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Introduction



INTRODUCTION

The central nervous system (CNS) neurotransmitters play an important role
\

in the regulation of glucose homeostasis, The hypothalamic adrenergic and

serotonergic neurons are the major components which play an important role in the

release of releasing factors from the neurohormonal cells (Brownstein, 1977). The

neurotransmitters are shown to help in restoring the glucose induced insulin and

glycogen secretion in experimental diabetic animals (Ho, et al., 1995). In turn, it is

shown from in vitro experiments that glucose modulates the release of endogenous

catecholamines (lung et al,1993). The recent demonstration of CNS cell groups

projecting into the pancreatic vagal motor neurons showed that they receive inputs

from adrenergic, noradrenergic and serotonergic neurons of the lower brain stem

and a dopaminergic input from paraventricular nucleus ofhypothalamus (Lowey, et

al., 1994). This evidently showed the importance of CNS neurotransmitters in the

pancreatic hormone secretion and their importance in the glucose homeostasis.

The metabolic disorder -diabetes mellitus- is associated with peripheral as

well as central nervous system neuropathy (Satoshi et al., 1993, Yagihashi, et al.,

1985). In contrast to many diabetes associated complications, the chronic diabetic

complications of the CNS are subtle and remain unrecognized (Mooradian, et al.,

1988). The diabetic rats are reported to have altered hypothalamic growth

hormone (GH) and leutinising hormone (LH) function (Martin, et al. 1992). The

counter regulatory responses from the brain neuroregulatory centres through the

hormone stimulus is also defective in diabetic state (Powell, et al, 1993). These

studies reveal that diabetic CNS complications are themselves impaired and are not

counter regulated effects of an altered hormonal status. Many pathogenic

mechanisms have been suggested for the CNS dysfunction (Nowak, et al., 1995;

Karasu, et al., 1995). Studies on the treatment of diabetic neuropathy with several



compounds not only helped in the treatment but also helped in understanding the

pathologic mechanism of the neuropathy (Ido, et al., 1994; Schmidt, et al., 1989).

Though considerable work has been done on diabetes related peripheral neuropathy

as could be seen from the valuable co~tributions of Schmidt et al., (1989, 1993),

Nowak et al., (1995), Maeda et al., (1993), Stevens et al., (1994), Sima et al.,

(1993) and Schneider et al., (1993), the availableinformation on the diabetic central

nervous system in relation to neurotransmitters is limited (Mooradian and Scarpace,

1988; 1988a, ; Bitar, et al., 1987, 1992; Moratinos, et al., 1975, 1988; Mans et al.,

1987; Garris, 1990, 1995; Xiang and McNeill, 1987, 1990; Satoshi, et al., 1993 ).

The strong evidences for a possible role for brain neurotransmitters and their

receptors in glucose homeostasis have come from related studies. These findings

emphasized more on the role of brain monoamines in glucose regulating function

under normal conditions. All these findings show a requirement of carrying out

such studies in diabetic state (Chaouloff et al., 1987, Furman et al., (1974, 1980),

Gagliardino et al., (1971), Smith, (1977), Smythi et al., (1984, 1992), Iverson

(1973), Hiyoshi et al., (1995), Oda (1994), Sugimoto et al., (1994), Yamada et al.,

(1994), Hirose et al, (1993a,1993b). Another feature emerged from such studies is

a close association of both adrenergic and serotonergic system in glucoregulatory

function. This close association was studied using the drug 8-hydroxy-2-(di-n­

propylamino)tetralin (8-0H-DPAT) (Chen and Reith 1995). The monoamine

interactions measured after Lc.v.administration showed 8-0H-DPAT, though a

5HIA agonist, produced releasing effects on noradrenergic and dopaminergic

neurons. Also, activation of 5-HT receptors is reported to release [3H]NE in rat

limbic structure ( Guillot et al., 1995). A close association between adrenergic and

serotonergic nerves of hypothalamic region suspected to be involved in

glucoregulatory functions. The pharmacological studies have contributed greatly to

the understanding ofthe receptor subtypes involved in this glucoregulatory function

in CNS (James and Hodgson 1995, Hirose et al., 1993; Jamnicky et al., 1993;
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Xiang et al., 1990, Hirose, et al., 1993a, Alvarez,et al., 1993). The stress induced

hypothalamic variations in neurotransmitters and their receptors have given more

insight into a possible involvement of hypothalamic-adrenal axis in the glucose
~

homeostasis (Takao, et al., 1995 ; Yehuda et al., 1984; Smytbe et al., 1983). The

hypophagia and obesity research also pointed to a possible role ofthe hypothalamo­

pituitary-adrenal (HPA) axis and its involvement in the diabetic state (Grignaschi, et

al., 1993; Levin,et al., 1993). The research on the involvement of brain neurons in

glucoregulatory function prompted us to take this problem In the present study

the neurotransmitters, its metabolites and receptors in streptozotocin (STZ) induced

diabetes with special emphasis on (1-2 adrenergic and serotonin pathways were

carried out.
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REVIEW OF THE LITERATURE

\
INSULIN SECRETION IS UNDER NERVOUS CONTROL

The role of central nervous system in the regulation of glucose homeostasis

has been recognized for more than a century. Research in this regard till now

strongly supported a close relation between catecholamines and glucose

homeostasis. Recent studies done by many authors reveals several interesting

aspects on regulation of pancreatic secretion by CNS. Ho et al., (1995)

demonstrated that reduction in acetylcholine (ACh) and norepinephrine (NE)

potentiating effects, decreases glucose sensitivity of islet J3 and a cells in

streptozotocin diabetic model. In another study by Hiyoshi et al., (1995) by

intracerebroventricular (i.c.v.) administration of neostigmine, caused an increase in

plasma levels of catecholamines and glucose but not insulin. When atropine was

co-administered with phentolamine, the phentolamine induced increase in insulin

secretion, was inhibited. But neither phentolamine nor atropine affected plasma

levels of catecholamine. At the same time.o-jadrenoceptor antagonists Yohimbine

and ldazoxan reversed adrenaline induced inhibition of insulin secretion and thus

glucose levels (Hiyoshi et al., 1995). The results suggest that inhibition of insulin

release induced by adrenaline was reversed by antagonism of a-2-adrenoceptors.

lhe pancreatic function has been studied extensively in relation to CNS neuronal

regulation by several others also. The enteropancreatic sympathetic nerve when

analysed for its regulatory action through cholinergic and serotonergic neurons

suggested that serotonergic enteropancreatic innervation inhibits pancreatic

secretion via presynaptic receptors on cholinergic nerves (Kirchgessner et al.,

1995). The peripheral system adrenergic receptors and nerves involved in

pancreatic glucagon and insulin secretion in rabbits revealed that J3-adrenergic
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receptor mechanism is an important component of adrenergic modulation of

pancreatic glucagon secretion in conscious rabbits (Odo.., 1995). The plasma

insulin concentrations were suppressed by a-adrenergic stimulation more than 0.

and J3-adrenergic stimulation. The periPheral adrenergic receptor and regulation of

glucose, insulin and amylin when analyzed using selective 0.-2 adrenoreceptor

agonist UK 14.304 produced a dose-dependent reduction in the normal rats in their

content. It is suggested that insulin and amylin are both under inhibitory control via

a-2adrenoceptor though the responses may be differently regulated (Guillot, 1995).

These recent observations on nervous regulation of blood glucose added to

increasingly evident role and importance ofstudies on catecholamine involvement in

glucose homeostasis in the metabolic disorder diabetes mellitus

DIABETIC NEUROPATHY IS ASSOCIATED WITH SEVERAL

MEMBRANE ASSOCIATED CHANGES.

A common complication associated with diabetes mellitus is CNS and

autonomous nervous system (ANS) neuropathy. Several authors have analysed this

complication and extensive studies were carried out. These studies often revealed

the impairment of certain vital mechanism in the nerves especially those associated

with membranes. The impaired sodium-potassium-ATPase (Na+-K+ ATPase)

activity is reported in diabetic peripheral nerves by several authors recently

(Nowak,et al., 1995, Maeda, et al., 1993; Gurcharan and Sukhwinder 1994).

Nowak et al., (1995) found that this enzyme activity is impaired in the vagal nerves

of streptozotocin (STZ) induced diabetic rats which has been invoked as being

factorial in the genesis of diabetic peripheral neuropathy. Maeda et al., (1993)

analysed the same enzyme activity, which is important in the maintenance of

Na+net pump of the nerve membrane, and the improvement of this impairment

using prostaglandin El analogue OP 1206 et CD (OP). Their studies revealed that
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all compounds OP, dibutyrl-cAMP (db cAMP) and aminophylline, which can

elevate cAMP content of diabetic rat nerves, which is significantly reduced in the

peripheral nerves could increase (Na+K+) ATPase activity dose dependently. Also

those compounds which can inhibit Pr~tein Kinase C (PKC) activity for example,

Staurosporine, abolished the (Na~+)ATPase activity which occurred within one

minute. This showed that (Na~+) ATPase activity may be modulated by the

Protein Kinase A (PKA) pathway. Gurcharan and Sukhwinder,(1994) reported the

same enzyme activity in discrete brain regions of rats with alloxan induced diabetes

mellitus. They found a decrease in the activity of (Na~+)ATPase in different

brain regions including different hypothalamic nuclei.

Another aspect of diabetic neuropathy which attracted much attention for

many workers is free radical induced damage and treatment with antioxidant on

diabetic nerves. Karasu et al., (1995) have studied the effect of antioxidants

probucol or vitamin E on sciatic nerve dysfunction. Ohkuwa et al., (1995) have

studied the hydroxyl radical formation induced by streptozotocin in diabetic tissues.

Theyfound that the free hydroxyl radicals may be formed in heart, muscle and brain

by enzymatic transformation which may account for some pathological processes in

these tissues. Ido et al., (1994) demonstrated a link between imbalances in

carnitine metabolism and several metabolic and functional abnormalities associated

with diabeticpolyneuropathy and indicated that decreased sciatic nerve endoneurial

ATPase activity in STZ model of diabetes is associated with decreased 1,2-diacyl-

sn-glycerol (DAG).

The involvement of hyperglycemia in diabetic neuropathy is strongly

supported by many workers like Schneider et al., (1993), Pekinar et al., (1993) and

Herm.enegildo et a/.,(1993). Schneider argue that enhanced anaerobic glycolysis

(due to hypoxia) produces resistance to hypoxia in hyperglycemic peripheral nerves
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and that acidification may impair the function of peripheral axons when anaerobic

glycolysis proceeds in a tissue with reduced buffering power. Pekinar analysed the

actin brain neurons of diabetic animals. The brains from the diabetic animals

contained an extra polypeptide that bigrated close to actin and reacted with

monoclonal antibody C4 against actin. But authors could not find any effect of

glycation in vitro on the ability of muscle G. actin to form F-actin. Rosella et al.,

(1985) report on the change in axon cross sectional area and slow transport in

sciatic and primary visual systems of rats with STZ induced diabetes of 4-6 weeks

duration. Nerve ischemia in diabetic rats is reported to be another reason for the

nerve injury (Stevens et al., (1994); Sutherland et al., 1992). Several other authors

have reported diabetes associated lipid alteration in the neurons (Park and John

(1993), Suzuki et al.,(l99 1»). Mathew and Eichberg (1994) report on an alteration

in a protein mediated phosphoinositidase C in solubilized rat peripheral nerve

myelin. They predict a possibility ofimpaired cell signalingin experimental diabetic

neuropathy.

The compounds like acetyl-L-carnitine sorbinil, gangliosides, antioxidants

and acarbose is reported to have positive effects on deteriorating diabetic

neuropathy(Ido et.al. (1994), Schmidt, et.al. (1989), Nowak et.al. (1995), Suzuki

et.al., 1991), Sima and Chakraborty (1993». Sima and Chakraborty (1993) report a

total prevention and partial recovery in other diabetic polyneuropathy syndrome by

dietary acarbose treatment.The study on the diabetic neuropathy showed that

several factors together seems to contribute to produce autonomous neuropathy.

But interesting out ofall these are diabetes associated membrane disorders which is

associatedwith lipid metabolism and second messenger function in diabetic neurons

BRAIN MONOAMINES ARE ALTERED IN DIABETICS
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The changes in the brain neurons during diabetes also attracted many

workers (Bhattacharya and Saraswathi 1991, Garris,1990, Bitar et al.,1987, Lorden

et al.,1975, Lackovic' et al.,1990, Sasaki et al.,1983). The changes in the brain

moaoamines during experimental diab~tes have been reported by many authors.

Limet aI., (1995) have described the changes in the striatal region dopamine and its

metabolites dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA).

The uptake affinity and velocity of dopamine in synaptosomes have been studied

and found a significant decrease. Gurcharan et al., (1994) have reported changes in

the Na+J<+ATPase activity from discrete areas of the rat brain to be

decreased. Akira et al., (1994) showed that 2-deoxyglucose induced

hyperglycemia to have not only noradrenergic nerve component but also

hypotbalamic cholinergic system Garris (1995) analyzed the developmental and

regional changes in brain norepinephrine (NE) levels in diabetic C57BLIKSJ mice.

Regional brain (i.e. amygdala, hypothalamus and medulla) NE levels were

chronicallyelevated when compared to age matched controls (8 wk. of age). The

brain NE elevation is proposed to be associated with an overt expression of the

gene causing diabetes mellitus in this model. Also, he found that these changes may

be modulated by ovarian steroid hormones. Kamei et al., (1994) suggests altered

dopamine turnover in the limbic forebrain to enhanced spontaneous locomotor

activity. The increased dopamine neurotransmission in diabetic mice may also be

due to the upregulation of 0 opioid receptor mediated function because 0 opioid

receptor antagonist reduced the spontaneous locomotor activity in diabetic mice.

lung et al., (1993) demonstrated through some simple experiments that glucose

itselfmodulate release of endogenous catecholamines from hypothalamic fragments

in vitro.

The effect ofinsulin treatment on catecholamine levels is reported in insulin

treated normal; insulin treated diabetic and non treated control rats (Bellush
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and Reid, 1994). The low and high doses of insulin did not show any variation on

its effect on 5-hydroxy indole-3-acetic acid and 5-HT levels. The Insulin treated

normal rats also showed induced hyperphagia and excessive weight gain. Another
~

set of brain neurons called peptidergic 'neurons have also been studied in diabetic.

The function of peptidergic nerves especially NeuroPeptide Yergic (NPYergic)

nerves and feeding has been proposed. Frankish et al. (1993) have analyzed NPY

receptor numbers in hypothalamus and found to be reduced. Diabetes as well as

food deprivation markedly increased hypothlamic NPY and NPY mRNA levels.

These changes were explained as an increased NPY release in hypothalamus and it

may be mediating in food seeking behavior, hyperphagia and pituitary dysfunction

observed in diabetic and food deprived animals.

The diabetes related changes in blood brain barrier have been proposed to

play a role in CNS lesions. Mooradian and Scarpace (1992) has analyzed

~adrenergic receptor activity of cerebral micro vessels in STZ-diabetic rats. He

fOlmd a reduced post receptor activation of adenylate cyclase in cerebral micro

vessels while J3-adrenergic density, affinity and receptor-cyclase coupling are not

significantly altered. Lass and Krudsen (1990) had found a significantly reduced

cerebral blood blow in response to propranolol in streptozotocin diabetic rats.

The dopaminergic function has been proposed to play a role in many

behavioral changes. Heaton and Varrin (1993) have proposed a correlation

between yawning behavior in diabetic animals and dopamine content. Chen (1992)

reported an important aspect of monoamine changes in diabetic brain to duration of

the disease. He reported a pattern of monoamine changes in the diabetic brain

neurons.Bitar et al., (1987) have analysed hypothalamic nuclei and the changes

during diabetes-induced by STZ. The first mention of a neurotransmitter to a gene

ie., NE to a gene is proposed by Eleftheriou (1974). The genetically produced
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diabetes is predicted to have genetic influence on hypothalamic NE level. Lorden et

al., (1975) have shown that in genetically diabetic mice there is an elevated NE

level Garris (1990) proposed adrenergic receptor changes along with increased

NE level in genetically obese rats, which is suggested to be related to the expression

of the obese genes. Lackovic et al., (1990) analyzed human diabetic brain samples

and compared with postmortem tissues equally taken from STZ and alloxan diabetic

rats. They observed an increase in the serotonin content in the medial and lateral

pallidus. The authors did not propose such changes in monoamines to be

associated with any generalized metabolic disturbance. But the literature till now

cited show a strong correlation between the central catecholamines and their role in

glucosehomeostasis.

MONOAMINES PLAY AN IMPORTANT ROLE IN GLUCOSE

HOMEOSTASIS

Central nervous system and peripheral neurons have an important regulatory

role in glucose homeostasis in diabetes mellitus. Ho et al., (1995) showed that

neurotransmitters especially ACh and NE partially restores glucose sensitive insulin

and glycogen secretion in STZ-induced diabetic rats. They attribute these changes

to a decline in acetylcholine esterase and monoamine oxidase activity in islet cells.

Hiyoshi et al., (1995) have i.c.v. injected imidazoline antagonists of a,2­

adrenoceptors and analyzed endogenous adrenaline induced inhibition of insulin

releasein anaesthetized normal rats. The results suggested that inhibition of insulin

release induced by adrenaline was reversed by antagonism of a,2-adrenoceptors

(Yohimbine and Idazoxan). Potter et al.,(1977) have analyzed the greater

hypoglycemic potency of epinephrine (EPI) as compared to isoproterenol in

diabeticrats which is reported earlier (Moratinos et al., 1975). They found that the

catecholamines though did not directly act on liver, muscle and adipose tissue,

10



influence the responsiveness of the pancreatic islet cells which in turn, alters

deposition of key metabolic substrates. In fasted rabbits it is shown that the

hyperglycemic action ofcq-adreaoceptors is due to higher glycogenolysis while

a.2-adrenoceptor effect on hyperglyceraia is due to inhibition of insulin secretion

and enhanced glycogenolysis (Reverte et al., 1991). Gracia-Barrado et al., (1992)

have shown that Ca++ channel blockers play a role in insulin secretion mediated by

catecholamines. Oda et al., (1994) have shown that p-adrenergic receptor

mechanism is an important component of adrenergic modulation of pancreatic

glucagon secretion in conscious rabbits. They also conclude that hyperglycemia

was induced by both a. and P adrenergic stimulation but the extent was greater

under p-adrenergic stimulation. Guillot et al., (1995) have studied the 0.2­

adrenoceptor involvement in neonatal STZ-induced diabetic rats using the 0.2­

agonist UK 14.304. Their results suggest that insulin and amylin are both under

inhibitory control via a.2-adrenoceptor. It is also suggested that diabetes in the

neonatal STZ-induced rat model is associated with a hypersensitivity of the

pancreas to a.2-adrenoceptor stimulation. Ansari et al., (1994) reported on the

p-adrenergic modulation of rat brain insulin receptor activity in normal and

hyperg1ycemic conditions. The insulin binding remained the same in hyperglycemic

state but ~-agonist treatment enhanced the receptor kinase activity. These authors

claim to report for the first time for direct action of insulin on catecholamines. The

recent observations on pancreatic innervation from CNS monoamine cell groups

using the method of transneuronal labeling study showed that pancreatic vagal

motor neurons receive inputs from adrenergic, noradrenergic and 5-HT neurons

ftom the lower brain stem and from a potential dopaminergic input from

paraventricular nucleus (PVN) (Loewy et aI.,1994) Sugimoto et al.,(1994) studied

the glycemic control in a hypoglycemia model induced by tolbutamide. He found

that a S-HTl and 5-HT2 receptor antagonists strongly blocked the tolbutamide

iD.duced iolnoitory effects. Tryptamine strongly inhibited tolbutamide effects and
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induced hyperglycemia. This hyperglycemia was blocked by 5-HT2 antagonist

ketanserin. These results prompted the authors to predict involvement of 5-HT2

receptors in tolbutamide induced hypoglycemia. This hyperglycemia was blocked by
~

5-HT2 antagonist ketanserin. These .results prompted the authors to predict

involvement of 5-ID2 receptors in tolbutamide induced hypoglycemia. They also

predicted a possible role of tryptamine in glucagon release. This was proved true by

another group of authors. Yamada et al.,(1994) showed peripheral S2 receptor

involvement in hyperglucagonemia. Kurose et al., (1992) reported sympathetic

neural activation and the sensitivity of ~-cells enhancement in diabetic animal

model They analysed the glucagon, insulin and somatostatin secretion induced by

electrical splanchnic nerve stimulation in STZ-induced neonates and STZ-induced

diabetes in adults. Smythe et al. (1992) proposed noradrenergic intervention as a

method ofcontrolling hyperglycemia in diabetes mellitus. They examined whether a

blockade of noradrenergic responses from hypothalamus to stress might suppress

the associated hyperglycemia. Treatment of rats with 2-dt7eX}'-D-glucose,

Yohimbine or neostigmine increased both noradrenergic neuronal activity and

scrum glucose. When rats were additionally pretreated with pentobarbital, the

uoradren.ergic neuronal activity and its effects were blocked. The data suggested

ad demonstrated that inhibition of central noradrenergic activity is also associated

with an inIn"bition of hyperglycemia. All the above studies point to a possible

iIlvolvement of eNS catecholamine changes to play a role in producing diabetic

condition.

WHY DIABETIC HYPOTHALAMIC SEROTONERGIC AND

ADIlENERGIC ALTERATIONS ARE IMPORTANT

Similar studies on stress induced hormonal regulation by the hypothalamic

DOIIdrenergic and serotonergic nerves have helped to understand how
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hyperglycemic state can be produced by changes in the hypothalamic nuclei.

Moreover another feature which emerged from stress related hypothalamic studies

is a close co-operation between adrenergic and serotonergic nerves, This is
~

emerging as a new insight into mechanism of two different nerve types together

regulating a physiological process. The drug called 8-hydroxy-2-(din-n-

propylamino)tetralin (8-0H-DPAT) helped a lot in analyzing the hypothalamic

monoamine interactions (Chen and Reith, 1995». Their analysis using the

technique of micro dialysis in the ventral tegmental area of rats treated.

systematically with 8-0H-DPAT showed that a low dose of the drug may act at

presynaptic 5-HTIA receptors to modulate 5-HT and DA release, while acting at

post-synaptic 5-HTIA receptors modulate NE release. But high dose of the drug

may activate D2 receptors to offset DA level increase and the locomotor

stimulatory effect of 8-0H-DPAT might be mediated primarily by post synaptic

S-HTla receptors modulate NE system. Bluet et al., (1995) in their experiments

showed that PVN-Iesioned animals showed a blunted ACTH response to 8-0H­

DPAT. This indicate that major sites of 5-HTIA interactions in PRL and ACTH

regulation are located within the eNS and not in the pituitary. Tian et al., (1993)

*owed a close intertalk between tryptaminergic, noradrenergic and dopaminergic

ncurons in hypothalamus (Arborelin et al., 1993). Chaouloff and Jeanrenaud,

(1987) analysed the receptor subtypes involved in the hyperglycemic and

hypoinsulinemic effects of 8-0H-DPAT when applied i.c.v. into hypothalamus of

coucious rats. They proposed that the drugs physiological manifestations are

madiated through 5-HTla and a-2 adrenergic receptors in the hypothalamus. The

diabetic state in streptozotocin-induced rats reported to have altered anterior

pituitary and hypothalamic functions (Bestetti et al., 1995). The evidence from the

adralodemeduDation (ADM) experiments revealed several interesting findings.

Christine et al., (1993) found that diabetogenic effect of streptozotocin reduced in

the adrenodemedullated rats. Their results indicate that ADM rats appeared to be
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more resistant to developing hyperglycemia after single injection of STZ than sham

animals, and this being associated with a greater pancreatic insulin content. Social

crowding stress was analysed by Bugajski et al., (1993) for the changes it produced

in pituitary-adrenocortical and hypotkalamic histamine response to adrenergic

stimulation. The results indicate that social stress of crowding considerably impairs

the hypothalamic-pituitary-adrenocortical responsiveness to central f3 and a-2

adrenergic receptor stimulation.

Although stress is suspected to play a role in the development of diabetes

meIlitus, no direct evidence for involvement of adrenal medulla in onset of the

disease has yet been found. But Christine et al., (1994) gave a good evidence for

the importance of hypothalamo-pituitary-adrenal (HPA) axis in diabetes mellitus.

Takahashi et al., (1993) have shown how the sympathetic nervous activity and

adrenal meduDa synchronize the sympathetic tone in the body. They used

adrenodemeduDation and sympathectomy and found that some adrenergic nerves

show functional compensation under conditions of depression of the adrenal

medulla and that compensatory acceleration of the adrenal medullary function

occurs under conditions of adrenergic dysfunction. But in diabetic state the

hormonal feedback on sympathetic and parasympathetic nervous system is in fact

impaired. PoweD et al., (1993) have studied counter regulation against

hypoglycemia in IDDM in nondiabetic, spontaneously diabetic BB/wor rats using

eog1.ycemic/hypoglycemic clamping. Their data suggests that in IDDM iatrogenic

hypoglycemia magnifies preexisting counter regulatory defects, thereby increasing

the risk of severe hypoglycemia. The diabetic rats show abnormalities in growth

lUmnoneand prolactin secretion (Bestetti et al., 1995, Locatelli et al., 1985). This

.alterations is suspected to have an altered post synaptic function of NE system

(HitaI' et al., 1987). Previous indications of an altered adrenergic activity in

hypotbalamns of diabetic rats point out an involvement of adrenergic nerves in an
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altered HPA axis. So the literature thus far cited showed that there are strong

indications of an adrenergic and serotonergic nervous system involvement in

diabetic hypothalamus. But very few people (Garris 1990, Bitar et.al., 1987,

Mooradian et.al., 1992 Lass et.al., 1990) have analysed the receptor subtypes of

both adrenergic and especially serotonergic receptor changes in the streptozotocin

induced diabeticbrain regions.

DUBETESDffiRUPTSHORMONESIGNALLmG

The receptor changes analysed in the diabetic state also indicated large

variations in the membrane associated second messenger system Several authors

have shown that diabetes is associated with an impaired membrane associated

secondmessengerfunction. Diabetes can produce a state ofhypothyroidism which

is knownto alter a adrenoceptor activity in rat hearts. Several authors have studied

the altered adrenergic function in cardiac tissue (Stewart et.al., 1994, Goyal.et al.,

1987,BhinYi and McNeill 1989, Ganguly et.al., 1986,1987, Williams et.al., 1983)

The thyroid status in diabetic rats is suspected to be the cause of altered

sympathetic activity and thus related complications of cardiomyopathy. Brain

Ilem'Otransmitter, receptor studies in relation to thyroid function and hypertension

have been established in pyridoxine deficient animal model (Paulose and

l)aksbinamllrti 1984, 1985, 1988, Dakshinamurti and Paulose 1985, 1986, 1990,

VlSWaDJlthan et al.,1990) Their studies clearly show the functional correlation

between the neurotransmitters, receptors and the hormonal pathway in

Jintothyroidism and hypertension. Increased sympathetic stimulation is suggested to

decrease insulin function. Diabetic heart was one of the organs in which several

authors have reported changes in their messenger functioning. Gando (1994) have

found a decrease in the functional responses to cAMP increasing agent like
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p-adrenoceptor agonist. They found that this change is attributable to impaired

phosphorylation of cardiac regulatory phosphoproteins including phospholamban.

In streptozotocin induced diabetes GTP analogue mediated stimulation of

phosphoinositidase C in peripheral nerve myelin and its alteration is studied

(Mathew and Eichberg, 1994). In detergent solubilized myelin preparations from

STZ-induced diabetic rats, a higher concentration of the guanine nucleotide

analogue was required to acheive stimulation comparable to that obtained with

corresponding preparations from normal animals. They predicted from the above

studies, a possible impaired G-protein function in cell signalling in experimental

diabetic neuropathy. Borghini et al., (1994) studied different isoforms of PKC in

sciatic nerves, but failed to observe any abnormality in PKC activity, in

innmmoreactive intensity or in the distribution of PKC isoforms. The authors

concluded that the cause for altered Na~+ ATPase activity may be due to a

clefective activation rather than an intrinsic activity. Finco et al., (1992) studied

adenosine 51-diphosphate (ADP) ribosylation of Gi / Go proteins in diabetic brain

Itriatmn. A marked decrease in pertussis toxin (PTX) catalyzed ADP-ribosylation

is seeoin diabetic animals. The diabetes is associated with a time related alteration

ofcerebral GIGo proteins and this defect is an ongoing process and no change

in 6-protein content or mRNA level Authors predict a modification of G-proteins

structure or physiological status. Shindo et al., (1993) have reported on cyclic

AMP (cAMP) in sciatic nerve of rats made diabetic with streptozotocin. The

cAMP content of sciatic nerves of diabetic rats was lower than in those of control

rats. Administration of stable prostacyclin analog iloprost or dibutyrl

cAMP (db cAMP) restored cAMP content in the sciatic nerves and motor nerve

conduction velocity. The authors concluded that reduction in cAMP content is

peripheral nerves may be involved in the pathogenesis of diabetic neuropathy and is

caused by the impairment of adenylate cyclase activity in the diabetic state.
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Similar changes are also reported by many other groups in body tissues of

diabetic rats like heart and liver (Strassheim et al., (1990), Xiang and McNeill (1992)

Gawler et al.,1987, 1988). Gawler et al.,(1987) showed a loss of expression of Gi

protein in rat liver of streptozotocin fuduced diabetic rats. Xiang and McNeill

(1992) report about an increased membrane bound protein kinase C activity which is

proposed to be the reason for the diabetic cardiomyopathy. Strassheim et al., (1990)

, report about a reduced specific activity of adenylate cyclase in adipocyte membrane

Dd enhanced stimulatory effect of isoprenaline. They suggested that diabetes bring

selective changes in the functioning of Gi in adipocyte membranes which removes

the tonic GTP dependent inhibitory function of this G-protein.
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MATERIALS AND MEmODS

BIOCHEMICALS AND THEIR souaces

Biochemicals used in the present study were purchased from SIGMA

Chemical Co. All other reagents were of analytical grade purchased locally.

HPLC solvents were of HPLC grade obtained from SRL, India.The following are

the list ofchemicals purchased from Sigma and used in this study.

Streptozotocin.

Neurotransmitter Standards

(±)Norepinephrine, (-) Norepinephrine-bitartrate salt

(±)Epinephrine, (-}-Epinephrine, 5-Hydroxytryptamine,

5-Hydroxytryptophan

5-Hydroxytyramine

5-Hydroxy Indole Aceticacid

Homovanillic acid

Buffer Constituents

Sodium octyl sulfonate

Ethylene Glycol-bis(f3-aminoethyl ether}-EGTA

Ethylenediamine tetra acetic acid-EDTA

Benzamidine, Aprotinin (Trasylol)'phenylmethyl sulfonyl fluoride(PMSF)

Glycylglycine,HEPES(N-[2-Hydroxyethyl] piperazine-NI
- [2-ethanesulfonic

acid]

The following are kind gifts from JANSSEN LABORATORIES, Belgium

Spiperone and Ketanserin
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The following chemical is a gift from BOEBRINGER INGELHEIM

Clonidine

Neurotransmitter receptor antagonists purchased from SIGMA

Prazosin,

Yohimbine,

RADIOCHEMICAI.S PURCHASED FROM AMERSHAM ENGLAND

1-[7,8.3H]Noradrenaline ofspecific activity 39.0 Ci/mmol.

[O-methyl.3H]Yohimbine with specific activity 88 Ci/mmol.

5-Hydroxy (G-3H]tryptamine creatinine sulphate ofspecific activity 18.4

Cilmmol.

INDUCTION OF DIABETES MELLITUS IN ANIMALS

Adult Sprague Dawley male rats of 6-8 months of age and....200 g. weight

were used for all experiments. The Streptozotocin was given as intrafemoral vein

injections to the animals at a concentration of 45-50 mglkilogram body weight by

dissolving in citrate buffer pH 4.5. The rats were injected during the early hours of

the dajfy (10.00 a.m to 11.00 a.m). The control animals were given the vehicle

alone. The rats were kept under constant lighting conditions (12 hr light/dark

cycle) throughout the experiments. The food and water were given ad libitum. The

food given contained mainly grams (Cicer arietinum) and standard food pellets

(HindustanLever). The rats were kept under diabetic state for different periods

(7, 14 and 28 days).

The diabetic rats were randomly divided into two groups. One group received

no antidiabetic treatment while the other received subcutaneous injections of insulin

daily for 12-15 days. The dosage varied from 2-6 units and a mixture of both plain

and Lente insulin (commercially available) was given for a better control.(Sasaki and
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Bunag 1983». The daily injections were always given between 3.00 and 5.00 p.m and

blood samples were collected as per requirement. The initial doses ofinsulin (daily per

rat) started with 2U and depending on the extent ofglycosuria, adjusted upto 6U, the

final injections were given the day bJfore killing. The blood was collected by tail

snipping method and glucose was estimated using glucose oxidase enzyme kits

(Merck). The tap water was filled every other day after recording the volume

ingested. Body weight was measured using a standard balance. The animals were

killed between 10.00 and 11.30 hrs by decapitation. The brains were rapidly dissected

into 5 different regions according to Glowinski and lversen (1966). The dissection

was carried out on a chilled glass plate into hypothalamus (Hypo) corpus striatum

(CS), brain stem (BS), cerebellum (CB) and cerebral cortex (CC). These regions

were immediately immersed into liquid nitrogen and stored at -700 C for various

experiments.

ASSAYS

Monoamine concentrations

Tissues from brains were homogenised in 0.4N ice cold perchloric acid. The

homogenate was centrifuged and the clear supernatant was filtered and used for HPLC

analysis. Norepinephrine (NE), Epinephrine (EPl), Dopamine (DA), 5-Hydroxy

tryptamine (5-HT), 5-Hydroxytryptophan (5-HTP), 5- Hydroxy indole acetic acid

(5-HIAA) and Homovanillic acid (HVA) were determined in high performance liquid

chromatography with eleetrochemical detector (HPLC EC) (Shimadzu, Japan) fitted

with CLC-ODS a reverse phase column of Sum particle size, 4.6 mM internal diameter

and 25 cm length. The mobile phase consisted of 75 mM sodium dihydrogen

orthophosphate, 1 mM sodium octyl sulfonate, 50 um EDTA and 8% acetonitrile pH

adjusted to 3.2 with phosphoric acid, filtered through 0.4 um filters ( Millipore) and
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deaerated. A Shimadzu model lOAS pump was used to deliver the solvent at a rate of

1 ml/min. The catecholamines were identified by an amperometric detection using an

electrochemical detector (Model 6A, Shunadzu, Japan) with a reduction potential of

0.8V, with the range set at 16 and a time constant of 1.5 seconds. Twenty JlI aliquots

of the acidified supematant were injected into the system The peaks were identified

by relative retention times compared with standards and quantitatively estimated using

an integrator interfaced with the detector.

The cholesterol estimation was done using Merck by Libermann Blfthard

method. Protein concentrations were quantified by the method of Lowry et al..

(1951) using bovine serum albuminas a standard.

NEUROTRANSMITTER RECEPTOR STUDIES USING

[3D] RADIOLIGANDS IN IN VITRO EXPERIMENTS

ADRENERGIC RECEPTORS

Brain Membrane preparations for [3H) NE binding

The tissues used for assay include hypothalamus and brain stem The

membrane was prepared according to Geynet et al., (1981) with modifications.

The brain regions were homogenised in 50 volumes of the 50 mM Tris buffer

containing 2 mM EGTA and lOOJlM PMSF pH 7.5, with ten up and down strokes

in a tight fitting Teflon-glass homogeniser held in ice. After homogenisation, the

suspension was centrifuged at 40000xg in a RP21 rotor in a Hitachi SCP 85 ultra

centrifuge for 30' at 40C. The procedure was repeated again after resuspending the

pellet.
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SCATCHARD ANALYSIS USING [3H] NE

~

The incubation mixture contained 50 mM Tris HCl, 10 mM MgCI2,

ImM EGTA, 0.8 mM ascorbic acid, 3 mM catcehol pH was adjusted to 7.4. After

the second centrifugation the pellet was resuspended in the incubation buffer for

[3H] NE. The assay mixture contained a protein concentration of0.2-0.4 mg of

protein and varied concentrations ofradioligands from 25 to 100 nM. The mixture

was incubated for 30 minute at 250C. The specific binding was defined as the

difference between the radioligand binding in the absence and presence of 10 ~M

phentolamine. At the end of incubation, the reaction was stopped by filtering

immediately through GF/B filters (Whatman) soaked previously in wash buffer

(50 mM Tris buffer containing 10 mM MgC12 pH 7.4). The filters were rapidly

washed in three 5 ml washes with ice cold wash buffer. The filters were dried

overnight and counted with ten m1, Hisafe, liquid scintillation cocktail (Wallac), in a

Wallac liquid scintillation counter model 1409 at an efficiency of 60%. The specific

binding was defined as that binding which form 60% ofthe total binding.

Membrane preparation for [3D] Yohimbine binding

[3H]Yohimbine binding studies were done according to Repaske et al., (1987) with

slight modifications.

Buffers used

Buffer 1) 5 mM Tris HCl, 5 mM EDTA, 2 mM EGTA, 10 mM

benzamidine, 10 U/ml trasylol, pH 7.6.

Buffer 2) 5mM Tris HCL, 5 mM EGTA, 10 mM benzamidine 10 U/ml

trasyloI pH 7.6.
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Buffer 3) 25 mM glycylglycine, 10 mM Hepes, 100 mM NaC~ 2 mM EGTA

pH 7.6.

PREPARATION OF THE RAT BRAIN PARTICULATE FRACTION FOR

a-2 RECEPTOR BINDING STUDIES

The brain tissues were homogenised in fifty volumes of buffer in a tight

fitting teflon glass homogeniser by 10 up and down strokes with one interruptions

on ice for 30 sec. The buffer contained 50 mM Tris HCI, 4 mM MgCI2, 2 mM

EGTA, pH 7.6, 10 mM benzamidine and 5 mM phenyl methyl sulfonyl fluoride

(PMSF). The homogenate was centrifuged at 40,000xg in a RP 21 rotor in a

Hitachi SCP 85 centrifuge for 10 minute at 4oC. The pellet was resuspended in the

buffer number 1 and 2. The final pellet was resuspended in buffer number 3 and

used for determination of [3H]Yohimbine binding.

DETERMINATION OF [3D] YOHIMBINE BINDING IN PARTICULATE

PREPARATIONS

Membrane binding assays were performed in O.5ml incubation containing

0.2-0.4 mg for brain stem protein and 0.1 to 0.2 mg of hypothalamus. The

concentration of radioligand particulate preparation used varied from 3-10 nM

[3H]Yohimbine and incubated for 90 minutes at 150C. The incubation was

terminated by filtration through GF/C glass fiber filters (Whatman) in a Millipore

vacuum manifold with three washes of 5 ml each of ice cold 25 mM glycylglycine

pH 7.6. The filters were dried prior to counting.
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ANALYSIS OF THE RECEPTOR BINDING DATA

The data were analysed according to Scatchard (1949) The data included

both total and nonspecific binding at many concentrations of radioligand and the

specificbinding was calculated as the difference. Two parameters maximal binding

(Bmax) and equilibrium dissociation constant (Kd) were found out by plotting the

specifically bound radioligand on X axis and bound / free on y axis. This is called a

Scatchard plot. The maximal binding (Bmax), which is a measure of the total

number of receptors present in the tissue and the equilibrium dissociation constant

(Kd) of the receptors for the radioligand. The Kd is inversely related to receptor

affinity, i.e., the "strength" ofbinding, a low Kd means high-affinity binding, a high

Kd means low affinitybinding.

SEROTONIN RECEPTOR BINDING ANALYSIS

The membrane preparations were followed according to Paulose et al.,.

(1985).1~Short )brain tissues were homogenised in 50 mM Tris-HCI buffer

containing 1 mM PMSF and 1 IJM pargyline (pH 8.3) The membrane preparation

w:is exactly the same for other radioligands except that the homogenisation is done in

the incubation buffer itself The incubation was done at 370C for 15'. The specific

binding was determined by adding 10 IJM of cold serotonin. After incubation the

reaction was stopped by filtering through GFIB filters (Whatman). Three washes

each of5 ml ice cold 50 mM Tris-HCI pH 8.5 were done.
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DISPLACEMENT CURVES

Both adrenergic and serotonergic binding were analysed using competing

cold ligands.The competitive drugs used with [3H]-Noradrenaline were Yohimbine,

md prazosin. The competitive drugs used along with the [3H] serotonin included

ketanserinand spiperone.

The data is represented graphically with the log of concentration of the

competingdrug on x axis and % oftotal specific bound on y axis.

PHOSPHOLIPASE ASSAY

The enzyme was assayed according to Krug and Kent (1984.) with

modifications. The brain tissue was homogenised in Tris-buffer.

Reagents.

Tris-HCI 0.4 ~ pH 7.3 at 370C

Calcium chloride 50 mM

Bovine serum albumin 1 mgIml

Phosphatidyl inositol 2.5 mM in absolute ethanol.

Ammonium sulfate 0.2 M

Alkaline phosphatase (Escherichia coli, Sigma Chemical Co., type m-S).

Sodium dodecyl sulfate 20%

Ascorbate-molybdate reagent; 1 part 10% ascorbic acid and 6 parts 0.42%

ammonium molybdate in 1 N H2S04.
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Procedures:

Reagents were added in the following order and to the final concentrations

indicated (final volume 80 ul]: 50 mM Tris HC1; 6.3 mM calcium chloride, 0.13

mglml bovine serum albumin, 2.5 mM phosphatidyl inositol, 70 mM ammonium

sulfate (including the amount ofammonium sulfate contributed by the suspension of

alkaline phosphatase), 0.15 unit of alkaline phosphatase, and 0.1 to IxlO-3 unit of

phospholipase C. Routinely, all the assay components except phospholipase C were

pooled as one large suspension, and aliquots can be removed for each assay. The

assay mixture was incubated at 370C for 15 minutes in a shaking water bath. The

reaction was terminated by addition of 80 ul of sodium dodecyl sulfate. Then 400J.11

of ascorbate-molybdate reagent was added followed by incubation at 450C for 20

min or 370C for 60 min. The absorbance was read in a 1 ml cuvette by adding

IB9f.@ 560 J.11 of buffer at 820 nM. One nanomole of inorganic phosphate

corresponds to a net absorbance of about 0.045 above a reaction mixture blank

absorbance of0.040. One unit ofphospholipase C activity is defined as that which

produces 1 umol of inorganic phosphate per minute. The assay was linear with

time to 30 min and enzyme activity to lxlO-3 unit.

STATISTICAL ANALYSIS

The data were analysed with Students' t-test and ANOVA (Campbell, 1987).
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RESULTS

GENERAL CHARACTERISTICS OF tHE STREPTOZOTOCIN­

INDUCED DIABETIC RATS

The blood glucose of streptozotocin diabetic rats significantly (P<O.OI)

increased (Fig.I). The body weight analysed showed a significant (P<O.05)

reduction when compared to its initial weight and control animals. The water

uptake significantly (P<O.O1) increased in diabetic animals. But all these parameters

which showed significant change in diabetes were reversed by insulin treatment

(Table 1).

The protein was estimated in all brain regions and body regions during

diabetes. All the regions examined except CC and CS showed a significant

(P<O.05) reduction in protein content (Table 2).

The total cholesterol content estimated showed varied results in different

tissues. Out of the brain regions analysed corpus striatum, hypothalamus,

cerebellumand cerebral cortex showed a significant (P<O.05) decrease. Brain stem

showed no significant change in the cholesterol content. The pancreas and kidney

also showed variation in the total cholesterol content. Pancreas showed a

significant (P<O.05) increase and kidney showed a significant (P<O.05) decrease

(Table 3).
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CHANGES IN THE CONTENT OF MONOAMINES AND THEIR

METABOLITES

~

The different rat brain region were analysed for monoamines and their

metabolites. The cerebral cortex (CC), which belonged to the upper brain region

was analysed (Table 4). The results ofchanges in the content ofmonoamines in the

cerebral cortex showed an increase in the activity of norepinephrine (NE) (+83%;

P<O.05). Dopamine content significantly (P<O.Ol) increased (+322%). The other

major neurotransmitter serotonin (5-HT) also increased significantly (P<O.05;

+ 55%).

The data ofneurotransmitters and their metabolites were analysed according

to the theory ofHery et al., (1972).and Smythe et al., (1983, 1983ft ). According to

them the ratio of the concentration of the major metabolite of a brain monoamine

neurotransmitter to brain monoamine concentration itself provides a good index of

the overall turnover rate of the synaptic transmitter. The norepinephrine turnover

to epinephrine when analysed showed no change in the content of epinephrine. But

its turnover rate (Table 5) as calculated by EPI/NE ratio in diabetic CC compared
o.

to control CC was significantly lower (P1!5; -59%). This may be indicating a

lower turnover ofNE to EPI which result in an increase in NE content in diabetic

CC.

The serotonin (5-HT) precursor, 5-Hydroxy tryptophan when analysed,

showed no change in its content while 5-HT content significantly increased

(P<O.05; +55%). The turnover rate calculated remained same in both control and

diabetic CC (Table 5). This shows no disturbance in serotonin synthesis. The

turnover of 5-HT to 5-1DAA showed a significant decrease in CC of diabetic
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brains. So in diabetic brain 5-ID increase which is observed may be due to a

decreased turnover rate of 5-ID to 5- lDAA.

The DA content when analysed in ~ similar fashion with its major metabolite

homovanillic acid showed a marked alteration in its metabolism The HVA content

showed a significant decrease in diabetic CC (P <0.05; -77%). DA content showed

an increase in CC. The turnover rate when analysed showed highly significant

variation (P<0.05, -96%) (Table 4). This shows that DA turnover is very less in

diabetic CC which is reflected as an increase in DA content and a decrease in the

HVA content. The alteration in the dopaminergic nerves is highly significant

(P<0.05) in diabetic CC.

The neurotransmitter content changes in the hypothalamus which is the

centre of regulation of endocrine functions when analysed showed a

significant increase (P < 0.05, +40%) in the noradrenergic activity (Table 6). The

EPI content also increased significantly(P <0.05). The turnover rate calculated for

the conversion of NE into EPI showed an increase (P< 0.05) (Table 7). This

increase in the turnover rate is reflected in the EPI content.

The serotonergic activity assessed in the diabetic hypothalamus by serotonin

content showed a significant (P<0.05) decrease. This decrease is accompanied by

M iYl~ttlUl in the 5-HTP content in the diabetic state. -1he turnover rate for

5-HTP to 5-ID showed a significant increase (P <0.01; +179%). Also, the

turnover rate from 5-ID to 5-lDAA aEl seftteftt er 5 HIAA showed a highly

significant increase (Table 7). This indicates a disturbance in both the metabolic

pathway from 5-mP to 5-ID and also 5-ID to 5-lDAA. The turn over rate

calculated for a precursor to its neurotransmitter shows an increase which indicate

an accumulation of the precursor. In this case 5-mP accumulate in the
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hypothalamus due to some block in the synthesis. The 5-Hf to 5-1llAA turn over

rate also increased which in effect resulted in a decreased 5-Hf content.

The dopaminergic activity al~ showed a significant increase in the

hypothalamus. But its metabolite HVA level in diabetic rats remained undetected

(Table 6).

Of the lower brain regions analysed brain stem (BS) showed significant

variations in both serotonergic and adrenergic activity. Epinephrine significantly

increased. The turnover rate for the conversion ofNE~EPI is significantlyhigher

(P <0.05; Table 8). This may be concluded as an increase in the adrenergic activity

in thiss brain region also (Table 8). The serotonin level significantly increased

(P<O.OI) in BS. The turnover rate calculated for 5-HfP~5-Hf showed a

significant increase (P<O.05; +85%). But its breakdown metabolite 5-1llAA

showed a significant decrease (P<O.05; -72%). The turnover rate calculated for this

pathway showed a significant reduction (P<O.05). So the increased turnover rate

for the 5-HfP~5-HT and a reduction in the turnover rate from 5-Hf~5-IllAA

may be resulting in an increase in 5-HT content.The dopaminergic activity in the BS

also increased significantly (P<O.05). But the HVA content remained undetected in

diabetic brain BS (Table 9).

The cerebellum when analysed for neurotransmitters and their metabolites

showed no significant change in the norepinephrine content as well as epinephrine

content. Dopaminergic activity decreased significantlly (P<O.05) during diabetes

(Table 10) .Serotonin precursor showed a significant increase (P<0.05). 5-IllAA

content also showed no significant change during diabetic state.
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The turnover rate calculated for NE~EPI did not show any significant

change. So generally it is inj«fet;.~d as a brain region which is least affected by

diabetic state (Table 11).

The striatum showed significant changes in adrenergic, dopaminergic and

serotonergic activities. The adrenergic activity showed a decrease in NE level

associated with an increase in the EPI content. The turnover rate calculated for the

conversion ofNE~EPI revealed that it is significantly higher (P<O.OI) in diabetic

state. This explains well the monoamine levels. The increased turnover may have

resulted in an increase in EPI and a decrease in NE level (Table 12,13).The

dopaminergic activity of the striatum showed marked variations in its level. The

dopaminergic activity increased significantly (P<O.OOI; +6500%). This increase is

accompanied by a decrease in the RVA content in diabetic rat striatum. The

turnover rate data showed a highly significant (P<O.OOl) reduction in the

breakdown pathway of the dopamine in diabetic rats. The serotonergic activity

showed a marginal increase (28%) in activity with a very significant increase

(P<O.OOI) in the 5-HTP content. The turnover rate for 5-HT~5-HTP showed a

highly significant increase (P<0.05) (Table 13). The breakdown pathway analysed

by 5-1DAA showed a significant increase (P<O.OI) but no significant increase in the

turnover data.

EFFECT OF INSULIN TREATMENT ON BRAIN MONOAMINE LEVELS

The insulin treatment to the diabetic animals showed recovery from the

diabetic state. Some parameters seem to show recovery to a certain extent. But a

complete reversal to a normal condition was not seen with the external insulin

treatment. The reversal ofblood glucose, body weight and water uptake is brought

back to near normal level by insulintreatment.
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The pattern of insulin treatment and recovery from the altered diabetic

condition may be illustrated by taking few examples. The reversal is seen in the case

of altered noradrenergic activity in hypoihalamus of insulin treated rats (Table 6).

But in the same region, increased dopaminergic content was brought to a decrease

in insulin treated rats. Serotonin content showed a further decrease (Table 6). The

data on insulin treated rats seem to be not reversed tocontrollevels in all the brain

regions analysed (Table 4,6,8, 10, 12).

THE OBSERVED PATTERN IN MONOAMINE CONTENT REMAINED

THE SAME IN DIFFERENT PERIODS OF STUDY

We compared the variations in the monoamine contents at the end of 7, 14

and 28 days in hypothalamus, to see whether the observed changes occurred later in

the disease process or ofearly occurrence (Table 14). The major neurotransmitter

norepinephrine showed a significant increase (P<O.OI) in its content throughout the

period. But this increase attenuated during the later stages of the disease (P<0.05).

We were unable to detect epinephrine in diabetic brain during the early stages of the

disease. The decrease in serotonin content remained the same during the period of

28 days. The reduction is maximum in the hypothalamus in the order of 14, 7 and

28 days respectively. This study indicated that when the neurotransmitter content is

compared between different days ofthe disease there is a signifiicant difference.
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NEUROTRANSMITTER RECEPTOR CHANGES IN

STREPTOZOTOCIN DIABETIC RATS

~

CHANGES OF NORADRENERGIC RECEPTORS IN THE

HYPOTHALAMUS

The Scatchard analysis of [3H] Noradrenaline to synaptic membranes of

hypothalamus showed that noradrenergic receptor number decreased significantly

(P<0.05; Table 15; Fig. 2) in diabetic rats. The Figure 2 shows the Scatchard

analysis of [3H]NE in the hypothalamus of control and diabetic rats. The plot for

control rats indicate a homogenous binding site with a dissociation constant (Kd) of

30.5 nM. The calculated maximal number of binding site (BmaX> was 5584

finoles/mg/nM. Also, in the diabetic rats the plot represented a homogenous

binding site with a dissociation constant (Kd) of 30.4 nM. The calculated Bmax for

diabetic rats was 2584 finoles/mg/nM.

DISPLACEMENT ANALYSIS OF NORADRENERGIC RECEPTORS

USING ALPBA..l AND ALPHA-2 ADRENERGIC ANTAGONISTS

The displacement analysiswas done in hypothalamic membrane preparations

in order to characterise the involvement of a-adrenergic receptor subtypes among

the adrenergic receptors identified by [3H]NE. The competition curves for control

hypothalamus in Figures 3 and 4 reveal that the adrenergic binding sites in control

hypothalamus identified by [3H]NE, is more of a.-I adrenergic receptors than 0.-2

receptors. A comparison of a.-I antagonist prazosin displacement in control and

diabetichypothalamus showed that majority of[3H]NE identified adrenergic sites in

diabetic rats are more of a-I type The results for Yohimbine displacement in

controls-diabetic hypothalamus showed that Yohimbine did not bring out a
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displacement as good as prazosin. Prazosin is more potent in displacing [3H]NE in

diabetic rats,(Figure 3). This indicate that the observed decrease in adrenergic

receptor number during diabetes in hypothalamic tissue is in adrenergic binding

sites ftfttI. of a 1 binding sites. The saturation binding curves done for [3H]NE and

[3H]Yohimbine in hypothalamus showed that [3H]NE identifiable 0.-2 adrenergic

receptors is only less than 15% of the total alpha adrenergic receptors identified by

[3H]NE. So the observed decrease in the [3H]NE binding sites indicate that a-I

adrenergic receptors ofhypothalamus decreased during diabetes.

ALPHA-2 ADRENERGIC RECEPTORS IN HYPOTBALAMUS

The 0.-2 adrenergic receptor kinetics was studied using [3H]Yohimbine, a

specific antagonist which is reported to identify 0.-2 adrenergic receptors. The

[3H]Yohimbine binding to the hypothalamus of control rats under the conditions

used in this study bound to a single class ofbinding sites (Figure 5) with a Bmax of

529 ± 3 finol!mg of membrane protein and the dissociation constant (Kd) 3.29 ±

0.15 nM. In the diabetic rats the same parameters, Bmax and Kd were 588 ± 30

finol/mg of membrane protein and 2.34 ± 0.18 nM. The Bmax did not differ in

diabetic hypothalamus, but Kd value decreased significantly. This shows that 0.-2

receptor affinity increased in diabetic condition. The insulin treatment did not

reverse the altered parameters. The insulin treated rats have a Bmax of 617 ± 2

finoles/mg membrane protein and a Kd of2.02 ± 0.15 nM in the hypothalamus

NUCLEOTIDE AND SODIUM ION REGULATED RECEYfOR

AFFINITY IN HYPOTHALAMUS

It is known that in platelet membranes and liver membranes (Hoffinan et

al.,1980) guanine nucleotides reduced the agonist affinity at 0.-2 adrenergic binding
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sites. In porcine brain particulaa, and solubilized fractions the affinity of a-2

adrenergic binding sites identified by [3H]Yohimbine also have been shown to

decrease in response to both guanine nucleotides and sodium ions (Repaske et

al.,1987). In our study we analysed this affinity modulation in hypothalamic

membrane fraction using [3H]Yohimbine against (- )-epinephrine. (- )-Epinephrine is

shown to have more potency for a-2 binding sites in platelets (Hoffinan,1979).

The guanine nuc1eotides bring out this reduction in affinity due to the

abolishment of a-2H state(high affinity), because agonist competion curves of

[3H]dihydroxyergocryptine (DHE) sites model to a single state of binding of low

affinity sites (Tsai and Leftkowitz, 1979 and Hoffinan et ai, 1980). We used an

antagonist concentration of [3H]Yohimbine 10 nM against various agonist

concentration of(-)-epinephrine. The curve pattern obtained in control rats indicate

biphasic pattern (Figure 6 e-e). Such patterns in previous reports for

competition curves were interpreted as two site fits (Hoffman et al., 1980). The

guanine nucleotides curves abolished this heterogeneous affinity state in control

(Figure 6 .-.).

Guanine nuc1eotides are not the sole compounds, which regulate the

receptor affinity and their ability to mediate the inhibition of hormone mediated

inhibition ofadenylate cyclase. Sodium ions have been demonstrated to be required

for at least enhance hormonal inhibition of adenylate cyclase in a number of systems

(Ross et al.,1987). In our studies the particulate membrane fractions were
e.

incubated with [3H]Yohimbine and increasing concentrations of (-)-epitfhrine in

the absence or presence of 100 nM NaCI and both NaCI and Gpp[NH]p. In both

Na+ containing and Na+-free incubations the monovalent cation ionic strength was

kept constant by including in the buffer 100 mM NaCI. The results obtained indicate

that in control hypothalamus the reduction in the affinity is observable (Fig 6 A--.1.)
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Also, the curve "shifted" to the low affinity region. The two site curve is still

observed. This shows that in the control rats the guanine nucleotide and sodium ion

mediated affinity changes are intact. The curve obtained for both the Gpp[NH]p

and NaCI (Figure 6 V-V) moved to the low affinity region. In diabetic rat

hypothalamus, the guanine nucleotides were not displaying any rightward shift. The

curve obtained is almost same as the epinephrine curve (Figure 7 against

.-.). Sodium ions were able to reduce the affinity states of the «-2 receptors to

a certain extent (Figure 7 L\--A). But in the case when both compounds were

added a similar shift in the curve was not observed (In Figure 7 V-V).

SEROTONERGIC RECEPTORS IN THE HYPOTHALAMUS OF

DIABETIC RATS

The Scatchard analysis of [3H]5-HT in hypothalamus of diabetic rats

showed an increased number of receptors and no change in the affinity. In the

control rats the Bmax value for high affinity SI receptors identified by [3H]5-HT

are 1081 ± 57 finoleslmg of membrane protein and a Kd of 9.89 ± 1.2 nM. In

diabetic rats the Bmax value and Kd values for the high affinity SI receptors are

2547 ± 60 finoleslmg of membrane protein and 11.73 ± 2.0 nM (Figure 8, Table

15)

The competition curve for the diabetic hypothalamus showed that spiperone

at high affinity concentration is able to displace the high affinity bound [3H]5-HT to

SI receptors significantly (P<0.05; Figure 9). This shows that diabetic

hypothalamus contain more of5-HT receptors than their respective controls.
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ADRENERGIC RECEPTORS OF BRAIN STEM

In brain stem the NE level remained unaltered EPI content increased

significantly (P<0.05). The studies using ['H]NE in hypothalamus revealed that the

ligand is more specific for o-I receptors than 0.-2 receptors. We used 0.-2 specific

antagonist ligand [3H]Yohimbine for studying 0.-2 adrenergic receptor changes.

The Bmax value of control rats in BS was 235 ± 10 finoles/mg of membrane

protein with Kd value of5.26 ± 0.19 nM. The Bmax for diabetic rats was 240 ± 33

{moles/mg ofmembrane protein and a Kd value of 7.67 ± 0.41 nM. In diabetic rats

with insulin treatment Bmax 304 ± 4.0 {moleslmg of protein and Kd was 5.35 ±

0.07 nM (Figure 10, Table 15). This shows that a-2 receptors of diabetic brain

have a reduced receptor affinity for natural agonists.

EFFECT OF NUCLEOTIDES AND SODIUM IONS ON ALPHA-2

ADRENERGIC RECEPTOR AFFINITY IN DIABETIC BRAIN STEM

The effect of guanine nucleotides and sodium ions was assessed in control

and diabetic brain stem to see whether the observed reduced receptor affinity is a

result of altered nucleotide or ion mediated defective function. The control and

diabetic displacement curves for (-)- epinephrine were almost identical (Figure 11

and 12 e__e). The GTP analogue shifted the curve towards low affinity range in

both control and diabetic groups, but the shift is more in diabetic rats (Figure 11

and 12 ------). Similarly the Na+ ion induced shift of affinity is demonstrable in

both the groups. But the shift is more in diabetic rats (Figure 11 and 12 A-il).

The curve representing the added effect ofboth compounds in control and diabetic

groups differed (Figure 11&12, V-V). In control an intermediate effect is seen.

But in the diabetic rats the shift is more towards low affinity region representing an

added effect ofboth compounds.
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SEROTONIN RECEPrORS IN THE BRAIN STEM

The serotonergic receptors in the br~ stem was analysed using [3H]5-HT.

The high affinity receptors of 81. type showed no change in the receptor numbers,

but an increase in the Kd value representing a decrease in affinity (Figure 13; Table

15). The respective Bmax values ofcontrol and diabetic rats were 197 ± 2 finol/mg

protein 222 ± 12 finole/mg ofprotein. The Kd values observed were 1.24 ± 0.02

nM and 4.62 ± 0.12 nM. The diabetic rats treated with insulin showed a Bmax

(Bmax 185 ±3 fmole/mg of'proteinland no change in the Kd (1.31 ± O.4nM).

CEREBRAL CORTEX AND SEROTONIN RECEPrORS

The upper brain region CC also showed a significant increase in the

serotonin content. We assessed the serotonin receptors using [3H]5-HT which is

reported to have affinity for 81 receptors ofhigh affinity (Figure 14). We observed

a significant reduction in the serotonin receptors in this brain region ofdiabetic rats.

The Bmax for control group was 260 ± 10 fmoles/mg protein and Kd was 2.5 ± 0.2

nM. In diabetic group Bmax observed was 122 ± 29 fmoles/mg protein and Kd

was 1.9 ± 0.4 nM. The diabetic rats with insulin treatment showed that the Bmax

still reduced while Kd remained constant.

DISPLACEMENT ANALYSIS OF SEROTONIN RECEPrORS USING

KETANSERIN IN CEREBRAL CORTEX

We observed a decrease in the high affinity 81 sites using [3H] 5-1IT

Scatchard in cerebral cortex. Our displacement analysis using S2 antagonist,

Ketanserin showed a significant displacement in diabetic CC compared to controls
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(Figure 15). This indicate that in diabetic CC the observed decrease in [311] 5-HI

identifiable sites may be due to a shift in the serotonin receptors to a receptor

population containing more of S2 type.

PHOSPHOLIPASE C ACTIVITY

The phospholipase C (PLC) activity was studied in hypothalamus and brain

stem (Table 16). The membrane fraction ofhypothalamus of diabetic rats showed

no change while cytosolic activity of this enzyme was reduced by about 55% in

diabetic rats. In the brain stem the PLC activity when analysed showed no change

in cytosolic fraction while the membrane bound activity was not detected.
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TABLE-9

TURNOVER RATIO FOR NEpROTRANSMITTERS
IN BRAIN STEM

(28 days,nanomolesl gram wet weight)

NEUROTRANSMIT CONTROL DIABETIC
TERS

EPI 0.08 ± 0.01 0.26 ± 0.07

NE 2.84± 0.26 3.45 ± 0.3

EPIINE 0.18± 0.01 *0.10 ± 0.04

5-HTP 0.37 ± 0.04 1.28 ± 0.15

5-ill 0.67 ± 0.13 1.71 ± 0.11

5-HfP/5-ill 0.40 ± 0.01 *0.74 ± 0.07

5-HIAA 3.64 ± 0.53 1.49 ± 0.45

5-HIAA/5-ill 4.25 ± 0.75 *1.18 ± 0.37

*p< 0.05 Compared to Controls
(VALUES ARE MEAN± S.E.M OF 4-6 SEPARATE DETERMlNATIONS)
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TABLE-I3

TURNOVER RATIO OF NEUROTRANSMflTERS
IN CORPUS STRIATUM

(28 Days,nanomolesl1p'am wet weight)

NEUROTRANSMITTERS CONTROL DIABETIC

EPI 1.03 ± 0.34 2.46 ± 0.07*

NE 1.19 ± 0.09 0.72 ± 0.04*

EPI/NE 1.11 ± 0.32 3.48 ± 0.28*

5-HTP 0.60± 0.08 13.2 ± 0.96

5-HT 0.46 ± 0.08 *0.59 ± 0.05

5-HTP/5- HT 1.23 ± 0.23 22.11 ± 2.45*

5-lllAA 6.82± 0.99 10.39 ± 1.14*

5-mAAl5- HT 16.71 ± 2.25 18.44 ± 3.69*

HVA 8.81 ± 1.03 *3.42 ± 0.29

DA 0.55 ± 0.11 *36.3 ± 4.18

HVNDA 14.9 ± 1.37 0.10 ± 0.02*

*P< 0.05 Compared to Controls
(VALUES ARE MEAN± S.E.M OF 4-6 SEPARATE DETERMINATIONS)
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Displacement using (-) Epinephrine against [3H] yohimbine in hypothalamus

and the effect of the GTP analogue Gpp[NH]p and sodium ions
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[3H] 6-HT SCATCHARD IN HYPOTHALAMUS
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Displacement of [3H] 5-HT with antagonist spiperone in hypothalamus
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[3H] YOHIMBINE SCATCHARD IN BRAIN STEM
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Displacement using (-) Epinephrine against [3H] yohimbine in brain stem

and the effect of GTPanalogue Gpp[NH]p and sodium ions
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[3H] 5-HT SCATCHARD IN BRAIN STEM
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[3H) 6-HT SCATCHARD IN CEREBRAL CORTEX
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Displacement ofI3HJ ~HT wth ketanserin in cerebral cortex
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DISCUSSION

NEUROTRANSMITTER CHANGES AND THEIR SIGNIFICANCE

IN STREPTOZOTOCIN DIABETES

The diabetic state induced by streptozotocin (STZ) produced an elevated

blood glucose level, changed the protein and cholesterol content ofbrain as well as

other body tissues. These gross changes can have profound effects on the cellular

function. The streptozotocin induced diabetic brain when analysed with HPLC

showed that the brain neurotransmitter content of diabetic rats changed in various

brain regions differently. The norepinephrine content increased significantly in

cerebral cortex (CC) and hypothalamus (Hypo), while in brain stem (BS) and

cerebellum (CB) it remained unaffected. In BS, Hypo and CS the epinephrine

content increased significantly. The corpus striatum showed a decreased

norepinephrine content. The noradrenergic (NA) activity was assessed by

measuring the level of NE and epinephrine (EPI). The models proposed for

epinephrine formation by Mefford (1987) support that increased noradrenergic

activity may be observed due to increased release, reuptake, blockade or inhibition

of degradation. These changes can affect epinephrine pool in the nerves. The

proposed model is based on the observationthat both postsynaptic and presynaptic

nerves of different brain regions contain the enzyme involved in the NE~EPI

conversion, phenyl-N-methyl-transferase (PNMT). The enzyme localisation and its

expression are important factors deciding the formation of epinephrine in the brain.

The classical concept of epinephrine neurons is now discarded and it is considered

as a unique metabolite of NE with important pharmacological actions and a

receptor subtype in brain which monitors and regulates its formation (Mefford
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1987). Epinephrine is recognized by the uptake system on noradrenergic terminals &

so can compete for the storage in these noradrenergic neurons.

With the above modem concepts fJr epinephrine formation in the brain, we

will try to understand this complicated NE~EPI conversion in diabetic brain

regions (Table 5). The current view is consistent with the concept that the levels of

3-methoxy-4-hydroxy-phenylglycol (3-MHPG) and its sulfate ester reflect

noradrenergic activity within CNS (Stewert, et a/.,1994, Mefford, 1987). Previous

data clearly documented that noradrenergic neurons within specific hypothalamic

nuclei and other CNS regions are hyperactive in diabetes (Bitar et aI., 1987). In the

cerebral cortex region the increase in NE is not accompanied by an increase in EPI

and also a decreased turnover rate from NE~EPI. This decreased turnover may

force us to think that NE~EPI turnover ratio decreased is the reason for increased

NE level. But this may not be the actual scene. If a decrease in NE~EPI

conversion is the prevailing condition in diabetic CC, we could expect an absence

or decrease ofEPI along with this. From the present condition ofno change in the

EPI content it seems that in the noradrenergic nerves there is an increased uptake of

NE or a reduced release ofNE occurs.

Similarly in the hypothalamus, the NE content along with EPI content

increased while NE7 EPI turnover rate also increased. This may be interpreted as a

possible high noradrenergic activity and increased NE~EPI metabolic pathway in

diabetic hypothalamus.

In the brain stem the NE content remaiDlllunchanged while EPI content

increased. The turnover rate showed a decrease. A possible explanation for this

situation is a changed activity or expression of the enzymes involved in the

conversion ofNE~EPI.

41



The striatal noradrenergic activity of a decrease in NE and an increase in

both EPI and NE-7EPI turnover rate explains a higher noradrenergic activity which

resulted in an increased turnover rate and thus an increased formation ofEPI.

The increased noradrenergic activity in the brain ventral tegmental area has

been attributed to increased locomotor activityin the rats. In a recent observation a

similarity between Schizophrenic and diabetic brain state was argued (Holden and

Mooney, 1994). The brain changes observed in diabetics and Schizophrenics

manifest a wide range of similar disturbing physiological symptoms, such as

impaired sexual function, temperature control, low blood pressure, disrupted sleep

patterns, excessive thirst, poor memory, insensitivity to pain and chronic

unhappiness. Hyperthermia, hyperlocomotor activity, hyperphagia associated in

diabetes attributed to changed noradrenergic nerve activity in the diabetic brain

(Bitar, et al., 1987).

The dopaminergic neuronal activity in diabetic brain regions showed an

increase in its activity in all the brain regions examined. The most significant

change ofdopaminergic neurons observed is in striatum. The striatal dopamine and

its metabolites in diabetic rats have been reported (Lim and Lee, 1995). This

increase in the dopamine level of synaptosome is attributed to the decrease in the

release of dopamine in hypergiycemic state. They also observed a decrease in the

monoamine oxidase activity in striatal synaptosomes. In our study content of DA

and HVA in striatal region of diabetic rats showed a significant increase and

significant decrease respectively (P<O.05; -90%). The in vitro observations in

striatal tissues showed a decrease in release of dopamine in 14 day old rats. The

observed increase in dopamine content in our study indicate the synaptosomal
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dopamine which accumulated due to an abnormality in the release. A decrease in

HVA content may be due to the decreased release.

The overall increased dopaminergic activity may produce many

physiological manifestations. The dopamine turnover in the limbic structures of

diabetic rats were shown to increase significantly. Haloperiodol- a D1 receptor

antagonist reduced locomotor activity in diabetic mice (Kamei et al.,1994). This

:finding bear importance since the observed dopamine increase in hypothalamic area

may play a role in behavioral changes associated with diabetics. In another study

the yawning behaviour was analysed in four week old STZ-induced diabetic Wistar

rats (Heaton and Varrin,1993). Dopamine changes were observed and an

associated significantly lower rate ofyawning was observed at 4 weeks of diabetes.

The dopamine content thus may have effects on behaviour during diabetes.

In our study, the diabetic brain serotonergic activity was assessed by its

ratios to both its precursor 5-Hydroxytryptophan (5-HTP) and its breakdown

metabolite 5-IllAA. The turnover rate calculated for the precursor molecule to

respective neurotransmitter showed an increase. It indicate an accumulation of the

respective precursor. In hypothalamus 5-HTP getsaccumulated due to some block

in the synthesis. The hypothalamic turnover for 5-HT75-HIAA was also higher.

Thus both these can result in a decreased serotonin level in hypothalamus. An

altered blood brain barrier (BBB) was observed in diabetic condition which result in

a decreased content of aminoacids such as tryptophan, phenylalanine, tyrosine,

methionine and lysine (Mans et al., 1987). A lack of response to dietary

carbohydrate or protein on brain tryptophan and serotonin in diabetic rats and an

altered blood brain barrier may be an important factor bringing out the altered

serotonergic function (Crandall and Femstrom,1980 &1983). In similar studies on

serotonin content measured in diabetic rat hypothalamus revealed a reduced rate of
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serotonin synthesis within the brain (Crandall and Fernstrom, 1983). In diabetes
1"..\0.5

hypothalamusj reported to have a decreased serotonin content (Bitar et al.,

1987&1986). The significant finding ±pm our study is that 5-HT-75-IllAA

degradation pathway was increased which resulted in a decreased se1>tonin and an

increased 5-lDAA content.

Hypothalamic serotonergic activity could produce altered pituitary hormone

release. It is reported that in diabetes pituitary hormone secretion is altered

(Locatelli et al., 1985). Clonidine (0.15 mg/kg iv) failed to evoke a GH release in

streptozotocin diabetic rats. This study suggests an impaired function of

noradrenergic pathway controlling GH release in diabetic hypothalamus.

The studies carried out in other brain regions revealed that serotonergic

neuronal alteration is not confined to hypothalamus alone. The CC content of 5-HT

increased and 5-IllAA content remained unchanged and the turnover rate of 5-HT

-75-lDAA decreased. This stand well as an explanation for the increased

accumulation of 5-HT.

The brain stem resuhs show an increase in serotonin content which is due to

precursor and breakdown metabolite alteration. 5-HfP increased while 5-IllAA

decreased. Turnover rates calculated for serotonin precursor and metabolite clearly

showed that there is a defect in metabolic pathway of serotonin in diabetic BS

region.

Cerebellum serotonin activity was not predictable due to the reason that

5-HT level was not detectable in all the samples analysed. Also that this region is

more rich in GABAergic neurons (Dakshinamurti et.al.,1990)
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The CS serotonergic synthetic pathway seems to be active as revealed by

the high content of 5-HTP and the increased turnover rate. This region is

considered to be the control centre ofbehavioral function in animals. So changes in

serotonergic activity observed in the present study may be releated to behavioral

changes associated with diabetes.

Thus, our study reveal that though previous studies generally conclude that

in diabetic brain the rate of serotonin synthesis is reduced, but the way by which the

different brain regions respond to this disturbance are different. It is known that

serotonin precursor molecules and their entry across the BBB is impaired. Also,

the changes in the brain level of each aminoacid paralleled the changes in the blood

ratio of each aminoacid to the sum of the other aromatic and branched chain

aminoacids. Crandall and Femstrom, (1983) concluded from their observations of

occasional decrease of tryptophan and tyrosine in blood of diabetic rats that the

changes in the brain levels of aminoacids may influence the rates at which they are

consumed in brain. It may be true that tryptophan and their availability in the brain

is decreased during diabetes but the serotonergic pathways in different brain regions

respond differently to this altered state. It is also possible that not only the altered

state of serotonin metabolism is attributable to the availability of its precursor, but

also, some other nerve impairment produced by hyperglycemic state.

WHY HYPOTHALAMIC AND BRAIN STEM REGION CHANGES IN

NORADRENERGIC AND SEROTONERGIC NERVES ARE

IMPORTANT?

Our study on neurotransmitters and their metabolite changes during diabetes

revealed that noradrenergic and serotonergic pathways of the major neuroendocrine

45



system regulating region, hypothalamus as well as other brain regions are altered.

Also, our study emphasized noradrenergic activity and the epinephrine pathway in

brain regions.

The literature reviewed in the 'beginning ofthis study showed that there are

evidences suggesting a clear cut role of adrenergic and serotonergic systems of

hypothalamus in glucoregulatory function. The noradrenergic pathway in the brain

stem analysed in the present study revealed alteration during diabetes. As we

discussed earlier epinephrine and norepinephrine content are inter-related. The

former is a major and unique metabolite of the latter and its formation is regulated

by a unique adrenergic receptor subtype on the presynaptic membranes. In BS

region we have observed a hike of epinephrine content while NE level remained

same. Thisindicate a possible altered NE~ EPI pathway. In hypothalamus NE as

well as EPI increased significantly. This indicate an increased noradrenergic release

promoting the NE~ EPI formation. But in BS the NE~ EPI is not promoted.

There is a unique way by which these neurotransmitters are regulated in the brain

regions.

The post synaptic nerves as well as presynaptic nerves contain a2

adrenergic receptors. These receptors which are present on the presynaptic nerves

are autoreceptors and they regulate the release of norepinephrine from the

presynaptic nerves into the synaptic cleft. The epinephrine level thus is regulated

uniquely by these receptors. The increased epinephrine content despite a normal

level ofnorepinephrine in BS may be indicating an altered presynaptic a-2 receptors

in the BS. In hypothalamus the norepinephrine content is still high even after an

increase in the epinephrine content. This indicate an altered a-2 receptor function

in this region. Another important possible way by which these receptors and

epinephrine content is regulated is through the PNMT gene and its expression. This
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enzyme can also change the a-Z receptor function. PNMT regulate the conversion

ofNE -7EPI and this can regulate the autoreceptor expression in the nerves,

WHY NORADRENERGIC RECEPTORS ARE STUDIED ALONG WITH

SEROTONIN RECEPTORS?

The availability of new tools and new emergmg fields of molecular

neurobiology have helped in understanding more how nerves in the discrete brain

regions interact each other. In this regard the neuropharmacological drugs, new

transgenic rat models and other applications of molecular techniques to

neurobiology have helped in understanding the interactions of adrenergic and

serotonergic neurons. The drug called 8-hydroxy di-n-propylamino tetralin, a

5-HTla agonist in microdialysate ofventral tegmental area (VTA) revealed a dose

dependent release on DA and NE (Chen and Reith, 1995).Mongeau et al., (1994)

demonstrated how an ion gated 5-HT3 receptors enhances the release of [3H]NE,

in preloaded slices of rat brain. Studies on pituitary-adrenocortical activation

during stress showed that catecholamine and serotonin nerves together bring out

this effect (Bugajaski et a1.1993, Mefford, 1987, Debreceni, 1994, Smythe et al.,

1983). The evidence provided by Tian et a1. (1993) clearly suggested a close

association between the serotonergic and adrenergic neurons of hypothalamus.

Their experiments revealed that 5-HT neurons tonically inhibit the activity of NE

neurons terminating in the medial zona incerta (MZI) and dorsomedial nucleus

(DMN) of the hypothalamus, but do not influence the activity in certain

hypothalamic catecholaminergic neurons. 5-HTla receptor interactions with

dopamine were also revealed by several studies (Arborelino et al., 1993).
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WHY SEROTONIN AND NOREPINEPHRINE MEDIATED ADRENAL

PATHWAY MAY BE IMPORTANT IN DIABETES?

Studies have shown that hypothalamic pituitary secretion in diabetes have

been defective (Bestetti et al., 1995, Locatelli et aI., 1985). Adrena1Jtemedullation

on rats augmented NE release in the PVN neurons during stress (Mefford,1987).

Also adrenodemedullation diminished the diabetogenic effect of streptozotocin in

rats (Jean et al.,1994). This is attributed to a greater pancreatic insulin content.

Finally it has been shown that a-2 adrenoceptors modulate ingestive and autonomic

functions in plasma glucose levels (Levin and Planas, 1993). [3H]p-aminoclonidine

([3H]-PAC) binding to a-2 adrenoceptors in 5 of 17 brain areas (anterior,

ventromedial and arcuate nucleus) assessed by autoradiography techniques; these

studies revealed a significant positive correlation and a near significant correlation

in the (PVN) and lateral hypothalamus respectively. In the coming sections we will

discuss the altered adrenergic and serotonergic receptor function, with emphasis on

a-2 adrenergic receptors, STZ-diabetes and their physiological significance.
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NEUROTRANSMITTER RECEPTORS AND THEIR REGULATION

DURING DIABETES

\ r
In the previous part we discussed about nelJPtransmitter content changes in

diabetes. The discussion revealed that noradrenergic and serotonergic neuronal

function is altered during diabetes. A wide variety of radioligands, both agonists

and antagonists, have been used to label d:adrenergic receptors in various tissues

(Rapaske et al., 1987, Hoffinan et al., 1979 and 1980, Tsai and Leftkowitz,1979).

Hoffman et at have shown in their studies that radioligand properties should be

taken into care while choosing the radioligand for binding tudies. In the present

study we used (-) [3H]NE which can identify more ofce-I adrenergic receptors than

any other receptors (Geynet et al.,1981). The Scatchard analysis showed that

noradrenergic receptors decreased in hypothalamus. The displacement analysis

using [3H]NE showed that [3H]NE is better displaced by prazosin than yohimbine.

This shows that [3H]NE identifiable sites in hypothalamus contain more a-I sites.

Previous studies in genetically diabetic mice showed an increased~1 binding sites

in diabetic brain (Garris, 1990,1995). The saturation binding curves done showed

that the a-2 adrenergic receptors is representing less than 15% of [3H]NE

identified receptors over the same concentration. These results show that the

observed decrease in [3H]NE identifiable sites in diabetic hypothalamus could not

directly indicate any appreciable change in the number of a-2 adrenergic binding

sites. Also,the displacement analysis show that a-I antagonist prazosin is a better

displacing ligand than a-2 antagonist yohimbine in control hypothalamus. So the

observed shift or increased potency for prazosin in displacing [3H]NE from diabetic

hypothalamus can be inferred as an increase in a-I receptors. [3H]NE Scatchard

showed a decrease in adrenergic receptors. The observed decrease may be due to

all other adrenergic receptors except a-I adrenergic receptors.
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The neurotransmitter epinephrine that is closely related to 0.-2 adrenergic

receptors showed increased content in hypothalamus. But the 0.-2 adrenergic

receptors in this brain region of diabetic rats were not down regulated; but their

affinity showed an increase. As we undJrstood earlier the synaptic regulation of

noradrenergic release is inhibited or controlled by autoreceptors of 0.-2 type at the

presynaptic membranes or on the cell body. These results may be interpreted as an

abnormal regulation of0.-2 rew>tors on this neurotransmitter.

The altered receptor affinity regulation by guanine nucleotides observed in

our study emphasize an increased affinity state for the 0.-2 receptors observed in

Scatchard analysis. The guanine nucleotide induced affinity change in diabetic

hypothalamus is not demonstrable in the present study. The increased affinity

observed in the scatchard analysis value showed that all receptors of 0.-2 type may

be present in 0.-2 high affinity (o.-2H) state. The guanine nucleotides can abolish

this state of receptor and bring all the receptors to ~2 low affinity state. The

observed absence of this shift may be due to an altered Gi function in the brain

hypothalamus. There are many similar reports about an altered Gi protein function

(Gando.ez al.,1995,Mathew et al., 1994, Shindo et al.,1993, Gawler et al., 1987,

Domino et al., 1992). It is Gi protein that give the capacity for receptor to remain in

the high affinity state. GTP analogue which is a nonhydrolysable form of GTP,

permanently disrupts the G protein from the receptor resulting in a decreased

affinity state for the receptors. The detergent solubilisation of the 0.-2 adrenergic

receptors is reported to alter the properties ofreceptor-agonist interactions.

Taken together all our findings on 0.-2 adrenergic receptors and their

agonist in hypothalamus reveal a possible alteration in the Gi function.This is

evidenced by an absence of GTP analogue induced steepening of the curve. This

shows an impaired G protein function may keep the 0.-2 receptors ofhypothalamus
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in an increased affinity state. As we have discussed ia Chapter 1 these receptors,
can regulate the level of epinephrine formation. So we conclude that an observed

increased epinephrine content in diabetic liypothalamus may be due to an altered Gi

protein induced receptor affinitystate leading to a disrupted epinephrine regulation.

Sodium ions and their ability to reduce the receptor affinity was

demonstrated in the membrane preparations from diabetic rats. The sodium ions

alone were able to demonstrate this shift. But both Gpp[NH]p and sodium ions

were not able to demonstrate the shift towards low affinity side. This again may be

indicating that interaction between the <X-2 receptors and G protein in diabetic

hypothalamus may be altered.

Serotonergic activity assessed by serotonin content in diabetic hypothalamus

is in agreement with an increased serotonin receptors. The serotonin receptors are

identified using [3H]5-Hf. Many authors have referred the [3H]serotonin as a

selective SI receptor agonist in high affinity concentration (Paulose and

Dakshinamurti. 1985). Our data showed a significant increase (P<O.OI) in the

serotonin receptors. This may be indicating an increase in SI class of receptors.

The significance of this along with <X-2 receptor alteration may be an important

change observed in our study. The 5-Hfla agonist 8-hydroxy-2-(di-n­

propylamino)tetralin (8-0H-DPAT) and its effect on hyperglycemic and

hypoinsulinemic effects suggested that A type of 5-Hfl recognition sites and <X2

adrenoceptors . mediate these changes. Our study clearly shows that hypothalamic

<X-2 and 5-Hfl class receptors are altered during diabetes. These changes may be

important in the disease state.

51



How 8-0H-DPAT and serotonin receptors interact?

The 5-HT receptors has been classifiedbased on radioligand binding studies

into major four classes of receptors 5-HT1, identifiable by trititated 5-HT, 5-HT2

by spiperone or ketanserln 5-Hf3 an ion gated channel and 5-HT4 which is still to

be pharmacologically demonstrated, but postulated to occur (Hoyer et al.,1992). It

was Pedigo et al., (1981) who studied the multiple existing sites of 5-HTl

recognition sites. The "high affinity sites" for spiperone were called 5-HTla,
t

whereas low affinity sites were designated as 5-H11> sites. The novel centrally

active 5-HT agonist 8-0H-DPAT (Hjorth et al., 1982) have a high affinity for

5-HTla site, which exceeds by several orders of magnitude by its affinity for either

5-HTlb and 5-HT2 recognition sites. The studies on biochemical and behavioral

effects of this drug are indicative of central post synaptic 5-Hf receptors and

occupancy on 5-HT cell bodies. Bluet et al., (1995) showed that ACTH but not

PRL control involves presynaptic interactions at 5-HT autoreceptors in raphe nuclei

by 8-0H-DPAT. Chaouloff and Jeanrenaud (1987) found that a-2 adrenoceptors

antagonist Idazoxan and nonspecific 5-HT antagonist, methiotepin, prevented the

hyperglycemic and hypoinsulinemic effects (Chaouloff 1987). This drug helped to

reveal the exact serotonin receptors and adrenergic receptors mostly involved in

glucose homeostasis signals from brain hypothalamus. In our study we were able to

clearly show the involvement of 5-HTl receptors in insulin function during

diabetes.

The displacement analysis using a concentration of high affinity range of

spiperone showed that spiperone is more potent in displacing the ligand in diabetic

hypo than control hypo which shows an increased 5-Hfl receptors in the high

affinityrange.
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The neurotransmitter epinephrine content is significantlyhigher in the lower

brain stem region. The adrenergic receptors analysed in brain stem showed a

decreased affinity for the antagonist [3H] Yohimbine. Our analysis of receptor

affinitymay be a change in the G protein Ireceptor association. It is not conclusive

that G protein function is altered in this brain region also. The observed changes in

the decreased affinity revealed by a shift to the low affinity when compared to

control shows that, in diabetic state the G proteins induce a-Z adrenergic receptors

(R) that remain in a more in RLstate (low affinity) state than RH (High affinity) as

an adaptation to the prevailing increased neurotransmitter content. The effect of

sodium ions on the receptor affinity also underline the above finding. The shift to

low affinity state is more evident in diabetic state than controls with sodium ions.

The abnormal added effect ofboth compounds, in diabetic state is unexplained. The

altered receptors affinity state and the complex interaction between the compounds

Gpp[NH]p and Na+ ions to a heterogeneous mixture of receptor population is

attributed to such effects (Michel,1980). In general, in diabetic state the receptor

affinity ofa-Z receptors affected by guanine nucleotides are intact; but more shift to

the low affinity state may be an adaptation to the altered neurotransmitter activity.

The observed lowaffinity state ofa-Z receptors in brain stem can result in a reduced

a-Z receptor mediated responses from the brain stem

The observation of serotonergic receptors of brain stem showed that

tritiated serotonin identified sites of brain stem (S I type) showed a decreased

affinity state. Generally the adrenergic and serotonergic responses from the diabetic

brain stem decreased during diabetes. This may be due to down regulation brought

about by the increased adrenergic and serotonergic out put observed within this

region.
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It has been shown that upper brain region cerebral cortex is well in

communication with the lower brain regions (Paulose and Dakhinamurti, 1985).

We had earlier discussed the noradrenergic and serotonergic nerve activity in

cerebral cortex is increased during ~betes. Our results on the serotonergic

receptors in cerebral cortex for high affinity SI receptors showed that SI high

affinity receptors decreased in diabetic rats. The displacement data showed that in

the high affinity regions ketanserin effectively displaced the ligand or it seem to be

more potent displacing compound compared to controls. Ketanserin, an 82

antagonist over the same range could not appreciably displace the tritiated serotonin

in control rats. This indicate a heterogeneous population of receptors in diabetic

cerebral cortex. The high affinity 81 receptors estimated in Scatchard data may be

indicating a decrease or switching over of serotonin receptors to a 82 receptors

containing population.

Phospholipase C (PLC) is an important enzyme having a function in many

receptor mediated inositol pathways. The major receptors coupled to PLC pathway

include a.-I adrenergic, and 5-HT2 & 5-HTlc receptors and cholinergic receptors.

The observed decrease in the PLC activity in hypothalamus may be attributed to an

increased a-I adrenergic receptors. This is supported by our displacement analysis

[3H]NE binding using prazosin. But the observed change in the PLC activity may

not be solely attributable to a.-I adrenergic receptors alone. The 82 class of

receptors and cholinergic receptors may also be involved. The decreased total

activity of PLC could be just an adaptation for the decreased receptor mediated

signal transduction in diabetes or it may be possible that PLC, an enzyme with many

forms, changed expression during diabetes (Casey and Gilinan,I988). Our study

clearly shows that phosphatidylinositol specific PLC activity is decreased in

hypothalamus of diabetic rats. The first messengers of inositol phosphates and

diacylglycerol pathway is PLC. The receptor coupling activate PLC and this lead to
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a phosphatdylinositol break down mediated by PLC. The a-I adrenergic receptor

changes of hypothalamus can also be due to a PLC affinity changes. The other

major neurotransmitter involved in this pathway is acetylcholine (Berridge and

Irvine, 1984). Diabetes is known to be associated with abnormalities ofmembranes.

The membrane lipid constitution ofperipheral nerves have been shown to be altered

in diabetes. In our analysis of phospholipid content of diabetic brain hypothalamus

using TLC the standard phosphtidylinositol comparable spot increased on visual

observation. This support our data on enzyme activity showing decrease in activity.

These results clearly argue that diabetic hypothalamus has large perturbations in the

PLC mediated second messenger systemThus our study of receptors and their

second messengers associated with diabetic rat brain strongly support an altered

signal transduction.

The insulin treatment and its effect on receptors

In hypothalamus the insulin treatment could not reverse the altered

adrenoceptor parameters. In brain stem also a-2 adrenoceptor parameter showed

an increase in number compared to control (this parameter is not changed in

diabetics) and reversal in the affinity is observed. These results indicate that a-2

receptor affinity changes observed in both these regions are not reversed by insulin

treatment. The insulin respond in a way that maximum compensating effects are

produced. The insulin treatment data indicate an abnormal recovery, i.e. sometimes

it bring out the reversal but otherwise with no effect. The insulin is a good

hypoglycemic agent but external insulin and its ability to reverse the metabolic and

receptor changes is reported to be defective (Katovich et al.,1993). Some authors

found that insulin was able to partly normalize the altered J3-adrenergic

responsiveness associated with diabetic state. Our study also support this. The

previous study from our lab on the effect of insulin on metabolic enzymes involved
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in glucose metabolism in brain tissues showed that insulin reversal on the changed

parameters ofenzyme activity was not complete (Preetha et al., in press.) A reversal

trend is observed for the glutamate dehydrogenase activity in the brain with insulin
~

treatment. In another set of studies an observation on ultrastructural changes in

streptozotocin diabetic rats showed that insulin and other hypoglycemic agents

were able to reverse the altered structural changes only partially (Das et al., 1996;

Seema et al., 1996). In general, it may be concluded that although insulin is a good

hypoglycemic agent, its ability to reverse the alteration at cellular level is partial.

The possible reasons for this partial recovery may be either due to the insulin

resistance or an alteration in the insulin receptors. Eventhough glucose levels are

reversed to normal state by insulin treatment the metabolic disturbances and other

brain changes are not reversed to near normal.
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BRAIN NEUROTRANSMlTfERS AND THEIR RECEPTORS HAVE A

ROLE TO PLAY IN DIABETES

I

One of the major findings emerged from the present study was that

norepinephrine conversion to epinephrine metabolic pathway is important indicator

of any disturbance in the a-2 receptor mediated pathway. Since this receptor is an

inhibitory one at presynaptic sites, their regulation can affect the content of

epinephrine. This is well demonstrated in our study.

The neurotransmitter changes studied over a period of time showed that

their content varied over the same period. So for a comparison neurotransmitter

contents of different days of analysis should take care of the day at which the

animals were killed. Our study on neurotransmitter changes of serotonin content

showed a pattern of decrease. The norepinephrine also showed an attenuated

pattern of changes over a period of 7, 14 and 28 days. The neurotransmitter

content estimated at the end ofdifferent periods can differ.

The noradrenergic activity increased and serotonergic activity decreased in

the diabetic brain. The diabetic hypothalamus was reported to have altered

responses in the release of pituitary hormones. Both adrenergic and serotonergic

nerves are shown to be involved in this response. The studies using

adrenodemedullation, stress and its effect on these two nervous system suggested

that the noradrenergic neurons regulate the AC11I release positively while

serotonergic neurons regulate negatively. In the diabetic state we observed

changed affinity of receptors for agonists. These changes are due to an altered

G protein regulation ofa-2L receptor state to a-2H state. The serotonin receptors

of hypothalamus increased without any change in the affinity. The displacement

analysis data showed that serotonin receptors of diabetic hypothalamus are more of
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SI class ofreceptors. The hypothalamic i.c.v. injection of: 8-0H-DPAT, a 5-HTla

receptor agonist mediated hypoinsulinemia and hyperglycemia possibly through the

adrenal pathway (Bitar et al.,1987). This effect was abolished by (X-2 specific

antagonist (Chaouloffet al.,1987). Our r~sults show that in streptozotocin induced

diabetic rats the (X-2 adrenergic and 5-HTI serotonergic class of receptors are

altered. This altered receptor function can have profound effects by changing the

autonomic nervous activity and releasing hormones ofhypothalamic neurohormonal

cells, This may control the insulin function. A defective neuroendocrine system

might bring about diabetic state.

The brain stem of diabetic rats showed an altered (X-2 adrenergic function.

The receptor affinity was reduced in both (X-2 adrenergic and serotonergic

receptors. Several autonomic nerves have their regulatory centres in the brain stem

The observed receptor affinity reduction can alter the autonomic function in

diabetic rats.

The other important finding ofour study was that cerebral cortex ofdiabetic

rats contain more of S2 receptors, which may lead to the altered hypothalamic

function which in turn might affect the insulin function. The decrease in (X-I

adrenergic receptors of diabetic hypothalamus may be related to an altered

phospholipase C activity in diabetes.

The receptor studies and neurotransmitter changes in the diabetic stage

caught up a momentum when it was shown in genetically obese diabetic mice

noradrenergic activity is altered in the brain regions(Garris 1990,1995). This is

implicated as manifestations associated with the expression of obese gene. Also,

obesity research and hyperglycemia research pointed to more involvement of

genetic influence on hitherto far away processes like eating ha:bits. The
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hypothalamic lesions and its effect on hyperphagia and blood glucose regulation

also have helped in understanding the role ofbrain in a diabetic context. The future

research on this aspect should be directed more to the second messengers
I

associated with these receptors and their physiologicalmanifestations.

Let us conclude our discussion with a note on the hope that next century

will see a place where diabetes related manifestations are better managed where

neuronal control will be emphasized at the molecular level.
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SUMMARY

I

1) The neurotransmitter content observed in hypothalamus of diabetic rats
o

showed an increased adrenergic activity and a decreased seitonergic activity. The

brain stem adrenergic activity remained the same except epinephrine content was

increased. Serotonergic activity also was increased. The cerebral cortex of diabetic

rats showed an increased adrenergic and serotonergic activity. The dopaminergic

activity of corpus striatum showed an increased dopamine content. Serotonin and

other amines ofcerebellumremained unaffected by diabetes.

2) The a-2 adrenergic receptors of hypothalamus showed an increased

affinity. Serotonergic receptors ofhypothalamus switched to more of SI receptors

in diabetic rats.

3) The brain stem a-2 adrenergic receptors and serotonergic receptors

showed decreased affinity for their agonists during diabetes.

4) The cerebral cortex of diabetic rats showed more of S2 receptors than

their controls.

5) The guanme nucleotide regulated affinity changes in diabetic

hypothalamus is impaired. This keep the diabetic hypothalamus a2 adrenergic

receptors in high affinity receptor state. An altered Gi function is proposed in

diabetic rats.
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6) The hypothalamic a-I adrenergic receptors increased in number and a

decreased phospholipase C activity coincided with this change. These two changes

may be related.

7) In the brain stem, the guanine nucleotide and sodium ion mediated

affinity changes are intact but their effect on the 0,-2 receptors to keep all the

receptors in a-2Lstate may be an adaptation for the increased epinephrine content.

Together all the changes in the 0,-2 receptor affinity with 5-HTl receptor

increase in hypothalamus indicate a possible role for hypothalamic neurons in

producing streptozotocin-induced diabetic state. But it is yet to clearly demonstrate

that it was these changes that produce diabetes. It is also concluded that treatment

with insulin did not reverse the neurotransmitters and their receptor changes. This

clearly indicate that in diabetics the glucose level may reverse to normal with

treatment ofinsulin, but the metabolic disturbances and behavioral changes affected

is not reversed. A better cure is awaited in the coming years where brain

neurotransmitter receptor-hormonal network willbe given more importance.
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