probenicid (to inhibit dye leakage from the cells) with the addition of 250 uM
Brilliant Black (to quench the surplus Fluo-4 AM) and 2 uM Fluo-4 AM (Molecular
probes, Invitrogen Ltd., Paisley,UK)) and incubated for 1 h at 37°C. The plate was
placed in the FLIPR, where the fluorescence was measured before and after any
additions of antagonist, vehicle or agonist. The antagonist was allowed a 15min
incubation before addition of an ECgg concentration of 5-HT. Basal and maximum
responses obtained were determined and the response was expressed as % basal

fluorescence.

9.2.2 Data analysis.

Inhibition response curves were fitted using nonlinear regression analysis (four-
parameter logistic equation with variable slope) to obtain values for loglCsp, Hill
slope, minimum response and maximum asymptote response using Microsoft Excel

add-in XCso module (GlaxoSmithKline in-house module). The fpK; was obtained by
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converting the ICsy using the Cheng-Prussoff equation (Cheng and Prusoff, 1973).
Ki =([1Cs0])/(1+([AD/([ECsal))

Where A is the ECgy concentration of the agonist and ECs, of the agonist CRC.

The data should have been fitted to the Cheng Prussoff equation which takes into
account the shape of the CRC ( Leff and Dougall 1993).

Ki =([1Cso])/((2+([AD/([ECs0])")-1).
9.2.3 Results

The fpK; obtained for each compound against each receptor are reported in Table
9.2.1 for the mouse 5-HT,A and 5-HTg receptor and Table 9.2.2 for the human 5-
HT,A and 5-HTg receptor.
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mouse 5-HTa mouse 5-HT g
pr, pr,
Ketanserin 10.1+0.2 <5
Volinanserin 10.8+0.1 54+0.2
GSK1606260A 5.4+0.3 10.2+0.2
RS-127445 6.9+0.1 10.8+0.1

Table 9.2.1 fpK; value obtained for ketanserin, volinanserin, GSK1606260A and RS-
127445 in recombinant mouse 5-HT,, and 5-HT,z receptor calcium assays. CGE222
cells were transfected with mu5-HT,s or 5-HT,s using BacMam virus. Cells were loaded
with fluorescent dye (FLUO4) for 1 h before being stimulated with and ECg, concentration
of 5-HT in the presence or absence of increasing concentrations of antagonists. (See Chapter

9: Appendix section 9.2). Data presented are the mean = SEM from three replicates.

human 5-HT,a human 5-HT g
pr, pr,
Ketanserin 9.6 +0.2 <5
Volinanserin 10.7+0.1 5.9
GSK1606260A 6.0+0.3 10.2
RS-127445 6.3+0.2 11.3

Table 9.2.2 fpK; value obtained for ketanserin, volinanserin, GSK1606260A and RS-
127445 in recombinant mouse 5-HT,, and 5-HT,z receptor calcium assays. CGE222
cells were transfected with hu5-HT,5 or 5-HT,s using BacMam virus. Cells were loaded
with fluorescent dye (FLUO4) for 1 h before being stimulated with and ECg, concentration
of 5-HT in the presence or absence of increasing concentrations of antagonists. (See Chapter
9: Appendix section 9.2). Data presented are the mean + SEM n=3 for 5-HT, and average,
n=2 for 5-HT .
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9.3 Two-Site receptor binding Model.

A model was developed in order to investigate the interaction of two signals coming
from the same receptor contributing to the ERK response (Courtesy of David Hall).

The final equation was used to construct CRCs (Equation 9.3.1)

Emax (TAIZ-I ] + TBIE{,_I ] + [H ]i((:lé;TB)>
[H] [H] [H]2(1 + Ta+7T8)

1+Tb(1+TB)+Ta(1+TA)+ K.Ks

E =

Equation 9.3.1.

The parameters of affinity and efficacy for each individual receptor were altered to
model the experimental CRCs ie. Emax of the system =1 , affinity of receptor 1, Ka

=30nM, affinity of receptor 2 Kg= 3uM, efficacy for receptor At o =5 and efficacy

for receptor Btg =5

246



9.3.1 David Halls model: Derivation and assumptions

Let[H] =conc of 5-HT

K, =affinity of 5-HT for 5-HTRA 5-HT
K,=affinity of 5-HT for 5-HT RB vy

iy ofatagon B
Kga =affinity of antagonist for Receptor A : L

. -
Kkg = affinity of antagonist 2 for Receptor B \\\.‘é/
€a = efficacy of 5-HT at receptor A ERK
€s = efficacy of 5-HT atreceptorB
(4] +[H
(HB] = — 20 [HAl= — @ — A S = ¢4 [HA] + e5 [HB]
Ki(1+——)+[H] "‘-E'~1+E-”[H]

EmaxS _Emax(ea [HA)l+€s [HB])
Kg+S  Kp+(ea [HA]+es [HB])

Emax (
K(1+[1[,§<]])+[H] Kb(1+[%{]])+[H]

ealA]+[H] “ l es[B]+[H] “

(K] (K]
K(1+[K DA [Ko(pep+H]

ealA]+[H] “ l &s[B]+[H] “

Let eAIEA]T = 1. and eBIEB]T — s then [K] =0
Equation used in excel
o Emax (TAIZ{ 1, TB}E? 1, [H ];{(:IQQ—TB))
1+ % (1+ )+ %(1 + )+ [H]Z(}(:I}:A+TB)
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9.4 Invivo CCL4 model of liver injury.

9.4.1 Compound dose selection.

Before embarking on the in vivo model work was carried out to identify the
compounds to use, formulation and dose to administer. 6 compounds were identified
as suitable candidates to investigate, three 5-HT,a and three 5-HT,g antagonists.
Based on their selectivity across other receptors, stability of formulation, % protein
binding and results of naive mice pilot PK studies two compounds, volinanserin and
GSK1606260A, were chosen. The doses required to achieve about 90 and 99%
occupancy were determined using the receptor specific functional pK; and data
generated from the pilot PK study.

9.4.2 Calculation of dose.
Receptor occupancy (RO) was determined from the ligand concentration [L]
required and K; of the ligand.

[L] = RO x ([L] + Ki)

(L]

Therefore RO = -
[L]1xKi

Actual blood concentration required

The % protein bound for each ligand is required to determine the blood free fraction
(BFF). From this the ligand concentration required divided by the BFF will

determine the actual blood concentration which needs to be achieved.

Actual concentration (ng/ml)

[Actual Conc ](ng/ml)=(([actual blood conc] X mol wt )/1000))/1e-9

Dose to be given mg/kg/day :

(Actual concentration / ng/ml achieved for a known mg/kg/day)x known

mg/kg/day.

Dose concentration mg/ml to be administered in via the mini-pump at a rate of

3.6 ul per day.
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((Dose to be given mg/kg/day x weight of mouse (g))/3.6) = dose concentration.

9.4.3 Animal study.

All animal studies were ethically reviewed and carried out in accordance with
Animals (Scientific Procedures) Act 1986 and the GSK Policy on the Care, Welfare

and Treatment of Animals.

C57BI/6 mice (n=63) were divided into Groups 1 to 6. Each group was subdivided
into two in order to stagger the start date of each sub group by one week. All animals
were dosed by the intraperitoneal route twice weekly with CCl, (2 pl/g of body
weight, 1:3; CCly;olive oil) for up to a total of 8 weeks to induce fibrosis.. Group 2
animals were culled at the end of week 3 to determine the baseline level of fibrosis
prior to compound administration. All other animals were surgically implanted with
minipumps (ALZET 2006, flow rate 3.6 uL/day) that had been loaded with: Group 1:
compound vehicle (DMSO : PEG200 : water 10:45:45 (v/v/v); Group 3 and 4:
Volinanserin 0.06 and 0.32 mg/kg/day, respectively, Group 5 and 6: GSK1606260A
0.15 and 1.53 mg/kg/day, respectively. The dose levels were selected in order to
achieve between 90-99% receptor occupancy as determined by their receptor
functional pK; and exposure from a pilot pharmacokinetic study (Table 9.4.1, Figure
9.4.1).

Blood samples were taken from animals throughout the in life phase and as a
terminal procedure to determine drug exposure levels. At the end of the study two
liver lobes were removed to determine tissue levels and histological assessment of
collagen staining (a combination of collagen 1 and 3) using the percent area of
picrosirius red staining (% PSR) . The significance of the % PSR was determined
comparing treatment with the 8 week vehicle group to obtain a Dunnetts adjusted p

value.

9.4.4 Results.

For the in vivo model the blood concentrations obtained were plotted over time for
each of the doses with the 90 and 99% occupancy concentrations. The blood

concentrations which were determined, following minipump administration of
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GSK1606260A Receptor occupancy %RO=([L]/[L]+KI)*100
mouse fKi 6.31E-11 Delivery at 2mg/kg/day gave 39ng/ml steady state concentration
S'HTZB pr, 10.2
Mol wt 383 25g mouse
5-HT,g fpK; in( ng/ml) 0.024 given 3.6 ul per day
added ligand
Receptor concentration | Concrequired | Mouse protein | Blood free | Actual concrequired Actual conc Dose Dose conc
times Ki occupancy required ng/ml binding % fraction % to be delivered required ng/ml  [mg/kg/day| mg/ml
1 50 6.310E-11 0.02 919 8.1 7.79E-10 0.30 0.02 0.1
3 75 1.893E-10 0.07 919 8.1 2.34E-09 0.90 0.05 0.3
10 90.91 6.310E-10 0.24 91.9 8.1 7.79E-09 2.98 0.15 11
30 96.77 1.893E-09 0.72 919 8.1 2.34E-08 8.95 0.46 3.2
100 99.01 6.310E-09 2.42 91.9 8.1 7.79E-08 29.83 153 10.6
300 99.67 1.893E-08 7.25 91.9 8.1 2.34E-07 89.50 4.59 319
1000 99.90 6.310E-08 24.17 919 8.1 7.79E-07 298.34 15.30 106.2
3000 99.97 1.893E-07 72.50 91.9 8.1 2.34E-06 895.02 45.90 318.7
10000 99.99 6.310E-07 241.66 91.9 8.1 7.79E-06 2983.42 153.00 1062.5
Volinanserin Receptor occupancy
mouse fKi 1.58E-11 Delivery at 2mg/kg/day gave10.2ng/ml steady state concentration
S'HTZA pr, 10.8
Mol wt 373 25g mouse
5-HT, fpK; in (ng/ml) 0.006 given 3.6 ul per day
added ligand
Receptor concentration | Concrequired | Mouse protein | Blood free | Actual concrequired Actual conc Dose Dose conc
times Ki occupancy required ng/ml binding fraction % to be delivered required ng/ml  [mg/kg/day| mg/ml
1 50 1.585E-11 0.01 819 18.1 8.76E-11 0.03 0.01 0.04
3 75 4.755E-11 0.02 819 18.1 2.63E-10 0.10 0.02 0.1
10 90.91 1.585E-10 0.06 81.9 18.1 8.76E-10 0.33 0.06 0.4
30 96.77 4.755E-10 0.18 819 18.1 2.63E-09 0.98 0.19 13
50.0 98.04 7.924E-10 0.30 81.9 18.1 4.38E-09 1.63 0.32 2.2
100 99.01 1.585E-09 0.59 81.9 18.1 8.76E-09 3.27 0.64 4.4
300 99.67 4.755E-09 1.77 819 18.1 2.63E-08 9.80 1.92 13.3
1000 99.90 1.585E-08 5.91 81.9 18.1 8.76E-08 32.66 6.40 44.5
3000 99.97 4.755E-08 17.73 819 18.1 2.63E-07 97.98 19.21 133.4
10000 99.99 1.585E-07 59.12 819 18.1 8.76E-07 326.61 64.04 444.7

Table 9.4.1. Receptor occupancy calculations for GSK1606260A and volinaserin for the
in vivo CCl, study. The lines highlighted in yellow are the receptor occupancy level to be
achieved and the does required to be given to achieve that dose taking into account the
protein binding and pilot mouse PK study data. This shows all the calculations required that
took place to deliver the correct dose. (See Chapter 2: Data analysis section, Appendix 9.4.3
Materials and methods).
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—ca.ip. ] ccl

Cull Group 2

I I I

Blood sampling at
weeks4,5,6, 788

Group | No. of animals Minipump dose administered
weeks 3-8

1 15 Vehicle
2 g NIA
3 10 0.06 mg'kg/day Volinanserin
4 10 0.32 mg/kg/day Volinanserin
5 10 0.15 mg'kg/day GSK1606260A
] 10 1.53 mg/'kg/'day GSK1606260A

Figure 9.4.1. Diagram of the in vivo protocol for the CCl, study.
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volinanserin (0.06 and 0.32 mg/kg/day) and GSK1606260A (0.15 and 1.53
mg/kg/day) throughout the study, remained stable and at levels predicted to achieve
the receptor occupancy required (Figure 9.4.2).

Histological assessment of fibrosis in the model obtained at week 3 and 8
demonstrated a significant increase in % picrosirius red staining observed between
week 3 and week 8 vehicle treated animals (P<0.001 p value adjusted based on
Dunnett’s method) (Figure 9.4.3) confirming that this model is capable of

demonstrating a disease window with which to compare treatments.

Liver from animals dosed with the 5-HT,s antagonist GSK1606260A had
significantly increased % PSR area at both doses compared to the 8 week vehicle
(*Dunnetts adjusted  p-value=0.0445 for 0.15mg; **Dunnetts adjusted p-
value=0.0036 for 1.53mg) (Figure 9.4.4). Liver from animals dosed with the 5-HT2a
antagonist, volinanserin (0.06 and 0.32 mg/kg/day) showed no significant difference
in the % PSR area staining compared with liver from vehicle animals at week 8
(Figure 9.4.5).
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Figure 9.4.2. Blood concentrations achieved following the minipump administration of
GSK1606260A and volinaserin to the mouse during the study. Animals were surgically
implanted with minipumps (flow rate 3.6 pl/day) that had been loaded with: Group 3 and 4:
Volinanserin 0.06 and 0.32 mg/kg/day, respectively, Group 5 and 6 GSK1606260A 0.15 and
1.53 mg/kg/day, respectively. The blood samples were taken throughout the life phase and as
a terminal procedure to determine the drug exposure levels (See Appendix 9.4.3. Materials
and methods). Data was expressed as blood concentration.
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Figure 9.4.3 Histological assessment for percent area of picrosirius red obtained at
week 3 and week 8. Animals were injected i.p. with carbon tetrachloride (CCL,) twice
weekly for up to a total of 8 weeks to induce fibrosis. One group of animals was culled at 3
weeks to determine a baseline level. Data shown is a representative slide of the % picrosirius
staining obtained at week 3 and week 8. (See Appendix 9.4.3. Material and methods). The
graph shows the % picrosirius red staining obtained for all the control animals with the

geometric mean with 95 % confidence interval obtained. *** P<0.001 (p value adjusted
based on Dunnett’s method)
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Figure 9.4.4 Histological assessment for percent area of picrosirius red obtained at
week 3, week 8, week 8 dosed with GSK1606260A 0.15 mg/kg/day and week 8 dosed
with GSK1606260A 1.53 mg/kg/day. Animals were injected i.p. with CCL, twice weekly
for up to a total of 8 weeks to induce fibrosis. On group was culled at 3 weeks to determine
baseline and the rest of the groups of animals were surgically implanted with minipumps
(flow rate 3.6 pL/day) that had been loaded with vehicle (DMSO : PEG200 : water 10:45:45
(viviv), 0.15 mg/kg/day GSK1606260A and 1.53 mg/kg/day GSK1606260A respectively.
(See Appendix 9.4.3. Materials and methods). Histological assessment of fibrosis was
determined as % picrosirius red staining. Data shown is geometric mean with 95 %

confidence interval obtained. ** P<0.01 and * P<0.015 (p value adjusted based on Dunnett’s
method).
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Figure 9.4.5. Histological assessment for percent area of picrosirius red obtained at
week 3, week 8, week 8 dosed with volinanserin 0.06 mg/kg/day and week 8 dosed with
volinaserin 0.32 mg/kg/day. Animals were injected i.p. with CCL, twice weekly for up to a
total of 8 weeks to induce fibrosis. On group was culled at 3 weeks to determine baseline and
the rest of the groups of animals were surgically implanted with minipumps (flow rate 3.6
ul/day) that had been loaded with vehicle (DMSO : PEG200 : water 10:45:45 (v/v/v ), 0.06
mg/kg/day volinanserin and 0.32 mg/kg/day volinanserin respectively. (See Appendix 9.3.
Materials and methods). Histological assessment of fibrosis was determined as % picrosirius
red staining. Data shown is geometric mean with 95 % confidence interval obtained.
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