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SUMMARY OF THESIS

The broad aim of the studies described in this thesis was to evaluate the role of
neuropeptide galanin in acute pancreatitis (AP). Treatment of AP is mainly
symptomatic and supportive and no definitive pharmacological therapy for this

disease is currently available.

There are a number of studies in animal models of AP which demonstrate
beneficial effect of a pharmacological agent in the management of AP. But most
of these studies are limited to single species. The studies presented in the thesis
evaluate the role of galanin and several of its antagonists in experimental AP in
two different species. The initial part of the experimental work was performed in
the possums, using a well established model of AP in the laboratory. Later, the

experimental work has been carried out in the mouse.

The overall hypothesis was that galanin plays a major role in the onset and/or

progression of AP.

In Chapter 2, the effect galanin or galantide administration, before and after AP
induction on severity of AP in the possum model is described. The studies
demonstrated that galantide decreased various indices of AP when administered

prophylactically and therapeutically.



Chapter 3 outlines studies to determine if administration of galanin or galantide
alters pancreatic vascular perfusion (PVP) during AP in the possum model.
These studies suggested that in AP there is an initial fall in PVP, which is
exacerbated by administration of galanin prior to onset of AP. Conversely,
galantide administration prevented this decrease in PVP, and was associated

with a rise in PVP through out the duration of the experiment.

Chapter 4 describes preliminary studies on effect of galanin and galantide on
pancreatic exocrine secretion. These demonstrated that galantide decreased
hyperstimulated pancreatic exocrine secretion, but had no effect on the basal

secretion.

The subsequent studies are carried out using the caerulein mouse model of AP.
The hypothesis has been tested in three different strains of mice, including a

galanin gene knock-out (KO) strain.

Chapter 5 outlines the effect galanin or galantide administration, before and after
AP induction on the severity of AP in the caerulein mouse model. These studies
revealed that galantide administration both prophylactically and therapeutically

decreased the severity of AP in the mouse.

In Chapter 6, the galanin gene KO were used to further test the hypothesis.
These studies revealed that AP was less severe in the galanin KO mice, thereby

suggesting a role for endogenous galanin in the onset and/or progression of AP.



Chapter 7 describes the effects of various galanin antagonist on the severity of
AP in the caerulein mouse model. These studies revealed that galantide and
M35 have beneficial effects in AP, i.e. reduced the indices of AP, whereas C7

and M40 had complex effects.

Chapter 8 provides an overview of findings and discussion of their broader

ramifications with future recommendations.

Overall, the studies have demonstrated that galanin plays a major role in AP and
galanin antagonists may be of potential therapeutic value in the management of

AP.
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ABBREVIATIONS

The following abbreviations are used throughout the text, figures and figure
legends of this thesis.

ANOVA Analysis of variance

AP Acute pancreatitis

BP Blood pressure

BSA Bovine serum albumin

Ca++ Calcium

CCK Cholecystokinin

CCK-8 Cholecystokinin octapeptide
CNS Central nervous system

CVP Central venous pressure
GAL-LI Galanin- like immunoreactivity
GALR1 Galanin receptor 1

GALR2 Galanin receptor 2

GALRS Galanin receptor 3

GMAP Galanin message associated peptide
ICAM Intercellular adhesion molecule
IL Interleukin

v Intravenous

KO Knock-out

LDF Laser Doppler fluxmetry

MPO Myeloperoxidase

NO Nitric oxide

NOS Nitric oxide synthase

NFK B Nuclear factor kappa Beta

PD Pancreatic duct

PDP Pancreatic duct pressure
PVP Pancreatic vascular perfusion

RNA Ribonucleic acid



SEC
SEM
TNF
VIP
WT

Secretin
Standard error of the mean
Tumour necrosis factor

Vasoactive intestinal polypeptide
Wild type
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STRUCTURE OF THESIS

History of candidature

My candidature for this thesis commenced in April 2004 as a full time student.
The literature review was surveyed during 2004. During this year preliminary
studies were performed based on the findings of my predecessor, Mark Brook-
Smith. Based on these preliminary studies the overall hypothesis and specific
hypotheses were defined. The experimental studies were performed initially in
the possum during the later half of 2004 to early 2006. Then the studies were
undertaken in the mouse from 2006 to mid 2007 to further test the hypothesis.

Subsequently during 2007-2008, the thesis was compiled for submission.

Thesis chapters
The structure of this thesis conforms to Flinders University guidelines. This
thesis is presented in the following chapters.

Chapter 1 contains an overview of the relevant literature up to the time i
completed experimental studies (mid 2007). The literature review has been
updated to include key findings that aid in understanding of the pathophysiology
of acute pancreatitis. Chapter 1 concludes with the presentation of general
hypothesis, followed by the research aims.

Chapters 2-7 describe the experimental studies i.e. aims, methodology,
analysis, statistical methods, results and discussion. Each chapter begins with a
brief introduction.

Chapter 8 contains general discussion. The purpose of this chapter is to relate

the findings to the original hypothesis. This section concludes with suggestions
for future research.
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Location of figures
To minimise disruption to the text, all figures are located near the end of each

chapter.
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Chapter 1



Chapter 1: Introduction

1.1 Brief history of the pancreas and acute pancreatitis:

The pancreas was ignored as an organ and as a seat of disease until the early
18th century, perhaps because of its hidden retroperitoneal location and
presence of larger intraperitoneal organs such as the liver. It was called ‘the
hermit organ’ by the abdominal surgeons of the early 20" century due to the

rarity of operations performed on it.

According to Fitzgerald et al.," Greeks were the first to recognise the pancreas
as a distinct organ. Galen gave a vague description of the organ, and termed
most inflammatory diseases of the pancreas as ‘scirrhous . The first anatomical
description of pancreas was given by Herophilus of Chalcedon (circa 300 B.C.),
who was considered the Father of Scientific Anatomy. The name pancreas was
coined by Rufus of Ephesus (circa 100 A.D.) from the Greek word pan: all and
kreas: flesh or meat. It was so named because of its uniform composition and
consistency and lack of bone or cartilage. Vesalius in 1500’s gave detailed

description of the vascular anatomy of and around the pancreas.

In 1642, Johann George Wirsung described the eponymous main pancreatic
duct in the human pancreas, which bears his name. But it was Wirsung’s
student M. Hoffman, who repeatedly told him of such a duct which he had found
in the rooster 1 year earlier'. In 1742, Santorini illustrated the accessory duct of

the pancreas.
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In the 19" century, the physiological functions of the pancreas were defined.
The discovery of the function of the pancreas in digestion has been attributed to
Claude Bernard. In 1856, he showed that pancreatic juice was equally important
for the physiology of the digestive system because before this time gastric
digestion was considered as the entirety of digestive physiology. Paul
Langherhans (1869), while a medical student, published his inaugural thesis
entitled “Contribution to the Microscopic Anatomy of the Pancreas”, in which he
first described the structure of islet tissue. These were then named as ‘islets of

Langerhans’ by Laguesse in 1893.

Acute pancreatitis (AP) was anecdotally referred to in the 1500’s by Aubert? and
1800’s by Friedreich®. Reginald Huber Fitz in 1889 first specified signs and
symptoms of pancreatitis and defined the disease entity with its gangrenous,
haemorrhagic, and suppurative aspects’. His description of signs and symptoms
of AP created an awareness and interest in the medical field at that time. The
presence of a sphincter mechanism at the distal end of the common bile duct
was postulated as early as the 1600s by anatomists such as Francisci Glissoni*
However, it was not until 1887 that Rugero Oddi described the structure that
now bears his name, as a smooth muscle sphincter that functions as a regulator
of the flow of bile®. In the 1930s Boyden, working with fetal material, was able to
identify a common bile duct and pancreatic duct sphincter musculature that was

distinct from the duodenal musculature®.
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Early 1900’s was the era in which interest developed into the understanding of
pathogenesis of AP. Interest in AP developed when Opie, who was an instructor
in pathology at Johns Hopkins University in 1901, found the cause of death of
one of his patients to be due to a stone impacted at the diverticulum of Vater’.
On finding this, he proposed the “common channel” hypothesis, in which the
flow of infected bile into the pancreatic duct occurs from the common bile duct
due to a gallstone impacted at the diverticulum of Vater. The first description of
gallstone was given by Fitz®. Opie’s “common channel” hypothesis was then
tested by various researchers around the world. Archibald in 1919 demonstrated
that by producing spasm of sphincter of Oddi and thus increasing the biliary
pressure, AP could be produced. During this period Symmers (1917) studied
thirty-one cases with alcoholic indulgence, sudden death, gastric hyperaemia
and a necrotic pancreas. He concluded that AP could be due to alcohol intake®.
At this point alcohol and gallstones were considered as the major causes of AP,
but other aetiological factors were postulated and investigated. In 1936, Rich
and Duff published experimental studies that suggested pathologic vascular
changes caused by escape of pancreatic fragments into the interstitial tissue of
the organ, resulted in haemorrhage, digestion and necrosis of the pancreas. In
1976, Kelly suggested that complete bile duct obstruction by gallstone was not
necessary to cause AP and partial obstruction could also lead to AP™.
Extensive study of the pathogenesis of AP indicated that in a small proportion of

cases the aetiology is idiopathic.
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In 1927, discovery of the serum amylase test by EIman'’ was a great
contribution towards differential diagnosis of AP. With the help of this test the

milder form of the disease was diagnosed more frequently.

1.2 Anatomy of the human pancreas:

The human pancreas is an elongated structure that lies in the epigastrium and
the left upper quadrant of the abdomen. It is situated in the retroperitoneum on
the posterior abdominal wall and crosses the transpyloric plane'?. It weighs

approximately 80-100 grams and is soft and lobulated.

The pancreas is divided into the head, neck, body and tail (Fig. 1). The head of
pancreas is disc shaped and lies within the concavity of the duodenum (Fig. 2).
A part of the head of pancreas extends to the left behind the superior mesenteric
vessels and is called the uncinate process. The neck is the constricted portion of
the pancreas, which connects the head with the body. It lies in front of the portal
vein and the origin of the superior mesenteric artery from the aorta. The body
runs upwards and to the left across the midline. The tail passes forwards in the

splenorenal ligament and comes in contact with the hilum of the spleen.
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Referenced from http://hopkins-gi.nts.jhu.edu

€ ErE R - T M Lesming

Duodenum

Hormones
{insulin,
glucagon)

Blood

Endocrine portion
of pancreas
(Islets of Langerhans)

Duct cells Acinar cells
secrete aqueous secrete digestive The
glandular portions of
L NaHCO, solution enzymes J the pancreas are grossly
Y exaggerated

Exocrine portion of panaceas
Fig. 2. Diagram of the human pancreas showing the retroperitoneal location and

elements of the exocrine and endocrine structures.

Referenced from www.medicalook.com/.../organs/Pancreas.html

20



1.2.1 Anatomical relations of pancreas:

Anteriorly: from right to left: transverse colon and the attachment of transverse
mesocolon, the lesser sac and the stomach.

Posteriorly: from right to left: the bile duct, the portal and splenic veins, the
inferior vena cava, aorta, the origin of superior mesenteric artery, left psoas

muscle, the left suprarenal gland, the left kidney and the hilum of the spleen.

1.2.2 Pancreatic ducts:

The main pancreatic duct begins in the tail and runs along the length of the
pancreas (Fig. 1). It receives numerous tributaries along its path. It opens in the
second part of the duodenum along with the bile duct at the major duodenal
papilla. Sometimes the main pancreatic duct drains separately into the
duodenum. The accessory duct of the pancreas when present drains the upper
part of the head and then opens into the duodenum above the main pancreatic
duct. It opens into the minor duodenal papilla. The accessory duct sometimes

communicates with the main pancreatic duct.

1.2.3 Arterial supply of the pancreas:

The pancreas receives arterial supply from the branches of the celiac trunk and
the superior mesenteric artery'>.

The head of the pancreas is supplied by several anterior and posterior arcades.
The anterior arcade is formed by branches of the anterior superior

pancreaticoduodenal artery, which originates from the gastroduodenal artery,
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and the anterior inferior pancreaticoduodenal artery, which originates from the
superior mesenteric artery or from one of the jejunal arteries. The posterior
arcade is formed by the posterior superior pancreaticoduodenal artery , which
originates from the gastroduodenal artery, and the posterior inferior
pancreaticoduodenal artery, which originates from the superior mesenteric
artery or from one of the jejunal arteries.

The neck of the pancreas has a relatively meagre arterial blood supply. Arterial
arcades from the gastroduodenal and superior mesenteric arteries, and the
vascular supply of the body and tail of pancreas, supply the neck region.

The body and tail of the pancreas is supplied by the dorsal pancreatic and
pancreatic arteria magna from the splenic artery. In 25-30% of cases the dorsal
pancreatic artery originates from the superior mesenteric or the common hepatic
arteries. The inferior pancreatic artery may be a source of major blood supply to

the pancreas in 40% of the cases.

1.2.4 Lymphatic drainage of the pancreas:

The lymphatic vessels start within the lobules of the pancreas. These
intralobular lymphatic vessels drain into the interlobular lymphatics, which
separates the lobules and join with one another to form a larger interlobular
lymphatic, also referred to as the collecting vessels. These larger vessels reach
the surface of the pancreas and enter a surface network of lymphatic vessels

that join upon the surface and converge towards the lymph nodes.
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The pancreas has a rich supply of lymph nodes broadly divided into two groups.
The lymph nodes lie along the arteries which supply the respective part of the
gland. One forms a group around the organ while the second is close to the

upper abdominal aorta and its branches.

1.2.5 Nerve supply:

Neural innervation of the pancreas is important for both basal and stimulated
pancreatic secretions. Sympathetic and parasympathetic (vagal) nerve fibres
supply the pancreas and have profound effects on pancreatic exocrine
secretion. Neurotransmitters and neuropeptides within these nerves can exert
either stimulatory or inhibitory effects, depending upon the transmitter released.
Apart from the gastrointestinal tract, the pancreas is the only peripheral organ

that has a significant intrinsic nerve plexus.

1.2.5.1 Extrinsic innervation of the pancreas:

The parasympathetic nerve fibres innervating the pancreas originate mainly from
the dorsal vagal nucleus and partly from nucleus ambiguous from the brain'*.
Most of these fibres run in the posterior vagal trunk to the pancreas’. The
majority of these terminate on the pancreatic ganglia. The pancreas receives its
post ganglionic sympathetic innervation from neurons in the celiac and superior

mesenteric ganglia.
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1.2.5.2 Intrinsic innervation of the pancreas:

The pancreatic ganglia are nervous integration centres of the pancreatic
exocrine and endocrine secretion. They receive input from vagal preganglionic,
sympathetic post ganglionic, sensory and enteric fibres. Post ganglionic nerve
fibres surround almost every acinus, forming a periacinar plexus containing
cholinergic, noradrenergic, peptidergic, and nitrergic fibres which predominantly

terminate at the acinar cells'®. Only a subset of fibres project into islets'”.

1.2.5.3 Cholinergic control of pancreatic secretion:

It has been hypothesized that intrapancreatic post ganglionic neurons regulate
both enzyme and bicarbonate secretion. These neurons are activated by central
input on pancreatic ganglia during the cephalic phase of pancreatic secretion
and by vasovagal reflexes initiated by the gastric and intestinal phase
stimulation of pancreatic secretion. Acetylcholine released by these neurons
acts directly on the mucarinic receptors on acinar cells and/or duct cells to elicit

pancreatic secretion'®.

1.2.5.4 Localization of neurotransmitters within the pancreas:

Immunohistochemical techniques have been used to enhance the
understanding of pancreatic neural transmission and neurotransmitter
localization. There are a number of neurotransmitters which have been identified
in the pancreas. Galanin is one of the neurotransmitters identified within the
pancreas. | shall later describe galanin in detail as this neurotransmitter will be

the focus of my experimental study in AP.
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1.2.6 Embryology of the pancreas:

In humans, on about 24™ day of gestation the hepatic diverticulum begins to bud
from the ventral surface of that part of the primitive digestive tube that is
destined to form the duodenum. This hepatic anlage invades the embryonic
ventral mesentery and later develops into the liver, gallbladder and the bile
ducts.

Some two days later (26™) a similar diverticulum emanates from the dorsal
surface of the digestive tube. This forms the dorsal anlage of the pancreas,
grows within the dorsal mesentery. On the 32" day a small ventral pancreatic
anlage buds from the hepatic diverticulum. Due to series of rapid developments
and rotation of the bile duct, the dorsal and ventral portions of pancreas come in
close contact and fuse by the 37" day of gestation. The primitive pancreas
contains axial ducts; the dorsal duct arising from the duodenal wall and the
ventral duct arises from the common bile duct. The ventral duct (of Wirsung)
becomes continuous with the dorsal duct (of Santorini) to form the main

pancreatic duct'®.

1.3 Morphology of the pancreas:

The pancreas has both exocrine and endocrine components (Fig. 2). The
exocrine portion constitutes most of the pancreas. The endocrine part is

composed primarily of islets of Langerhans.

1.3.1 Exocrine pancreas:

The pancreas has a thin, ill-defined fibrocollagenous capsule from which narrow

irregular septae penetrate it, dividing it into lobules. Each lobule is composed of
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roughly spherical clusters (acini) of secretory exocrine cells. Each acinus has an
individual duct which drains into progressively larger ducts.

The acini are composed of protein secreting cells which have a broad base and
a narrow apical surface covered by microvilli. The cells are rich in rough
endoplasmic recticulum, which is seen in the basal half of the cell. In the apical
half of the cell, closer to the lumen, are eosinophilic enzymatic granules, which
contain pre-enzymes synthesised by the cell. The pre-enzymes are synthesised
by the rough endoplasmic recticulum and packaged in the Golgi apparatus into
granules.

The ductal system begins in the acinus. The intercalated ducts from individual
acini fuse to form larger interlobular ducts which are lined by columnar
epithelium. Interlobular ducts join to form the main pancreatic duct which is lined
by tall columnar epithelium containing a number of mucin-secreting goblet

Ce”SZO, 21, 22.

1.3.2 Endocrine pancreas:

The neuroendocrine component of human pancreas has three parts:

. Islets of Langerhans.
. Nests or clumps of neuroendocrine cells distinct from islets.
. Single cells scattered within the exocrine and ductular components

demonstrable by immunohistochemistry.

Islets of Langerhans:
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These are discrete, rounded clusters of cells scattered throughout the pancreas.
Islets are most numerous in the tail of the pancreas. They vary in size and
number of cells they contain. Individual cells in islets are smaller and paler than
the exocrine cells of the acini. They are spherical or polygonal in shape. Each
islet has a capillary network which is in contact with each cell. Nests or clumps
of neuroendocrine cells are arranged as islets.

Each of these different cell types is associated with a different hormone. The

different cell types are as follows®, 2*;

= B or Beta cells: are approximately 70%. They secrete insulin.
= A or Alpha cells: are approximately 20%. They secrete glucagon.
= D, Delta or Type lll cells: are approximately 10%. They secrete

somatostatin.

. PP or F cells: are approximately 1-2%. They secrete pancreatic
polypeptide.
= Other minor cell types are D-1 or type IV cells which secrete vasoactive-

intestinal polypeptide and the EC cells or the enterochromaffin cells which
secrete peptides like serotonin, motilin and substance P.

Minor cell types are scattered in exocrine and ductular components. The stellate
cells seen in the pancreas have a role in repair of the organ after injury. They
contribute to fibrogenesis and regeneration® . The islets contain complex
network of fenestrated capillaries which merge with capillaries supplying the

exocrine component of pancreas.
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1.3.3 Insulo—acinar interaction:

The exocrine and endocrine innervations are intimately related anatomically
because the nerve fibres that innervate the acinar cells also innervate the
islets?’. Interactions between acinar and islet tissues have been well established
through numerous studies that reveal the existence of anatomical and functional
relationships between these compartments of the gland. Murakami et al,.
reported that a insulo-acinar portal system exists in all mammals. With the help
of electron microscopy of vascular corrosion casts, these investigators
demonstrated that islets in mouse, rat and guinea pigs were frequently
interlobular and the insulo-acinar portal vessels joined directly to lobular
capillaries of the acinar tissue. But in humans, monkeys, dogs and cats islets
were intralobular?®. Intravital microscopy has demonstrated that blood flows from
the islet through the insulo-acinar portal vessels to the exocrine pancreas and
the secretory ducts receive blood from capillary bed of islet and exocrine

acini?®3°

. It is well known that pancreatic exocrine secretions are partly under
the control of the islets of Langerhans®'. Pancreata from diabetic patients
frequently displays signs of exocrine insufficiency, with reduction of bicarbonate
and amylase output in response to secretin/CCK®? 3% 34 On the other hand,

pancreatic exocrine deficiency caused by chronic pancreatitis is frequently

associated with impaired glucose tolerance®.

Islets are also known to influence ductal secretion. Bicarbonate secretion is
related mainly to centroacinar and terminal duct cells. These areas are in contact

with neighbouring endocrine tissue®. In rat and human pancreas, buds and
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single insulin-producing cells are frequently observed associated with small
ducts and it is thought that they discharge insulin into the same capillary network

that supplies the duct cells®’+ %,

1.4 Physiology of the pancreas:

As outlined earlier, the two major types of tissues in the pancreas are, (1) the
acini, which secretes digestive juices into the duodenum; and (2) the islets of
Langerhans, which secrete mainly insulin and glucagon directly directly into the

blood.

1.4.1The Exocrine pancreas:

The pancreas secretes about 1 litre of fluid each day®. At rest the secretions
are plasma like. When flow rates are high an alkaline fluid rich in bicarbonate is
secreted. These secretions consist of digestive enzymes secreted by the
pancreatic acini and sodium bicarbonate secreted by the small ductules and the
large ductules leading from the acini. The combination of both the enzymes and
the bicarbonate solution (pancreatic juice) flows through the pancreatic duct into
the duodenum via the sphincter of Oddi. The secretion of pancreatic juice is
maximum in response to the presence of chyme in the duodenum and upper

small intestine and is regulated by neural and hormonal mechanisms.
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1.4.1.1 Components of Pancreatic Juice:

Pancreatic juice contains enzymes for digestion of proteins, carbohydrates and
fats. It also has bicarbonate ions for neutralising the acidic chyme as well as
sodium and chloride ions*°. The various enzymes required for digestion of
proteins are trypsin, chymotrypsin, carboxypeptidases and elastases*'. A
number of these enzymes are synthesized as inactive precursors. Trypsin is
normally synthesized in the acinar cell from its inactive form trypsinogen.
Trypsinogen is activated by an enzyme, enterokinase. This enzyme is secreted
by the intestinal mucosa when chyme comes in contact with the mucosa.
Trypsinogen is also autocatalytically activated by trypsin, once it is formed.
Chymotrypsinogen and procarboxypeptidases are converted to their active form
by trypsin. Carboxypeptidases convert polypeptides into amino acids. The acinar
cells also secrete trypsin inhibitor, which prevents activation of enzymes in the
resting state and hence pancreatic autodigestion. The enzyme involved in the
digestion of carbohydrates is pancreatic amylase. Amylase hydrolyses starch,
glycogen and other carbohydrates (except cellulose) to disaccharides and
trisaccharides. The enzyme involved in the digestion of fats is lipase. Lipase

hydrolyses neutral fat into fatty acids and monoglycerides.

1.4.1.2 Secretion of bicarbonate ions:

The bicarbonate ions are secreted from the duct cells. This secretion is mainly

stimulated by the hormone secretin via a cyclic-AMP mediated mechanism. In a

30



stimulated pancreas the bicarbonate ion secretion can rise to up to

140mEq/liter*.

1.4.2 Regulation of pancreatic secretion:

The pancreatic secretion is regulated by various hormones. Gastrin, CCK and
secretin stimulate pancreatic secretion. Gastrin is secreted during gastric phase
of stomach secretion. CCK is secreted by the duodenal and upper jejunal
mucosa when acid chyme enters in the intestine. Secretin is secreted by the
duodenal and jejunal mucosa when acidic chyme enters the upper small
intestine. Acetylcholine is released from parasympathetic (vagus) nerves and
from other cholinergic nerves in the enteric nervous system during digestion.
Acetylecholine and CCK primarily stimulate the acinar cells leading to more
production of digestive enzymes. Secretin on the other hand primarily stimulates

ductal cells to secrete bicarbonate and water*.

1.4.2.1 The phases of pancreatic secretion:

There are three different phases of pancreatic secretion**:

1. Cephalic phase: During this phase the neural signals which cause secretion

in the stomach also cause acetylcholine release from vagal nerve endings in the
pancreas. This leads to moderate amounts of pancreatic enzyme secretion.

2. Gastric phase: In conjunction with neural stimulation of pancreatic secretion,
a large amount of gastrin is secreted from the stomach, which stimulates more

pancreatic enzyme production.

31



3. Intestinal phase: As chyme enters the small intestine, the pancreatic

secretion increases as a result of increased CCK and secretin release.

1.4.3 Stimulation of bicarbonate secretion by secretin:

Secretin is secreted by S — cells in the mucosa of upper small intestine. Secretin
begins to be released as the pH of duodenal contents falls below 4.5. When acid
chyme enters the duodenum, it converts prosecretin to active secretin. Secretin
binds to secretin receptors resulting in the release of large quantities of

bicarbonate ions*.

1.4.4 Endocrine Pancreas:

The human pancreas has about 1 million islets of Langerhans*® organised
around small capillaries*”. The islets contain four types of cells namely, alpha,

beta, delta and F cells as described previously.

1.4.4.1 Insulin secretion:

Banting and Best first isolated insulin from pancreas in 1922*%. Most of the
insulin formed is released in the portal circulation and hence most is removed in
the first pass through the liver. Insulin is synthesised as a larger single
polypeptide, preproinsulin. This is cleaved soon after synthesis to proinsulin,
which is packaged into the vesicles. The proinsulin is converted to insulin by
cleavage of a connecting peptide to form two peptide chains. Insulin is released
into the bloodstream by exocytosis in response to increase in blood sugar levels.
The half life of insulin is only 6 minutes as it is rapidly metabolised in the liver

and kidneys™.
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1.4.4.2 Actions of insulin:

Insulin lowers the blood glucose levels by increasing the uptake of glucose into
the muscle and adipose tissue. It increases the synthesis of glucogen, fat and
proteins. It also increases the K* ion uptake into cells, thereby decreases the

serum K" ion concentration.

Control of insulin secretion:

An increase in the plasma glucose level is the major stimulus for insulin
secretion. Arginine is also a potent stimulator of insulin release whereas
adrenaline and somatostatin inhibit insulin release. Glucagon, growth hormone
and sulphonylureas (e.g. tolbutamide) increase insulin release. Parasympathetic
nerve activity enhances insulin release while sympathetic activity inhibits its

release.

1.4.4.3 _Glucagon:

Glucagon is a 31 amino acid peptide with a molecular weight of about 3500. As
with insulin it is also secreted as a preprohormone which is then converted to
prohormone and finally to glucagon. It is a polypeptide secreted in response to
low blood glucose levels. Ingestion of protein is the major stimulus to its
secretion. The principal target tissue of its action is the liver. It increases blood
glucose levels and causes glycogenolysis and gluconeogenesis via a cyclic
AMP mediated pathway. It has a lipolytic effect on the adipose tissue and a

positive ionotrophic effect on the heart®'.
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1.4.4.4 Somatostatin:

Somatostatin exists as 14- and 28- amino acid polypeptides. In the pancreas the
28- amino acid form predominates. It is also seen in various sites of the central
nervous system (CNS) where it acts as a neurotransmitter. Somatostatin inhibits
the secretion of several hormones, like growth hormone, insulin, glucagon,

gastrin, VIP, and thyroid stimulating hormone®2.

1.5 Galanin:

Galanin is the focus of this study on AP, and will be discussed in more detail in

the following section.

1.5.1 Discovery of galanin:

Galanin, a 29-amino acid (30-amino acid in humans) polypeptide, was
discovered and isolated from porcine upper small intestine by Tatemoto et al.,
using a procedure that chemically detects peptides with COOH- terminal
amides®. This peptide was called galanin because of its N-terminal glycine and

C-terminal alanine amide residues.

1.5.2 Structure:

The structure of galanin is heterogeneous between species. Two molecular
forms of galanin consisting of non-amidated sequences with 19- and 30- amino
acid residues have been isolated from the human colon. The N-terminal 15
amino acid part of the galanin molecule is identical in all species that have been
investigated so far. The C-terminal amino acid sequences are more species
specific. This suggests that the biologically active portion of galanin is the N-

terminus. Experimental evidence confirms that many actions of galanin depend
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heavily on the N-terminal portion of the molecule. The first two amino acid

residues are essential for retention of high biological potencies®.

1.5.3 Synthesis of endogenous galanin:

Galanin is processed from preprogalanin. In the pig, preprogalanin consists of a
123 amino acid peptide sequence, whereas in the rat, preprogalanin is a 124
amino acid peptide. The processing of preprogalanin gives rise to a signal
peptide, a pregalanin message peptide, galanin, and galanin message
associated peptide. Galanin message associated peptide is a C-terminally
amidated 41 amino acid peptide, which may have pre- and post- synaptic

functions®.

1.5.4 Distribution:

Galanin is widely distributed in the nervous system, both central and peripheral.
In the CNS galanin is widely distributed throughout the spinal cord and the brain.
In the spinal cord it is present at all levels and has been detected in large
amounts in dorsal horn cells, nerve cell bodies intrinsic to the spinal cord,
including neurons of lamina I, intermediate dorsal laminae, neurons around
lamina X, and in the subpopulations of the lower motor neuron. Galanin
containing fibres are most prominent in the lumbosacral regions of the spinal
cord>®. In the brain galanin is widely distributed in the medulla, locus caeruleus,

and midbrain. In the forebrain galanin is present in the thalamus, hypothalamus

35



and magnocellular neurosecretory neurons of supraoptic and paraventricular
nuclei.

In the peripheral nervous system galanin is present in the terminal innervation of
the gastrointestinal, respiratory, and urogenital tracts, pancreas and the adrenal
medulla.

There is abundance of galanin in the gut. Galanin- like immunoreactivity (GAL-
LI) is observed throughout the gastrointestinal tracts of humans, pigs, and rats; it
is found exclusively in the nerves i.e. myenteric, submucous and the mucous
plexus of the gut. No galanin was found in the epithelium of the gut. This
suggested that galanin was of nonepithelial origin and may therefore be a
gastrointestinal neurotransmitter or neuromodulator. Galanin may coexist with

VIP in ganglion cells of the submucous plexus of different species®’.

1.5.5 Pancreatic localization of galanin:

Galanin has been found to be abundant in the innervation of pancreatic blood
vessels, islets and acini in a range of species®*°°°. In the canine pancreas,
GAL-LI has been immunohistochemically localized in nerve fibers predominantly
in the islets of Langerhans. In the human pancreas, galanin immunoreactivity
has been localized in numerous nerve fibers around glandular acini, ductules
and blood vessels and few in the nerve fibers within the islets®’. In humans
GAL-LI has also been demonstrated in the nerve cell bodies in the
intrapancreatic ganglia®. This suggests that in humans some galanin nerves are

intrinsic.

36



Gel chromatography of pancreatic tissue from dogs, rats, mice, and humans has
demonstrated that most GAL-LI correlates with synthetic porcine galanin,
implying that in all these species pancreatic galanin is equivalent in size to
galanin extracted from the porcine intestine. Studies in our laboratory have
demonstrated porcine galanin positive immunoreactive fibres around the blood

vessels particularly arterioles of the pancreas®.

1.5.6 Actions:

Galanin acts by both increasing and decreasing the release of neurohumoral
substances and gastrointestinal motility. The actions of galanin in the gut are
caused by the activation of the receptors on the smooth muscle and presynaptic
neurons. It may also participate in the regulation of absorption, secretion, and
blood flow. Bauer et al., ®, described two major actions of galanin, firstly
inhibition of postprandial release of neurohumoral substances, namely glucose,
insulin, tyrosine, neurotensin, somatostatin and pancreatic polypeptide.
Secondly, galanin caused a significant slowing of gastric emptying and caecum-
to-colon transit times. In the pancreas, galanin appears to be a primary
candidate for the nonadrenergic sympathetic neural effects on pancreatic
hormone secretion and is involved in the local regulation of pancreatic endocrine
function®. In addition to the inhibitory actions of galanin, it also exerts a direct
excitatory actions in the gut (table 1). It has been found in anesthetized rats that
galanin inhibits pancreatic protein and amylase secretion in both basal and

bombesin-, secretin- and CCK- stimulated conditions®®.
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Table 1. Actions of galanin in the gut.

Organ Species Action Reference

Motility

Oesophagus Opossum - peristalsis 67

LES Opossum + resting tension | 68

Pylorus Dog - contraction 69

Small intestine Rat + contraction 70

Small intestine Human + contraction 71

Colon Guinea pig - contraction 70

Secretion

Stomach Rat, Dog - acid secretion 72

Pancreas

Exocrine Dog - volume, 73, 74
bicarbonate,
protein

Endocrine Dog, mouse, rat - somatostatin, 75,76,77,78

insulin. +
glucagons

- Inhibits, + contracts, stimulates or facilitates, LES lower oesophageal

sphincter.

1.5.6.1 Effect of galanin on cardiovascular system:

Galanin is known to have major cardiovascular effects, and increases blood

pressure via a direct effect on the heart and by reduced perfusion in some

vascular beds, including splanchnic organs’®®. It has a modulating action on




the cardiovascular systems which are species specific. Galanin and the N-
terminal fragment galanin(1-15) are involved in central cardiovascular
regulation®’. In cat and possum it is proposed that galanin released from
sympathetic nerves inhibits subsequent cardiac vagal actions®?. In humans,
intravenous injection of human galanin decreased sinus arrhythmia®®. The doses
used in this study did not affect blood pressure. In cats galanin significantly
decreased blood pressure. In mice galanin contributes to prolonged attenuation
of parasympathetic slowing of heart following activation of cardiac sympathetic
nerves®. The information concerning the effect of galanin on vascular perfusion
in specific organs is limited, and its effect on pancreatic vascular perfusion is

largely unknown.

1.5.7 Galanin receptors and ligands:

Galanin acts via three known receptors, galanin receptor 1 (GALR1), galanin
receptor 2 (GALR2), and galanin receptor 3 (GALR3)%. These galanin receptor
subtypes have been cloned from both humans and rats. These receptor
subtypes belong to the G protein-coupled receptor family. They are widely

distributed in central and peripheral nervous systems.

1.5.7.1 _Galanin receptor agonists:

a. Peptide type agonists:
The most widely used agonist to study galanin receptors is the endogenous

peptide from porcine, rat/mouse and humans. Endogenous galanin has high
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affinity for all three receptors®. The N-terminal 16 amino acids of galanin are
critical for receptor binding since deletion of first 16 amino acids of galanin

causes complete loss of its affinity for galanin receptors®’.

b. Galanin fragments and analogs:

Galanin (1-16) and galanin (1-15) have been shown to be highly efficacious
galanin receptor agonist in vitro and in vivo®®®. Galanin (2-11) (AR-M1896) has
higher affinity for GALR2 and GALR3 as compared to GALR1%°°",
Endogenously occurring galanin-like peptide carry the N-terminal 1-13 sequence
of galanin and exhibit several endocrinological effects similar to galanin.
Galanin-like peptide is a high affinity agonist for both GALR1 and GALR2

receptors®%,

c. Non-peptide galanin receptor agonists:

Two small galanin receptor agonists, galnon and galmic, have been
synthesized® ® % Both compounds are systemically active and substantially
more resistant to degradation than endogenous galanin. The drawback of
galnon and galmic use is that they have low affinity for galanin receptors and are

not receptor specific.

1.5.7.2 _Galanin receptor antagonist:

a. Peptide antagonists:
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An intact galanin N-terminus is required for the recognition of galanin receptors.
A number of chimeric, bi-receptor-recognizing peptides have been synthesized
using the N-terminal fragment galanin1-13 and C-terminal portions of some
other bioactive peptides (e.g. substance P) in which the receptor recognition site
resides in the C-terminal portion. It is important that the C-terminal peptide
fragment possess some a-helical structure, which may act to stabilize the
conformation of the N-terminal galanin fragment. The various peptide
antagonists are Galanin1-12-Pro-substance Ps.11 amide (Galantide), Galanin1-
12-Pro-bradykinin2-9 amide (M35), Galanin1-12-Pros.(Ala-Leu).-Ala amide
(M40) and Galanin1-12-Pro-spantide (C7)%". By definition these peptides
antagonize the actions of galanin. Galanin-mediated inhibition of insulin release
from pancreatic islets is fully reversed by galantide. Galantide blocks the
inhibitory actions of galanin with high potency. Many antagonist actions of
galantide occur in a dose dependent manner. These ligands have partial
agonistic properties. It has been shown that galantide, M35 and M40 act as
antagonist or as partial agonists at concentrations above 10nM. The various
chimeric peptides with antagonistic activity to galanin in different organ systems

are summarized in table 2%.
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Table 2. Summary of galanin antagonists actions in different systems.

Antagonist |Pancreas®?| Spinal |Hippocampus®| Hypothalamus®
cord®

M15 + + o+, + Not tested

M35 + + + Not tested

M40 Acting as | Not tested + +
agonist

C7 Acting as + Not tested +
agonist

M32 Acting as + Not tested Not tested
agonist

# antagonism of galaninergic inhibition of glucose induced insulin release.

® antagonism of galaninergic effect on flexor response.

C

“antagonism of galaninergic inhibition of evoked release of acetylcholine, ~antagonism of
galaninergic inhibition of protein phosphorylation by PKC, mantagonism of galaninergic
inhibition of anoxic glutamate release,  facilitation of acquisition in the Morris swim maze,
probably by revealing galaninergic inhibition.

d antagonism of galaninergic effect on feeding behavior.
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b. Non-peptide galanin receptor antagonists:

To date little has been published on the development and use of non-peptide
galanin receptor antagonists. Spirocoumaranon® (Sch 202596) and 2,3-dihydro-
2-(4-methyl-phenyl)-1,4-dithiepin-1,1,4,4-tetroxide'® have been described as
non-peptide antagonists. The limitation of these compounds is that they are low
affinity compounds. Recently, a non-peptide antagonist to GAL3R has been
synthesized, but it also has been a low affinity compound. There is a need for
development of non-peptide antagonist for advancement of the field, particularly

for future clinical studies.

1.6 Acute Pancreatitis:

AP is defined as an acute inflammatory process of the pancreas usually
associated with severe pain in the upper abdomen; in most instances blood
levels of pancreatic enzymes, including amylase and lipase, are increased to at
least three times the upper limit of normal. The inflammatory reaction in AP
results in oedema of the pancreas and extensive local and systemic effects. AP
may occur as a new event or as a recurrent condition. In about 85% of cases,
the disease takes a mild course with complete disappearance of clinical
symptoms in a few days. In a small group of about 15-20% of patients, the
disease takes a severe course, necrotising pancreatitis. This may culminate in

multi-organ failure and death in about 15% - 40% of these patients'®".
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1.6.1 Epidemiology:

The incidence of AP varies around the world. In the USA and UK the incidence
ranges from 11 to 23 patients/100,000 population'® "% 1% |n view of variable
presentation, it is difficult to determine the true incidence as many patients are
misdiagnosed and the mild forms may be treated by the family physician as an
outpatient for non-specific abdominal pain. There has been an increase in the
incidence of AP in the past decade. The main reasons for the increase are
increased alcohol consumption, aging population, an increase in gallstone
disease and may also be partly due to better diagnostic facilities. The variation
in incidence in different parts of the world is probably due to social factors and
dietary habits. In the USA, approximately 80% of all causes of AP can be
attributed to either gallstones or alcohol'®. Less common causes which lead to
pancreatitis are drugs, infections, trauma, pancreatic ischemia and genetic
factors. The first episode of alcohol related AP affects primarily males and the
peak incidence is between the age 18 and 30 years, while AP due to gall stones

is predominantly seen in females of age 50-60 years'?® 1°7- 198,

1.6.2 Classification of AP:

A symposium held in Marseilles formed the basis of Atlanta 1992 classification

of AP'®. The following definitions of AP and its complications were agreed.

1. AP: This is an acute inflammatory process of the pancreas, with variable

involvement of other regional tissues or remote organ systems. The condition
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usually presents with upper abdominal pain accompanied by fever, vomiting,
and tachycardia. It is usually associated with raised levels of pancreatic
enzymes.

2. Severe AP: This is associated with organ failure and/or local complications
such as necrosis, abscess, or pseudocyst. These patients have 3 or more
Ranson’s signs''® or 8 or more APACHE Il (Acute Physiological and Chronic
Health Evaluation) points''".

3. Mild AP: This is associated with mild organ dysfunction and an uneventful
recovery.

4. Acute fluid collections: These occur early in the course of pancreatitis and are
seen near the pancreas. These lack walls of granulation tissue or fibrous tissue
and are seen in 30-50% of patients with the severe form of the disease.

5. Pancreatic necrosis: These are diffuse or focal areas on non-viable pancreatic
parenchyma. These are also associated with peripancreatic fat necrosis.

6. Acute pseudocysts: These are collections of pancreatic juice enclosed by a
wall of fibrinous or granulation tissue. Formation of pseudocyst requires 4 weeks
from the onset of pancreatitis.

7. Pancreatic abscesses: These are circumscribed intra-abdominal collections of

pus as a consequence of pancreatitis. These abscesses occur later in the

course of pancreatitis, often 4 weeks or more after the onset.

1.6.3 Severity of AP:

The severity of AP has been defined in several ways:
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. Predicted severity: Ransons and Glasgow criteria''? are examples of
this. These scoring systems predict prognosis and identify patients who are
likely to have worse prognosis and would benefit by intensive care management.
= Actual severity: Atlanta and APACHE systems are examples of this.
These systems score local and systemic complications which are used to define

actual severity''®.

1.6.4 Etiology:

There are various factors that can trigger the onset of AP. They can be
subdivided into toxic-metabolic, mechanical, vascular, infectious and idiopathic.

Various factors are enumerated in the table 3 below.
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Table 3. Various factors causing AP.

Toxic and metabolic factors:

Alcohol

Hypertriglyceridemia

Uremia, hypercalcemia

Scorpion venom

Drugs: Azathioprine, frusemide, sulfonamides, valproic acid, methyldopa etc.

Vascular factors:

Cardiogenic shock

Polyarteritis nodasa

Atheroembolism

Hypothermia

Malignant hypertension

Mechanical factors:

Gallstones

Trauma

ERCP

Benign and neoplastic growth of periampulary region and the pancreas

Duodenal diverticula, Worm infestation

Infections:

Viruses (Mumps, Coxsackie, adenovirus, HIV)

Bacterial (Mycobacterium avium, Mycobacterium tuberculosis, Campylobacter,
Mycoplasma)

Worms (Ascaris)

Autoimmune (Systemic Lupus Erythematosus, Sjogren’s syndrome, Polyarteritis
nodosa)

Genetic (Cystic fibrosis, Hereditary pancreatitis)

Idiopathic pancreatitis

Postoperative pancreatitis

Primary sclerosing cholangitis

10.

Sphincter of Oddi dysfunction

ERCP — Endoscopic retrograde cholangiopancreatography, HIV — Human immunodeficiency virus.
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1.6.5 Pathophysiology of AP:

All causes of AP converge at a common point that initiates the events that result
in pancreatitis. Various causes of pancreatitis result in similar pattern of disease,
but differ in severity and complications. Despite extensive efforts, the cellular
mechanisms of AP have not been fully understood, however it has been

established that AP is a cascade of events.

The cascade of pathologic events starts with the exposure to a causal factor.
The events in AP can be divided into early and late phases. The early phase
primarily involves the acinar cells. In the acinar cells there is activation of
digestive enzymes. The retention of these digestive enzymes within the acinar
cells is the key factor in development of AP. These activated enzymes escape
from the zymogen granules and damage the acinar cells. Other early events are
generation and release of inflammatory mediators by the acinar cells. The acinar
cell also releases certain agents e.g. that cause an increase in vascular
permeability which leads to development of oedema within the pancreas. These
factors lead to ischaemia of the pancreas, thereby further aggravating

pancreatitis.

The early events begin within minutes of exposure to the causal factor and the
late events occur several hours later. During this period there is further
inflammation of the pancreas and the surrounding tissues. Systemic effects
appear such as capillary leak syndrome, fever, and hypotension then begin to

appear. The combination of all these may lead to clinical necrosis of the
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pancreas via stimulated acinar cell apoptosis and/or necrosis. There is no clear

demarcation between the early and late events.

Various mechanisms have been proposed for activation of zymogens. The
mechanisms that have received most attention are autoactivation of trypsinogen
to trypsin and cleavage of trypsinogen to trypsin by the lysosomal hydrolase
cathepsin B'"''°>. Amongst other proposed mechanisms are diminished
activities of intracellular pancreatic trypsin inhibitor, proteolytic activation leading
to leakage of zymogens and lysosomal enzymes into the cytoplasm, shunting of
zymogens into membrane bound compartments that contain active proteases,
uptake and processing of secreted zymogens by endocytic pathways, and
enhanced susceptibility of zymogens to proteolysis due to oxidation or
decondensation''®. The intrapancreatic activation of trypsinogen to trypsin is the
crucial triggering mechanism for AP. Further in the course of pancreatitis are the
release of local mediators like cytokines, vasoactive substances, free oxygen
radicals etc. which leads to development of microcirculatory disturbances,

activation of leucocytes and their infiltration into tissues.

1.6.5.1 Trypsinogen Autoactivation:

Trypsinogen is capable of autoactivation, and the resultant trypsin then further
activates trypsinogen to produce more of trypsin''’. It has been suggested that
trypsinogen autoactivation occurs intracellularly along the normal secretory

pathway within the cytoplasmic vacuoles that contain lysosomal markers but are
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not lysosomes''®. Recently it has been shown that the conversion of trypsinogen
to trypsin in response to supramaximal caerulein remains completely unaffected
by presence of specific trypsin inhibitor and thus by the presence or absence of
free trypsin activity within the acinar cells. Therefore autoactivation of
trypsinogen by cytosolic trypsin may not be an initiating factor for the

intrapancreatic proteolytic cascade'"®.

1.6.5.2 Role of Cathepsin B in premature digestive protease activation:

Studies have indicated a possible role of lysosomal cysteine protease cathepsin
B in premature and intrapancreatic activation of digestive enzymes'®. The
following observations support the role of cathepsin B in AP:

. In vitro, cathepsin B can activate trypsinogen'?’.

. There is redistribution of cathepsin B into a zymogen granule-containing
subcellular compartment during the initial phase of AP'?.

= Lysosomal enzymes colocalize with digestive zymogens in membrane

confined organelles during the early course of experimental pancreatitis'°.

1.6.5.3 Diminished activity of intracellular pancreatic trypsin inhibitor:

Under normal conditions, trypsinogen is activated only when it is secreted into

the duodenum. Once formed trypsin can also cleave trypsinogen and form more
active trypsin. The pancreas has a “safety mechanism” which protects the acinar
cell from damage by auto activation of trypsinogen. Pancreatic trypsin inhibitor is

present in secretory granules of acinar cells. It binds to the active site of trypsin
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in a ratio of 1:1'®*. The molar ratio of pancreatic trypsin inhibitor to trypsin is
estimated to be 1:10. When more than 10% of trypsinogen is activated, this
inhibitory mechanism is no longer effective. Any disorder in this protective

mechanism leads to onset of AP'?%.

1.6.5.4 Role of Ca**:

Under physiological conditions, the Ca**ion is an essential second messenger
in stimulus-secretion coupling in pancreatic acinar cells'?. In response to
various hormonal signals, the cytosolic free Ca** concentration rises and
regulates the exocytosis of digestive enzymes from the apical pole of the acinar
cell. The prerequisite for this is that acinar cell maintains a Ca™ ion gradient
across the cell plasma membrane from low intracellular to high extracellular
Ca™ concentrations. Pancreatitis induced by caerulein hyperstimulation and
duct ligation has been shown to increase intracellular Ca*™ and disrupt acinar
cell Ca™ signalling. This is associated with acinar cell vacoulization and the
intracellular trypsinogen activation'?®'2"128_There is also evidence that high
concentration of intracellular Ca*™ leads to an acidic pH which is essential for
trypsinogen autoactivation. In addition the affinity of pancreatic trypsin inhibitor is

decreased at acidic pH'?°.
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1.6.5.5 Pancreatic acinar cell apoptosis:

Apoptosis has been defined as a physiological or programmed form of cell death
that affects scattered cells in a tissue, and has a characteristic and stereotypical
morphology, including cell shrinkage, retention of organelles and nuclear
chromatin condensation which occur in response to variety of stress related
stimuli'®. Acinar cell death is the hallmark of AP'*°. Acinar cell death occurs by
both apoptosis and necrosis. Recent studies have shown that induction of
apoptosis reduces the severity of experimental pancreatitis'*'*2, while inhibition
of apoptosis may worsen it'®*. Several protease families are implicated in
apoptosis, most important being the caspases. Caspases are molecular
executioners of apoptosis because they bring about most of the morphological
and biochemical characteristics of apoptotic cell death'®*'%*. Therefore caspase
activation may be one of the mechanisms in AP. It has also been shown that
caspases negatively regulate necrosis and intra-acinar cell activation of
trypsin'®°.

There have been reports that there is depletion in neutroplils at the site of

inflammation as a result of significant increase in the number of acinar cells

undergoing apoptosis'®.

1.6.6 Inflammatory mediators in AP:

Inflammatory mediators play an important role in pathogenesis of pancreatitis
and subsequent inflammatory response. Proinflammatory mediators which are

involved include TNF-a, interleukin (IL)-1pB, IL-6, platelet activating factor (PAF),
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ICAM-1, IL-8, monocyte chemoattractant protein-1 and substance P. The anti-
inflammatory mediators that play an important role in AP include IL-10,
complement component C5a, soluble TNF receptors, IL-1 receptor antagonist,
and neutral endopeptidase (NEP). The expression of several of these factors is
regulated by transcription factors such as nuclear factor kappa B (NF-kB)'"1%,
NF-kB is one of the factors accelerating local inflammatory response and
triggering systemic inflammation. Activation of NF-kB could be related to early
events such as trypsin activation. TNF-a and IL-1p levels are elevated during
the onset and progress of AP'2%:13%140 |nhibition of these has been shown to
attenuate severity of AP in experimental models. IL-6 is produced by different
cells in response to stimulation by an endotoxin. It is also produced by periacinar
myofibroblasts in response to TNF-a and IL-18"'. Plasma levels of IL-6
correlate with haemodynamic abnormalities seen in AP in rabbit'*?. IL-10 is an

anti-inflammatory cytokine'®'*

. IL-10 has been found in experimental studies
to reduce the extent of inflammation as well as the mortality associated with
AP'*_ Two clinical trials involving IL-10 in patients with post endoscopic
retrograde cholangiopancreatography induced pancreatitis have shown different

144 and the other showed no

effects. One of the trials showed beneficial effect
benefit'*>. PAF is proinflammatory mediator; its levels are known to rise during
an attack of pancreatitis'*®. Experimental studies have shown that
intraperitoneal or intravascular injection of PAF can lead to or increase the
severity of AP'*_ It has been reported that trypsin has the ability to up-regulate

intercellular adhesion molecule (ICAM)-1, a key vascular endothelial adhesion

molecule necessary for transport of leukocytes from the intravascular space into
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inflamed tissues'®. This occurs both in pancreas and lung, but is more
pronounced in the lung. Up-regulation of ICAM-1 leads to decreased perfusion
of pancreatic microvasculature, presumably because of leukocyte mediated

blockage of blood flow.

1.6.7 Pancreatic vascular changes in AP:

The influence of ischemia on the pathogenesis of initiation and progression of
AP is well recognized'® '*°. Several experimental studies have analyzed the
pancreatic microcirculation in early AP. They have demonstrated that impaired
pancreatic microcirculatory perfusion characterizes the development of AP'®"
92 By contrast, other studies have concluded that pancreatic blood flow
remains unchanged during AP'* ™4 |t is argued that measurement of total
pancreatic blood flow during AP is not an ideal parameter as it does not take into
account the disturbances in blood flow distribution within the gland during the
onset and progression of AP. It also does not account for arteriovenous shunting
which might result in blood bypassing the capillary bed. Microcirculatory
derangements flowing the induction of AP; namely nutritive perfusion failure and
microvascular leukocyte adherence, are similar in nature to the microcirculatory
events observed subsequent to ischemia and reperfusion seen in other organs
such as liver, intestine, striated muscles and skin'*®. A number of experimental
studies have analyzed pancreatic microcirculation in AP by intra-arterial injection
of methylene blue'® or india ink'*®'*”. They have demonstrated that in severely

injured tissue there is vasoconstriction of intralobular arterioles and in less
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affected areas there was vessel dilation. This indicates the spatial heterogeneity

of the microcirculatory pathology of AP.

Today there is consensus that AP could be the result of ischemia to the
pancreatic tissue. Regulation of ischemia and the mechanisms underlying these
vascular changes are not completely understood. It has been noted that
vascular changes in early stages of AP are likely to lead to severe and
necrotizing pancreatitis'*®. Takeda et al., have compared the angiographic
abnormalities with perfusion abnormalities by contrast enhanced computerized
tomography (CT) in 102 patients with pancreatitis. They found a high incidence
of vasospasm in small and medium-sized vessels of the pancreatic bed which
led to decreased vascular perfusion. These areas of decreased perfusion
developed necrosis as revealed by subsequent CT scans. They also found that

158 1t has also been

mortality was directly related to the degree of vasospasm
shown that in experimental AP endothelial nitric oxide synthase (e-NOS) is
activated, and that elevated e-NOS activity leads to increased blood flow in
pancreas. In absence of e-NOS activation, there is no increase in the pancreatic
blood flow and hence pancreatitis worsens'®®. There is experimental evidence to
support that pancreatic ischemia and hypoperfusion may lead to AP'®°.
Andreadis et al.,"®' have shown that in dogs, vasopressin increases pancreatic
blood flow and thereby ameliorates the severity in AP. The importance of
vascular factors in pathogenesis of acute haemorrhagic AP has been well

established'? 16384 |t has been experimentally demonstrated that post

ganglionic sympathetic denervation of the pancreas increases the pancreatic
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blood flow and perfusion and thereby has beneficial effect on acute

haemorrhagic pancreatitis in the dogs'®°.

Thus it seems that vascular regulation is important in onset and progression of

AP. This will be one aspect of my studies regarding mechanisms underlying AP.

1.6.8 Neural mechanisms in AP:

Both central and peripheral neural pathways are likely to be involved in AP.
Experimental studies in rats have shown that central administration of
thyrotropin-releasing hormone (TRH) resulted in increased pancreatic blood flow
via nitric oxide (NO) dependant mechanisms'®®. Also central intracisternal
administration of TRH ameliorated the severity of caerulein induced pancreatitis
in rats. The beneficial effect was abolished by sub-diaphragmatic vagotomy or
administration of the NOS inhibitor, N(G)-nitro-arginine-methylester (L-NAME).
This beneficial effect was not reproduced by intravenous administration of
TRH'®" suggesting that there may be a potential centrally regulated mechanism
involving the efferent vagus and pancreatic e-NOS production that can modulate
pancreatitis through changes in blood flow'®®.

Peripherally, neural mechanisms also play an important role in pathogenesis of
oedema and the inflammatory process. Stimulation of sensory neurons lead to
release of substance P, which binds to post capillary venular neurokinin-1
receptors in the pancreatic circulation, resulting in extravasation of plasma into

the interstitium followed by inflammatory cells'®. Vasoactive intestinal peptide
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(VIP) has been noted to have immunomodulatory role. An agonist specific for
VIP receptor has shown to accentuate the severity of pancreatitis'”°.
These studies show that in AP both central and peripheral neural pathways are

involved, but their relative roles in the course of AP are unclear.

1.6.9 Pancreatic vascular perfusion (PVP) and AP:

The significance of changes in PVP during AP is controversial. There are
several experimental studies that have shown that vascular changes occur early
in AP'"": 172 These include increase in vascular permeability, extravasation of
fluid into perilobular space and there may be development of microemboli within
the vessels'” ' 7%, Total pancreatic blood flow has been found to be decreased
in some studies of AP induced by intraductal bile infusions in dogs and
measured using electromagnetic flowmeter'”®, whereas no change was reported
by others using radioisotopes and flow meters'’®. It has been reported that
administration of phenylephrine, a vasoactive drug, diminishes perfusion of the
pancreas and worsens mild caerulein induced AP'”’. Vascular perfusion
changes in AP are more obvious as severity of AP increases'’®. Progression
from mild to severe form of AP can occur as a result of sudden decrease in
PVP. There is substantial experimental and clinical evidence that alteration in

vascular perfusion and thereby microvascular failure occurs in severe AP.

One possible source of confusion in this field is that the terms blood flow and

perfusion are not interchangeable. Blood flow generally refers to a global
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measure of the amount of blood reaching an organ with units of ml/100g/min. On
the other hand perfusion relates to the local blood flow in the capillaries of
tissue, and the time available for exchange of nutrients from blood stream, and
is not necessarily well reflected by measurements in ml/100g/min. There are
many techniques to measure pancreatic blood flow. Broadly, there may be
measurement of macrovascular flow into the organ or microvascular flow into
the tissues. Each technique has its advantage and disadvantage. The
macrovascular flow into the organ is assessed by targeting small, medium or
large vessels. On the other hand the microvascular flow into the tissue is
assessed by targeting the microvasculature of the tissue within the organ. PVP
is the assessment of microvacular flow or microcirculation within the pancreas.
Thus, | have used Laser Doppler fluxmetry (LDF) to assess pancreatic vascular

perfusion in AP.

1.6.9.1 LDF to study PVP:

LDF is based on the Doppler principle, which states that when a waveform is
reflected from a moving object it undergoes a shift in frequency; in the case of
light it changes its wavelength'”®. LDF is a non-invasive method of measuring
tissue perfusion and has been used to measure perfusion in the pancreas'®, "',
'82 A low intensity visible light from a monochromatic laser is directed at the
tissue via a flexible optical fibre which lies in close proximity to another fibre
which receive the reflected light. Any red blood cells within the field of

illumination will absorb some of this light and reflect the rest. This reflected light,

of different frequency is received by the second optical fibre. The difference in
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frequency is called the Doppler shift. The extent of the frequency shift and the
amount of light returning enables the calculation of red cell flux. This is
measured in arbitrary perfusion units in the illuminated volume of tissue per unit
time. Various factors can influence measurement of perfusion by LDF such as
probe placement, tissue thickness, tissue temperature etc'®®. Apart from the use
in the pancreas, LDF has also been used to study the vascular perfusion in the

188

stomach'®*, small intestine'®®, liver'®®, kidney'®, brain'®® etc.

1.6.10 Markers of pancreatic injury:

Over the last decade a spectrum of pancreas-specific markers have been
evaluated as predictors of severity of AP. This has been based on the concept
that during inflammation of the pancreas, some pancreatic content may spill into
systemic circulation. | have used laboratory methods to estimate plasma levels
of amylase and lipase, and myeloperoxidase levels in pancreatic tissue as a

marker of inflammation and neutrophil infiltration, respectively.

1.6.10.1 Laboratory methods:

Amylase and lipase activity estimation:

It has been well established that markedly elevated plasma levels of pancreatic
enzymes are indicators of AP'®°. Amylase and lipase activity are most frequently
used clinical parameters used for diagnosing AP. Several studies have
concluded that the level of increase in serum amylase and lipase does not

correlate with the severity of the disease'®, although these findings are not
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universal'®'. Consequently, hyperenzymemia alone is not used to predict

severity of AP.

1.6.10.2 Markers of inflammation:

Myeloperoxidase levels:

Myeloperoxidase (MPO) is a peroxidase enzyme most abundantly present in
neutrophil granulocytes. MPO levels in the tissue reflect the degree of neutrophil
inflammation and infiltration'%? and is an accepted marker of AP associated

neutrophil infiltration.

1.6.10.3 Histological assessment of pancreatic injury:

AP can be characterized histologically in experimental settings. The severity of
AP can be graded in the histological sections of the pancreas either by
allocating scores to different types of morphological alterations or by determining
the proportion of abnormal tissue of the total parenchyma. The former method is
based on subjective assessment of histological slides and is suitable for
evaluation of both edematous and necrotizing pancreatitis. Histiometeric
measurement of necrotic parenchyma can be used only in necrotizing forms of
AP. There are various scoring systems used in experimental AP. The scoring
systems differ and depend on the model and the severity of AP induced.

In my experimental studies | have used a modified Spormann’s scoring
system'®® for AP in the possum study and a scoring system modified from
Niederau et al.,'® was used in the mice experiments. Different scoring systems

are used because the features of AP are different in these two species and the
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two models of AP. The scoring parameters and system will be described in the

relevant chapters.

1.7 Experimental models of AP:

There are various models of experimental AP. An ideal model should be easily
reproducible, have a similar natural history as that of human disease and a
similar response to treatment'®°. It should also be relatively cheap and simple.
Current models have contributed greatly to our current understanding of the
pathophysiology and cell biology of the disease. They have also become a
standard tool for testing new and promising treatments for AP. A brief review of

established models of AP follows.

1.7.1 Historical review of experimental models of AP:

Experimental models of pancreatitis have used to study the disease process for
more than 150 years. The first experimental model of AP was produced by
Bernard in 1856 by injection of bile and olive oil into the canine pancreatic
duct'®. The early models relied mainly on forceful injection at high pressure of
various substances such as bile, duodenal contents or activated pancreatic
enzymes into the pancreatic duct. In 1862 Pannum'®” injected wax droplets into
the pancreatic arteries and hence producing focal ischaemia which lead to

198

haemorrhagic pancreatitis. In 1895 Mouret " reported that excessive neural

stimulation to the pancreas led to increased vacuole production.
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Following this early work there has been variety of models that have been
developed considering different etiological factors. There are different ways in
which models can be categorised. They can be invasive or non-invasive,
depending on whether or not surgical manipulation is required to induce AP.

Animal models can also be divided into in vivo models and ex vivo models.

1.7.2 In vivo techniques to induce experimental AP:

The various in vivo techniques used to induce AP can be allocated into six
categories: 1. immunological; 2. secretagogue induced; 3. diet induced; 4. duct

injection induced; 5. duct ligation induced; 6. microvascular induced.

1.7.2.1 Immunological pancreatitis:

Some immunologic models are invasive and some are non-invasive. The first
immunologically induced pancreatitis model was reported by Thal'®®. Thal
caused a local Shwartzman — reaction by first infusing the bacterial toxin of
Escherichia coli and Meningococci into the pancreatic ducts of rabbits and
goats. Twenty four hours later he applied the same toxin intravenously, and a
haemorrhagic and necrotizing pancreatitis resulted.

The main drawback of immunologic models is the non-specific nature of the
generalised immunological response in other organ systems and high early
mortality. The early mortality makes the investigation of pathogenesis and
treatment difficult. Because of non-specific nature and difficulty in producing a

graded response, immunological models are not commonly used.
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1.7.2.2 Secretagoque-induced pancreatitis:

AP may be induced by agents introduced either subcutaneously, intravenously
or intraperitonealy in rats and mice. This results in increased proteolytic enzyme
secretion to levels that cause pancreatic acinar autolysis®®. Caerulein (a CCK

analogue) may be given intravenously?”’

at doses of 5-10ug/kg/h in saline for a
period of 4 - 24 h or subcutaneously or intraperitonealy?®? for doses up to 100
ug/kg/h. Progressive interstitial oedema is observed. Caerulein induced
pancreatitis in rats produces an adult respiratory distress syndrome-like lung
injury. The model allows easily controlled grades of the condition and is self-
limiting®®®, 2°*. It is applicable in rat, mouse and dog. There are structural
similarities to surgical AP. The model is useful in studying early acute
oedematous pancreatitis and provides information on mechanisms where there
may be gut endocrine perturbations in the genesis of pancreatitis. The major

drawback of this model in the mice and rats is that frequent blood samples for

amylase and lipase estimation are difficult to obtain.

1.7.2.3 _Diet-induced pancreatitis:

Acute haemorrhagic pancreatitis with fat necrosis has been induced in female
mice using a choline-deficient ethionine supplemented diet?®. Male mice are
insensitive. The sex difference may be due to the deleterious effect of estrogens
or a reduced capacity to neutralise active pancreatic enzymes. It is likely that
this model is dependent on toxic action of ethionine on the acinar plasmalemma

in the absence of the cytoprotective effect of choline. Both gross and histological
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appearances of the pancreatic and peripancreatic inflammation, as well as the
clinical and biochemical course, resemble the human disease. The mortality rate
can be controlled by the amount of feeding®®®. This model has been used in the
study of oxygen-derived free radical damage to the pancreas®”’. Its
disadvantages are that the amount of injury produced depends critically on the
sex, age and weight of mice, and the intake of choline-deficient ethionine

supplemented diet.

1.7.2.4 Duct injection-induced pancreatitis:

Reber and co-workers®® developed a low-pressure ductal perfusion cat model
of AP. In this model the pancreatic duct is cannulated in both head and tail of the
pancreas; sodium glycodeoxycholate 15mmol/l, a bile salt secretagogue, is
introduced at 0.5ml/h for 1 hr to produce acute oedematous pancreatitis. The
main pancreatic duct may also be made permeable by intragastric
administration of ethanol, the stimulation of pancreatic secretion into an
obstructed duct or the creation of acute hypercalcaemia®®®. Perfusion of active
pancreatic enzymes into the duct via a catheter results in acute edematous
pancreatitis. Retrograde injection of sodium taurocholate into the pancreatic duct
has also been used?'®, 2", This model is reliable with low morbidity and mortality
rates. Pancreatic juice output and duct pressure can be measured. The main
limitations are complexity, expense and low mortality. The low mortality

suggests that death cannot be used as an endpoint.
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1.7.2.5 Duct ligation-induced pancreatitis:

Pancreatitis can be induced by placing a ligature around the bile duct at its point
of entry into the duodenum?'2. Ligation of pancreatic duct alone can also be
done®'®. This model shows similarity to various clinical situations like gallstone
induced pancreatitis, motility disorders of the sphincter of Oddi, oedema and
stricture at the papilla, tumors of papilla and parasites causing obstruction of the
pancreatic duct. Duct ligation can also be combined with secretagogue
stimulation of the pancreas. Pancreatic ductal pressure can be measured. The
model is technically difficult and expensive. A variant of duct ligation model is
the closed duodenal loop model of Seidel?'* and Pfeffer et al.,?'>. In this model
the first 10cm of duodenum is isolated in an anaesthetized dog by division just
distal to pylorus, and between the second and third parts of duodenum. The
common bile duct is ligated and a gastroduodenostomy constructed to re-
establish gastric outflow. Pancreatic oedema occurs at 4 h and hemorrhagic

pancreatitis at 9 — 12 h.

Chen et al., have described pancreatic duct ligation with stimulation of
pancreatic exocrine secretion model in the possum?'®. | have used this model in
my experimental study in the possum (chapter 2). They have also described a
model of severe AP as a result of topical application of carbachol on sphincter of

Oddi in the possum.
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1.7.2.6 Microvascular-induced pancreatitis:

These models were developed based on the observation that an early event in
AP is microvascular changes. Redha et al.,?’” demonstrated that partial
occlusion of the arterial supply of the pancreas in the rats could induce acute
haemorrhagic pancreatitis. The distal branch of splenic artery is isolated,
cannulated and polystyrene microspheres 20um in diameter are infused. The
cannula is then withdrawn and the vessel is ligated. This model may progress to
chronic active pancreatitis at the end of 3 weeks. There is minimal endocrine

derangement as seen with other models.

1.7.3 Ex vivo techniques:

1.7.3.1 Isolated ex vivo perfused pancreas:

In this canine model, the pancreas with short cuff of duodenum is isolated from
the dog and perfusion catheters are placed in the splenic artery, superior
mesenteric artery and portal vein®'®. The pancreatic duct is then cannulated.
The pancreatic duct is connected to an oxygenated perfused circuit. Gallstone,
alcohol and ischaemic pancreatitis may be reproduced respectively by partial
duct obstruction with secretin stimulation, free fatty acid infusion and 2h warm
ischemia. The disadvantage is that it undergoes functional deterioration within

4h and is cumbersome.
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1.8 Project rationale:

As described in Section 1.5.5, galanin is an abundant neurotransmitter in the
pancreas and is closely associated with the pancreatic blood vessels and has
cardiovascular effects (Section 1.5.6), it may play a role in regulation of PVP.
Microvascular changes in AP are well documented (Section 1.6.7). Furthermore,
recent studies in our laboratory has demonstrated that in the Australian Brush-
Tailed possum galanin infusion caused a biphasic response (a decrease
followed by an increase) in pancreatic vascular perfusion and a reduction in
conductance (the inverse of vascular resistance, i.e. perfusion divided by blood
pressure). The effect of the antagonist galantide is also biphasic, but is the
reverse to that of galanin i.e. an increase followed by a decrease in pancreatic
vascular perfusion®'. This suggests that the effect of galanin on pancreatic
vascular perfusion is via a local effect on vessels within the pancreas. Taken
together, these findings raise the possibility that galanin may play a role in AP,

and this warrants further investigation.

1.9 Overall hypothesis:

Galanin plays a major role in the onset and/or progression of AP.

1.9.1 Specific hypotheses:

1. Exogenous galanin will increase and exogenous galantide will decrease the

severity of AP.
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2. Galanin mediates the pancreatic hypoperfusion in AP and this will be
reversed by treatment with galantide.

3. Galanin will increase and galantide will decrease the pancreatic exocrine
secretion.

4. Galanin knockout (KO) mice will be less susceptible to AP as compared to
their wild type (WT) littermates.

5. Galanin antagonists M35, M40 and C7 will decrease the severity of AP in a

caerulein mouse model.

1.9.2 Aims:

The aims of the proposed studies were to determine:

1. The effect galanin or galantide administration, before and after AP induction
on severity of AP in the possum model (Chapter 2).

2. If administration of galanin or galantide alters PVP during AP in the possum
model (Chapter 3).

3. If exogenous galanin or galantide alters the basal and hyperstimulated
pancreatic exocrine secretion in the possum (Chapter 4).

4. The effect galanin or galantide administration, before and after AP induction
on the severity of AP in the caerulein mouse model of mild AP (Chapter 5).

5. If severity of caerulein-induced AP in galanin knock (KO) mice is different to
their wild type (WT) littermates (Chapter 6).

6. If administration of M35, M40 and C7 at AP induction alters the severity of

AP in the caerulein mouse model (Chapter 7).
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Chapter 2: Effects of exogenous galanin and galantide
administration in a possum model of mild AP

2.1 Introduction:

As described in Section 1.8, administration of exogenous galanin infusion
produced a biphasic response (a decrease followed by an increase) in PVP and
a reduction in conductance. The effect of the antagonist galantide was also
biphasic, but the reverse to that produced by galanin?®. These data are
consistent with a direct effect of galanin on PVP via a local effect on vessels
within the pancreas. In addition PVP is perturbed during AP, particularly during
the early phase®®. These observations lead to the hypothesis that galanin
plays a key role in the changes in PVP observed in the early stages of AP

and thus may be responsible for onset/progression of AP.

2.1.1 Specific Hypothesis

Exogenous galanin will increase and exogenous galantide will decrease the

severity of AP.

2.2 Specific aims:

To determine the effect of galanin or galantide administration, before and after

AP induction on severity of AP in the possum model.
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2.3 Methodological considerations:

The possum has been identified as a good model to study pancreatic functions
as the anatomy and the blood supply of possum pancreas is similar to the
human pancreas®',??? 22 My initial experimental study has been in the possum
model of mild AP, which involves pancreatic duct ligation and exocrine
hyperstimulation with cholecystokinin (CCK) and secretin®*. This is a well
established model of AP in our laboratory. The AP studies are carried out in two
parts; ‘prophylactic’ and ‘therapeutic’ drug administration groups. In the
‘prophylactic’ drug administration group, the peptides galanin and galantide are
administered prior to the onset of AP. These experiments are designed to
assess the role of these peptides in modulation of early events in AP. In the
therapeutic drug administration experiments, the peptide galantide is
administered 2 and 3 hours post onset AP in separate protocols. The rationale
of including the therapeutic protocol was firstly, to assess the role of galantide in
AP after the early events have taken place. Secondly, the time course of AP in
the animal model is compressed compared to the humans. Hence administration
of galantide 2 or 3 hours post onset AP may simulate a clinical situation which
would be comparable to the probable time at which a patient suffering from AP

would arrive to the emergency department for treatment.

2.4 Methods

2.4.1 Possums and animal ethics approval

This study was approved by the Animal Welfare Committee of the Flinders

University (approval numbers 560/03, 603/05). Australian Brush-tailed possums
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were used with permission from National Parks and Wildlife Service of South

Australia.

Australian Brush-tailed possums (Trichosurus vulpecula) of either sex and
weighing 1.5 -3 kg were used in these experiments. All procedures related to the
possums were carried out according to the principles outlined in the Australian
Code of Practice for Animal Care and Use. All animals were fasted overnight but

free access to water was allowed.

2.4.2 Pharmaceutical agents

Animals were anaesthetized with intramuscular ketamine (Ketelar; Park Dauvis,
Caringbah, NSW, Australia) and Xylazine (Rompun; Bayer, Botany Bay, NSW,
Australia). Anaesthesia was maintained with intravenous infusion of thiopentone
(Pentothal; Abbott, Kurnell, NSW, Australia) for the duration of experiment.
Sulphated CCK octapeptide (CCK-8) and secretin (porcine, Auspep, Parkville,
Victoria, Australia or American Peptide Company, Inc. Sunnyvale, CA, USA)
were used to stimulate exocrine secretion of the pancreas. Galanin and
galantide (Auspep Pty Ltd, Victoria, Australia or American Peptide Company,
Inc. Sunnyvale, CA, USA) was administered to alter AP. All the animals were
euthanized with pentobarbitone sodium (llium Pentobarb, Troy Laboratories Pty

Ltd., Smithfield, NSW, Australia) at the end of experiment.

72



2.4.3 Experiment set up
After the anaesthesia induced by ketamine (20mg/kg) and xylazine (10mg/kg),

the possums were shaved with an electric razor over the neck, abdomen and
the inguinal regions. The possums were then placed on a heating blanket to
maintain the body temperature at 37°C (Harvard Apparatus, Holliston,
Massachusetts, USA). A tracheostomy was performed and the possum was
ventilated with a small animal ventilator (Harvard Apparatus, Holliston,
Massachusetts, USA). The left femoral vein was cannulated with two cannulae
(1.05mm OD, 0.35mm ID) for delivery of anaesthetic drug (thiopentone at an
initial dose of 2ml/kg/h and then titrated to maintain anaesthesia for the duration
of experiment) and normal saline. Normal saline was administered at 4 ml/h. Left
femoral artery was cannulated with a cannula (1.5mm OD, 0.9mm ID) and it was
connected to a pressure transducer (Transpac IV, Abbot Ireland, Sligo, Republic
of Ireland) to continuously measure blood pressure. Two cannulae (1.5mm OD,
0.9mm ID) were placed into the right femoral vein; one was advanced into the
inferior vena cava in the thorax and connected to a pressure transducer to
monitor central venous pressure (CVP), as an indicator of fluid overload and the
other cannula was used for infusion of drugs. The right femoral artery was also
cannulated (1.5mm OD, 0.9mm ID) to collect blood samples for enzymatic
analysis. A urinary catheter (infant feeding tube size 12Fr) was inserted into the
bladder to measure urine output. The abdomen was opened by a midline
incision. With minimal handling of tissues, the duodenum with the sphincter of
Oddi is placed on a platform and stabilised with the help of ophthalmic pins. The

pancreatic duct component of the sphincter of Oddi was identified with the aid of
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a dissecting microscope and opened with micro-scissors. It was then canulated
(1.5mm OD, 0.9mm ID) for 4-5mm and ligated with 5-0 Prolene. The cannula
was then connected to a pressure transducer to record the PDP and provide a

“functional ligation”. The abdomen was then closed with interrupted sutures.

2.4.4 Protocol for inducing AP and collection of data:

Following the completion of the experimental setup, the preparations were
allowed to stabilise for 15 minutes. Then synthetic CCK-8 and secretin were
dissolved in saline containing 0.01 % bovine serum albumin (BSA) (Sigma®, St.
Louis, MO, USA.) was administered as bolus injection (1ml) over 1min via the
femoral vein, at 30 minute intervals over the first 5h. The initial dose of CCK-
8/secretin was 0.5ugm/kg. This was followed by increasing doses from 1 to
5ugm/kg (Figure 2.1). The final dose was given 5h after pancreatic duct ligation,

and the experiment was terminated 3h later.

At hourly intervals a blood sample (700ul) was collected from the right femoral
artery for analysis of plasma amylase and lipase activities. The first sample of
blood (baseline) was collected at the time of cannulation of the pancreatic duct.
At the end of the experimental protocol the possum was euthanized by injecting
1ml of 500mg pentobarbitone sodium. The pancreas was then harvested for
histological assessment of tissue damage as follows. The entire pancreas was
fixed overnight in 10% buffered formalin. It was then divided into head, neck,

body and tail regions and separately embedded in paraffin blocks. Four micron
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sections were cut and stained with Hematoxylin and Eosin. These were then
histologically scored by an independent, experienced pathologist who was
blinded to the experimental protocol using the modified Spormann’s scoring

system (Section 2.4.9).

2.4.5 Protocol for prophylactic administration of galanin or galantide:

The experiment setup and induction of AP was as described above (Section
2.4.4). Galanin or galantide were administered intravenously 15 minutes prior to
pancreatic duct ligation as a bolus injection (0.5nmol/kg and 1.5nmol/kg
respectively) in BSA saline, and were continued as an infusion (2nmol/kg/h) for
the duration of experiment (Figure 2.2). The above doses of galanin and

galantide were selected as they demonstrated PVP changes in normal animals.

2.4.6 Protocol for therapeutic administration of galantide:

The experiment setup and induction of AP was as described above (Section
2.4.4). This group included administration of galantide post onset AP. Galantide
was administered intravenously 2 h post onset AP as a bolus, and was then
continued as an infusion for the duration of experiment, using the doses
described above (Figure 2.3). In separate group of animals, galantide was

administered intravenously 3 h post onset AP as described above (Figure 2.4).
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2.4.7 Study groups

The study comprised of the following groups of animals (Table 2.1):

Table 2.1. Various groups in the study.

Study group Number of

animals, n
AP alone 10
AP + prophylactic administration of galanin 5
AP + prophylactic administration of galantide 6
AP + therapeutic (2hr post onset) administration of galantide 5
AP + therapeutic (3hr post onset) administration of galantide 5

2.4.8 Parameters measured

The various parameters measured were BP, PDP, CVP, urine output, plasma

amylase and lipase activities and histological assessment of pancreatic damage.

2.4.8.1 BP, PDP and CVP measurements:

The BP, PDP and CVP were continuously recorded on a Maclab recording
system (ADInstruments Pty Ltd., Castle Hill, NSW, Australia) using Chart

software version 4.2.2. The analysis was done off-line.
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2.4.8.2 Urine output:

The total urine output for the duration of experiment was measured in ml and

was expressed as the volume per kg body weight of the animal.

2.4.8.3 Plasma amylase and lipase activities:

Plasma amylase and lipase activities were assessed by collecting blood sample
in ethylenediaminetetraacetic acid tubes. It was then centrifuged at 2000 rpm for
5 minutes at room temperature. The plasma was then collected and stored at -
20°C. For estimation of plasma amylase, AMYL a — Amylase liquid according to
IFCC reagents (Roche/Hitachi, Germany) were used for enzymatic colorimetric
assay. Lipase-PS™ reagents (Trinity, Biotech, St. Louis, USA) were used for
quantitative, kinetic determination of pancreatic lipase activity. Both assays were
performed on a centrifugal analyser (Cobas Bios, F Hoffmann-La Roche, Basle,

Switzerland). Both amylase and lipase activities were expressed as U/L.

2.4.9 Histological examination:

Pancreatic damage was histologically assessed by using a modified Spormann
scoring system??. This scoring system assesses the degree of pancreatic
damage by allocating a score for oedema, parenchymal inflammation, fat
inflammation, peripheral necrosis, fat necrosis and parenchymal necrosis as
shown in Table 2.2. The histological scoring was done by histopathologist who

was blinded to various treatment groups.
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Table 2.2: Histological scoring for early AP - modified Spormann’s scoring

criteria.
Histological Score and description
feature
1 — Focally increased between lobules
Oedema 2 — Diffusely increased between lobules
3 — Tense acini, widely separated lobules
1 — mild
!’at . 2 — moderate
inflammation
3 —severe
1 — mild
Parenchymal 2 —moderate
inflammation
3 — severe
1 —mild
Perlphe_:ral 2 —moderate
necrosis
3 — <2/section
Fat necrosis 5 — 3-5/section
7 - >5/section
3 —focal <5%
Parenc_hymal 5 — and/or sublobular <20%
necrosis
7 —and/or lobular >20%

The possum model used in this study produced mild AP and the most prominent
histological feature of this model is oedema #?. Previous work in the laboratory
showed an increase in the pancreatic wet weight dry weight ratio in this model,
consistent with increased oedema. To more precisely quantify interstitial

oedema within the pancreas a point scoring system was used (Figure 2.5). This

78



is a quantitative morphometry method®?’. From each histology slide 5 randomly
microscopic fields (40X magnification) were selected and imaged using a digital
camera (DP-70, Olympus Japan). A grid of 25 points was randomly
superimposed on each image using Microsoft Flash software. The number of
grid points falling over inter-acinar (non-cellular) space was counted. An oedema
score was generated as the average percentage of points falling over the inter-
acinar space per 25 points of the grid. This was considered as an adequate
sample size. Data for all the animals per group was then combined and

subjected to statistical analysis.

2.4.10 Analysis:

After stabilization period of 15 min, baseline value of BP and PDP were taken by
averaging a 1 min period just prior to ligation of pancreatic duct in the AP group
and prior to administration of bolus doses of galanin or galantide in the
prophylactic administration groups. This period was stable and representative of
at least 10 min of the previous data. Subsequently every 15 minutes, the mean
of a one minute interval was analysed for the duration of experiment. Care was
taken to ensure that the one minute period was representative, and avoid
analysis of data where boluses of drugs or saline were administered and where
the readings were momentarily unstable. The BP and PDP are expressed in
mmHg. If there was a fall in blood pressure to below 40 mmHg, the experiment

was aborted, as at this level vascular collapse had occurred.
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The plasma amylase and lipase activities of the AP group and prophylactic
galanin and galantide administration groups are expressed as units per litre
(U/L). When the AP group was compared to the therapeutic galantide
administration groups, these activities were expressed as percentage change

from the time when galantide was administered.

2.4.11 Statistical analysis:

Statistical analyses were performed using the raw data. All the data were
checked for normality. If the data were normally distributed, then multiple
comparisons were made using analysis of variance (ANOVA). When data was
not normally distributed, a non parametric Mann Whitney U test was used to
determine significant differences. A p value of 0.05 or less was considered

significant. All the data is expressed as mean + SEM unless otherwise stated.

2.5 Resulis
2.5.1 BP:

The BP was stable prior to the onset of AP and then fell during the 1°' h in all the
groups (p<0.05) and then stabilised (Figure 2.6 top). The BP in galanin or

galantide administration groups was not significantly different from the AP group.

2.5.2 PDP:
PDP gradually increased to 15-20 mmHg after ligation of the PD at the end of

the 1% h. This was statistically significant (p<0.05) (Figure 2.6 bottom). PDP

was then steady throughout out the course of the experiment. There were no
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significant differences in the PDP displayed by any of the group during the

course of the experiment.

2.5.3 Plasma enzyme activities:

2.5.3.1 AP group:

In the AP group the plasma amylase activity gradually increased as AP was
induced (Figure 2.7 top). In the AP group the mean plasma amylase activity
prior to AP induction was 398+46 U/L. At 2-3h post AP induction the plasma
amylase activity had increased by 190%, then plateaued and at 7h there was a

trend toward a decrease.

The mean plasma lipase activity prior to AP induction was 3511 U/L. This
gradually increased as AP was induced (Figure 2.7 bottom), reaching a peak

(35 fold) at 2 h post AP and then plateaued.

2.5.3.2 AP plus prophylactic galanin group:

In the prophylactic galanin administration group, the changes in the plasma
amylase activity were similar to that seen in the AP group (i.e. 175% rise by 2h
post AP induction; Figure 2.7 top). The changes in the plasma lipase levels
were more dramatic i.e. by 2h post AP induction there was about 220 fold rise

(Figure 2.7 bottom).

2.5.3.3 AP plus prophylactic galantide group:

There was no rise in plasma amylase activity in the prophylactic galantide
administration group (Figure 2.7 top). There were significant differences in

plasma amylase activity in the prophylactic galantide administration group
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compared to the AP group (p<0.05). In contrast, in the prophylactic galantide
administration group, the rise in plasma lipase was only 4 fold (Figure 2.7
bottom). There was significant difference in plasma lipase activity when
prophylactic galantide administration group was compared to the AP group

(p<0.05).

2.5.3.4 AP plus 2 and 3h post onset AP galantide administration groups:

When galantide was administered at 2 hours post onset AP, the subsequent rise
in plasma amylase activity was suppressed compared to the AP alone group
(p<0.05; Figure 2.8 top). When galantide was administered 3h post onset AP
there was no significant fall in the plasma amylase activity compared to the AP

group (Figure 2.9 top).

Galantide administered at 2 and 3h post AP induction in separate groups,
resulted in significantly lower plasma lipase activity (p<0.05, Figure 2.8 bottom

and 2.9 bottom).

2.5.4 Histology:

2.5.4.1 Modified Spormann’s scoring:

There were no significant differences in the histological scores of any group with

modified Spormann’s scoring system (Table 2.3).
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Table 2.3: Summary of mean histological score in different experimental groups.

Study group Number of Score (Mean

animals, n SEM)

AP 10 4.9+0.8

AP + prophylactic administration of 5 6.8+0.7

galanin

AP + prophylactic administration of 6 5+0.5

galantide

AP + therapeutic (2h post AP onset) 5 8.210.8

administration of galantide

AP + therapeutic (3h post AP onset) 5 44417

administration of galantide

2.5.4.2 Point scoring for oedema:

Point scoring analysis for oedema showed that the groups with prophylactic and

therapeutic administration of galantide had significantly less oedema than the
AP group (Table 2.4). There was no significant difference in the oedema
between the groups which received galantide. On the other hand, prophylactic

galanin administration did not result in significant difference in oedema when

compared to the AP alone group.
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Table 2.4: Summary of point scoring analysis for edema in possum pancreas in

different experimental groups.

Study group Number of Score (Mean = | P value (Vs. AP)
animals, n SEM)

AP 10 5.05+0.57
AP + prophylactic administration of 5 3.520.15 0.59
galanin
AP + prophylactic administration of 6 2.1+£0.47 0.006
galantide
AP + therapeutic (2h post AP 5 2.5+0.67 0.019
onset) administration of galantide
AP + therapeutic (3h post AP 5 1.3+0.49 0.000

onset) administration of galantide

2.5.5 Urine output

The urine output was not significantly different in either of the groups for the

duration of the experiment (Table 2.5).
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Table 2.5: Summary of mean urine output in different experimental groups.

Study group Number of Mean urine output
animals, n (ml/kg)

AP alone 10 22.1+1.8
AP + prophylactic administration 5 25.5+4 .4
of galanin
AP + prophylactic administration 6 26.4+4.8
of galantide
AP + therapeutic administration of 5 17.9+2.09
galantide (2hours post AP)
AP + therapeutic administration of 5 27.6+1.68
galantide (2hours post AP)

2.6 Discussion:

These data showed that prophylactic treatment of AP with galantide significantly
ameliorated plasma hyperenzymemia. Furthermore, therapeutic treatment of AP
with galantide showed the similar trend in plasma enzyme activities. This was
significant when galantide was administered at 2h post onset AP. On the other
hand prophylactic treatment of AP with galanin produced a significant increase
in the AP-induced plasma lipase activity but had no effect on the AP-induced
plasma amylase activity. The histological damage to the pancreas induced by
AP, as assessed by the modified Spormann’s score, was not altered by
galantide or galanin administration. The point scoring analysis of pancreatic

oedema showed that both prophylactic and therapeutic treatment of AP with
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galantide significantly decreased interstitial oedema in the pancreas, whereas
galanin had no effect. Thus these data are consistent with a role of galanin
antagonist in AP and demonstrate that galantide treatment ameliorated the

severity of AP in this model.

AP is a complex multi-step process. AP induced hyperenzymemia is due to
either increased secretion of pancreatic enzymes from the acinar cells and/or as
a result of increased release from damaged acinar cells. It is unclear how
galanin might modulate one or more of these steps. Galanin could be involved in
the induction and/or progression of AP by modifying pancreatic exocrine
secretion or via alteration in PVP or a combination of both. Little is known about
the effect of galanin on exocrine pancreas. Whether galanin plays a role in the
regulation of exocrine pancreatic secretion and whether this effect is mediated
via a direct action on acinar cells or indirectly via an influence on insulin

secretion is not clear.

The source of galanin which mediates AP is unclear. As indicated in Chapter 1,
galanin is present in the nerves and a subpopulation of islets of the pancreas.
Galanin release could result in increase in the plasma levels of galanin. The
plasma level of galanin has not been measured in the possum plasma. A
relevant method for the quantitation of galanin in possum plasma has not been
published and to my knowledge does not exist. One potential difficulty is the

likely short half-life of galanin in plasma. Due to the time constraints of the
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candidature this estimation was not attempted, however it could be undertaken

in future studies.

Galantide decreased AP induced hyperenzymemia due to either a decrease in
damage to the acinar cells or a decrease in exocrine secretion from the acinar
cells. The damage to the acinar cells in AP depends on the type of model used
in the study. In the mild model of AP, interstitial oedema is an early indicator of
acinar cell damage. If acinar cell damage is due to microcirculatory changes
then the AP-induced changes in the microcirculation should be modified by

galanin and galantide. Recent studies®®

showed that galanin and galantide
perturb PVP in possums. Thus, there may be a link between galanin, vascular
perfusion and hypoxia-induced increased enzyme secretion in AP, this is further

explored in Chapter 3.

If galantide decreased hyperenzymemia is due to decrease in secretion from the
acinar cells then galanin should increase pancreatic exocrine secretions
normally. The literature regarding the effect of galanin on exocrine secretion is
unclear. Galanin is reported to inhibit pancreatic enzyme secretion in some
studies®®® %%, Where galanin has been reported to modify pancreatic exocrine
secretion, the mechanisms involved have not been clearly described. Guerineau

1.,2" showed that galanin evokes transient rises in intracellular Ca*™*

eta
concentration in GH3/B6 pituitary cells of rats. As Ca*™ transients are associated
with normal secretion, this effect of galanin is consistent with increased

secretion. However, Ahren et al., showed that galanin has a dual action on
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232 Galanin

calcium ion concentration in rat insulin producing RIN m5F cells
initially increased intracellular Ca*™ concentration then decreased it. Hence it will
be interesting to study the effects of galanin and galantide on pancreatic

exocrine secretion in the possum, this is addressed in Chapter 4.

There were significant differences between the plasma amylase and lipase
activities in the group which received therapeutic (2h post onset AP)
administration of galantide when compared to the AP group. On the other hand,
there was no significant difference in plasma amylase levels between
therapeutic galantide administrations at 3 hours post onset AP when compared
to the AP group, but the plasma lipase activity was significantly lower. This
would suggest that if galantide was administered earlier in the course of AP, it
may be helpful in preventing the disease process and that there may be some
dissociation in the effect of galantide on plasma enzymes when administered
late in the course of the disease. Hence it appears that galantide affects the

early events in AP. Conversely, galanin appears to modulate early events in AP.

There were no significant differences in the parameters of histological
assessment of different groups using the modified Spormann’s scoring system.
This was not surprising because the mild AP induced in this model is
oedematous pancreatitis. In the modified Spormann’s scoring system oedema is
one of six scoring parameters consequently the score contributed by oedema is
relatively low as compared to the fat and parenchymal necrosis. Because of this

limitation with the modified Spormann’s scoring system, point scoring was used
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to quantify pancreatic oedema. With point scoring for pancreatic oedema
prophylactic as well as therapeutic administration of galantide in AP resulted in
significantly less oedema. This begs the question on the effect of galanin and

galantide on a more severe model of AP, this is addressed in Chapter 5.

The initial fall in BP within the 1°' h in all the groups was statistically significant
when compared the baseline levels. The reason for this fall could be due to the
early events that occur in AP or as a result of CCK-SEC administration. It has
been reported that CCK administration is associated with fall in the arterial BP#*?
which could be due to splanchnic vasodilation or a systematic effect resulting in

234 and CCK?®® have been shown to increase

decreased heart rate. Both secretin
pancreatic blood flow. The supersaturation of CCK receptors could explain why
the fall in BP did not continue during the experiment. In the galanin and
galantide administration groups there was no modification in the initial fall in BP,
this could also be due to supersaturation of CCK receptors or a combination of it
and vasoactive effects of galanin or galantide. This could suggest that at the

doses these drugs were used in the study were unable to overcome the AP-

induced effects on BP.

The nervous system, via the vagus nerve, controls inflammation by decreasing
the release of tumour necrosis factor-a from endotoxin stimulated macrophages.
This anti-inflammatory effect is mediated by an interaction of acetylcholine with
macrophage cholinergic nicotinic receptors. Hence there may be a role of

nicotinic anti-inflammatory pathway in attenuating inflammation and injury during
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experimental AP?*. Galanin often coexists with other neurotransmitters such as
acetylcholine, vasoactive intestinal polypeptide and nitric oxide synthase in the
nerve endings and may act pre-synaptically to inhibit the release of these

neurotransmitters3’> 238 239,240

. It is possible that galanin acts to inhibit the
release of acetylcholine, and attenuates the nicotinic anti-inflammatory pathway
in experimental AP. Hence galantide administration may reduce this effect and

limit acinar cell damage during experimental AP.

In general, nuclear factor kappa B (NFK B) mediated cytokine release occurs as
part of the cellular response to injury. One consequence of this may be up-
regulation of galanin receptors, which in turn exacerbates abnormal pancreatic
secretion by increasing the responsiveness of the acini to galanin. In the dextran
sulphate sodium induced model of colitis in mice, in which galanin receptors are
up-regulated via a NFK B mechanism; activation of these contributes up to half
the excess colonic chloride and fluid secretion seen in this model®*’. Thus,
galanin may have a role in directly increasing pancreatic secretion in AP,

perhaps because of AP-induced up-regulation of its receptors.

2.7 Conclusion

The results indicate that galanin may play a role in induction of AP in the
possums. The beneficial effect of galantide in AP may be due to either increase
in the PVP (Chapter 3) or decrease in exocrine secretion (Chapter 4) or a
combination of these. It will also be interesting to know if galanin and galantide

modulate AP in a more severe model (Chapter 5). If so, depleting endogenous
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galanin should result in less severe AP (Chapter 6). There are various
antagonists of galanin, and it would also be interesting to define their role in AP

(Chapter 7).
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Figure 2.1. Schematic representation of protocol to induce AP in the
possum.

NRRERRARN

051 2 55 55 55 5

CCK- 8 + Secretin (ug/kg) I.V. Euthanise &
Pancreatic harvest
duct ligation

HOURLY BLOOD COLLECTIONS - amylase, lipase

AP was induced by serial injections (30min intervals upto 5h) of
cholecystokinin octapeptide (CCK-8) and secretin after pancreatic duct

ligation. Blood samples were withdrawn at hourly intervals for estimation of

plasma amylase and lipase activity. At the end of 8h the animal was
euthanized and pancreas was harvested for histological assessment of
severity of AP .
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Figure 2.2. Schematic representation of protocol to induce AR with

prophylactic galanin or galantide administration.

GT bolus 1.5nmolikg + Znmolfkgih infusion
or
GL bolus 0.5nmolfkg + 2Znmolfkgih infusion

LT

CCK-8 + Secretin {(pg/fkg) L.V.
Pancreatic
duct ligation

HOURLY BLOOD COLLECTIONS - amylase, lipase

AP was induced as outlined in fig 2.1. Peptides galanin (L) or galantide
(ZT) were administered prophylactically 15 min prior to pancreatic duct
ligation. BElood samples were withdrawn at hourly intervals . At the end of &h
the animal was euthanized and pancreas was harvested.
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Figure 2.3. Schematic representation of protocol to induce AR with
therapeutic galantide administration (2 h post onset AP).

GT bolus 1.5nmolfkg + 2nmolfkgih
infusion

0 1 2 3 4 5 6 7 8

| | | | | |
NRRRRRRRN

001 2 55 5555 5

CCK-8 + Secretin (pgikg) |.V. Euthanise &
Pancreatic harvest
duct ligation

HOURLY BLOOD COLLECTIONS — amylase, lipase

AP was induced as outlined in fig 2.1. Galantide (GT) was administered 2 h
post onset AP Blood samples were withdrawn at hourly intervals. At the
end of 8h the animal was euthanized and pancreas was harvested.
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Figure 2.4. Schematic representation of protocol to induce AP with
therapeutic galantide administration (3 h post onset AF).

GT bolus 1.5nmollkg +
2nmolikgsh infusion

0 1 2 3 4 5 6 7 8

| | | | |
NERRRREAR

091 2 55 §5 55 5

CCK-8 + Secretin {(Hgfkg) |.W. Euthanise &
Pancreatic harvest

duct ligation

HOURLY BLOOD COLLECTIONS - amylase, lipase

AP was induced as described in fig 2.1, Galantide (GT) was administered 3
h post onset AP, Blood samples were withdrawn at hourly intervals. At the
end of 8 h the animal was euthanized and pancreas was harvested.
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Figure 2.5. Representative histological image used for point scoring of
edema.

Fepresentation of one digital image from a possum pancreas field taken
at a magnification of X40, as described in the text, with a grid of 25 points
(2x5), representing 25 ym®, superimposed over the digital image. The

presence under a grid point of interstitial edema (red circle) is highlighted.
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Figure 2.6. Change in blood pressure (BF) and pancreatic duct pressire
(PDF) during AP with and without prophylactic treatment with galanin or

galantide.
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EF (top) and FDF (bottom) in different groups - AP (red), galanin (blueg)
and galantide (green) administration. There is a significant fall in BF in the
first hour in the three groups. Thisis followed by a stable BEP throughout
the course of the experiment which is not significantly different between
the groups. At 8 hthe BP falls in all the groups when the animals were
euthanased. The PDP gradually increases during the first hour and then
stabilized. There is no significant difference in PDP displayed by all
groups. Data is presented as mean = SEM in = 5-10) (p = 0.0% compared
with the AP group, ANOYWA) * p < 0.05 compared to the valug at 0 h.
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Figure 2.7. The time course of plasma amylase and lipase activity during
AR with and without prophylactic treatment with galanin and galantide.
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Flasma amylase (top) and plasma lipase (bottom) activities in different
groups - AP (red), galanin (blue) and galantide (green) administration are
shown. There is a rise in plasma enzyme activities oninduction of AP,
YWhen GL is administered, the rise in plasma amylase activity is similar to
that measured in the AR group but the rise in plasma lipase activity is
significantly greater than in the AP group.When GT is administered, the
rise in both plasma amylase and lipase activities are significantly
decreased Data is presented as mean = SEM (n = 5-10) (*p = 0.0%
compared with the AP group, ANOWVA).
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Figure 2.8. The time course of plasma amylase and lipase activity during AP
with and without therapeutic treatment (2 h post onset AP with galantide.
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The change inamylase (top) and lipase (bottom) activities expressed as
percentage of the mean value at 2 h in different groups - AP (red), and
galantide {green) administration. In the AP group the plasma enzymes
continue to increase and then plateau. VWhen GT is administered at 2 hours
post onset AP, there is a significant fall in the plasma enzyme activities as
compared to the AP group. Data are presented as mean £ SEM (n= 5-10)
(* p = 0.05 compared with the AF group, ANOWA).
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Figure 2.9. The time course of plasma amylase and lipase activity during AP
with and without therapeutic treatment (3 h post onset AP with galantide.
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The change in amylase (top) and lipase (bottom) activities expressed as
percentage of the mean value at 3 hin different groups - AR (red) and
galantide (green) administration. In the AP group the plasma enzymes
activities plateaued during the remainder of the experimental period. WWhen
=T is administered at 3 hours post-AF onset, there is no significant fall in the
plasma amylase activity as compared to the AP group. In contrast there is a
significant decrease in the plasma lipase activity seen with GT administration
when compared to the AP group. Data are presented as mean = SEM(n = 4-
10) ("p < 0.05 compared with the AP group, ANOWA)
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Chapter 3: Effects of galanin and galantide on Pancreatic
Vascular Perfusion (PVP) in the possum model of mild AP.

3.1 Introduction:

As outlined in Section 1.6.9, AP is associated with changes in PVP. Several
experimental studies have shown that pancreatic microcirculatory changes
occur during early AP?*2. These microcirculatory changes include a combination
of vasoconstriction, neutrophil accumulation and release of various vasoactive
peptides'®. Progression from mild to severe AP may be due to abrupt changes
in PVP. As the severity of AP increases, perfusion changes become more

obvious?*.

As discussed in Chapter 1, galanin is particularly prominent around blood
vessels and especially arterioles in and around the pancreas®*, but its role in
PVP during AP is unclear. Galanin is also known to cause pressor effects on
blood pressure in the possum?*®. Brooke-Smith et al.,?*® have demonstrated that
during AP in the possums, there is an initial fall in PVP, which is followed by an
increase in PVP. Given that AP is associated with decreased PVP and
development of pancreatic necrosis, galanin may have a potential role in the

pathogenesis of AP.

The pancreas has a rich vascular supply to all its regions. It is not known

whether different regions of pancreas respond in a uniform way to ischemia
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induced by AP. Most experimental studies have measured changes in PVP in
AP in one of the region of the pancreas. This approach may have not provided a
complete description of perfusion changes in the entire pancreas. Consequently
measurement of perfusion changes simultaneously in different regions, namely,
head, body and tail of the pancreas will provide more information regarding the
changes in AP in the entire pancreas and may reveal if particular regions are

more susceptible to AP.

The data described in Chapter 2, suggests that galanin may play a role in AP.
One possible mechanism is that galanin may mediate microcirculatory changes

evident in AP.

3.2 Specific hypothesis:

Galanin mediates the pancreatic hypoperfusion in AP and this will be reversed

by treatment with galantide.

3.3 Aim:

To determine, if administration of galanin or galantide alters PVP during AP in

the possum model.

3.4 Methods:

Possum’s were used in the study as the previous experimental studies were
carried out in them. Laser Doppler fluxmetry was used to measure the PVP in
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the possums for reasons discussed in Chapter 1 Section 1.6.9 and also that in
the past this technique has been used to study PVP in the possum’s in our

laboratory.

3.4.1 Pharmaceutical agents:

These are the same as described in Section 2.4.2.

3.4.2 Protocol for experimental setup:

The surgical set up was similar to that described in Section 2.4.3. The Laser

Doppler probes were placed on different regions of the pancreas as described

below.

3.4.3 Pancreatic vascular perfusion measurement:

Laser Doppler fluxmetry (Section 1.6.9.1) was used to measure the PVP in the
head, body and the tail of the pancreas. PVP was continuously measured using
a Perimed Periflux 5001 (Perimed, Jarfalla, Sweden) and was recorded on a
Maclab recording system (ADInstruments, Castle Hill, NSW, Australia). Prior to
placement of laser Doppler probes, the pancreas was isolated by retracting the
stomach and liver superiorly and colon and small intestine inferiorly. A gauze
swab was placed between the pancreas and left kidney by carefully lifting the
spleen with the tail of pancreas, to ensure the laser Doppler light did not
penetrate to the deeper tissue and measure perfusion of the deeper tissues, i.e.
only PVP was measured. Laser Doppler probes (probe 407 with miniholder PH
07, fibre separation 0.25mm, wavelength 780 nm) were then placed on head,
body and tail of the pancreas (one probe per site). Care was taken to place the

probe on the head of the pancreas away from the site of PD ligation. All the
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probes were placed in such a position so as to minimize the recording of
artifacts such as those due to respiratory movement or excessively high
perfusion resulting from placement of probes directly over major vessels. Moist
gauze pieces were then placed on the exposed pancreas to prevent it from
drying. An equilibration period of 15 minutes was allowed before taking baseline

readings.

3.4.4 Induction of acute pancreatitis:

The protocol to induce pancreatitis was similar to that described in the previous
Section 2.4.4. Galanin or galantide were given as a prophylactic administration

in the doses as described in Section 2.4.5.

3.4.5 Parameters measured:

The following parameters were measured,

1. PVP in the head, body and tail of the pancreas

2. BP
3. PDP
4. Plasma levels of amylase and lipase activities

3.4.6 Analysis:

PVP, BP and PDP were continuously recorded. These physiological parameters
were allowed to stabilise for 15 minutes. Baseline value of PVP, BP and PDP

were taken by averaging a 1 minute period prior to administration of first dose of
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CCK-8 and secretin in the AP group. In the galanin or galantide administration
groups the baseline value of PVP, BP and PDP were taken by averaging a 1
minute period prior to administration of the respective bolus doses.
Subsequently every 15 minutes, the mean of a 1 minute interval was analysed
for the duration of experiment. The mean PVP data was also calculated by
averaging the perfusion values of head, body and tail of the pancreas. PVP was
expressed as percentage change from the baseline value. Conductance was
analysed as the mean PVP divided by BP for each corresponding interval. The
conductance was then expressed as the percentage change from the baseline.
The BP and PDP values were expressed as percentage change from the
baseline value. Care was taken to avoid analysis of the recordings where
boluses of drugs or saline were administered and where the readings were
unstable. If there was a fall in blood pressure to below 40 mm Hg, the
experiment was aborted, as at this level vascular collapse would occur. The
animals were then euthanized as described in Section 2.4.4. Samples of
pancreas were not collected for histological analysis because the surface of

pancreas was crusted as a result of Laser Doppler probes.

Plasma amylase and lipase activities were analysed and expressed as

described in Chapter 2 Section 2.4.8.3.

3.4.7 Statistical analysis:

Statistical analysis was done using the raw data as described in Section 2.4.11.

106



3.5 Results:

3.5.1 BP:

There were no significant differences in the BP in the three groups for the
duration of the experiment. The BP was similar to that described in Chapter 2
There was about 20%-30% fall in the BP in the first hour in all the groups and
after that it remained steady during the course of the experiment. The initial fall
in BP was statistically significant when compared to the baseline levels in

different groups (p<0.05).

3.5.2 PDP:

On cannulation of the pancreatic duct the PDP was found to be initially 5-
8mmHg and gradually increased to 15 to 20 mmHg during the course of AP and
then remained steady. There was no significant difference in PDP of either

group. The PDP changes were similar to that described in Chapter 2.

3.5.3 PVP:
In the AP group there was an initial fall in PVP in the first hour by about 15%

below the baseline values (Figure 3.1 top). PVP then increased gradually to
reach the baseline levels by 1 h and continued to rise. At 4 h PVP was
approximately 35% above the baseline level and then stayed above the
baseline. In the AP plus galanin administration group, there was a fall in the PVP
by 30% which did not recover throughout the duration of the experiment. In the

AP plus galantide administration group, a sustained rise in PVP was evident.
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The PVP in this group increased to approximately 105% above the baseline
level. There was significant difference in PVP in galanin and galantide
administration groups when compared to the AP group (p<0.05). There was no
regional difference between the vascular perfusion of the head, body or tail of

the pancreas in any group (Figure 3.2).

3.5.4 Pancreatic vascular conductance:

In the AP group the pancreatic vascular conductance per unit time showed a
trend to increase from the baseline level but this was not significantly different
(Figure 3.1 bottom). In the AP plus galanin administration group the pancreatic
vascular conductance was similar to the baseline value and was not significantly
different from the AP group. On the other hand with AP plus galantide
administration group the conductance increased to about 220% above the
baseline levels, peaked by 3 h and was then steady for the duration of the

experiment (p<0.05 compared with the AP group).

3.5.5 Plasma enzymes:

The plasma enzyme levels were similar to that seen in the earlier experiments

as described in Section 2.5.3.

3.6 Discussion:

These data suggest that in possum, AP is associated with rise in plasma

amylase and lipase activities and a fall in PVP earlier in the course of AP which
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is followed by a rise to above the baseline level. When galanin is administered in
AP, the plasma amylase and lipase activities are significantly higher than those
in the AP group and there was a prolonged and sustained fall in PVP. In contrast
with galantide administration prior to induction of AP, amylase and lipase
activities were significantly lower than the activities in the AP alone group and
was accompanied by a prolonged and a sustained increase in PVP which was

significantly greater than that observed in the AP alone group.

Microcirculatory disturbances can lead to AP. Severe AP is associated with both
intrapancreatic and extrapancreatic vasospasm and decreased perfusion

leading to ischemic damage and necrosis of the pancreas®"’.

The initial fall in BP within the first hour in all the groups was statistically
significant when compared the respective baseline levels. This fall was also

noted and discussed in Chapter 2, Section 2.6.

In the AP group there was an initial fall in PVP, followed by a rise above
baseline. This initial fall could have been as a result of decreased BP observed
in the 1°' h followed by a vascular rebound which increased the blood flow and
hence perfusion of the pancreas. Alternatively, the initial decrease in PVP may
be due to local vasoconstrictive effects, followed by vasodilation due to reactive
hyperaemia, or by subsequent action of vasodilatory agents such as NO. It has

248

been shown that NO is a potent pancreatic vasodialator=™ and has a protective

effect?*® 0 in several animal studies of AP, possibly by increasing pancreatic
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microvascular blood flow. It may also have deleterious effect™’ possibly due to

oxidative stress or vasodilatation and organ hypoperfusion.

The results also suggest that overall there are no regional differences in PVP in
various groups. In the tail of the pancreas of AP and galantide administration
groups, PVP overlaps at 3 hours the underlying basis of this is unclear. This lack
of regional differences in PVP would suggest that in spite of rich vascular supply

to the pancreas; all regions are equally susceptible to injury during AP.

Galanin is a known vasoconstrictor and decreases PVP in possums at the dose
used (Section 1.8). The galanin administration group demonstrated a fall in PVP
which failed to recover. When galantide was administered with AP there was an
increase in PVP to above baseline. This effect was immediate and sustained.
This effect is consistent with galantide behaving as an antagonist to galanin

receptors and suggests a role for endogenous galanin in regulating PVP.

Vascular conductance was calculated to assess the effects of galanin and
galantide on pancreatic vasculature allowing for changes in BP during the
course of the experimental period. In the AP group the vascular conductance
showed a gradual increase over time consistent with either generalised
developing vasodilation occurring over the duration of experiment or it may be
due of CCK-induced splanchnic vasodilation. The conductance in the galanin
treated group was not statistically different from the AP group. This suggests

that at this dose, galanin has no effect on the PVP or that the relevant galanin
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receptors in the pancreas are saturated and the endogenous galanin effect is
maximal. The conductance in the galantide treated group was significantly
greater than that in the AP group. This would suggest that galantide was
causing vasodilation in the pancreatic vasculature. This vasodilatory effect of
galantide could be due to either direct galanin receptor antagonism at the level
of the blood vessels (endothelium and/or smooth muscle) or via secondary

mechanisms e.g. less vasoconstriction resulting from reduced tissue damage.

The effects of galanin and galantide treatment on the plasma amylase and
lipase activities is consistent with these agents influencing pancreatic exocrine
secretion. It is not known whether galanin or galantide have any effect in
pancreatic secretion in the setting of AP. As outlined in Chapter 1 Section 1.5.6,
the reported effects of galanin on pancreatic exocrine secretion are not
consistent. It is important to know whether galantide-induced, the fall in the
plasma enzymes is the result of improved PVP and hence an improvement in
pancreatitis or is the result of its direct action on the pancreatic secretion or a
combination of both. To further answer this question experimental studies are
required to define the role of galanin and galantide on basal and stimulated
pancreatic exocrine secretion. Preliminary studies addressing this question are

described in Chapter 4.
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3.7 Conclusion

AP is associated with an initial fall in PVP, which is exacerbated by
administration of galanin prior to onset of AP. Conversely, galantide
administration prevents this decrease in PVP, and is associated with a rise in
PVP through out the duration of the experiment. The changes in PVP are similar
in different regions of the pancreas. Hence these findings suggest that galantide
is reversing the microcirculatory disturbances seen in the early AP at least in

part via its effect on PVP.
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Figure 3.1. The change in PYF and conductance during AR with and without
prophylactic treatment with galanin (GL) and galantide (GT).
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The change in PYF (top) and conductance (hottom) are expressed as percentage
of the mean value of the PVP from the head body and tail of the pancreas in the
respective group - AP (red), galanin (blue) and galantide [green) administration.
AF is associated with aninitial fall in PYF which then recovers to baseline by
2hours and then rises above the baseline. Galanin administration is associated
with a sustained fall in PYP which is significantly less than that observed in the AP
group. In contrast, galantide administration is associated with increase in PYF
which is significantly more than that in the AP group (p<0.058). AP is associated
with an increase in pancreatic vascular conductance. Galanin administration is
associated with no change in vascular conductance; galantide administration is
associated with 3 significant increase in pancreatic vascular conductance
(p=0.0%). This suggested that galantide has a local vasodialatory action on the
pancreatic vasculature. Data is presented as mean + SEM (n=4-8). * p = 0.04,
ANOWA,
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Figure 3.2. The changes in PVPF inthe head, body and the tail of the
pancreas during AF and with or without prophylactic treatment with
galanin (GL) and galantide (GT).
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The change in PVF is expressed as percentage of the baseline value of the
head body and tail of the pancreas in that group - AP (red), galanin (blue)
and galantide {green) administration. The PYF changes in the head, body
and tail of the pancreas were not significantly different in the respective
groups. The fall in PVP to zero in each group at 8 his due to euthanasia.
Data is presented as mean + SEM (n=4-6).
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Chapter 4: Effects of galanin and galantide administration on
basal and hyperstimulated pancreatic exocrine secretion.

4.1 Introduction:

The data presented in the preceding chapters suggest that galanin and
galantide treatment can modulate the AP-induced changes in hyperenzymemia,
PVP and interstitial oedema within the pancreas. It is not known however, if
some of these effects are due to altered pancreatic secretion. In this chapter
preliminary studies were performed to determine the effects of exogenous
galanin and galantide on basal and hyperstimulated pancreatic exocrine

secretion in vivo.

4.2 Hypothesis:

Galanin will increase and galantide will decrease the pancreatic exocrine

secretion.

4.3 Aims:

The aim of this study was to determine, if exogenous galanin or galantide alters

the basal and hyperstimulated pancreatic exocrine secretion in the possum.

4.4 Methods:

The initial experiments were designed to measure the basal secretion rate with

and without the administration of exogenous galanin or galantide. Preliminary
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experiments were then designed to a dose of CCK-SEC in the hypersecretion
range, 0.5 - 5ug/kg/h, which produced a stable and elevated exocrine secretion
rate. This dose range of was selected as it was comparable to what was used to
induce AP as described in the previous Section 2.4.4. Subsequent experiments
were designed to ascertain if hyperstimulated pancreatic exocrine secretion
could be influenced by administration of exogenous galanin or galantide at

doses known to influence PVP and AP in the possums.

4.4.1 Pharmaceutical agents:

The pharmacological agents used in this part of the study are described in

Section 2.4.2.

4.4.2 Basal pancreatic exocrine secretion study:

The possums were anaesthetized as described in the Chapter 2 Section 2.4.2.
The experimental set up was the same as described in Section 2.4.3. After the

cannulation of PD, the cannula was left open to collect pancreatic juice. After an
initial stabilization period of 15 minutes, the pancreatic juice was collected every
30 minutes for the next 3.5 hours (Figure 4.1).

In separate groups of animals after the initial stabilization period galanin or

galantide were administered as detailed in Figure 4.1.

117



4.4.3 Hyperstimulated pancreatic exocrine secretion study:

The experimental setup was similar to as described above. In the control group
after an initial stabilization period of 15 minutes, the pancreatic juice was
collected at half hourly intervals for the remainder of the experimental period.
The basal pancreatic exocrine secretion was collected for 60 min. Then CCK-
SEC intravenous infusion at 5ug/kg/h was commenced and continued for the
remainder of the experiment (Figure 4.2). The study groups received either
galanin or galantide 1.5 h after the onset of the CCK-SEC infusion. The galanin
or galantide infusion was continued for a further 1.5 h and then terminated.
Pancreatic juice was collected at 0.5 h intervals for a further 1 h.

The quantity of the juice collected per 0.5 h was measured gravimetrically and
then stored at -20°C for subsequent assessments of amylase and lipase

activities and total protein.

4.4.4 Study groups:

The study groups in the basal pancreatic exocrine secretion study includes the
control group in which basal secretion was measured (n=5), the exogenous
galanin administration group (n=4) and the exogenous galantide administration

group (n=4).

The various study groups in the hyperstimulated pancreatic exocrine secretion

study to examine the quantity, enzyme and protein content of pancreatic

exocrine secretion include the control group which received only CCK-SEC
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(n=4) and the exogenous galanin and galantide administration groups (n=4

each) in which CCK-SEC was also administered.

4.4.5 Parameters analyzed:

1. The pancreatic exocrine secretion rate expressed as ml/30 min.

2. Pancreatic amylase and lipase enzyme activities in the pancreatic juice.
The plasma amylase assay kit (Roche/Hitachi Mannheim, Germany) and lipase
assay kit (Sigma, St. Louis, USA) were used in conjunction with Hitachi
Autoanalyzer (Roche/Hitachi Mannheim) to estimate pancreatic juice amylase

and lipase activities.

3. Estimation of total protein in pancreatic juice:

BSA (Sigma) dissolved in saline (1mg/ml) was used to generate a standard
curve. The BSA solution was aliquoted in 2,4,6,8 and 10ul in the wells of a
micro-titre plate. The total reaction volume was 200ul consisting of 40ul of Bio-
Rad reagent, various volumes of either BSA or diluted pancreatic juice and
saline. The light absorbance was detected at 595nm using a micro plate reader
Bio-Rad model 680 (Bio-Rad Lab, NSW, Pty, Ltd.). As pancreatic juice was rich
in protein, all the samples were diluted 1:300 in normal saline prior to assay and
compared to the standard curve. All the samples were assayed in duplicate and
the values averaged. The protein content of pancreatic juice was expressed as

mg/ml juice.
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4.4.6 Analysis:

The baseline values for amylase and lipase activities and total protein secreted
were obtained by averaging the basal values (usually 2) and the data is

expressed as percentage change from the baseline value.

4.4.7 Statistical analysis:

The statistical analyses were performed as described in the Section 2.4.11.

4.5 Results:

4.5.1 Basal exocrine secretion:

The average basal exocrine secretion rate was approximately 0.197 + 0.04
ml/30 min after stabilization. There was however no significant difference in the
rates of secretion with and without galanin or galantide administration (Figure

4.3).

4.5.2 Hyperstimulated exocrine secretion:

Pancreatic secretion increased by 360% of the baseline rate following the onset
of CCK-SEC stimulation in the possum model (p<0.05) (Figure 4.4). The
stimulated secretion rate peaked at 30 minutes post CCK-SEC infusion onset
and remained stable for the remainder of the experimental period. There was no
significant difference in the stimulated secretion rate when galanin was
administered. In contrast, galantide administration at 2.5 h resulted in a

significant fall (by 28%) in the rate of secretion at 3.5 h (p<0.05) and when
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galantide infusion was terminated there was a gradual recovery of rate of

secretion to the level equivalent to that in the control group at 5 h.

4.5.3 Pancreatic amylase and lipase activities:

In the 3 groups where secretion was hyperstimulated, the amylase activity in the
pancreatic juice increased from the baseline levels by 4-10 fold (Figure 4.5).
Secretion peaked at 1 hour post CCK-SEC infusion onset and then declined to
near baseline levels by 3 hours despite the continuous CCK-SEC infusion. In the
galanin or galantide infusion groups there was a trend for the amylase activity to
fall, but this was not significantly different from the activity in the control group.
The lipase activity showed a similar trend to that of amylase activity with no
significant difference in the enzyme activity in either the galanin or galantide

treated groups compared to the control group (Figure 4.5).

4.5.4 Pancreatic total protein secretion:

The total protein concentration of the pancreatic juice showed a similar profile to
that of the pancreatic enzymes with no significant difference in the concentration
with the galanin or galantide administration compared to the CCK-SEC control

group (Figure 4.5).

4.6 Discussion:

These data suggest that the basal rate of pancreatic exocrine secretion is not

altered by galanin or galantide administration. However, galantide caused a
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significant and reversible decrease in the hyperstimulated pancreatic exocrine
secretion rate. There were no differences in the amylase or lipase activities and
the total protein secretion between either group when compared with CCK-SEC
hyperstimulation only group. This suggests that galantide given during CCK-
SEC hyperstimulation resulted in lower volume of secretion but similar amounts
of enzymes and proteins as compared to other groups.

In the hyperstimulated exocrine study, the control group (CCK-SEC) was
associated with an increase in amylase and lipase activities, which peaks at 1
hour after commencement of infusion and then declined. This decline, while
CCK-SEC is still being infused, could be due to either less enzymes secreted as
a result of secretory block or secondary to zymogen exhaustion. The decline
could also be due to reduced enzyme activity resulting from enzyme inactivation
e.g. by trypsin. However, trypsin activity was not measured in the pancreatic

juice.

CCK-SEC also increased the protein output initially, which then declined,
perhaps for similar reasons to those mentioned above. With administration of
galanin or galantide there was no difference in the protein output, but galantide
administration resulted in decreased secretion rate of the pancreatic juice.
Therefore, with galantide administration one would expect an increase in protein
concentration. But, there was no difference in the total protein output measured.
Hence, it may be possible that galantide is acting on the ductal cells to decrease
their secretion of pancreatic fluid, without affecting enzyme or protein production

by the acinar cells.

122



Acinar cell secretion can be induced by ingestion of food and or administration
of secretagogues, which initiates multiple endocrine, neurocrine and paracrine
mechanisms that regulate release of appropriate amounts of digestive enzymes.
Stimulation with secretagogues such as CCK and secretin activate signal
transduction pathways. CCK stimulates acinar cell secretion by activating
inositol triphosphate (IP3) / diacyl glycerol signalling pathways, thus leading to
increased cytosolic Ca™ and protein kinase C activity. Secretin on the other
hand stimulates secretion by elevating intracellular cyclic adenosine mono
phosphate (CAMP) and thereby activating protein kinase A%2. Secretin
administration is associated with high volume, bicarbonate rich pancreatic juice
production while CCK administration is associated with low volume, enzyme rich

pancreatic juice production.

It would seem that galantide may act on secretin signal transduction pathway i.e.
inhibits elevation of cyclic adenosine mono phosphate and thereby protein
kinase A activity in the acinar cell leading to decreased quantity of pancreatic
juice produced. It may also be possible that galantide is acting as an antagonist
on galanin receptors on the ductal epithelium, but there is no evidence in the
literature about the presence of galanin receptors on the duct epithelium.
However, there is evidence regarding the presence of galanin positive nerve
endings in the exocrine pancreatic panrenchyma®?, although the localization of

these relative to acinar cells, islets, ducts or blood vessels is uncertain.
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The literature concerning the effects of galanin on carbachol- and CCK-
stimulated pancreatic amylase secretion from isolated pancreatic acini are
contradictory®* 2°>2°®_Kashimura et al.,*® have reported a direct and selective
inhibitory action of galanin on carbachol-stimulated amylase release and the
disappearance of this inhibition following pre-treatment with pertussis toxin.
Their results suggest the presence of galanin receptors on rat acinar
membranes. On the other hand, Herzig et al.,?*> demonstrated no direct
inhibitory effect of galanin on CCK-8- and carbachol- stimulated amylase
secretion on isolated pancreatic acini. Runzi et al.,>>” have shown that the effect
of galanin on pancreatic exocrine secretion was dose dependent. They
concluded that galanin significantly enhanced the CCK-8-stimulated amylase
secretion in low doses (0.001 — 0.1pmol/ml) but high concentration (1-

100pmol/ml) did not alter CCK-8-stimulated amylase secretion.

Insulin is known to potentiate pancreatic enzyme secretion via the insuloacinar
axis®*® %% 2% Galanin is known to affect the endocrine pancreas by inhibiting
the release of insulin and somatostatin and augmenting the release of
glucagon?®®'-262:263 Hence the inhibitory effect of galanin on pancreatic exocrine
pancreatic secretion could be mediated via an indirect action on 3-cells of the

endocrine pancreas.

The present study must be considered preliminary only. As evident from the
protocol, galanin or galantide were administered after commencing CCK-SEC

infusion. The data indicate that even before galanin or galantide were
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administered there was a fall in enzyme and protein levels consistent with
depletion of exocrine secretory products or more likely secretory block, probably
because of supra-physiological dose of CCK-SEC. Thus, one explanation for the
observation that galanin and galantide did not affect the enzyme and protein
secretion could be that enzyme secretory mechanisms were “exhausted”. It has
been demonstrated by Kern et al., that in rats with supramaximal dose of
caerulein there was an almost complete reduction of volume and protein output
from the cannulated main pancreatic duct®®*. This was attributed to
autodigestion of the pancreas. Various studies have used CCK-SEC to stimulate

pancreatic exocrine secretion®: 2°7: 26°

in @ manner similar to this study, but the
dose has been considerably smaller. Therefore, it may be recommended for
future studies to use a range of doses and protocols for administration of CCK-

SEC, galanin or its antagonists.

4.7 Conclusion

In view of the present findings it is difficult to derive any firm conclusion from this
pilot study. It appears that galantide treatment alters ductal cell secretion.
Further studies are required to define the role of galanin and galantide on

pancreatic exocrine secretion.
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Figure 4.1 . Schematic representation of protocol for collection of basal
secretion of pancreatic juice in the possum.

GL bolus 0.5nmolkg + 2nmol/kg/hr
infusion
or
GT bolus 1.5nmol/kg + 2nmolkg/hr

infusion

0 0.5 1 1.5 2 2.5 3 3.5
Time (h)

Pancreatic juice collection

Fancreatic juice was collected at 20min interval . The basal pancreatic
secretion was measured before administration of galanin {GL) or galantide
(GT)infusion as indicated.
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Figure 4.2 . Schematic representation of protocol for collection of
hyperstimulated secretion of pancreatic juice in the possum.

CCK-SEC Spgmikg L.v

GL bolus O.5nmaolfkyg +
2nmalfkgfhr infusion
or
5T bolus 1.5nmolfkyg +
2nmalfkgfhr infusion

Basal secretiong l l

0 05 1 15 2 2.5 3 35 4 45 5
Time (h)
Pancreatic juice collection
Fancreatic juice was collected at 30min interval . The pancreatic exocring
secretion was hyperstimulated with cholecystokinin (CCK) and secretin

(SECY infusion. Galanin (GL) or galantide (GT) were infused at the dose and
rate indicated for a 90 min period commencing at 2 5hr .
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Figure 4.3. Effect of galanin and galantide administration on basal
pancreatic exocrine secretion rate.
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Fancreatic exocrine secretion rate in different groups basal secretion {red),
galanin (blue) and galantide (green) is shown. Administration of galanin or
galantide did not alter the basal exocring secretion rate. Data is presented as
mean + SEM (n=4-5) (p=0.05 compared with basal secretion group, ANOWA)L
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Figure 4.4. Effect of galanin and galantide administration on CCK-SEC
stimulated exocrine secretion rate.
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Effect of exogenous galanin {blue) and galantide (green) on CCK-SEC
stimulated exocring secretion (red) is shown . CCK-SEC administration
significantly increased the rate of pancreatic exocrine secretion.
Administration of galanin did not alter the rate of hyperstimulated exocrine
secretion. Administration of exogenous galantide significantly decreased the
rate of exocrine secretion which recovered to the pre-administration rate at
oh. Data is presented as mean £ SEM (n=4) (* p=0.05 compared with CCK-
SEC group, ANOWA).
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Figure 4.5. Percentage change in the amylase and lipase activities and
total protein output in the CCK-SEC stimulated pancreatic exocrine
secretion with galantide and galanin administration.
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Administration of galanin (blug) or galantide (green) did not alter the amylase,
lipase activity and total protein output in the CCK-SEC (red) stimulated
pancreatic exocrine secretion. Data is presented as mean of percentage
change in amylase, lipase activities and total protein £ SEM (n=4) (p=0 .05
compared with CCK-SEC group, ANOWVA).
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Chapter 5



Chapter 5: Effects of galanin and galantide administration on AP in the

caerulein mouse model.

5.1 Introduction

In Chapter 3, the effects of galanin and galantide in the possum model of AP
were described. There were significant differences in the pancreatic oedema
between the different groups studied, but there was no difference in the degree
of necrotic damage in the different groups. This was attributed to the mild AP
induced in this particular model. In order to study the effect of galanin and
galantide in AP in another model, the caerulein mouse model of AP #°® was
selected. This decision was based on the following considerations, firstly the
need to determine if galantide’s ability to ameliorate AP occurred in a different
species and secondly, to confirm the role of endogenous galanin in the induction
and/or progression of AP. The mouse model was selected because it is
commonly used and produced a more severe form of AP compared to the
possum model used in the Chapter 2. In addition, galanin and galanin 1
receptor knockout mice are available which could be used in studies to provide
further evidence to support (or reject) the overall hypothesis for a role of galanin

in development of AP.

Galanin positive immunoreactive nerves have been demonstrated in abundance
in the mouse pancreas in association with the blood vessels®’. This confirms
the presence of galanin as a neurotransmitter in the mouse pancreas, but its

role in AP has not been studied.
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Caerulein is a synthetic decapeptide that was originally isolated from the skin of
the Australian amphibian Hyla caerulea. Caerulein shares seven of its eight C-
terminal amino acids with the C-terminal octapeptide of cholecystokinin (CCK).
Hence it has stimulatory actions on exocrine pancreatic secretions similar to
those of CCK. Caerulein induces a mild to severe form of AP proportional to the

dose and duration of caerulein application.

Pancreatitis induced by caerulein hyperstimulation has been shown to cause a
rise in intracellular calcium and disruption of acinar cell calcium signalling. This
is associated with acinar cell vacuolization and intracellular trypsinogen
activation seen in early AP?®®, Caerulein administration induces biochemical and

morphological changes similar to acute oedematous pancreatitis®®.

The mouse studies described are conducted in three different strains of mice.
Firstly, the Balb C strain in which the effects of galanin and galantide in AP were
assessed. Then C57BL/6 background mice were used to further define the role
of endogenous galanin in AP (Chapter 6); finally Swiss strain mice were used to

study the role of other galanin antagonists in AP (Chapter 7).

5.2 Hypothesis

Exogenous galanin will increase and exogenous galantide will decrease the

severity of AP in the caerulein mouse model.
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5.3 Aim

To determine, in the Balb C strain of mice, the effect galanin or galantide
administration, before and after AP induction on the severity of AP in the

caerulein mouse model of AP

5.4 Methods

5.4.1 Animal ethics approval

The mice studies were approved by the Animal Welfare Committee of the
Flinders University {project approval number 603/06(b)}. All procedures were
carried out with the principles outlined in the Australian Code of Practice for

Animal Care and Use.

A day before the experiment the animals were randomly assigned to various
experimental groups (Table 5.1). A blood sample was collected from each
mouse by orbital bleeding under general anaesthesia. This was used to assess
the baseline activities of plasma amylase and lipase. All the mice were fasted

overnight, but had free access to water.

5.4.2 Animals:

Female Balb C mice 4-6 weeks of age, weighing 15 — 24 g were used in the

study.
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5.4.3 Pharmaceutical agents:

For orbital bleeding, the mouse were anaesthetized using I.P. injections of
ketamine (Parnell lab, Australasia Pty. Ltd, Alexandria, NSW, Australia) and
medetomidine (Domitor®, Novartis Animal Health, Auckland, New Zealand).
Animals were recovered from anaesthesia by an |.P. injection of atipamazole
(Antisedan®, Novartis Animal Health, Auckland, New Zealand). Caerulein
(American Peptide Company, Inc. Sunnyvale, CA, USA) was used to induce AP.
Galanin and galantide were obtained from the American Peptide Company, Inc.
Saline containing BSA (Sigma®, St. Louis, MO, USA) was used as a vehicle to
administer peptides. Subcutaneous injection of buprenorphine (Temgesic®

Inject, Reckitt Benckiser Healthcare UK Limited, Hull, UK) was used to provide

analgesia for the duration of the experiment.

5.4.4 Orbital sinus bleeding:

A day prior to experimentation in mice, blood (100ul) was collected from one
orbital sinus using a heparinized capillary tube®”® Following blood collection the
tube was centrifuged at 10000 rpm for 10 min at room temperature. The plasma
was collected and stored at -20°C for subsequent estimation of amylase and

lipase activities.

5.4.5 Protocol for induction of AP:

The mice received seven |.P injections of caerulein (50 pg/kg) in 150 pl of 0.9%
NaCl at hourly intervals over 6 h. Buprenorphine (0.1mg/kg) was administered

subcutaneously at the time of the first caerulein injection. Twelve hours after the
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first injection the mice were anaesthetised and post treatment blood sample was
collected by orbital sinus bleeding. The mice were then euthanized by
exsanguination and the pancreas was harvested for assessment of pancreatic
myeloperoxidase (MPO) levels and histological examination to determine the
severity of AP. As described in Section 1.6.10.2, MPO is commonly used as a
marker of neutrophil infiltration associated with AP, hence pancreatic MPO was
used to determine degree of inflammation within the pancreas. About 1/4™ of the
harvested pancreas was stored at -80°C in the freezer for subsequent MPO
activity estimation. The remaining pancreas was fixed overnight in 10% buffered
formalin solution (Orion Laboratories Pty Itd, Perth, WA, Australia) for

histological examination (Figure 5.1).

5.4.6 Prophylactic protocol:

In separate groups of mice together with AP induction, |.P galanin or galantide
bolus injections were administered with each caerulein injection. Galanin was
administered in 10nmol/kg and galantide in 10, 20 and 40nmol/kg dose in
separate groups of mice (Table 5.1). The control groups comprised of mice
which received saline (150ul), galanin alone 10nmol/kg or galantide alone 10, 20

and 40nmol/kg injections (Figure 5.1).
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5.4.7 Therapeutic protocol:

In this group, AP was induced as described above but galantide (40nmol/kg)

was administered 2 h post onset AP and continued as bolus injections with

subsequent caerulein injections.

5.4.8 Study groups:

The various study groups are as described in the Table 5.1.

Table 5.1 Study groups.

Study groups Number of

animals, n
AP alone 6
AP + prophylactic galanin 10nmol/kg/h 6
AP + prophylactic galantide 10nmol/kg/h 5
AP + prophylactic galantide 20nmol/kg/h 6
AP + prophylactic galantide 40nmol/kg/h 6
Saline only hourly 7
Galanin 10nmol/kg/h 3
Galantide 20nmol/kg/h 4
Galantide 40nmol/kg/h 7
AP + therapeutic galantide 40nmol/kg/h 5

5.4.9 Pancreas harvest:

The pancreas was harvested for MPO level estimation and histological

assessment of severity. A midline laparotomy was performed. The pancreas
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was identified and carefully dissected from its attachments to the stomach,
duodenum and spleen. Fat and connective tissue were trimmed away. The
pancreas was then rinsed with saline and blotted dry on blotting paper. It was

then divided and weight of each portion was recorded.

5.4.10 Parameters measured:

54.10.1 Plasma amylase and lipase estimation:

Plasma amylase and lipase activities were estimated as described in Section

2.4.8.3.

54.10.2 Histological examination:

Formalin fixed pancreata were embedded in paraffin blocks. 5um sections were
cut and stained with Haematoxylin and Eosin. The slides were then examined by
an independent and experienced pathologist unaware of the experimental
details. Fifteen randomly chosen microscopic fields were examined. The
histological scoring was performed by assessing the degree of oedema,
inflammatory infiltrate, vacuolization and number of necrotic cells as outlined in
the Table 5.2 and was based on the method described by Niederau et al,?®’.
Each parameter had a different grade and depending on the grade a score was
given. A high score suggested a more severe grade. The modified Spormann’s
scoring system for AP in the possums was not used in the mice studies because

of the difference in the characteristics in AP seen in the mouse i.e. more

vacuolization, fat and parenchymal inflammation and necrosis.
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Table 5.2. The scoring system used to assess the degree of pancreatic tissue
damage.

PARAMETERS GRADE SCORE
Oedema Not diffuse — +,++,+++ 1
Diffuse

Severe diffuse

Fat inflammation | Mild, moderate, severe

Parenchymal Mild, moderate, severe
inflammation
Individual cell Upto10%
necrosis < 10cells
10-50cells
50-100cells
100-200cells
200-500cells
500-1000
1000-2000
2000-5000
10-20%
20-30%
30-40%
40-50%
>50%
Vacuolization Upto10%
< 10cells
10-50cells
50-100cells
100-200cells
200-500cells
500-1000
1000-2000
2000-5000
10-20%
20-30%
30-40%
>50%
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54.10.3 MPQ assay:

The protocol for MPO extraction was modified from that described by Bhatia et
al.,’®®. The frozen samples of pancreata were thawed and homogenised in 1.5ml
of ice-cold 50 mM phosphate buffer (pH 6). The homogenate was centrifuged for
10 min in an Eppendorf micro-centrifuge at 14,000 rpm at 4°C. The resulting
pellets were resuspended in 1ml ice-cold 50 mM phosphate buffer (pH 6) and
re-centrifuged. The pellet was then suspended in ice cold 0.5ml 0.5%
hexadecyltrimethylammonium bromide (Sigma®) dissolved in saline. The
suspension was subjected to three cycles of freezing/thawing and the
homogenate was further disrupted by sonication (Sonifier® B-12, Banson Sonic
Power Company, Danbury, Connecticut). Sonication was performed twice for a
5 s period with 10 min between each bout. The solution was then centrifuged for
10 min at 14,000 rpm at 4°C and the supernatant was collected for the MPO

assay. All extractions were performed on ice and using ice cold reagents.

The assay was based on the method as described by Bhatia et al.,?”". The
reaction mixture consisted of supernatant (100ul), o-dianisidine dihydrochloride
(2mg in 9ml distilled water) and 0.1% hydrogen peroxide (2ml). This mixture was
incubated at 25°C and absorbance at 460nm was measured in a Cobas Bio
Auto Analyzer. The activity was then corrected for the wet weight of tissue
sample used, and the results were expressed as activity (U) per mg of wet

weight pancreatic tissue.
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5.4.11 Statistical analysis:

The statistical analysis was performed using the statistical package SPSS
(version 11.5; SPSS inc., Chicago,lll. USA). All data are expressed as mean +
standard error of mean (SEM) of n number of animals. If the data was normally
distributed, it was analysed using ANOVA. If ANOVA indicated a significant
difference, the data was further analysed using Student’s t-test where
appropriate. The data that was not normally distributed was evaluated using
non-parametric tests; Mann-Whitney rank when data consisted of two groups
and Kruskall-Wallis test when 3 or more groups were analysed. Statistical
significance was accepted at the p<0.05 level. Absence of error bars in any of

the figures indicates that the SEM was too small to be illustrated.

5.5 Resulis

5.5.1 Plasma amylase and lipase activity:

The plasma amylase and lipase activities for various groups are shown in
Figure 5.2. AP induced a 9 fold increase in plasma amylase activity when
compared to its pre treatment level (panel A). Prophylactic administration of
galantide (20 and 40nmol/kg/h) inhibited the AP-induced rise in plasma amylase
activities by 35 and 38% of the level in the AP alone group (both p<0.05).
Prophylactic administration of galanin (10nmol/kg/h) and galantide (10nmol/kg/h)
were without a significant effect on AP-induced plasma enzyme levels (panel A).

All control groups displayed a plasma amylase activity which was significantly
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different from that of the AP group, but not different from the pre treatment

levels.

Similarly, plasma lipase activity was significantly decreased by treatment with
galantide (20 and 40nmol/kg/h) by approximately 40% of that observed in the
AP group (p<0.05). The plasma lipase activity in AP was unaffected by
treatment with galanin and galantide at 10nmol/kg/h (panel C). All control groups
displayed plasma lipase activity which was significantly different from that of the
AP group (panel D). The plasma lipase activity in the groups receiving galantide
(10 and 20nmol/kg/h) were not different from the pre treatment activity, however
the activity in the groups receiving 40nmol/kg/h galantide and saline were

elevated above the pre treatment groups (p<0.05).

When galantide 40nmol/kg/h was administered therapeutically i.e. 2 h post AP
onset, there was an apparent fall in the plasma amylase activity but it was not
statistically significant. On the other hand, the plasma lipase activity was

reduced by 40% of the AP level (p<0.05) (Figure 5.3).

5.5.2 Pancreatic MPO activity:

Pancreatic MPO activities for various groups are shown in Figure 5.4. As
expected the MPO activity in the AP group was significantly greater than the
control groups. Prophylactic treatment with galantide (10 and 40nmol/kg/h)

reduced the MPQO activity by approximately 70 and 60% respectively of that in
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the AP group (p<0.05).The MPO activity of the prophylactic galanin 10nmol/kg/h

and galantide 20nmol/kg/h was not significantly different from the AP group.

When galantide 40nmol/kg/h was administered therapeutically there was no
significant difference in the MPO activity when compared to the AP group

(Figure 5.5).

5.5.3 Histological assessment:

The degree of fat and parenchymal inflammation and oedema were similar in all
the treatment groups with AP. The mean necrosis score in the AP group was
5.83 (Figure 5.6). With prophylactic administration of galantide at 20 or
40nmol/kg/h doses the necrosis score was significantly reduced by 75% and
45% respectively (p=.0001 and p=.031). In contrast, with prophylactic
administration of galanin and galantide 10nmol/kg/h there was no significant
difference in the necrosis score compared with that observed in the AP group

(Figure 5.6 and 5.7).

The vacuolization score was significantly greater for the AP group when
compared with that for the control groups but not with the galanin 10nmol group
(p<0.05). The AP group also had significantly higher vacuolization score than
the group which had prophylactic administration of galanin 10nmol/kg/hr
(p<0.05). With other prophylactic administration groups there was no difference

in the degree of vacuolization when compared to the AP group except with
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administration of galantide 10nmol/kg/h produced significantly more

vacuolization than the AP group (p<0.05) (Figure 5.6).

The therapeutic administration of galantide reduced the necrosis by

approximately 35% of that estimated in the AP group (p<0.05) (Figure 5.8). On

the other hand vacuolization score (Figure 5.8) was approximately 50% greater

in the therapeutic galantide administration group compared to the AP group

(p<0.05).

A summary of results of different parameters measured is illustrated in Table

5.3.

Table 5.3. Summary of results of various groups in the prophylactic and
therapeutic protocol.

Parameter

Prophylactic protocol

Therapeutic
protocol

AP+GL10

AP+GT10

AP+GT20

AP+GT40

AP+GT40

Plasma
amylase

Plasma lipase

MPO

Necrosis score

Vacuolization
score

Interstitial
oedema

Parenchymal
inflammation

Fat
inflammation

O S

U O S S

U O S Ul

IO s

< - no change, 1 - significantly increased, | - significantly decreased. AP+GL10 - galanin
10nmol/kg/h administered in AP, AP+GT10 - galantide 10nmol/kg/h administered in AP,
AP+GT20 - galantide 20nmol/kg/h administered in AP, AP+GT40 - galantide 40nmol/kg/h

administered in AP. All the results are relative to the AP group.
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5.6 Discussion

The data presented in this chapter shows that prophylactic treatment with
galantide reduced the indices of AP. On the other hand administration of galanin
did not influence the AP induced changes (Table 5.3). In addition, the
therapeutic administration of galantide also reduced most indices of AP (Table
5.3). Hence these data suggest that galantide may be an effective treatment for

AP, supporting the findings described in the possum studies.

The mechanism(s) by which galantide has beneficial effects is unclear. As
described in Chapter 3, galantide does affect PVP and may alter stimulated
pancreatic exocrine secretion (Chapter 4). Both these actions of galantide could
contribute to amelioration of AP. Galantide administration was associated with
decrease in AP-induced plasma amylase and lipase activities. This could be due
to effects on the secretory mechanism of the acinar cells or as a result of less
acinar cell damage. Li et al., have demonstrated that in the mouse pancreas all
3 galanin receptors are expressed, but GalR2 and GalR3 are most abundant?’2.
It may be possible that either or both of these receptors mediate secretory
processes relevant to AP. On the other hand galantide could ameliorate the PVP
changes expected in AP (Chapter 3), resulting in less acinar cell damage, and

thus less enzyme release into the blood stream.

Galanin acts via its receptor namely Gal1, Gal2 or Gal3. Its effect on pancreas
may be as a result of action on one or a combination of its receptors. Galanin

receptors belong to G — protein family of receptors. Actions of galanin are
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mediated via a high-affinity Gi/G, protein-coupled receptor involving a number of
intracellular mechanisms, namely opening of K"ATP channels, NO/cGMP-

dependent mechanisms, and activation/inhibition of adenylate cyclase®”®?"*.

As evident from the results galantide administration in AP was associated with
significantly less plasma enzyme levels. The pancreatic enzymes are
synthesized, packaged, stored, and released from acinar cells by a process of
exocytosis. Most of the packaging of enzymes is done in the Golgi complex. A
membrane bound G-protein facilitates the transfer of enzymic proteins from

endoplasmic vesicles into the cisterns®”®

. Galantide being an antagonist may
inhibit the transfer of these enzymic proteins and thereby decreasing the release

of pancreatic enzymes and hence attenuating AP.

Steinle et al.,?”® have reported that induction of AP in rats by supramaximal
doses of caerulein promotes rapid translocation of NF-kB into the nuclei of
acinar cells and this activates transcription of a spectrum of proinflammatory
genes and precedes pancreatic injury and inflammation. It has also been

reported by Marrero et al.,?”’

that Gal 1R is upregulated by NF-kB in the colonic
epithelium of mice with inflammatory bowel disease. Hence it may be possible
that during caerulein induced pancreatitis there is an up-regulation of galanin

receptors in the pancreas. Hence there would be more binding sites available for

galanin and this could potentially have adverse effects in AP.

It has been shown that galanin via its action on galanin receptors may lead to

reduction in intracellular Ca™ concentrations in most cell types and thereby
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reduce transmitter release and inhibit other Ca**- dependent processes such as
pancreatic secretion®’®. However, the actual mechanism of the effect of galanin

on Ca™ ion handling in pancreatic acinar cells is currently unknown.

The actions of galanin may also be mediated via cholinergic neural mechanisms
leading to inhibition of acetylcholine release?®’®. The efferent vagus nerve has
been implicated as an important anti inflammatory pathway. Studies have shown
that a variety of nicotinic acetylcholine receptors are present on neutrophils and
stimulation of these nicotinic receptors inhibit neutrophil migration and hence
inflammation®°. Galanin via its effects on cholinergic suppression may increase

neutrophil migration and hence MPO levels and tissue damage as seen in AP.

Prophylactic galantide administration reduced the AP-induced rise in MPO
activity. This could be either as a result of less pancreatic damage leading to
less neutrophil recruitment or indirectly via its action on ICAM-1. But the
evidence regarding this is lacking. Future studies using ICAM-1 knock-out mice

and galantide would be of interest.

It has been reported that galanin is able to induce an up-regulation of
inflammatory cytokine interleukin-1 a (IL-1a) and IL-8 and increase expression
of TNF-a mRNA from keratinocytes®'. Yasuda et al., have reported an up-
regulation in the expression of IL-1a and TNF- a mRNA in AP after pancreatic
duct ligation®®2. These mediators are pro-inflammatory and are involved in
neutrophil activation and chemotaxis®®. If galanin up-regulates IL-1a and IL-8

and increases expression of TNF-a mRNA in the pancreas then it could
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potentially play a role in the onset or progression of AP by enhancing the

migration of neutrophils via IL-1a, IL-8 and/or TNF- a mediated mechanisms.

Jimenez-Andrade et al.,?®* have shown that peripheral galanin increases acute
inflammatory pain through activation of protein kinase C intracellular pathways.
It is well known that kinases play a crucial role in expression and activation of
inflammatory mediators®®. In AP one of the critical event is disruption of the
actin cytoskeleton of the acinar cell®® 287 288 This disruption of the actin
cytoskeleton is mediated by protein kinase C dependent pathway?®°. Hence it
may be possible that galanin may play a role in AP by leading to pancreatic

damage by activation of a protein kinase C dependent pathway.

As discussed in the Section 3.6, the beneficial effects of galantide may be
mediated in part by release of NO, possibly due to presence of 5- to11-amino
acid fragment in galantide that may mimic substance P-like action, causing an
endothelium dependent vasodilation. Bivalacqua et al., have shown that penile
erection in cats caused by antagonist galantide is mediated by NO/cGMP
pathways as this was significantly decreased by NO inhibitor L-NAME. NO
produced by endothelial cells is an important regulator of vascular tone i.e.

increases capillary blood flow??0:291292

. It has been shown that the pancreatic
blood flow is reduced by 50% during AP in the caerulein model**>. Hence the
presence of endothelial NO may be beneficial. NO also inhibits neutrophil

adhesion and accumulation in small vessels®®*.
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Runzi et al.,?*® have reported that galanin augmented CCK-stimulated amylase
release in the isolated perfused rat pancreas. But interestingly Brodish et al.,>*
have reported inhibitory effect of galanin on CCK stimulated dog pancreas. Our
findings in the mouse suggest that galanin administration in caerulein induced
AP does not augment amylase and lipase release. The possible explanation for
these divergent findings is unclear, but may relate to differences in species or

model.

Galantide is a chimeric peptide consisting of N-terminal portion of galanin (1-13)
and C-terminal portion of substance P. This may result in galantide acting as
substance P antagonist. It is known that substance P when released from nerve
endings binds to neurokinin-1 receptor on effector cells, increases microvascular
permeability, and promotes plasma extravasation from intra vascular to extra
vascular space®®’. Pancreatic acinar cells are known to express neurokinin-1
receptor, and substance P has been detected in the pancreas®® 2®°. Studies
have also shown that levels of substance P and the expression of neurokinin-1
receptor is increased on pancreatic acinar cells during experimental AP3%.
Hence the beneficial effects of galantide may be as a result of substance P
antagonism. Therefore it is important to evaluate other galanin antagonist in AP
as they do not have Substance P fragment (Chapter 7). This will further

establish the role of galanin antagonism in amelioration of AP.

The results of therapeutic administration of galantide in AP were not as dramatic

as prophylactic administration. In the therapeutic administration group the MPO
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levels were not significantly different form the AP group. This could probably

suggest that galantide was acting during the early events in AP.

Interestingly, galantide treatment increased vacuolization in acinar cells,
however the significance of this finding is unclear. The true role of vacuolization
in the pathogenesis of AP is questionable as this phenomenon, also known as
compound exocytosis, is observed in other settings and may reflect
physiological event which is likely to increase the release digestive enzymes into

the duct®".

5.7 Conclusion

It appears that exogenous administration of galantide has a beneficial effect in
AP in the mouse model. This could be due to various mechanisms as described
above. Hence galanin was modulating AP in two species, the possum and the
mouse. To further strengthen the hypothesis the role of endogenous galanin
(Chapter 6) and the effects of other galanin antagonists (Chapter 7) in AP were

studied.
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Figure 5.1. Schematic representation of protocol to induce AR in the
moLlse.

Inj. Buprenorphine 0.1mg/kg s.c.

NN |

\ / Euthanise - blood sample,
\I/ harvest pancreas - MPO,
histology

Inj. Caerulein S0ug/kg/hr in
150ul of 0.9%NacCl, |.P.

(+ GL10, GT10, 20 or 40nmolfkg/hr)

AP isinduced by 7 hourly injections of caerulein over six hours. Six hours
after the last injection the mouse was euthanized and blood sample
collected for plasma enzymes measurement, pancreatic tissue harvested
for estimation of myelopercxidase (WP O) activity and histological
assessment of pancreatic damage. Hourly injections of galanin
10nmolicg/hr (GL10Y or galantide 10,20 or 40nmolfkgfhr (GT10, 20 or 40)
wiere administered to mice in appropriate groups. Injection buprenorphine
(0. 1mgfkg) was administered s .c. with the first dose of caerulein.
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Figure 5.2, Effect on AP-induced plasma amylase and lipase activities of
exogenous galanin (L) and galantide (GT) treatment.
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Flasma amylase activity is shown in the top panel, and the plasma lipase
activity in the bottom panel. Pre-treatment activity is shown in the blus and
the posttreatment activity in red. The AP-induced increase in plasma
amylase was significantly decreased by treatment with 20 and 40nmaol of
galantide (GT20 and GT40 respectively), but not by treatment with 10nmol of
T orgalanin (GT10 and GL10, respectively). All control groups displayed a
plasma amylase activity which was significantly different from that of the AP
group, but not different from the pre-treatment activity (Upper panel). Plasma
lipase activity was also significantly decreased by treatment with GT20 and
140 and unaffected by treatment with GT10 or GL10. All control aroups
displayed a plasma lipase activity which was significantly different from that
of the AP group (lower panel). The plasma lipase activity in the groups which
received GT10 and GT20 were not different from the pre-treatment activity.
Howewer the activity in the GT40 and saline groups were significantly
elevated above the pre-treatment levels . Data is presented as mean = SEM
(n=3-7). "p=0.0% vs AF is considered as significant.
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Figure 5.3. Effect of therapeutic galantide (2 hour post-AF onset)
administration on AP-induced plasma amylase and lipase activities.
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Fre-treatment (blue) of plasma amylase (top) and lipase (bottom) were
similar in AF and therapeutic galantide treatment groups. AF increased the
amylase and lipase activities. Therapeutic administration of galantide (2h GT)
did not alter the AP-induced increase in the amylase activity but significantly

decreased the lipase activity. Data is presented as mean £ SEM (n=5-6). *F
=005 ws AR is considered as significant, ANOWVA
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Figure 5.4. Effect of galanin (L) and galantide {GT) on AP-induced
pancreatic MPO activity.
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The AF-induced increase in MPO activity was significantly more than the
control groups. It was significantly reduced with prophylactic administration of
galantide 10 and 40nmaol {GT10 and GT40) but was not altered by
prophylactic galanin 10nmol {GL10Y or galantide 20nmol (GT20). Data is
presented as mean = SEM (n=3-7).*F = 0.05 vs AP i5 considered as
significant, ANOWVA.
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Figure 5.5. Effect of therapeutic galantide (2 h post-AF onset)
administration on AFP-induced MPO activity .
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The AF-induced MFO activity was not altered by therapeutic administration
of galantide (GTZ2h) . Data is presented as mean £ SEM (n=5-6). P=0 05,
AMOWVA
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Figure 58. Effect of galanin (GL) and galantide {GT) treatment in AP-
induced necrosis and vacuclization in the pancreas.
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The necrosis score (top) was significantly higher in the AP group as
compared to the control groups and aroups which received prophylactic
administration of galantide 20 and 40nmaol (GT20 and GT40). Prophylactic
galantide treatment with 20 and 40nmol decreased the AP-induced necratic
damage to the pancreas. Vacuolization score (bottom) of pancreas was
significantly maore in the AF group as compared to control groups except
galanin 10nmol (GL10}, which had greater vacuolization as compared to the
AP group. The AP-induced vacuolization was sianificantly reduced by
prophylactic administration of galanin 10nmol. In contrast, galantide
10nmolflkg increased vacuclization while galantide (20 and 40nmaolfg) did
not alter. Data is presented as mean + SEM (n=3-7) *F = 0 05 vs AP is
considered as significant, AMNOWA
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Figure 5.7. Representative Histological Images of mouse pancreas.
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The induction of AP (1) resulted in a acinar cell necrosis (red circles) and
interstitial edema (red arrows). A similar resultis seen when galanin (GL) is
administered at the time of AF induction (2). Galantide {GT) 20 and
40nmolfkg administeration at the time of AF induction (3 4) resulted in
significantly less necrosis and interstitial edema. Essentially normal acinar
cell architecture is seen following saline () and GT40 (6) alone
administration. Magnification x40,
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Figure 5.8. Effect of therapeutic galantide (2h post-AF onset)
administration on pancreatic necrosis and vacuolization.
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The AF-induced necrosis (Upper panel) was significantly reduced by
therapeutic administration of galantide (Z2h GT). In contrast, the AP-induced
vacuolization {lower panel) was significantly more in the therapeutic
galantide administration group as compared to the AF alone group. Data is
presented as mean = SEM (n=5-6) *F = 0.05 vs AP is considered as
significant, ANOW A
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Chapter 6



Chapter 6: Role of endogenous galanin in AP

In Chapter 5, the data presented suggested a major role of galanin in AP. In
order to test this hypothesis further, an approach which manipulated
endogenous galanin was adopted. The galanin knock-out (KO) mice have been
described by Wynick et al.,*%. In this model, a targeting vector was constructed
in which a PGK-Neo cassette in reverse orientation was used to replace exons
one to five of the galanin gene, removing the signal peptide, the coding region
for galanin and most of galanin associated peptide. Thus, these mice are
deficient in endogenous galanin. If galanin plays a vital role in AP, then the AP
induced in these mice should be less severe than the mice with galanin gene. Li
et al., (2006) have demonstrated that in mice there is relatively higher
expression of galR3 receptor mRNA as compared to galR2 and galR1 receptor
mRNA'’s. They have also demonstrated that in galanin KO mice the expression
of galR1, galR2 and galR3 mRNA was about 40%, 20% and 57% respectively
when compared to the corresponding expression in their wild type littermates.
Therefore despite the absence of endogenous ligand, expression of the 3

galanin receptor mRNA remains, albeit down-regulated.

6.1 Hypothesis:

Galanin KO mice will be less susceptible to AP as compared to their wild type

(WT) littermates.
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6.2 Aim

To determine if severity of caerulein-induced AP in galanin KO mice is different

to their WT littermates.

6.3 Methods

6.3.1 Animal ethics approval

This study was approved by the Animal Welfare Committee of the Flinders
University {project approval number 603/06(b)}. All procedures were carried out
with the principles outlined in the Australian Code of Practice for Animal Care

and Use.

6.3.2 Animals:
The mice used in this study were on C57BL/6 background as described by

Wynick et al.,**®. These were obtained from Dr. C. Ormandy, Garvan Research
Institute (Sydney, NSW, Australia). Wynick et al., constructed a targeting vector
in which a PGK-Neo cassette in reverse orientation was used to replace exons
one to five of galanin gene. The vector was linearised and electroporated into
the E14 embryonic stem-cell line. In total 9 clones were identified in which
galanin gene was targeted. These clones were injected into 3.5 day old
blastocysts from C57BL/6 mice 3°2. These mice were females, 8-14 weeks of

age and weighed 15-30 g.
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6.3.3 Pharmaceutical agents:

The pharmaceutical agents used in this experimental study were described in

Section 5.4.3.

6.3.4 Protocol for induction of AP:

AP was induced by 7 injections of caerulein which were administered at hourly

intervals as described in Chapter 5, Section 5.4.5. The animals were

euthanized 6 hours after the last caerulein injection. The control groups

comprised of WT and galanin KO mice which received hourly saline (150ul) only

injections IP.

6.4 The post-treatment blood sample was collected and pancreas

harvested as described in Section 5.4.9.

6.4.1 Study groups:

The various study groups are,

Study groups Number of
animals, n
WT littermates with AP 6
Galanin KO with AP 9
WT littermates saline control 4
Galanin KO saline control 3

6.4.2 Parameters measured:

The following parameters were measured.
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6.4.2.1 The plasma amylase and lipase estimation

The plasma enzymes were estimated as described in Section 2.4.8.3.

6.4.2.2 Histological examination

The histological examination was performed by the scoring system as described
in Section 5.4.10.2.

6.4.3 MPO assay

Tissue extraction for pancreatic MPO was similar to as described in Section
5.4.10.3.

A different MPO assay to that used in the Chapter 5 was adopted due to
analyser problems. A microplate assay was based on that described by Moore-

1.,%* was developed. The assay used Bio-Rad model 680 microplate

Olufemi et a
reader. This kinetic assay was performed at 25°C. The MPO activity was

expressed as U/mg protein.

6.4.4 Protein assay

In order to estimate the protein concentration in the MPO extracts, the following
assay was performed. Extracts were precipitated to eliminate interference due to
hexadecyltrimethylammonium bromide®. Aliquots (50ul) of MPO extracts and
250ul of ice cold 5% tricholoroacetic acid, were mixed and centrifuged at 10,000
rpm at 4°C for 2 minutes. The pellet was air dried and then dissolved with 100pl
of PBS solution. 5yl of this extract was used in the Bio-Rad protein assay. The

standard curve was obtained using BSA as a standard (1mg/ml of PBS) in
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aliquots of 2, 4, 6, 8, 10ul with Bio-Rad reagent (40pul) and the total volume
adjusted to 160ul with distilled water. Following mixing, the absorbance was
detected at 595 nm using BIORAD model-680 microplate reader. All the
samples and standards were run in duplicate and the mean values calculated.
Using Microsoft Excel the BSA standard curve was obtained, and protein
concentration in each TCA extract in mg was calculated for the volume of the

extract.

6.4.5 Statistical analysis:

Statistical analysis was performed as described in the Section 5.4.11.

6.5 Results

6.5.1 Plasma amylase and lipase activities:

In the WT mice, AP induced a 4.9 fold increase in the plasma amylase activity.
On the other hand in the galanin KO mice, AP induced a 3.8 fold increase in the
plasma amylase activity when compared to its pre-treatment level (Figure 6.1).
The post AP amylase activities in the galanin KO were not significantly different
from the WT mice (p = 0.41). Similarly, in the WT and galanin KO mice the rise
in plasma lipase level was about 7.4 and 3.2 fold above the pre treatment levels

respectively and these were significantly different (p = 0.018).

There were no significant differences in the levels of pre treatment activities of

plasma amylase or lipase in different groups (Figure 6.1). After induction of AP
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in the WT and galanin KO mice there were significant rises in the levels of
plasma enzymes when compared to their pre treatment levels (p<0.05). Saline
treated WT and galanin KO mice did not show any significant differences in the

activities of plasma enzymes from their pre-treatment levels.

6.5.2 Histological assessment:

There were significant differences in parenchymal inflammation, necrosis and
vacuolization between different groups, but no significant differences in oedema

and fat inflammation between different groups.

Oedema score was significantly greater in WT mice with AP was compared to
KO saline control group and WT saline control mice group (both p<0.05). But the
oedema score in WT and KO mice with AP was not significantly different from
each other. The oedema score in KO mice with AP was significantly higher than
the score in the KO saline control group and WT saline control mice group (both

p<0.05, Table 6.2).

The parenchymal inflammation score in the WT mice with AP was significantly
greater than in the KO mice group with AP, the KO saline control group and the
WT saline control group (p<0.05). There were no significant differences in the
parenchymal inflammation score between the KO mice with AP, KO saline

control and WT saline control groups (Table 6.2).
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Table 6.2. Oedema and parenchymal and fat inflammation scores in various

groups.

WT-saline KO-saline
Parameter WT-AP KO-AP

control control
Oedema score 1+0 1+0 0+0* 0+0*
Parenchymal
inflammation 0.8+0.2 0.22+0.14 0.2+0.2 0.2+0.2
score
Fat inflammation | 1 +0 1+0 1+£0 1+£0

WT-AP Wild type littermates with AP, KO-AP knock-out mice with AP, WT-saline control wild

type littermates saline control group, KO-saline knock-out saline control group. Data presented is

mean + SEM. * No oedema. The WT-saline and KO-saline groups had no oedema.

Necrosis and vacuolization scores were 3.8 and 1.3 fold greater in the WT mice

with AP as compared to the galanin KO mice with AP. These scores were

significantly greater in the WT group in which AP was induced (for both p<0.05;

Figure 6.2). The WT and galanin KO saline control groups had no necrosis and

vacuolization. Representative histological images are shown in Figure 6.3.
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6.5.3 Pancreatic MPO activity:
The WT mice with AP had pancreatic MPO activity 23 times higher than that in

the galanin KO mice with AP (p<0.05; Figure 6.4). The MPO activity was
significantly less in both KO and WT saline control groups. The MPO activity in
the KO mice with AP was comparable to that in the KO and WT saline control

groups.

6.6 Discussion:

The data presented above shows that galanin KO mice were associated with
significantly reduced levels of lipase, pancreatic oedema, parenchymal
inflammation, necrosis, vacuolization and pancreatic MPO activity compared

with WT littermates. This is consistent with less severe AP in the KO mice.

The KO mice with AP appeared to have lower levels of amylase and lipase, but
this was not as dramatic as the reduction noted in the previous studies with
exogenous galantide administration. This suggests that the release of these
enzymes occurs via a mechanism other than a galantide dependent pathway

e.g. via the cytokine up-regulation pathway.

The parenchymal inflammation in the KO mice with AP was significantly less

than the WT mice with AP, suggesting the role of galanin in inflammatory

pathway.

167



The MPO activity in the KO mice with AP was very low as compared to the WT
mice with AP. This suggests a role of galanin in neutrophil chemotaxis and/or
activation, either directly, or as a consequence of reduced severity in galanin KO

animals.

Both the necrosis score and vacuolization scores were significantly lower in the
KO mice as compared to the WT mice with AP. The effect on necrosis was more
dramatic than on vacuolization. The reason for this is unclear, but is presumably

related to lesser severity of AP in mice deficient in galanin.

Li et al.,** have studied the galanin receptor expression in the galanin KO mice,
and they have found that in galanin KO mice all three galanin receptors are
expressed, with GalR3 receptor relatively more expressed than GalR2 and
GalR1 receptors. The fact that there is galanin receptor expression in the KO

mice could suggest that galanin receptors may play a role in induction of AP.
It will be interesting to know the effect on AP in galanin KO mice on
administration of exogenous galanin and galantide. These experimental studies

could further strengthen the hypothesis.

The findings described in this chapter suggest that endogenous galanin plays a

role in AP in mice.
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Figure 6.1. Effect on AP-induced plasma amylase and lipase activity in wild
type (WYT) and knock-out (KO) mice on AR induction.
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Flasma amylase activity is shown in the upper panel and lipase activity in
the lower panel. Fre-treatment enzyme activity is shown in blue and post
treatment enzyme activity is shown in red. Pre-treatment amylase and
lipase activities were similar in all the groups. There was a significant rise in
the post-treatment plasma amylase and lipase activities in the wild type
MWWT-AF) and knock-out (KO-AP) groups. The rise in plasma lipase levels in
the WT-AF group was significantly more as compared to the KO-AF group.
Data is presented as mean £ SEM (n=3-9) *F < 0.05 w5 WT-AF, ANOVA.
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Figure 6.2, Effect on AP-induced necrosis and vacuolization scores in wild
type (WVWT) and knock-out (KO) mice on AR induction.
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Mecrosis score is shown in the upper panel and vacuolization score in the
lowrer panel. There was a rise in the necrosis and vacuolization scores in wild
type (W) and knock-out (KO) mice on AP induction. The degree of necrosis
and vacuolization in the WT-APF was significantly more than the KO-AP group
and the control groups. The necrosis score suggested more histological
damage to the pancreas. Data is presented as mean £ SEM (n=3-9). *F =
0.05ws WT-AF is considered as significant, ANOWA.
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Figure 6.3. Representative Histological Images of mouse pancreas.

Induction of AP (1) in wild type (WWT) mice resulted ina acinar cell necrosis
(red circle} and interstitial edema (red arrow). When AP was induced in the
galanin knock-out (KO} mice there was significantly less necrosis and edema
(2], Almost entirely normal acinar cell architecture is seen in WT and KO
saline control groups (32.4). Magnification x40,
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Figure 6.4. Effect on AP-induced MP O activity in wild type (WT) and knock-
out (KO) mice.
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The pancreatic MFO activity was significantly high in the wild type (WT-AP)
group as compared to the KO group. The MPO activity in the K.O-AP was
similar to that measured in the control groups. Data is presented as mean +
SEM (n=3-9) "P < 005 ws WT-AF, ANOWVA
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Chapter 7



Chapter 7: Effects of M35, M40 and C7 in caerulein mouse model of mild
AP

7.1 Introduction

In Chapter 5, | have shown that administration of galantide had beneficial
effects in AP in the Balb C strain of mice and that galanin plays an important role
in AP. In this section | evaluate the potential therapeutic value of other
antagonists of galanin in the Swiss strain of mice. A different strain of mice was
used in this study to further asses if the effects of exogenous galanin and

galantide were strain specific or not.

As described in Chapter 1, several non-selective antagonists of galanin are
commercially available. | have evaluated galantide, M35, M40 and C7 in my
experimental study as using these antagonists of different receptor selectivities,
| might be able to determine which receptor types are involved in AP and also
these antagonists are readily available. In addition, the effect of exogenous
galanin on the severity of AP was also evaluated. There is limited information on
the effect of these chimeric peptides on pancreatic exocrine secretion, but there

is no information on their effect on the severity of AP.

7.2 Hypothesis

Galanin antagonist’s galantide, M35, M40 and C7 will decrease the severity of

AP in a caerulein mouse model.
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7.3 Aim
To determine if administration of galantide, M35, M40 and C7 at AP induction

alters the severity of AP in the caerulein mouse model.

7.4 Methods

7.4.1 Animal ethics approval

As outlined in Section 5.4.1 the study was approved by the Animal Welfare
Committee of the Flinders University (project approval number 603/06(b)). All
procedures were carried out with the principles outlined in the Australian Code

of Practice for Animal Care and Use.

7.4.2 Animals:

Male Swiss strain of mice, 4-6 weeks of age, weighing 15-30 grams were used

in the study.

7.4.3 Pharmaceutical agents:

The pharmaceutical agents were similar to those described in Section 5.4.3.
M35, M40 and C7 were obtained from American Peptide Company, Inc.

Sunnyvale, CA, USA.

7.4.4 Protocol for induction of AP:

This was same to as described in Section 5.4.5. These antagonists were
evaluated using the prophylactic treatment protocol only. The doses of M35,

M40 and C7 were based on the doses of galantide used in the Chapter 5.
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7.4.5 Study groups:

The various study groups with number of animals in each group are shown in

the Table 7.1.

Table 7.1. Study groups.

Study groups

Number of

animals, n

AP alone

AP + prophylactic galanin 10nmol/kg/h

AP + prophylactic galantide 40nmol/kg/h

AP + prophylactic M35 20nmol/kg/h

AP + prophylactic M35 40nmol/kg/h

AP + prophylactic M40 20nmol/kg/h

AP + prophylactic M40 40nmol/kg/h

AP + prophylactic C7 20nmol/kg/h

AP + prophylactic C7 40nmol/kg/h

Saline only hourly

Galanin 10nmol/kg/h

Galantide 40nmol/kg/h

M35 40nmol/kg/h

M40 40nmol/kg/h

C7 40nmol/kg/h

| B~ A B B B O O O O] O O] O] O] O

7.4.6 Parameters measured and statistical analyses:

These were performed as described in Section 6.4.
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7.5 Resulis

7.5.1 Plasma enzymes:

The pre treatment activities of plasma amylase and plasma lipase (Figure 7.1
and 7.2) were not significantly different from each other in different groups.
There was a significant rise in the post treatment activity of plasma amylase and

lipase in the groups which had AP induced.

In the AP group, the plasma amylase and plasma lipase levels increased by 13

and 23 fold respectively (Figure 7.1 and 7.2).

With administration of galantide (40nmol/kg/h) in acute pancreatitic animals the
plasma amylase and lipase activities increased by 4 and 14 fold respectively.
These levels were significantly lower than the post treatment plasma enzyme

activity seen in the AP alone group (p=0.01).

When M35 (20nmol/kg/h) was administered in acute pancreatitic animals the
plasma amylase and plasma lipase activities increased by 7 and 18 fold
respectively. This rise in the plasma enzymes was not significantly different from
the AP group (p>0.05). In contrast when M35 (40nmol/kg/h) was administered in
AP animals there was a rise in plasma amylase and plasma lipase activity by 3
and 5 fold only. This increase in post treatment levels of plasma amylase

(p=0.017) and lipase (p=0.004) was significantly lower than the AP alone group.
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When M40 (20 and 40nmol/kg/h) were administered in acute pancreatitic animal
the plasma amylase and plasma lipase activities increased by approximately 8
and 16 fold respectively. This increase in plasma enzyme levels was not

significantly different from the AP alone group (p>0.05).

When C7 (20nmol/kg/h) was administered in acute pancreatitic animals the
plasma amylase and plasma lipase increased by 9 and 23 fold respectively. This
rise in the plasma enzymes was not significantly different from the AP group
(p>0.05). In contrast when C7 (40nmol/kg/h) was administered in AP animals
there was a rise in plasma amylase and plasma lipase levels by 6 and 10 fold
only. This increase in post treatment levels of plasma amylase (p=0.013) and
lipase (p=0.032) was significantly lower than the AP alone group (Figure 7.1

and 7.2).

When galanin (10nmol/kg/h) was administered in acute pancreatitic animals the
plasma amylase and lipase activities increased by 11 and 35 folds respectively.
This was not significantly different from the post treatment levels in the AP alone

group (p>0.05 for both amylase and lipase).

The post treatment activities of plasma enzymes in the groups receiving M35

(40nmol/kg/h) and C7 (40nmol/kg/h) in AP animals were not significantly

different from each other.
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The control groups which received only galanin, galantide, M35, M40 or C7 did
not show any significant differences in the post treatment levels of plasma
amylase when compared to their pre treatment levels. All the control groups
except C7 had post treatment plasma lipase levels not significantly different from
the pre treatment levels. The control group which received only C7 had post

treatment plasma lipase 3 fold higher than the pre treatment level (p<0.05).

7.5.2 MPO activity:

The MPO activity increased (2.5-10 fold) in the AP group (Figure 7.3). The AP-
induced MPO activity was significantly reduced with the administration of
galantide (40nmol/kg/h), M35 (20 and 40nmol/kg/h) and M40 (20 and 40nmol)
(p<0.05 for all). In contrast, the AP- induced MPO activity was not significantly
different when galanin (10nmol/kg/h) and C7 (20nmol/kg/h) were administered
(p>0.05 for both). On the other hand the AP-induced MPO activity was

significantly higher with administration of C7 (40nmol/kg/h) (p<0.05).

The control groups which received galanin, galantide, M35, M40 or saline alone
had significantly lower MPO activity as compared to the AP alone group
(p<0.05). But the control group which received only C7 (40nmol/kg/h) had MPO

activity which was not different to that seen in the AP alone group (p>0.05).
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7.5.3 Histological assessment:
7.56.3.1 Oedema:

The AP alone group was associated with histologically evident oedema. The AP-
induced oedema was not altered by administration of other peptides (p>0.05 for
all). The control groups also had similar degree of oedema as the AP alone
group except that when M40 (40nmol) was administered, it was associated with
significantly less oedema than seen in AP, but more than seen in saline controls

(p<0.05) (Table 7.2).

7.5.3.2 Fat inflammation:

The AP alone group was associated with fat inflammation compared to the
saline control group. The AP-induced fat inflammation was not altered by
administration of other peptides (p>0.05). The fat inflammation in the control
groups was not significantly different from the AP alone group (p>0.05). The AP-
induced fat inflammation in the in the C7 40nmol/kg/h administration group was
significantly more than the control groups which received M35 and saline only

(p<0.05) (Table 7.2).

7.5.3.3 Parenchymal inflammation:

The AP alone group was associated with parenchymal inflammation. The AP-

induced parenchymal inflammation was not altered by administration of other
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peptides (p>0.05). The parenchymal inflammation in the AP alone group was

significantly more than the control groups (p<0.05) (Table 7.2).

Table 7.2. Oedema and parenchymal and fat inflammation scores in various

groups

Fat Parenchymal

Groups Oedema inflammation | inflammation
AP 1.16£0.16 | 120 1.340.2
AP+GL10 1+0 140 140
AP+GT40 1+0 0.83+0.16 0.66+0.2
AP+M35(20) | 1.16+0.16 | 1.1+£0.16 1.1+0.1
AP+M35(40) | 10 0.66+0.2 0.66+0.2
AP+M40(20) |1.16+0.16 | 10 110
AP+M40(40) | 1+0 140 1.6+£0.16
AP+C7(20) 1.11+£0.2 0.88+0.11 0.77+0.14
AP+C7(40) 1+0 110 1.1+0.1
GL10 0.75+0.25 | 0.75+0.47 0.25+0.25
GT40 1+0 140 0+0*
M35(40) 0.5+0.28 0.5+0.28 00"
M40(40) 0.25+0.25 | 140 0+0*
C7(40) 0.5+0.22 0.83+0.3 0.16+0.16
Saline only 0+0* 0.5%0.28 00"

AP acute pancreatitis, GL10 galanin 10nmol/kg/h, GT40 galantide 40nmol/kg/h, M35(20) M35
20nmol/kg/h, M35(40) M35 40nmol/kg/h, C7(20) C7 20nmol/kg/h, C7(40) C7 40nmol/kg/h. * no
oedema or inflammation. Data is presented as mean + SEM.

7.5.3.4 Vacuolization:

The AP group was associated with vacuolization within the acinar cells (Figure
7.4). The AP-induced vacuolization was significantly reduced with administration
of M40 20 and 40nmol/kg/h (p<0.05). In contrast, the AP-induced vacuolization
was not altered by administration of other peptides. The vacuolization score in

the AP group was significantly greater than the control groups (p<0.05) (Figure
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7.4). On the other hand, there was not any significant differences in the

vacuolization scores amongst the various control groups (p>0.05).

7.5.3.5 Necrosis:

The AP group was associated with necrosis of the acinar cells (Figure 7.4 and
7.5). The AP-induced necrosis was significantly reduced by administration of
galantide 40nmol/kg/h and M35 40nmol/kg/h (p<0.05 for both). In contrast the
AP-induced necrosis was not affected by administration of other peptides. The
AP-induced necrosis was significantly more than the control groups (p<0.05).
On the other hand, there was not any significant differences in the necrosis

scores amongst the various control groups (p>0.05).
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Table 7.3. Summary of results.

Parameter | AP+GL10 | AP+GT40 | AP+M35(20) | AP+M35(40) | AP+M40(20) | AP+C7(20) | AP+C7(40)
Amylase
y > l — ! — — !

activity
Lipase
activity
MPO activity | < } ! ! ! <> >
Necrosis <~ J, > l — > <«
Vacuolization > <~ > > l —> <~
Oedema — — — — — — —
Fat

— — <~ — — — —
inflammation
Parenchymal

— — — — — — —
Inflammation

AP Acute pancreatitis, GL10 galanin 10nmol/kg/h, GT40 galantide 40nmol/kg/h, M35(20) M35
20nmol/kg/h, M35(40) 40nmol/kg/h, C7(20) C7 20nmol/kg/h, C7(40) C7 40nmol/kg/h, l
significantly less than AP, <= not significantly different from AP.

7.6 Discussion

These data suggest that galantide and M35 (both 40nmol/kg/h), when
administered at the induction of AP, significantly decreased the indices of AP.
On the other hand when galanin, M35 (20nmol/kg), M40 or C7 (20nmol/kg) were
administered at AP induction no significant differences in hyperenzymemia and
necrosis score were evident. C7 (40nmol/kg/h) when administered at AP-onset

only reduced the AP-induced hyperenzymemia. Galantide, M35 and M40 when
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administered at AP-induction reduced the AP-induced MPO activity. Whereas
vacuolization within the acinar cells was only reduced by M40 treatment. The
mixed results suggests the non-specificity of the peptides used.

1,37 studied the effects of galanin antagonists M35 and C7 on

Kisfalvi | Jr et a
the rat exocrine pancreas under urethane anaesthesia; they concluded that
these chimeric peptides behaved as galanin agonist. However, the effect of
these two agents on the severity of AP demonstrated in this study is not
consistent with their findings. This could be due to various factors. Firstly, there

is species difference in the two studies. Secondly, Kisfalvi and colleagues used

different route and doses of these agents.

As described earlier M35 and C7 are chimeric peptides, and hence these
peptide antagonists could theoretically interact with receptors apart from galanin
receptors and thus complicate the interpretation of the data. But this is not the
case with galanin receptor antagonist M40, its C-terminal fragment consists of
amino acids which are not homologous to any known peptide therefore there are
no known receptors for its C-terminal fragment. Hence M40 would interact with
galanin receptor surface or surrounding area of the membrane to increase the

affinity of the antagonist and thus to increase the ability to displace galanin®®.

It has been shown in the rat hypothalamus that galantide and M35 have higher
affinities to galanin receptors 1, 2 and 3 than galanin itself, whereas C7 has

similar affinity and M40 a lower affinity®°.
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M35 as described earlier is a chimeric peptide in which C-terminal sequence is
homologous to portions of bradykinin. It is known that M35 possesses = 100-
fold higher affinity than M40 to act and block the CNS, spinal cord and
pancreatic actions of galanin®'°. M35 may also act as a bradykinin receptor
antagonist and inhibit actions of bradykinin. Bradykinin is a vasoactive
proinflammatory peptide that induces relaxation of vascular smooth muscle in
arteries and arterioles and promotes adhesion molecule expression, leukocyte
sequestration, and the formation of interendothelial gaps and protein
extravasation in postcapillary venules®'". These actions may aggravate AP. If
M35 acts as bradykinin antagonist, it may ameliorate AP by inhibiting bradykinin
activity in AP. A future study evaluating the efficacy of therapeutic administration

of M35 in AP should be undertaken.

Bartfai et al.,*'? have shown that M40 failed to antagonize galanin mediated
inhibition of the glucose induced insulin release in isolated mouse pancreatic
islets and acts as a weak agonist at galR2 receptors in the pancreas. It is
possible that there is failure of M40 peptide when administered in AP to act as
galanin antagonist at pancreatic galanin receptors. This may be due to large
excess of spare galanin receptors in the pancreas. If this is true then, M40
peptide with its lower affinity can never occupy all galanin receptors in presence
of competing endogenous galanin. M40 may also have galanin agonistic activity
at pancreatic galanin receptors and hence does not seem to ameliorate AP.

Bartfai et al.,*'? demonstrated that M40 showed no galanin agonist activity in the
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CNS, but in this AP study it appears to behave as an agonist. This could
suggest that there may be chemical differences between galanin receptors in
the CNS and the pancreas. It was interesting to see that M40 when
administered in AP significantly decreased the pancreatic MPO activity but
increased acinar cell vacuolization when compared to the AP alone group. This
has been difficult to explain. Its effect on acinar cell vacuolization could be due

to an increase in intracellular calcium ion by some mechanism.

C7 as described earlier has C-terminal sequence homologous to a fragment of
the substance P antagonist, spantide. C7 could theoretically produce biological
activities as a result of its binding to both galanin and substance P receptors.

Spantide is an anti-inflammatory peptide that blocks the inflammatory effects of

313 thus acts

substance P by competitively binding to neurokinin (NK) receptors
as a tachykinin receptor antagonist. The combination of the N-terminal fragment
of galanin and pro-spantide may act as an antagonist of spantide at neurokinin
receptor leading to more inflammation. Hence, C7 may act as a chemotactic
agent for neutrophils. C7 when administered in AP has produced effects similar
to that of substance P i.e. increases pancreatic damage. It has also been shown
that C7 has high affinity for substance P receptors in the rat hypothalamus®'“.

Hence the effect of C7 on MPO levels and necrotic damage to the pancreatic

tissue may be due to substance P like effect.

Our data suggest that, it is difficult at this stage to comment on the galanin

receptors involved in AP. This would need further studies. The data also provide
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little direct evidence of galanin action, rather that galanin is one amongst a
number agents involved in the mechanisms active in AP, and these ‘antagonists’

probably interact with several of these mechanisms.

7.7 Conclusion

The data indicate that prophylactic administration of galantide and M35 have a

beneficial effect in AP induced in the caerulein mouse model.
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Figure 7.1. Effect on AP-induced plasma amylase activity on galanin (L),
galantide (GT), M35, M40 and C7 treatment.
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Fre-treatment activity is shown in the blue and the post-treatment activity in
red. Pre treatment activity of amylase is similar in all the groups. All control
groups displayed a plasma amylase activity which was significantly different
from that of the AF group, but not different from the pre-treatment activity
(Upper panel). The AP-induced increase in plasma amylase was
significantly decreased by treatment with 40nmolilkg of M35, galantide
A0nmol (GT40) and C7F, but not by treatment with 10nmaolfkg of galanin
(L10Y, 20nmolfkg of M35, MAD and C7 (lower panel). Data is presented as
mean + SEM (n=4-9). *F < 0.05 vs AF is considered as significant, ANOWA.
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Figure 7.2. Effect on AF-induced plasma lipase activity on galanin {GL),
galantide (GT), M35, MAD and C7 treatment.
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Fre-treatment lipase activity is shown in the blue and the post-treatment
activity in red. Pre treatment activity of lipase is similar in all the groups. All
control groups displayed a plasma lipase activity which was significantly
different from that of the AP group, but not different from the pre-treatment
activity (upper panel). The AP-induced increase in plasma lipase was
significantly decreased by treatment with 40nmolflxg of M35, galantide
(GT40)and C7, but not by treatment with 10nmaolfkg of galanin (GL107,
Z20nmolfkg of M35, MAD and C7 {lower panel). Data is presented as mean
SEM (n=4-2) *F < 0.0% vs AR is considered as significant, AMOW A
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Figure 7.3. Effect on AP-induced pancreatic Myeloperoxidase (MPO)
activity on M35, M40, C7, galanin (GL) and galantide {GT) treatment.
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The AP-induced increase in the MPO activity was significantly higher than the
control groups which received T0nmolfg galanin (GL), 40nmolikg M35, W40,
galantide (GT40) and saline but not form C7 . In the control groups, C7
treatment was associated with significantly higher MPO activity than other
control groups [upper panel). The AP-induced MPO activity was significantly
reduced by treatment with 20 and 40nmolfkg of M35, M0 and GT. In contrast
the AP-induced MPO activity was significantly increased with treatment of
A0nmolfkg C7 While 20nmolfikg of C7 and 10nmolflkg of GL did not alter the
AP-induced MPO activity (lower panel). Data is presented as mean £ SEM
(n=4-9). *°F = 005 vs AP #*F = 005 vs C7 is considered as significant.
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Figure 7.4. Effect on AP-induced pancreatic necrosis and vacuolization
scores on M35, A0, C7, galanin (GL) and galantide (GT) treatment.
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AP-induced rise in necrosis score was significantly more than the control
groups (upper left panel). The AP-induced necrosis score was significantly
decreased by treatment with 40nmolfg M35 and galantide (GTAD) while
MAD, GL and C7 treatment did not affect the AP-induced necrosis (Upper
fight panel). AFP-induced rise in vacuolization score was significantly more
than the control groups (lower left panel). The AP-induced vacuolization

score was sianificantly decreased by treatment with 20 and 40nmolfkg WD,

n the other hand M35, GL and C7 treatment did not affect the AP-induced

vacuolization {lower right panel). Data is presented as mean £ SEM (n=4-9].

P <005 vs AR is considered as significant, ARNOW A,
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Figure 7.5. Representative Histological Images of mouse pancreas.
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The induction of AF (1) resulted in a acinar cell necrosis (red circle) and
interstitial edema (red arrow). A similar result was seen when M40
(A0nmol), C7 (A0nmaol) and galanin 10nmol (GL), were administered at
the time of AR induction (2,3 4). When M35 (40nmol) and galantide (GT)
40nmol were administered at the time of AF induction (5,6), it resulted in
significantly less necrosis. Almost entirely normal acinar cell architecture
was seen in M35 (40nmol), GT (40nmol) and saline control groups
(7.8.9). Magnification x40,
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Chapter 8



Chapter 8: General discussion

As each preceding chapter has included a detailed discussion, this chapter
provides an overview of the findings and a discussion of their broader
ramifications. Today, the treatment for AP is symptomatic and supportive. There
is no pharmaceutical intervention available that will halt or reverse the disease

process, so there is a pressing need for its development.

8.1 Overview of findings

The studies reported in this thesis have established that,
1. Galanin exacerbates AP in the possums and galanin KO mice.
2. Galantide ameliorates, some indices of AP in possums and in three
strains of mice.
3. Galantide alters the AP-induced changes in microcirculation in the
possum.

4. Galanin-KO mice have less severe caerulein-induced AP.

Collectively these data implicate a role for galanin in the pathogenesis of AP.
The cascade of events that underlie the pathogenesis of AP is incompletely
understood (Figure 8.1). The Galanin antagonists, galantide and M35 may act
at one or more points in the cascade leading to AP. Their actions could be direct

on the pancreas or may influence AP indirectly via other mechanisms.
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8.2 General conclusions and future studies

The source of endogenous galanin that participates in AP remains to be
determined. As described in Chapter 1 section 1.5.5, galanin is abundantly
found in the pancreas. It has been localized to the intrapancreatic neurons and a
subset of islets. However, in AP, galanin may be produced at an extrapancreatic
site and then delivered to the pancreas. There is considerable indirect evidence
that the sympathetic innervation of the pancreas is activated during acute stress
and influences the endocrine pancreas. It seems likely that the classical
sympathetic neurotransmitter, noradrenaline, acts in concert with peptide co-
transmitters, such as galanin and neuropeptide Y. These are released during the
stimulation of pancreatic sympathetic nerves and are capable of influencing islet
function or pancreatic blood flow*'®. Hence endogenous galanin from
sympathetic nerves may modulate AP, directly via its action on the pancreatic
blood vessels and/or indirectly by influencing the islets and/or acinar cells. One
experimental approach which could be used to determine if galanin from
sympathetic nerves does play a role in AP could be to use sympathectomized
animals. The severity of AP in sympathectomized animals should be less than

that observed in normal animals.

The neurotransmitter substance P is present in the sensory nerves of the
pancreas. It has been implicated in the pathogenesis of AP®'®. As both
substance P and galanin could be released during the onset and or progression

of AP, they may interact to modulate the severity of AP. Future experimental
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studies evaluating possible interactions between substance P and galanin in AP

should be considered.

The evidence regarding the presence, sub-types and location of galanin
receptors on various cell types within the pancreas or on blood vessels of the
pancreas is lacking. Galanin receptors have been isolated from the beta cells®'”.
Future experimental studies using real time RT-PCR on isolated acinar, ductal
and endothelial cells to quantify mRNA transcripts could provide some useful
information. This would enable the quantification and comparison of the
distribution of different galanin receptor mRNAs. In addition, Northern blot
analysis and in situ hybridization studies could clarify the differential expression
patterns of the 3 receptors on various cell types. Other members of our
laboratory have carried out immunohistochemical studies using mouse pancreas
and commercially available galanin receptor antisera, but the results have not

been very promising as currently available antibodies are not specific (i.e. high

background labeling).

The pancreatic vascular perfusion studies in the possum suggest the possibility
of galanin receptors on perivascular nerves and/or vascular smooth muscle in
the pancreas. These receptors could be identified with the help of

immunohistochemistry using appropriate antibodies.

It is also not clear which galanin receptor/receptors are involved in AP, as

galanin antagonist selectivity for galanin receptors is poorly characterized.
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Future experiments with specific galanin receptor-KO mice could address this
question. This would then enable receptor specific antagonist to be used to treat
AP. In our laboratory preliminary studies with M871 (selective GalR2 antagonist)
and SNAP (specific GalR3 antagonist) have been undertaken in experimental
AP in mice (G. Saccone, personal communication). The preliminary data
suggest that M871 decreased the MPO activity i.e. affects the neutrophil
function and/or recruitment, thereby implicating a role for GalR2. Other
preliminary data have shown that SNAP administration in AP decreased plasma
enzymes and MPO activity, thereby suggesting a role for GalR3 on several cell

types.

In addition to acinar cells other cell types involved in AP include neutrophils and
other inflammatory cells, endothelial cells, ductal cells etc. The expression of
galanin receptors by these cells is not known. These could also be the sites of
action of galanin antagonists (Figure 8.1). As demonstrated from the mouse
studies described in Chapter 7, when galantide and M35 were administered
prophylactically there was a decrease in the MPO activity. This is consistent with
decrease in the expression of chemokines or ICAM-1 on endothelial cells,
leading to reduced neutrophil infiltration. The potential role of ICAM-1 could be
evaluated by measuring the effect of galanin and its antagonists on the severity
of caerulein induced-AP in ICAM-1 knock-out mice. On the other hand when
galantide was administered therapeutically in mice, the MPO activity was similar

to the AP group. It may be that galantide affects the neutrophil activation state or
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acts early in the inflammatory cascade. A future study to define the presence of

galanin receptors on the neutrophils may help to resolve this question.

Considering the potential beneficial effects of galantide for the treatment of AP,
additional studies are required to investigate optimum dosage, duration, and
route of administration. Such studies could employ the same or more severe AP
model as described in Chapter 1 section 1.7. Other studies could examine the

effect of galantide when administered orally or subcutaneously.

The drawback of the studies with antagonists described in Chapter 5 and 7 are
(a) possible peptidase sensitivity, and hence short biological half-life and (b)
when applied in high concentration, possible agonist-like effects due to their
intact N-terminus which might mask the true effectiveness of antagonists and/or
influence the interpretation of the data. Despite these shortcomings one possible
clinical advantage is that because of their relatively large size (compared to the
non-peptide molecules) they should not cross the blood-brain barrier and hence
should be free from CNS side effects. Conversely, probable short half-life and
poor selectivity of these peptide antagonists highlights the need for development
of more stable analogues and specific non-peptide galanin receptor antagonists
(although these could potentially have the disadvantage of crossing the blood-

brain barrier).

Due to time constraints the following future studies are recommended:

1. Explore the possible interaction between substance P and galanin in the
pathogenesis of AP.
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2. In-vitro studies examining the effect of exogenous galanin and galantide
on exocrine secretion using pancreatic acini.

3. Measurement of pancreatic cytokine levels and transcription factor
activation in acinar cells in a more severe model of AP in the mouse to
define the intracellular signaling pathways.

4. Experimental studies to determine if the severity of AP in galanin KO
mice is influenced by the administering exogenous galanin.

5. Determine the efficacy of therapeutic administration of M35 in the
caerulein mouse model of AP.
In conclusion, at present there is no specific pharmacological treatment of AP.
Many experimental drugs have ameliorated AP in the animal models but have
failed in the humans. This could suggest the different nature of disease in
humans. Galanin antagonists may be the exception and could potentially be a
drug for treatment of AP. The studies described in this thesis show that at least

galantide has several diverse and encouraging effects i.e.

1. Is effective in reducing the severity of AP in two different models of AP that
use different species.

2. Modifies AP-induced pancreatic vascular perfusion changes and reduces
hyperstimulated pancreatic exocrine secretion.

3. Is effective in reducing the indices of AP when administered both

prophylactically and therapeutically.
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Prior to considering phase 1 trials, the effects of various galanin antagonists
should be evaluated in more severe models of AP. If these are promising, then

toxicity studies to show their safety should be conducted in animals.
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Figure 8.1. Flow chart illustrating the pathophysiology of AR and potential

events where galanin antagonist may be acting.

Trigger

./ |

Acinar cell
Secretion distuption

Pancreafic vascular
perfision disfurbance

L obsfruchion

Pancreatic ductal

\\a)l(

dysfiunction

Fedistribution & colocalisation of
cathepsin B with 2vmogens; MF
B activation; Mitochondrial

e

Activation & release of digedive enzymes into
interstitium; MF 7B translocation to nucleus

b

1

Cytokines & chemokines produced & released
fromacinar cellzin interstitium

EndothelialCealls
Adhesion molecules upregulated

K

fritial infiarnmatons Gliinfitration
meutrophils &macrophages
recruited& invade)

X

Fro- & anti-inflammatorymediators produced & ¢

gleased ROS

production

b

Additionalfinflarmmatons CeX fnfitration
Production & recruitment ofirculatingmacrophages & leukocytes into
tissue

Local C onseguences
{oede ma, necrosis, - acinar
cell  wacuolization )

|

AP

X possible site of galanin antagonist action. (MF-kE= nuclear factor kE;
ROS= reactive oxygen species).

201



202



References

203



References

! Fitzgerald PJ. Medical anecdotes concerning some diseases of the pancreas.
In.: Fitzgerald PJ, Morrison AB, eds. The pancreas. Baltimore: Williams and
Wilkins, 1980;1-29.

2 Aubert J. Progynnasmata (1579). In: Lowendes E, editor. Adrenochoriadelogia,
or an exact Anatomical Treatise of the Glandules. London, 1684; 142-143.

® Friedreich P. Diseases of the pancreas. In: ZeimssenA, editor. Cyclopedia of
the Practise of Medicine, New York: William Wood, 1878; 551-630.

* Glisson F. Anatomia hepatis. London 1659: Typis Du-Gardianis, impensis
Octavian Pullein.

® Avisse C, Flament JB, Delattre JF. Ampulla of Vater: anatomic, embryologic,
and surgical aspects. Surg Clin North Am 2000; 80(1):201-212.

® Boyden EA, Schweger RA. The development of the pars intestinalis of the
common bile duct in human foetus, with special reference to the origin of the
ampulla of Vater and sphincter of Oddi. Anat Rec 1937; 67:441

” Opie EL. The etiology of acute haemorrhagic pancreatitis. Bull Johns Hopkins
Hosp 1901;12:182.

8 Fitz RH. Acute Pancreatitis, a consideration of pancreatic
haemorrhage,haemorrhagic, suppurative, and gangrenous pancreatitis, and of
disseminated fat-necrosis. Boston Med Surg J 1889;70:181-187.

® Symmers W. Acute alcoholic pancreatitis. Ir J Med Sci 1917; 143:244-247.

1% Kelly TR. Gallstone pancreatitis: Pathophysiology. Surgery 1976; 80(4):488-
492.

" Elman R, McCaugham JM. Quantitative determination of blood amylase with
viscometer. Arch Intern Med 1927;40:58-64.

'2 McMinn RMH. Last’s Anatomy Regional and Applied, Abdomen 2003;
Chapter 5, 351-355.

'3 Thomford NR, Chandnani PC, Taha AM, Chablani VN, Busnardo AC.
Anatomic Characteristic of the Pancreatic arteries Am J Surg. 1986;
Jun;151(6):690-3.

'“ Fox EA, Powley TL. Tracer diffusion has exaggerated CNS maps of direct
preganglionic innervation of pancreas. J Auton Nerv Syst. 1986; Jan;15(1):55-69.

204



'> Tiscornia OM, Martinez JL, Sarles H. Some aspects of human and canine
macroscopic pancreas innervation. Am J Gastroenterol. 1976; Oct;66(4):353-61.

'® Niebergall-Roth E, Singer MV. Central and peripheral neural control of
pancreatic exocrine secretion. J Physiol Pharmacol. 2001; Dec;52(4 Pt 1):523-
38.

"7 Kirchgessner AL, Liu M-T. Neurohormonal regulation of the pancreas. In
Neurogastroenterology. From the Basics to the Clinics, MV Singer, H-J krammer
(eds). Dordrecht, Kluwer, 2000; pp. 267-287.

'® Solomon TE. Control of exocrine pancreatic secretion. In Physiology of the
Gastrointestinal Tract, LR Johnson (ed). New York, Raven 1994, pp. 1499-1529.

'® Bock P, Abdel-Moneim M, Egerbacher M. Development of pancreas. Microsc
Res Tech. 1997; Jun 1-15;37(5-6):374-83.

20 Cullen JM, MacLachlan NJ. Liver, biliary system and exocrine pancreas. In:
McGavin MD, Carlton WW, Zachary JF, editors. Thomson’s special veterinary
pathology. 3™ edition. St. Louis: Mosby; 2001; pp 81-124.

21 Williams DA. The pancreas. In: Guilford WG, Center SA, Strombeck DR,
Williams DA, Meyer DJ, editors. Strombeck’s small animal gastroenterology. 3™
edition. Philadelphia: WB Saunders; 1996; pp 381-410.

?2 Bacha WJ, Wood LM. Digestive system. In: Color atlas of veterinary histology.
Philadelphia: Lea & Febiger; 1990; pp.111-50.

% Bonner-Weir S, Orci L. New perspectives on the microvasculature of the islets
of Langerhans in the rat. Diabetes 1982; Oct;31(10):883-9.

4 Kang SY, Go VL. Pancreatic Exocrine-Endocrine Interrelationship - Clinical
Implications. Gastroenterology Clinics 1999; Volume 28, Issue 3.

% Apte MV, Wilson JS. Stellate cell activation in alcoholic pancreatitis. Pancreas.
2003; Nov;27(4):316-20.

% Zimmermann A, Gloor B, Kappeler A, Uhl W, Friess H, Buchler MW.
Pancreatic stellate cells contribute to regeneration early after acute necrotising
pancreatitis in humans. Gut. 2002; Oct;51(4):574-8.

%" Richins CA: The innervation of the pancreas. J Comp Neurol 1945; 82:223-
236.

205



2 Murakami T, Hitomi S, Ohtsuka A, Taguchi T, Fujita T. Pancreatic insulo-
acinar portal systems in humans, rats, and some other mammals: scanning
electron microscopy of vascular casts. Microsc Res Tech. 1997; Jun 1-15;37(5-
6):478-88.

#0Ohtani O. Microcirculation of the pancreas: a correlative study of intravital
microscopy with scanning electron microscopy of vascular corrosion casts. Arch
Histol Jpn 1983;Jun;46(3):315-25

30 Ohtani O, Ushiki T, Kanazawa H, Fujita T. Microcirculation of the pancreas in
the rat and rabbit with special reference to the insulo-acinar portal system and
emissary vein of the islet. Arch Histol Jpn 1986; Mar;49(1):45-60.

31 Chey WY. Hormonal control of pancreatic exocrine secretion. In Go VLW,
Lebenthal E, DiMagno EP, Reber HA, Gardner JD, Scheele GA, eds. The
Pancreas Biology, Pathobiology, and Disease. 1993 2nd ed. New York, Raven
Press, 403—424

% Vacca JB, Henke WJ, Knight WA. The exocrine pancreas in diabetes mellitus.
Ann Intern Med 1964; 61:242-247

%3 el Newihi H, Dooley CP, Saad C, Staples J, Zeidler A, Valenzuela JE.
Impaired exocrine pancreatic function in diabetics with diarrhea and peripheral
neuropathy. Dig Dis Sci 1988; 33:705—710.

3 Sato M, Yamamoto K, Mayama H, Yamashiro Y. Exocrine pancreatic function
in diabetic children. J Pediatr Gastroenterol Nutr 1984; 3:415-420.

% Bank S, Marks IN, Vinik Al. Clinical and hormonal aspects of pancreatic
diabetes. Am J Gastroenterol 1975; 64:13-22.

% Case RM, Argent BE (1993) Pancreatic duct cell secretion: control and
mechanism of transport. In Go VLW, Lebenthal E, DiMagno EP, Reber HA,
Gardner JD, Scheele GA, eds. The Pancreas Biology, Pathobiology, and
Disease. 2nd ed. New York, Raven Press, 301-350

% Bouwens L, Pipeleers DG. Extra-insular beta cells associated with ductules
are frequent in adult human pancreas. Diabetologia 1998; 41:629—-633.

% Bertelli E, Regoli M. A morphological study of the primary cilia in the rat

pancreatic ductal system: ultrastructural features and variability. Acta Anat 1994;
151:194-197

206



% DiMagno EP, Layer P. Human exocrine pancreatic enzyme secretion. In: Go
VL, ed. The pancreas: biology, pathobiology and diseases. New York: Raven
Press, 1993;275-300.

%0 Beaudoin AR, St-Jean P, Grondin G. Pancreatic juice composition: new views
about the cellular mechanisms that control the concentration of digestive and
nondigestive proteins. Dig Dis. 1989;7(4):210-20.

1 Layer P, Keller J. Pancreatic enzymes: secretion and luminal nutrient
digestion in health and disease. J Clin Gastroenterol 1999;28:3—-10.

*2 Steward MC, Ishiguro H, Case RM. Mechanisms of bicarbonate secretion in
the pancreatic duct. Annu Rev Physiol. 2005;67:377-409.

*3 Ganong WF. Review of Medical Physiology, 22™ edition, Chapter 26, page
498.Lange Medical Books.

* Guyton AC, Hall JE. Textbook of Medical Physiology, Chapter 64, page825-
826, 9" edition, W.B.Saunders Company.

45 Korner M, Hayes GM, Rehmann R, Zimmermann A, Friess H, Miller LJ, Reubi
JC. Secretin receptors in normal and diseased human pancreas: marked
reduction of receptor binding in ductal neoplasia. Am J Pathol. 2005;
Oct;167(4):959-68.

% Kloppe W. Paul Langerhans (1847-1888) and his Berlin dissertation (1869).
Dtsch Med J. 1969; Sep;20(18):581-3.

*" Feldman: Sleisenger & Fordtran's Gastrointestinal and Liver Disease, 8th ed.
Chapter 53 — Anatomy, Histology, Embryology, and Developmental Anomalies
of the Pancreas. J. Steven Burdick Matthew L. Tompson.

8 Banting FG, Best CH, Collip JB, Campbell WR, Fletcher AA. Pancreatic
extracts in the treatment of diabetes mellitus: preliminary report. 1922. CMAJ.
1991; Nov 15;145(10):1281-6.

9 Orskov H, Christensen NJ. Plasma disappearance rate of injected human
insulin in juvenile diabetic, maturity-onset diabetic and nondiabetic subjects.
Diabetes 1969; Oct;18(10):653—-659

*® lonescu-Tirgoviste C. Insulin, the molecule of the century. Arch Physiol
Biochem 1996; Dec;104(7):807-13.

207



®" Gerich JE, Lorenzi M, Bier DM, Tsalikian E, Schneider V, Karam JH, Forsham
PH. Effects of physiologic levels of glucagon and growth hormone on human
carbohydrate and lipid metabolism. Studies involving administration of
exogenous hormone during suppression of endogenous hormone secretion with
somatostatin. J Clin Invest 1976; Apr;57(4):875-84.

%2 Goldman: Cecil Textbook of Medicine, 22nd ed. Chapter 235 —
Neuroendocrinology and the neuroendocrine system.

3 Tatemoto,K., A. Rokaeus, H. Jornvall, T.J. McDonald. Galanin- a novel
biologically active peptide from porcine intestine. FEBS Lett. 1983; 164: 124-
128.

> Amiranoff, B., A.-M.Lorinet, N. Yanaihara and M. Laburthe. Structural
requirement for galanin action in pancreatic cell line Rin m 5F, Eur. J.
Pharmacol.1989; 163, 205.

% Xu Y, Rokaeus A, Johansson O. Distribution and chromatographic analysis of
galanin message-associated peptide (GMAP)-like immunoreactivity in the rat.
Regul Pept. 1994; Apr 14;51(1):1-16.

% Ch’ng JLC, Christofides ND, Anand P, Gibson SJ, Allen YS, Su HC, Tatemoto
K, Morrison JFB, Polak JM, Bloom SR. Distribution of galanin immunoreactivity
in the central nervous system and the response of galanin-containing neuronal
pathways to injury. Neuroscience 1985;16:343-354.

*” Bishop, A.E., J.M.Polak, F.E.Bauer, N.D.Christofides, F.Carlei, and
S.R.Bloom. Occurrence and distribution of newly discovered peptide, galanin, in
the mammalian enteric nervous system. Gut 1986;27:849-857.

%8 Baltazar ET et al. Galanin-like immunoreactive neural elements n domestic
ruminant pancreas. J Vet Med Sci 2001; 63: 841-8.

% Kirchgessner AL, Liu MT, Gershon MD. NADPH diaphorase (nitric oxide
synthase)-containing nerves in the enteropancreatic innervation: sources, co-
stored neuropeptides and pancreatic function. Journal of Comparative
Neurology 1994; 342: 115-30.

% Morris JL, Gibbins IL, Holmgren S. Galanin is more common than NPY in
vascular sympathetic neurons of the brush-tailed possum. Regul Pept 1992; 37:
101-9.

®" Takayoshi T et al. Inmunohistochemical demonstration of Galaninlike
immunoreactive nerves in the human pancreas. Gastroenterology
1992;102:263-271.

208



%2 Ahren B, Lindskog S. Galanin and the regulation of islet Hormone secretion.
International J of Pancreatology 1992;11:147-160.Dunning BE et al. Presence of
galanin in human pancreatic nerves and inhibition of insulin secretion from
isolated islets. Cell Tissue Res 1991;264:263-267.

®3 Brook-Smith ME, Carati CJ, Toouli J, Saccone GTP. Neurotransmitters and
the microvasculature of the pancreas. Journal of Gasterolenterology and
Hepatology 2003; 17(s5), A183.

® Bauer FE, Zintel A, Kenny MJ, Calder D, Ghatei MA, Bloom SR. Inhibitory
effect of galanin on postprandial gastrointestinal motility and gut hormone
release in humans. Gastroenterology 1989; Aug;97(2):260-4.

® Rattan S. Role of Galanin in the Gut. Gastroenterology 1991; 100:1762-1768.

% Rossowski W.J. et al. Galanin inhibits pancreatic amylase secretion in the
pentobarbital- anesthetized rat. Regulatory Peptides 1991; 34: 275-282.

®” Rattan S, Goyal RK. Effect of galanin on the opossum lower esophageal
sphincter. Life Sci. 1987; Dec 28;41(26):2783-90.

% Sengupta A, Goyal RK. Localization of galanin immunoreactivity in the
opossum esophagus. J Auton Nerv Syst. 1988; Feb;22(1):49-56.

% Allescher HD, Daniel EE, Dent J, Fox JE. Inhibitory function of VIP-PHI and
galanin in canine pylorus. Am J Physiol. 1989; Apr;256(4 Pt 1):G789-97.

" Ekblad E, Hakanson R, Sundler F, Wahlestedt C.Galanin: neuromodulatory
and direct contractile effects on smooth muscle preparations. Br J Pharmacol.
1985; Sep;86(1):241-6.

"' Maggi CA, Patacchini R, Santicioli P, Giuliani S, Turini D, Barbanti G,
Beneforti P, Misuri D, Meli A. Human isolated small intestine: motor responses
of the longitudinal muscle to field stimulation and exogenous neuropeptides.
Naunyn Schmiedebergs Arch Pharmacol. 1989; 339(4):415-23.

"2 Rattan S. Role of galanin in the gut. Gastroenterology. 1991; 100(6):1762-8.

3 Powers MA, Pappas TN. Galanin is a potent inhibitor of pancreatic exocrine
secretion (abstract). Gastroenterology 1989; 96:A398.

* Amiranoff B, Servin AL, Rouyer-Fessard C, Couvineau A, Tatemoto K,
Laburthe M. Galanin receptors in a hamster pancreatic beta-cell tumor:
identification and molecular characterization. Endocrinology. 1987
Jul;121(1):284-9.

209



> Dunning BE, Taborsky GJ Jr.Galanin release during pancreatic nerve
stimulation is sufficient to influence islet function. Am J Physiol. 1989 Jan;256(1
Pt 1):E191-8.

’® Dunning BE, Ahren B, Veith RC, Béttcher G, Sundler F, Taborsky GJ.
Galanin: a novel pancreatic neuropeptide. Am J Physiol. 1986 Jul;251(1 Pt
1):E127-33.

7 Ullrich S, Wollheim CB. Galanin inhibits insulin secretion by direct interference
with exocytosis. FEBS Lett. 1989 Apr 24;247(2):401-4.

"8 Schnuerer EM, Rokaeus A, Carlquist M, Bergman T, Dupre J, McDonald
TJ..Rat and porcine galanin are equipotent in inhibiting insulin responses to
glucose in the anesthetized rat. Pancreas 1990; 5(1):70-4.

" Courtice GP, Hales JR, Potter EK. Selective regional vasoconstriction
underlying pressor effects of galanin in anaesthetized possums compared with
cats. Journal of Physiology 1994; 481: 439-45.

8 Preston E, McManus CD, Jonsson AC, Courtice GP. Vasoconstrictor effects
of galanin and distribution of galanin containing fibres in three species of
elasmobranch fish. Regulatory Peptides 1995; 58: 123-34.

8 Diaz-Cabiale Z, Parrado C, Vela C, Razani H, Covenas R, Fuxe K, Narvaez
JA. Role of galanin and galanin(1-15) on central cardiovascular control.
Neuropeptides. 2005; 39(3):185-90.

8 Potter E. Cardiovascular actions of galanin. Ann N Y Acad Sci. 1998 Dec
21:;863:170-4.

8 Carey DG, lismaa TP, Ho KY, Rajkovic IA, Kelly J, Kraegen EW, Ferguson J,
Inglis AS, Shine J, Chisholm DJ. Potent effects of human galanin in man: growth
hormone secretion and vagal blockade. J Clin Endocrinol Metab. 1993
Jul;77(1):90-3.

8 Potter EK, Smith-White MA. Galanin modulates cholinergic neurotransmission
in the heart. Neuropeptides. 2005 Jun;39(3):345-8.

% Floren A, Land T, Langel U. Galanin receptor subtypes and ligand binding.
Neuropeptides 2000; 34, 331-337.

8 Wang S, He C, Hashemi T, Bayne M. cloning and expressional
characterization of a novel galanin receptor. Identification of different

210



pharmacopheres within galanin for three galanin receptor subtypes. J. Biol.
Chem. 1997;272:31949-31952.

8 Lu X, Lundstrom L, Langel Ulo, Bartfai T. Galanin receptor ligands.
Neuropeptides 2005;39:143-146.

8 Fisone G, Berthold M, Bedecs K, et al. N-terminal galanin (1-16) is an agonist
at the hippocampal galanin receptor. Proc Natl Acad Sci. USA 1989;86:9588-
9591.

8 Givens BS, Olton DS, Crawley JN. Galanin in the medial septal area impairs
working memory. Brain Res 1992;582:71-77.

% Liu HX, Brumovsky P, Schmidt R, et al. Receptor subtype specific
pronociceptive and analgesic actions of galanin in the spinal cord: selective
actions via GALR1 and GALR2 receptors. Proc Natl Acad Sci USA
2001;98:9960-9964.

9 Ma X, Tong YG, Schmidt R, Brown W, et al. Effects of galanin receptor
agonists on locus coeruleus neurons. Brain Res 2001;919:169-174.

92 Gottsch ML, Clifton DK, Steiner RA. Galanin-like peptide as a link in the
integration of metabolism and reproduction. Treda Endocrinol Metab
2004;15:215-221.

9 Gundlach AL. Galanin/GALP and galanin receptors: role in central contraol of
feeding, bodyweight/obesity, and reproduction. Eur J Pharmacol 2002;440:255-
268.

% Saar K, Mazarati AM, et al. Anticonvulsant activity of a non peptide galanin
receptor agonist. Proc Natl Acad Sci USA 2002;99:7136-7141.

% Bartfai T et al. Galmic, a non peptide galanin receptor agonist, affects
behaviors in seizure, pain, and forced-swim test. Proc Natl Acad Sci USA
2004;101:10470-10475.

% Ceide SC, Trembleau L, Haberhauer G, Somogyi L, Lu X, Bartfai T, Rebek Jr.
J. Synthesis of galmic: a nonpeptide galanin receptor agonist. Proc Natl Acad
Sci USA 2004;101:16727-16732.

9Bartfai T, Fisone G,et al. galanin and galanin antagonists: molecular and
biochemical perspectives. TiPS Reviews 1992;13:312-317.

9 Bartfai T, Hokfelt T, Langel Ulo. Galanin — A Neuroendocrine Peptide. Critical
reviews in neurobiology 1993, 7(3/4):229-274.

211



% Min C, et al. A new fungal metabolite, Sch 202596, with inhibitory activity in
the galanin receptor GALR1 assay. Tetrahedron Lett 1997; 38:6111-6114.

190 Scott MK, Ross TM, Lee DH, Wang HY, et al. 2,3-Dihydro-dithiin and —
dithiepine-1,1,4,4-tetroxides: small molecule non-peptide antagonists of human
galanin hGAL-1 receptor. Bioorg Med Chem 2000;8:1383-1391.

197 Karakan T, Ergun M, Dogan |, Cindoruk M, Unal S. Comparison of early
enteral nutrition in severe acute pancreatitis with prebiotic fiber supplementation
versus standard enteral solution: A prospective randomized double-blind study.
World J Gastroenterol 2007; May 21;13(19):2733-7.

192 gatiani B, Stone HH. Predictability of present outcome and future recurrence
in acute pancreatitis. Arch Surg 1979 Jun;114(6):711-6.

1% Thomson SR, Hendry WS, McFarlane GA, Davidson Al. Epidemiology and
outcome of acute pancreatitis. Br J Surg. 1987 May;74(5):398-401.

1% Corfield AP, Cooper MJ, Williamson RC. Acute pancreatitis: a lethal disease
of increasing incidence. Gut. 1985 Jul;26(7):724-9.

1% Gorelick FS: Acute pancreatitis. In Yamada T (ed): textbook of
Gastroenterology, ed 2. Philadelphia, JB Lppincott, 1995, pp 2064-2090.

1% Imrie CW, Whyte AS. A prospective study of acute pancreatitis. Br J Surg
1975;62:490-494.

197 Blamey SL, Imrie CW, O'Neill J, Gilmour WH, Carter DC. Prognostic factors
in acute pancreatitis. Gut 1984;25:1340-1346.

198 Guschieri A, Wood RAB, Cumming JRG, Meehan SE, Mackie CR. Treatment
of acute pancreatitis with fresh frozen plasma. Br J Surg 1983;70:710-712.

199 Bradley E L. A clinically based classification system for acute pancreatitis.
Archives of Surgery 1993; 128: 586

"% Ranson J H, Rifkind K M, Roses D G et al,. Prognostic signs and the role of
operative management in acute pancreatitis. Surgery, Gynecology, and
Obstetrics 1975; 139:69.

""" Knaus W A, Draper E A, Wagner D P, Zimmerman J E. APACHE Il : A
severity of disease classification system. Critical Care Medicine 1985;13: 818.

212



"2 Blamey SL, Imrie CW, O’Neill J, Gilmour WH, Carter DC. Prognostic factors
in acute pancreatitis. Gut 1984;25(12):1340-6.

"3 |_arvin M, McMahon MJ. APACHE-II score for assessment and monitoring of
acute pancreatitis. Lancet 1989;2(8656):201-5.

"% Figarella C, Miszczuk-Jamska B, Barret A: Possible lysosomal activation of
pancreatic zymogens: Activation of both human trypsinogens by cathepsin B
and spontaneous acid activation of human trypsinogen 1. Biol Chem Hoppe
Seyler 1988; 369:293-298.

"% Greenbaum LM, Hirshkowitz A: Endogenous cathepsin activates trypsinogen
in extracts of dog pancreas. Proc Soc Exp Biol Med 1961; 107:74-76.

18 Gorelick FS, Otani T. Mechanisms of intracellular activation. Bailliére’s Clin
Gastroenterol 1999;13:227-240.

"7 Whitcomb DC, Gorry MC et al. Hereditary pancreatitis is caused by a
mutation in the cationic trypsinogen gene. Nat Genet 1996; 14:141-145.

"8 Bruno MJ. Current insights into pathogenesis of acute and chronic
pancreatitis. Scand J Gastroenterol 2001;36:103-108.

"9 Halangk W, kruger B, Ruthenburger M, Sturzebecher J, Albrecht E, Lippert H,
Lerch MM. Trypsin activity is not involved in premature, intrapancreatic
trypsinogen activation. Am J Physiol Gastrointest Liver Physiol 2002; 282:G367-
G374.

120 Gorelick F, Matoveik L. Lysosomal enzymes and pancreatitis.
Gastroenterology 1995;109:620-5.

121 Figarella C, Miszczuk-Jamska B, Barrett A. Possible lysosomal activationof
pancreatic zymogens: activation of both human trypsinogens by cathepsin B
and spontaneous acid activation of human trypsinogen — 1. Biol Chem Hoppe
Seyler 1988; 369:293-8.

122 Hofbauer B, Saluja AK, Lerch MM, Bhagat L, Bhatia M, Lee HS, Frossard JL,
Adler G, Steer ML. Intra-acinar cell activation of trypsinogen during caerulein
induced pancreatitis in rats. Am J Physiol 1998;275:G352-G362.

128 Watanabe O, Baccino FM, Steer ML, Meldolesi J. Supramaximal caerulein
stimulation and ultrastructure of rat pancreatic acinar cell: early morphological
changes during development of experimental pancreatitis. Am J Physiol
1984;246:G57-67.

213



124 Naruse S. Molecular pathophysiology of pancreatitis. Intern Med 2003;
42:288-289.

125 Go VLW, DiMagno EP, Gardner JD, Lebenthal E, Reber WA, editors. The
pancreas: biology, pathobiology, and disease. 2™ edition. New York: Raven
Press; 1993.

126 Bhatia M, Brady M, Shokuhi S, Christmas S, Neoptolemos JP, Slavin J.
Inflammatory mediators in acute pancreatitis. J Pathol 2000;190:117-125.

127 Raraty M, Ward J, Erdemli G, Vaillant C, Neoptolemos JP, Sutton R,
Peterson OH. Calcium-dependent enzyme activation and vacuole formation in
the apical granular gegion of pancreatic acinar cells. Proc Natl Acad Sci USA
2000;97:13126-13131.

128 Mooren FCh, Hlouschek V, Finkes T, Turi S, Weber IA, Singh J, Domschke
W, Kruger B, Lerch MM. early changes in pancreatic acinar calcium signaling
after pancreatic duct obstruction. J Biol Chem 2003;278:9361-9369.

'29 Figarella C, Miszczuk-Jamska B, Barret AJ. Possible lysosomal activation of
pancreatic zymogens: Activation of both human trypsinogens by cathepsin B
and spontaneous acid activation of human trypsinogen. Biol Chem Hoppe-
Seyler 1998;369:293-298.

130 Bhatia M. Apoptosis versus necrosis in acute pancreatitis. Am J Physiol
2004;286:G189-G196.

131 Bhatia M, Wallig MA, Hofbauer B, Lee HS, Frossard JL, Steer ML, Saluja AK.
Induction of apoptosis in pancreatic acinar cells reduces the severity of acute
pancreatitis. Biochem Biophys Res Commun 1998;246:476-483.

132 Bhatia M, Wallig MA. 1-Cyno-2-hydroxy-3-butene: A plant nitrile that induces
apoptosis in pancreatic acinar cells and reduces the severity of acute
pancreatitis; in Tan BK-H, Bay B-H, Zhu Y-Z (eds): Novel compounds from
Natural Products in the New Millennium. Potential and Challenges. New Jersey,
World Scientific Publishing Co., 2004, pp 130-138.

133 Frossard JL, Rubbia-Brandt L, Wallig MA, Benaathan M, Ott T, Morel P, et al.
Severe acute pancreatitis and reduced acinar cell apoptosis in the exocrine
pancreas of mice deficient for the Cx32 gene. Gastroenterology 2003;124:481-
493.

13* Green DR. Overview: Apoptotic signalling pathways in immune system.
Immunol Rev 2003;193:5-9.

214



'35 Gukovskaya AS, Gukovsky I, Jung Y, Mouria M, Pandol SJ. Cholecystokinin
induces caspase activation and mitochondrial dysfunction in pancreatic acinar
cells. Roles of injury process of pancreatitis. J Biol Chem 2002;277:22595-
22604.

136 Bhatia M, Wong FL, Cao Y, Lau HY, Huang J, Puneet P, Chevali L.
Pathophysiology of acute pancreatitis. Pancreatology 2005;5:132-144.

137 Algul H, Tando Y, Schneider G, Alder G, Schmid RM. Acute experimental
pancreatitis and NF-kappaB/Rel activation. Pancreatology 2002;2:503-9.

138 Mercurio F, Manning AM. NF-kappa B as a primary regulator of stress
response. Oncogene 1999;18:6163-6171.

139 Uhl W, Warshaw A, Imrie C, Bassi C, McKay CJ, Lankisch PG, Carter R,
Dervenis C, Neoptolemos JP, Buchler M, et al. International Association of
Pancreatology: IAP guidelines for Surgical Management of Acute Pancreatitis.
Pancreatology 2002;2:565-573.

140 Bhatia M. Novel therapeutic targets for acute pancreatitis and associated
multiple organ dysfunction syndrome. Curr Drug Targets Inflamm Allergy
2002;1:343-351.

1 Jambrik Z, Gyongyosi M, Hegyi P, Czako L, Takacs T, Farkas A, Mandy Y,
Gog C, Glogar D, Csanady M. Plasma levels of IL-6 correlate with
hemodynamic abnormalities in acute pancreatitis in rabbits. Intensive Care Med
2002;28:1810-1818.

%2 | eser HG, Gross V, Scheibenbogen C, Hienisch A, Salm R, Lausen M,
Ruckauer K, et al. Elevation of serum interleukin — 6 concentration precedes
acute-phase response and reflects severity in acute pancreatitis.
Gastroenterology 1991;101:782-85.

%3 Rongione AJ, Kusske AM, Reber HA, Ashley SW, McFadden DW.
Interleukin-10 reduces ciculating levels of serum cytokines in experimental
pancreatitis. J Gastrointest Surg 1997;1:159-166.

% Deviere J, Le Moine O, Van Laethem JL, Eisendrath P, Ghilain A, Severs N,
Cohard M. Interleukin-10 reduces the incidence of pancreatitis after endoscopic
cholangiopancreatography. Gastroenterology 2001;120:498-505.

%> Dumont JA, Conwell DL, Zuccaro G Jr, Vargo JJ, Shay SS, Easley KA,

Posky JL. A randomized double blind study of interleukin-10 for prevention of
ERCP-induced pancreatitis. Am J Gasteroenterol 2001;96:2098-2102.

215



146 Zhou W, Levine BA, Olson MS. Platelet activating factor: A mediator of
pancreatic inflammation during caerulein stimulation. Am J Pathol
1993;142:1504-1512.

147 Konturek SJ, Dembinski A, Konturek PJ, Warzecha Z, Jaworek J, Gustaw P.
Role of platelet activating factor in pathogenesis of cute pancreatitis in rats. Gut
1992;33:1268-1274.

%8 Hartwig W, Werner J, Warshaw AL, et al. Membrane-bound ICAM-1 is
upregulated by trypsin and contributes to leukocyte migration in acute
pancreatitis. Am J Gastrointest Liver Physiol 2004;287:G1194-G1199.

%9 Menger MD, Plusczyk T, Vollmar B: Microcirculatory derangements in acute
pancreatitis. J Hepatobiliary Pancreat Surg 2001;8:187-194.

%0 Klar E, Messmer K, Warshaw AL, Herfarth C: Pancreatic ischaemia in
experimental acute pancreatitis: Mechanism, significance and therapy. Br J Surg
1990;77:1205-1210.

31 Bassi D, Kollias N et al. Impairment of pancreatic microcirculation correlates
with the severity of experimental acute pancreatitis. J Am Coll Surg
1994;179:257-263.

192 Knoefel WT, Kollias N, Warshaw AL, Waldner H, Nishioka NS, Rattner DW.
Pancreatic microcirculatory changes in experimental pancreatitis of graded
severity in rat. Surgery 1994; 116:904-913.

133 Studley JG, Mathie RT, Gibbons MI, Blumgart LH. Blood floe and perfusion
during acute haemorrhagic pancreatitis in the dog. Gut 1986; 27:958-963.

15 Schrader T, Kivisaari L, et al. Pancreatic blob flow and contrast enhancement
in computed tomography during experimental pancreatitis. Eur Surg Res 1985;
7:286-291.

'35 Anderson MC, Schoenfeld FB, lamsWB, Suwa M. Circulatory changes in
acute pancreatitis. Surg Clin North Am 1967;47:127-140.

156 Anderson MC, Schiller WR. Microcirculatory dynamics in normal and
inflamed pancreas. Am J Surg 1968;115:118-127.

37 Papp M, Ungvari GY, Nemeth PE, Munkacsi J, Zubeck C. The effect of bile

induced pancreatitis on intrapancreatic vascular pattern in dogs. Scand J
Gasteroenterol 1969;4:681-689.

216



158 Takeda K, Mikami Y, Fukuyama S, et al. Pancreatic ischemia associated
with vasospasm in early phase of human acute necrotizing pancreatitis.
Pancreas 2005;30:40-49.

159 DiMago MJ, Williams JA, Hao Y, et al. Endothelial nitric oxide synthase is
protective in initiation of caerulein-induced pancreatitis in mice. Am J Physiol
Gastrointest Liver Physiol 2004;287:G80-G87.

10 Redha F, Uhlschmid G, Ammann RW, Freiburghaus AU. Injection of
microspheres into pancreatic arteries causes acute hemorrhagic pancreatitis in
the rat: a new animal model. Pancreas 1990;5(2):188-93.

'®1 Andreadis P, Kiriakou K, Tountas C. Vasopressin in the treatment of acute
experimental pancreatitis. Ann Surg. 1967; Dec;166(6):913-8.

182 Byrne JJ, Novogradac W, Wilde L, Seifert DE. The vascular factor in
experimental hemorrhagic pancreatitis. Exp Med Surg. 1965;23(4):332-9.

183 Goodhead B. Acute pancreatitis and pancreatic blood flow. Surg Gynecol
Obstet. 1969 Aug;129(2):331-40.

'® Hinton J.W. Acute haemorrhagic (gangrenous) pancreatitis: experimental
data supporting the vascular phenomenon in its pathogenesis. J R Coll Surg
Edinb. 1962 Jan;7:79-87.

1% Goodhead B, Wright PW. The effect of postganglionic sympathectomy on the
development of hemorrhagic pancreatitis in the dog. Ann Surg. 1969
Dec;170(6):951-60.

1% Goto M, Yoneda M, Nakamura K, et al. Effect of central thyrotropin-releasing
hormone on pancreatic blood flow in rats. Regul Pept 2004;121:57-63.

'®7 Yoneda M, Goto M, Nakamura K, et al. Protective effect of central
thyrotropin-releasing hormone analog on caerulein-induced acute pancreatitis in
rats. Regul Pept 2005;125:119-124.

'%8 Pandol SJ. Acute pancreatitis. Curr Opin Gastroenterol 2005;21:538-543.

%9 Maa J, Grady EF, Yoshimi SK, et al. Substance P is a determinant of lethality
in diet-induced hemorrhagic pancreatitis in mice. Surgery 2000;128:232-239.

170 Kojima M, lto T, Oono T, et al. VIP attenuation of severity of experimental

pancreatitis is due to VPAC1 receptor-mediated inhibition of cytokine production.
Pancreas 2005;30:62-70.

217



"1 Bockman DE. Microvasculature of the pancreas. Relation to pancreatitis. Int
J Pancreatol 1992;12(1):11-21.

172 Kusterer K, Enghofer M, Zendler S, Blochle C, Usadel KH. Microcirculatory
changes in sodium-taurocholate-induced pancreatitis in rats. Am J Physiol
1991;260:G346-51.

178 Bockman DE, Buchler M, Beger HG. Ultrastructure of human acute
pancreatitis. Int J Pancreatol 1986;1(2):141-53.

7% Sunamura M, Yamauchi J, Shibuya K, Chen HM, Ding L, Takeda K, Kobari M,
Matsuno S. Pancreatic microcirculation in acute pancreatitis. J Hepatobiliary
Pancreat Surg. 1998;5(1):62-8.

175 Knol JA, Edgcomb LP, Inman MG, Eckhauser FE. Low molecular weight
dextran in experimental acute pancreatitis: effects on pancreatic microcirculation.
J Surg Res 1983;35(1):73-82.

176 Studley JG, Mathie RT, Gibbons MI, Blumgart LH. Blood flow and perfusion
in acute haemorrhagic pancreatitis in the dog. Gut 1986;27(8):958-63.

"7 Klar E, Rattner DW, Compton C, Stanford G, Chernow B, Warshaw AL.
Adverse effect of therapeutic vasoconstrictors in experimental acute pancreatitis.
Ann Surg. 1991 Aug;214(2):168-74.

'8 Bockman DE. Microvasculature of the pancreas. Relation to pancreatitis. Int
J Pancreatol 1992;12(1):11-21.

17 White DN. Johann Christian Doppler and his effect--a brief history.
Ultrasound Med Biol. 1982;8(6):583-91.

180 plusczyk T, Rathgeb D, Westermann S, Feifel G. Effects of somatostatin
(SMS) on pancreatic microcirculation. Dig Dis Sci. 1997 Nov;42(11):2254-63.

'81 Norstein J, Lien B, Hall C, Kvernebo K, Morkrid L, Soreide O, Brekke IB,
Flatmark A. Measurement of pancreas parenchyma perfusion by laser-Doppler
flowmetry. Transplant Proc. 1990 Apr;22(2):607-8.

182 Vollmar MD, Preissler G, Menger MD. Small-volume resuscitation restores
hemorrhage-induced microcirculatory disorders in rat pancreas. Crit Care Med.
1996 Mar;24(3):445-50.

'8 Phillips AR, Farrant GJ, Abu-Zidan FM, Cooper GJ, Windsor JA. A method
using laser Doppler flowmetry to study intestinal and pancreatic perfusion during

218



an acute intestinal ischaemic injury in rats with pancreatitis. Eur Surg Res. 2001
Sep-Dec;33(5-6):361-9.

184 | opez-Belmonte J, Whittle BJ. The paradoxical vascular interactions between
endothelin-1 and calcitonin gene-related peptide in the rat gastric mucosal
microcirculation. Br J Pharmacol. 1993 Sep;110(1):496-500.

'8 Tao W, Zwischenberger JB, Nguyen TT, Vertrees RA, McDaniel LB, Nutt LK,
Herndon DN, Kramer GC. Gut mucosal ischemia during normothermic
cardiopulmonary bypass results from blood flow redistribution and increased
oxygen demand. J Thorac Cardiovasc Surg. 1995 Sep;110(3):819-28.

'8 Riedel GL, Scholle JL, Shepherd AP, Ward WF. Effects of hematocrit on
oxygenation of the isolated perfused rat liver. Am J Physiol. 1983
Dec;245(6):G769-74.

187 | eonard BL, Malpas SC, Denton KM, Madden AC, Evans RG. Differential
control of intrarenal blood flow during reflex increases in sympathetic nerve
activity. Am J Physiol Regul Integr Comp Physiol. 2001 Jan;280(1):R62-8.

'88 Rosenblum BR, Bonner RF, Oldfield EH. Intraoperative measurement of
cortical blood flow adjacent to cerebral AVM using laser Doppler velocimetry. J
Neurosurg. 1987 Mar;66(3):396-9.

189 Werner J, Hartwig W, Uhl W, Muller C, Buchler MW. Useful markers for
predicting severity and monitoring progression of acute pancreatitis.
Pancreatology. 2003;3(2):115-27

190 pezzilli R., Billi P., Miglioli M., et al: Serum amylase and lipase
concentrations and lipase/amylase ratio in assessment of etiology and severity
of acute pancreatitis. Dig Dis Sci 1993; 38. 1265-1269.

¥ Winslet M., Hall C., London N.J., Neoptolemos J.P.: Relation of diagnostic
serum amylase levels to aetiology and severity of acute pancreatitis. Gut
1992;33. (7): 982-986.

192 M.J. Kowolik and M. Grant. Myeloperoxidase activity in human gingival
crevicular neutrophils. Arch. Oral Biol. 28 (1983), pp. 293—295.

198 Chen JW, Thomas A, Woods CM, Schloithe AC, Toouli J, Saccone GT.
Sphincter of Oddi dysfunction produces acute pancreatitis in the possum. Gut.
2000 Oct;47(4):539-45.

9% Niederau C, Liddle RA, Ferrell LD, Grendell JH. Beneficial effects of
cholecystokinin-receptor blockade and inhibition of proteolytic enzyme activity in

219



experimental acute hemorrhagic pancreatitis in mice. Evidence for
cholecystokinin as a major factor in the development of acute pancreatitis. J Clin
Invest. 1986 Oct;78(4):1056-63.

9% Banerjee AK, Galloway SW. Experimental models of acute pancreatitis. Br J
Surg1994, 81, 1096-1103.

19 Bernard C. Mémoire sur le Pancreas et sur le Réle du Suc Pancréatique
dans les Phénomenes Digestifs des Matieres Grasses Neutres. Paris: Bailliere,
1856.

97 Pannum PL. Experimentelle Beitrage zur Lehre von der Embolie. Virchows
Arch A Pathol Anat Histol 1862; 25: 308.

198 Mouret J. Contribution & I'étude des cellules glandulaires (pancreas). J Anat
Physiol 1895; 31: 221-36.

199 Thal A. Studies on pancreatitis. Il. Acute pancreatic necrosisproduced
experimentally by the Arthus sensitization reaction. Surgery 1955; 37: 911-17.

200 Konturek SJ, Dembinski A, Konturek PJ, Warzecha Z, Jaworek J, Gustaw P,
Tomaszewska R, Stachura J. Role of platelet activating factor in pathogenesis of
acute pancreatitis in rats. Gut. 1992 Sep;33(9):1268-74.

201 Niederau C, Ferell LD, Grendell JH. Onset, course, and regression of
caerulein induced acute necrotizing pancreatitis in mice. Dig Dis Sci 1984; 29:
962 (Abstract).

202 Tani S, Otsuki M, ltoh H et al. Histologic and biochemical alterations in
experimental acute pancreatitis induced by supramaximal caerulein stimulation.
Int J Pancreatol 1987; 2: 337-48.

203 Wisner JR, Renner IG. Allopurinol attenuates caerulein induced acute
pancreatitis in the rat. Gut. 1988 Jul;29(7):926-9.

204 Renner IG, Wisner JR Jr, Lavigne BC. Partial restoration of pancreatic
function by exogenous secretin in rats with ceruletide-induced acute pancreatitis.
Dig Dis Sci. 1986 Mar;31(3):305-13.

205 | ombardi B, Estes LW, Longnecker DS. Acute hemorrhagic pancreatitis
(massive necrosis) with fat necrosis induced in mice by DL-ethionine fed with a
choline deficient diet. Am J Pathol 1975; 79: 465-80.

208 Steer ML, Meldolesi J. The cell biology of experimental pancreatitis. N Engl J
Med. 1987 Jan 15;316(3):144-50.

220



207 Nonaka A, Manabe T. Effect of new synthetic ascorbic acid derivative as a
free radical scavenger on the development of acute pancreatitis in the mice. Gut
1991; 32:528-32.

208 Harvey MH, Wedgwood KR, Austin JA, Reber HA. Pancreatic duct pressure,
duct permeability and acute pancreatitis. Br J Surg 1989; 76: 859-62.

209 Widdison AL, Alvarez C, Reber HA. The low-pressure duct perfusion model
of acute pancreatitis. Eur Surg Res. 1992;24 Suppl 1:55-61.

210 Armstrong CP, Taylor TV, Torrence HB. lonic flux and mucosal ultrastructure
in the rat bile-pancreatic duct. Effect of bile salt perfusion on duct integrity. Dig
Dis Sci. 1987 Aug;32(8):861-71.

211 Senninger N. Bile-induced pancreatitis. Eur Surg Res. 1992;24 Suppl 1:68-
73.

212 Baxter JN, Jenkins SA, Day DW, Roberts NB, Cowell DC, Mackie CR,
Shields R. Effects of somatostatin and a long-acting somatostatin analogue on
the prevention and treatment of experimentally induced acute pancreatitis in the
rat. Br J Surg. 1985 May;72(5):382-5.

213 Lerch MM, Saluja AK, Runzi M, Dawra R, Saluja M, Steer ML. Pancreatic
duct obstruction triggers acute necrotizing pancreatitis in the opossum.
Gastroenterology. 1993 Mar;104(3):853-61

214 Seidel H. Bemerkungen zu meiner Methode der experimentellen Erzeugung
der akuten hamorrhagichen Pankreatitis. Zentralbl Chir 1910; 37: 1610-4.

215 pfeffer RB, Stasior O, Hinton JW. The clinical picture of sequential
development of acute hemorrhagic pancreatitis in the dog. Surgical Forum
1957; 8: 248-51.

218 Chen JW, Thomas A, Woods CM, Schloithe AC, Toouli J, Saccone GT.
Sphincter of Oddi dysfunction produces acute pancreatitis in the possum. Gut.
2000 Oct;47(4):539-45.

#17 Redha F, Uhlschmid G, Ammann R et al. Injection of microspheres in
pancreatic arteries cause acute haemorrhagic pancreatitis in the rat: a new
animal model. Pancreas 1990; 5: 188-93.

18 Saharia P, Margolis S, Zuidema GD, Cameron JL. Acute pancreatitis with

hyperlipaemia: studies with an isolated perfused canine pancreas. Surgery
1977; 82:60-7.

221



219 Bhandari M, Brooke-Smith ME, Carati CJ, Toouli J, Saccone GTP. Galanin
reduces pancreatic vascular perfusion (PVP) in the Australian possum. AHMRC,
Sydney 2004.

220 Brooke-Smith ME, Sandstrom P, Carati C, Thomas AC, Toouli J, Saccone
GTP. Necrosis and Reduced Vascular Perfusion in Models of Moderate and
Severe Acute Pancreatitis. Pancreatology 2003; 3(3), 261.

221 Brooke-Smith ME, Carati C, Toouli J, Saccone GTP. Insights into the
pathogenesis of necrosis of acute pancreatitis from vascular and ductal
pancreatic casts. Pancreatology 2003;3:261.

222 Brooke-Smith ME, Carati CJ, Toouli J, Saccone GTP. Are Blood Vessels
Important in Acute Pancreatitis? ANZ J Surg 2002; 72(Suppl.):A52.

223 Brooke-Smith ME, Carati C, Toouli J, Saccone GTP. Blood Vessels and
Acute Necrotising Pancreatitis. J. Gastro. Hepatol. 2002; 17 (Suppl.):A183

224 Chen JWC, Thomas, Irvine CM, Schloithe AC, Toouli J and Saccone GTP.
Sphincter of Oddi dysfunction produces acute pancreatitis. Gut 2000; 47 (4),
539-545.

225 Chen JW, Saccone GT, Toouli J. Sphincter of Oddi dysfunction produces
acute pancreatitis in the possum. Gut 2000;47:539-545.

226 Meyerholz DK, Samuel |.Morphologic characterization of early ligation-
induced acute pancreatitis in rats. Am J Surg. 2007 Nov;194(5):652-8.

227 Howard CV, Reed MG. Unbiased Stereology, Springer-Verlag New York, Inc;
1 edition 1998.

#28 Bhandari M, Brooke-Smith M.E, Carati C.J, Toouli J, Saccone G.T.P. Galanin
reduces pancreatic vascular perfusion (PVP) in the Australian possum. AHMRC,
Sydney 2004.

2 Takacs T, Hegyi P, Czako L, Balaspiri L, Lonovics J. Effects of galanin(1-16)
on pancreatic secretion in anesthetized and conscious rats. Res. Exp. Med.
2000; 199: 275-283.

230 yagci R.V, Alpetkin N, Zacharia S, Coy D.H, Ertan A, Possowski W.J. galanin

inhibits pancreatic amylase secretion in the pentobarbital-anaesthetized rat.
Regul Peptides 1991;34:275-282.

222



231 Guerineau N, Drouhault R, Corcuff JB, Vacher AM, Vilayleck N, Mollard P.
Galanin evokes a cytosolic calcium bursting mode and hormone release in
GH®3/B6 pituitary cells. FEBS Lett. 1990 Dec 10;276(1-2):111-4.

232 Fridolf T. and Ahren B. Dual Action of the Neuropeptide Galanin on the
Cytoplasmic Free Calcium Concentration in RIN m5F Cells. Biochem Biophys

Res Commun. 1993 Mar 31;191(3):1224-9.

233 Saita M, Verberne A.J.M. roles of CCK1 and 5-HT3 receptors in the effect of
CCK on presympathetic vasomotor neuronal discharge in the rat. Br J Pharm
2003;139:415-423.

234 Beijer H.J.M., Brouwer F.A.S., Charbon G.A. Time course and sensitivity of
secretin-stimulated pancreatic secretion and blood flow in the anaesthetized dog.
Scand J Gastroenterol 1979;14:295-300.

235 Frogge J.D., Hermreck A.S., Thal A.P. Metabolic and hemodynamic effects
of secretin and pancreozymin on the pancreas. Surgery 1970;68:498-502.

238 yan Westerloo DJ, Giebelen IA, Florquin S, Bruno MJ, Larosa GJ, Ulloa L,
Tracey KJ, van der Poll T. The vagus nerve and nicotinic receptors modulate
experimental pancreatitis severity in mice. Gastroenterology. 2006
May;130(6):1822-30

237 Ekblad, E, Hakanson R, Sundler F, and Wahlestedt C. Galanin:
neuromodulatory and direct contractile effects on smooth muscle preparations.
Br J Pharmacol 1985;86: 241-246.

2% Fox-Threlkeld, JA, McDonald TJ, Cipris S, Woskowska Z, and Daniel EE.
Galanin inhibition of vasoactive intestinal polypeptide release and circular
muscle motility in the isolated perfused canine ileum. Gastroenterology 1991;
101: 1471-1476.

239 Kuwahara, A, Ozaki T, and Yanaihara N. Galanin suppresses neurally
evoked contractions of circular muscle in the guinea-pig ileum. Eur J Pharmacol
1989; 164: 175-178.

240 Tamura, K, Palmer JM, Winklemann CK, and Wood JD. Mechanism of action
of galanin on myentenc neurons. J Neurophysiol 1988; 60: 966-979.

241 Matkowskyj KA, Rajkumar N, Roli P, Weihrauch D, Rao M, and Benya R.

Galanin contributes to the excess colonic fluid secretion observed in dextran
sulfate sodium murine colitis. Inflammatory Bowel Disease 2004;10(4):408-416.

223



242 Cuthbertson C.M, Christophi C. Disturbances in the microcirculation in acute
pancreatitis. Br J Surg 2006;93:518-530.

243 Bize P.E, Platon A, Becker C.D, Poletti P. Perfusion measurement in Acute
Pancreatitis using Dynamic Perfusion MDCT. AJR 2006;186:114-118.

244 Brooke-Smith ME, Carati CJ, Toouli J, Saccone GTP. Galanin is located in
nerves associated with the pancreatic vasculature and reduces pancreatic
vascular perfusion. Gastroenterology 2004; 126 (4) Supl 2, A-526.

245 Brooke-Smith ME , Carati CJ, Bhandari M, Toouli J, Saccone GTP. Galanin
in the regulation of pancreatic vascular perfusion. Pancreas, (in press) 2008.

248 Brooke-Smith ME, Sandstrom P, Carati C, Thomas AC, Toouli J, Saccone
GTP. Necrosis and Reduced Vascular Perfusion in Models of Moderate and
Severe Acute Pancreatitis. Pancreatology 2003; 3(3), 261.

247 Takeda K, Mikami Y, Fukuyama S, et al. Pancreatic ischaemia associated
with vasospasm in the early phase of human acute necrotizing pancreatitis.
Pancreas 2005;30:40-49.

248 patel AG, Toyama MT, Nguyen TN et al. Role of NO in the relationship of
pancreatic blood flow and exocrine secretion in cats. Gastroenterology
1995;108:1215-1220.

249 Molero X, Guarner F, et al. Nitric oxide modulates pancreatic basal secretion
and response to caerulein in rat: effects in acute pancreatitis. Gastroenterology
1995;108:1855-1862.

20 Werner J, et al. Differing roles of nitric oxide in pathogenesis of acute
edematous versus necrotizing pancreatitis. Surgery 1997;121:23-30.

%1 Dabrowski A, Gabryelewicz A. Nitric oxide contributes to multiorgan oxidative
stress in acute experimental pancreatitis. Scand J Gastroenterol 1994;29:943-
948.

%2 |eung PS, Ip SP. Pancreatic acinar cell: Its role in acute pancreatitis. The Int
J Biochem & Cell Biology 2006;38:1024-1030.

3 Dunning BE, Ahren B, Veith RC, Bottcher G, Sundler F, Taborsky GJ Jr.
Galanin: a novel pancreatic polypeptide. Am J Physiol 1986;251:E127-33.

24 Ahren B, Andren-Sandberg A, Nilsson A. Galanin inhibits amylase secretion
from isolated rat pancreatic acini. Pancreas 1988;3:559-562.

224



2% Herzig KH, Brunke G, Schén |, Schaffer M, Félsch UR. Mechanism of
galanin’s inhibitory action on pancreatic enzyme secretion: modulation of
cholinergic transmission — studies in vivo and in vitro. Gut 1993;34:1616-1621.

2% Kashimura J et al. Effects of galanin on amylase secretion from dispersed rat
pancreatic acini. Pancreas 1994; 9: 258-262.

%7 Runzi M, Muller MK, Schmid P, von Schonfeld J, Goebell H. Stimulatory and
inhibitory effects of galanin on exocrine and endocrine rat pancreas. Pancreas
1992;7:619-623.

258 Williams JA, Goldfine ID. The insulo-acinar relationship. In Go VLW, Gardner
JD, Brooks FP, Lebenthal E, Di Magno EP, Scheele GA, eds. The exocrine
pancreas: biology, pathobiology, and diseases. New York: Raven Press, 1986;
347-60.

9 Sling HD, Unger KO. The role of insulin in the regulation of —amylase
synthesis in rat pancreas. Eur J Clin Invest 1972;2:199-212.

%0 Trimble ER, Bruzzone R, Gjinovci A, Renold AE. Activity of the insuloacinar
axis in the isolated perfused rat pancreas. Endocrinology 1985;117:1246-52.

1 Lindskog S, Ahren B. Galanin effect on basal and stimulated insulin and
glucagons secretion in the mouse. Acta Physiol Scand 1987;129:305-309.

%2 Gregersen S, Hermansen K, Yanaihara N, Ahren B. Galanin fragments and
analogues: effects on glucose-stimulated insulin secretion from isolated rat islets.
Pancreas 1991,6:216-220.

23 Verchere CB, Kwok YN, Brown JC. Stimulus-specific inhibition of insulin
release from rat pancreas by both rat and porcine galanin. Life Sci
1992;51:1945-1951.

24 Kern HF, Adler G, Scheele GA. tural and biochemical characterization of
maximal and supramaximal hormonal stimulation of rat exocrine pancreas.
Scand J Gastroenterol Suppl. 1985;112:20-9.

5 Takacs T, Hegyi P, Czako L, Balaspiri L, Lonovics J. Effects of galanin(1-16)
on pancreatic secretion in anesthetized and conscious rats. Res Exp Med
2000;199:275-283.

268 Niederau C, Ferrel LD, Grendell JH. Cerulein-induced acute necrotizing

pancreatitis in mice: protective effects of proglumide, benzotrip and secretin.
Gastroenterology 1985:88:1192-204

225



%7 Lindskog S, Ahren B, Dunning BE, Sundler F. Galanin-immunoreactive
nerves in the mouse and rat pancreas. Cell Tissue Res. 1991 May;264(2):363-8.

268 Ward JB, Sutton R, Jenkins SA, Peterson OH. Progressive disruption of
acinar cell calcium signalling is an early feature of cerulean-induced pancreatitis
in mice. Gastroenterology 1996; 111: 481-491.

29 Lampel M, Kern H. Acute interstitial pancreatitis in the rat induced by
excessive doses of pancreatic secretagogue. Virchows Arch A Pathol Anat
Histopathol 1977;373:97-117.

270 Hoff J. Methods of blood collection in the mouse. Lab Animal 2000;29(10):47-
50.

271 Bhatia M, Brady M, Zagorski J, Christmas SE, Campbell F, Neoptolemos JP,
Slavin J. Treatment with neutralising antibody against cytokine induced
neutrophil chemoattractant (CINC) protects rats against acute pancreatitis
associated lung injury. Gut. 2000 Dec;47(6):838-44.

272 i X, Hussey DJ, Mayne GC, Carati CJ, Woods CM, Toouli J and Saccone
GTP. Galanin receptors 1, 2 and 3 are expressed in the normal mouse
pancreas [Abstract]. Pancreatology 2007; 7, 230.

23 Bartfai T, Hokfelt T, Langel U. Galanin — A neuroendocrine peptide. Crit. Rev.
Neurobiol. 1993;7:229-274.

27 Karelson E, Langel U. Galaninerigic signaling and adenylte cyclase.
Neuropeptides 1998;32:197-210.

27> Konturek S. J. et al. Neuroendocrinology of the pancreas; role of brain-gut
axis in pancreatic secretion. Eur J Pharmacology 2003;481:1-14.

278 Steinle AU et al. NF-kB/Rel activation in caerulein pancreatitis.
Gastroenterology 1999;116(2):420-30.

277 Marrero JA, Matkowskyj KA, Yung Kenny, Hecht G, Benya RV. Dextran
sulphate sodium-induced murine colitis activates and increases galanin-1
receptor expression. Am J Physiol Gastrointest Liver Physiol 2000;288:G797-
G804.

278 Bartfai T, Fisone G, Langel U. Galanin and galanin antagonists: molecular
and biochemical perspectives. TiPS Reviews 1992;13:312-317.

27 powers M.A, Pappas T.N. Galanin is a potent inhibitor of pancreatic exocrine
secretion. Gastroenterology 1989; 96:A398.

226



280 gpeer P, Zhang Y, Gu Y, Lucas MJ, Wang Y. Effects of nicotine on
intracellular adhesion molecule expression in endothelial cells and integrin
expression in neutroplils in vitro. Am J Obstet Gynecol 2002;186:551-556.

21 Dallos A, Kiss M, Polyanka H, Dobozy A, Kemeny L, Husz S. Effects of the
neuropeptides substance P, calcitonin gene-related peptide, vasoactive
intestinal polypeptide and galanin on the production of nerve growth factor and
inflammatory cytokines in cultured human keratinocytes. Neuropeptides. 2006
Aug;40(4):251-63.

2 yasuda H, Kataoka K, Ichimura H, Mitsuyoshi M, lida T, Kita M, Imanishi J.
Cytokine expression and induction of acinar cell apoptosis after pancreatic duct
ligation in mice. J Interferon Cytokine Res. 1999 Jun;19(6):637-44.

283 Bhatia M et al. Inflammatory mediators in acute pancreatitis. J Pathol
2000;190:117-125.

24 Jimenez-Andrade JM, Zhou S, Yamani A, Valencia de lta S, Castaneda-
Hernandez G, Carlton SM. Mechanism by which peripheral galanin increases
acute inflammatory pain. Brain Res. 2005 Sep 21;1056(2):113-7.

285 Adcock IM, Chung KF, Caramori G, Ito K. Kinase inhibitors and airway
inflammation. Eur J Pharmacol. 2006 Mar 8;533(1-3):118-32.

286 Beil M, Leser J, Lutz MP, Gukovskaya A, Seufferlein T, Lynch G, Pandol SJ,
Adler G. Caspase 8-mediated cleavage of plectin precedes F-actin breakdown
in acinar cells during pancreatitis. Am J Physiol Gastrointest Liver Physiol. 2002
Mar;282(3):G450-60.

7 Jungermann J, Lerch MM, Weidenbach H, Lutz MP, Kriiger B, Adler G.
Disassembly of rat pancreatic acinar cell cytoskeleton during supramaximal
secretagogue stimulation. Am J Physiol Gastrointest Liver Physiol
1995;268:G328-G338.

288 O’Konski MS, Pandol SJ. Effects of caerulein on the apical cytoskeleton of
the pancreatic acinar cell. J Clin Invest 1990;86:1649-1657.

29 Satoh A, Gukovskaya AS, Edderkaoui M, Daghighian MS, Reeve JR Jr,
Shimosegawa T, Pandol SJ. Tumor necrosis factor-alpha mediates pancreatitis
responses in acinar cells via protein kinase C and proline-rich tyrosine kinase 2.
Gastroenterology. 2005 Aug;129(2):639-51.

2% Moncada S, Higgs A. The L-arginine-nitric oxide pathway. N.Engl.J.Med
1993;329:2002-2012.

227



291 Kuo P.C, Schroeder R.A. The emerging multifaceted roles of nitric oxide.Ann
Surg 1995;221:220-235.

292 Rodeberg D.A, Chaet M.S, Bass R.C, Arkovitz M.S, Garcia V.F. Nitric oxide:
an overview. Am J Surg 1995;170:292-303.

293 Konturek S.J. et al. Role of endogenous nitric oxide in the control of canine
pancreatic secretion and blood flow. Gastroenterology 1993;104:896-902.

24 Inagaki H et al. Neutrophil behavior in pancreas and liver and role of nitric
oxide in rat acute pancreatitis. Pancreas 1997;15:304-309.

2%Runzi M, Muller MK, Schmid P, von Schonfeld J, Goebell H. Stimulatory and
inhibitory effects of galanin on exocrine and endocrine pancreas. Pancreas
1992;7:619-623.

2% Brodish RJ, Kuvshinoff BW, Fink AS, Mc Fadden. Inhibition of pancreatic
exocrine secretion by galanin. Pancreas 1994;9(3):297-3083.

297 Ramnath RD, Bhatia M. Substance P treatment stimulates chemokine
synthesis in pancreatic acinar cells via the activation of NF-kp3. Am J Physiol
Gastrointest Liver Physiol 2006; 291:G1113-G1119

2% Sjodin L, Gylfe E. A selective and potent antagonist of substance P receptors
on pancreatic acinar cells. Biochem Int 1992;27:145-153.

2% Jensen RT, Jones SW, Lu Ya, Xu JC, Folkers K, Gardner JD. Interaction of
substance P antagonists with substance P receptors on dispersed pancreatic
acini. Biochem Biophys Acta 1984; 804:181-191.

300 Bhatia M, Saluja AK, Hofbauer B, Frossard JL, Lee HS, Castagliuolo |, Wang
CC, Gerard N, Pothoulakis C, Steer ML. Role of substance P and neurokinin 1
receptor in acute pancreatitis and pancreatitis —associated lung injury. Proc Natl
Acad Sci USA 1994;91:8964-8968.

301 Pickett JA, Edwardson JM.Compound exocytosis: mechanisms and
functional significance. Traffic. 2006 Feb;7(2):109-16.

392 Wynick D, Bacon A. Targeted disruption of galanin: new insights from knock-
out studies. Neuropeptides. 2002 Apr-Jun;36(2-3):132-44.

893 Wynick D et al. Galanin regulates prolactin release and lactotroph
proliferation. PNAS, Oct 1998; 95: 12671 - 12676.

304 Moore-Olufemi SD, Xue H, Attuwaybi BO, Fischer U, Harari Y, Oliver DH,
Weisbrodt N, Allen SJ, Moore FA, Stewart R, Laine GA, Cox CS Jr.

228



Resuscitation-induced gut edema and intestinal dysfunction. J Trauma. 2005
Feb;58(2):264-70.

805 Sjvaraman T, Kumar TK, Jayaraman G, Yu C. The mechanism of 2,2,2-
trichloroacetic acid-induced protein precipitation. J Protein Chem. 1997
May;16(4):291-7.

8% i X, Hussey DJ, Mayne GC, Carati CJ, Woods CM, Toouli J and Saccone
GTP. Galanin receptors 1, 2 and 3 are expressed in the normal mouse
pancreas [Abstract]. Pancreatology 2007; 7, 230.

%7 Kisfalvi | Jr, Racz G, Balint A, Mate M, Olah A, Zelles T, Vizi ES, Varga G.
Effects of putative galanin antagonists M35 and C7 on rat exocrine pancreas. J
Physiol Paris. 2001 Jan-Dec;95(1-6):385-9.

308 Bartfai T, Langel U, Bedecs K, Andell S, Land T, Gregersen S, Ahren B,
Girotti P, Consolo S, Corwin R, et al. Galanin-receptor ligand M40 peptide
distinguishes between putative galanin-receptor subtypes. Proc Natl Acad Sci U
S A. 1993 Dec 1;90(23):11287-91.

%99 Floren A, Land T, Langel U. Galanin receptor subtypes and ligand binding.
Neuropeptides. 2000 Dec;34(6):331-7.

310 Wiesenfeld-Hallin Z, Xu XJ, Langel U, Bedecs K, Hokfelt T, Bartfai T.
Galanin-mediated control of pain: enhanced role after nerve injury. Proc Natl
Acad Sci U S A. 1992 Apr 15;89(8):3334-7.

311 Shigematsu S, Ishida S, Gute DC, Korthuis RJ. Bradykinin-induced
proinflammatory signaling mechanisms Am J Physiol Heart Circ Physiol. 2002
Dec;283(6):H2676-86.

%12 Bartfai T et al. Galanin-receptor ligand M40 peptide distinguishes between
putative galanin-receptor subtypes. Proc Natl Acad Sci U S A. 1993 Dec
1;90(23):11287-91.

313 Kikwai L, Babu RJ, Prado R, Kolot A, Armstrong CA, Ansel JC, Singh M. In
Vitro and In Vivo Evaluation of Topical Formulations of Spantide II. AAPS
PharmSciTech. 2005;6(4): E565-E572.

814 Langel U, Land T, Bartfai T. Design of chimeric peptide ligands to galanin
receptors and substance P receptors. Int J Pept Protein Res. 1992
Jun;39(6):516-22.

315 Dunning BE, Taborsky GJ Jr. Galanin--sympathetic neurotransmitter in

endocrine pancreas?
Diabetes. 1988 Sep;37(9):1157-62.

229



318 Bhatia M, Saluja AK, Hofbauer B, Frossard JL, Lee HS, Castagliuolo I, Wang
CC, Gerard N, Pothoulakis C, Steer ML. Role of substance P and the neurokinin
1 receptor in acute pancreatitis and pancreatitis-associated lung injury. Proc Natl
Acad Sci U S A. 1998 Apr 14;95(8):4760-5.

317 Amiranoff B, Servin AL, Rouyer-Fessard C, Couvineau A, Tatemoto K,
Laburthe M. Galanin receptors in a hamster pancreatic beta-cell tumor:
identification and molecular characterization. Endocrinology. 1987
Jul;121(1):284-9.

230



