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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 5-hydroxytryptamine C5-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 & Wilson, 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 p-cell

growth in vivo. The level to which p-cell proliferation increased is related to the

degree to which insulin biosynthesis and/or release is enhanced (Chick et al., 1975).

Pancreatic regeneration after pancreatectomy has been well documented in animal

models to study p-celJ proliferation (Pearson et 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 p-cells would increase the total

insulin secretary potential. Studies have shown that insulin secretion is modulated 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

secretion.

Most of the neurons synthesizing 5-HT in CNS are located in raphe nuclei of

brain stem, 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 5-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 et 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 lA receptor is coupled through Gi to the activation of ERK 1 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 p21ras 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 1 to 5-HT 7

based upon their pharmacological profiles, cDNA-deduced primary sequences and

signal transduction mechanisms of receptors (Hoyer et al., 1994). The 5-HTI.\

receptor was reported to exist in two isoforms in rat brain regions, i.e., a high affinity

5-HT r A receptor and a low affinity 5-HT 1A receptor. These two isoforms can be

labelled by high and low concentrations of[3H]8-0H DPAT (Nenonene et al., 1994).

8-Hydroxy-2-(di-n-propylarnino) tetralin (8-0H-DPAT) is a 5-HT lA receptor

selective agonist that has recently been reported to trigger adrenal catecholamine

release and hyperglycaemia by the activation of 5-HT 1A receptors (Chauloff &

Jeanrenaud, 1987). The EPI releasing effect of 8-0H DPAT are blocked by both

5HT 1A and p-adrenoreceptor antagonist (-)-pindolol (Chauloff et al., 1990b).

Neurotransmitters that elevate cAMP inhibit cell proliferation. 5-HT lA 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 cultures of cortical or raphe

neurons. 5-HT I agonists could potentially be providing long term repression of G

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

reports regarding 5-HT
1A

receptor mediated stimulation of cell division in different

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



promotes activation of ERKI and ERK2 (Daniel et al., 1996). 5-HT
J

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. In hippocampal membranes, the 5-HT
I

receptor mediates increased rather than reduced cAMP levels, presumably via

activation ofadenylyl cyclase type IT (AClI). 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 S·

HT
1A

receptors.

S-HTl( receptor is one of the three closely related receptor subtypes in S-HTz

receptor family. Administration of 5-HT2C receptor agonist, 1-(2,5-dimethoxy-4

iodophenyl)-2-aminopropane (001} triggers adrenal catecholamine release and

hyperglycaemia. The hyperglycaemic effect of 001 administration is mediated by

centrally located 5-HT2C receptors and, in turn, adrenal epinephrine release due to

increase in sympathetic nerve discharge (Welch & Saphier, 1994). This suggests that

insulin release is inhibited by 5-HTzc receptor agonist and the activation of S-HT

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

shown to mediate cell growth in fibroblasts. S-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-HTz receptors. In vivo studies indicated that the 5-

HTz 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 5-HTzc receptors activate phospholipase. This receptor functions as a

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



presence of 5-HT
2C

receptors may initiate tumorigenesis by facilitating the growth of

fibroblasts in the mouse.

Several studies have described the role of 5-HT 1A and 5-HT2C 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 1A and 5-HT2C 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 5-HT lA and 5-HT2C receptor changes and their regulatory role

in pancreatic islet cell proliferation.



OBJECTIVES OF THE PRESENT STUDY

l . To induce pancreatic regeneration by partial pancreatectomy in wean ling rats.

2. To study the DNA synthesis by eH]thymidine incorporation during pancreatic

regeneration.

3. 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.

4. To study the changes in epinephrine and norepinephrine content in plasma and

adrenals during pancreatic regeneration using High Performance Liquic

Chromatography.

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

6. To study the 5-HTI.-\ and 5-HT2c receptor changes in CC, BS, Hypo and in the

pancreas of different experimental groups ofrats.

7. To study the effect of 5-HT, 5-HT 1.... and 5-HT2c receptor ligands In insulir

secretion using rat primary islet culture.

8. To study the effect of 5-HT, 5-HT1A and 5-HT 2c receptor ligands in DNA

synthesis using rat primary islet culture.

9. To study the gene expression of 5-HT 1A and 5-HTlC 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 ~-cells. These cells are mainly located in the center of the islet

and are surrounded by a mantel of three other cell types, i.e., glucagon-secreting 

alpha cells, somatostatin secreting - delta cells and pancreatic polypeptide secreting

cells (PP-cells).

TRe 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 (Hellerstrom et ai., 1985). In animals there are,

however indications of regenerative phenomena in the ~-cell (Logothetopoulos,

1972). Studies showed that the rat pancreatic islet cells in allogeneic grafts are

capable of regeneration (Socha et ai., 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 potential of p-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 p-cells (Leahy et ai., 1988; Lohr et ai., 1989). However, when 85-90%

partial pancreatectomy is performed, mild hyperglycaemia ensues which is followed



by increased p-cell replication and a 40% increased p-cell mass (Bonner- Weir,

1983). Regeneration of endocrine cells started immediately after 90%

pancreatectomy (Hayashi et al.. 2003). Interestingly, 95% pancreatectomy results in

severe hyperglycaemia with non-existent or very minor signs of p-cell replication

(Clark et al., 1982). Based on the pancreatectomy models, it is evident that p-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 selective 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 p-cell is the result of a complex interaction between metabolic and

neural (Campfield et al., 1980) external inputs acting in concert with other

controlling factors.

NEURAL INNERVATION OF THE PANCREAS

The endocrine pancreas is richly innervated, but the abundance and

organization 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. 0, 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 autonomic nervous system uses two interconnected neurons to control effector

functions and is divided into two systems, the sympathetic and the parasympathetic

nervous systems, 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 (Sheikh et al., 1988; Verchere et al., 1996).

The endocrine pancreas also receives other types of nerves. These nerves are of

peptidergic and nonpeptidergic nature (Brunicardi et al., 1995; Ahren, 2000).

The parasympathetic innervation

The preganglionic fibres of the parasympathetic limb originate from the

dorsal motor nucleus of the vagus (Luiten et al., 1984 & Ahren, 1986) and possibly

also in the nucleus ambiguus (Luiten et al., 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).

Preganglionic 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) (Ahren, 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 lumbar 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 et al.,

1995; Ahren, 2000) and mesenteric ganglia (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 (Ahren, 2000). A rich supply of adrenergic nerves

in close proximity of the islet cells has been observed in several mammalian species

(Esterhuizen et 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 et 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 ofnerves

Immunocytochemistry has revealed the presence of neurotransrnitters other

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

1992), 5-HT (Kirchgessner & Gershon, 1990), and methionine-enkephalin (Ahren,

2000).

CENTRAL NERVOUS SYSTEM REGULAnON OF INSULIN SECRETION

The autonomic nervous system, acting through both its sympathetic and

parasympathetic 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 ~

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 et 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 5mM (Campfield et al., ]976; Campfield et 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 noradrenerg,

pathways (McCaleb & Myers, 1982) by an activation of syrnpathoadrenal system

Plasma glucose appears to be under separate serotonergic and dopaminergic contra

exerted via 5-HT1A and DADJ 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 clear]

related to the ventral hypothalamus. The hypothalarnus plays a central role in th

integration of neurohormonal function (Oommura & Yoshimatsu, 1984). The ventra

medial hypothalamic nucleus is considered as the sympathetic centre and th

stimulation of this area decreases insulin secretion (Helman et al., 1982). Lesions ~

the ventra-medial hypothalamus, resulted in behavior alterations and morphologic

changes in pancreatic islets (Scalfani, 1981). Ventro-lateral hypothalamus is th

parasyrnpathetic centre, stimulation of which increases the circulating level of insuli

(Helman et al., 1982). Lesions in ventra-lateral hypothalarnus results in decrease

body weight; food intake, plasma insulin levels and decrease in islet size (Powley I

Opsahl, 1976). Hyperactivation of the HPA axis in diabetes is associated wit

increased expression of hypothalamic corticotrophin-releasing hormone (CRf

mRNA and hippocampal mineralocorticoid receptor (MR) mRNA (Chan et al., 2003

FACTORS AFFECTING INSULIN SECRETION FROM PANCREATIi

13-CELLS

Glucose

Insulin IS secreted primarily in response to elevated blood gluce

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 p-cells is followed by i
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