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INTRODUCTION

Brain neurotransmitters through their receptors or hormonal pathway can
regulate physiological functions in diabetes and cell proliferation. Serotonin, also
known as S-hydroxytryptamine (5-HT), is a monoamine neurotransmitter found in
cardiovascular tissue, the peripheral nervous system, blood cells and the central
nervous system. 5-HT has been implicated in the regulation of diverse physiological
processes, including cellular growth and differentiation (Tecott et al., 1995), neuronal
development (Eaton et al., 1995) and regulation of blood glucose concentration
(Smith & Pogson, 1977). Since the early seventies, the hypothesis for a control of
circulating glucose and insulin levels by 5-HT system has been the matter of
numerous works. There are reports on reduction in central nervous system (CNS)
5-HT synthesis and turn over in chronically hyperglycaemic rats (Trulson et al..
1978). Specific 5-HT receptor agonists and antagonists can modulate circulating
levels of blood glucose in rodents. 5-HT promotes hyperglycaemia by a mechanism
that may involve increased renal catecholamine release (Wozniak & Linnoila, 1991).
There is a prevailing view that blood glucose is lowered by 5-HT and that this
response can be suppressed by 5-HT receptor antagonists (Furman & Wiison, 1980).
All these evidences show that 5-HT has a role in the regulation of insulin secretion.

Recent observations indicate that insulin can stimulate pancreatic B-cell
growth in vivo. The level to which B-cell proliferation increased is related to the
degree to which insulin biosynthesis and/or release is enhanced (Chick et al., 1973).
Pancreatic regeneration after pancreatectomy has been well documented in animal
models to study B-cell proliferation (Pearson ef al, 1977). Various hormones and
growth factors have been shown to affect the proliferation of the endocrine and
exocrine cell types of pancreas. The addition of new B-cells would increase the total

insulin secretary potential. Studies have shown that insulin secretion is moduiated by



the central nervous system, through its sympathetic and parasympathetic division,
although glucose and other substrates are generally thought to be the principal
regulators of insulin secretion. The pancreatic islets are richly innervated by
parasympathetic, sympathetic and sensory nerves (Miller, 1981). Several different
neurotransmitters are stored within the terminals of these nerves - serotonin,
acetylcholine, noradrenaline and several neuropeptides.  Stimulation of the
autonomic nerves and treatment with neurotransmitters affect islet hormone
secretionn.

Most of the neurons synthesizing 5-HT in CNS are located in raphe nuclei of
brain stern, but serotonergic nerve terminals can be found in virtually every brain
region. These 5-HT containing cells give rise to ascending and descending pathways
that innervate large areas of the brain and spinal cord. These pathways largely
mediate the varied roles of 5-HT in sensory, motor and autonomic functioning,
Dorsal motor nucleus of brain stem is connected to the endocrine pancreas
exclusively via vagal fibres and has a role in neurally mediated insulin release
(Azmitia & Gannon, 1986)

The effect of 5-HT is mediated in different tissues by different subclasses of
receptors, each of which are coded by a distinct gene and possesses distinct
pharmacological properties and physiological functions. In addition to its role as a
neurotransmitter, 5-HT also has been shown to play a role in cell proliferation
(Seuwen & Poussegur, 1990). The mitogenic action of 3-HT was first identified in
bovine aortic smooth muscle cells (Nemeck et al., 1986). There is a synergistic
effect of 5-HT with traditional protein growth factors such as platelet derived growth
factor, fibroblast growth factor, epidermal growth factor and insulin like growth
factor (Crowley er al., 1994). In aortic smooth muscle cells, 5-HT induced
mitogenesis was comparable with that of human platelet derived growth factor. 5-

HT rapidly elevates superoxide formation, stimulates protein phosphorylation, and



enhances proliferation of bovine pulmonary artery smooth muscle cells (SMCs).
5-HT, receptor is coupled through Gt to the activation of ERK1 and ERK2 in CHO
cells (Daniel et al., 1996). 5-HT has been increasingly recognised to be a mitogen
for both vascular and non-vascular cells.  5-HT rapidly induces tyrosine
phosphorylation of GTPase activating protein (GAP), possibly activates p2lras and
produces cellular hyperplasia and hypertrophy in bovine pulmonary artery. All
agents that block transport of 5-HT and 5-HT receptor antagonists inhibit
proliferative response.

5-HT receptors can be classified into seven classes from 5-HT, to 5-HT,
based upon their pharmacological profiles, cDNA-deduced primary sequences and
signal transduction mechanisms of receptors (Hoyer et al, 1994). The 5-HT,,
receptor was reported to exist in two isoforms in rat brain regions, i.e., a high affinity
5-HT4 receptor and a low affinity 5-HT,, receptor. These two isoforms can be
labelled by high and low concentrations of [’H)8-OH DPAT (Nenonene ef al., 1994).
8-Hydroxy-2-(di-n-propylamino) tetralin (8-OH-DPAT) is a S5-HT,, receptor-
selective agonist that has recently been reported to trigger adrenal catechofamine
release and hyperglycaemia by the activation of 5-HT,, receptors (Chauloff &
Jeanrenaud, 1987). The EPI! releasing effect of 8-OH DPAT are blocked by both
SHT,s and [-adrenoreceptor antagonist (-)-pindolol (Chauloff er al., 1990b).
Neurotransmitters that elevate cAMP inhibit cell proliferation. 5-HT,, receptor
agonists promote adenylyl cyclase activity by activation of stimulatory G proteins
(Gs), inhibit proliferation (Fanburg & Lee, 1997). Neurite outgrowth is inhibited by
micromolar amounts of 5-HT added to dissociated cuitures of cortical or raphe

neurons. 5-HT, agonists could potentiaily be providing long term repression of G

protein coupled receptors and other MAP kinase-responsive genes. There are also

reports regarding 5-HT , receptor mediated stimulation of cell division in different

cell types. The human 5-HT , receptor expressed in Chinese hamster ovary cells



promotes activation of ERK1 and ERK2 (Daniel et al., 1996). S5-HT mediates

inhibitory signaling pathways primarily in neuroendocrine cells, and stimulatory
pathways are mostly restricted to mesenchymal and/or immune cells, this cell

specificity appears not to be absolute. [n hippocampal membranes, the S-HT’

receptor mediates increased rather than reduced cAMP levels, presumably via
activation of adenylyl cyclase type [1 (ACIl). Furthermore, an inhibitory signal, such
as a decrease in cAMP, might lead to a stimulation of cell proliferation in
mesenchymal cells. Inhibitory effects of 5-HT have been linked to activation of 5-

HT , receptors.
5-HT,. receptor is one of the three closely related receptor subtypes in 5-HT,
receptor family. Administration of 5-HT, . receptor agonist, 1-(2,5-dimethoxy-4-

iodophenyl)-2-aminopropane (DOI} triggers adrenal catecholamine release and
hyperglycaemia. The hyperglycaemic effect of DOI administration is mediated by
centrally located 5-HT,c receptors and, in turn, adrenal epinephrine release due to
increase in sympathetic nerve discharge (Welch & Saphier, 1994). This suggests that
insulin release is tnhibited by 5-HT,c receptor agonist and the activation of 5-HT

receptors may affect glycaemia. The 5-HT, receptor subtype of 5-HT has been

shown to mediate cell growth in fibroblasts. 5-HT enhances EGF-stimulated DNA
synthesis of mature rat hepatocytes in primary culture and this effect of 5-HT is

suggested to be mediated by the 5-HT, receptors. In vivo studies indicated that the 5-
HT, receptors were activated in the regenerating rat liver during DNA synthetic

phase. These receptors are coupled to phosphoinositide turnover and diacylglycerol
formation, which activates protein kinase C, an important second messenger for cell

division. The 3-HT, . receptors activate phospholipase. This receptor functions as a

protooncogene when expressed in NIH 3T3 fibroblasts (Julius et al., 1989). The



presence of 5-HT, . receptors may initiate tumorigenesis by facilitating the growth of

fibroblasts in the mouse.
Several studies have described the role of 5-HT,4 and 5-HTyc receptors in

neuroendocrine regulation and cell proliferation. The involvement of these receptors
in the regulation of catecholamine release by facilitating sympathetic system has
been examined. However, there have not been many studies examining the role of
central 5-HT ) and 5-HTc receptors and their relationship between sympathoadrenal
secretions and insulin secretion during pancreatic regeneration. In the present study,
the changes in the brain and pancreatic 5-HT, its receptor subtypes, and their gene
expression were investigated during pancreatic regeneration in rats. The work
focuses on the role of 5S-HT, and 5-HT,c receptor changes and their regulatory role

in pancreatic islet cell proliferation.



OBJECTIVES OF THE PRESENT STUDY

(V3]

To induce pancreatic regeneration by partial pancreatectomy in weanling rats.
To study the DNA synthesis by [*H]thymidine incorporation during pancreatic
regeneration.

To study the changes in 5-HT content in various rat brain regions — cerebral
cortex (CC), brain stem (BS) and hypothalamus (Hypo) during pancreatic
regeneration using High Performance Liquid Chromatography.

To study the changes in epinephrine and norepinephrine content in plasma ang
adrenals during pancreatic regeneration using High Performance Liquic
Chromatography.

To study the 5-HT content in plasma and pancreas of experimental rats.

To study the 5-HT, and 5-HTy¢ receptor changes in CC, BS, Hypo and in the
pancreas of different experimental groups of rats.

To study the effect of 5-HT, 5-HT,y and 5-HT,c receptor ligands in insulir
secretion using rat primary islet culture.

To st{de the effect of 5-HT, 5-HT,, and 5-HT.c receptor ligands in DNA
synthesis using rat primary islet culture.

To study the gene expression of 5-HT 4 and 5-HT,¢ receptors in the brain and

pancreas of different experimental groups of rats.



LITERATURE REVIEW

The pancreas is a complex organ composed of two different cell populations,
exocrine and endocrine. The exocrine component includes acinar and ductal cells
that secrete and transport digestive enzymes into the intestine. Exocrine cells make
up the majority of the pancreas and are grouped together into acini and a highly
branched ductal system. The endocrine cells account for approximately 4% of the
volume of the pancreas and they are grouped together into islets of Langerhans. The
islets are composed of a few hundred to several thousands of cells, of which 65-80%
are insulin-secreting B-cells. These cells are mainly located in the center of the islet
and are surrounded by a mantel of three other cell types, ie., glucagon-secreting -
alpha cells, somatostatin secreting - delta cells and pancreatic polypeptide secreting
cells (PP-cells). ‘

The endocrine pancreas is derived from progenitor cells in the ducts of the
exocrine portion of the pancreas. The pancreatic $-cell is characterized by a limited
proliferative potential in man (Heilerstrom ef al., 1985). In animals there are,
however indications of regenerative phenomena in the B-cell (Logothetopoulos,
1972). Studies showed that the rat pancreatic islet cells in allogeneic grafts are
capable of regeneration (Socha et al., 2003). The use of partial pancreatectomy as a
research tool in studying pancreatic regeneration is well established and dates back to
studies at the turn of the century. Pancreatectomy, or removal of pancreas, is a very
useful approach to demonstrate the regenerative potentiai of B-cells. 60% partial
pancreatectomy does not result in glucose intolerance or permanent diabetes. This
maintenance of glucose homeostasis is due to regeneration among the remaining
pancreatic B-cells (Leahy et al., 1988; Lohr ef al., 1989). However, when 85-90%

partial pancreatectomy is performed, mild hyperglycaemia ensues which is followed



by increased B-cell replication and a 40% increased B-cell mass (Bonner-Weir,
1983). Regeneration of endocrine cells started immediately after 90%
pancreatectomy (Hayashi et al., 2003). Interestingly, 95% pancreatectomy resuits in
severe hyperglycaemia with non-existent or very minor signs of B-cell replication
(Clark et al., 1982). Based on the pancreatectomy models, it is evident that B-cells
have a certain regenerative capacity.

The degree of regeneration of pancreas is variable, depending on the nature
of the stimulus to regenerate (Logothetopaulos et al., 1983). Exocrine cells exhibit
significant regenerative potential after incomplete destruction, following the use of
the selecti_ve pancreatic toxin ethionine or following cerulein induced pancreatitis
(Kasai et al., 1982). It appears that endocrine and exocrine regeneration are under
different control mechanisms (Gepts et al., 1990). There is much evidence to suggest
that prolonged stimulation of insulin secretion in vivo leads to a compensatory
increase of the total volume of the pancreatic islets (Martin et al., 1963). Th insulin
secretion from the 3-cell is the result of a complex interaction between metabolic and
neural (Campfield et al., 1980) extermal inputs acting in concert with other

controlling factors.

NEURAL INNERVATION OF THE PANCREAS

The endocrine pancreas is richly innervated, but the abundance and
organizatibn of this innervation are highly variable between species (Kobayashi &
Fujita, 1969). Most of the nerve fibres enter the pancreas along the arteries (Woods
& Porte Jr. D, 1974; Miller, 1981). Well differentiated synapses with islet cells have
rarely been observed (Orci et al., 1973; Watanabe & Yasuda, 1977). The innervation

of the islet is very plastic, as suggested by the observation that islets transplanted in



the portal vein of diabetic rats became reinnervated by hepatic nerves (Gardemann et
al., 1994)

The autonomic innervation of the endocrine pancreas has several origins.
The autonomlic nervous system uses two interconnected neurons to control effector
functions and is divided into two systems, the sympathetic and the parasympathetic
nervous sysfems, according to the location of the preganglionic cell bodies.
However, there are indications suggesting that these two systems are not always
independent of each other, but display anatomical interactions (Berthoud & Powley,
1993) or share similar neurotransmitters (éheikh et al., 1988; Verchere et al., 1996).
The endocrine pancreas also receives other types of nerves. These nerves are of

peptidergii: and nonpeptidergic nature (Bruntcardi et al.,, 1995; Ahrén, 2000).

The parasympathetic innervation

The preganglionic fibres of the parasympathetic limb originate from the
dorsal motor nucleus of the vagus (Luiten et al., 1984 & Ahrén, 1986) and possibily
also in the nucleus ambiguus (Luiten et af., 1984), which are both under the control of
the hypothalamus. They are organized in well separated branches traveling within the
vagus nerves (cranial nerve X), and through the hepatic, gastric (Berthoud et al.,
1990), and possibly celiac branches of the vagus (Kinami et al., 1997), they reach
intrapancreatic ganglia that are dispersed in the exocrine tissue. These ganglia send
unmyelinated postganglionic fibres toward the islets (Woods & Porte Jr. D, 1974).
Preganglk_)nic vagal fibres release ACh that binds to nicotinic receptors on
intraganglionic  neurons. Postganglionic  vagal fibres release several
neurotransmitters: ACh, vaso active intetsinal peptide (VIP), gastrin-releasing peptide
(GRP), nitric oxide (NO), and pituitary adenylate cyclase-activating polypeptide
(PACAP) (Ahrén, 2000). Cholinergic terminals are found in the neighborhood of all
islet cell types at the periphery and within the islet (Love & Szebeni, 1999).



Cholinergic synapses with endocrine cells have been observed in some species (Voss

et al.. 1978).

The sympathetic innervation

The sympathetic innervation of the pancreas originates from the thoracic and
upper jumbar segments of the spinal cord (Furuzawa et al., 1996). The myelinated
axons of these cells traverse the ventral roots to form the white communicating rami
of the thoracic and lumbar nerves that reach the paravertebral sympathetic chain
(Chusid, 1979). Preganglionic fibres either communicate with a nest of ganglion
cells within the paravertebral sympathetic chain or pass through the sympathetic
chain, travel through the splanchnic nerves, and reach the celiac (Brunicardi er al.,
1995; Ahrén, 2000) and mesenteric gangtia (Furuzawa et al., 1996). Ganglia within
the paravertebral sympathetic chain; and the celiac and mesenteric ganglia, give off
postganglionic fibres that .eventually reach the pancreas. The existence of
intrapancreatic sympathetic ganglia has also been reported (Liu et al., 1998). The
preganglionic fibres release ACh that acts on nicotinic receptors on intraganglionic
neurons, whereas the postganglionic fibres release several neurotransmitters:
norepinephrine, galanin, and NPY (Ahrén, 2000). A rich supply of adrenergic nerves
in close proximity of the islet cells has been observed in several mammalian species

(Esterhuizen er al., 1968).

Sensory fibres

The sensory nerve fibres report pain information associated with diseases of
the exocrine tissue, such as pancreatic cancer and pancreatitis (Rossi ef al., 1995; Di
Sebastiano et al., 2000), but there are no reports of sensations of pain associated with
a destruction of the endocrine pancreas. However, it is possible that sensory fibres

play a role in the control of insulin secretion. Thus, neonatal treatment of mice with



capsaicin (to destroy these fibres) results in more glucose-stimulated insulin secretion
than in nontreated mice, suggesting that sensory fibres exert a direct, tonic inhibition

of insulin secretion (Karlsson et al., 1994).

Other types of nerves
Immunocytochemistry has revealed the presence of neurotransmitters other

than those described above in pancreatic nerves: cholecystokinin (Karlsson & Ahrén,

1992), 5-HT (Kirchgessner & Gershon, 1990), and methionine-enkephalin (Ahrén,
2000).

CENTRAL NERVOUS SYSTEM REGULATION OF INSULIN SECRETION
The autonomic nervous system, acting through both its sympathetic and
parasymp;thetic branches, has the potential to modulate the rate of insulin secretion
over a wide range at a constant intermediate glucose concentration.  Studies
conducted have demonstrated that insulin secretion in response to glucose from f-
cells of the endocrine pancreas can be modified by the activity of both the
sympathetic and parasympathetic branches of the autonomic nervous system (Burr et
al., 1976; Campfield er al., 1980). Electrical stimulation of the sympathetic nerves to
the pancreas or exposure of the pancreas to exogenous norepinephrine decreased
glucose-induced insulin secretion. Sympathetic inhibition was observed at glucose
concentrations greater than SmM (Campfield et al., 1976; Campfield ez al., 1980).
The recent demonstration that, central nervous system cell groups projecting
into the pancreatic vagal motor neurons received inputs from adrenergic,
noradrenergic and serotonergic neurons from the lower brain stem and a
dopaminergic input from paraventricular nucleus of hypothalamus (Lowey et al.,
1994). Also it shows the importance of central nervous system neurotransmitters in

the pancreatic hormone secretion and their importance in glucose homeostasis.



Central nervous system borne hyperglycaemia is mediated via central noradrenergj,
pathways (McCaleb & Myers, 1982) by an activation of sympathoadrenal systen
Plasma giucose appears to be under separate serotonergic and dopaminergic contrg
exerted via 5-HT,, and DAp; receptors respectively (Alster & Hillegaart, 1996).

It is well established that the autonomic fibres supplying the pancreas trave
via the vagus and splanchnic nerves (Helman et al., 1982). These nerves are clearl;
related to the ventral hypothalamus. The hypothalamus plays a central role in th
integration of neurohormonal function (Oommura & Yoshimatsu, 1984). The ventrg
medial hypothalamic nucleus is considered as the sympathetic centre and th
stimulation of this area decreases insulin secretion (Helman et /., 1982). Lesions |j
the ventro-medial hypothalamus, resuited in behavior alterations and morphologic{
changes in pancreatic islets (Scalfani, 1981). Ventro-lateral hypothalamus is th
parasympathetic centre, stimulation of which increases the circulating level of insuli
(Helman er a/, 1982). Lesions in ventro-lateral hypothalamus results in decrease
body weight; food intake, plasma insulin levels and decrease in islet size (Powley ¢
Opsahl, 1976). Hyperactivation of the HPA axis in diabetes is associated wit
increased expression of hypothalamic corticotrophin-releasing hormone (CRE

mRNA and hippocampal mineralocorticoid receptor (MR) mRNA (Chan et al., 200}

FACTORS AFFECTING INSULIN SECRETION FROM PANCREATI
B-CELLS
Glucose

Insulin is secreted primarily in response to elevated blood gluco!
concentrations. The mechanism of glucose induced insulin release is not complete
understood. Phosphorylation of glucose to glucose-6-phosphate serves as the ra
limiting step in glucose oxidation (Schuit, 1996). Glucokinase acts as a gluco!

sensor during this process. The entry of glucose into B-cells is followed by i



acceleration of metabolism that generates one or several signals that close ATP-
sensitive K' channels in the plasma membrane. The resulting decrease in K*
conductance leads to depolarisation of the membrane with subsequent opening of
voltage dependent Ca®" channels. The rise in the cytoplasmic free Ca™ eventually
leads to the exocytosis of insulin containing granules (Dunne, 1991). Glucose
induced insulin secretion is also partly dependent upon the activation of typical
isoforms of protein kinase C (PKC) within the B-cell (Harris et al., 1996). Although
intracellular Ca®* activates protein kinases such as Ca** and calmodulin dependent
protein kinase {(Breen & Aschroft, 1997), it remains unclear how increases in
intracellular Ca’* leads to insulin release. It is suggested that PKC may be tonically
active and effective in the maintenance of the phosphorylated state of the voltage-

gated L-type Ca® channel, enabling an appropriate function of this channel in the

insulin secretory process (Arkhammar ef al., 1994).

Amino acids

Many amino acids increase insulin secretion. Amino acids like arginine
increase insulin secretion from pancreatic $-cells (Holstens et al., 1999). Several in
vitro studies have suggested the production of nitric oxides from islet nitric oxide
system may have a negative regulation of the L-arginine induced secretion of insulin
and glucagon in mice. L-Tryptophan which is the precursor of 5-HT can act as a

stimulator of insulin release (Bird et al., 1980)

Fatty acids

Free fatty acids act as signaling molecules in various cellular processes,
including insulin secretion (Haber et af, 2003). Short chain fatty acids and their
derivatives are highly active stimulators of insulin release in sheep (Horino et al,

1968). A novel ester of succinic acid 1,2,3-tri-(methyl-succinyl) glycerol ester



displayed stimulation of insulin release and biosynthetic activity in pancreatic islets
of Goto-Kakizaki rats (Laghmich et al., 1997). A monomethyl ester of succinic acid
along with D-glucose is required to maintain the B-cell response to D-glucose

(Fermandez et al., 1996).

Glucagon
Glucagon is secreted by the a-cells of the pancreatic islets. It has been

shown that glucagon has a striking stimulation of insulin release in the absence of
glucose (Sevi & Lillia, 1966). The presence of specific glucagon receptors on
isolated rat pancreatic (-cells as well as a subpopulation of a-and 3-cells shows the
relevance of glucagon on regulation of insulin secretion. Intra-islet glucagon appears
to be a paracrine regulator of cAMP in vitro (Schuit, 1996). Glucagon stimulates
insulin release by elevating cAMP. c¢AMP through activation of protein kinase A,
increases Ca’™ influx through volte;ge dependent L-type Ca’" channels, thereby
elevating [Ca™] and accelerating exocytosis (Carina et ;11., 1993).  Protein
phosphorylation by Ca’*/Calmodulin and cAMP debendent protein kinase play a
positive role in insulin granule movement which results in potentiation of insulin

release from the pancreatic B-cell (Hisatomi er al., 1996).

Substrates derived from nutrients

Substrates like pyruvate (Lisa et al., 1994), citrate, ATP (Tahani, 1979),
NADH and NADPH (lain er al, 1994) may involve indirect reflux stimulation
triggered by food intake or local islet stimulation through the production of
metabolites. Adenosine diphosphate acts as an intracellular regulator of insulin
secretion. Heterotrimeric GTP-binding protein G,; is involved in regulating glucose
induced insulin release (Konrad et al., 1995). GTP analogues are also important

regulators of insulin secretion (Lucia er al., 1987). Glucose induced insulin secretion



is accompanied by an increase in the islet content of cAMP (Rabinovitch ef al.,

1976).

Somatostatin

This hormone is secreted by the pancreatic &-cells of the islets of
Langerhans. Somatostatin inhibits insulin release (Ahren ez al., 1981). Its action is
dependent on the activation of G-proteins but not associated with the inhibition of the

voltage dependent Ca®" currents or adenylate cyclase activity (Renstrom et al., 1996).

Pancreastatin

Pancreastatin is known to be produced in islet B-cells and to inhibit insulin
secretion. Pancreastatin is a modulator of the early changes in insulin secretion after
increase of glucose concentration within the physiological range (Ahren et al., 1996).
Pancreastatin is reported to increase Ca’™ in insulin secreting RINmSF cells

independent of extracellular calcium (Sanchez et al., 1992).

Amylin

Amylin is a 37-amino acid peptide hormone co-secreted with insulin from
pancreatic B-cells. Amylin appears to control plasma glucose via several
mechanisms that reduce the rate of glucose appearance in the plasma. Amylin limits
nutrient inflow into the gut to blood and by its ability to suppress glucagon secretion.
It is predicted to modulate the flux of glucose from liver to blood. Amylin is
absolutely or relatively deficient in type [ - diabetes and in insulin requiring type II -
diabetes (Young, 1997). Islet amyloid polypeptide (IAPP) or amylin inhibits insulin
secretion via an autocrine effect within pancreatic islets. Amylin fibril formation in

the pancreas may cause islet cell dysfunction and cell death in type [I - diabetes



melilitus (Alfredo et al., 1994). Pancreatic islets amylin play a role in ig)
enlargement, an important issue in the progression towards overt diabetes {Wooke
& Cooper, 2001)

Adrenomedullin

Adrenomedullin is a novel hypotensive adrenal polypeptide isolated from
human phaeochromocytoma and is structurally related to calcitonin gene relate
peptide and islet amyloid polypeptide. It has been suggested that besides being a
adrenal hypotensive peptide, adrenomedullin may be a gut hormone with potentiz

insulinotropic function (Mulder et al., 1996).

Galanin

Galanin is a 29 amino acid neuropeptide localised in the intrinsic nervou
system of the entire gastrointestinal tract and the pancreas of man and several anima
species (Scheurink et al, 1992). Among other functions galanin inhibits insulit
release (Ahren et al., 1991), probably via activation of G-proteins (Renstrom et al.
1996) by the mediation of activated galanin receptors. However, galanin receptor

are not as effective as ap-adrenergic receptors in activating G-proteins.

Macrophage migration inhibitory factor (MIF)

MIF, originally identified as cyvtokines, secreted by T lymphocytes. It was
found recently to be both a pituitary hormone and a mediator released by immuné
cells in response to glucocorticoid stimulation. Recently it has been demonstrated
that insulin secreting B-cells of the islets of Langerhans express MIF and its
production is regulated by glucose in a time and concentration dependent manner.

MIF and insulin were both present within the secretory granules of the pancreatic f§-



cells and once released, MIF appears to regulate insulin release in an autocrine
fashion. MIF is therefore a glucose dependent islet cell product that regulates insulin

secretion in a positive manner and may play an important role in carbohydrate

metabolism (Waeber et al., 1997).

Other agents

Coenzyme Qo improved insulin release (Conget et al., 1996) and it may also
have a blood glucose lowering effect. Inositol hexa bisphosphate stimulates non-Ca”
mediated and purine-Ca2+ mediated exocytosis of insulin by activation of protein
kinase C. (Efanov et al., 1997). Small GTPases of the rab 3A family expressed in
insulin secreting cells are also involved in the control of insulin release in rat and

hamster (Regazzi et al., 1996).

ROLE OF NEUROTRANSMITTERS IN INSULIN REGULATION
Epinephrine and Norepinephrine
Various neurotransmitters like NE, GABA, 5-HT, DA and ACh have

important role in cell proliferation and insulin secretion (Paulose et al., 2004).
Epinephrine and Norepinephrine are secreted by the adrenal medulla.
Norepinephrine (NE) is a principal neurotransmitter of sympathetic nervous system.
These hormones inhibit insulin secretion, both in vivo and in virro (Renstrom et al,
1996; Porte, 1967). Epinephrine exerts opposite effects on peripheral glucose
disposal and glucose stimulated insulin secretion (Avogaro et al., 1996). NE and
EPI, the flight and fright hormones are released in all stress conditions and are the
main regulators of glucose turnover in strenuous exercise (Simartirkis et al., 1990).
In severe insulin-induced hypoglycaemia, a 15 to 40-fold increase of epinephrine
plays a pivotal role in increasing glucose production independently of glucagon

(Gauthier et af., 1980). It is already known that, when used in high doses in vivo or



in vitro, epinephrine reduces the insulin response to stimuiators (Malaisse, 1972).
EPI and NE have an antagonistic effect on insulin secretion and glucose uptake
(Porte et al., 1966 a, b). They also inhibit insulin -stimulated glycogenesis through
inactivation of glycogen synthase and activation of phosphorylase with consequent
accumulation of glucose-6-phosphate. In addition, it has been reported that
epinephrine enhances glycolysis through an increased activation of phospho-
fructokinase. In humans, adrenaline stimulates lipolysis, ketogenesis, thermogenesis
and glycolysis and raises plasma glucose concentrations by stimulating both
glycogenolysis and gluconeogenesis. Adrenaline is, however, known to play a
secondary role in the physiology of glucose counter-regulation. Indeed, it has been
shown to play a critical role in one pathophysiological state, the altered glucose
counter-regulation in patients with established insulin-dependent diabetes mellitus
(Cryer, 1993). The inhibitory effec:t of EPI upon insulin secretion induced by
glucose was reported by Coore and Randle (Coore et al., 1964), who incubated
pancreatic tissue from the rabbit. As judged by Malaisse et a/, the inhibitory effect of
EPI on glucose-induced insulin secretion is mediated through the activation of «-
adrenoreceptors (Malaisse et al., 1967). Adrenaline inhibits insulin release through
0,4 - and o - adrenoreceptors via distinct intraceliular signaling pathways

{Peterhoff er al., 2003).

Acetyicholine

Acetylcholine is one of the principal neurotransmitters of the
parasympathetic system. Acetylcholine increases insulin secretion (Tassava er al..
1992) through vagal muscarinic and non-vagal muscarinic pathways (Greenberg et
al., 1994). They tunction through muscarinic receptors present on pancreatic islet

cells (Ostenson er al.. 1993). Central muscrainic M1 and M3 receptors are involed in



the regulation of insulin secretion from pancreatic f3-cells during pancreatic

regeneration (Paulose & Renuka, 2004).

Dopamine

High concentrations of dopamine in pancreatic islets can decrease glucose
stimulated insulin secretion (Tabeuchi ef al, 1990). L-DOPA the precursor of
dopamine had similar effect to that of dopamine (Lindstrom et al, 1983). Dopamine
D, receptors are implicated in the control of biood glucose levels (Alster er al.. 1996).
Dopamine D, receptors have also been reported to be present on pancreatic B-cells
(Tabeuchi-et al., 1990). These clearly indicate the role of dopamine in the reguiation

of pancreatic function.

wAminobutyric acid

Gamma aminobutyric acid (GABA) is the main inhibitory neurotransmitter
in central nervous system. GABA is reported to present in the endocrine pancreas at
concentrations comparable with those found in central nervous system. The highest
concentration of GABA within the pancreatic islet is confined to p-cells (Sorenson er
al. 1991). Glutamate decarboxvlase, the primary enzyme that is involved in the
synthesis of GABA, has been identified as an early target antigen of the T-
lymphocyte mediated destruction of pancreatic B-cells causing insulin-dependent
diabetes mellitus (Baekkeskov er al., 1990). GABA through its receptors has been
demonstrated to attenuate the glucagon and somatostatin secretion from pancreatic a-
cells and S-cells respectively (Gaskins et al., 1995). GABA which is present in the
Cytoplasm and in synaptic-like microvesicles (Reetz et al., 1991) is co-released with
insulin from B-celis in response to glucose. The released GABA inhibits islet a-and
&-cell hormonal secretion in a paracrine manner. During diabetes the destruction of

B-cells will lcad to decrease in GABA release resulting in the enhancement of



glucagon secretion from a-cells leading to hyperglycaemia. The brain GABAergig
mechanisms also play an important role in glucose homeostasis. Inhibition of centra‘

GABA 4, receptors increases plasma glucose concentration (Lang, 1995). Thus, any

impairment in the GABAergic mechanism in central nervous system and/or in thq:
pancreat'ic‘ islets is important in the pathogenesis of diabetes.
i
Serotonin |
Since the early seventies the hypothesis for a control of circulating glucosé
and insulin levels by 5-HT system has been the matter of numerous works. S-H]
content is increased in the brain regions and hypothalamic nuclei (Chen et al., 19911
Lackovic et al., 1990), but there are reports suggesting a decrease in brain 5-H1
content during diabetes (Jackson ef al., 1999; Sumiyosht et al., 1997; Sandrini et al.}
1997). Ohtani er al., 1997 have reported a significant decrease in extracellula
concentrations of NE, 5-HT and their metabolites in the ventro medial hypothalamus
(VMH). The ratio of 5-HIAA/S-HT was increased. A similar observation wag
reported by (Ding et al., 1992) with a decrease in 5-HT in cortex (19%) and 5-HI
turnover (5-HIAA/5-HT) that increased by 48%. Chu et al {1986) has reported lowel
5-HT levels in both hypothalamus and brain stem but not in corpus striatum. [nsulir
treatment brought about an increase in the cerebral concentration of 3-HIAA an¢
accelerated the cerebral S5-HT turnover (Juszkiewicz, 1985). The 5-HIAA
concentration was reported to be approximately twice as high as the control
regardless of duration of treatment. Brain tryptophan, the precursor of 5-HT, was
also reduced in brain regions during diabetes (Jamnicky er al., 1991). Insulit
treatment was reported to reverse this reduced tryptophan content to normal

(Jamnicky et al., 1993).



s.HT IN THE PANCREATIC ISLETS

Irr the pancreas, 5-HT is mainly present in B-cells of the islet of Langerhans
(Ekholm et al., 1971; Cetin, 1992). 5-HT containing nerves were also observed in
the periacinar and periinsular regtons of normal pancreas. 5-HT may help in the
maintenance of the blood sugar level in normal pancreas by increasing insulin
secretion and decreasing glucagon secretion (Adeghate ez al, 1999). In response to
5.HT receptor activation, both decreased and increased insulin levels, respectively
with hyperglycaemia and hypoglycaemia, have been reported in animals
(Bjorkstrand, 1996; Chaouloff et al., 1987¢). Insulin resistance has been reported to
vary inversely with brain serotonergic activity (Horacek et al., 1999), and genetic
variation in two 3-HT receptors has been associated with abdominal obesity and
diabetes (Yuan et al, 2000). Pancreatic islets receive innervation from both
divisions of the autonomic nervous system, and pancreatic endocrine secretion is
partly controlled by the autonomic nervous system (Holst er al, 1986).
Pharmacological manipulations of pancreatic islet 5-HT and dopamine content in
vitro and in vivo systems have resulted in evidence for monoaminergic inhibition
(Feldman et al,, 1972) and stimulation of insulin secretion (Telib et al., 1968).
Several amino acids are able to synthesis insulin release in the presence of glucose.
5-HTP is readily taken up into the islet in the presence of glucose and stimulates
insulin secretion. But the enzyme S5-hydroxytryptophan decarboxylase readily
converts it into 5-HT that inhibits insulin secretion (Sundler et al., 1990). When 5-
HTP was tested in conjunction with a decarboxylase inhibitor, the glucose stimulated
insulin release from rabbit pancreas was significantly enhanced (Gylfe er al., 1973).
Tryptophan a precursor of S-HTP, has a stimulating effect on insulin release from
hamster pancreas. The presence of monoamine oxidase enzyme that catabolises 5-
HT within the B-cells shows an effective 5-HT metabolism within the islets (Feldman

& Chapman, 1975). 5-HT can also act as a marker for insulin secretion. 5-HT is



taken up into insulin granules and co-released with insulin on stimulation of

pancreatic B-cells by glucose (Zhou & Misier, 1996).

PANCREATIC REGENERATION AND 3-CELL GROWTH

The adult pancreas has a capacity to respond to changing physiological
needs such as the requirement for increased (-ceil mass/function during pregnancy,
obesity or insulin resistance and an ability to regenerate cells including B-cells that
has been convincingly demonstrated in animal models of pancreatic injury and
diabetes (Rosenberg, 1995 & 1998). Animal models in which pancreatic endocrine
and exocrine regeneration can be observed include chemically induced models of
pancreatic injury following administration of alloxan (Davidson et al., 1989; Waguri
et al., 1997), streptozotocin {Like &-Rossini, 1976) or cerulein (Elsasser er af., 1986)
and hemipancreatectomy (Bonner-Weir et al., 1993; Sharma et al., 1999). Although
the triggers may differ, in each of these models pancreatic regeneration is thought to
occur through the expansion of progenitor cells present either in. or closely
associated with, the ductal epithelium. In these models, both endocrine and exocrine
cells have been observed to arise from duct célls (Waguri et al., 1997; Bonner-Weir
et al., 1993). Supporting this observation, ‘transitional’ cells have been identified that
co-express ductal markers with endocrine or exocrine cell-specific markers,
suggesting a reprogramming of duct-like cells (Wang et al, 1985). In the 90%
pancreatectomy model, regeneration has been suggested to mimic embryonic
pancreogenesis with proliferation occurring initially from expansion of the common
pancreatic duct epithelium followed by branching of smaller ductules and subsequent

regeneration of exocrine, endocrine and mature duct cells (Bonner-Weir et al., 1993)



Islet cells in regeneration
The endocrine cell mass in the aduit pancreas is maintained through a slow

mover of cells involving a balance of replication from existing differentiated cells,

tu
apoptosis and neogenesis from less-differentiated progenitor cells. Morphometric
analysis, combined with mathematical modelling, has shown that the turnover of

adult rat p-cells is 1 to 4% per day (Bonner-Weir, 2000a; Finegood et al., 1995). In
situations of increased demand, this rate may be increased through changes in the
rate(s) of replication, apoptosis or neogenesis. Although there is little evidence for
islet-derived progenitors, mitotic analysis indicates that islet cells contribute to the
regeneration observed in animal models of diabetes and pancreas injury. Islet cells
may increase their rate of replication in times of stress (Waguri et al,, 1997),
although this is usually accompanied by neogenesis that appears to derive from the
ducts (Waguri et al., 1997). Three-dimensional reconstruction of histological
sections has revealed that all cells within rat islets are ‘differentiated’, inferring that
there is not an easily discernible, and discrete progenitor cell population in the islet
(Bonner-Weir, 2000b). While this does not necessarily preclude the possibility that a
sub-population of ‘differentiated’ islet cells possesses a more multipotent phenotype
or retains the capacity to de-differentiate and assume a new fate, there is presently
little data to support this. Some evidence for islet-derived progenitors is provided by
three studies in which B-cells apparently reverted to a more primitive insulin- Pdx [+
phenotype. When cultured as a monolayer (Beattie e al., 1999) adopted a duct-like
phenotype in a collagen matrix (Yuan et al., 1996), streptozotocin-treated,

normoglycaemic mice, exhibited enhanced neogenesis (Guz et al., 2001).

Mechanism of B-cell growth
Beta-cell growth is a cumulative effect of the following three phenomena

during B-ceil development (i) differentiation of B-cells from precursors, a process



referred to as neogenesis (ii) changes in the size of individual B-cells and (ji
replication capacity of existing B-cells (Swenne, 1992). The relative contribution
replication, neogenesis or increased [B-cell size to the increased B-cell mass is n}
very clear at this time. The ability of the pancreas to regenerate and the effects 1’
trophic hormones on regeneration of the pancreas after partial pancreatectomy are n
completely understood. There is strong evidence to the existence of neogenesis as
plausible mechanism for changes in B-cell mass based on studies in rat modei|
(Swenne, 1982; Swenne & Eriksson, 1982). In contrast, changes in size of individu}
B-cells is not very well documented, even though, glucose, which is the prim:
stimulator of B-cell replication, increases B-cell size and apparently leads to increase
insulin synthesis (Hakan Borg er al., 1981). Several studies pioneered b
Hellerstrém and Bonner-Weir have lead to an improved understanding c
mechanisms associated with B-c‘ell proliferation (Bonner-Weir 1994; Hellerstron
1984). Swenne performed the initial cell cycle characterization of B-cells and pave
the way for further investigations into the replicz;tion capacity of B-cells. Islet cef
replication has been determined by standard thymidine incorporation assays an
more recently using antibody-based bromodeoxyuridine assays.

Upon receiving stimulatory influences from either cytokines or growt
factors, mammalian cells undergo a regulated cell cycle progression. Every phase q
the cell cycle is under regulatory influences of different cell cycle proteins. Changg
in cell cycle progression modulate the rate of proliferation and growth. Moreovel
the decision made by a cell to exit the cell cycle to undergo an irreversible post
mitotic differentiation state or a state of irreversible cellular senescence is dictated b)
changes in the cell cycle. Finally, the decision of putting an end to the cellular life
span by undergoing apoptosis is also a reflection of decisions made by proteirt

regulating the cell cycle machinery (Sherr, 1996; Grana er al., 1995). The cell cycl



is typically divided into the following phases, GO (reversible quiescence), G1 (first
gap phase), S (DNA synthesis), G2 (second gap phase) and M (mitosis).

Pancreatic -cells, similar to other cell types, pass through several distinct
phases of the cell cycle. Studies pioneered by Ingemar, Swenne, Claes and
Hellerstrom have elucidated the replication capacity of B-cells. Swenne maintained
B-cell enriched fetal rat pancreatic islets in tissue culture at various glucose
concentrations (Swenne, 1982). The observations prompted two inferences, (a)
glucose stimulated p-cell proliferation by increasing the number of cells entering the
cell cycle and (b) only a limited fraction of the total B-cell population is capable of
entering the active cell cycle. Furthermore, these studies allowed an estimation of the
rate of new B-cell formation per 24 hrs, which indicated that 4.2% new (-cells were
formed in the presence of 2.7 mM glucose, whereas, 10.4% new [-cells were formed
in the presence of 16.7 mM glucose. Furthermore, an age-dependent study of cell
cycle progression of B-cells isolated from fetal, 1-week, 3-week and 3-month old rats
revealed that the cell cycle was similar in all age groups (Swenne, 1983).

The growth of B-cells is determined by the number of B-cells entering the
cell cycle rather than changes in the rate of the cycle. The B-cell passes through the
cell cycle at a relatively high rate but the fraction of proliferating cells is low. During
fetal life, the B-cell exhibits a poor insulin response to glucose. In late fetal life,
glucose is a strong stimulus to B-cell replication and the metabolism of glucose is a
pre-requis}te for this process. Glucose stimulates proliferation by recruiting B-cells
from a resting GO state, into the proliferative compartment composed of cells in an
active cell cycle. The drastic reduction of B-cell proliferation with increasing age is,
most likely, due to a gradual withdrawal of cells from the active cell cycle into an

ireversible GO state. However, the observations that a very small fraction of B-cells

are capable of entering the cell cycle argues that B-ceils have replication potential.



This fraction can be potentially increased by recruitment of B-cells, which are in the
quiescent GO phase to re-enter the cell cycle and undergo replication.

Brelje et al (1994) studied the regulation of islet f-celi proliferation in
response to prolactin (PRL). Insulin secretion and B-cell proliferation increased
significantly in neonatal rat islets in response to prolactin. Initial PRL mitogenic
stimulus occurred by a limited procurement of non-dividing B-cells into the cell cycle
followed by majority of the daughter cells proceeding directly into additional cell
diviston cycles. The maximal PRL stimulatory affect was maintained by a continued
high rate of recruitment of f-cells into the cell cycle with only about one-fourth of
the daughter cells continuing to divide. This study suggested that instead of a limited
pool of B-cells capable of cell division, 8-cells are transiently entering the cell cycle
and dividing infrequently in response to PRL, indicating that the majority of B-cells
are not in an irreversible GO-phase. This observation partly contradicts the initial islet
cell cycle studies and prompts a careful analysis of the cell cycle machinery active in
B-cells.

The re-entry of resting B-cells into the active cell cycle requires the
knowledge of proteins involved in regulation of cell cycle progression of 3-cells. At
this time, we have very little knowledge of the molecules which determine the cell
cycle kinetics of P-cells. The low proliferative capacity of B-cells has also been
proposed to result from a low expression of p34CDC2 Serine/threonine kinase and
cyclin B1 which are necessary for normal progression of the cell cycle (Mares et al.,
1993). Several other studies highlight the role of cell cycle proteins in controlling the
replication capacity of B-cells. Expression of growth promoting genes such as SV40
large T antigen and the oncogenes v-src, myc and ras have been altered either in
transgenic mice or in islet cells in culture. Transgenic mice with insulin promoter
driven B-cell specific expression of SV40 large T antigen developed insulinomas

(Hanahan, 1985). However, the observation that expression of large T antigen was



tot sufficient to form B-cell tumors indicated that transformation of B-cells is a rare
vent requiring multiple co-operating mutations. $-cells derived from the SV40 large
T antigen transgenic mice maintained elevated DNA synthetic rates compared with
ontrol islets in which the DNA synthesis gradually decreased with age (Teitelman et
1, 1988). Beta cells from transgenic mice harbored elevated levels of p53 protein,
\vhich can bind to SV40 large T antigen. The interaction is thought to inactivate the
lanti-proliferative activity of p53 (Marshall, 1991)

Transfection of activated v-src oncogene, a cytoplasmic tyrosine kinase, into
B- cells stimulated DNA synthesis and substrate phosphorylation (Welish er al.,

1988). Similarly, transfection of activated myc and ras oncogenes also led to

increased rates of DNA synthesis (Welsh e al., 1988). DNA synthesis in $-cells was
Iso stimulated by overexpression of growth factor receptors such as the platelet-
derived growth factor receptor (PDGF-R) and fibroblast growth factor receptor
(FGF-R). Growth factor mediated signal transduction pathways lead to changes in
expression of cell cycle proteins, eventually, resulting in the increased proliferation
effects. Identification of ceil cycle modulators of B-cell proliferation will provide

insights into the replication potential of fetal, young and adult islet cells.

FACTORS REGULATING B-CELL GROWTH

Development of pancreatic endocrine cells in the rat fetus reveals the
presence of insulin-positive B-cells by gestational day 13 (Fujii, 1979). Measurement
of changes in the alpha, B-and delta-endocrine cell population in post-natal rodent
islets indicates a continuous increase of B-cell mass throughout post-natal life
(McEvoy, 1981). Morphological quantification of endocrine cells in human fetal
pancreas reveals the presence of insulin-positive B-cells by the eighth fetal week
(Clark & Grant, 1983) with almost a 130-fold increase in B-cell mass between the

9 .
[2th week in utero and the fifth post-natal month (Stefan er al., 1983). New



pancreatic exocrine and islet cells are formed by differentiation of pre-exist
embryonic ductal cells, which is referred to as neogenesis, or by replication of
cells. While neogenesis is the primary mode of increase in B-cell mass duy
gestation, after birth most of the B-cells are formed by replication.

Studies with rodent islets have been the basis of much of our information
factors influencing B-cell replication. Among the various factors, glucose is a pri
regulator of B-cell replication and is known to stimulate replication in both fetal
adult rodent islets (Hellerstrom, 1984). [n addition, glucose leads to an increased
cell proliferative compartment (Swenne, 1982). Insulin and IGF-1 stimulate tslet
cell replication in neonatal rodent pancreatic cells in culture providing evidence d
insulin itself can regulate the replication capacity of B-cells in an autocrine fashi
(Rabinovitch et al., 1982). -

This study prompted the examination of several other growth factors for th
role in regulating B-cell replication (Hill et al., 1998). Thus, growth hormone (Gl
prolactin and the related placental lactogen, IGF-1, IGF-2 and platelet-deriv
growth factor (PDGF) have been recognized as stimulators of P-cell replicati
(Brelje & Sorenson, 1991.). Growth hormone has been reported to stimulate the
vitro replication of foetal, neonatal and adult rat f-cells. The stimulation
replication activity resulted in an increased insulin content and secretion where t
effects of GH were mimicked by prolactin and its related peptide, placental lactoge!

Growth hormone elicits many of its actions by inducing local production:
JGFs in target cells. Studies aimed at investigating a similar paracrine pathwi
operative in islet cells have yielded confusing results. GH, but not glucot
stimulated the release of IGF-1 from fetal and adult rat islets leading to mitogenet
which could be partiaily negated by addition of monoclonal antibodies to IGF
(Swenne er al., 1987). The presence of high-affinity IGF-1 receptors on B-cells al

the finding that exogenous IGF-1 stimulates B-cell replication (Van Schravendi



etal., 1987) supported a concept that GH mitogenic activities might be mediated, at
jeast in part, by 2 paracrine regulation involving IGF-1. This theory has been
chaflenged by several studies, which failed to demonstrate an intermediary role for
[GF-1 in mitogenic activities of GH in B-cells (Romanus et al., 1985). Romanus et a/
failed to detect increased IGF-1 secretion from islets after GH stimulation. Other
factors which lead to a stimulation of B-cell replication include, amino acids (Swenne
et al., 1980), lithium (Sjoholm er al, 1992), the phorbol ester 12-O-
tetradecanoylphorbol 13-acetate (TPA) (Sjoholm, 1991a), nicotinamide (Sandler &
Andersson, 1986), amniotic fluid (Dunger et al., 1990) and serum (Hellerstrom &
Swenne, 1985).

Inhibitors of B-cell proliferation include transforming growth factor § (TGF-
B), the cytokine interleukin 1-B (IL1-B), pancreastatin and the diazepam binding
inhibitor, all of which inhibit fetal rodent 3-cell proliferation. TGF-B inhibits glucose
.S.timulatéd B-cell replication (Sjoholm & Hellerstrom, 1991b). IL1-[3 suppresses islet
cell proliferation in adult mice and rats (Southern et a/., 1990). However, the role of
IL1-B in fetal islet cell proliferation is siightly complex with the first 24 hrs of
stimulation leading to a suppression of B-cell proliferation followed by a potent
mitogenic stimulus after 3 days of cytokine exposure. Sjoholm ef al., (1991c)
identified pancreastatin and diazepam-binding inhibitor (acy!l-CoA binding protein)
as inhibitors of B-cell replication. Both pancreastatin and diazepam-binding inhibitor

are produced by islet cells (Chen et al., 1988) and inhibit insulin secretion and may

function as inhibitors of B-cell replication in vivo.

NEUROTRANSMITTERS AS GROWTH SIGNALS
Neurotransmitters act as growth regulatory signals in primitive organisms,
embryos and the developing nervous system. They exert these effects by activating

feCeptors and signal transduction mechanisms similar to those used in



neurotransmission.  Neurotransmitters and their receptors linked to secong,
messengers mediate growth responses in neuronal and non-neuronal ce[ls_é
Stimulation of proliferation is most often associated with activation of G-proteins
negatively coupled to adenylate cyclase (Gi), or positively coupled to phospholipase

C (Gq) or to pertussis toxin—sensitive pathways (Go, Gi) (Lauder, 1993).

Norepinephrine

Norepinephrine is reported to amplify the mitogenic signals of both EGF and
HGF by acting through the o; adrenergic receptors. It induces the production of EGF
and HGF at distal sites and also enhances the r'esponse to HGF at target tissues
(Broten et al., 1999). Norepinephrine rises rapidly in the plasma within one hour
after PH (Knopp et al., 1999). NE also enhances the mito-inhibitory effects of TGF-
Bl on cultured hepatocytes isolated from the early stages of regeneration
(Michalopoulose & DeFrancis, f997). Prazosin, a specific antagonist of q,
adrenergic receptor, as well as sympathetic denervation greatly decreases DNA
synthesis at 24 hrs after PH (Cruise e al., 1989).' Addition of NE to hepatocytes
stimulates Ca™ mobilisation or PI tumover and either or both of these processes were
proposed to be involved in the mitogenicity of NE (Exton, 1981 & 1988). Hepatic
neoplasm are characterised by an increase in o,-and B-adrenergic receptors and a
concomitent decline in a,-receptors (Sanae, 1989). Studies from our lab have shown
that ay.receptors expressed altered affinity in hypothalamus and brain stem of
diabetic rats (Pius, 1996). «-adrenergic receptors are inhibitory B-adrenergic

receptors are stimulatory to islet DNA synthesis (Ani Das, 2000)

Gamma amino bunric acid
Gamma amino butyric acid (GABA) is the principal inhibitory

neurotransmitter of the mammalian brain. GABA inhibits the growth of murine

squamous cell carcinomna and Hela cell lines (Boggust & Al-Nakib, 1986). Gliomas



«th: high proliferation rate lack the expression of functional GABA binding sites
Labrakakis e al, 1988). GABA also plays an important role in terminating the
wih of_rapidly developing tissues in utero (Gilon et al., 1987). Studies from our
have shown that hypothalamic GABAergic system plays an important role in the
astic transformation of rat liver. GABA,4 receptor agonist muscimol, dose
ently inhibited EGF induced DNA synthesis and enhanced the TGFpI
ediated suppressed DNA synthesis in rat primary hepatocyte culture (Biju er al,
0001). Increased GABA, receptor activity inhibits proliferation of HepG2, human
hepatocyte carcinoma cell line. The inhibition is prolonged in the cell line co-

kransfected with GABA , receptor 3, and v, subunit genes (Zhang et al., 2000).

dcetylcholine
The mitogenic effect of acetylcholine has been studied in different cell types.

Acetylcholine analogue carbachol sttmulated DNA synthesis in primary astrocytes
derived from perinatal rat brain (Ashkenazi er al., 1989). Acetylcholine esterase
kinetic parametes in brain stem during pancreatic regeneration in pancratectomised

rats showed a decrease in the cholinergic activity (Renuka er al., 2004).

Acetylcholine is reported to induce proliferation of rat astrocytes and human
astrocytoma cells (Guzzetti er a/., 1996). Muscarinic M1 and M3 receptors were up

regulated in the pancreas at the time of pancreatic regeneration (Renuka, 2003).

SEROTONIN

Serotonin has been known for the last half century to influence vasoactivity
and to participate in neurotransmission. More recently this compound has been
recognized to cause proliferation of a variety of cells in culture, including those of
vascular smooth muscle. Furthermore, the proliferative effect is synergistic with that
of more conventional growth-producing polypeptides. A hypertrophic, as well as a

proliferative response, has been shown to occur in some smooth muscle cells. There



is a synergistic effect of urotensin Il with 5-HT on vascular smooth muscle c1

proliferation (Watanabe et al., 2001).

5-HT is synthesised in situ from tryptophan through the actions of
enzymes tryptophan hydroxylase and aromatic L-amino acid decarboxylase. B
dietary and endogenous S-HT are rapidly metabolized and inactivated by monoamj
oxidase and aldehyde dehydrogenase to the major metabolite, S-hydroxyindoleac
acid (5-HIAA). 5-HT is produced in and released from neurons that originate wit
discrete regions, or nuclei, in the brain (Cooper et al., 1991). Many serotoner
neurons are located at the base of the brain in an area known as the raphe nucle
which influences brain functions related to attention, emotion, and motivation.
axons of the neurons in the raphe nucleus extend, or project, throughout the brain
numerousfregions with diverse functions. These brain regions include the amygda
an area that plays an important role in the control of emotions, and the nucle
accumbens, a brain area involved in controlling the motivation to perform cent
behaviors, including the abuse of alcohol and other drugs. In these brain regions, 1
axon endings of the serotonergic neurons secrete 5-HT when activated. T
neurotransmitter then traverses the small space separating the neurons from ea
other (i.e., the synaptic cleft) and binds to specialized docking molecules (i.

receptors) on the recipient cell. The binding of 5-HT to its receptors initiates a seri

{
q

of biochemical events that converts the extracellular, chemical signal into

intracetlular signal in the recipient cell. 5-HT can influence mood states; thinki

patterns; and even behaviors, such as alcohol drinking.
The actions of 5-HT are terminated by three major mechanisms: diffusiol

i

metabolism; and uptake back into the synaptic cleft through the actions of specif

amine membrane transporter systems.



CLASSIFICATION OF 5-HT RECEPTORS
The various effects of 5-HT on the central nervous system and peripheral

organs are mediated through activation of muitiple types of receptors (Hoyer &
Martin, 1997). 5-HT receptors can be classified into seven classes from 5-HT), to 5-
HT;, based upon their pharmacological profiles, cDNA-deduced primary sequences
and signal transduction mechanisms of receptors (Bradley et al., 1986; Zifa &
Fillion, 1992). All 5-HT receptors belong to the superfamily of G-protein coupled

receptors containing a seven transmembrane domain structure except 5-HT3 receptor,

which forms a ligand-gated ion channel.

5-HT| Receptor
At least five 5-HT) receptor subtypes have been recognised, 5-HT s, 5-HT 3,

5-HT,p, 5-HTg and 5-HT,. All are seven transmembrane, G-protein coupled
receptors (via Gi or Go), encoded by intronless genes, between 365 and 422 amino
acids with an overall sequence homology of 40%. 5-HT 4 receptor subtype, which is
located on human chromosome Scengll, is widely distributed in the CNS,
particularly hippocampus (Hoyer er al., 1994). The 5-HT,p receptor is located on
human chromosome 6ql3 and is concentrated in the basal ganglia, striatum and
frontal cortex. The receptor is negatively coupled to adenylyl cyclase. The 5-HT o
receptor h_as 63% overall structural homology to 5-HT,g receptor and 77% amino
acid sequence homology in the seven transmebrane domains. The receptor is located
on human gene 1p36.3-p34.3 and is negatively linked to adenylyl cyclase. SHT)p
receptor mRNA is found in the rat brain, predominantly in the caudate putamen,
nucleus accumbens, hippocampus, cortex, dorsal raphe and locus ceoruleus (Hoyer et
al., 1994). The 5-HT g receptor was first characterised in man as a [’H]S-HT binding
site in the presence of S-carboxyamidotryptamine (5-CT) to block binding to the S-
HT,, and 5-HT; receptors. Human brain binding studies have reported that 5-HT

receptors are concentrated in the caudate putamen with lower levels in the amygdala,



frontal cortex and globus pallidus (Hoyer et al., 1994). This is consistent with the
observed distribution of 5-HT,c mRNA (Hoyer et al., 1994). The receptor has beep
mapped to human chromosome 6ql4-ql5, is negatively linked to adenylyl cyclase
and consists of a 365 amino acid protein with seven transmembrane domains. 5-HT;
receptor subtype is most closely related to the 5-HT g receptor with 70% sequence
homology- across the 7 transmembrane domains. mRNA coding for the receptor is
concentrated in the dorsal raphe, hippocampus and cortex of the rat and also in the
striatum, thalamus and hypothalamus of the mouse (Hoyer et al., 1994). The

receptor is negatively linked to adenyly! cyclase.

5-HT 7 Receptor

The 5-HT, receptor family consists of three subtypes namely 5-HT,4, 5-HTop
and 5-HTyc. 5-HT;c was previously termed as 5-HT¢ before its structural similarity
to the 5-HT, family members was recognised. All three are single protein molecules
of 458-471 amino acids with an overall homology of approximately 50% rising to
between 70-80% in the seven transmembrane domains. All three are thought to be
linked to the phosphoinositol hydrolysis signal transduction system via the a subunit
of Gq protein. In human pulmonary artery endothelial cells, 5-HT receptor
stimulation causes intracellular calcium release via a mechanism independent of
phosphatidylinositol hydrolysis (Hagan er al., 1995). S-HT,, receptor previously
termed as SHT, receptor is located on human chromosome 13q14-q21 and is widely
distributed in peripheral tissues. It mediates contractile responses of vascular,
urinary, gastrointestinal and uterine smooth muscle preparations, platelet aggregation
and increased capiltary permeability in both rodent and human tissue (Hoyer er al.,
1994). The 5-HT,s receptor located on chromosome 2q36-2q37.1 mediates
contraction of the rat stomach fundus and endothelium dependent relaxation of the rat
and cat jugular veins and possibly of the pig pulmonary artery, via nitric oxide

release (Choi & Maroteaux, 1996). 3-HT.g receptor mRNA has been detected



dugghout the mouse, rat and guinea pig colon and small intestine. 5-HT,c specific
_antibodies have recently used to show the presence of the receptor protein in the
choroid plexus (highest density), and at a lower level in the cerebral cortex,
hippocamPus’ striatum, and substantia nigra of rat and a similar distribution in man.
The receptor has been mapped to human chromosome Xq24. No splice variants have
been reported but the receptor is capable of post translational modification whereby

adenosine residues can be represented as guanosine in the second loop to yield 4

variants.

5-HT3 Receptor
The S5-HT; receptor binding site is widely distributed both centrally and

peripherally and has been detected in a number of neuronally derived cells. The
highest densities are found in the area postrema, nucleus tractus solitarius, substantia
gelatinosa and nuclei of the lower brainstem. It is also found in higher brain areas
such as the cortex, hippocampus, amygdala and medial habenula, but at lower
densities. Unlike other 5-HT receptors, 5-HT; receptor subunits form a pentameric
cation channe! that is selectively permeable to Na“, K™ and Ca" ions causing
depolarisation. The 5-HT; receptor is a member of a superfamily of ligand-gated ion
channels, which includes the muscle and neuronal nicotinic acetylcholine receptor
(AchR), the glycine receptor, and the y-aminobutyric acid type A receptor (Karlin &
Akabas, 1995: Ortells & Lunt, 1995). Ltke the other members of this gene
superfamily, the SHT, receptor exhibits a large degree of sequence similarity and

thus presumably structural homology with the AchR (Maricqg et al., 1991).

5-HT4 Receptor
Receptor binding studies have established that the 5-HT, receptor is highly
concentrated in areas of the rat brain associated with dopamine function such as the

stri :
1atum, -basal ganglia and nucleus accumbens. These receptors are also located on



GABAergic or cholinergic interneurons and/or on GABAergic projections toy
substantia nigra (Patel es al., 1995). The receptor is functionally coupled to th{
protein. i
5-HT g Receptor i

Two 5-HT receptors identified from rat cDNA and cloned were founcﬂ
have 88% overall sequence homology, yet were not closely related to any other 54
receptor family (Erlander er af., 1993). These receptors have thus been classifie
5-HTs, and 5-HTsg and their mRNAs have been located in man (Grailhe et
1994). In cells expressing the cloned rat 5-HTs, site, the receptor was negati
linked to adenylyl cyclase and may act as terminal autoreceptors in the mouse fro
cortex (Wisden er al., 1993).

|
5-HTg Receptor - i

Like the 5-HT’ receptor, the 5-HT, recepior has been cloned from rat ¢cDN
based on its homology to previously cloned G protein coupled receptors. The |
receptor consists of 438 amino acids with seven transmembrane domains and;
positively coupled to adenylyl cyclase via the Gs G protein. The human gene h
been cloned and has 89% sequence homology with its rat equivalent and is coupl
to adenylyl cyclase (Kohen et al., 1996). Rat and human 5-HT, mRNA is located:
the striatum, amygdala, nucleus accumbens, hippocampus, cortex and olfacto
tubercle, but has not been found in peripheral organs studied (Kohen et al., 1996). ‘
5-HT7 Receptor il

5-HT; receptor has been cloned from rat, mouse, guinea pig and hum{
c¢DNA and is located on human chromosome 10q23.3-q24.4. Despite a high degré

of interspecies homology (95%) the receptor has low homology (<40%) with other !



HT receptor subtypes. The human receptor has a sequence of 445 amino acids and

ars to form a receptor with seven transmembrane domains.

appe

4 HT AND CELL PROLIFERATION

Growth-regulatory effects of 5-HT mediated by specific 5-HT receptor
subtypes have been linked to a number of signal transduction pathways that either
promote or inhibit cell proliferation (Lauder, 1993). S-Hydroxytryptamine has been
implicated as a potential mitogen (Seuwen & Poussegur, 1990) and was shown to
have effects on morphogenesis and neuronal development (Lauder, 1990). 5-
Hydroxytryptamine has been recognised to cause proliferation of a variety of cells in
culture including vascular smooth muscle cells and hepatocytes (Fanburg & Lee,
1997). Ip pancreatic cell line, activation of pertussis toxin sensitive SHT,.p
receptors stimulate proliferation through the activation of PLC and PKC that resulted
in the down regulation of cAMP (Ishizuka et al, 1992). In cultured rat pulmonary
artery smooth mucsle cells (SMC), 5-HT induces DNA synthesis and potentiates the
mitogenic effect of platelet-derived growth factor (Eddahibi er.al, 1999). Studies
from our lab reported the involvement of 5-HT, S2 receptors in the DNA synthesis of
primary culture of rat hepatocytes (Sudha et al., 1997). SHT ,, receptor agonist 8-
OHDPAT inhibited the DNA synthesis in rat hepatocytes in vitro. Studies using
mesulergine, SHT,: antagonist revealed that SHT,c receptors are stimulatory to

hepatocyte cell division (Pyroja, 2002).

3-HT ;4 Receptor and Cell Proliferation
Signal transduction cascades following the activation of 5-HT,, receptors

were found to involve activation of the adenylyl cyclase/PKA pathway (Lambert



et al., 2001). Treatment of cells with either the 5-HT,4 receptor agonist, 8-OH-
DPAT, or forskolin (which directly activates adenylyl cyclase) increased cellular
IGF-I. These treatments increased cAMP synthesis and caused phosphorylation of
the cAMP response element binding protein, CREB, an effect that was blocked by a
PKA inhibitor, Rp-cAMPs. Rp-cAMPS also biocked the increases in IGF-I caused by
8-OH-DPAT or forskolin,~ consistent with the presence of a cAMP response element
(CRE) in the IGF-I promoter (Thomas et al., 1996). Taken together, these findings
suggest that the activation of 5-HT receptors positively coupled to the adenylyl
cyclase/PKA pathway directly promote transcription of IGF-1, an important growth
factor in craniofacial development.

5-HT,4 is a “transiently expressed” intronless receptor, i.e., at specific times
in development or during stress, very high amounts are expressed quickly. 5-HT,
receptor develops early and the receptor levels can then be reduced as the cells or
animal ages. The decrease in receptor_ number is probably due to increased 5-HT
brain levels, since the ‘S-HT,A receptor expression is sensitive to autoinhibition (Nishi
& Azmitia, 1999). The transduction action of the S5-HT,, receptor is usually
associated with a decrease in adenylyl cyclase activity. In cuitures of hippocampal
neurons, 5-HT,, agonists block the forskolin-induced formation of p-CREB, an
important _transcription factor increased by cAMP (Nishi & Azmitia, 1999). In adult
neurons, the 5-HT,4 receptor also is associated with a hyperpolarisation of the
membrane potential, attributed to opening a K* current (Baskys et al., 1989). The 5-
HT, 4 receptor uses these cellular mechanisms to differentiate its target cells. The 5-
HT,, receptor is found on serotonergic neurons and nonserotonergic neurons
{Hamon, 1997). In the presence of a phosphodiesterase inhibitor 5-HT elevates
bovine smooth muscle cellular cAMP and this elevation correlates with an inhibition
of cellular proliferation (Assender et al., 1992). Similarly other agents such as

torskolin, histamine. isoproterenol and choleratoxin, which elevate cellular cAMP,



;hibit the proliferation. This activity of 5-HT is mimicked by 8-OH DPAT a
@d' 5-HT, agonist (Fanburg & Lee, 1997). S5-HT inhibits cellular growth of
p;,]monary artery smooth muscle cells (SMC) through its action on 5-HT 4 or 5-HT,

receptors (Lee et al., 1997).

The involvement of the 5-HT 4 receptor in cell proliferation is assumed to be
inhibitory given its stimulatory effects on cell differentiation (Lauder et al., 1983).
However, some studies indicate a direct and indirect role for 5-HT, receptors in cell
proliferation. 5-HT,, agonists given in culture accelerate cell division, generate cell
foci, and increase DNA synthesis in transfected NIH-3T3 cells (Varrault et af., 1992).
The early studies of 5-HT and cell proliferation in culture appear to argue that 5-HT
may be important for cell differentiation and the inhibition of cell division in the
CNS. The 5-HT 4 receptor is uniquely positioned during the early development of
the brain to influence neuronal mitosis, in the maturation and the assembly of the
spindle apparatus in the cell body which promotes ceil division. In the 5-HT cell
line, RN46A, the 5-HT, 4 receptor is 20-fold higher in the undifferentiated cell than in
the differentiated cell. It is suggested that the cell body of 5-HT,, receptors may
mediate autoregulation of serotonergic neuron development (Eaton et al., 1995).

The 5-HT, receptors in the adult brain have clearly been shown to be
involved in maintaining the mature state of neurons in the mammalian brain
(Azmitia, 1999). Liu and Albert (1991) have demonstrated with transfection of the
rat SHT  receptor into a variety of cells that the receptor, acting through pertussis
toxin (PTX) sensitive G proteins, can change its inhibitory signalled phenotype into a
stimulatory one, depending on cell type, differentiation and culture medium.

5-HT, . receptor is prominently expressed in neuronal cells (e.g. hippocampal
CA-1, dorsal raphe nuclei) where it also opens potassium channels via activation of a
PTX-sensitive G protein (Colino & Halliwell, 1987) and closes calcium channels

(Penington & Kelly, 1990 & Ropert, 1988). This results in hyperpolarisation of the



membrane potential, closing of voltage-dependent calcium channels, and decrease
Ca’". The expression of the rat 5-HT, receptor in pituitary GH4C1 cells (GH4ZDy
cells) resu—lted in a 5-HT-induced inhibition of Ca®*; and cAMP accumulation simi]
to that observed in neurons (Liu et al., 1991). Thus opposite effects occur with ¢
use of 5-HT depending on whether or not cellular cAMP is elevated and this in ty
depends on the activity of cellular phosphodiesterase (Fanburg & Lee, 1997).

The cells exposed to apoptotic-inducing conditions may actually up-regulg
5-HT,, receptors. Neuronal cell lines stably transfected with a promoter-le
segment (G-21) of the human 5-HT)4 receptor gene (Singh ef al., 1996) show a
tol5-fold increase in the receptor when deprived of nutrient. 5-HT, receptor dry,
are not effective in these models of apoptosis. Conversely, reduced 5-HT levels intl

hippocampus potentiate ischemic-induced neuronal damage (Nakata et al., 1997).

5-HTyc Receptor and Cell Proliferation

S-HTZC receptors [formerly termed 5-HT ¢} are widely 'expressed in the bra
and spinal cord, are particularly enriched in the choroid plexus, and appear
mediate many important effects of 5-HT (Blier ef al., 1990). Previous studies ha
shown that 5-HT);¢ receptor undergoes RNA editing with the potential for producii
14 different receptor isoforms (Niswender et al., 1998; Burns et al., 1997). The rat.
HT,c receptor is one of the three 5-HT, subtype receptors linked to phospholipasé
via G-protein coupling and is regulated by RNA editing (Burns ef al., 1997). Parr
et al (1991) and Pakala et af (1994) proposed a 5-HT; receptor to be responsible fi
5-HT induced proliferation of porcine smooth aortic muscle cells and canine ar
bovine aortic endothelial cells. Similarly, Pitt ez al (1994) and Corson et al (199
suggested that a 5-HT; receptor is responsible for proliferation of rat vascular smoo
muscle cells caused by 5-HT through an increase in intracellular Ca®*. Crowley ef.
(1994) also concluded that stimulation of proliferation of bovine aortic smoo

muscle cells by 5-HT occurs through a 5-HT; receptor.



5-HT, receptor can be referred to as a programmable receptor i.e., events
during development may affect the number, affinity, or function of these receptors in
' the adult brain (Meaney et al., 1994). For example, both prenatal and postnatal stress
1o the mother significantly increases the number of 5-HT, receptors in the offspring,
which leads to activation of protein kinase C (PKC) and the activation of several
important transcription factors including c-Fos, Jak, and STAT. 5-HT stimulates the
turnover of phosphoinositide in primary cultures of astroglia from the cerebral cortex,
striatum, hippocampus, and brain stem. 35-HT, receptors in glioma cells appear to
regulate proliferation, migration, and invasion. 5-HT was found to positively
modulate these three processes in vitro (Merzak et al., 1996).

5-HT, receptor antagonists, ketanserin (10°M) and spiperone (10°M),
blocked stimulation of DNA synthesis by 5-HT. Displacement studies on ["H]S-HT
binding to crude membranes from control and regenerating liver tissue, using cold
ketanserin and spiperone, showed an increased involvement of 5-HT, receptors of 5-
HT in the regenerating liver during the DNA-synthetic phase. 5-HT enhanced the
phosphorylation of a 40-kd substrate protein of protein kinase C (PKC) in the
regenerating liver during the DNA synthetic phase of the hepatocyte cell cycle. This
was blocked by ketanserin, indicating that 5-HT, receptor activates PKC, an

.important second messenger in cell growth and division, during rat liver
regeneration. 5-HT can act as a potent hepatocyte co-mitogen and induce DNA
synthesis in primary cultures of rat hepatocytes, which is suggested to be mediated
through the 5-HT; receptors of hepatocytes (Sudha & Paulose, 1997).

The predominant 5-HT, receptor in the neonatal period is the 5-HTac
receptor (Ike er al., 1995). The 5-HTc receptors activate phospholipase C (Conn et
al., 1986), whereas 5-HT, A receptors modulate adenylyl cyclase activity (Siegelbaum
etal, 1982). In neurons that express the 5-HT ¢ receptor activation by 5-HT is likely

10 generate inositol polyphosphates that release intracellular Ca** (Conn et al., 1986).



NIH-3T3 cells that express high levels of 5-HT;c receptor form foci in ceil culture,
Moreover the formation of foci is dependent on activation of the 5-HT ¢ receptor by
S-HT. In addition the introduction of transformed foci into nude mice results in the
rapid appearance of tumours. In fibroblasts this receptor alters the growth properties
of cells and results in rrialignant transformation (Julius ef al., 1989).

In the present study the role of brain and pancreatic 5-HT,;, and 5-HTye
receptors on reguiation of pancreatic B-cell proliferation and insulin release during
pancreatic regeneration have been investigated using rat models. /n vitro studies
were conducted to confirm the involvement of 5-HT;4 and 5-HT,c receptors in the

regulation of pancreatic 3-cell proliferation using specific ligands in primary cuitures



fi b MATERIALS AND METHODS

BlOCHEMICALS AND THEIR SOURCES
Biochemicals used in the present study were purchased from SIGMA

chemical-Co., St. Louis, U.S.A. All other reagents were of analytical grade
pm'chased locally. HPLC solvents were of HPLC grade obtained from SRL and

MERCK, India.
Important Chemicals Used for the Present Study

i) Biochemicals
5-Hydroxytryptamine (5-HT), 8-Hydroxy dipropylaminotetraline (8-OH

DPAT), Mesulergine, (¥) Norepinephrine, Sodium octyl sulphonate,
Ethylenediamine tetra acetic acid (EDTA), HEPES (N-{2-Hydroxyethyl] piperazine-
N'-[2-ethanesulphonic acid. 2-Methane 2-propy! thiol]), Tris buffer, Fetal calf serum
(heat inactivated), Collagenase type XI, Pertussis toxin, RPMI-1640 medium,
Epidermal Growth Factor (EGF), Transforming Growth Factorl (TGFA1).

fi) Radiochemicals
8-Hydroxy-DPAT [propyl-2,3-ring-1,2,3->H] (Sp. activity — 127.0 Ci/mmol),

was purchased from NEN Life Sciences products, Inc., Boston, USA.

[N®-methyl-*H]Mesulergine  (Sp. activity - 79.0 Ci/mmoi) and
PH]Thymidine (Sp.activity 25Ci/mmol), were purchased from Amersham Life
Science, UK.

iii) Molecular biology chemicals
Random hexamers, Taq DNA polymerase, Human placental RNAse inhibitor

and DNA molecular weight markers were purchased from Bangalore Genet Pvt. Ltd..

India. MuMLV and dNTPs were obtained from Amersham Life Science, UK. Tri-



reagent was purchased from Sigma Chemical Co., USA. RT-PCR primers used
this study were synthesised by Sigma Chemical Co., USA.

ANIMALS .
Wistar weanling rats of 80-100g-body weight purchased from Ker

Agriculture University, Mannuthy and Amrita Institute of Medical Sciences, Coct
were used for all experiments. They were housed in separate cages under 12 hr lig
and 12 hr dark periods and were maintained on standard food pellets and water

libitum.

PARTIAL PANCREATECTOMY
Male Wistar weanling rats, 4-5 weeks old, were anaesthetised under asep

conditions, the body wall was cut opened and 60-70% of the total pancreas, near
the spleen and duodenum, was rem(;ved (Pearson et al., 1977). The removal of my
of the pancreas was done by gentle abrasion with cotton applications, leaving t
major blood vessels supplying other organs intact (Zangen et al., 1997). The she
operation was done in an identical procedure except that the pancreatic tissue w
only lightly rubbed between fingertips using cotton for a minute instead of bei
removed. All the surgeries were done between 7 and 9 AM to avoid diur
variations in responses. The rats were maintained for different time intervals (12 h
24 hrs, 48 hrs, 72 hrs, 7 days and 14 days). Body weight and blood glucose lewt
were checked routinely. ‘
Sacrifice and Tissue Preparation

The rats were sacrificed at various intervals after surgery by decapitatic
Pancreas and brain were rapidly dissected into different regions (Glowinski
Iverson, 1966). The brain dissection was carried out on a chilled glass plate if

hypothalamus (Hypo), brain stem (BS) and cerebral cortex (CC). These regions wé



if’.4*'.i'fl‘iffm-nediately immersed into liquid nitrogen and stored at 70°C for various
- experiments.
Estimation of Blood Glucose

Blood glucose was estimated using Glucose estimation kit (Merck). The
spectrophotometric method using glucose oxidase-peroxidase reactions is as follows:
Principle: Glucose oxidase (GOD) catalyses the oxidation of glucose in accordance
with the following equation:

Glucose + O, + H,0 (GOD)

Gluconic acid + H,O,

(POD)
H,0; + Phenol 4-aminoantipyrene ——— Coloured complex + H,O
The hydrogen peroxide formed in this reaction reacts with 4-aminoantipyrine
and 4-hydroxybenzoic acid in the presence of peroxidase (POD) to form N-(-4-
antipyryl)-p-benzo quinoneimine. The addition of mutarotase accelerates the
reactions. The amount of dye formed is proportional to the glucose concentration.
The absorbance was read at 510nm in a spectrophotometer (Milton Roy Genesys 5

Spectronic).

IN VIVO DNA SYNTHESIS STUDIES IN PANCREAS

SuCi of [’Hlthymidine was injected intra-peritoneally into partially
pancreatectomised rats to study DNA synthesis at 24, 36, 72 hrs, 7 days and 14 days
of pancreatic regeneration. [*H]thymidine was injected 2 hrs before sacrifice. DNA
Was extracted from pancreatic islets according to (Schneider, 1957). A 10%
trichloroacetic acid (TCA) homogenate was made and DNA was extracted from the
fipid free residue by heating with 5% TCA at 90°C for 1Sminutes. DNA was

estimated by diphenylamine method (Burton, 1955). DNA extract was counted in a



liquid scintillation counter (WALLAC 1409) after adding cocktail-T containing
Triton-X 100. The amount of DNA synthesised was measured as DPM/mg DNA.

ESTIMATION OF CIRCULATING INSULIN BY RADIOIMMUNOASSAY

Principle of the assay
The assay was done according to the procedure of BARC radioimmunoassay

kit. The radioimmunoassay method is based on the competition of unlabelled insulin
in the standard or samples and ['*1] insulin for the limited binding sites on a specific
antibody. At the end of incubation, the antibody bound and free insulin are separated
by the second antibody-polyethylene glycol (PEG) aided separation method.
Measuring the radioactivity associated with bound fraction of sample and standards

quantitates insulin concentration of samples

Assay Protocol
Standards, ranging from 0 to 200 pU/ml, insulin free serum and insulin

antiserum (50ul each) were added together and the volume was made up to 250ul
with assay buffer. Samples of appropriate concentration from experiments were used
for the assay. They were incubated overnight at 2°C. Then ['?I] insulin (50pl) was
added and incubated at room temperature for 3 hrs. The second antibody was added
(50ul) along with 500u! of PEG. The tubes were then vortexed and incubated for 20
minutes and they were centrifuged at 1500 x g for 20 minutes. The supernatant was
aspirated out and the radioactivity in the pellet was determined in a gamma counter.
A standard curve was plotted with %B/B, on the Y-axis and insulin

concentration/ml on the X-axis of a log-logit graph. %B/B, was calculated as:

Corrected average count of standard or sample

x 100

Corrected average count of zero standard



%n concentration in the samples was determined from the standard curve piotted

: I'“ MultiCalc™ software (Wallac, Finland).

%LATION OF PANCREATIC ISLETS
3 pancreatic islets were isolated from male weanling Wistar rats by standard

collagenase digestion procedures using aseptic techniques (Howell & Taylor, 1968).
The islets were isolated in HEPES-buffered sodium free Hanks Balanced Salt
Solution (HBSS) (Pipeleers, 1985) with the following composition: 137mM Choline
chloride, 5.4mM KCI, 1.8mM CaCl;, 0.8mM MgSO,, ImM KH,PO,, 14.3mM
KHCO; and 10mM HEPES. Autoclaved triple distilled water was used in the
preparation of the buffer.

The pancreas was aseptically dissected out into a sterile petridish containing
ice cold HBSS and excess fat and blood vessels were removed. The pancreas was cut
into small pieces and transferred to a sterile glass vial containing 2ml collagenase
type XI solution (1.5 mg/mi in HBSS), pH 7.4. The collagenase digestion was
carried out for 15 minutes at 37°C in an environmental shaker with vigorous shaking
(300rpm/minute). The tissue digest was filtered through 500 pm nylon screen and
the filtrate was washed with three successive centrifugations and resuspensions in
cold HBSS. Islets visible as yellowish white spheres were handpicked carefully by
finely drawn pasture pipettes and aseptically transferred to HBSS. The islets

prepared by this method were used for all other experiments.

S-HT QUANTIFICATION BY HPLC
Brain 5-HT HPLC determinations were done by electrochemical detection

(Paulose er al,, 1988). The tissues from brain regions were homogenised in 0.4N
perchloric acid. The homogenate was centrifuged at 5000 x g for 10 minutes at 4°C
(Kubota Refrigerated Centrifuge, Japan) and the clear supernatant was filtered

through 0.22 um HPLC grade filters and used for HPLC analysis in Shimadzu HPLC



system with electrochemical detector fitted with C18-CLC-ODS reverse phg
column. Mobile phase was 75mM sodium dihydrogen orthophosphate buﬁ
containing 1mM sodium octyl sulphonate, S0mM EDTA and 7% acetonitrile (ﬂ
3.25), filtered through 0.22pm filter delivered at a flow rate of 1.0 ml/minué
Quantification was by electrochemical detection, using a glass carbon electrode set!a
+0.80 V. The peaks were identified by relative retention time compared Wil’
standards and concentrations were determined using a Shimadzu integrator interfac”

with the detector.

Adrenal monoamines
The monoamines were assayed according to Paulose et al., (1988). 3

|
i
1
|
|

adrenals were homogenised in IN perchloric acid. The homogenate was centrifu
at 5000xg for 10 minutes at 4°C (Kubota refrigerated centrifuge) and the clJ
supernatant was filtered through 0.45 pum HPLC grade filters and used for HP
analysis. ‘
Norepinephrine (NE) and epinephrine (EPI), were determined in hijl
performance liquid chromatography (HPLC) with electrochemical detector (HPL(
ECD) (Shirhadzu, Japan) fitted with CLC-ODS reverse phase columns of 5 p
particle size. The mobile phase consisted of 75 mM sodium dihydrogi
orthophosphate, ImM sodium octyl sulfonate, SOmM EDTA and 7% acetonitril
The pH was adjusted to 3.25 with orthophosphoric acid, filtered through 0.45 p{'
filter (Millipore) and degassed. A Shimadzu (model 10 AS) pump was used{j
deliver the solvent at a rate of | ml/minute. The catecholamines were identiﬁedli
amperometric detection using an electrochemical detector (Mode! 6A. Shimad?{
Japan) with a reduction potential of + 0.80 V. The range was set at 16 and a tif
constant of 1.5 seconds. Twenty microlitre aliquots of the acidified supernatant we!
injected into the system for detection. The peaks were identified by relative retentic

times compared with external standards and quantitatively estimated using ¢



sy

; malysed.

grator (Shimadzu, C-R6A -Chromatopac) interfaced with the detector. Data from

.nals of the experimental and control rats were tabulated and statistically

“ Analysis of circulating Norepinephrine

Plasma Norepinephrine (NE) was extracted from Iml of plasma and diluted
twice with distilled water. To it 50ul of SmM sodium bisulphite was added, followed
by 250ul of 1M Tris buffer, pH 8.6. 20mg of Acid alumina was added, shaken in the
cold for 20 minutes and was washed with SmM sodium bisulphite. Catecholamines
were extracted from the final pellet of alumina with 0.1 N perchloric acid, mixed well

and 20y of filtered sample was analysed (Jackson et al., 1997).

5 HT RECEPTOR STUDIES USING (*H] RADIOLIGANDS

- '8.HT] o Receptor Binding Assays in Brain

5-HT,, receptor assay was done by using specific agonist ’H]8-OH DPAT
binding to the S-HT,. receptors (Nenonene et al., 1994). Brain tissues were
homogenised in a polytron homogeniser with 50 volumes of 50mM Tris-HCI buffer,
pH 7.4. After first centrifugation at 40,000 x g for 15 minutes, the pellets were
resuspended in buffer and incubated at 37°C for 20 minutes to remove endogenous 5-
HT. After incubation the homogenates were centrifuged and washed twice at 40,000
x g for 15 minutes and resuspended in appropriate volume of the buffer.

Binding assays were done using different concentrations i.e., 0.20nM -
100nM of [*H]8-OH DPAT in 50mM Tris buffer, pH 7.4 in a total incubation volume
of 250ul.  Specific binding was determined using 100uM uniabelled S-HT.
Competition studies were carried out with 1.0nM [’H]8-OH DPAT in each tube with
unlabelled ligand concentrations varying from 10" = 10"M of 5-HT.

Tubes were incubated at 25°C for 60 minutes and filtered rapidly through

GF/C filters (Whatman). The filters were washed quickly by three successive



washing with 3ml of ice-cold S0mM Tris buffer, pH 7.4. Bound radioactivity was
determined with cocktail-T in a Wallac 1409 liquid scintillation counter. Specific

binding was determined by subtracting non-specific binding from total binding.

5-HT5 Receptor Binding Assays in Brain

Tritiated mesulergine binding to 5-HTyc receptor in the synaptic membrane
preparations were assayed as previously described (Herrick-Davis et al., 1999).
Crude synaptic membrane preparation was suspended in 50mM Tris-HCI buffer
(pH 7.4) and used for assay. In saturation binding experiments, 0.InM - 6nM of
’H]mesulergine was incubated with and without excess of unlabelled S-HT (100pM)

and in competition binding experiments the incubation mixture contained InM of

[*H]mesulergine with and without 5-HT at a concentration range of 10"'*M to 10-*M.
Tubes were incubated at 25°C for 60 minutes and filtered rapidly through GF/C
filters (Whatman). The filters were washed quickly by three successive washing with
3ml of ice-cold S0mM Tris buffer, pH 7.4. Bound radioactivity was determined with
cocktail-T in a Wallac 1409 liquid scintillation counter. Specific binding was
determined by subtracting non-specific binding from total binding.

BINDING STUDIES IN THE PANCREATIC ISLETS

5-HT{ Receptor Binding Assays

Istets were isolated from rats by collagenase digestion method. Islets were
then homogenised for 30 seconds in a polytron homogeniser with 50 volumes of
50mM Tris-HCl buffer, pH 7.4.  After first centrifugation at 40,000 x g for 15
minutes, the pellets were resuspended in buffer and incubated at 37°C for 20 minutes
to remove endogenous 5-HT. The homogenates were again centrifuged and washed
twice at 40,000 x g for 15 minutes and resuspended in appropriate volume of the
buffer.



PRl Binding assays were done using different concentrations i.e., InM - 100nM
of {’H]8-OH DPAT in 50mM Tris buffer, pH 7.4 in a total incubation volume of
250pl. Specific binding was determined using 100uM unlabelled S-HT.
Competition studies were carried out with 5.0nM [*H]8-OH DPAT in each tube with
unlabelled ligand concentrations varying from 10" = 10™M of 5-HT.

Tubes were incubated at 25°C for 60 minutes and filtered rapidly through
GE/C filters (Whatman). The filters were washed quickly by three successive
washing with 3ml of ice-cold 50mM Tris buffer, pH 7.4. Bound radioactivity was
determined with cocktail-T in a Wallac 1409 liquid scintillation counter. Specific
binding was determined by subtracting non-specific binding from total binding.
$-HT,c Receptor Binding Assays '

The homogenate was prepared and the assay was done in a similar way as for
the [*H]8-OH DPAT binding with 0.2-6nM of [*H]mesulergine in the incubation
buffer. Non-specific binding was determined using 100uM unlabelled 5-HT.
Competition studies were carried out with 0.5nM [*H]mesulergine in each tube with
unlabelled ligand concentrations varying from 1072-10"M of 5-HT. The tubes were
incubated at 22°C for 2 hrs and filtered rapidly through GF/C filters (Whatman). The
filters were washed with ice cold phosphate assay buffer. Bound radioactivity was
counted with cocktail-T in a Wallac 1409 liquid scintillation counter. The non-

specific binding determined showed 30-40% in all our experiments.

Protein Estimation
Protein concentrations were estimated (Lowry er al., 1951) using bovine

Serum albumin as the standard.

: Receptor Binding Parameters Analysis
1 The receptor binding parameters determined using Scatchard analysis

(Scatcharg, 1949).  The maximal binding (B,,4) and equilibrium dissociation



constant (K4) were derived by linear regression analysis by plotting the specj;

binding of the radioligand on x-axis and bound/free on y-axis using Sigma p|

computer software. This is called a Scatchard plot. The Byax is @ measure of ¢
total number of receptors present in the tissue and the Ky represents affinity of {
receptors for the radioligand. The Ky is inversely related to receptor affinity or {
"strength” of binding. Competitive binding data were analysed using non-ling

™ . i
regression curve-fitting procedure (GraphPad PRISM , San Diego, USA). ”[1‘
concentration of competitor that competes for half the specific binding was defin

I

as ECsq. It is same as ICsq. The affinity of the receptor for the competing drug,j
designated as K and is defined as the concentration of the competing ligand that "4'

bind to half the binding sites at equnhbnum in the absence of radioligand or oth

competitors (Chen & Prusoff, 1973). i

i
Displacement Curve analysis '

The data of the competitive binding assays are represented graphically wi
the negative log of concentration of the competing drug on x axis and percentage|
the radioligand bound on the y axis. The steepness of the binding curve can *
quantified with a slope factor, often called a Hill slope. A one-site competiti
binding curve that follows the law of mass action has a slope of -1.0. If the curve
more shallow, the slope factor will be a negative fraction (i.e., -0.85 or -0.60). TI
slope factor is negative because curve goes downhill. If slope factor diff3

significantly from 1.0, then the binding does not follow the law of mass action wit

single site, suggesting a two-site model of curve fitting.



REVERSE TRANSCRIPTION POLYMERASE CHAIN REACTION
(RT-PCR)

Isolation of RNA

RNA was isolated from the pancreas and brain regions of sham and
pancreatectomised rats using Tri reagent (Sigma Chemical Co., USA). Brain
tissues and islets isolated by collagenase digestion procedure (25-50 mg) were
homogenised in 0.5 ml Tri Reagent. The homogenate was centrifuged at
12,000 g for 10 minutes at 4°C. The clear supernatant was transferred to a
fresh tube and it was allowed to stand at room temperature for 5 minutes.
100p1 of chloroform was added to it, shaken vigorously for 15 seconds and
allowed to stand at room temperature for 15 minutes. The tubes were
centrifuged at 12,000 g for 15 minutes at 4°C. Three distinct phases appear
after centrifugation. The bottom red organic phase contained protein,
interphase contained DNA and a colourless upper aqueous phase contained
RNA. The upper aqueous phase was transferred to a fresh tube and 250ul of
isopropanol was added and the tubes allowed to stand at room temperature for
10 minutes. The tubes were centrifuged at 12,000 g for 10 minutes at 4°C.
RNA precipitate forms a pellet on the sides and bottom of the tube. The
Supernatant was removed and the RNA pellet was washed with 500ul of 75%
ethanol, vortexed and centrifuged at 12,000 g for 5 minutes at 4°C. The pellet
was semi dried and dissolved in minimum volume of DEPC-treated water.
2ul of RNA was made up to 1ml and optical density was measured at 260nm
and 280nm. For pure RNA preparation the ratio of optical density at 260/280

Was 2 1.7. The concentration of RNA was calculated as one optical densityagg

=42ug.



RT-PCR Primers
The following primers were used for 5-HT 4, 5-HT,c receptors and Bactin mRNA
expression studies.
: 5°- TGG CTT TCT CAT CTC CAT CC -3’
5-CTC ACT GCCCCATTAGTIGC -3 5-HTa
| PRODUCT SIZE: 357bp
S’ CCA ACG AACACCTTCTTTCC -3
5’-GCATTG TGC AGT TTC TTC TCC -3 5-HTy¢
| PRODUCT SIZE: 252bp
5’-CAACITTACCTT GGC CACTACC -3’
5- TAC GAC TGC AAA CACTCT ACACC -3’ B-ACTIN

PRODUCT SIZE: 150bp

|
|

RT-PCR of 5-HTj 5, 5-HT2C Receptor and S-Actin

RT-PCR was carried out in a totai reaction volume of 20pul in 0.2mi tubes.
RT-PCR was performed on an Eppendorf Personal thermocycler. ¢DNA synthesis of
2ug RNA was performed in a reaction mixture containing MuMLV reverse
transcriptase (40units/reaction), 2mM dithiothreitol, 4 units of human placental
RNAse inhibitor, 0.5ug of random hexamer and 0.25mM dNTPs (dATP, dCTP,
dGTP and dTTP). The tubes were then incubated at 42°C for one hour. After
incubation heating at a temperature of 95°C inactivated the reverse' transcriptase
enzyme, MuMLV.

Polymerase Chain Reaction (PCR)
PCR was carried out in a 20pl volume reaction mixture containing 4pl of

cDNA, 0.25mM dNTPs (dATP, dCTP, dGTP and dTTP), O.5units of Taq DNA



iﬁ,ymerase and 10 picomoiles of specific primer. The three primers used have the

“Igame annealing temperature
' Following is the thermocycling profile used for PCR

94°C —~ 5 minutes  --- [nitial Denaturation
‘g4°C — 30 seconds --- Denaturation
56°C — 30 seconds --- Annealing 30 cycles

72°C — 30seconds --- Extension

72°C — 5 minutes - Final Extension

Analysis of RT-PCR product
After completion of RT-PCR reaction 5ul of bromophenoi blue gel-

foading buffer was added to 10pl reaction mixture and the total volume was appiied
to a 2.0% agarose gel containing ethidium bromide. The gel was run at 60V constant
voltage with 0.5 x TBE buffer. The image of the bands was captured using an
Imagemaster VDS gel documentation sy‘stem (Pharmacia. Biotech) and
densitometrically analysed using Imagemaster ID software to quantitate the 5-HTa
receptor, S-HT,c receptor mRNA expression in sham, 72 hrs and 7 days

pancreatectomised rats.

INSULIN SECRETION STUDIES WITH 5-HT, 8-OH DPAT AND
MESULERGINE

Pancreatic islets were isolated by collagenase digestion method and islets
were incubated in RPMI-1640 medium for 16 hrs in 5%CO, at 37°C for fibroblast

attachment. Islets were harvested after 16 hrs and used for secretion studies.

Insulin secretion study - 1 hour
Islets were harvested after removing the fibroblasts and resuspended in Krebs

Ringer Bicarbonate buffer, pH 7.3 (KRB). The isolated islets were incubated for

Thour in KRB at 37°C with 4mM and 20mM glucose concentrations, different



concentrations of 5-HT (10® M - 10* M), 8-OH DPAT (10®* M - 10" M) and 5-H
(10° M - 10* M) with 10™*M 5-HT,c antagonist mesulergine. To study the effect
S-HT,, and 5-HT,¢ receptor subtypes islets were incubated with 5-HTa recepy
agonist 8-OH DPAT and 5-HT),¢ receptor antagonist mesulergine. After incubatiq
cells were centrifuged at 1,500xg for 10 minutes at 4°C and the supernatant we

transferred to fresh tubes for insulin assay by radioimmunoassay.

Insulin secretion study - 24 hrs ‘
The islets were harvested after removing the fibroblasts and cultured for ]

hrs in RPMI-1640 medium. Insulin secretion study was carried out by preincubatiq
the cells in 4mM and 20mM glucose concentrations with different concentrations(
5-HT (10® M - 10™ M), 8-OH DPAT (10* M - 10™ M) and S-HT (10* M - 10*‘1\,1‘
with 10*M S-HT,c antagonist mesulergine. The cells were then harvested aq
washed with fresh KRB and then incubated for another 1 hour in the presence |
same concentrations of glucose, 5-HT, 8-OH DPAT and mesulergine. At the end
incubation period the medium was collected and insulin content was measuredﬁ
RIA method using kit from BARC, Mumbai. ;
PANCREATIC DNA SYNTHESIS STUDIES IN VITRO 1]
Islets were isolated from adult male Wistar rats by collagenase digesti
method as mentioned earlier. The isolated islets were then suspended in RPMI |
medium containing 10% FCS, and incubated for 16 hrs at 37°C and 5% CO;
remove the fibroblasts. The cells were recultured for three days after fibrobl
removal to remove all other non-endocrine tissue. The medium will be rich in -¢
after the incubation. Groups of 100 islets were transferred at the end of cult
period to Iml fresh medium containing 5% FCS, antibiotics, different concentratiq
of glucose (4mM), and appropriate concentrations of 5-HT and 5- HT ligands (104;

10™). EGF (10 ng/ml) and TGF (Ing/ml) were also added and cultured free floati



for an additional 24 hrs in the presence of 2.5uCi of [’H]thymidine (Sjoholm, 1991)
Effect of pertussis toxin was studied by adding 50 ng into Iml. The cells werel
harvested and the protein was measured by method of Lowry et al., (1951) using
bovine serum albumin as standard. The radioactivity incorporated was determined

by counting in a scintillation counter.

STATISTICS
Statistical evaluations were done by ANOVA using InStat (Ver.2.04a)

computer programme. Linear regression Scaichard plots were made using SIGMA

PLOT (Ver 2.03).



RESULTS

"ody Weights and Blood Glucose Levels

The body weights and blood glucose levels of rats showed no significant

change in sham operated and pancreatectomised rats (Table - 1).

DNA Synthesis in the Regenerating Pancreas

Tritiated thymidine incorporation into replicating DNA was used as a
biochemical index for quantifying DNA synthesis during pancreatic regeneration.
DNA synthesis was negligible in the pancreatic islets of sham operated rats. A
significant increase (p<0.01) in the [*H]thymidine incorporation was observed at 36
hrs and 48 hrs after partial pancreatectomy. The DNA synthesis was peaked at 72 hrs
after partial pancreatectomy (p<0.001). It reversed to near normal levels by 7 days

and reached the basal level by 14 days after partial pancreatectomy (Fig. 1).

Circulating Insulin Level

The insulin levels in the plasma of pancreatectomised rats showed a
significant increase at 48 hrs (p<0.05) and peaked at 72 hrs (p<0.01) after partial
pancreatectomy. The elevated insulin levels then reversed to basal levels by 7 and 14
days (Fig. 2).

S-HT Content in the Brain Regions (CC, BS and Hypo) of Experimental Rats
In the cerebral cortex and hypothalamus the 5-HT content was increased

Signiﬁcantly (p<0.01) at 72 hrs after partial pancreatectomy when compared with
ontrol.  5-HT content was also increased significantly (p<0.05) in the brain stem
during active DNA synthesis. The increased contents were reversed to near normal
] by 7 days after partial pancreatectomy in the cerebral cortex and hypothalamus while

i It remained unchanged in the brain stem (Table - 2).



5-HT and 5-HIAA Content in the Pancreas of Experimental Rats
There was a significant (p<0.05) decrease in the pancreatic 5-HT contg

during active cell proliferation when compared with control. The decreased cont,
was reversed to near normal at 7 days after partial pancreatectomy. The S-HIA
content and the turnover rate of 5-HIAA/5-HT were significantly increased (p<0.0§
P<0.001) in 72 hrs pancreatectomised rats when compared with control. "ﬂ,
increased 5-HIAA content and the turnover of 5-HIAA/5-HT were reversed by]
days after partial pancreatectomy (Table - 3).

5-HT, NE and EPI Levels in the plasma of Experimental Rats

There was a significant decrease in the plasma EPl (p<0.001) and4
(p<0.05) levels in 72 hrs pancreatectomised rats compared with control. The plas ‘
5-HT level increased significantly (p<0.01). The decreased NE and EPI levels
the increased S5-HT level reversed to normal levels by 7 days after pa
pancreatectomy (Table - 4).

|
|
i

i
NE and EPI contents in the Adrenals of Experimental Rats

NE and EPI contents decreased significantly (p<0.001) in the adrenals duris
pancreatic regeneration. The decreased NE and EPI reversed to control levels at

days after partial pancreatectomy (Table - 5).



Receptor Alterations in the Brain Regions of Experimental Rats
5 HTyA Receptor Analysis

Cerebral Cortex

[FH/8-OH DPAT Binding Parameters
Scatchard analysis in the cerebral cortex of rats showed that there were two

affinity sites for ['H}8-OH DPAT binding. The K, value of the high affinity receptor
significantly increased (p<0.01) in 72 hrs pancreatectomised rats. There was no
significant change in the Bpay of [’H]8-OH DPAT high affinity receptor binding to
the membrane preparation of 72 hrs pancreatectomised rats (Figure 3 - & Table - 6).

The Bmax of low affinity receptor binding was decreased significantly in 72 hrs

pancreatectomised rats (p<0.01) compared with control. The K4 of the receptor
increased significantly (p<0.01} in 72 hrs after partial pancreatectomy. The Ky of

high affinity receptor and the Byax and K, of tow affinity receptor reversed to near

normal in the 7 days pancreatectomised rats (Figure - 4 & Table - 7).

Displacement Analysis of [[H] 8-OH DPAT by 5-HT
The competition curve for 5-HT against [’H}8-OH DPAT fitted for two-sited

model in all the groups with Hill slope value away from Unity. The Ki(H) increased
in 72 hrs pancreatectomised rats along with an increase in the log (ECsp)-1 indicating
ashift in high affinity towards low affinity. Ki(p) also showed an increase in 72 hrs
Pancreatectomised rats with an increase in log (ECsg)-2 denoting a shift in the low

affinity site towards much lower affinity (Figure -5 & Table -8).



RT — PCR Analysis of S — HT 14 Receptor
5- HTy receptor mRNA expression decreased in 72 hrs pancreatectomised

rats and it reversed to control level at 7 days after partial pacreatectomy (Figure — ¢

& Table - 9).

Brain Stem

[H|8-OH DPAT Binding Parameters
The Byax of the high affinity receptor binding decreased (p<0.0t) and m

K, increased significantly (p<0.01) in 72 hrs pancreatectomised rats compared wi

control. The decreased By,5x and increased Ky reversed to control level by 7 da
after partial pancreatectomy (Figure - 7 & Table - 10). The By, of low affini

receptor binding was decreased significantly (p<0.01) without any change in K4 in

hrs pancreatectomised rats compared with control. The Bp;5« partially reversed

control level by 7 days after partial pancreatectomy (Figure - 8 & Table - 11).

Displacement Analysis of FHJ8-OH DPAT by 5-HT

The competition curve for 5-HT against [*H]8-OH DPAT fitted for two-sit
model in all the groups with Hill slope value away from Unity. The Ki(”) increas
fin 72 hrs with an increased log (ECs)-1. This indicates a shift of high affini
towards low affinity. Ki(L) and the log (ECs)-2 value showed no change (Figure -

& Table - 12).

RT-PCR Analysis of 5-HT} 4 Receptor f
RT-PCR analysis revealed a decreased expression of 5-HT), receptor mRN
in 72 hrs and it reversed to near normal level in 7 days pancreatectomised rd

(Figure - 10 & Table 13).



o

?ypothalamus
g_fH]&OH DPAT binding parameters

A significant increase (p<0.01) in the Ky of the high affinity [*H})8-OH
5f)PAT receptor binding was observed in 72 hrs pancreatectomised rats compared
rwith control. There was no significant change in the By« The increased K,y value
i'(}'wersed to normal level by 7 days after partial pancreatectomy (Figure - 11 & Table

. 14). The Bpax of the low affinity [’H]8-OH DPAT receptor binding decreased
significantly (p<0.01) and the K4 value increased significantly (p< 0.05) in 72 hrs

pancreatectomised rats compared with control. The Bz and Ky value reversed to

sgontrol level by 7 days after partial pancreatectomy (Figure - 12 & Table - 15).

Displacement Analysis of ’H|8-OH DPAT by 5-HT
The competition curve for 5-HT against [’H]8-OH DPAT fitted for two-sited

model in all the groups with Hill slope value away from unity. The Ki(1y) and log
(ECs)-1 increased in 72 hrs pancreatectomised rats indicating a shift in affinity of the
high affinity receptor binding site towards low affinity. Ki(L) and log (ECs0)-2
increased in 72 hrs pancreatectomised rats indicating a decrease in the [ow affinity

site towards much lower affinity (Figure - 13 & Table - 16).

RT-PCR Analysis of 5-HT | 4 Receptor
A decreased 5-HT,, receptor mRNA expression was observed at 72 hrs

Pancreatectomised rats and it reversed to control level at 7 days (Figure - 14 & Table
-17).



5-HT¢ Receptor Analysis

Cerebral cortex

i

[ H|Mesulergine Binding Parameters
There was a significant decrease (p<0.05) in the Bpax of [3H]mesulergil
binding without any change in K4 in 72 hrs pancreatectomised rats compared wii

control. The decreased By, reversed to control level by 7 days after partj

pancreatectomy (Figure - 15 & Table - 18). ’

Displacement Analysis of FH]Mesulergine by 5-HT !

The competition curve for 5-HT against ["H]mesulergine fitted for one-sitf
model in all the groups with Unity as Hill slope value. The Ki and log (ECj0) valy

showed no change in 72 hrs pancreatectomised rats compared with control indicatig

no shift in affinity (Figure - 16 & Table - 19). |
1
RT-PCR Analysis of 5-HT ¢ Receptor ‘

5-HT,c receptor mRNA expression decreased in 72 hrs and it reversed ‘1

[
control level in 7 days pancreatectomised rats compared with control (Figure - 17,
Table - 20).

{
{
!
i
Brain stem i'

PH|Mesulergine Binding Parameters :
The Bpax of ["Hlmesulergine binding decreased significantly (p<0.01). 1}

K4 of the receptor binding showed a significant increase (p<0.01) in 72

|
pancreatectomised rats compared with control. The altered parameters reversedi

near normal in 7 days pancreatectomised rats (Figure - 18 & Table - 21). {



Displacement Analysis of PH]Mesulergine by 5-HT
The competition curve for 5-HT against [*H]mesulergine fitted for one-sited

model in all the groups with Unity as Hill slope value. There was an increase in the

Ki and log (ECs) in 72 hrs pancreatectomised rats (Figure - 19 & Table - 22).

RT-PCR analysis of 5-HTyc receptor: RT-PCR analysis revealed a decreased
mRNA in 72 hrs pancreatectomised rats (Figure - 20 & Table 23).

Hypothalamus

[PH|Mesulergine Binding Parameters
There was a significant decrease (p<0.01) in the Bpax of the

[Hlmesulergine binding to the membrane preparation of hypothalamus in 72 hrs
pancreatectomised rats. The Ky of the receptor binding showed a significant
increase (p<0.01) in 72 hrs pancreatectomised rats compared with control. The

decreased Bz and increased K, reversed to control level by 7 days after partial

pancreatectomy (Figure - 21 & Table - 24).

Displacement Analysis of [ H|Mesulergine by 5-HT
The competition curve for 5-HT against [*H]mesulergine fitted for one-sited

model in all the groups with Unity as the Hill slope value. There was an increase in
the Ki and log (ECs) in 72 hrs pancreatectomised rats compared with control

indicating a shift in affinity of the receptor towards low affinity (Figure - 22 & Table
-25).

RT-PCR Analysis of 5-HT ;¢ Receptor: 5-HT ¢ receptor mRNA decreased in 72 hrs

Pancreatectomised rats and it reversed to near normal level by 7 days after partial
Pancreatectomy (Figure - 23 & Table - 26).



RECEPTOR ALTERATIONS IN THE PANCREATIC ISLETS DURING
PANCREATIC REGENERATION

5-HT o Receptor Analysis

[ H]8-OH DPAT Binding Parameters
There was a significant increase (p<0.01) in the Byyax of ['H]8-OH DPAT

receptor binding to the pancreatic islet membrane preparation of 72 hrs and 7 days
pancreatectomised rats compared with controi (Figure - 24 & Table - 27). The K, of
the receptor binding was increased significantly in 7 days pancreatectomised rats

(p<0.05) compared with control.

Displacement Analysis of f H] 8-OH DPAT by 5-HT
The competition curve for 5-HT against °H]8-OH DPAT fitted for one-sited

model in all the groups with Unity as the Hill slope value. The Ki and log (ECs)
value showed no change in 72 hrs pancreatectomised rats compared with control
indicating no shift in affinity. While the Ki and log (ECs) value of 7 days

pancreatectomised rats increased significanly (Figure - 25 & Table - 28).

RT-PCR analysis of 5-HT 1 4 receptor: 5-HT , receptor mRNA expression increased
in 72 hrs and 7 days pancreatectomised rats (Figure - 26 & Table -29).

5-HTjC receptor analysis in the pancreatic islets

[PH|Mesulergine Binding Parameters
There was a significant increase (p<0.01) in the Bp,x of the

[*H]mesulergine binding to the membrane preparation of pancreatic islets in 72 hrs
and 7 days pancreatectomised rats. The K4 of the receptor binding showed no
significant change in 72 hrs and 7 days pancreatectomised rats compared with control
(Figure - 27 & Table - 30).



Displacement Analysis of H]Mesulergine by 5-HT
The competition curve for 5-HT against [’H]mesulergine fitted for one-sited

model in all the groups with Unity as the Hill siope value. The Ki and log (ECj)

values were unchanged in all the experimental groups (Figure - 28 & Table - 31).

INSULIN SECRETION STUDIES IN PANCREATIC ISLETS
One hour in vitro culture

Effect of 5-HT on Glucose Induced Insulin Secretion in vitro

The isolated islets incubated for 24 hrs with 10 107, 10®, 10® and 10°M
concentrations of 5-HT and with two different concentrations of glucose, 4mM and
20mM. 5-HT at lower concentrations (10, 107 and 10°°M) significantly increased
(p<0.01, p<0.001, p<0.01 respectively) insulin secretion in the presence of 4mM
glucose. But the insulin secretion significantly decreased at higher concentration (10°
M) (Figure - 29). 5-HT dose dependently inhibited (p<0.01) insulin secretion from

107 to 10™*M concentration in the presence of 20mM glucose (Figure - 30).

Effect of 8-OH DPAT on Glucose induced Insulin Secretion in vitro

The 5-HT,, receptor agonist, 8-OH DPAT at lower concentrations, 107 &
10*M, significantly increased (p<0.01) glucose (4mM) induced insulin secretion.
But at higher concentration (10*M) insulin secretion was significantly (p<0.05)
inhibited (Figure - 31). 8-OH DPAT dose dependently inhibited (p<0.01, p<0.05)

insulin secretion in the presence of 20mM glucose (Figure - 32).

Effect of Mesulergine on Glucose Induced Insulin Secretion in vitro

Mesulergine (10*M) decreased insulin secretion mediated by 5-HT. A
Significant decrease in insulin secretion was observed at 107, 10%, 10 and 10*M

(P<0.05) concentrations of 5-HT in the presence of 4mM glucose (Figure - 33).

There was also a significant decrease in insulin secretion at 10° (P<0.01), 107



(p<0.05) and 10™*M (p<0.01) concentrations of 5-HT when incubated with 10%

mesulergine in the presence of 20mM glucose (Figure - 34).

24 hrs in vitro culture
Effect of 5-HT on Glucose induced Insulin Secretion in 24 hrs Islet Cultures
Islets were incubated with 10, 107, 10, 10™ and 10 M concentrationg
5-HT and two different concentrations of glucose, 4mM and 20mM in 24 hrs in vip
culture. S-HT increased insulin secretion significantly at 10*M (p<0.05), 107
(p<0.01) and 10®M (p<0.05) concentration in the presence of 4mM glucose. But
10*M concentration 5-HT significantly inhibited (p<0.01) insulin secreti
stimulated by 4mM glucose. There was no significant effect at 10°M concentrati
(Figure - 35). 5-HT significantly inhibited glucose induced (20mM) insulin secreti
at 107 (p<0.01), 10° (p<0.01), 107 (p<0.05) and 10*M (p<0.01) concentratio
(Figure - 36). ’ -

Effect of 8-OH DPAT on Glucose induced Insulin Secretion in vitro
8-OH DPAT at 107 & 10®M concentrations significantly (p<0.05 & p<0.0

increased glucose (4mM) induced insulin secretion in the long term incubation stud
Insulin secretion was slightly inhibited at 10*M concentration (Figure - 37).

significant decrease in insulin secretion was observed at 10, 107 and 10™M (p<0.0
concentrations in the presence of 20mM glucose. The inhibitory effect was n

significant at 107 and 10®*M concentrations (Figure - 38).

Effect of Mesulergine on Glucose Induced Insulin Secretion in vitro '
Mesulergine (10*M) significantly decreased 5-HT induced insulin secretit

at 107 (p<0.05), 10® (p<0.05), 10°° (p<0.05) and 10™*M (p<0.01) concentrations
the presence of 4mM glucose (Figure - 39). A significant decrease in insul
secretion was also observed at 107 (p<0.01), 10 (P<0.01), 10" (p<0.01) and 10*



(p<0,01) concentrations of 5-HT with mesulergine (10°*M) in the presence of 20mM

glucose (Figure - 40).
IN VITRO DNA SYNTHESIS STUDIES IN PANCREATIC ISLETS

Effect of 5-HT on Islet DNA Synthesis
Isolated islets in culture medium exhibited very low levels of [*H]thymidine

incorporation into DNA. Addition of EGF (10ng) caused a significant increase
(p<0.01) in the islet DNA synthesis. S-HT at 10*M concentration caused no
significant change in the DNA synthesis from basal level. But at lower concentration,
10°*M, 5-HT significantly (p<0.01) increased DNA synthesis. Addition of 10“M and
10*M 5-HT atong with EGF caused a significant increase (p<0.01) in DNA synthesis
when compared with EGF alone group. Addition of TGFAl (1ng/ml) caused no
significant change in the basal level of DNA synthesis, while addition of 10*M and
10®M 5-HT along with TGFS! caused a significant increase (p<0.05) in DNA
synthesis when compared with TGF 1 alone group. Addition of TGF A1 along with
EGF caused no significant change in DNA synthesis (Figure - 41).

Effect of 8-OH DPAT on Islet DNA Synthesis
Addition of 8-OH DPAT (10°*M) caused a significant decrease (p<0.01) in

the DNA synthesis when compared with control. Addition of 10°'M 8-OH DPAT
along with EGF caused a significant increase (p<0.01) in DNA synthesis when
compared with EGF alone group. TGFA! mediated isiet DNA synthesis was
increased significantly (p<0.05) by the addition of 10*M 8-OH DPAT to the primary

islet culture (Figure - 42),



Dose-dependent Response of Islet DNA Synthesis to 8-OH DPAT
8-OH DPAT at lower concentrations, 10”® and 10°M, significantly increased

(p<0.01 & p<0.001) the DNA synthesis of primary islet in culture. There was a
significant decrease (p<0.01) in DNA synthesis at higher concentration (10™*M) of
8-OH DPAT (Figure - 43).

Dose-dependent Response of EGF Induced islet DNA synthesis to 8-OH DPAT
Addition of 8-OH DPAT at a concentration from 10°M to 10"'M

significantly increased (p<0.01 & p<0.001) the EGF mediated DNA synthesis of
cultured islets. Maximum DNA synthesis was observed at 10° M 8-OH DPAT
(Figure - 44).

Dose-dependent Response of TGF {1 Induced islet DNA Synthesis to 8-OH DPAT
TGF1 mediated DNA synthesis was increased significantly at 10 (p<0.001),

10 (p<0.001), 107 (p<0.01) and 10*M (p<0.01) 8-OH DPAT. Maximum DNA
synthesis was found at 10*M 8-OH DPAT (Figure - 45).

Effect of pertussis toxin on 8-OH DPAT mediated DNA synthesis: Pertussis toxin
significantly inhibited potentiation of EGF effect induced by 8-OH DPAT at 10*M
(p<0.001) and 10™*M (p<0.01) (Figure - 46).

Effect of Mesulergine on islet DNA Synthesis
Addition of 5-HT (10™M) with mesulergine (10*M) and EGF Ing/ml with

mesulergine (10*M) caused a significant decrease (p<0.001) in the basal and EGF
mediated DNA synthesis. TGFfSl mediated islet DNA svnthesis decreased
significantly (p<0.01) by the addition of mesulergine to the primary islet culture
(Figure - 47).



s,se.dependent Response of islet DNA Synthesis to Mesulergine
§ Mesulergine inhibited significantly the DNA synthesis of primary islets in

;;ulture induced by 5-HT from 10®M to 10™*M ((p<0.01 & p<0.05) (Figure - 48).

Dose-dependent Response of EGF Induced Islet DNA Synthesis to Mesulergine
Addition of mesulergine at a concentration from 10°M to 10*M dose

dependently suppressed (p<0.01 & p<0.001) the EGF mediated DNA synthesis of
cultured islets (Figure - 49).

Dose-dependent Response of TGFf1 Induced islet DNA Synthesis to Mesulergine
Mesulergine at a concentration of 10°, 10 and 10™*M significantly (p<0.05,

p<0.01) decreased TGF ] mediated DNA synthesis in primary islet culture (Figure -
50).



E{ DISCUSSION
I The mechanisms regulating islet growths under different situations have been
Sstudied extensively (Corbett et al., 1997). Most studies have been concerned with
Pintraislet factors that are expressed during islet regeneration or triggering factors
* thought to be released by the neighboring parenchyma. A large number of growth
*factors and growth-stimulating peptides are expressed in or have stimulatory effects
in the growing islets (Corbett ef al,, 1997). Biogenic monoamines such as 5-HT and
dopamine are present in higher amounts in the islets of young animals (Cegrel l; 1968)
that also show a larger proliferative capacity. 5-HT has short-term effects on ion
channels and other effectors such as adenylyl cyclase but also have growth factor-like
effects in developing brain (Lauder, 1993) and mitogenic effects on fibroblasts
(Gerhardt & Van Heerikhuizen, 1997). lIslet cell neogenesis can be reactivated by
applying external stimuli such as partial pancreatectomy (90%) (Bonner-Weir, 1993).
Partial pancreatectomy is an established model to study pancreatic regeneration

(Pearson et al., 1977).

DNA synthesis in pancreas after partial pancreatectomy

In this study we examined the regeneration of P-cells of the islets of
Langerhans of the pancreas in weanling rats using partial pancreatectomy as the
stimulus to regenerate. [’H)thymidine incorporation into replicating DNA was used
as a biochemical index for quantifying DNA synthesis during pancreatic regeneration
after partial pancreatectomy. DNA synthesis was found to be increased 12 hrs after
partial pancreatectomy. The maximal rate of [*H]thymidine incorporation was
Observed at 72 hrs and declined at 7 days after partial pancreatectomy. The peak in

the DNA synthesis is concordant with the previous reports (Pearson et al., 1977,



Brockenbrough ef al., 1988). Enhanced B-cell function and proliferation maintains

the normoglycemic level in rats during pancreatic regeneration (Leahy et al., 1988).

Circulating insulin levels during pancreatic regeneration

Circulating insulin level was found to be increased during pancreatic
regeneration. Insulin was reported to increase the cell proliferation of B-cells in vitro
(Rabinovitch ef al., 1982). Previous studies suggest that the increase in the B-cell
proliferation is related to the degree to which insulin biosynthesis and/or release is
increased (Chick er al, 1975; King & Chick, 1976). Insulin can stimulate {3-cell
replication directly possibly through a receptor for multiplication stimulating activity
or another insulin like growth factor (Rabinovitch et al,, 1982). There are also
reports about the increase in the insulin secretion after the partial pancreatectomy,
besides maintaining the normoglycaemic level, it also helps the remaining (-ceil
mass to regain its original mass and volume by inducing cell division. The signal for
islet cell proliferation is related to a long standing demand for increased insulin
secretion (Dubuc, 1976). After major pancreatectomy in dogs, insulin treatment
enhances the proliferation of the remnant pancreas and maintains endogenous insulin
secretion for a long period, prolonging survival and promoting pancreatic

regeneration (Ohashi, 1993).

5-HT content in the brain regions during pancreatic regeneration

Serotonin is involved in regulating cellular functions of central and
peripheral nervous systems, endocrine and exocrine organs, as well as vascular and
hematopoietic systems (Wilkinson & Dourish, 1991). An increase in 5-HT content
was observed during active pancreatic proliferation in brain stem, cerebral cortex and
hypothalamus. The increased contents in the cerebral cortex and hypothalamus were

reversed to basal level when pancreatic DNA synthesis declined to control level. The



,e]ationship between enhanced monoamine content in the ventromedial
hypothaiamus (VMH), a characteristic of hyperinsulinemic and insulin-resistant
gnimals and islet dysfunction is already reported (Liang & Cincotta, 1999). The
increase in brain 5-HT content may be due to increase in tryptophan uptake through
the BBB with other neutral amino acids. Increased insulin in the plasma during
pancreatic regeneration tends to release the tryptophan bound to albumin and hence
increasing the concentration of free tryptophan in plasma (Trulson & Mackenzie,
1978). Central serotonergic neurons participate in the regulation of sympathetic
nerve discharge. Brain serotonergic changes are reported to regulate autonomic
nerve function in rats (Kuhn et al,, 1980). Thus our result suggests a close
relationship between S-HT level in brain regions and pancreatic islet cell growth.
The increased 5-HT content in the brain regions during pancreatic regeneration may
inhibit sympathetic nervous system and thus increases insulin secretion from

pancreatic 3-cells.

S-HT content in the pancreas and plasma during pancreatic regeneration
Pancreas is a rich source of 53-HT (Bird er al., 1983). The 5-HT content in
the pancreas decreased at the time of peak DNA synthesis. Low concentration of
3-HT in the pancreatic islets can stimulate insulin synthesis within the pancreatic
islets. S-HT is taken up into the insulin granules and secretes S-HT/insulin in a
pulsatile fashion on stimulation of pancreatic islet B-cells under physiologic
¢onditions (Zhou & Misler, 1996). 5-HT induced a dose dependent hpoglycaemia
and an increase in serum insulin levels (Sugimoto et al, 1990) due to a decreased
Uptake of 5-HT at high concentration. This shows that low concentration of 5-HT
Within the pancreatic islets has a role in the regulation of insulin secretion and islet

¢ell proliferation during pancreatic regeneration



5-HT level in the plasma increased during pancreatic regeneration and j
reversed to normal level by 7 days afier pancreatectomy. Decreased 5-HT content jq
the islets may be responsible for the increased serum insulin levels. The increase iy
serum S-HT levels during pancreatic regeneration suggests a decreased uptake of
5-HT into pancreas. Higher amounts of 5-HT promote proliferative capacity of the

islets of young animals (Cegrell, 1968).

EPI and NE content decreased in plasma and adrenals during pancreatj
regeneration
Norepinephrine and epinephrine concentrations decreased in the plasma ani

adrenals during regeneration of the pancreas. Sympathetic system is inhibitory
insulin secretion. Epinephrine when used in high doses in vivo or in vitro, reduce
the insulin response to stimulators (Malaisse, 1972). EPI and NE have a
antagonistic effect on insulin secretion and glucose uptake (Porte & Williams, 1966
Studies from our lab reported a decrease in the adrenergic activity during pancreati
regeneration. The decrease in the NE and EPI stimulate the B-adrenergic receptol
which are stimuiatory to insulin secretion (Ani, 2000). Activation of the splanchni
nerves innervating the adrenals results in the catecholamine release from chromaffi

cells into the circulation.

Brain 5-HT 5 receptor alterations

Serotonin containing neurons are concentrated in the raphé nuclei of tl
brainstem and connect to the cerebral cortex. hypothalamus, and major autonom
nuclei, where they appear to exert broad regulatory control. Central serotonerg
activity influences autonomic functions like thermogenesis, cardiovascular contr
circadian rhythms and pancreatic function (McCall & Clement, 1990; Ramage, 20(

Liang & Cincotta, 1999). Serotonergic neurons act through the autonomic nerve



g gystem of hypothalamic-pituitary axis to affect BP and key metabolic processes
« (Fuller, 1990).
Several studies have described the role of 5-HT,o receptors in the
.. peuroendocrine regulation (Fuller, 1990; Van de Kar, 1991). The relationship
petween the serotonergic and the sympathoadrenal system lead in turn to a control of
_ both plasma glucose levels and insulin release (Chaouloff, 1990a). S-HT,, receptor
agonist, 8-OH DPAT has been shown also to act on the endocrine system.
8-OH DPAT through activation of 5-HT; receptors decreases plasma insulin and
increases basal plasma glucose levels in several rat strains, via a central mechanism
of action (Chauloff & Jeanrenaud, 1987).

This effect of insulin release is attributed to regulation of catecholamine-
epinephrine and norepinephrine, plasma levels because of the stimulation or
inhibition of the adrenal medulla. Pre-gangtionic sympathetic nerve fibres pass from

* the intermediolateral horn cells of the spinal chord through the sympathetic chains,
through the splanchnic nerves and synapse in the adrenal medullae. They synapse on
cells that are derived from nervous tissue that secrete nor-adrenaline and adrenaline
directly into the circulation. Wallin ef al (1981) have demonstrated that
measurements of peripheral sympathetic nerve activity correlate well with
measurements of plasma nor-adrenaline. Epinephrine and norepinephrine have long
been known to inhibit insulin secretion in vivo (Porte Jr D, 1967b); Brunicardi, 1995)
and in vitro (Brunicardi, 1995; Sorenson ef al., 1979).

In our present study we analysed the receptor binding parameters and
expression of the 5-HT receptors in sham operated and pancreatectomised rats.

Scatchard analysis was performed for determining the Bmax and Ky of these

receptors (Scatchard, 1949). Receptor mRNA status was analysed by RT-PCR

technique using specific primers. 5-HT,, receptor binding parameters were analysed

using the receptor specific agonist ['H]}8-OH DPAT (Nenonene et al., 1994). 5-HT, |



receptor has two affinity sites and the double affinity status of the receptor was
confirmed by displacement analysis using 8-OH DPAT.

Cerebral cortex receives an extensive 5S-HT input originating from midbrain
raphe S-HT neurons (Tork, 1990). Scatchard analysis of the cerebral cortex showed
that the affinity of the high affinity receptor binding decreased in 72 hrs
pancreatectomised rats. The low affinity receptor number and affinity decreased
during active pancreatic proliferation. Kigy, increased in 72 hrs pancreatectomised
rats along with an increase in the log (ECs)-1 indicating a shift in high affinity

towards low affinity. Ki(L) and log (ECs)-2 showed an increase in 72 hrs

pancreatectomised rats indicating a shift in affinity of the low affinity site towards
much lower affinity. We observed an increased 5-HT content in the cerebral cortex
during pancreatic regeneration. These results indicate that the increased 5-HT is able
to down regulate the S5-HT,, receptors -in the cerebral cortex. Adrenocortical
secretion in response to intraperitoneal and intracerebroventricular administration of
the 5-HT, receptor agonist 8-OH DPAT involves a sympathomedullary activation
(Saphier & Welch, 1994). Since our results indicate a decreased 5-HT), receptor
binding, this reduces the sympathetic stimulation and increases insulin secretion from
pancreatic islets mediated by a decreased norepinephrine release from adrenal glands.
Our RT-PCR studies were also concordant with the receptor studies. Decreased
expression of 5-HT;, mRNA is reported in long-term adrenalectomised rats in the
dentate gyrus (Liao et al., 1993). The transduction action of the 5-HT;, receptor is
usually associated with a decrease in adenylyl cyclase activity. In cultures of
hippocampal neurons, 5-HT,, agonists block the forskolin-induced formation of
p-CREB, an important transcription factor increased by cAMP (Nishi & Azmitia,
1999). Receptors that result in alterations in the cAMP or Ca’* pathways would be

expected to result in altered CREB phosphorylation and altered transcriptional



%ﬁvity (Hyman & Nestler, 1993). Regulation of these transcription factors through
§HT 4 receptors regulates gene expression in the brain.

The midbrain raphe nuclei of brain stem are the source of wide spread
gerotonergic innervation throughout the brain (Azmitia & Gannon, 1986). In the case
of brain stem, Scatchard analysis revealed an increased K, of the high affinity S-HT 4
receptor indicating a decreased affinity of the receptor in 72 hrs pancreatectomised
rats. The low affinity receptor number decreased in 72 hrs pancreatectomised rats
without any change in the affinity. The decrease in receptor number during
pancreatic proliferation may be due to increased 5-HT brain levels in the brain stem
of these rats, since the 5-HT,, receptor expression is sensitive to autoinhibition
(Nishi & Azmutia, 1999). In 72 hrs pancreatectomised rats Kiyy and log (ECsg)-1
increased indicating a shift in high affinity towards lower affinity side. Qur RT-PCR
studies also revealed that during pancreatic cell proliferation 5-HT,, receptors are
getting down regulated in the brain stem.

An increased sympathetic activity due to the activation of 5-HT, receptors
will induce increased EPI output from the adrenal medulla that will inhibit insulin
secretion (Bauhelal & Mir, 1990, 1993). This was proved by injecting the specific 5-
HT), receptor agonist 8-OH DPAT to normal rats. The rats showed a very rapid
increase in blood glucose level that reached its peak within 30 min. A similar
observation was reported from a number of laboratories (Laude et al., 1990; Bauhelal
etal., 1990).

The results of the present study indicate that pancreatectomy trigger a
regulatory effect on the 5-HT, receptor system in the brain stem and cerebral cortex.
S-HT,, receptors were down regulated both in the cerebral cortex and brain stem.
An increqse in local release of 5-HT may be responsible for the decrease in
[JH]S-OH DPAT receptor binding 72 hrs after pancreatectomy. The decreased 5-
HT

la receptor binding reduces the sympathetic stimulation and epinephrine release



from adrenal glands, thereby increasing insulin secretion from pancreatic islets. Th§
adrenaline releasing effect of 8-OH DPAT antagonised by the mixed S-HTI,\.q
adrenoreceptor antagonist pindolol has been already reported (Chauloff et al., 19905
b). Opposite effects occur with the use of 5-HT depending on whether or not cellulaﬂ:
CAMP is elevated and this in turn, depends on the activity of cellula"
phosphodiesterase (Fanburg & Lee, 1997). Thus, the 5-HT,;, receptor dowp
regulation in the brain stem and cerebral cortex during pancreatic regeneratioy
increases insulin secretion from pancreatic B-cells which is mediated througl
epinehrine release from adrenal medulla. 1

The hypothalamus plays a central role in the integration of neurohormong|
function (Oommura & Yoshimatsu, 1984). 5-HT is known to influence a numberoij
hypothalamic associated functions such as sleep, thermoregulation an{
neuroendocrine function. 5-HT exerts_a modulatory effect on the hypothalamig
pituitary-adrenal (HPA) system (Fuller & Snoddy, 1990). When we studied the Sj
HT,A receptor status in the hypothalamus, the affinity of the high affinity receptolj
decreased in 72 hrs pancreatectomised rats as evidenced by the K, of the receptoﬁ
The density and affinity of the low affinity 5-HT 4 receptor decreased during actiw;
regeneration, i.e., in 72 hrs after pancreatectomy. Both affinity sites shifted towardf
their corresponding lower affinity sites as indicated by the increase in the Ki(Hj
Ki(L)’ log (ECso)-1 and log (ECs)-2 in pancreatectomised rats. RT-PCR analysii
also revealed a down regulation of this receptor during active islet ceil proliferation.ﬁ

Serotonergic neurons innervate hypothalamic neurons that regulate thi
secretion of several hormones. S-HT containing neurons in the midbrain directli
innervate corticotropin-releasing hormone (CRH)-containing cells located li
paraventricular nucleus of the hypothalamus (Hanley & Van de Kar, 2003). Diretg
synaptic connections between serotonergic nerve terminals and CRH neurons in th@

hypothalamic PVN have been demonstrated at the electron microscopic levé



: (Liposits et al., 1987). The CRH neurons in turn stimulate the secretion of ACTH
from the anterior lobe of the pituitary gland, which in turn stimulates corticosterone
secretion from the adrenal cortex. Other evidence also points to direct serotonergic
innervation of oxytocin-containing neurons in the hypothalamic PVN (Saphier,
1991). Additionally, several lesion studies have provided evidence that the
serotonergic stimulation of the secretion of ACTH, corticosterone, prolactin, oxytocin
and renin is mediated by neurons in the hypothalamic PVN (Bagdy & Makara, 1994).

5-HT,s subtype is involved in the neural regulation of hypothalamo-
pituitary-adrenocortical (HPA) secretion (Saphier & Zhang, 1993). Stimulation of
5-HT A receptors activates the HPA axis (Gilbert ef al., 1988). Activation of 5-HT,
receptors has been shown to induce corticotropin (ACTH) and corticosteroid release
in rodents (Gilbert et al., 1988), an effect antagonised by pindolol, a stereoselective
5-HTans blocker (Lesch, et al, 1990). 5-HT,. receptor agonists elevate plasma
corticosterone and EPI concentrations. 5-HT and 8-OH DPAT stimulate the release
of corticotropin-releasing factor (CRF) (Jones et al., 1976). Our data suggest that the
HPA axis can be inhibited by the down regulation of 5-HT 4 receptors. In addition to
its well known ACTH releasing activity, CRF is also known to stimulate directly
sympathet'ic tone to the adrenal medulla via a central site of action (Fisher, 1989),
manifested by increase in efferent adrenal nerve activity, plasma adrenaline
concentration and an increase in BP. (Brown & Fisher, 1983; Brown ef al., 1985).
Since 5-HT,, receptors inhibit HPA axis its down-regulation leads to a decreased
CRF release and sympathetic activity which is stimulatory to insulin secretion.
3-HT,, receptor antagonist pindolol blocked elevation of the plasma ACTH
concentration induced by 5-HT 4 receptor subtype mediated release of CRH from the
Paraventricular nuclei of the hypothalamus in rats (Pan & Gilbert, 1992). 5-HT,,
receptors are linked through G proteins to second messenger enzymes, each receptor

€an stimulate the release of multiple molecules of oxytocin and CRH. CRH also is



linked via G proteins to effector enzymes. Hence, activation of each CRH receptor on
corticotrophs in the pituitary will lead to the release of multiple molecules of ACTH,
which can further stimulate the release of even more molecules of corticosterone
(Charmers & Watson, 1991)

It is well established that the autonomic fibres supplying the pancreas travel
via the vagus and splanchnic nerves (Helman et al., 1982). These nerves are clearly
related to the ventral hypothalamus. The ventro-medial hypothalamic nuclei is
considered as the sympathetic centre and the stimulation of this area decreases insulin
secretion (Helman. er al,, 1982). Studies of in vive pancreatic nerve activity after
VMH lesions show increased parasympathetic and decreased sympathetic nerve
firing rates (Oommura & Yoshimatsu, 1984). Decreased 5-HT,, receptor binding
observed in the hypothalamus reduces the sympathetic nerve stimulation thus

reducing the inhibitory effect of EPI on insulin secretion

Brain 5-HT ¢ receptor alterations

The 5-HTy receptor displays a heterogeneous distribution in the CNS (Pazos
& Palacios, 1985). 5-HT, receptor stimulation has been shown to trigger numerous
biochemical and behavioral effects, including phosphatidy! inositol hydrolysis,
platelet aggregation, head twitches, and vasoconstriction (Conn er al., 1987).
Stimulation of centrally located 5-HT, receptor leads to adrenal epinephrine release
that elevates plasma glucose levels and inhibits insulin release (Veronique Baudrie &
Chauloff, 1992). Acute administration of the 5-HT,cpg receptor agonist
I-(3-chlorophenyl) piperazine (mCPP) induced hyperglycaemia in rats and it is
mediated by the activation of 5-HT,c,p receptors. The effects of mCPP are
considered to be connected to the activation of the sympathoadrenomedullary system

and catecholamine release (Sugimoto et al., 1996). Pretreatment with the 5-HTc



. ceptor antagonist ritanserine dose dependently attenuated EPI and NE responses,
ggesting 5-HT ¢ receptor mediated mechanism (Bagdy ef af., 1989)

I When we analysed the 5-HT,c receptor status in the cerebral cortex, we

i'bund that 5-HT,. receptor number decreased significantly in 72 hrs after
paﬁcreatectomy as indicated by a decreased By, 4. There was no shift in affinity of

%e receptor in 72 hrs pancreatectomised rats as indicated by the unchanged Ki and
S‘og (ECs0)- RT-PCR analysis also confirmed the receptor data. 5-HT, receptor
stimulation has neuroendocrinological consequences, as exemplified by the
activation of the corticotropic and sympathoexcitation (McCall & Harris, 1988;
vBagdy et al., 1989). Our results showed a decreased binding of 5-HT,c receptors in
.,t'he cerebral cortex, which reduces the sympathoexitatory effect. This decreased
:cxpression of 5-HT,c receptors observed in the cerebral cortex decreases the
sympathetic effect, which is stimulatory to insulin secretion. Increased plasma levels
of insulin and leptin analogous to Type 2'diabetes in mice lacking 5-HT,¢ suggests
that the S-HTyc receptor has a role in toni¢ inhibition of neuronal excitability (Tecott
et al., 1995)

In the brain stem, Scatchard analysis revealed a decreased Bpax and

jncreased K4 of the high affinity 5-HT,c receptor indicating a reduction in the
receptor density as well as the affinity of the receptor in 72 hrs pancreatectomised
ats. The expression of different serotonergic receptor mRNAs appears to change
during development and 5- HT receptors can be regulated by a variety of exogenous
agents (Roth er al,, 1991) Down-regulation of receptor binding sites in choroid
Plexus cells is seen after agonist treatment {Barker & Sanders-Bush, 1993). A
decreased mRNA expression as revealed by RT-PCR analysis confirmed our receptor
data, Down-regulation of the receptor by S-HT is associated with an equivalent
decrease in the level of receptor mRNA (Ivins & Molinoff, 1991). Previous studies

showed that methysergide, which acts as a partial 5S-HT, receptor agonist and as a



5-HTy¢ receptor antagonist, potentiates both insulin and glucagon release (Marco ,
al., 1976). Thus the down-regulation of the 5-HT,c receptors observed in the bry;
stem during pancreatic regeneration suggests the stimulatory role of insulin secretjq
mediated by sympathetic system. This indicates that regulation of receptor activi
probably occurs at multiple points in the metabolic cycle of the receptor protein.
5-HT,¢ receptor number and receptor affinity towards its ligand decreased i
hypothalamus of 72 hrs pancreatectomised rats. The analysis of Ki and log (EC,;
showed an inecreased values in 72 hrs after pancreatectomy indicating a shift ;
affinity of the receptor towards lower affinity. Our RT-PCR results were alg
consistent with the receptor data. 5-HT has been shown to control the activityg
hypothalamic CRF neurons and pituitary corticotrope cells through activationc‘
5-HT;anc) receptor subtypes (Contesse et al., 2000). Activation of centrally locate
5-HTc leading to hypoglycaemia due to increased insulin secretion is airead
reported (Sugimoto et al., 1996). Our results showed a decreased 5-HT,¢ bindingi
the hypothalamus. This decreases the CRF release which in turn decreases th
plasma EPI concentration. CRF mediates EPI responses after several stimul
(Brown, 1985). Our data suggest that EPI response might be mediated by CR
release. The increase in 5-HT turnover in the rat hypothalamus during insulit
induced hypoglycaemia described earlier suggests that 5-HT might be the mediaté
of CRF release and EPI response (Yehuda & Meyer, 1984). ’
Thus, central 5-HT,, and 5-HT,c receptors can act as stimulators <l
pancreatic B-cell proliferation depending upon the NE and EPI release by adren
medulla through which its function is mediated. The circulating NE and EP! levels?

the experimental groups were also consistent with our receptor data.



_HT:a and 5-HT;¢ receptor alterations in pancreatic islets

Neurotransmitter receptors are usually restricted to neuronal cells. However,

Eﬁeurotransmltters have been shown to stimulate or inhibit proliferation of non-

—muronal cells by activating receptors coupled to different second messenger

* pathways (Lauder, 1993). 5-HT has been found to promote cell proliferation in

——

various cell types. In aortic smooth muscle cells, 5-HT induced mitogenesis was
comparable with that of human-platelet derived growth factor (Nemeck et al, 1986).
Scatchard analysis, displacement analysis and RT-PCR studied 5-HT,,
receptor functional status of pancreatic islets, The number of S-HT4 receptor
3|gmf icantly increased in 72 hrs pancreatectomised rats. The affinity of the receptor

decreased in 7 days pancreatectomised rats. KI(H) and KI(L) increased in 7 days

pancreatectomised rats indicating the shift in affinity of the receptor towards low
affinity sites. Our results revealed that pancreatic 5-HT),, receptor status is getting up
regulated during pancreatic regeneration. This indicates that up-regulation of 5-HT 4
receptor expression is facilitating the islet cell proliferation. In pancreatic celi line,

activation of pertussis toxin sensitive SHT ;a1 receptors stimulate proliferation

through the activation of PLC and PKC that resulted in the down regulation of cAMP

(Ishizuka er a/, 1992). Agonists at 5-HT,, receptors inhibit adenylyl cyclase and
activate phosphoinositide hydrolysis in HeLa cells (Raymond et al., 1991). Moreover
the receptor affinity was found to be decreased by 7 days after partial
Pancreatectomy, which may be a compensatory mechanism for increased receptor
fumber.  These receptor data are well supported by our RT-PCR analysis. The
translation of the mRNA results in increased protein synthesis finally leading to
either growth or differentiation (Fantl, 1993).

5-HT,c receptor number was increased in the islets of 72 hrs and 7 days
Pancreatectomised rats. This shows the up regulation of 5-HT,c receptors during

&ctive proliferation of islet cells. Our present results are well supported by the fact



that 5-HT,c receptor can function as a protooncogene in NIH-3T3 cells. NIH-3T;
cells that express high levels of 5-HTyc receptor form foci in cell culture (Juliyg
1989). The 5-HT, receptors are coupled to phospho-inositide turnover ang
diacylglycerol formation, which activates protien kinase C (PKC), an importay
second messenger for cell division (DeCorcelles et al., 1984). Displacement studiey
on [*H]5-HT binding to crude membranes from control and regenerating liver tissug

using cold ketanserin and spiperone, showed an increased involvement of S-HT]

receptors in the regenerating liver during the DNA synthetic phase (Sudha, 1997).

l
q

Serotonergic stimulation of insulin synthesis and secretion from pancreatig
3-cells in vitro !

Signal-transduction in the pancreatic 3-cell and thereby the insulin secretori
process is regulated by a sophisticated interplay between glucose and a plethoraoi
additional factors including other nutrients, Jneurotransmitters, islet generated factori“
and systemic growth factors. The coupling of glucose metabolism to electrical
activity remains central in all models of B-cell stimulus-secretion coupling. The;
resting membrane potential of the B-cell is set by the ATP-sensitive potassium (K )
channel (Ashcroft & Rorsman, 1990). Incubation of the pancreatic (-cells with
stimulatory glucose concentrations leads to the activation of a cascade of reactionsit
which ends in the exocytosis of stored insulin. This complex of processes starts witli
the uptake of glucose by the B-cell high-K/low affinity glucose transporter GLUT1
and proceeds with the conversion of glucose into glucose-6-phosphate by the B-ceﬂ
isoform of glucokinase (Randel, 1993; Matschinsky, 1996). Metabolism of glu005€
in glycolysis and the Krebs cycle resuits in the generation of ATP. Elevation in thé
ATP/ADP ratio leads to closure of the Ka1p. which in turn results in depolarization of
the plasma membrane. The subsequent opening of voltage-gated L-type ca"
channels leads to an increase in the cytoplasmic free Ca® concentration, [Ca’’Js

which promotes insulin secretion (Berggren & Larsson, 1994),



Pancreatic islet is considered as a tissue rich in 3-HT (Bird et al., 1980).
5.HT has a direct effect on the insulin secretion from the pancreatic islets (Peschke
et al., 1997). Serotonergic receptors play a role in the regulation of blood glucose by
facilitating insulin release (Jun Yamada et al., 1990). 5-HT stimulated the output of
insulin in the presence of a low concentration of glucose. When the islets were
incubated with glucose at a higher concentration there was a lower insulin release in
the presence of 5-HT than that obtained with glucose alone at the same concentration
(Lechin et al., 1975). High concentrations of NE, DA, and 5-HT in the pancreatic
islets can decrease glucose-stimulated insulin secretion (Zern et al., 1980). S5-HT
dose dependently inhibited insulin secretion from pancreatic islets in the presence of
20mM giucose. This result indicates that although 5-HT may help in the maintenance
of the blood sugar level in normal pancreas by increasing insulin secretion it may
also aggravate the hyperglycaemia observed in diabetes mellitus (Adeghate er al,
1999). 5-HT inhibits glucose-induced insulin release by affecting early steps in the f3-
cell stimulus-secretion coupling (Lindstrom & Sehlin, 1983).

5-HT, agonist, 8-OH DPAT, at low concentrations (10*’M & 10'7M)
stimulated insulin secretion in the presence of 4mM glucose. But at high
concentration (10*M) 8-OH DPAT inhibited the insulin secretion from pancreatic
islets. There was a dose dependent inhibition of insulin secretion by 8-OH DPAT in
the presence of 20mM glucose. In the isolated perfused pancreas of the rat,
8-OH-DPAT, at 10®*M and 107M, concentrations known to activate 5-HT 5 receptors
in vitro (Bouhelal et al., 1990), this induces glucose-stimulated insulin release

The 5-HT,¢ receptors stimulate phospholipase C, and increases [P; and DAG
(Conn er al., 1986) which leads to increased intracellular calcium (Watson e al.,
1995). IP; mediates Ca®" mobilization from intraceliular Ca®* stores and plays an
important role in insulin secretion from pancreatic 3-cells (Laychock, 1990). I[P,

exerts its action through receptors that are ligand-activated, Ca®" selective channels.



IP; receptors have been localized to the endoplasmic reticulum, nucleus and insulin
granules (Yoo et al., 1990). We examined the effects of 5-HT,¢ receptor antagonist,
mesulergine on insulin secretion. Mesulergine inhibited 5-HT mediated insulin
secretion at both 4mM and 20mM glucose concentrations. Our results indicate that
mesulergine inhibits 5-HTc receptor activity and blocked the increase in intracellular
calcium and thus inhibited insulin release.
Twenty four hrs islet cell culture was done to study the long-term effect of 5-
HT, 5-HT,, and 5-HT,¢ receptors on insulin synthesis and release from the isolated
islets. Long-term insulin secretion studies showed similar changes as in the 1 hour
incubations. 5-HT stimulated insulin secretion at lower concentrations and inhibited
insulin secretion at higher concentration in the presence of 4mM glucose. There was
a dose dependent inhibition of insulin secretion by 5-HT from pancreatic islets in the
presence of 20mM glucose. In the long-term studies 8-OH DPAT showed
stimulatory effect at lower concentrations and inhibitory effect at higher
concentration at 4mM glucose. Similar to 1 hour secretion studies high concentration
of 8-OH DPAT abolished the glucose stimulated insulin secretion. Mesulergine
inhibited 5-HT mediated insulin secretion at both 4mM and 20mM glucose
concentration.
Long-term and 1 hr culture showed stimulatory and inhibitory role of

5-HT, 5-HT 4 and 5-HTc receptors on insulin secretion.

Effect of 5-HT, 8~-OH DPAT and mesulergine on islet DNA synthesis

Effect of 5-HT on islet DNA synthesis

Higher concentration of 5-HT (10*M) when added to primary islet culture
did not increase DNA synthesis but was able to increase DNA svathesis at lower
concentration. In the absence of growth factors, 5-HT is potent at inducing cell-cycle

progression of L cells expressing the S-HT;B receptor (LM6) (Canan et al., 2000).



:?Mene et al suggetsed activation of a 5-HT, receptor in rat mesangial cells to acount
for 5-HT induced cell proliferation (Mene ef al., 1991). It also stimulated the EGF
and TGFS1 mediated DNA synthesis. EGF and TGF-$ are known mitogens for
cultured vascular smooth muscle cells (Huang et af., 1992). There are several reports
on effects of growth factors in the normal B-cell growth. EGF was shown to stimulate
[’H]-thymidine incorporation in islets (Sieradzski et al., 1987). Furthermore, a recent
report showed that EGF was an important factor for pancreas precursor cell
proliferation in vitro (Corentin et al., 2001), and that islet cell migration and
differentiation were impaired in the mice lacking EGF receptors (Miettinen et al.,
2000). These findings suggest EGF is important in the growth and differentiation of

islet cells.

Effect of 8-OH DPAT on islet DNA synthesis

8-OH DPAT is the specific agonist of the 5-HT,, receptor. We used 8-
OHDPAT to study the 5-HT 4 receptor mediated effect on DNA synthesis of islets
kept in primary culture. 8-OH DPAT at a concentration of 10* M was enough to
inhibit the basal DNA synthesis but it induced EGF mediated DNA synthesis in
primary islet cultures. In addition to this it enhanced the TGFAl mediated DNA
synthesis. When we studied the dose dependent effect of 8-OH DPAT in primary
islet DNA synthesis, we found a dose dependent inhibition from 10°M to 10°M. 8-
’OH DPAT at a concentration of 10*M was also found to increase DNA synthesis.
This may be due to the activation of the high affinity receptors of 5-HT,, receptor.
In addition to increasing the DNA synthesis by itself, it increased the EGF mediated
DNA synthesis from 10®M to 10™*M significantly. DNA synthesis was found to be
maximum at 10®°M concentration. 8-OH DPAT also enhanced the TGFA1 mediated
DNA synthesis in a similar trend as that of 8-OH DPAT alone. Thus from our results

itis very clear that 5-HT;, receptor mediates stimulation of DNA synthesis in vitro.



G-proteins that are coupled to 5-HT) A receptors are PTX sensitive (Raymond
et al., 1991). Pertussis toxin inhibited potentiation of EGF effect induced by 8-OH
DPAT. In transfected NIH-3T3 cells, transforming and mitogenic effects of 5-HT,,
agonists involve a pertussis toxin-sensitive G protein but do not seem to be linked to
adenylyl cyclase inhibition (Varrault, et af, 1992). Activation of ERK2 by the
5-HTs receptor-selective agonist (8-OH-DPAT) was inhibited completely by

pertussis toxin (Daniel et al., 1996)

Effect of mesulergine on islet DNA synthesis

We have studied the role of 5-HTyc receptor in mediating the islet DNA
synthesis by blocking the 5-HT,c receptor using mesulergine.  Addition of
mesulergine to the primary islet culture resulted in a decrease in the basal and EGF
mediated DNA synthesis and enhanced the TGFfSl mediated DNA synthesis
suppression. It also inhibited the basal DNA synthesis induced by S-HT from (10*M
to 10°M) and EGF mediated DNA synthesis of primary islets in culture.
Mesulergine enhanced the TGFSA! mediated DNA synthesis inhibition at a
concentration from 10®M to 10*M. Thus, mesulergine was able to completely
inhibit the EGF mediated DNA synthesis indicating the regulatory role of S-HTs¢
receptor in islet cell proliferation. Our results are well supported by the reports that
in NIH-3T3 cells 5-HTyc receptor functions as a protooncogene. Moreover the
formation of foci is dependent on activation of the 5-HT:¢ receptor by 5-HT (Julius,
1989).



SUMMARY

Pancreatic regeneration after partial pancreatectomy was used as mode! systems
to study pancreatic 3-cell proliferation in rats.

Primary cultures of pancreatic islets were used as the in vitro system to study
pancreatic islet cell proliferation

{*H]thymidine incorporation was used as an index for pancreatic DNA synthesis.
DNA synthesis was peaked at 72 hrs after partial pancreatectomy and reversed to
control level by 7 days.

5-HT content was analysed using HPLC. It increased in the brain regions during
active islet cell profiferation

EPI and NE contents were analysed using HPLC. It decreased in the adrenals
during active pancreatic islet regeneration. Plasma EPI and NE level also
decreased during pancreatic regeneration.

5-HT receptor functional status was analysed by Scatchard and displacement
analysis using [*H] ligands. Receptor analysis was confirmed by studying the
mRNA status of the corresponding receptor using RT-PCR. 5-HT,4 and 5-HTs¢
receptors were down regulated in brain regions during active islet cell
proliferation.

Pancreatic islet S-HT content decreased in 72 hrs pancreatectomised rats.
Pancreatic islet 5-HT,. receptor up regulation was observed during islet DNA
synthesis .5-HT,c receptor up regulation was also found during pancreatic
regeneration.

In vitro insulin secretion study showed that low concentration of 5-HT and $-
HT |, agonist, 8-OH DPAT, induced glucose stimulated insulin secretion from
Pancreatic islets. S5-HT,c antagonist, mesulergine, inhibited glucose induced

Insulin secretion.



9. In vitro DNA synthesis studies showed that activation of S-HT;4 receptoruE
adding 8-OH DPAT, a specific agonist, induced islet DNA synthesis. Also, tﬁl
addition of mesulergine, a specific antagonist of 5-HT,c receptor resulted in ﬂ;
inhibition of DNA synthesis. ;

Thus, the regulation of 5-HT,s and 5-HT,c receptors in the brain ad
pancreatic islets plays an important role in insulin secretion and isiet cell proliferatiq

during pancreatic regeneration !



CONCLUSION

Our findings demonstrate that alterations of 5-HT;, and 5-HT,c receptor
function and gene expression in the brain stem, cerebral cortex and hypothalamus
_play an important role in the sympathetic regulation of insulin secretion during
pancreatic regeneration. Though many reports are there implicating the functional
interaction between brain 5-HT and the sympathoadrenal system, the involvement of
specific receptor subtypes in regulating sympathoadrenal system during pancreatic
'regeneration has not given emphasis. We observed an increased 5-HT content and
downregulation of 5-HT,, and 5-HT,c receptors in the cerebral cortex, brain stem
and hypothalamus. RT-PCR analysis confirmed the receptor data in the brain
regions. The relationship between 5-HT receptors and adrenal catecholamine release
is much more homogenous. Thus, downregulation of 5-HT, or 5-HTyc receptor
leads to decreased adrenomedullary catecholamine release. Plasma NE and EPI
levels of different experimental groups were in accordance with the functioning of
the 5-HT,, and 5-HTyc receptors. These relationship between the serotonergic and
the sympathoadrenal system lead in turn to a control of insulin release. In addition,
receptor binding studies and RT-PCR analysis revealed that during pancreati_c
regeneration 5-HT, 4 and 5-HT,c receptors were up regulated in pancreatic islets. This
suggests a stimulatory role for 5-HT,, and 5-HT,¢ receptors in isiet cell proliferation
i.e., the up regulation of this receptor facilitates proliferation. Insulin secretion study
showed that 5-HT,, receptor égonist, 8-OH DPAT was stimulatory to insulin
secretion at lower concentration and inhibitory at higher concentration. Mesulergine
blocked the insulin secretary potential at all concentrations. In vitro DNA synthesis
Studies revealed that 5-HT,, receptor agonist, 8-OH DPAT inhibited DNA synthesis
at higher concentration and stimulated DNA synthesis at lower concentration. 5-

HTy receptor antagonist, mesulergine inhibited the pancreatic islet DNA synthesis.



Also, 8-OH DPAT and mesulergine enhanced the mitogenic effect mediated by EGF
and TGFpB1. Thus, we conclude that brain and pancreatic 5-HT,. and S-HT2C
receptor gene expression modulates pancreatic endocrine function and islet ce||
proliferation during pancreatic regeneration. This wiil have immense clinica]

significance in the therapeutic applications of diabetes.



- REFERENCES

ideghate.E, Ponery.A.S, Pallot.D, Parvez .S.H & Singh .J (1999). Distribution of
tonin and its effect on insulin and glucagon secretion in normal and diabetic

b,ncreatic tissues in rat. Neuroendocrinol Lett, 20, 315-322,

]

_ighajanian.G.K (1995). Electrophysiology of serotonin receptor subtypes and signal
#ansduction pathways. In Psychopharmacology: The fourth generation of progress.
¢ pd. Floyd E. Bloom and David J.Kupfer. pp. 451-460: New York, Raven press Ltd.

i:;\hren.B, Jarhult.J & Lundquist.I (1981). Influence of the sympatho-adrenal system
- and somatostatin on the secretion of insulin in the rat. J. Physiol, 312, 563-575.

",;\hren.B, Arc Rajab.A, Bottcher.G, Sundler.F & Dunning.B (1991). Presence of
galanin in human pancreatic nerves and inhibition of insulin secretion from isolated
human islets. Cell. Tissue. Res, 264, 263-267.

Ahren.B, Bertrand.G, Roy.C & Ribe.G (1996). Pancreastatin moduiates glucose
stimulated insulin secretion from perfused rat pancreas. Acta. Physiol Scand, 158,

£3-70.

Ahrén.B, Taborsky.Jr.G.J & Porte Jr D (1986). Neuropeptidergic versus cholinergic
. and adrenergic regulation of islet hormone secretion. Diabetologia, 29, 827-836.

i
“Ahrén.B & Taborsky.Jr.G.J {1986). The mechanism of vagal nerve stimulation of

glucagon and insulin secretion in the dog. Endocrinology, 118, 1551-1557.

Ahrén.B (2000). Autonomic regulation of isiet hormone secretion-implications for
health and disease. Diabetologia, 43, 393-410.

Alfredo.L, Bronwyn.R, Gordon.C & Bruce.A (1994). Pancreatic islet cell toxicity of
amylin associated with type-2 diabetes mellitus. Nature, 368, 756-759.

Alpgr.R.H (1990). Evidence for central and peripheral serotonergic control of
Corticosterone secretion in the conscious rat. Neuroendocrinology, 51, 255-260.

Alster.p & Hillegaart.V (1996). Effects of selective serotonin and dopamine agonists

;29P1a5ma levels of glucose, insulin and glucagon in the rat. Neuroendocrinology. 63,
274,

Anders Edvell, Per Lindstrom (1999). Initiation of increased pancreatic islet growth



in young normoglycaemic mice. Endocrinology, 140, 778-783.

Andersson.P.O, Holst.J.J, Jarhult .J (1982). Effects of adrenergic blockade on g
refease of insulin, glucagon and somatostatin from the pancreas in response |
splanchnic nerve stimulation in cats. Acta Physiol Scand, 116, 403-410.

Angel.l, Bidet.S, LangerS.Z (1988). Pharmacological characterization of
hyperglycaemia induced by 2 adrenoceptor agonists. J Pharmacol Exp Ther, 24
1098 -1103. '

Ani Das.V. (2000). Adrenergic receptor gene expression during pancreat

regeneration and insulin secretion in rats. Ph.D. Thesis. ;

Araneda.R & Andrade.R (1991). S5-hydroxytryptamine, and S-hydroxytryptamineq
receptors mediate opposing responses on membrane excitability in rat associatiq
cortex. Neuroscience, 40, 399-412. y

Arkhammar.P, Juntti.B.L, Larsson.O, Welsh.M, Nanberg.E, Sjoholm.A, Kohler.M‘
Berggen.P.O (1994). Protein kinase C modulates the insulin secretion by maimainiq
a proper function of B-cell voltage-activated Ca® channels. J. Biol. Chem, 269, 2741
2749. ’ !

Ashcroft.F.M & Rorsman.P (1990). Biochem. Soc. Trans, 18, 109-111.

et v o o

stimulates DNA synthesis in brain derived cells via specific muscarinic recep

Ashkenazi.A, Ramachandran.J & Capon.D.J (1989). Acetylcholine analog11
1(
subtypes. Nature, 340, 146-150.

proliferation, but not of Ca®* mobilization, by cyclic AMP and GMP in rabbit ao
smooth-muscle cells. Biochem. J, 288, 527-532.

Avogaro.A, Toffolo.G, Valerio.A & C.Cobelli (1996). Epinephrine exerts oppos
effects on peripheral glucose disposal and glucose stimulated insulin secretion.

stable label intravenous glucose tolerance test minimal model study. Diabetes,
1373-1378.

Azmitia.E.C & Gannon.P (1986). Anatomy of the serotonergic system in the prim

Assender.J.W, Southgate K.M, Hallet M.B & Newby. A.C (1992). nhbton!
i
and sub-primate brain. J. Adv Neuroi, 43, 407-468.



itia.E.C (1999). Serotonin neurons, neuroplasticity, and homeostasis of neural
Pssue' Neuropsychopharmacology, 21, 335-458S,

tbackkeskov.S, Anastoot.H.J, Christgua.S, Reetz.A, Solimena.M, Cascalho.M,
golli.F, Olesen.H & Camilli.P.D (1990). Identification of the 64K autoantigen in
Eqsulin-dependent diabetes as the GABA-synthezing enzyme glutamic acid
‘degarboxylase. Nature, 347, 151-156.

Eagdy,G, Calogero.A.E, Murphy.D.L & Szemeredi.K (1989). Serotonin agonists
cause parallel activation of the sympatho-adrenomedullary system and the
| pothaiamo-pituitary-adrenocortical axis in conscious rats. Endocrinology, 125,
664-2669.

'Bagdy.G & Makara.G.B (1994). Hypothalamic paraventricular nucleus lesions
differentially affect 5-HT,, and 5-HT, receptor agonist-induced oxytocin, prolactin,
"md corticosterone responses. Endocrinology, 134, 1127-1131.

‘Banasr.M, Hery.M, Printemps R & Daszuta.A (2004). Serotonin-induced increases in
Adult ceil proliferation and neurogenesis are mediated through different and common
§-HT receptor subtypes in the dentate gyrus and the saubventricular zone,
Newropsychopharmacology, 29, 450-60.

[

Barker.E.L & Sanders-Bush.E (1993). 5-hydroxytryptaminelC receptor density and
mRNA levels in choroid plexus epithelial cells after treatment with mianserin and (-)-
'14(4-bromo-2,5-dimethoxyphenyl)-2-aminopropane. Mol Pharmacol, 44, 725-730.

BamnesN.M & Sharp.T.A (1999). A review of central 5-HT receptors and their
 function. Neuropharmacology, 38, 1083-1152.

. Baskys.A, Niesen.C.E, DaviesM.F & Carlen.P.L (1989). Modulatory actions of
- §erotonin on ionic conductances of hippocampal dentate granule cells. Neuroscience,
29, 443451,

Banelal. R & Mir. AK (1993). Role of adrenal gland in the metabolic
Sardiovascular effects on 8-OH DPAT. Eur.J. Pharmacol., 100, 173-179.

Bauhelal. R & Mir. AK (1993). Role of adrenal medulla in the metabolic and
Pressor actions of 8-OH DPAT. Br. J. Pharmacol., 105, 159-163.

Beattie.G.M, Itkin-Ansari.P, Cirulli.V et al (1999). Sustained proliferation of



PDX-1+ cells derived from human islets. Diabetes, 48, 1013—1019.
Berggren.P.O & Larsson.O (1994). Biochem. Soc. Trans, 22, 12-18.

Berthoud.H.R, Fox.E.A & Powley.T.L (1990). Localization of vagal preganglioni¢
that stimulate insulin and glucagon secretion. Am J Physiol, 258, R160-R168. ‘

Berthow H.R & Powley.T.L (1993). Characterization of vagal innervation to the o
celiac, suprarenal and mesenteric ganglia. J Auton Nerv Syst, 42, 153-169. !

Berthoud.H.R & Jeanrenaud.B (1979). Acute hyperinsulinemia and its reversal ty
vagotomy after lesions of the ventromedial hypothalamus in anesthetized raty
Endocrinology, 105, 146-151. i

Biju.M.P, Pyroja .S, Rajesh kumar. N.V & Paulose.C.S (2001). Hepatic GABA]
receptor functional regulation during rat liver cell proliferation Hepatol Res., 24
136-146.

1
Bird.J.E, Wright EE & Heldman.JM (1980). Pancreatic islets: A tissue rich %
serotonin. Diabetes, 20, 304-308. *

Bjorkstrand.E, S. Ahlenius, U. Smedh & K. Uvnis-Moberg (1996). The oxytoiié
receptor antagonist 1-deamino-2-D-Tyr-(OEt)-4-Thr-8-Orn-oxytocin inhibits effe
of the 5-HT,o receptor agonist 8-OH-DPAT on plasma levels of insuli1
cholecystokinin and somatstatin. Regul. Pept, 63, 47-52.

Blier.P, Serrano.A & Scatton.B (1990). Differential responsiveness of the rat domj
and median raphe S5-HT systems to S5-HT, receptor agonists and p
chloroamphetamine. Synapse, 5, 120-133.

Bobker.D.H. & Williams.J.T (1990). Ion conductances affected by 5-HT receptd
subtypes in mammalian neurons. Trends Neurosci, 13, 169-173.

Boggust W.A & Al-Nakib. T (1986). Promotion and suppression of tumour growti
and cell proliferation by acetylputrescine and putrescine and their oxidation produ
acetyl-GABA and GABA. IRCS Med. Sci, 14, 174-175. 4

Bonahus.D.W, Bach.C, De Souza.A, Salazar. F.H, Matsouka B.D, Zuppan. P, Chd
HW, et al (1995). The pharmacology and distribution of human
hyvdroxytryptamine 2B (5-HT2B) receptor gene products:comparison with 5-HT24
and 5-HT2C receptors. Br J pharmacol, 115, 622-628.



Bone.A.J, Walker.R, Dean.B.M, BairdJ.D & Cooke.A (1987). Pre-diabetes in the
spontaneously diabetic BB/E rat: pancreatic infiltration and islet cell proliferation.
Eur J Endocrinol, 115, 447-454,

Bonner-Weir.S, Trent.D.F & Weir.G.C (1983). Partial pancreatectomy in the rat and
subsequent defect in glucose- induced insulin release. J Clin [nvest, 71, 1544-1553.

Bonner-Weir.S, D.Deery, J. L. Leahy & G. C. Weir (1989). Compensatory growth of
pancreatic -cells in adult rats after short-term glucose infusion. Diabetes, 38, 49-53.

Bonner-Weir.S (1994). Regulation of pancreatic 3-cell mass in vivo. Recent Prog
Horm Res, 49, 91-104.

Bonner-Weir.S, Baxter.L.A, Schuppin.G.T & Smith.F.E (1993). A second pathway
for regeneration of adult exocrine and endocrine pancreas. A possible recapitulation
of embryonic development. Diabetes, 42, 1715-1720.

Bonner-Weir.S (2000a). [slet growth and development in the adult. J Mol
Endocrinol, 24, 297-302.

Bonner-Weir.S  (2000b). Perspective: postnatal pancreatic f-cell growth.
Endocrinology, 141, 1926-1929.

Bouhelal R, Loubatieres-MarianiM.M & Mir.A.K (1990). Investigation of the
mechanism(s) of 8-OH-DPAT-mediated inhibition of plasma insulin in
spontaneously hypertensive rats. Br J Pharmacol, 100, 173-179.

Bradley.P.B, Engel.G, Feniuk.W, Fozard.J.R, Humphrey.P.P.A, Middlemiss.D.N,
Myilecharane.E.J, Richardson.B.P & Saxena.P.R (1986). Proposals for the
classification and nomenclature of functional receptors for S-hydroxytryptamine.
Neuropharmacology, 25, 563-576.

Breen.M.A & Aschroft.S.J.H (1997). Human islets of Langerhans express multiple
1sforms of Calcium/calmodulin dependent protein kinase 11. Biochem. Biophys. Res.
Commun, 236, 473-478.

Brelje. T.C., Allaire. P, Hegre. O & Sorenson. R.L (1989). Effect of prolactin versus
growth hormone on islet function and the importance of using homologous
Mammosomatotropic hormones. Endocrinology, 125, 2392-2399.



Brelje. T.C & Sorenson. R. L (1991). Role of prolactin versus growth hormone on
islet B-cell proliferation in vitro: implications for pregnancy. Endocrinology, 128,
45-57,

Brelje. T.C, Parsons. J. A & Sorenson. R. L (1994). Regulation of islet B-cell
proliferation by prolactin in rat islets. Diabetes, 263-273.

Brockenbrough. S, Weir. G.C & Bonner-Weir. S. (1988). Discordance of exocrine
and endocrine growth after 90% pancreatectomy in rats. Diabetes, 37, 232-236.

Broten.J, Michalopoulos.G, Petersen.B & Cruise.J (1999). Adrenergic stimulation of
hepatocyte growth factor expression. Biochem. Biophys. Res. Commun, 262, 76-79.

Brown.M.R & Fisher.L.A (1983). Central nervous system effects of corticotropin-
releasing factor in the dog. Brain Res, 280, 75-79.

Brown.M.R, Fisher.L.A, Webb.V, Vale W.W, & RivierJ (1985). Corticotropin
releasing factor: a physiologic regulator of adrenal epinephrine secretion. Brain Res,
328, 355-357.

Brunicardi. F.C, Shavelle.D.M & Andersen. D.K (1995). Neural regulation of the
endocrine pancreas. Int J Pancreatol, 18, 177-195.

Buckingham. J.C & Hodges. J.R (1979). Hypothalamic receptors involved in the
secretion of corticotropin releasing hormones in the rat. J. Endocr, 80, 57.

Buckingham & Hodges. H, A. Niijima, Y. oomura, K. Yamabe & T.Katafuchi
(1984). Effects of hypothalamic lesion on pancreatic autonomic nerve activity in the
rat. Brain Res, 303, 147-152.

Bucknonz.N.S., Zhou.D & Freedman.D.X (1988). Serotonin2 agonist administration
down-regulates rat brain seotonin2 receptors. Life Sci, 42, 2439-2445.

Bums.C.M, Chu.H, Rueter.S.M, Hutchinson.L.K, Canton.H, Sanders-Bush.E &
Emeson.R.B (1997). Regulation of serotonin-2C receptor G-protein coupling by
RNA editing. Nature, 387, 303-308.

Burr. LM, A.E.Slonim & R.Sharp (1976). Interactions of acetylcholine and
epinephrine on the dynamics of insulin release in vitro. J Clin Invest. 58, 230-239.

Burton. K (1993). A study of the conditions and mechanism of the diphenylamine



tion for the colorimetric estimation deoxyribonucleic acids. Biochem. J, 62, 315-

sampfield. L.A (1976). Effects of physiological concentration of norepinephrine and
inephrine on insulin secretion. Federation Proc, 35, 689.

‘campfield. LA & F.J. Smith (1980). Modulation of insulin secretion by the

fanonomic nervous system. Brain Res. Bull. 5, 4, 103-107.

eampﬁeld.l.A, Smith.F.J & Achagiotis.C.L. (1986). Temporal evolution of altered
islet neurotransmitters sensitivity after VMH lesion. Am J Physiol, 251, 63-69.

,é,anan G. Nebigil, Jean-Marie Launay, Pierre Hickel, Claire Tournois & Luc (2000).
$-Hydroxytryptamine 2B receptor regulates cell-cycle progression: Cross-talk with
tyrosine kinase pathways. PNAS, 97, 2591-2596.

Carina. A., Ashcroft. F. & Patrik. R (1993). Calcium-independent potentiation of
insulin release by cyclic AMP in single b-cells. , 363, 356-358.

Cegrell. L (1968). The occurence of biogenic monoamines in the mammalian
endocrine pancreas. Acta Physiol Scand [Suppl], 314, 1-60.

Cetin. Y (1992). Biogenic amines in the guinea pig endocrine pancreas. Life Sci, 50,
1343-1350.

Chan. O, Inouye.K, Riddell. M.C, Vranic. M & Matthews. S.G (2003). Diabetes and
the hypothalamo-pituitary-adrenal (HPA) axis. Minerva Endocrinol, 28, 87-102.

Chan SLF, Perrett.C.W & Morgan. N.G (1997). Differential expression of 2-

;drenoceptor subtypes in purified rat pancreatic islet A- and B-cells. Cell Signal, 9,
1-78.

Charmers.D.T & S.J. Watson (1991). Comparative anatomical distribution of 5-
1areceptor mRNA and 5-HT,, binding in rat brain — a combined in situ
hybridization/in vitro receptor autoradiographic study. Brain Research, 561, 51-60

Chaploff. F & Jeanrenaud. B (1987). 5-HT,, and alpha 2-adrenergic receptors
Mediate the hyperglycemic and hypoinsulinemic effects of 8-hydroxy 2- (di-n-
Propylamino) tetralin in the conscious rat. J Pharmacol. Exp. Ther, 243, 1159-1166.

Chaouloff. F, Laude.D & Baudrie. V (1990a). Effects of the S-HT,¢/5-HT, receptor




agonists DOI and alpha-methyl-5-HT on plasma glucose and insulin levels in the l’aﬂ
Fur J Pharamcol, 187, 453-443, €

E|
Chauloff. F, Baudrie. V & Laude. D (1990b). Adrenaline releasing effect of the 5;
HT, . receptor agonists 8-OH DPAT, buspirone and ipsapirone in the conscious m&
Br. J. Pharmacol., 99, 39.

]
Chauloff. F, Baudrie. V & Laude. D (1990c). Evidence that the 5-HT, Teceptoy
agonists buspirone and ipsapirone activate adrenaline release in the conscious rag;
European J. Pharmacol, 177, 107-110. ]

Chen. Z.W, Agerberth. B, Gell. K, Andersson. M, Mutt. V, Ostenson. C. G, Efendicf
S, Barros-Soderling. J, Persson. B & Jornvall. H (1988). Isolation arg
characterization of porcine diazepam-binding inhibitor, a polypeptide not only ol
cerebral occurrence but also common in intestinal tissues and with effects od
regulation of insulin release. Eur J Biochem, 174, 239-245. :
]
Chen. C & Yang. J (1991). Effects of short and long-lasting diabetes mellitus o

1

mouse brain monoamines. Brain Res., 552, 175-179. 'j

Chen. N.G, Tassava.T.M & Romsos D.R (1993). Threshold for glucose-stimulated
insulin secretion in pancreatic islets of genetically obese (ob/ob} mice is abnormally
low. J Nutr, 123, 1567-1574. i

Chen.Y & Prusoff. W.H (1973). Relationship between the inhibition constant and
concentration of an inhibitor that cause a 50% inhibition of an enzyme reactiol
Biochem. Pharmacol, 22, 3099-3108.

Chick. W.L, Lauris. V, Flewlling. J.H, Andrews. K.A & Woodruff. J.M (197
Pancreatic f3-cell culture: preparation of purified monolayers. Endocrinology,
212. '
|
Chick. W.L & Like.A.A (1970). Studies in the diabetic mutant mouse. I
Physiological factors associated with alteration in B-cell proliferation. Dzabetologl
6, 243-251. ,

Choi.D.S & Maroteaux.L (1996). Immunohistochemical localisation of the serotom‘i
5-HT2B receptor in mouse gut, cardiovascular system, and brain. FEBS Lett, 39l
45-51.

Chu. P, Lin. M, Shian. L & Leu. S (1986). Alterations in physiologic functions a



"in brain monoamine content in streptozotocin-diabetic rats. Diabetes, 35, 481-485.

Chusid. J.G (1979). Correlative neuroanatomy and functional neurology. pp. 1-464:
Los Altos: Lange Medical Publications.

Clark. A, Bown. E, King. T, Vanhegan. R.1 & Turner. R.C (1982). Islet changes
induced by hyperglycaemia in rats. Effect of insulin or chlorpropamide therapy.
Diabetes, 31, 319-325.

Clark. A & Grant. A. M (1983). Quantitative morphology of endocrine cells in
human fetal pancreas. Diabetologia, 25, 31-35.

Clement. M.LE & Mc Call.R.B (1990). Studies on the site and mechanism of the
sympathoedicitatory action of 5-HT2 agonists. Brain Res, 515, 299-302.

Colino.A & Halliwell.J.V (1987). Differential modulation of three separate K-
conductances in hippocampal CA1 neurons by serotonin. Nature, 328, 73-77.

Compan. V, Segu.L, Buhot. M.C & Daszuta. A (1998). Differential effects of
serotonin  (5-HT) lesions and synthesis blockade on neuropeptide-Y
immunoreactivity and 5-HT1A, 5-HT1B/1D and 5-HT2A/2C receptor binding sites
in the rat cerebral cortex. Brain Res, 798, 264-276.

Conget. I, Manzanarer. J, Barrientos. A, Cardellach. F & Gomis. R (1996).
Coenzyme Q10 and insulin secretion in vitro. Diabetes Res. Clin. Pract, 33, 135-136.

Conn. P.J, Jonowsky.A & Sanders-Bush. E (1987). Denervation supersensitivity of 5-
HT-1C receptors in rat choroid plexus. Brain Res, 400, 396-398.

Conn.P.J, Sanders-Busgh.E, Hoffman.B.J & Hartig.P.R (1986). A unique serotonin
receptor in choroid plexus is linked to phosphatidylinositol turnover. Proc. Nati.
Acad. Sci. U S A, 83, 4086-4088.

Contesse. V, Lefebvre.H, Lenglet. S, Kuhn. J.M, Delarue .C & Vaudry. H (2000).
Role of S-HT in the regulation of the brain-pituitary-adrenal axis effects of S-HT on
adrenocortical cells. Can J Physiol Pharmacol, 18, 967-983.

Coore. H.G & Randle. P.J (1964). Biochem. J, 93, 66.

Corben. J, Serup.P, Bonner-Weir. S & Nielsen. J.H (1997). B-Cell ontogeny: growth
and death. Diabetologia, 40, B27-B32.



Corentin. C.M, Lynda.E, Paul. C & Raphael. S (2001). Epidermal growth factor
increases undifferentiated pancreatic embryonic cells in vitro. A balance between
proliferation and differentiation, Diabetes, 59, 1571-1579.

CorsonM.A, Alexander.R.W & Berk.B.C (1992). 5-HT2 receptor mRNA g
overexpressed in cultured rat aortic smooth muscle cell relative to normal aorta. 4m,
J. Physiol, 262, C309-C315.

Crowley.S.T, Dempsey.E.C, HorwitzK.B & Horwitz.L.D (1994). Platelet-induced
vascular smooth muscle cell proliferation is modulated by the growth amplification
factors serotonin and adenosine diphosphate. Circulation, 90, 1908-1918.

Cruise. J.L, Muga. S.J, Lee. Y & Michalopoulose. G.K (1989). Regulation of
hepatocyte growth: Alphal-adrenergic receptor and ras p2l1 changes in liver
regeneration. J. Cell Physiol, 140, 195-201.

Cryer. P.E (1993). Adrenaline: a physiological metabolic regulatory hormone in
humans. Int J Obes Relat Metab Disord, 17 Suppl 3, S43-6.

Daniel S. Cowen , Rebecca S. Sowers & David R. Manning (1996). Activation of a
Mitogen-activated Protein Kinase (ERK2) by the 5-Hydroxytryptaminel A Receptor
I[s Sensitive Not Only to Inhibitors of Phosphatidylinositol 3-Kinase, but to an
Inhibitor of Phosphatidylcholine Hydrolysis. J. Biol. Chem, 371, 22297-22300.

Davidson. P.M, Campbell. 1.L, Oxbrow. L, Hutson. J.M & Harrison. L.C (1989).
Pancreatic P-cell proliferation in rabbits demonstrated by bromodeoxyuridine
labeling. Pancreas, 4, 594-600.

De Lucchini. S, Ori..M, Nardini. M, Marracci. S & Nardi. [ (2003). Expression of 5-
HT,s and 5-HTyc receptor genes is associated with proliferative regions of Xenopus
developing brain and eye. Brain Res Mol Brain Res, 115, 196-201.

De Courcelles.C.D, Leysen E.J, De Clerck. F, Van Belle. H & Janssen. A.P (1985).
Evidence that phospholipid turnover is the signal transducing system coupled to
serotonin-S2 receptar sites. J Biol Chem, 260, 7603-7608.

Di Sebastiano. P, Friess. H, Di Mola. F.F, Innocenti. P & Buchler. M.W (2000).
Mechanisms of pain in chronic pancreatitis. Ann [tal Chir, 71, 11-16.

Ding. A, Nitsch. R & Hoyer. S (1992). Changes in brain monoaminergic



peurotransmitter concentrations in rat after intracerebroventricuiar injection of
streptozotocin. J. Cereb. Blood Flow Metab, 12, 103-109.

pDubuc.P.U (1976). The development of obesity, hyperinsulinemia and
hyperglycaemia in ob/ob mice. Metabolism, 25, 1567-1574.

Dudek. R.W, Kawave. P., Brinn. .E, Poole. M.C. & Morgan. C.R (1984). Effects of
owth hormone on the in vitro maturation of fetal cells. Proc. Soc. Exp. Biol. Med,
177, 69-76.

Dunger. A, Sjoholm. A & Eizirik. D. L (1990). Amino acids and human amniotic
fluid increase DNA biosynthesis in pancreatic islets of adult mouse, but this effect is
lost following exposure to streptozotocin. Pancreas, 5, 639-646.

Dunne. M.J (1991). Block of ATP-regulated potassiun channels by phentolamine and
other a-adrenoreceptor antagonists. Br. J. Pharmacol, 1071, 67-82.

Eaton.M, Staley J. K & Globus.M.Y (1995). Neuronal differentiation: The role of
brain-derived neurotrophic factor and membrane depoliarization. Dev. Biol, 170, 169-
182.

Eddahibi.S, Fabre.V, Boni.C, Martres.M.P, Raffestin.B, Hamon.M & Adnot.S
(1999). Induction of serotonin transporter by hypoxia in pulmonary vascular smooth
muscle cells. Relationship with the mitogenic action of serotonin. Circ. Res, 84, 329 -
336.

Efanov. A, Zaitsev. S & Berggren. P (1997). Inositol hexabisphosphate stimulates
non-Ca2+ mediated exocytosis of insulin by activation of protein kinase C.

Proc.Natl. Acad. Sci, 94, 4435-4439,

Ekholm. R, Ericson. L.E & Lundquist. I (1971). Monoamines in the pancreatic islets
of the mouse: subcellular localization of S5-hydroxytryptamine by electron
microscopic autoradiography. Diabetologia, 7, 339-348.

Elsasser. H.P, Adler.G & Kern. H.F (1986). Time course and cellular source of
Pancreatic regeneration following acute pancreatitis in the rat. Pancreas. 1, 421-429.

Eriksson. U & Swenne. [ (1982). Diabetes in pregnancy: growth of the fetal
Pancreatic B-cells in the rat. Biol Neonate, 42, 239-248.



Erlander.M.G, Lovenberg. T.W, Baron.B.M, De.Lecea.L, Danielson.P.E, Racke.M,
Slone.A.L, Siegel.B.W, Foye.P.E & Cannon.K (1993). Two members of a distinct
subfamily of 5-hydroxytryptamine receptors differentially expressed in rat brain,
Proc. Natl. Acad. Sci, 90, 3452-3456.

Esterhuizen. A.C, Spriggs .T.L & Lever. 1.D (1968). Nature of islet-cell innervation
in the cat pancreas. Diabetes, 17, 33-36.

Exton.J.H (1981). Molecular mechanisms involved in alpha-adrenergic responses,
Mol Cell Endocrinol, 23, 233-264.

Exton.J.H (1988). Role of phoshpoinositides in the regulation of liver function,
Hepatology, 8, 152-166.

Fanburg.B.L & Lee.S.L (1997). A new role for an old molecule: serotonin as a
mitogen. Am. J. Physiol, 272, L795-L806.

Fantl (1993). Signalling by receptor tyrosine kinases. Annu. Rev. Biochem, 62, 453-
481. -

Feldman. JM, Quickel. K.E. & Leboritz. H.E (1972). Potentiation of insulin
secretion in vitro by serotonin agonists. Diabetes. Res, 31, 59-66.

Feldman. J.M & Chapman.B (1975). Characterisation of pancreatic islet monoamine
oxidase. Metabolism, 24, 581-588.

Fernandez. A.J., Garris. R & Malaisse. W.J (1996). Impairmnet of insulin reiease by
glucose eprivation or excess in rat pancretic islets. Diabetes Res, 31, 59-66.

Finegood. D.T, Scaglia L. & Bonner-Weir S. (1995). Dynamics of B-cell mass in the
growing rat pancreas. Estimation with a simple mathematical model. Diabetes, 44,
249-256.

Fischer.Y, Thomas.J, Kamp.J, Jungling.E, Rose.H, Carpene.C & Kammermeier.H
(1993) Biochem. J. 311, 575-583.

Fisher.L.A (1989). Corticotropin-releasing factor: endocrine and autonomic
integration of responses to stress. Trends Pharmacol sci, 10, 189-193.

Fornal. C.A, Metzier. C. W, Gallegos. R. A, Veasey. S. C, Mc Creary. A. C &
Jacobs. B. L (1996). J. Pharmacol. Exp. Ther, 278, 752762,



zardR Mir.A.K, Middlemiss.D.M (1987). The cardiovascular response to 8-
ydroxy-l -(di-n-propylamino)tetraline (8-OH DPAT) in the rat; site of action and
}harmacologlcal analysis. J. Cardiovasc. Pharmacol, 9, 328-347.

FUJ" S (1979). Development of pancreatic endocrine cells in the rat fetus. Arch
sttol Jpn, 42, 467-479.

-"Fuller.R.W (1990). Serotonin receptors and neuroendocrine  responses.
Neuropsychopharmacology, 3, 495-502.

¥

suller. RW & Snoddy. H.D (1990). Sertonin receptor subtypes involved in the
elevation of serum corticosterone concentration in rats by direct and indirect acting
serotonin agonists, 52, 206-211.

]
I

Furman. B.L & Wilson. G.A (1980). Diabetologia, 19, 386-390.

Furuzawa. Y, OhmoriY & Watanabe. T (1996). Anatomical localization of
¥ympathetic postganglionic and sensory neurons innervating the pancreas of the cat. J
Vet Med Sci, 58, 243-248.

IGardemann. A, Jungermann.K, Grosse. V, Cossel. L, Wohlrab. F, Hahn. H.J, Blech.
"W & Hildebrandt W (1994). Intraportal transplantation of pancreatic islets into livers
of diabetic rats: reinnervation of islets and regulation of insulin secretion by the
‘hepatic sympathetic nerves. Diabetes, 43, 1345-1352.

%

“Garrino. M.G & HenquinJ.C (1990). B cell adrenoceptors and sulphonyiurea-
induced insulin release in mouse islets. Diaberologia, 33, 145-147.

“iGaskins. H, Baldeon. M, Selassie. L & Beverly. J (1995). Glucose modulates gamma

“aminobutyric acid release from the pancreatic b-TC6 cell line. J. Biol. Chem, 270,
30286-30289.

-"Gauthier. C, Vranic. M & G.F & Hetenyi. J (1980). Importance of glucagon in

"Eelgulatory rather than emergency responses to hypoglycaemia. Am. J. Physio, 238,
31-E140.

‘Gepts W & Le Compte.P.M (1990). In:The diabetic pancreas, Ed Volk B., Arquilla.
ER 348-50 2™ ed New york: Plenum.

Gerhardt, C.C, v.H.H. (1997). Functional characteristics of heterologously expressed



5-HT receptors. Eur J Pharmacol, 334, 1-23.

Gilbert.F, Brazell.C, Tricklebank.M.D & Stahl.S.M. (1988). Activation of the
HTIA receptor subtype increases rat plasma ACTH concentration. Eyr
Pharmacol, 147, 431-439.

Gilon.P, Reusens-Billen, Remacle.C, de.V.Ph, J, Pauwels.G & HoetJ.] (198
Localisation of high-affinity GABA uptake and GABA content in the rat duoden,
during development. Cell Tissue Res, 249, 593-600.

Glowinski. J & Iverson. L.L. (1966). Regional studies of catecholamines in the
brain: The disposition of [’H]Norepinephrine, ["H]DOPA in various regions of ¢
brain. J Neurochem, 13, 655-669.

Gothert.M (1992). 5-Hydroxytryptamine receptors: an example for the complexity
chemical transmission of information in the brain. Arzneimittelforschung, 2, 238-24

Grailhe.R, Amlaiky.A.N, Ghavami.A, Ramboz.S, Yocca.F, Mahle.C, Margouris.
Perrot.F & Hen.R (1994). Human and mouse 5-HT;s,4 and 5-HTsp receptors: Clonu
and functional expression. Soc. Neurosci. Abstr, 20, 1160.

Grana. X & Reddy. E. P (1995). Cell cycle control in mammalian cells: role (
cyclins, cyclin dependent kinases (CDKs), growth suppressor genes and cycliy
dependent kinase inhibitors (CKIs). Oncogene, 11, 211-219. {

it
Green. I.C, Perrin.D, Pedley. K.C, Leslie. R.D.G & Pyke. D.A (1980). Effect ¢

enkephalins and morphine on insulin secretion from isolated rat islets. Diaberologh
19, 158-161. §

Greenberg. G & Pokol.D (1994). Neural moduiation of glucose depend i

insulinotropic peptide (GIP) and insulin secrtion in concious dogs. Pancreas, 9, 53
535. ,

Guz. Y, Nasir] & Teitelman. G (2001). Regeneration of pancreatic B-cells fr :

intra-islet precursor cells in an experimental model of diabetes. Endocrinology,
4956—4968.

[

Gylfe. E, Hellman. B, Sehlin. J & Talijedal. I.B (1973). Aminoacid conversion iff
S-Hydroxytryptamine in pancreatic B-cells. Endocrinology, 93, 932-937.

{
{

Haber. E.P er af (2003). Pleiotropic effects of fatty acids on pancreatic B-cells. J cd



Physiol, 194, 1-12.

Hagan.].J, HatcherJ.P & Slade.P.D (1995). The role of 5-HT,p and 5-HTIA

receptors in mediating 5-hydroxytryptophan induced myoclonic jerks in guinea pigs.
Eur. J. Pharmacol, 294, 743-751.

Hakan Borg. L.A & Andersson. A (1981). Long-term effects of glibenclamide on the
insulin production, oxidative metabolism and quantitative ultrastructure of mouse

ancreatic islets maintained in tissue culture at different glucose concentrations. Acta
Diabetol Lat, 18, 65-83.

Hamon.M (1997). Serotoninergic Neurons and 5-HT receptors in the CNS. ed.
Gothert.M, B.H.G. pp. 236-238: Berlin: Springer.

Hanahan. D (1985). Heritable formation of pancreatic f-cell tumours in transgenic
mice expressing recombinant insulin/simian virus 40 oncogenes. Narure, 315, 115-
122,

Hanley. N.R & Van de Kar. L (2003). Serotonin and the neuroendocrine regulation
of the hypothalamic--pituitary-adrenal axis in health and disease. Vitam Horm
66:189-255.

Harris. T.E., Persaud. S.J & Jones. P.M (1996). A typical isoforms of Protein Kinase

C and insulin secretion fro pancreatic B-cells: Evidence using GOE 6976 and RO 31-
8220 as PKC inhibitors. Biochem. Biophys. Res. Commun, 227, 672-676.

Hayashi. K.Y, Tamaki.H, Handa. K, Takahashi. T, Kakita. A & Yamashina. S
(2003). Differentiation and proliferation of endocrine cells in the regenerating rat

pancreas after 90% pancreatectomy. Arch Histol Cytol, 66, 163-74.

Hellerstrom. C, Andersson. A & Gunnarsson. R (1976). Regeneration of islet cells.
Acta Endocrinol Suppl (Copenh), 203, 145-60.

Hellerstrom. C (1984). The life story of the pancreatic B-cell. Digbetologia, 393-400.
Hellerstrom. C & Swenne. 1 (1985). Growth pattern of pancreatic islets in animals. In
The Diabetic Pancreas. ed. Voik, BW & Arquilla. ERR. pp. 53-79: New York:

Plenum Press.

Hellerstrom.C & Swenne. I (1991). Functional maturation and proliferation of fetal



pancreatic B-cells. Diabetes, 40, 89-93.

Helman. A, Marre.M, Bobbioni.E, Poussier.P, Reach.G & Assan.R (1982). The brain
islet axis the nervous control of the endocrine pancreas. Diabete Metab, 8, 53-64.

Herrick-Davis.K, Grinde.E & Niwsender.C.M (1999). Serotonin 5-HT»c receptor
RNA editing alters receptor basal activity: implications for serotonergic signal
transduction. J. Neurochem, 73, 1711-1717.

Hill. D.J, Petrik. J & Arany. E (1998). Growth factors and the regulation of fetal
growth. Diabetes, Care 21 Suppl 2, B60-B69.

Hisatomi. M, Hidala. H & Niki. T (1996). Ca2+/Calmodulin and cyclic 3', §
adenosine monophosphate control movement of secretory granules through protein
phosphorylation/depolarization in the pancreatic -cells. Endocrinology, 137, 4644-
4649.

Holst. J.J, T. W. Schwartz, S. Knuhtsen, S. L. Jensen & O. V. Nielsen. (1986).
Autonomic control of the endocrine secretion from isolated, perfused pig pancreas. J
Auton. Nerv. Sys, 17, 71-84.

Horino. M, Machlin. L.J, Hertelendy. F & Kipnis. D.M (1968). Effect of short chain
fatty acids on plasma insulin in ruminant and non-ruminant species. Endocrinology,
83, 118-124.

Hostens. K.er al (1999). Prolonged exposure of human (-cells to high glucose
increase their release of proinsulin during acute stimulation with glucose or arginine.
J. Clin. Endocrinol. Metab, 4, 1386-1390.

Howell. S.L & Taylor. K.W (1968). Potassium ions and the secretion of insulin by
islets of Langerhans incubated in vitro. Biochem. J., 108, 17-24.

Hoyer.D, Clarke.D.E, FozardJ.R. Hartig.P.R, Martin.G.R, Mylecharane.E.J,
Saxena.P.R & Humphrey.P.P.A (1994). Intrenational Union for Pharmacology
classification of receptors for 5-Hydroxytryptamine (Serotonin). Pharmacol Rev. 46,
157-203.

Hoyer.D & Martin.G (1997). 5-HT receptor classification and nomenclature: Toward
a harmonization with the human genome. Neuropharmacology, 36, 419-428.

Huang D.L, Latus.L.J & Lev-Ran A (1992A). Effects of platelet contained growth



tors (PDGF, EGF, IGF-1, and TGF-B) on DNA synthesis in porcine aortic smooth
uscle cells in culture. Exp Cell Res, 200, 358-360.

I{uchtebrock. H.J, Niebel.W, Singer. M.V & Forssmann. W.G (1991). Intrinsic
sancreatic nerves after mechanical denervation of the extrinsic pancreatic nerves in

dogs. Pancreas, 6, 1-8.

i{utson. P.H, Sarna. G.S, O'Connel, M.T & Curzon. G. (1989). 5-HT synthesis and
jelease in vivo is decreased by infusion of 8-OH DPAT into the nucleus raphe
dorsalis. Neurosci. Lett, 100, 276-280.

i{yman S.E & Nestler.E.J (1993). The Molecular Foundations of Psychiatry:
American Psychiatric Press, Washington DC.

[ain. D, Margaret. S, Robert. J, Louis. H, Michael. W, Ben. S & Flennings (1994).
bependence on NADH produced during glycolysis for B-cell glucose signalling. J.
Biol. Chem, 269, 10979-10982.

fke.J, Canton.H & Sanders-Bush.E (1995). Developmental switch in the hippocampal
gerotonin receptor linked to phosphoinositide hydrolysis. Brain Res, 678, 49-54.

fonescu.E, R.-J.F., Berthoud HR & Jeanrenaud. B (1983). Increases in plasma
insulin levels in response to electrical stimulation of the dorsal motor nucleus of the
yagus nerve. Endocrinology, 112, 904-910.

Ishizuka.J, Beauchamp.R.D, Townsend.C.M.Jr., Greeley.G.H.Jr. & Thompson.J.C
(1992).  Receptor-mediated  autocrine  growth-stimulatory  effect of  5-

P_ydroxytryptamine on cultured human pancreatic carcinoid cells. J. Cell Physiol,
150, 1-7.

Exjyins.K.J & Molinoff.P.B (1991). Desenzitisation and down-regulation of 5-HT2
- Xeceptors in P11 cells. J. Pham. Exp. Ther, 259, 423-429.

i’a(:kson. J, Pius. S.P, Thomas. P & Paulose. C.S (1997). Platelet mooamine changes

‘gdiabetic patients and streptozotocin induced diabetic rats. Current Science, 72,
7-139,

J‘fck?on. J & Paulose. C.S (1999). Enhancement of [m-methoxy 3H]MDL100907
Plndmg to SHT2A receptors in cerebral cortex and brain stem of streptozotocin
nduced diabetic rats. Mol Cell Biochem, 199, 81-85.



Jacobs. B.L & Azmitia. E.C (1992). Structure and function of the brain serotop;
system. Physiol. Rev, 72, 165-229.

Jamnicky. B, Slijepcevic. M, Hadzija. M, Juretic. D & Borcic. O (1991). Tryptophg
content in serurmn and brain of long-term insulin-treated diabetic rats. Acta. Diabeyg
Lat, 28, 11-18.

Jamnicky. B, Muck-Seler. D & Slijepcevic. M (1993). Favourable effect
tryptophar/insulin treatment on serotoninergic imbalance in alloxan diabetic rap
Comp. Biochem. Physiol. Comp. Physiol, 105, 267-273.

Jarhult J, Falck.B, Ingemansson. S & Nobin. A (1979). The functional importance;
sympathetic nerves to the liver and endocrine pancreas. 4nn Surg, 189, 96-100. -

Jeanrenaud. B, Berthoud.H.R, Bereiterr D.A & Rohner-Jeanrenaud (1980
Moduiation by the central nervous system (CNS) of the activity of the endocrin
pancreas. Ann Endocrinol (Paris), 41, 555-561.

Jones.M.T, Hillhouse.EW & Burden.J (1976). Efeect of various putativ
neurotransmitters on the secretion of corticotropin releasing hormone from the r
hypothalamus in vitro-a model of the neurotransmitters involved. J Endocrinol, 64
1-10.

Julius.D, LivelliJ.T, JesselM.T & Axel.LR (1989). Ectopic expression of th
serotonin 1C receptor and the triggering of malignant transformation. Science, 244
1057-1062.

Jun Yamada. Y.S, Ikuko Kimura, Naoko Takeuchi & Kazuyoshi Horisaka (1990
The acitvation of serotonin receptors by tryptamine induces hyperinsulinemia
mice. Eur J Pharmacol, 181, 319-322.

Juszkiewicz. M (1985). The effect of insulin on the central serotonergic system oftl!
rat. Pol. J Pharmacol Pharm, 37, 591-600. '

Karlin.A & Akabas.M.H (1995). Toward a structural basis for the function&
nicotinic acetvlcholine receptors and their cousins. Neuron, 15, 1231-1244.

—

Karlsson. S & Ahren.B (1992). Cholecystokinin and the regulation of insuli!
secretion. Scand J Gastroenterol, 27, 161-165.

Karisson. S, Scheurink A.J.W, Steffens. A.B & Ahrén. B (1994). lnvolvemenld



capsaicin-sensitive nerves in regulation of insulin secretion and glucose tolerance in
conscious mice. Am J Physiol 267:R1071-R1077.

Kasai. M & Ikeuchi.M (1982). Regulation of pancreatic B-cell replication by glucose
and some other substances. Biomed Res, 3, 688-692.

Kinami. S, Miwa.K, Sato. T & Miyazaki. I (1997). Section of the vagal celiac branch
in man reduces glucagon-stimulated insulin release. J Auton Nerv Syst, 64, 44-48,

King. D.L & Chick. W.L (1976). Pancreatic B-cell replication: Effects of hexose
sugars. Endocrinology, 99, 1003-1009.

King. D.L, Kitchen. K.C & Chick. W.L (1978). Pancreatic $-cell replication: relation
to insulin secretion. Endocrinology, 103, 1321-1327.

Kirchgessner. A.L & Gershon.M.D (1990). Innervation of the pancreas by neurons in
the gut. J Neurosci, 10, 1626-1642.

Kirchgessner. A.L & Pintar.J.E (1991). Guinea pig pancreatic ganglia: projections,
transmitter content, and the type-specific localization of monoamine oxidase. J Comp
Neurol, 305, 613-631.

Knopp. J, Gesova. D, Rusnak. M, Jaroscakova. I, Farkas. R & Kvetnasky. R (1999).
Changes in plasma catechoiamine and corticosterone levels and gene expression of
key enzymes of catecholamine biosynthesis in partially hepatectomised rats. Endocr.
Regul. 33, 145-153.

Kobayashi S & Fujita.T (1969). Fine structure of mammalian and avian pancreatic
islets with special reference to D cells and nervous elements. Z Zellforsch Mikrosk
Anat, 100, 340-363.

Kohen.R, Metcaif M. A, Khan.N, Druck.T, Huebner.K, Lachowicz.].E, Meltzer H.Y,
Sibley.D.R, Roth.B.L. & HamblinM.W (1996). Cloning, characterization, and

chromosomal localization of a human 5-HT6 serotonin receptor. J. Neurochem, 66,
47-56.

Konrad. R, Young. R, Record. R, Smith. R, Butkerait. P, Manning. D, Jarettd. L &
Wolf. B. (1995). J. Biol. Chem, 270, 12869-12876.

Kuhn.D.M, Wolf W.A & Lovenberg. W (1980). Review of the role of the central
Serotonergic neuronal system in blood pressure regulation. Hypertension, 2, 243-253.



Kurose. T, Seino.Y, Nishi S, Tsuji. K, Taminato. T, Tsuda. K & Imura. H (1990),
Mechanism of sympathetic neural regulation of insulin, somatostatin, and glucagon
secretion. Am J Physiol, 258, E220-E227.

Kwok. R & Juorio. A (1987). Facilitating effect of insulin on brain 5.
hydroxytryptamine metabolism. Neuroendocrinol, 45, 267-273.

Labrakakis.C, Part.S, Hartmann.J & Kettenmann.H (1988). Functional GABAA
receptors on human glioma cells. Eur. J. Neurosci, 10, 231-238.

Labrecque.J, Fargin.A, Bouvier. M, Chidiac. P & Dennis. M (1995). Serotonergic
antagonists differentially inhibit spontaneous activity and decrease ligand binding
capacity of the rat S-hydroxytryptamine type 2C receptor in Sf9 celis. Mol
Pharmacol, 48, 150-159.

Lacey. R.J, Berrow.N.S, Scarpetlo LH.B & Morgan. N.G (1991). Selective
stimulation of glucagon secretion by f2-adrenoceptors in isolated islets of
Langerhans of the rat. Br J Pharmacol, 103, 1824-1828.

Lackovic. Z, Salkovic. M, Kuci. Z & Relja. M (1990). Effect of long lasting diabetes
mellitus on rat and human brain monoamines. J. Neurochem, 54, 143-47.

Laghmich. A, Ladeiere. L & Malaisse. W.J (1997). Stimulation of insulin release and
biosynthetic activity by 1,2,3-trimethyl succinyl glycerol ester in pancreatic islets of
Goto-Kakizaki rats. Ned. Sci. Res, 25, 517-518.

Lang. C (1995). Inhibition of central GABA A feceptors enhances hepatic glucose
production and peripheral glucose uptake. Brain Res. Bull, 37, 611-616.

Lambert HW & Lauder JM (1999) Serotonin receptor agonists that increase cyclic
AMP positively regulate IGF-1 in mouse mandibular mesenchymal cells. Dev
Neurosci 21:105-112

Lambert HW, Weiss ER & Lauder JM (2001) Activation of 5-HT receptors that
stimulate the adenylyl cyclase pathway positively regulates IGF-1 in cultured

craniofacial mesenchymal cells. Dev Neurosci 23:70-77

Lauder.J. M, Wallace.J.A, Wilkie.M.B, DiNome.A & Krebs.H (1983). Roles for



rotonin in neurogenesis. Neural Sci, 9, 3-10.

: uder.J.M (1990). Ontogeny of the serotonergic system in the rat: serotonin as a
evelopmental signal. In The Neuropharmacology of Serotonin. ed. Whitaker-
azmitia.P.M & Peroutka.S.J pp 297-314: New York: The New York Academy of
iSciences.

E;_Laudcr.J.M {1993). Neurotransmitters as growth regulatory signals: role of receptors
Aand second messengers. Trends NeuroSci, 16, 233-240.

: Laychok.S.G (1990). Glucose metabolism, second messengers and insulin secretion .
Life Sci., 47, 2307-2316.

_sLaunay J-M, Birraux G, Bondoux D, Callebert J, Choi D-S, Loric S & Maroteaux L
(1996) Ras involvement in signal transduction by the serotonin 5-HTyg receptor. J
Biol Chem., 271:3141-3147.

Leahy. J.L, Bonner-Weir. S & Weir. G.C (1988). Minimal chronic hyperglycaemia is
a critical determinant of impaired insulin secretion after an incomplete
pancreatectomy. J Clin Invest, 81, 1407-1414.

;;Lechin F, Coll-Garcia.E, Van Der Dijs B, Pena F, Bentolila A & Rivas C (1975). The
E:effect of serotonin (5-HT) on insulin secretion. Acta Physiol Lat Am, 25, 339-346.

’Lee.S.L, Wang. W.W & Fanburg.B.L (1997). Association of tyrosine phosphorylation

tof GTPase-activating protein with mitogenic action of serotonin. Am. J. Physiol, 272,
C223-C230.

“Lesch.K.P, Sohnle.K, Poten.B, Schoeilnhammer.G, Ruprecht. R & Schulte.H.M
{1990). Corticotropin and cortisol secretion after central 5-HT, receptor activation:

effects of 5-HT receptor and B-adrenoreceptor antagonists. J Endocrinol. Metab., 70,
670-674.

Liang .Y, L.S & Cincotta .A.H (1999). Long-term infusion of norepinephrine plus

,trotonin into the ventromedial hypothalamus impairs pancreatic islet function. , 48,
87-1289.

Liao, B, Miesak.B.H & Azmitia. E.C (1993). Loss of 5-HT1A receptor mRNA in the
dentate gyrus of the longterm adrenalectomized rat and rapid reversal by
dexamethasone. Mol Brain Res, 19, 328-332.



Like. A.A & R.A. (1976). Streptozotocin-induced pancreatic insulitis; new mode] ,
diabetes mellitus. Science, 193, 415417.

Lindstrom. P & Sehlin. J (1983). Opposite effects of 5-hydroxytryptophan and 5-H
on the function of microdissected ob/ob-mouse pancreatic islets. Diabetologia, 3
52-57.

Lindstrom. P, Sehlin.J (1983). Mechanisms underlying the effects of .
hydroxytryptamine and 5-hydroxytryptophan in pancreatic islets. A proposed role f;
L-aromatic amino acid decarboxylase. Endocrinology, 112, 1524-1529.

Liposits. Z, Phelix. C & Paull. W.K (1987). Synaptic interaction of serotonerg
axons and corticotropin releasing factor (CRF) synthesizing neurons in ¢
hypothalamic paraventricular nucieus of the rat: A light and electron microscop
immunocytochemical study. Histochemistry, 86, 541-549,

Lisa. J1.B, Vildan. N.C, Per-Olof. B, Vera. S, Barbera. E.C & Keith. T (1994

. . . . . . 2+
Glucose stimulated increase in cytoplasmic pH precedes increase in free Ca™ |

pancreatic B-cells. A possible role for pyruvate. J. Biol. Chem, 269, 14391-1439S. | ‘

Liu H.P, Tay.S.S, Leong. S & Schemann. M (1998). Colocalization of ChAT, D
and NADPH-d in the pancreatic neurons of the newborn guinea pig. Cell Tissue Re
294,227-231.

Liu.Y.F & Albert.P.R (1991). Cell-specific Signaling of the S-HTl A Receptor
modulation by protein kinases C and A. J. Biol. Chem, 266, 23689-23697. :

Logothetopoulos. J ( 1972). Islet cell regeneration and neogenesis. In Handbook t
Physiology, Seet. 7. Endocrinology Vol. 1. ed. Steiner, D.F., Frienkel, N. pp. 677!
American Physiological Society. :

(
Logothetopoulos J, V & Cvet D. (1983). Glucose stimulation of B-cell DNi
replication in the intact rat and in pancreatic islets in suspension culture. Effects ¢
alpha-ketoisocaproic acid, dibutyryl cyclic AMP, and 3-isobutyl- l-methylxanthmei
the in vitro system. Diabetes, 32, 1172-1176.

Lohr. M, Lubbersmeyer. J, Otremba. B, Klapdor. R, Grossner. D & Kloppel. {
(1989). Increase in B-cells in the pancreatic remnant after partial pancreatectomhj
f

pigs. An immunocytochemical and functional study. Virchows Arch B Cell Pa
Incl Mol Pathol, 56, 277-286.



Love. JA & Szebene.K. (1999). Morphology and histochemistry of the rabbit
pancrcatic innervation. Pancreas, 18, 53-64.

Lowey, A.D., Franklin, M.F & Haxhinu, M.A. (1994). Central nervous system
monoamine groups projecting to pancreatic vagal motor neurons: a transneuronal
labelling study using pseudorabies virus. Brain Res, 638, 248-260.

Lowry.O.H, Rosebrough.N.J, Farr. AL & Randall.J (1951). Protein measurement
with folin phenol reagent. J. Biol. Chem, 193, 265-275.

Lucia, V, Trevor.] & Wollheim. C (1987). Guanine nucleotides induce Ca2+-
independent insulin secrtion from permeabilized RINmSF cells. J. Biol. Chem, 262,
5049-5056.

Lucki.l (1988). The spectrum of behaviors influenced by serotonin. Bio/ Psychiatry,
44, 151-162.

Luiten. P.G, Ter Host.G, Koopmans. S.J, Rietberg. M & Steffens. A.B (1984).
Preganglionic innervation of the pancreas islet cells in the rat. J Auton Nerv Syst, 10,
27-42. )

Malaisse. W, Malaisse-Lagae. F, Wright. PH & Ashmore. J (1967). Effects of
adrenergic and cholinergic agents upon insulin secretion irn vitro. Endocrinology, 80,
975-978.

Malaisse. W.J (1972). Hormonal and environmental modification of islet activity. In
Endocrine pancreas. ed. Greep, R.O, Astwood. E.B. pp. 237-260: Washington D C:
Am. Physiol. Soc.

Marco. J, J. A. Hedo, J. Martinell, C. Calle & M. L. Villanueva (1976). Potentiation
of glucagon secretion by serotonin antagonists in man. J. Clin. Endocrinol. Metab. |
42,215-221.

Mares. J & Welsh. M (1993). Expression of certain antiproliferative and growth-
related genes in isolated mouse pancreatic islets: analysis by polymerase chain
teaction. Digbete Metab, 19, 315-320.

Maricq.A.V, Peterson.A.S,Brake.A.J, Myers.RM & Julius.D (1991). Primary
Structure and functional expression of the SHT3 receptor, a serotonin-gated ion
channel. Science, 254, 432-437.



Markstein. R., Hoyer.D & Engel. G (1986). 5-HT 4 receptors mediate stimulation of
adenylate cyclase in rat hippocampus. Naunyn Schmeidebergs Arch. Pharmacol,
333, 335-341.

Marshall. C.J (1991). Tumor suppressor genes. Cell, 64, 313-326.

Martin. JM & P.F.Lacy (1963). The prediabetic period in partially
pancreatectomised rats. Diabetes, 12, 238-242.

Matschinsky. F.M (1996). Diabetes, 45, 223-241.
McCaleb. M.L & Myers.R.D (1982). Am. J. Physiol., 242, R 596-R 601.

McCall. R.B (1983). Serotonergic excitation of sympathetic preganglionic neurons:
a microionophoretic study. Brain res, 289, 121.

McCall. R.B & Clement.M.E (1994). Role of serotonin,, and serotonin;, receptors in
the central regulation of the cardiovascular system. Pharmacol Rev, 46, 231-243.

McCall.B.R & Harris.L.T (1988). S-HT2 receptor agonists increases spontaneous
sympathetic nerve discharge. Eur. J. Pharm, 151, 113-116.

McCall.R.B & Harris.L.T (1987). Characterization of the central sympathoinhibitory
action of ketanserin. J. Pharmacol. Exp. Ther, 241, 736-740.

McEvoy, R.C & Hegre. O.D (1978). Syngeneic transplantation of fetal rat pancreas.
[I. Effects of insulin treatment on the growth and differentiation of pancreatic
implants 15 days after transplantation. Diabetes, 27, 988-995.

McEvoy. R.C (1981). Fetal rat pancreas in organ culture: effect of exogenous insulin
on the development of islet cells. Horm. Metab. Res, 13, 5-8.

McEvoy. R.C (1981). Changes in the volumes of the A-, B-, and D-cell populations
in the pancreatic islets during the postnatal development of the rat. Digbetes, 30, 813-
817.

Meaney.M.J, Diorio.J, Francis.D, LaRocque.S. O'Donnell.D, Smythe.J.W ,Sharma.S
& Tannenbaum.B (1994). Environmental regulation of the development of
glucocorticoid receptor systems in the rat forebrain. The role of serotonin. Ann. N. Y.



ad. Sci, 746, 260 -273.

1enC-P, Pugliese.F & Cinotti. G.A (1991).  Serotonin and the glomerular
wesangium. Mechanisms of intracellular signaling. Hypertension, 17, 151-160

i

!Mcrzak.A, Koochekpour..S., Fillion M.P, Fillion.G & Pilkington.G.J (1996).
Expression of serotonin receptors in human fetal astrocytes and glioma cell lines: A
Wossible role in glioma cell proliferation and migration. Brain Res. Mol. Brain Res,

n,1-7.

ﬁichaiopoulose, G.K & DeFrancis.M.C. (1997). Liver regeneration. Science, 276,
§0-66.

Miettinen. P.J, Houtari.M, Koivisto. T, Ustinov. J, Palgi. J, Rasilainen. S, Lehtonen.
E, Keski-Oja. J & Otonkoski. T (2000). Impaired migration and delayed
differentiation of pancreatic islet cells in mice lacking EGF-receptors. Development,
127,2617-2627.

ke
Miller.R.E (1981). Pancreatic neuroendocrinology : peripheral neural mechanisms in
the regulation of the islets of Langerhans. Endocrine Rev, 2, 471-494.

Milner. R.D.G & Hill. D.J (1984). Fetal growth control: the role of insulin and
related peptides. Clin. Endocrinol, 21, 415-433.

Mulder. H, Ahren. B, Karlsson. S & Sundler. F (1996). Adrenomedullin localization
in the gastrointestinal tract and effects on insulin secretion. Regulatory Peptides, 62,
A07-112.

’Nakata.N, Suda.H, lzumi.J, Tanaka.Y, lkeda.Y, Kato.H, Itoyama.Y & Kogure.K
$1997). Role of hippocampal serotonergic neurons in ischemic neuronal death.
!{ehav. Brain Res, 83, 217-225.

f‘Nemeck.G.M, Coughlin.S.R, Handley.A.D. Moskowitz A.M, (1986). Stimulation of
i:?,rtic smooth muscle cell mitogenesis by serotonin. Proc Natl Acad Sci. USA, 83,
074-678.

‘.Nenpnene.E.K, Radja.F, Carli.M, Grondin.L & Reader.T.A (1994). Heterogenity of
®ortical and hippocampal 5-HT,. receptors: A reappraisal of homogenate binding

With 8-[3H]Hydroxydipropylaminotetralin. J. Neurochem, 62, 1822-1834.

Nielsen. J.H (1986). Growth and function of the pancreatic b-cell in vitro. Effects of



glucose, hormones and serum factors on mouse, rat and human pancreatic isletg
organ culture. 4cta Endocr, 111, 336-341.

Nishi.M & Azmitia.E.C (1999). Agonist- and antagonist-induced plasticity of rat-
HTIA receptor in hippocampal cell culture. Synapse, 31, 186 -195.

Niswender.C.M, Sanders-Bush.E & Emeson.R.B (1998). Identification gz
characterization of RNA editing events within the S'HTZC receptor. Ann. N. Y. 4eq

Sci, 861, 38-48.

Nonogaki.K (2000). New insights into sympathetic regulation of glucose and f
metabolism. Diabetologia, 43, 533-549.

Ohashi.N (1993). Pancreatic regeneration after major pancreatectomy and effect ¢
insulin administration in dogs. Nippon Geka Gakkai Zasshi, 94, 480-493.

Ohtani. N, Ohta. M & Sugano. T (1997). Microdialysis study of modification ¢
hypothalamic neurotransmitters in streptozotocin-diabetic rats. J. Neurochem, 6}
1622-1628. 1

Oommura. Y & Yoshimatsu. M (1984). Neural network of glucose monitorifi
system. J Auton. Nerv, Syst, 7, 165-174. K

Orci. L, A.E. Lambert, M.L. Amherdt, D. Cameron, Y. Kanazawa & W. Stauffachd
(1970). The autonomic nervous system and the B-cell: metabolic and morphologld
observations made in spiny mice (Acomys cahirinus) and in cultured fetal |
pancreas. Acta Diab. Latina Suppl., 1, 184-222. :
‘
Orci L, Perrelett.A, Ravazzola M, Malaisse-Lagae. F & Renold. A.E (1973).
specialized membrane junction between nerve endings and B-cells in lslets
Langerhans. Eur J Clin Invest, 3, 443-445.

Ortells.M.0 & Lunt.G.G (1995). Evolutionary history of the ligand-gated i
channel superfamily of receptors. Trends Neurosci, 18, 121-127.

Ostenson. C, Hjemdahl. P & Efendic. S (1993). Release of catecholammesi
increased but does not contribute to the impaired insulin secretion in the perfl y
pancreatic istet of diabetic rats. Pancreas, 8, 34-38.

Otonkoski. T. G. M. Beattie, J. S. Rubin, A. D. Lopez, A. Baird. & Hayek, A



1994). Hepatocyte growth factor/scatter factor has insulinotropic activity in human
tal pancreatic cells. Diabetes, 43, 947-953.

alaR, Willerson.J.T & Benedict.C.R (1994). Mitogenic effect of serotonin on
cular endothelial cells. Circulation, 90, 1919-1926.

fan L & GilbertF (1992). Activation of 5-HT,, receptor subtype in the
aventricular nuclei of the hypothalamus induces CRH and ACTH release in the
et Neuroendocrinology, 56, 797-802.

PparrotD P, Lockey.P.M & Bright.C.P (1991). Companson of the mitogenic activity
iof angiotensin Il and serotonin on porcine arterial smooth muscle cells.
B{theroscleroszs 88,213-218.

2

iPatel.S, Roberts.J, Moorman.] & Reavill.C (1995). Localization of serotonin-4
E"‘c eptors in the striatonigral pathway in rat brain. Neuroscience, 69, 1159-1167.

’;(’

qulose. C.S, Renuka. T.R & Eswar Shankar. P.N (2004). Neurotransmitter receptor
‘gene expression: insulin secretion and cell proliferation. In Neurobiology in the post
:genomic era, Narosa publishing house, New Delhi (In press).

Paulose. C.S, Dakshinamurti.K, Packer.S & Stephens. N.L (1988). Sympathetic
Estimulation and hypertension in pyridoxine deficint adult rat. Hypertension, 11, 387-

1391,

Paulose. C.S & Renuka. T.R (2004). Muscarinic M1 and M3 receptor functional
difference : Pancreatic islet cell proliferation and glucose homeostasis. Journal of
‘ENeurochemistry {Suppl 1), 88: 77 (2004).

?Pazos A, Palacios.J.M (1985). Quantitative autoradiographic mapping of serotonin
:receptors in the rat brain. 1. Serotonin-1 receptors. Brain Res, 346, 205-230.

"Pearson. K.W, Scott. D & Torrance. B (1977). Effects of partial surgical
‘Pancreatectomy in rats. Gastroenterology, 72, 469-473.

%

Penlngton N.J, Kelly 1.S, Fox. AP (1993). Whole cell recordings of inwardly
reCm’ymo K+ currents activated by 5-HT 4 receptors on dorsal raphe neurones of the
Mult rat, J Physiol, 469, 387-405.

l:"mington.N.J & Kelly.J.S (1990). Serotonin receptor activation reduces calcium



current in an acutely dissociated adult central neuron. Neuron, 4, 751-758.
Peroutka. S.J (1993). J Newrochem, 60, 408-416.

Peschke. E, Peschke.D, Hammer. T & Csernus. V (1997). Influence of melat0ni
and serotonin on glucose-stimulated insulin release from perifused rat pancreay
islets in vitro. J Pineal Res, 23, 156-163.

Peterhoff M, Sieg.A, Brede M, Chao CM, Hein L & Ullrich S. (2003). Inhibition ¢
insulin secretion via distinct signaling pathways in alpha2-adrenoceptor knockgy
mice. Eur J Endocrinol, 149, 343-350.

Pipeleers.D.G, Veld. L.P.A, DeWinkle. V.M, Maes. E, Schuit. F.C & Gepts, y
(1985). A new in vitro model for the study of pancreatic A and B celly
Endocrinology, 117, 806-816. :
Pitt.B.R, Weng.W, Steve.A.R, Blakely.R.D, Reynolds.] & Davies.P (1994
Serotonin increases DNA synthesis in rat proximal and distal pulmonary vascula
smooth muscle cells in culture. Am. J. Physiol, 266, L178-L186. ,

Pius. S.P (1996). Brain adrenergic and serotonergic receptor function i
streptozotocin-diabetic rats. Ph.D Thesis. Cochin University of Science any
Technology.

Plant. T.D & Henquin.J.C (1990). Phentolamine and yohimbine inhibit ATP:
sensitive K+ channels in mouse pancreatic B-cells. Br J Pharmacol, 101, 115-120.

Plevin R, Malarkey K, Aidulis D, McLees A & Gould G.W (1997). Cyclic AM!
inhibitors inhibit PDGF-stimulated mitogen-activated protein kinase activity in ré
aortic smooth muscle cells via inactivation of c-Raf-1 kinase and induction of MA{
kinase phosphatase-1. Cell Signal 9:323-328. 'g
Porte. D.J & Williams. R.H (1966). Inhibition of insulin release by norepmephrlnc‘
man. Science, 152, 1248. {4.‘
Porte. D.J, Graber. AL, Kuzuya. T & Williams. R.H (1966). The effect 4
Epinephrine on immunoreactive insulin levels in man. J. Clin. Invest, 45,228-236. 3

Porte Jr D (1967a). B- Adrenergic stimulation of insulin release in man. Diabetes, lg
150-155.



Porte Jr.D (1967b). A receptor mechanism for the inhibition of insulin reiease by
epinephri ne in man. J Clin Invest, 46, 86-94.

powley. T.L & OpsahL.C.A (1976). Autonomic components of the hypothalamic
feeding syndromes. In Hunger: Basic mechanisms and clinical implications. ed.
D.Novin, W.W.a.G.A.B. pp. 313-326: Raven Press, new York.

Pyroja. S (2002). 5-HT,a and 5-HT,c receptor gene expression and functional
regulation during rat hepatocyte proliferation and apoptosis. P.AD. Thesis, Cochin
University of Science and Technology.

Quickel. K.E, Feldman.J.M & Lebovitz. H.E (1971). Inhibition of insulin secretion
by serotonin and dopamine: species variation. Endocrinology, 89, 1295-1302.

Rabinovitch. A, Grill. V, Renold. A & Cerasi. E (1976). Insulin release and cyclic
AMP accumulation in response to glucose in pancreatic islets of fed and starved rats.
J. Clin. [nvest, 58, 1209-1213.

Rabinovitch. A, Quigley. C, Russel. T, Patel, Y. & Mintz, D.H. (1982). Insulin and
multiplication stimulating activity (an insulin-like growth factor) stimulate neonatal
rat pancreatic monolayer cultures. Diabetes, 31, 160-164.

Ramage. A.G & Fozard.J.R (1987). Evidence that the putative 5-HT,. receptor
agonists 8-OH-DPAT and ipsapirone have central hypotensive action that differs
from that of colonidine in anaesthetized cats. Eur J Pharmacol, 138, 179-191.

Ramage.A.G, Wouters A.W & Bavan P (1988). Evidence that the novel anti-
hypertensive agent flesinoxan cause differential sympathoinhibition and also
increased vagal tone by a central action. £ur J Pharmacol, 151, 373-379.

Ramage.A.G (2001). Central cardiovascular regulation and S-hydroxytryptamine
receptors. Brain Res Bull, 56, 425-439.

Randel. P.J (1993). Diabetologia, 36, 269-275.

Raymond. J.R, F.J. Alberts, I.P.Middleton, R.J.Lefkowitz, M.C.Caroe, L.M.Obeid
and V.W.Dennis (1991). 5-HT,. and histamine HI1 receptors stimulate
phophoinositide hydrolysis and phosphate uptake via distinct G-protein pools. J.
Biol. Chem, 265, 372-375.



Reetz, A., Solimena, M., Matteoli, M., Folli, F., Takei, K. & Camilli, P. (1991),
GABA and pancreatic B-cell: Colocalization of glutamic acid decarboxylase (GAD)
and GABA with synaptic like microvesicles sugest their roie in GABA storage ang
secretion. EMBO J, 10, 1275-1284.

Regazzi.R, Ravazzola. M, Lezzi. M, Lang. J, A. Zahraoic, Andereggen. E, More. P,
Takai. Y & Wollheim. C (1996). Expression localization and functional role of smal|
GTPases of the rab 3 family in insulin secretory cells. J. Cell. Sci, 109, 2265-2273,

Renstrom. E, Ding. W, Bokvist & Rorsman. P (1996). Neurotransmitter-induced
inhibition of exocytosis in insulin secretory B-cells by activation of calcineurin,
Newron, 17, 513-522.

Renuka.T.R (2003). Muscarinic M1 and M3 receptor gene expression during
pancreatic regeneration and insulin secretion in rats. P.hD. Thesis. Cochin University
of Science and Technology.

Renuka.T.R, Ani.V.Das & Paulose. C.S (2004). Alterations in the muscarinic M1
and M3 receptor gene expression in the brain stem during pancreatic regeneration
and insulin secretion in weanling rats. Life Sci (In press).

Rohner-Jeanrenaud. F & Jeanrenaud.B. (1987). Interactions between the central
nervous system, the endocrine pancreas and metabolism. Ann Endocrinol (Paris), 48,
400-406.

Romanus. J.A, Rabinovitch. A & Rechler. M. M (1985). Neonatal rat islet cell
cultures synthesize insulin-like growth factor 1. Diabetes, 34, 696-702.

Ropert.N (1988). Inhibitory action of serotonin in CA1 hippocampal neurons in vitro.
Neuroscience, 26, 69-81.

Rosenberg. L (1995). In wvivo cell transformation: neogenesis of B-cells from
pancreatic ductal cells. cell Transplant, 4, 371-383.

Roth.B.L, HamblinM.W & Ciaranello. R.D (1991). Developmental regulation of
5-HT; and 5-HTc mRNA and receptor levels. Eur. J. Pharmac., 207, 169-172.

Rosenberg.L (1998). Induction of islet cell neogenesis in the adult pancreas: the
partial duct obstruction model. Microsc Res Tech, 43, 337-346.

Rossi. M, Zaninotto.G, Finco. C, Codello. L, Ancona. E (1995). Thoracoscopic



pilateral splanchnicotomy for pain control in unresectable pancreatic cancer. Chir
Jtal, 47, 35-57.

Sanae.F, Miyamoto.K.I & Koshiyura. R (1989). Altered adrenergic response and
specificity of the receptors in rat ascites hepatoma AR130. Cancer Res., 49, 6242-

6246

Sanchez. M, Lucas. M & Gobema. R (1992). Pancreastatin increases cytosolic Ca2+
in insultn secreting RINmSF cells. , 88, 129-133. (1992). Pancreastatin increases

cytosolic Ca2+ in insulin secreting RINmSF cells. , 88, 129-133.

Sanders-Bush.E, M.Tsutsumi & K.D. Burris (1990). Serotonin receptors and
phosphatidyl inositol turnover. 4nn NY Acad Sci, 600, 224.

Sandler. S & Andersson. A (1986). Long-term effects of exposure of pancreatic
islets to nicotinamide in vitro on DNA synthesis, metabolism and B-cell function.
Diabetologia, 29, 199-202.

Sandrini. M, Vitale. G, Vergoni. A, Othani. A & Bertolini. A (1997). Streptozotocin-
induced diabetes provks changes in serotonin concentration and on SHT,, and SHT;,
receptors in rat brain. Life Sci, 60, 1393-1397.

Sanvito. F, P.-L. Herrera, J. Huarte, A. Nichols, R. Montesano, L. Orci & J.D.
Vassalli. (1994). TGF-1 influences the relative development of the exocrine
and endocrine pancreas in vitro. Development, 120, 3451-3462.

Saphier. D & Zhang.K (1993). Inhibition by the serotonin,, agonist, 8-hydroxy-2-
(di-n-propylamino)tetralin, of antidromically identified paraventricular nucleus
neurons in the rat. Brain Res, 615, 7-12.

Saphier. D & Welch.J.E (1994). Central stimulation of adrenocortical secretion by 5-
hydroxytryptaminel A agonists is mediated by sympathomedullary activation. J
Pharmacol Exp Ther, 270, 905-917.

Saphier.D (1991).  Paraventricular nucleus magnocetlular neuronal responses

following electrical stimuiation of the midbrain dorsal raphe. £xp Brain Res, 85, 359-
363.

Scaifani. A (1981). The role of hyper insulinemia and the vagus nerve in
hypothalamic hyperphagia re-examined. Diabetologia, 20, Suppl. 402-410.



Scatchard.G (1949). The attractions of proteins for small molecules and ions. 4np,
N.Y. Acad Sci, 51, 660-672.

Scheurink. A, Mundinger. T, Dunning. B, Veith. R & G.TJr (1992). Alpha-).
adrenergic regulation of galanin and norepinephrine release from canine pancreag,
Am. J. Physiol, 262, R819-R825.

Schneider. W.C (1957). Determination of nucleic acids in tissues by pentos analysis,
In Methods in Enzymology. ed. Colowick&Kaplan. pp. 680-684: NY: Academic
Press.

Schuit. F.C (1996). Factors determining the glucose sensitivity and glucose
responsiveness of pancreatic b-cells. Horm. Res, 46, 99-106. '

Seuwen.K & J. Poussegur (1990). Serotonin as a growth factor. Biochem.
Pharmacol, 39, 985-990.

Sevi. D & Lillia. K (1966). Effect of Glucagon on insulin release in vitro. The
Lancet, 1227-1228. -

Sharma A, Zangen.D.H, Reitz. P et al (1999). The homeodomain protein [DX-1
increases after an early burst of proliferation during pancreatic regeneration.
Diabetes, 48, 507-513.

Sharp. G.W.G (1996). Mechanisms of inhibition of insulin release. Am J Physiol,
271, C1781-C1799.

Sheikh. S.P, Holst.J.J, Skak-Nielsen. T, Knigge. U, Warberg. J, Theodorsson-
Norheim. E, Hokfelt. T, Lundberg. J M & Schwartz. T.W (1988). Release of NPY in

pig pancreas: dual parasympathetic and sympathetic regulation. Am J Physiol, 255, .
G46-G54.

Sherr. C.J (1996). Cancer cell cycles. Science, 274, 1672-1677.

Siegelbaum.S.A, Camamrdo.J.S & Kandel.E.R (1982). Serotonin and cyclic AMP
close single K+ channels in Aplysia sensory neurones. Nature, 299, 413-417.

Sieradzski. J, Derelli. S, Fleck. H, Fahrner. B, Chatterjee. A.K, Stracke. H & Schat?-
H (1987). Influence of growth factors on an insulin producing cell line (RINm3F) I
comparison to islets isolated from norma rat pancreas.



First eurp. Congr. Endocr. Copenhagen.

gimartirkis. E. Miles. P.D.G, Vranic. M, Hunt. R, Gougen-Rayburn. R, Field. C.J &
Marliss. E.B (1990). Glucoregulation during single and repeated bouts of intense
exercise and recovery in man. Clin Invest Med, 13, 134.

Singh.J.K, Chromy.B.A, Boyers.M.J, Dawson.G & Banerjee.P (1996). Induction of
the serotonin1 A receptor in neuronal cells during pro-longed stress and degeneration.

J. Neurochem, 66, 2361-2372.

Sjoholm. A (1991). Phorbol ester stimulation of pancreatic B-cell replication,
polyamine content and insulin secretion. FEBS Lett, 294, 257-260.

Sjoholm. A & Hellerstrom. C (1991). TGF-f stimulates insulin secretion and blocks
mitogenic response of pancreatic f-cells to glucose. Am J Physiol, 260, C1046-1051.

Sjoholm. A, Funakoshi. A, Efendic. S, Ostenson. C. G & Hellerstrom. C (1991).
Long term inhibitory effects of pancreastatin and diazepam binding inhibitor on
pancreatic B-cell deoxyribonucleic acid replication, polyamine content, and insulin
secretion. Endocrinology, 128, 3277-3282,

Sjoholm. A, Welsh. N & Hellerstrom. C (1992). Lithium increases DNA replication,
polyamine content, and insulin secretion by rat pancreatic B-cells. 4m J Physiol, 262,
C391-5.

Smith.S. A & Pogson.C. [ (1977) Biochem. J. 168, 495-506

Smith. F.E, K. M. Rosen, L. Villa-Komaroff, G. C. Weir & S. BonnerWeir (1991).
Enhanced insulin-like growth factor 1 gene expression in regenerating rat pancreas.
Proc. Natl. Acad. Sci. USA, 88, 6152-6156.

Socha. K, Socha.M & Fiedor. P (2003). Proliferation of transplanted allogeneic
Pancreatic islets. Transplant Proc., 6, 2341-2342,

Sorenson. R, Garry. D & Brelje. T (1991). Structural and functional considerations of
GABA in the islets of Langerhans: b-cells and nerves. Diabetes, 40, 1365-1374.

Sorenson. R.L, Elde.R.P & Seybold. V (1979). Effect of norepinephrine on insulin.
g'ucagon and somatostatin secretion in isolated perifused rat islets. Diabetes, 28,
99-904.



Southern. C, Schulster. D & Green. L. C (1990). Inhibition of insulin secretion fry
rat islets of Langerhans by interleukin-6. An effect distinct from that of mterieukm_]
Biochem J, 272, 243-245.

Stagner. J.I & Samols.E (1986). Modulation of insulin secretion by pancrea;
ganglionic nicotinic receptors. Diabetes, 35, 849-854.

Stefan. Y, Grasso. S, Perrelet. A & Orci. L (1983). A quantitative immunofluorescey
study of the endocrine cell populations in the developing human pancreas. Diabefg
32,293-301.

Sudha.B & Paulose.C.S (1997). Induction of DNA synthesis in primary cultures g
rat hepatocytes by serotonin: Possible involvement of serotonin S2 receptoy
Hepatology, 27, 62-67.

Sugimoto. Y, Kimura.l, Yamada. J, Watanabe. Y, Takeuchi. N & Horisaka, }
(1990). Effects of serotonin on blood glucose and insulin levels of glucose aru
streptozotocin treated mice. Jpn J Pharmacol, 54, 93-96. :

Sugimoto. Y, Yamada.J, Yoshikawa. T & Horisaka. K (1996). Effects of the §
HT,c/2 receptor agonist 1-(3-chlorophenyl) piperazine on plasma glucose levels q
man. Eur J Pharmacol, 307, 75-80.

Sumiyoshi. T, Ichikawa. J & Meltzer. H (1997). The effect of streptozotocin-inducel
diabetes on Dopamine2, Serotonin,, and Serotonin,, receptors in the rat braif
Neuropsycopharmacol, 16, 183-190.

Sundler.F, Hakenson.R, Loren. I & Lundquist. I (1990). Invest. Cell. Pathol, 3, 87
103.

Swenne. I, Bone. A. J, Howell. S. L & Hellerstrom. C (1980). Effects of glucose anl
amino acids on the biosynthesis of DNA and insulin in fetal rat islets maintained i
tissue culture. Diabetes, 29, 686-692.

Swenne. . (1982). The role of glucose in the in vitro regulation of cell cycle kinetic
and proliferation of fetal pancreatic b-cells. Diabetes, 31, 754-760.

Swenne. | & Eriksson. U (1982). Diabetes in pregnancy: islet cell proliferation in th
fetal rat pancreas. Diabetologia, 525-528.



swenne. I (1983). Effects of aging on the regenerative capacity of the pancreatic B-
celi of the rat. Diabetes, 32, 14-19.

gwenne. [, Hill. D. J, Strain. A. J & Milner R. D (1987). Growth hormone regulation
of somatomedin C/insulin-like growth factor | production and DNA replication in
fetal rat islets in tissue culture. Diabetes, 36, 288-294.

swenne. | & Hill. D.J (1989). Growth hormone regulation of DNA replication, but
not insulin production, is partly mediated by somatomedin-C/insulin-like growth
factor | in isolated pancreatic islets from adult rats. Diabetologia, 32, 191-197.

Swenne. 1 (1992). Pancreatic B-cell growth and diabetes mellitus. Diabetologia, 35,
193-201.

Tabeuchi. S, Okamura. T, Shenai. K & Imamura. S (1990). Distribution of
catecholaminergic receptors in the rat pancreatic islets. Nippon lka. Daigaku. Zasshi,
57, 119-126.

Tahani. H. (1979). The purinergic nerve hypothesis and insulin secretion. Z.
Ernahrungswiss, 18, 128-138.

Tassava. T, Okuda. T & Romsos. D (1992). Insulin secretion from ob/ob mouse
pancreatic islets; effects of neurotransmitters. Am. J. Physiol, 262, E338-43.

Tecott. L.H, Sun.L.M, Akana. S.F. Strack A.M, Lowenstein. D.H. Dallman. M.F.
Julius. D (1995). Eating disorder and eptiepsy in mice lacking 5-HT2C serotonin
receptors. Nature, 374, 542-546.

Teitelman. G, Alpert. S & Hanahan. D (1988). Proliferation, senescence, and
neoplastic progression of B-cells in hyperplasic pancreatic islets. Cell, 52, 97-105.

Tejani Butt, Yang, Kaviani (1993). Time course of altered thyroid staes on 5-HT,
receptors and S-HT uptake states in rat brain: an autoradiographic analysis.
Neuroendocrinology, 57, 1011-1018.

Telib. M, Raptis. S, Schroder. K.E & Pfeitler. E.F (1968). Serotonin and insulin
release. Diabetologia, 4, 253-256.

Thomas. M.H, Umayahara. Y, Shu. H. Centrella. M, Rotwein. P, McCarthy. T.L
(1996) Identification of the cAMP response element that controls transcriptional



activation of the insulin-like growth factor-I gene by prostaglandin E2 in osteoblasts,
J Biol Chem 271:21835~21841]

Tork.I (1990). Anatomy of the serotonergic system. Ann NY Acad sci, 600, 9-35.

Trutson, M.E., Mackenzie, R.G (1978). Effects of insulin and streptozotocin induced
diabetes on brain tryptophan and serotonin mtabolism in rats. J. Neurochem, 46,
1068-1072.

Van Schravendijk. C.F, Foriers. A, Van den Brande. J. L and Pipeleers. D. G (1987),
Evidence for the presence of type [ insulin-like growth factor receptors on rat
pancreatic A and B cells. Endocrinology, 121, 1784-1788.

Vande Kar.L.D (1991). Neuronedocrine pharmacology of serotonergic (5-HT)
neurons. Ann Rev Pharmacol Toxicol, 31, 289-320.

Varrault. A, Bockaert.], Waeber, C (1992). Activation of 5-HT, 4 receptors expressed
in NIH-3T3 cells induces focus formation and potentiates EGF eftect on DNA
synthesis. Mol Biol Cell, 3, 961-969.

Verchere. C.B, Kowalik.S, Koerker. D.J, Baskin. D.G, Taborsky Jr G.J (1996).
Evidence that galanin is a parasympathetic, rather than a sympathetic,
neurotransmitter in the baboon pancreas. Regu! Pept, 67, 93-101.

Verme. T.B & S. R. Hootman. (1990). Regulation of pancreatic duct epithelial
growth in vitro. Gastrointest. Liver Physiol., 21, G833-G840.

Veronique Baudrie, Francis Chouloff. (1992). Mechanisms involved in the
hyperglycemic effect of the 5-HT1C/5-HT2 receptor agonist, DOIL. Ewr J Pharm,
213, 41-46.

Voss. K.M, Herberg.L, Kem. H.F (1978). Fine structural studies of the islets of
tangerhans in the Djungarian hamster (Phodopus sungorus). Cell Tissue Res, 191,
333-342.

Waeber. G, Calandra. T, Rodint. R, Haefciger. A, Bonny. C, Thompson. N, Thorens.
B, ETemler, Meinhardt. A, Bacher. M, Metz. C, Nicol. P & Bucala. R (1997). Insulin
secretion is regulated by the glucose-dependent production of islet f-cell
Macrophage migration inhibitory factor. Proc, Natl Acad .Sci, 94, 4782-4787.

Waguri. M, Yamamoto.K. Miyagawa. J.I ef al (1997). Demonstration of two



i fferent processes of B-cell regeneration in a new diabetic mousemodel induced by
blective perfusion of alloxan. Diabetes, 46, 1281-1290.

wallm B.G, Sundlof. G, Eriksson. B.M, Dominiak. P, Grobecker. H, Lindblad. L.E.
981) Plasma noradrenaline correlates to sympathetic muscle nerve activity in
pormotensive man. Acta Physiologica Scandinavica;111:69-73.

i/allis. D.I, North. R.A (1978). Neuropharmacology, 17, 1023-1028.

;jang T.C, S. Bonner-Weir, P. S, Qates, M. Chulak, B. Simon, G. T. Merlino, E. V.
Schmidt and S. J. Brand (1993). Pancreatic gastrin stimulates islet differentiation of
transforming growth factor-induced ductular precursor cells. J. Clin. Invest., 92,

§349-1356.

;:wang. R.N, Kloppel.G, Bouwens. L (1995). Duct- to islet-cell differentiation and
ﬁlet growth in the pancreas of duct-ligated adult rats. Diabetologia, 38, 1405-1411.

‘Watanabe T, Yasuda.M (1977). Electron microscopic study on the innervation of the
pancreas of the domestic fowl. Cell Tissue Res, 453-463, 180.

g;'Watanabe. T, Pakala.R, Katagiri. T, Benedict. CO.R (2001). Synergistic effect of
wrotensin [I with serotonin on vascular smooth muscle cell proliferation. J Hypertens,
12,2191-2196.

Watari. N (1968). Fine structure of nervous elements in the pancreas of some
Vertebrates. Z. Zellforsch. Mikrosk. Anat.. 85,291-314.

‘Watson. J.A, Elliot. A.C, Brown. P.D (1995). Serotonin elevates intracellular Ca2+ in
rat choroid plexus epithelial cells by acting on 5-HTyc receptors. Cell Calcium, 17,
120-128.

Watson J.A, Elliot. A.C & Brown. P.D (1993). Serotonin elevates intracellular Ca2+
lln7rat choroid plexus epithelial cells by acting on 5-HT2C receptors. Cell Calcium,
120-128.

WelchJE & Saphier.D (1994). Central and peripheral mechanisms in the stimulation
°fadrenocomcal secretion by the S-hydroxyiryptamine 2 agonist, 1-(2,5-dimethoxy-
lOdOpheny[) 2-aminopropane. J Pharmacol Exp Ther, 270, 918-928.

Welsh. M (1988). Stimulation of pancreatic islet (-cell replication by oncogenes.
Proc Nal Acad Sci U S 4, 85, 116-120.



Welsh. N & Sjoholm. A (1988). Polyamines and insulin production in isolated moq
pancreatic islets. Biochem. J, 252, 701-707.

Wilkinson. L.O & Dourish. C. T (1991). Serotonin Receptor Subtypes. Basic g
Clinical Aspects. ed. Peroutka, S.J. pp. 147-210: Wiley-Liss, New York.

Wisden. W, Parker.E.M, Mahie.K. D.A, G., Nowak H.P, Yocca.F, Seeburgp
Voigt.M.M (1993). Cloning and characterization of the rat 5-HTsy receptor. Evideng
that the 5-HTsg receptor couples to a G protein in mammalian cell membranes. FER
Let, 133, 25-31.

Woods. S.C, Porte.Jr.D (1974). Neural control of the endocrine pancreas. Physi
Rev, 54, 596-619.

Wookey. P.J, Cooper.M.E (2001). The roles of amylin in the periphery. Scientif
World Journal, 1(12 Suppl 1), 23. ‘
4
Wooiley.D.W (1962). The biochemical basis of psychosis. The serotonin hypothesiy
about mental diseases. New York: J. Wiley & Sons Inc.
A
Wozniak. K.M, Linnoila. M (1991). Life Sci, 49, 101-109. 1
l
Yehuda.R & Meyer.).S (1984). A role for serotonin in the hypothalamic-pituitary
adrenal response to insulin stress. Neuroendocrinology 38:25 A
A
Yoo. S.J, A.J (1990). Inositol 1,4,5-triphosphate triggererd Ca™ release from bovin
adrenal medullary secretary vesicles. J.Biol. chem., 265, 13446-13448. A
5]
Yoshimura. M & ngashl H (1985). 5- Hydroxytryptamme mediates inhibitof§
postsynaptic potential in rat dorsal raphe neurons in vitro. Neurosci. Lett, 61, 305
310. ‘
q
Young. A (1997). Amylin's physiology and its role in diabetes. Curr. OP”
Endocrinol. Diabetes, 4, 282-290. ‘

Yuan S, Rosebergl, Paraskevas. S, Agapitos. D, Duguid. W.P (l99q
Transdifferentiation of human islets to pancreatic ductal cells in collagen mat®

culture. Differentiation, 61, 67-75. ;

Yuan X, Yamada.K, Ishiyama-Shigemoto. S, Koyama. W, Nonaka. K (2000’



[dentification of polymorphic loci in the promoter region of the serotonin 5-HT2C
receptor gene and their association with obesity and type II diabetes. Diabetologia,

43, 373-376.

Zangen. D.H, Bonner-Weir. S, Lee. C.H, Latimer. J.B, Miller. C.P, Habener. J.F &
weir. G.C (1997). Reduced insulin. GLUT2 and IDX-1 in b-cells after partial
pancreatectomy. Diabetes, 46, 258-264.

Zern R.T, BirdJ.L & Feldman. J.M (1980). Effect of increased pancreatic islet
norepinephrine, dopamine and serotonin ci\oncentration on insulin secretion in the
golden hamster. Diabetologia, 18, 341.

Zifa.E & Fillion. G (1992). 5-Hydroxytryptamine receptors. Pharmacol. Rev, 44,
401-458.

Zhou, Z & Misler. S (1996). Amperometric detection of quantal secretion from
patch-clamp rat pancreatic B-cells. J. Biol. Chem, 271, 270-277.



Table-1

Body weight (gm) and blood glucose level (mg/dL) of experimental rats

Animal status

Body weight (gm)

Glucose level (mg/dL)

e ——

Sham 89+2 99.6+£6.6
72 hrs pancreatectomy 84+3 853 t6.l
7 days pancreatectomy 94 +3 934162

Values are mean + SEM of 4-6 separate experiments




Figure-1

DNA synthesis in the regenerating pancreas
of experimental rats
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Values are mean = SEM of 4-6 separate experiments



Figure-2
Circulating insulin levels of the sham and
pancreatectomised young rats
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Values are mean + SEM of 4-6 separate experiments

*P<0.05, **P<0.01 when compared with sham.



Table-2

5-HT content (nmoles/g wet weight of tissue) in the cerebral cortex, brain

stem and hypothzalamus of experimental rats

Animal status Cerebral cortex Brain stem Hypothalamus
Sham 0.25+0.07 0.28+£0.04 0.31+0.04
72 hrs 0.62 £ 0.09** 1.12+£0.03* 1.08 £0.14%*
pancreatectomy
7 days 0.19 £ 0.067+ 0.80 £ 0.07* 0.47 £ 0.05t%
" pancreatectomy

Values are mean + SEM of 4-6 separate experiments

**¥P<0.01, *P<0.05 when compared with sham

+1P<0.01 when compared with 72 hrs.

5-HT and 3-HIAA content (nmoles/g wet weight of tissue) in the pancreas of

Table-3

experimental rats

Animal status 5-HT 5-HIAA S-HIAA/S-HT |

Sham 0.69 + 0.09 0.20 + 0.01 0.30 £ 0.05

72 hrs 0.23 £ 0.04* 0.48 £+ 0.07* 2.1 +0.08***
pancreatectomy

7 days 0.67 £ 0.047 0.25+0.01% 0.67 £ 0.04*%++
pancreatectomy

Values are mean £ SEM of 4-6 separate experiments

*P<0.05, ***P<0.001 when compared with sham.

+p<0.05, +¥+P<0.001 when compared with 72 hrs.



Table-4

5-HT, Norepinephrine and Epinephrine level (nmoles/ml of plasma) in the

plasma of experimental rats

pancreatectomy

Animal status 5-HT Norepinephrine Epinephrine |
Sham 1.3+0.10 4.80 £ 0.48 575+£0.11
|
72 hrs 2.2 £ 0.20%* 2.86£0.01* | 1.50+0.32%%x
pancreatectomy
7 days 0.95+£0.107F 421 £ 0917 495+ 0.17%+

Values are mean + SEM of 4-6 separate experiments

¥P<0.05, **P<0.01, ***P<0.001 when compared with sham

+P<0.05, T+P<0.01, 771P<0.001 when compared with 72 hrs

Table-5

Norepinephrine and Epinephrine content (nmoles/g wet weight of tissue) in

the adrenals of experimental rats

Animal status

Norepinephrine

Epinephrine

Sham

475+29

3255210

72 hrs pancreatectomy

186 £ 23%**

1478 = 72%**

7 days pancreatectomy 42

Ittt

2984 = 1071+

Values are mean + SEM of 4-6 separate experiments

**¥p<0.001 when compared with sham, +17P<0.001 when compared with 72hrs




Figure-3

Scatchard analysis of high affinity [*H]8-OH DPAT receptor
binding against 5-HT in the cerebral cortex of rats
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Table-6

['H]8-OH DPAT high affinity receptor binding parameters
in the cerebral cortex of rats

Experimental Group Bmax (fmoles/mg K4 (nM)
protein)
Sham 39.5+25 0.72 £0.05
72 hrs pancreatectomy 450+5.0 1.03 £ 0.05**1+
7 days pancreatectomy 450+50 0.73£0.05

Values are mean * S.E.M. of 4-6 separate experiments
**p<0.01 when compared with sham
¥7p<0.01 when compared with 7 days pancreatectomy




Figure-4

Scatchard analysis of low affinity [°H] 8-OH DPAT receptor
binding against 5HT in the cerebral cortex of rats
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Table-7
[’H])8-OH DPAT low affinity receptor binding parameters
in the cerebral cortex of rats

Experimental Group Bax (fmoles/mg Kg (nM)
protein)
Sham 395+ 15 439+2.6
72 hrs 315 £ 15%*%T 63.0 £ 1.4%*7+
pancreatectomy
7 days 405+ 13 427+1.7
pancreatectomy

Values are mean = S.E.M. of 4-6 separate experiments
**p<0.01 when compared with sham
t1p<0.01 when compared with 7 days pancreatectomy.
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Figure-6
RT-PCR amplification product of 5-HT,, receptor mRNA from the cerebral

cortex of experimental rats
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Table-9
Band properties of 5-HT, . receptor mRNA RT-PCR amplicon
Lane No Raw volume Area Peak
1 16198 160.1 109
2 15527 147.9 103
3 15584 149.1 106

0 - 100bp ladder
1 - Sham

2 - 72 hrs pancreatectomy
3 - 7 days pancreatectomy




Figure-7

Scatchard analysis of high affinity [*H]8-OH DPAT receptor
binding against 5-HT in the brain stem of rats
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Table-10
[’H]8-OH DPAT high affinity receptor binding parameters
in the brain stem of rats

Expenimental Group Bmax (fmoles/myg Ky (nM)
protein/nM)
Sham 16.0£1.5 0.69 £ 0.04
72 hrs 175+£25 1.06 = 0.12*%*+7
pancreatectomy
7 days 140+20 0.77 £0.06
pancreatectomy

Values are mean = S.E.M. of 4-6 separate experunents
**P<(0.01 when compared with sham
+1P<0.01 when compared with 7 days pancreatectomy




Figue-8

Scatchard analysis of low affinity [3H]8-OH DPAT receptor
binding against 5-HT in the brain stem of rats
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Table-11
['H]8-OH DPAT low affinity receptor binding parameters
in the brain stem of rats

Expenmental Group Bmax (fmoles/mg Kq (nM)
protein/nM)
Sham 350.0 £ 18.0 356192
72 hrs 258.5 £ 15.0**7 30654
pancreatectomy
7 days 2950+ 10.0* 419+6.1
pancreatectomy

Values are mean = S.E.M. of 4-6 separate experiments
**P<(.01, ¥*P<0.05 when compared with sham
+P<(.05 when compared with 7 days pancreatectomy
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Figure-10
RT-PCR amplification product of 5-HT,, receptor mRNA from the brain stem
- of experimental rats
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Table-13
Band properties of 5-HT,, receptor mRNA RT-PCR amplicon
Lane No Raw Volume Area Peak
I 47850 220 242.0
2 36004 180 229.7
3 40348 200 246.5

0 - 100bp ladder
] - Sham

2 - 72 hrs pancreatectomy
3 - 7 days pancreatectomy



Figure-11

Scatchard analysis of high affinity [’H]8-OH DPAT receptor
binding against 5-HT in the hypothalamus of rats.
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Table-14

[’H|8-OH DPAT high affinity receptor binding parameters

in the hvpothalamus of rats

Experimental Group Bmax (fmoles/mg Ky (nM) )
protein/nM)
Sham 7.0+ 1.0 0.29£0.03
72 hrs pancreatectomy 73+£23 1.05 £ 0.05%*++
7 days pancreatectomy 62+14 0.43+£0.03

Values are mean + S.E.M. of 4-6 separate experiments
**P<(,01 when compared with sham
t1P<0.01 when compared with 7 days pancreatectomy.
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Figure-12

Scatchard analysis of low affinity ["H]8-OH DPAT receptor
binding against 5-HT in the hypothalamus of rats
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Table - 15
[’H]8-OH DPAT low affinity receptor binding parameters
in the hypothalamus of rats

Experimental Group Bpax (fmoles/mg Kyg(nM)
protein/nM)
Sham 152.0+7.0 30,1 £2.]
72 hrs pancreatectomy 110.5 £ 4.5%*¢ 71.3 £5.8*1
7 days 1285+ 5.5 51.9 +£6.4%
pancreatectomy

Values are mean £ S.E.M. of 4-6 separate experiments
**P<0.01 when compared with sham, *P<0.05 when compared with sham
7P<0.05 when compared with 7 days pancreatectomy.



uoljeJiuacuod §H-s 40 Boj

sg o0& se oo m.wrv.o “durpuiq a1joads a ey 104 saradwod
- ey Joinadwod ay) jo uonenuaduoed A st %37 (Augje
05 w.. MO 40J) Dy pue (Anuyge y3uy aojg) by se psjeudisop
o
8 s Fap Funadwod oyl JO 911S PUOIIS pue ISIly YY) I0]
=
Awojosieasoued shep £ - oot m. Anuiye oy 3nap Funaduios oy 10y 103dasa1 3y jo Anuiyje
A d v c
worSEsIouE ﬂwﬂ . a Yy - 1 (yD ‘o8siq ueg ‘pedydern ‘wsil]) areamijos
oSt UOISS21Tal JB3UI[UOU JALBID} UR (Im Panl} a1am ele(]
sjeJ |ejuawiiadxa jo
snwejeyjodAy ayl Uy {H-G YIm
1vda HO-8[H] Jo Juawaoe(dsiqg
sjusutadxa aeredas 9-1 JO UBIUWI 34 SANJBA
€1 - 2an3yy
920~ o0l X 8L (01 X9y I's- eol- As-om | Awoyoajeadued sAep /
870~ 01 X6T Ol X PG 9v- ST'8- As-om], Awojoajearoued siy 7/
87°0- -0 X109 101 XT9 1z°s- 12°01- 3sS-OM 3, weys
adojs [JtH (Dryy Wy 2-(%07) Foj 1-(%1H3) doj Japotu 11J-183g dnoin jeyawuiadxy

syes [eyuduitiadxa yo snwepeyjod4y ayy ur J H-¢ ysurede 1vdd HO-8IH,] jo s1atoureaed Surpurg

91 - 2iqel



Figure-14
RT-PCR amplification product of S-HT,, receptor mRNA from the
hypothalamus of experimental rats

250

200

Q
-—

150

100

Pixel Intenaity

=

357bp (5-HT, 4 amplicon)
50

150bp (B-actin amplicon) 0

0S5
Pixel position

Table-17
Band properties of 5-HT, receptor mRNA RT-PCR amplicon

[Lane No Raw Volume Area Peak
| 39,961 240 214.0
2 26,400 180 168.4
3 31,274 180 217.5

0 — 100bp ladder
1 - Sham

2 - 72 hrs pancreatectomy
3 - 7 days pancreatectomy




Figure-15

Scatchard analysis of ['H]Mesulergine binding
against 5-HT in the cerebral cortex of rats
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Table-18
[JH]Mesulergine binding parameters in the cerebral cortex of rats
Experimental Group Bmay (fmoles/mg K4 (aM)
protein/nM)
Sham 21619 2804
72 hrs pancreatectomy 10.9 +2.5%F 2905
7 days pancreatectomy 20219 22+03

Values are mean £ S.E.M. of 4-6 separate experiments

*P<0.05 when compared with sham

1P<0.05 when compared with 7 days pancreatectomy.
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