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Introduction

Homeostasis of blood and cellular glucose is an important factor of body
functioning as a whole and the nervous system in particular. Glucose is the
principal source for energy production in the brain and undisturbed glucose
metabolism is pivotally significant for normal function of this organ. Brain is
dependent on a continuous supply of glucose diffusing from the blood into the
interstitial tissue within the central nervous system and into neurons themselves.
Glucose metabolism and energy homeostasis of the body are regulated by the
nerve system and special glucose sensory neurons with action potential depending
on the glucose level in the extracellular medium (Levin et al, 2004). The glucose
excitable neurons elevate their activity with an increase in the external glucose
concentration and the glucose suppressible neurons are activated with a decrease
in its level. These specialized neurons use glucose and products of its intracellular
metabolism for regulation of their activity and release of a neurotransmitter (Yang
et al., 2004).

Diabetes mellitus is a common metabolic disorder resulting from defects
in insulin secretion, insulin action, or both (Feldman, 1997). Hyperglycemia - high
blood glucose level is associated with diabetes. Hypoglycemia - low level of blood
glucose, is a relatively common episode primarily affecting diabetic patients
receiving treatment with insulin or other hypoglycemic drugs and patients
suffering from insulinoma (Cryer, 2004). The neurological consequences of
diabetes mellitus in the central nervous system (CNS) are now receiving greater
attention. Cognitive deficits, along with morphological and neurochemical
alterations illustrate that the neurological complications of diabetes are not limited
to peripheral neuropathies (Biessels et al., 1994). The central complications of
hyperglycemia also include the potentiation of neuronal damage observed

following hypoxic/ischemic events, as well as stroke (McCall, 1992). Glucose



utilization is decreased in the brain during diabetes (McCall, 1992), providing a
potential mechanism for increased vulnerability to acute pathological events.
Neuroendocrine dysfunction is also observed in diabetes (Mooradian, 1988).
Severe hypoglycemia is a serious complication of insulin therapy in
diabetic patients exceeding insulin administration and hypoglycemic episodes are
frequent in many people with type 1 diabetes mellitus and advanced type 2
diabetes mellitus (Cryer, 2004). Furthermore, the ability to sense a reduction in
blood glucose levels and the counterregulatory mechanisms responsible for its
correction are impaired in patients with diabetes, which make them susceptible of
suffering from hypoglycemia (Becker & Ryan, 2000; Jones & Davis, 2003; Cryer,
2006). Diabetes mellitus and its most common treatment side effect,
hypoglycemia, have multiple effects on the central nervous system. Transient
neurological deficits associated with hypoglycemia is generalized with confusion,
motor restlessness, hypotonia and generalized seizures (Lahat et al., 1995). The
brain’s activities rely heavily on glucose for energy (Laughlin, 2004). The
metabolization of glucose from the bloodstream allows each brain region to carry
out its given functions (McNay et al., 2001). Regulation of glucose at the
biochemical level affects every area of the brain and has impact from cellular to
behavioral brain function. Intense glycemic control with low target ranges
invariably carries a risk of inadvertent hypoglycemic episodes. Several studies
have reported a potentially higher incidence of hypoglycemia in patients under
strict glycemic control (Van den Berghe et al., 2005; Krinsley & Grover, 2007;
Thomas et al., 2007). Hypoglycemia impose alterations upon both the central
(CNS) and peripheral (PNS) nervous systems. Hypoglycemia lead to brain
damage and long-term cognitive impairment (Wieloch, 1985; Gazit et al., 2003).
The hypoglycemic counter regulatory mechanisms are blunted irreversibly by
disease duration or by acute episodes of prior stress (Ertl & Davis, 2004).
Hypoglycemia affects all aspects of life, including employment, driving,

recreational activities involving exercise and travel. Measures should be taken in
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all of these situations to avoid the potentially dangerous side-effect of insulin
therapy (Frier, 2008).

Studies suggest that acute or chronic hypoglycemia lead to neurological
dysfunction and injury. Hypoglycemia-induced brain injury is a significant
obstacle to optimal blood glucose control in diabetic patients. Prolonged insulin-
induced hypoglycemia causes widespread loss of neurons and permanent brain
damage with irreversible coma. As in brain injury associated with ischemia and
neurodegenerative conditions, altered neurotransmitter action appears to play a
role in hypoglycemic brain injury. Pathological studies in humans and animals
show that hypoglycemia-induced neuronal death occurs preferentially in the
hippocampus, superficial layers of the cortex and striatum (Auer, 2004). Because
of the extensive neuronal loss, one of the neurological consequence associated
with hypoglycemia is cognitive decline. According to clinical studies, significant
learning and memory deficits correlate with the frequency of hypoglycemia not
only in patients with type 1 diabetes, but also in the relatively younger group
among the population with type 2 diabetes (Dey et al., 1997). Acute
neuroglycopenia causes rapid deterioration of cognitive function in humans with
and without diabetes. Numerous clinical studies suggest that intensive insulin
treatment of type 1 diabetes is associated with an increased frequency of
hypoglycemic coma (Rovet & Ehrlich, 1999; Hannonen et al., 2003) and cognitive
impairment (Wredling et al., 1990; Langan et al., 1991). Hypoglycemic episodes
in diabetic patients induce cognitive impairment in children (Naguib et al., 2009)
and adults (Akyol et al., 2003; Carroll et al., 2003; Roberts et al., 2008) and in
rodent models of hypoglycemia and type 1 diabetes hippocampal damage has been
associated with impairment in learning and memory tests (Suh et al., 2003;
Alvarez et al., 2009). During moderate hypoglycemia, the patient experiences
impaired motor function, confusion and inappropriate behaviour but is still aware

enough to take action, whereas severe hypoglycemia lead to disabling neurologic



impairment, coma or seizure (Cryer, 2002). Patients with recurrent severe
hypoglycemia are exposed to convulsions or seizures which are mistakenly
diagnosed as epileptic attacks (Frier, 2000).

The CNS neurotransmitters play an important role in the regulation of
glucose homeostasis. They exert their function through receptors present in both
neuronal and non-neuronal cell surface that trigger second messenger signaling
pathways (Julius et al., 1989). Neurotransmitters have been reported to show
significant alterations during hyperglycemia resulting in altered functions causing
neuronal degeneration (Bhardwaj et al., 1999). Chronic hyperglycemia during
diabetes mellitus is a major initiator of diabetic micro-vascular complications like
retinopathy, neuropathy and nephropathy (Sheetz & King, 2002). Impairment of
dopaminergic and glutamatergic function is reported in brain regions of
hypoglycemic and hyperglycemic rats (Robinson et al., 2009, Joseph et al., 2007,
2008, 2010) thereby contributing to neuronal damage. Severe hypoglycemia is
frequently associated with seizures. Brain regions are prone to develop seizures
and seizure-induced damage. Repeated hypoglycemic episodes have frequent
memory problems, suggesting impaired hippocampal function (Kirchner et al.,
2006).

Acetylcholine (ACh) is an excitatory neurotransmitter in both the PNS
and CNS which functions as a neuromodulator. In the peripheral nervous system,
acetylcholine activates muscles and is a major neurotransmitter in the autonomic
nervous system. In the central nervous system, acetylcholine and the associated
neurons form a neurotransmitter system, the cholinergic system, which tends to
cause excitatory actions. ACh is involved with synaptic plasticity, specifically in
learning and short-term memory. Acetylcholine released by cholinergic neurons
from presynaptic neurons into the synaptic cleft acts as a ligand for Nicotinic
Acetylcholine receptors, which are ligand gated Na+ ion channels. Ligand binding
opens the channel causing depolarization and increases the probability of an action

potential firing, occcuring once the threshold is reached (Connors & Long, 2004).
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The function of acetylcholine is mediated through nicotinic and muscarinic
acetylcholine receptors (AChRs). Central mAChRs contribute to the regulation of
GABAergic transmission and the activation of mAChRs enhanced GABA release
in the rat globus pallidus (Kayadjanian et al., 1997) and substantia gelatinosa is
reported (Baba et al., 1998). The muscarinic AChRs (mAChRs) are mediators of
multiple cellular functions. mAChRs are expressed throughout the entire central
nervous system of vertebrates (Levey, 1993) and are thought to be involved in
many brain functions such as learning and memory. They are frequently found at
presynaptic sites and their activation results in the modulation of transmitter
release. The activation of neuronal nicotinic AChRs (nAChRs) results in fast
excitatory synaptic transmission or the enhancement of the release of transmitters
including glutamate, GABA and ACh (De Filippi et al., 2001). Studies have
shown that cholinergic transmission is more sensitive to hypoxia and to low
glucose concentrations than is axonal conduction (Dolivo et al., 1974).

GABA, the most important inhibitory neurotransmitter in the mammalian
central nervous system, acts through 2 classes of receptors; GABAAa receptors are
ligand-operated ion channels and GABAg are the G-protein-coupled metabotropic
receptors. Impairment of GABAergic transmission by genetic mutations or
application of GABA receptor antagonists are reported to induced seizures.
Dysfunction of the GABAergic system has a fundamental role in the propagation
of seizures. Indeed mutant mice lacking the enzyme glutamate decarboxylase
(GAD) or certain subunits of GABAA receptors are prone to spontaneous seizures.

GABAergic neurons release GABA, which is one of two neuroinhibitors
in the CNS, the other being Glycine. GABA has a homologous function to ACh,
gating anion channels that allow CI" ions to enter the post synaptic neuron. CI
causes hyperpolarization within the neuron, decreasing the probability of an action
potential firing as the voltage becomes negative. Despite our advances in the

treatment of diabetes, hypoglycemic episodes are often the limiting factor in



achieving optimal blood sugar control. Recent therapeutic strategies aimed at
closely controlling elevated glucose levels in diabetic individuals put them at risk
for experiencing episodes of hypoglycemia. Reports suggest that if intensive
insulin therapy is to be used, great effort must be taken to avoid hypoglycemia
(Bilotta et al., 2008). Acute and recurrent hypoglycemia cause transient or
persistent alteration of cognitive functions and result in seizures or coma. The
pathogenesis of hypoglycemia induced cognitive and functional deficit is largely
unknown, but mechanisms that could result in damage to cells of the CNS include
deregulation in neurotransmitter signaling. To understand the effects of
hypoglycemia on the cells of the CNS, it is essential to characterize the response
of CNS cells to reduced glycemic levels, to determine the extent of CNS cell
injury induced by hypoglycemia and to identify the mechanisms involved in
hypoglycemia induced cell or tissue damage in brain. Identification of neuronal
damage caused by neurotransmitter variations provides a better understanding of
the neurochemical mechanisms responsible for hypoglycemia associated deficit in
cognitive and behavioural response. The reports so far stated did not attempt to
emphasis the functional role of muscarinic, nicotinic and GABAergic receptor
subtypes in hypoglycemic and hyperglycemic brain.

Phospholipase C (PLC) is a key enzyme in phosphatidyl inositol turnover
and generates two second messengers, inositol 1,4,5-bisphosphate (IP3) and
diacylglycerol (DAG) from phosphatidyl inositol 4,5-bisphosphate [P1(4,5)P2] in
response to activation of receptors by hormones, neurotransmitters, growth
factors, and other molecules. IP3 induces calcium mobilization and DAG induces
activation of protein kinase C. PI1(4,5)P2 is a substrate for PLC, and Pl 3- kinase.
In addition, PI(4,5)P2 directly regulates a variety of cellular functions, including
cytoskeletal reorganization, exocytosis and channel activity. Therefore, strict
regulation of P1(4,5)P2 levels by PLC or other converting enzymes is necessary
for homeostasis (Fukami, 2002). Disruption of the cyclic AMP response element

binding (CREB) protein expression and its activity is associated with
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hypoglycemia and reduced expression of gluconeogenic enzymes (Herzig et al,
2001). Insulin administration to rodents is the most common experimental model
of hypoglycemia (Auer et al., 1985). The development of hypoglycemia is
associated with a decrease in the glucose inflow to the brain, which cause
convulsions, coma (Shah et al., 1984) and even death. Therefore, studies on
damages of the central nerve system under conditions of hypoglycemia are very
important for clinical applications.

In the present study, a detailed investigation on the alterations of
muscarinic M1, M3, a7 nicotinic acetylcholine receptor (a7 nAchR), GABA
receptors and its subtypes; GABAa,s and GABAg in the brain regions of
streptozotocin induced diabetic and insulin induced hypoglycemic rats were
carried out. Gene expression of acetylcholine esterase (AChE), choline
acetyltransferase (ChAT), GAD, GLUT3, Insulin receptor, superoxide dismutase
(SOD), Bax protein, Phospholipase C and CREB in hypoglycemic and
hyperglycemic rat brain were studied. Muscarinic M1, M3 receptors, AChE,
ChAT, GABAA.u, GABAg, GAD, Insulin receptor, SOD, Bax protein and
Phospholipase C expression in pancreas was also carried out. The molecular
studies on the CNS and PNS damage will elucidate the therapeutic role in the
corrective measures of the damage to the brain during hypoglycemia and

hyperglycemia.



OBJECTIVES OF THE PRESENT STUDY

To measure the circulating insulin level in streptozotocin induced diabetic

and insulin induced hypoglycemic rats.

To study the behavioural changes in diabetic and hypoglycemic rats using

Y-maze and grid walk.

To study the total muscarinic, muscarinic M1 and muscarinic M3 receptor
subtypes binding parameters in cerebral cortex, cerebellum, brainstem,
corpus striatum, hippocampus and pancreas of diabetic and hypoglycemic

rats.

To study the GABA binding parameters in cerebral cortex, cerebellum,
brain stem, corpus striatum, hippocampus and pancreas of diabetic and

hypoglycemic rats.

To study the expression of AChE, ChAT, muscarinic M1, muscarinic M3,
a7 nAchR, GABA., GABAg, GAD, insulin receptor gene expression in
the cerebral cortex, cerebellum, brainstem, corpus striatum, hippocampus

of diabetic and hypoglycemic rats using Real Time PCR.

To study the gene expression status of GLUT3, superoxide dismutase,
Bax, phospholipase C, CREB in the cerebral cortex, cerebellum,
brainstem, corpus striatum and hippocampus of diabetic and

hypoglycemic rats using Real Time PCR.



7.

To study the expression of acetylcholine esterase, choline
acetyltransferase, muscarinic M1, muscarinic M3, GABAau, GABAg,
GAD, insulin receptor, superoxide dismutase, Bax protein and
phospholipase C in the pancreas of diabetic and hypoglycemic rats using
Real Time PCR.

To study the localisation and expression status of muscarinic M1,
muscarinic M3, a7 nicotinic acetylcholine receptor and GABAax
receptors in the brain slices of cerebral cortex, cerebellum, brain stem,
corpus striatum and hippocampus of diabetic and hypoglycemic rats using

specific antibodies in confocal microscope.

Immunocytochemical studies to analyse the localisation and expression
status of muscarinic M1, muscarinic M3 and GABAA.; receptors in the
pancreas of diabetic and hypoglycemic rats using specific antibodies in

confocal microscope.



Literature Review

Diabetes mellitus is a major global health problem that affects more than
246 million people in the world, but by 2025, that number is estimated to reach
380 million (Sicree et al., 2006; Zimmet et al., 2001). It is an increasingly
prevalent metabolic disorder in humans and is characterised by hyperglycemia
(Kumar & Clarke, 2002; Dunne et al., 2004). The symptoms of diabetes mellitus
results from abnormal glucose metabolism. The lack of insulin activity results in
failure of transfer of glucose from the plasma into the cells. This situation is so
called “starvation in the midst of plenty”. The pancreatic hormones have an
important role in the regulation of glucose metabolism. The secretion of insulin by
R-cells of the endocrine pancreas is regulated by glucose and other circulating
nutrients. It is also modulated by several hormones and neurotransmitters, among
which acetylcholine and GABA plays a prominent role. Hypoglycemia is a serious
complication of diabetes and insulin therapy. Hypoglycemic brain injury occurs
most frequently in patients attempting tight glucose control (Auer, 2004; Davis et
al., 1998).

Increased incidence of hypoglycemia occurs when attempts are made to
institute tight glycemic control using currently available regimens of subcutaneous
insulin administration in diabetic patients (Cryer, 1994). Insulin and sulfonylurea
therapy for diabetes mellitus carries the risk of hypoglycemic brain injury and this
risk is a major impediment to optimal glucose regulation in diabetic patients
(Davis et al., 1998). Tight blood glucose control reduces the risk of diabetes
complications but also increases the risk of hypoglycemic episodes. Symptomatic
hypoglycemia occurs frequently in insulin-treated patients and 36% of patients
were found in one study to have experienced hypoglycemic coma in their lifetime
(Pramming et al., 1991). Upto 10% of patients practicing conventional insulin
therapy and 25% of those practicing intensive therapy suffer at least one episode

of severe, temporarily disabling hypoglycaemia, often with seizure or coma, in a



given year (Cryer, 1994) and hypoglycemia causes recurrent and even persistent
psychological morbidity in many diabetic patients. Speculation that an adaptation
in the CNS exist in patients with diabetes, depending upon antecedent glycemia,
appeared nearly a decade ago (Cryer, 2003). Amiel et al., (1988) observed that
lower glucose concentrations were required to initiate epinephrine secretion
following a period of intensified diabetes management with its attendant increase
in hypoglycemia. Similar hormonal defects are induced in patients with diabetes
(Hepburn et al., 1991; Dagogo et al., 1993) and nondiabetics (Davis & Shamoon,
1991; Heller & Cryer, 1991; Veneman et al., 1993), after an episode of
hypoglycemia.

Glucose is the only fuel that neuronal tissue use for energy under normal
circumstances (Sokoloff, 1981). Chronic changes in the antecedent level of
glycemia (either sustained hyperglycemia or hypoglycemia) induce alterations in
brain glucose metabolism in rodents (Boyle et al., 1994). Sensory and cognitive
impairments have been documented in diabetic humans and animals, but the
pathophysiology of diabetes in the central nervous system is poorly understood. It
seems that glucose metabolism and energy homeostasis of the body are also
regulated by the nerve system and special glucose sensory neurons with action
potential depending on the glucose level in the extracellular medium (Levin et al.,
2004). These specialized neurons use glucose and products of its intracellular
metabolism for regulation of their activity and release of a neurotransmitter (Yang
et al., 2004).

Depending upon its severity, hypoglycemia cause irritability, impaired
concentration, focal neurological deficits, seizures, comma and with profound
hypoglycemia, neuronal death (Auer 2004; McCrimmon & Sherwin, 1999; Ben-
Ami et al., 1999). Symptoms of hypoglycemia result primarily from a lowered
glucose level in the brain and its effects on the central and autonomic nervous
systems (Charles & Goh, 2005). Declining glucose levels in the brain stimulate the

autonomic nervous system, causing epinephrine and norepinephrine to be released
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from the adrenal medulla. Norepinephrine and acetylcholine from the sympathetic
nervous system is also involved in glucose control. Symptoms occur as these
hormones and neurotransmitters simultaneously stimulate a-cells in the pancreas
to release glucagon, which consequently induces new glucose production in the
liver (Cryer 2002 a, b, 2003). In this homeostatic mechanism, rising blood glucose
levels shut down the neoglucogenesis activities of autonomic nervous system
(McAulay et al., 2001, Charles & Goh, 2005). Recent studies indicate that
neuronal NADPH oxidase is the primary source of neuronal oxidative stress after
hypoglycemia and the rate of superoxide production is influenced by the blood
glucose concentration achieved in the immediate posthypoglycemic period.
Restoring blood glucose to 1-2 mM during the first hour after hypoglycemia
resulted in less superoxide production and less neuronal death than restoration to
higher glucose levels (>5 mM).

Hypoglycemia and brain

Hypoglycemia and glucose deprivation as its extreme expression are very
interesting, because in the nervous system glucose is not only the main source of
energy necessary for its functioning, but also a substance capable of preventing
oxidative damage and reducing the damage to mitochondria caused by
neurotoxicity (Delgado et al., 2000). A major concern of diabetic patients is that
repeated episodes of hypoglycemia results in neuronal loss because of impaired
fuel supply (McNay & Cotero, 2010). The incidence of severe hypoglycemia in
patients with diabetes treated by intensive insulin therapy is two to six times
higher as in conventionally treated patients with diabetes. Hypoglycemia-induced
brain injury is a significant obstacle to optimal blood glucose control in diabetic
patients (Sang et al., 2005). Disorders in the transport and metabolism of glucose
are an important signal for triggering the apoptotic cascade (Moley & Mueckler,
2000). Glucose deprivation leads to rapid suppression of synaptic transmission

(Sakurai et al., 2002; Gee et al., 2010). In particular, recurrent hypoglycemic
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episodes during the night represent a relevant risk for the patient, because they are
often not realized and lead to a deterioration in the awareness for subsequent
hypoglycemic episodes. Recent data show that recurrent hypoglycemia not only
affects neuroendocrine counter regulation but also autonomic and neuroglucopenic
symptoms (Minna et al.,, 2005; Kale et al., 2006). Hyperglycemia and
hypoinsulinemia could increase the neuronal damage produced by pathological
events such as hypoxia, hypoglycemia (Messier & Gagnon, 1996).
Hypoglycemia-induced brain injury is a significant obstacle to optimal
blood glucose control in diabetic patients. The progress of neuronal dysfunction
and damage during energy deprivation is a complex process that includes
presynaptic and postsynaptic mechanisms (Auer & Siesjo, 1988; Martin et al.,
1994). As in brain injury associated with ischaemia and neurodegenerative
conditions, altered neurotransmitter action appears to play a role in hypoglycemic
brain injury (Aral et al., 1998; Auer & Seisjo, 1993). Two main events have been
described when energy levels are reduced: an increased release of excitatory
amino acids and a reduced concentration of intracellular ATP, which leads to
diminished Na*/K*-ATPase activity (Benveniste et al., 1984; Hansen, 1985; Lees,
1991; Roettger & Lipton, 1996). Children and adults exposed to hypoglycemia
develop long-term impairment of cognitive function (Hawdon, 1999; Karp, 1989;
Ryan et al., 1985; Vannucci & Vannucci, 2001) and are at risk of epilepsy
(Kaufman, 1998). Prolonged insulin-induced hypoglycemia causes widespread
loss of neurons and permanent brain damage with irreversible coma. Severe
hypoglycemia constitutes a medical emergency, involving seizures, coma and
death. Studies suggest that suppressing seizures during hypoglycemia decrease
subsequent neuronal damage and dysfunction (Abdelmalik et al., 2007). The only
treatment for hypoglycemia is blood glucose repletion and there is no currently
available intervention for preventing the neuronal death that develops after

hypoglycemia is corrected.
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Hypoglycemic coma induces a purely neuronal lesion of neo cortex and
the hippocampus in rat brain (Wieloch et al., 1984). CT studies show that
hypoglycemia predominantly affects cerebral gray matter in the brain. Analysis of
regional cerebral blood flow (CBF) differences identified neuronal activation
during hypoglycemia in bilateral medial prefrontal cortex (Auer & Siesjo, 1993).
Hypoglycemic neuronal death is most pronounced in specific neuron populations:
neurons in the hippocampal CAL, subiculum and dentate granule cell layer;
cortical layers 2 and 3 of cerebral cortex and the dorsolateral striatum (Auer et al.,
1989; Auer & Siesjo, 1993). The hippocampal neurons in particular are important
for learning and memory. Patients who survive hypoglycemic coma are left with
significant cognitive impairment (Kalimo & Olsson, 1980; Patrick & Campbell,
1990).

Glucose homeostasis and pancreas

The endocrine cells of pancreas are arranged into small islands of cells
called the islets of Langerhans. The interactive function of both the exocrine and
the endocrine parts are particularly important for the normal functioning of the
body. The endocrine cells produce indispensable hormones such as insulin,
glucagon, somatostatin and pancreatic polypeptide, which are crucial to the
optimum functioning of body metabolism. The pancreas is well innervated by
autonomic nerves rich in different types of neuropeptides including vasoactive
intestinal polypeptide and neuropeptide Y; galanin, Calcitonin-gene-related-
peptide, cholecystokinin and leucine-enkephalin (Adeghate et al., 2001). In
addition to the presence of neuropeptides, neurotransmitters such as serotonin,
GABA or neurotransmitter-regulating enzymes such as tyrosine hydroxylase and
dopamine B hydroxylase have been identified in the pancreas (Adeghate & Donath
1991; Adeghate & Ponery 2001; Adeghate & Ponery 2002). The endocrine
pancreas is richly innervated, but the abundance and organisation of these

innervations are highly variable between species (Kobayashi & Fujita, 1969).
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Most of the nerve fibers enter the pancreas along the arteries (Miller, 1981; Woods
& Porte, 1974). Unmyelinated nerve fibers are found in the neighborhood of all
islet cell types at the periphery and within the islet. At some distance from the
islets, glial Schwann cells often form a thin sheet around nerve fibers on their
travel toward and within the islet. In the vicinity of islet cells, however, it is not
rare to see some nerve fibers lacking this glial protection and coming close to or
ending blindly 20-30 nm from the endocrine cells (Bock, 1986; Fujita &
Kobayashi, 1979; Legg, 1967; Radke & Stach, 1986; Shorr & Bloom, 1970;
Watari, 1968).

The preganglionic fibers of the parasympathetic limb originate from
perikarya located in the dorsal motor nucleus of the vagus (Berthoud et al., 1990;
Berthoud & Powley, 1991; Chen et al., 1996) and possibly also in the nucleus
ambiguus (Luiten et al., 1986) which are both under the control of the
hypothalamus. They are organized in well separated branches traveling within the
vagus nerves (cranial nerve X) and through the hepatic, gastric (Berthoud et al.,
1990; Berthoud & Powley, 1991) and possibly celiac branches of the vagus
(Kinami et al., 1997). They reach intrapancreatic ganglia that are dispersed in the
exocrine tissue. These ganglia send unmyelinated postganglionic fibers toward the
islets. Preganglionic vagal fibers release acetylcholine that binds to nicotinic
receptors on intraganglionic neurons. Postganglionic vagal fibers release several
neurotransmitters: acetylcholine, Vasoactive Intestinal Peptide (VIP), gastrin-
releasing peptide (GRP), nitric oxide (NO) and pituitary adenylate cyclase-
activating polypeptide (PACAP) (Havel et al., 1997, Ahren et al., 1999; Love &
Szebeni, 1999; Wang et al., 1999; Ahren, 2000; Myojin et al., 2000). Cholinergic
terminals are found in the neighborhood of all islet cell types at the periphery and
within the islet (Van der Zee et al., 1992). The importance of the cholinergic
innervation of the endocrine pancreas is attested by the presence of a 10-fold
higher activity of choline acetyltransferase and acetylcholine esterase (the

enzymes involved in the synthesis and the degradation of acetylcholine
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respectively) in the islets than in the surrounding exocrine tissue (Godfrey &
Matschinsky, 1975). Cholinergic synapses with endocrine cells have been
observed in some species (Golding & Pow, 1990).

Understanding the organisation of the pancreatic innervations permits
correct interpretation of some experiments using different cholinergic antagonists.
The stimulation of insulin release occurring upon electrical stimulation of vagal
nerves in the dog is abolished by both nicotinic and muscarinic antagonists (Ahren
& Taborsky Jr, 1986). In the perfused rat pancreas, nicotine produces an increase
of insulin secretion that is blocked by atropine (Miller, 1980). These observations
can be explained by the presence of nicotinic receptors on pancreatic ganglia and
nerves (Stagner & Samols, 1986; Karlsson & Ahren, 1998; Kirchgessner & Liu,
1998) and muscarinic receptors on R-cells.

The overall effect of a parasympathetic stimulation is an increase of
insulin secretion because postganglionic fibers contain various neurotransmitters
in addition to the classic neurotransmitter acetylcholine. It is important to keep in
mind that parasympathetic neurotransmission is the sum of various biological
effects. VIP and PACAP stimulate insulin secretion by increasing CAMP levels
(Ahren, 2000). They act on the same family of receptors and exert their action by
two mechanisms, directly by stimulating 3-cells through the PLC-PKC pathway
(Ahren, 2000) and indirectly by activating intrapancreatic postganglionic nerves
that stimulate insulin secretion (Karlsson & Ahren, 1998).

The stimulatory role of ACh in insulin secretion is well established.
Studies from our laboratory have reported the regulatory role of mAChRs in
glucose induced insulin secretion (Renuka et al., 2004, 2006). Muscarinic M1
receptor subtype antagonist, pirenzepine inhibits cholinergic mediated insulin
secretion confirming the role of this receptor subtype in insulin synthesis and
secretion (lismaa et al., 2000). Most of the studies with ACh suggest muscarinic
M3 receptor as the predominant cholinergic receptor subtype expressed by

pancreatic B -cells and in pancreatic insulin and glucagon release (Gilon &
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Henquin, 2001; Duttaroy et al., 2004). The presence of GABA and functional
GABA. and GABAg receptors in pancreatic endocrine cells and their ability to
modulate secretion of insulin and glucagon is well studied (Brice et al., 2002).
Over-expression of glutamate decarboxylase (GADG65), the enzyme which regulate
conversion of glutamate to GABA, in mouse B -cells leads to an inhibition of
insulin release and glucose intolerance in vivo (Shi et al., 2000). Although these
manoeuvres, which are likely to lead to a decrease in intracellular glutamate
concentrations, are entirely compatible with an important role of glutamate in the
b-cell (Maechler & Wollheim, 2000) it should be stressed that the product of
glutamate breakdown, GABA itself act as an inhibitor of insulin secretion.

Brain neurotransmitters and diabetes

Diabetes mellitus is a metabolic disorder that either arrives during the
early years of growth (Juvenille diabetes) or later in life called as maturity onset
diabetes. It is observed as the body’s inability to effectively regulate the sugar
balance which leads to severe complications such as hyperglycemia, obesity,
neuropathy, nephropathy, retinopathy, cardiopathy, osteoporesis and coma leading
to death. Pancreatic damage resulting in the dysfunction of a and B cells causes
disordered glucose homeostasis.

Hyperglycemia during diabetes has been reported to cause degenerative
changes in neurons of the central nervous system (Garris, 1990; Lackovic, et al.,
1990; Bhattacharya & Saraswathi, 1991). Previous studies demonstrated
adrenergic, serotonergic and dopaminergic receptor function alterations in the
brain of diabetic rats (Abraham & Paulose, 1999; Padayatti & Paulose, 1999;
Paulose et al., 1999, Eswar et al., 2007). The concentration of 5-HT, DA and NE
increased in the brain regions of diabetic rats and accumulation of these
monoamines is produced by inhibition of monoamine oxidase activity (Salkovic,
et al., 1992). Norepinephrine has been reported to increase in several brain
regions during diabetes. Ohtani et al., (1997) have reported a significant decrease
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in extracellular concentrations of NE, 5HT and their metabolites in the ventro
medial hypothalamus (VMH). Epinephrine (EPI) levels were significantly
increased in the striatum, hippocampus and hypothalamus of diabetic rats and
these changes were reversed to normal by insulin treatment (Ramakrishan &
Namasivayam, 1995). Diabetes is reported to cause a high level of degeneration
in neurons in different regions of the brain. Streptozotocin -induced diabetes and
acute deficiency of insulin is reported to result in increased concentrations of EPI
in the supra chiasmatic nucleus. It is also reported that B-adrenergic receptor
populations were decreased in diabetes (Garris, 1995). 5-HT content in the brain is
reported to be decreased during diabetes (Chu et al., 1986; Sumiyoshi et al., 1997;
Jackson & Paulose, 1999). Sandrini et al (1997) reported reduced concentration
of serotonin in the cerebral cortex and in the brain-stem of the rat during diabetes.
Garris (1990) reported chronically elevated levels of NE in the brain regions of
amydgala, hypothalamus and medulla of diabetic mice. This was proposed to be
associated with the expression of the gene causing diabetes mellitus.
Hyperglycemia is reported to alter the noradrenergic and cholinergic nerve
components (Akria, et al., 1994) with decrease in the Na* K* ATPase activity in
different brain regions (Gurcharan & Sukwinder,, 1994). NE, DA and 5-HIAA
are reported to be increased in the heart and adrenal gland of STZ induced diabetic
rats. In the adrenal gland there was an initial reduction followed by a steady
increase in the concentration of NE and EPI (Cao & Morrison, 2001). Studies of
Gireesh et al., (2008a) showed that there is a decrease in total muscarinic and
muscarinic M1 receptors during diabetes in the cerebral cortex. A decreased
muscarinic M1 receptor gene expression in the hypothalamus, brainstem and
pancreatic islets of diabetic rats was also demonstrated by Gireesh et al., (2008b).
Changes in neurotransmitter concentration and in receptor binding have been
described in rat brain regions (Bitar et al., 1986). Diabetes is reported to cause
increased glutamate content and glutamate receptor activation in the brain regions
is reported by Joseph et al (2007, 2008). Glutamate excitotoxicity causing increase
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Ca®* mediating neuronal dysfunction contributes to hyperglycemia induced cell
death (Joseph et al., 2010).

Brain neurotransmitters and hypoglycemia

Glucose in brain, supplies energy essential for maintenance of the nervous
system. During hypoglycemia, energy dependent mechanisms for restoring normal
transmembrane gradients of Na* and Ca?* cannot operate because of the depletion
of ATP and phosphocreatine associated with hypoglycemia. Excess Ca*" influx
activates cellular phospholipases and proteases, alters mitochondrial metabolism,
triggers free radical formation, changes patterns of synaptic transmission, and
eventually result in selective neuronal necrosis (Jane et al., 1999). Deficiency in
glucose that results from hypoglycemic insults triggers neuronal injuries. Balance
in ion homeostasis is disturbed, which in turn results in membrane depolarization
and massive release of neurotransmitters, including glutamate. The extracellular
accumulation of glutamate results in neuronal death by activating ionotropic
glutamate receptors sensitive to NMDA or AMPA-kainate (Choi, 1988). In
addition, neurons impaired of energy metabolism appear to be highly sensitive to
excitotoxicity (Monyer et al., 1992; Cebers et al., 1998).

Pyruvate derived from glucose is the major precursor of the acetyl group
of acetylcholine. Inhibition of pyruvate oxidation results in reduced ACh
synthesis both in vitro and in vivo. Incorporation of [**C] choline into ACh in
brain in vivo is decreased in rats with insulin-induced hypoglycemia.
Hypoglycemia results in decreased synthesis of the neurotransmitter pool of ACh
are supported by the observation that administration of the CNS cholinesterase
inhibitor physostigmine to hypoglycemic animals delays the onset of seizures and
coma (Gibson & Blass, 1976).

Similar findings of an adverse effect of hypoglycemia on the synthesis of
the amino acid neurotransmitters GABA and glutamate have also been reported.

Utilization of amino acids such as glutamate and glutamine as alternative energy
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substrates in moderate to severe hypoglycaemia results in accumulation of
aspartate and ammonia in the brain. Hypoglycemia also produces a transient but
substantial increase in extracellular concentrations of glutamate, GABA and
dopamine, as measured using in vivo cerebral microdialysis (Butterworth, 1999).
Studies reported that modulation of the GABAergic system in the ventromedial
hypothalamus (VMH) alters both glucagon and sympathoadrenal, but not
corticosterone, responses to hypoglycemia. GABAergic inhibitory tone within the
VMH modulates glucose counter regulatory responses (Owen et al., 2006).
Alterations of neurotransmission mediated by ACh, Glu, GABA and/or DA
contribute to the neurological signs and symptoms that characterize moderate

hypoglycemia.

Cholinergic regulation of glucose homeostasis

Acetylcholine

Cholinergic system plays an important role in physiological and
behavioural functions mediated by acetylcholine. Acetylcholine acts by binding to
specific membrane receptors and is divided into muscarinic and nicotinic
receptors. ACh consists of choline; which is taken up by the cholinergic cells
through a sodium-dependent choline uptake system and an acetyl group provided
by acetyl-Coenzyme A (intracellularly produced by oxidative metabolism in
mitochondria). The synthesis of ACh takes place in the axonal terminals and is
catalyzed by the cytosolic enzyme choline acetyltransferase (ChAT) (Van Der Zee
et al,, 1999). Acetylcholine not only acts as a chemical signal at the
neuromuscular junction, it plays a role in neural network formation.
Acetylcholine, as a neurotransmitter mediates muscle contraction and glandular
secretions via an extensive array of peripheral nerves, and in its capacity as a
neuromodulator mediates consciousness by ultimately regulating the tone of

activity patterns throughout the entire cerebral cortex.
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Cholinergic Innervation

Cholinergic neurons form extensive networks with each other and with
glutamatergic and GABAergic neurons. Cholinergic neurons also interconnect
with other neuromodulator systems, such as networks using dopamine,
norepinephrine, serotonin and histamine, to modulate sensory information relayed
by glutamate synapses. Neuroplasticity is essential to the continuous updating
these neural networks and some cholinergic axons are particularly plastic (Farris et
al., 1995). At both central and peripheral sites, cholinergic receptor activation
leads to cytoskeletal responses. Centrally, muscarinic acetylcholine receptors,
which utilize G-protein mechanisms, far out number nicotinic acetylcholine
receptors, which are ionotropic in nature. In the periphery, nicotinic acetylcholine
receptors predominate. Despite marked differences in receptor mechanisms, the
binding of acetylcholine to either muscarinic or nicotinic acetylcholine receptors
triggers cytoskeletal protein interactions with other cytoskeletal proteins at central
and peripheral sites (Woolf, 2006).

Cholinergic neurons comprise less than one percent of neurons in the
nervous system, yet they appear to be involved in the most intriguing and
enigmatic of neural functions, ranging from gross observable movement to
consciousness. Cholinergic systems orchestrate activity across groups of muscle
cells and in conjunction monoamines - dopamine, norepinephrine, serotonin and
histamine neuronal assemblies in cortical fields. The end result is a unified action,
either behavioral or cognitive, which because of inherent neuroplasticity can be
honed through the learning process to become purposeful action (Woolf &
Butcher, 2010).

With a few exceptions, cholinergic neurons assume a ventral or basal
location. This ventral or basal location is consistent with the motor and “cognitive
action” functions of cholinergic neurons. Mesopontine cholinergic neurons are

located in the laterodorsal tegmental nucleus and the pedunculopontine tegmental
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nucleus, although the boundaries of the pedunculopontine nucleus are unclear
resulting in some cholinergic neurons invading surrounding regions. These
cholinergic neurons innervate the spinal cord, brainstem, thalamus, hypothalamus,
basal forebrain and medial frontal cortex (Woolf & Butcher, 1986; Rye et al.,
1987). Mesopontine cholinergic neurons are intermingled with separate
populations of glutamatergic and GABAergic cells (Wang & Morales, 2009).
Mesopontine cholinergic neurons to the thalamus and basal forebrain play roles in
higher cognitive functions, such as gating sensory input, attention and mediating
level of consciousness. Cholinergic and GABAergic circuits in the mesopontine
region have been shown to inhibit the startle response, a response that is necessary
for gating sensory inputs (Bosch & Schmid, 2008). Some studies link mesopontine
cholinergic cells with attention, but not all studies are in agreement (Rostron et al.,
2009). In one such study, lesions of the pedunculopontine tegmental nucleus
produced an increase in errors and latency times on a serial reaction time task
testing attention (Inglis et al., 2001).

Brain sites capable of producing coma and neurotransmitter correlates of
coma point to a role for cholinergic mesopontine neurons in consciousness.
Damage to mesopontine areas containing cholinergic neurons produces coma
(Parvizi & Damasio, 2003). Many anesthetics block central cholinergic receptors
and overdose can lead to central anticholinergic syndrome and coma (Moos,
2007). The role of cholinergic systems in consciousness is additionally illustrated
by the pharmacology of anesthetic drugs that markedly diminish conscious
awareness. Many known anesthetic compounds target nicotinic acetylcholine
receptors and GABAa receptors (among other receptors). Muscarinic
acetylcholine receptors and GABAg receptors represent potential targets for future
anesthetics (Sanders et al., 2008; Van Dort et al., 2008). The cholinergic basal
forebrain plays a role in selective attention, learning, memory, perception and
consciousness (Sarter et al., 2003). Specific regions of the basal forebrain play

particular roles, even though each region takes a part in multiple functions and
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there is overlap in function among the regions. Spatial learning, contextual
learning, associative learning, and reorganization of sensory fields are some
examples. Cholinergic septohippocampal pathway appears to contribute to its role

in memory.

Muscarinic receptors

Muscarinic receptors are a family of G protein-coupled receptors that have
a primary role in central cholinergic neurotransmission. Specific agonists, which
activate postsynaptic muscarinic receptors, stimulate cholinergic signaling
(Valentin et al., 2006). These receptors are widely distributed throughout the body
and subserve numerous vital functions in both the brain and autonomic nervous
system (Hassal et al., 1993). In the brain, muscarinic receptors participate in many
important functions such as learning, memory and the control of posture. In the
periphery, among other effects, muscarinic receptors mediate smooth muscle
contraction, glandular secretion and modulation of cardiac rate and force. In the
CNS there is evidence that muscarinic receptors are involved in motor control,
temperature regulation, cardiovascular regulation and memory. Interest in the
classification of muscarinic receptors involved in functions at different locations
has been heightened by the potential therapeutic application of selective agents in
areas such as AD, Parkinson’s disease, asthma, analgesia and disorders of
intestinal motility, cardiac and urinary bladder function (Caulfield & Birdsall,
1998).

Classification of Muscarinic receptors

Muscarinic receptors are G protein coupled receptors (Hulme et al., 1990).
Molecular cloning studies have revealed the existence of five molecularly distinct
mammalian muscarinic receptor proteins (Bonner, 1989). Muscarinic receptors,
widely distributed throughout the central and peripheral nervous system have

critical functions in learning and memory, attention and motor activity (Weiner et
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al., 1990; Levey, 1993). Their effects depend on the receptor subtypes involved.
Cholinergic stimulation of pancreatic B-cells increases insulin secretion. These are
mediated by muscarinic cholinergic, rather than nicotinic receptors (Ahren et al.,
1990; Stubbe & Steffens, 1993) and are dependent on extracellular glucose
concentration (Henquin & Nenquin, 1988). Acetylcholine stimulated insulin
secretion coupling is mediated by complex mechanisms of signal transduction. It
has been proposed that acetylcholine activates phospholipid turnover and thereby
increases the intracellular Ca®* level.

The five muscarinic receptor (mMAChR) subtypes are designated as M1 -
M5. The odd-numbered receptors (M1, M3, and M5) couple to Gg/11 and thus
activate PLC, which initiates the phosphatidyl inositol trisphosphate cascade. This
leads to the dissociation of phosphatidyl 4, 5- bisphosphates (PIP2) into two
components, i.e. IP; and DAG. IP; mediates Ca®* release from the intracellular
pool (endoplasmic reticulum), whereas DAG is responsible for activation of
protein kinase C. On the other hand, PIP2 is required for the activation of several
membrane protein, such as the “M current” channel and Na‘/Ca*" exchanger and
muscarinic receptor- dependent depletion of PIP2 inhibits the function of these
proteins (Meyer et al., 2001; Fuster et al., 2004; Suh & Hille, 2005; Winks et al.,
2005). The M1, M2 and M4 subtypes of mAchRs are the predominant receptors
in the CNS. These receptors activate a multitude of signaling pathways important
for modulating neuronal excitability, synaptic plasticity and feedback regulation of
acetylcholine release (Volpicelli & Levey, 2004). The activation of mAChRs has
been reported to suppress GABA release in the rat subfornical organ (Xu et al.,
2001). Presynaptic M3 receptors inhibited excitatory and inhibitory transmission
to rat subthalamic neurons (Shen & Johnson, 2000). M1 and probably M3
receptors inhibited GABA release in neurons of the rat lateral amygdala, nucleus
accumbens, and striatum (Sugita et al., 1991).

Muscarinic M1 receptor

24



Muscarinic M1 receptors are predominantly expressed in the forebrain,
including the cerebral cortex, hippocampus and corpus striatum, where this sub-
type contributes by 50-60% to the total of the muscarinic receptors (Hamilton et
al., 1997; Gerber et al., 2001; Miyakawa et al., 2001). The muscarinic M1
receptor subtype, which is also expressed in peripheral tissues, has been
implicated in stress adaptive cardiovascular reflexes and central blood pressure
control. Studies have shown that central administration of the muscarinic M1
specific antagonist pirenzepine lowered the blood pressure (Brezenoff & Xiao,
1986; Buccafusco, 1996). A putative overexpression of the M1 subtype in
selected brain areas of spontaneously hypertensive rats has been reported
(Scheucher et al., 1991). Muscarinic agonist depolarisation of rat isolated superior
cervical ganglion is mediated through M1 receptors (Brown et al., 1980).
Muscarinic M1 is one of the predominant muscarinic receptor subtypes expressed
in pancreatic islets (Gilon & Henquin, 2001). Studies in pancreatic islets revealed
that activation of muscarinic receptors is pertusis toxin insensitive and Gq
mediated. Muscarinic M1 receptor number was decreased in the brainstem during

pancreatic regeneration without any change in the affinity (Renuka et al., 2006).

Muscarinic M2 receptor

Muscarinic receptor activation in guinea pig heart produces a reduction in
force of contraction and a decrease in the rate of beating. These effects are
probably the consequence of inhibition of voltage-gated Ca’** channels and
activation of inwardly rectifying K* channels, respectively. Extensive studies with
many antagonists have defined this response as being mediated by the muscarinic
M2 receptor (Caulfield, 1993). Muscarinic M2 receptors mediate both negative
and positive ionotropic responses in the left atrium of the reserpinized rat, latter
effect being insensitive to pertusis toxin (Kenakin & Boselli, 1990). Central
cholinergic transmission is activated by inhibition of the presynaptic muscarinic

M2 acetylcholine autoreceptor using selective antagonists. The presynaptic
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muscarinic M2 autoreceptor negatively influences the release of acetylcholine in
several brain regions, including the striatum, hippocampus, and cerebral cortex
(Kitaichi et al., 1999; Zhank et al.,, 2002). A direct consequence of brain
muscarinic M2 autoreceptor inhibition is an elevation of acetylcholine release in
the synaptic cleft. Methoctramine and other muscarinic M2 receptor antagonists
have been shown to enhance the release of acetylcholine in different brain

structures (Stillman et al., 1996).

Muscarinic M3 receptor

Muscarinic M3 receptors are broadly expressed in the brain, although the
expression level is not high, compared to those of the muscarinic M1 and M2
receptors (Levey, 1993). Muscarinic M3 receptor is widely distributed in the
peripheral autonomic organs with the highest expression found in the exocrine
glands (Kashihara et al., 1992; Matsui et al., 2000). Expression of the muscarinic
M3 receptor in the rat pancreatic islets and insulin secreting cell lines has been
established (Lismaa et al., 2000). Muscarinic M3 receptor also triggers direct
contractions of smooth muscle; however, it only represents a minor fraction of
total muscarinic receptor population in smooth muscle. It is expressed in
relatively low density throughout the brain. Studies using knock out mice for
muscarinic M3 receptors gave evidences for the primary importance of these
receptors in the peripheral cholinergic system. In urinary bladder, pupillary
muscles and intestinal smooth muscles the cholinergic contractions are mediated

predominately through muscarinic M3 receptors (Matsui et al., 2000).

Muscarinic M4 receptor

Muscarinic M4 receptor is known to be abundantly expressed in the
striatum (Levey, 1993). Muscarinic M4 receptors act as inhibitory muscarinic
autoreceptors in the mouse (Zhang & Warren, 2002). The neuroblastoma-glioma
hybrid cell line NG108-15 expresses M4 mRNA and M4 receptors can be
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detected readily in radioligand binding assays (Lazareno et al., 1990). Inhibition
of adenylyl cyclase activity by muscarinic agonists in rat corpus striatum is
mediated by M4 receptors (Caulfield, 1993; Olianas et al., 1996).

Muscarinic M5 receptor

The muscarinic M5 receptor was the last muscarinic acetylcholine
receptor cloned. Localisation studies have revealed that the M5R is abundantly
expressed in dopamine-containing neurons of the substantia nigra par compacta,
an area of the midbrain providing dopaminergic innervation to the striatum.
Concordantly, oxotremorine-mediated dopamine release in the striatum was
markedly decreased in M5R-deficient mice. More intriguingly, in M5R-deficient
mice, acetylcholine induced dilation of cerebral arteries and arterioles was greatly
attenuated (Yamada et al., 2001), suggesting that the M5 receptor is suitable target
for the treatment of cerebrovascular ischemia. Muscarinic M5 receptor subtype is
expressed at low levels in the brain (Hulme et al., 1990; Hosey, 1992).

Studies of the muscarinic M5 receptor have been hampered both by the
lack of selective ligands and of tissues or cell lines that endogenously express the
native receptor protein. Immunoprecipitation and RT-PCR studies have shown
that the M5 receptor is expressed at very low densities in the mammalian brain.
However, in situ hybridisation studies have demonstrated that M5 transcripts are
highly concentrated in the basal ganglia and are the only muscarinic receptor
transcripts expressed on dopaminergic neurons in the substantia nigra pars
compacta (SNc) and ventral tegmental area (VTA) (Reever et al., 1997). Another
potentially useful system is the eosinophilic leukemia cell line (EoL-1) where M5

receptors are induced on differentiation with interferon-y (Mita et al., 1996).
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Signal transduction by muscarinic activation

Gg-protein-coupled receptors (GgPCRs) are widely distributed in the CNS
and play fundamental roles in a variety of neuronal processes. Their activation
results in phosphatidyl inositol 4,5-bisphosphate (PIP2) hydrolysis and Ca®*
release from intracellular stores via the PLC-inositol 1,4,5-trisphosphate (IPs3)
signaling pathway. Because early GgPCR signaling events occur at the plasma
membrane of neurons, they are influenced by changes in membrane potential
(Billups et al., 2006). Muscarinic receptors, which are G protein coupled,
stimulate signaling by first binding to G protein complex (afy) which provides
specificity for coupling to an appropriate effector. The o subunit interacts with an
effector protein or ion channel to stimulate or inhibit release of intracellular
second messengers. Mutation analysis showed that the G protein is primarily but
not exclusively acts through interaction with the third cytoplasmic loop. It is
suggested that the short sequences, N terminal 16-21 and C terminal 19 amino

acids of the loop play a key role in determining the specificity (Wess et al., 1989).

Cyclic adenosine monophosphate

Adenylate cyclase is either positively or negatively regulated by G protein
coupled receptors resulting in an increase or decrease in the generation of the
second messenger, Cyclic adenosine monophosphate (CAMP). The stimulation of
muscarinic M2 and M4 receptors endogenously expressed in cell lines, results in
the inhibition of adenylate cyclase. G protein reconstitution experiments have
shown that muscarinic M2 receptors inhibit adenylate cyclase through Gi and
possibly through the pertusis toxin insensitive Gz. In neuroblastoma SK-N-SH
cells which express endogenous muscarinic M3 receptors stimulate adenylate
cyclase activity (Baumgold & Fishman, 1988). The muscarinic M1 receptor
which ectopically expressed at physiological levels in A9L cells, was shown to
stimulate adenylate cyclase through an IP; and Ca?* dependent mechanism (Felder

et al., 2000). In contrast, M1 receptors stimulate adenylate cyclase in CHO cells
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predominantly through an IP; and Ca®" independent mechanism that also

contained a small Ca?* dependent component (Gurwitz et al., 1994).

Phospholipase C

The family of PLC enzymes has been grouped into three classes, 8, y and
6 (Rhee & Choi, 1992). PLC serves as the primary effector for the muscarinic M1
receptor that is coupled through Gg o subunits (Berstein et al., 1992). Muscarinic
M1, M3 and M5 receptors stimulate the production of IPs, independent of direct
PLCP and G protein interaction (Gusovsky et al., 1993). This alternate route for
the generation of IP; involves the tyrosine kinase dependent phosphorylation of
PLCy, a mechanism normally stimulated by growth factors and their receptors
(Meisenhelder et al., 1989). Expression studies revealed that the cloned
muscarinic M2 receptor stimulates PLC through a pertusis toxin-sensitive G
protein although with lower efficiency than muscarinic M1 or M3 receptors
(Ashkenazi et al., 1987). Inhibition of PLC by an endogenously expressed
muscarinic M2 receptor has been reported in FRTL5 cells suggesting that negative

regulation occur in some cells (Bizzarri et al., 1990).

Nicotinic Receptors

The nicotinic acetylcholine receptor (nNAChR), a key player in neuronal
communication, converts neurotransmitter binding into membrane electrical
depolarization. Nicotinic acetylcholine receptors that contain o7 subunits are
prevalent in the mammalian brain and have received special attention because of
their linkage to cognitive functions (Adams & Freedman, 1997; Levin & Simon,
1998). This protein combines binding sites for the neurotransmitter acetylcholine
and a cationic transmembrane ion channel. It mediates synaptic transmission at the
junction between nerve and muscle cells and various types of nAChR are
expressed in the brain. It is involved in several neurological pathologies. The a7

nicotinic receptor, also known as the a7 receptor, is the predominant type of
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nicotinic acetylcholine receptor in the brain, consisting entirely of a7 subunits
(Rang et al., 2003). As with other nicotinic acetylcholine receptors, functional a7
receptors are pentameric i.e., (a7)5 stoichiometry. It is located in the brain, where
activation yields post- and presynaptic excitation (Rang et al., 2003), mainly by
increased Ca”" permeability.

Neuronal nicotinic cholinergic receptors are crucial to acetylcholine
neurotransmission in both the CNS and autonomic nervous system. However, in
the CNS, these receptors are more often associated with modulation of release of
several neurotransmitters including dopamine, norepinephrine, GABA and
glutamate (Alkondon et al., 1999; Girod & Role, 2001). In the CNS, nicotinic
acetylcholine receptors mediate the release of glutamate (De Filippi et al., 2001,
Rossi et al., 2003; Reno et al., 2004) and norepinephrine (O Leary & Leslie,
2003). Thus, these receptors significantly influence the activity within the CNS
circuitry and deregulation of this activity could contribute to disorders involving
the CNS. Abnormalities of nicotinic acetylcholine receptor function in the
hippocampus lead to cognitive and memory impairments (Green et al., 2005;
Levin et al., 2002) and sensory gating deficits (Adler et al., 1998). Nicotinic
acetylcholine receptors are involved with neuroplastic responses, such as dendritic

growth in cholinoceptive neurons (Torrao et al., 2003).

GABA regulation of glucose homeostasis

GABA is a major inhibitory neurotransmitter in the mammalian central
nervous system (CNS) and is synthesized from glutamic acid by glutamic acid
decarboxylase (GAD) (Gerber & Hare , 1979). There is significant ongoing work
aimed at understanding the specific roles of synaptic and extrasynaptic GABA in
regulating neural activity in both normal and pathological conditions. Precise
GABAergic synaptic signaling is critical to the accurate transmission of
information within neural circuits and even slight disruptions can produce

hypersynchronous activity (Chagnac-Amitai & Connors, 1989). Moreover,
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changes in ambient GABA can alter tonic inhibition and thus the overall synaptic
tone of a brain region (Farrant & Nusser, 2005). There is an extensive literature
showing that seizures can be provoked by blocking GABA synthesis with 3-
mercaptoproprionic acid (MPA) in vivo (Mares et al., 1993). These studies were
demonstrating the involvement of GABA in the prevention of the overstimulation

of neuronal networks.

GABA Receptors

GABA mediates its actions via three distinct receptors: the ionotropic
GABA, and GABA receptors and the metabotropic GABAg receptors (Bormann,
2000). In addition to its CNS functions, the GABAergic system is also present in
peripheral tissues, including the gastrointestinal tract (Gilon et al., 1990, 1991,
Harty et al., 1991; Krantis et al., 1994). lonotropic GABA receptors are the most
important Cl— channels in the central nervous system CNS and their expression
has also been found in peripheral organs. These receptors mediate a fast inhibitory
neurotransmission in the CNS (Akinci & Schofield, 1999). lonotropic GABA
receptors can be categorized into GABAA and GABA receptors based on their
subunit compositions and pharmacological properties (Bormann, 2000).

GABAg receptors mediate slow prolonged inhibition in the brain by
activating postsynaptic G protein-coupled inwardly rectifying K+ channels
(GIRKs) and inactivating presynaptic voltage-gated Ca2+ channels. GABAg
receptors also inhibit adenylate cyclase, leading to diminished activity of PKA
signaling pathways (Bowery, 2006). Structurally GABAg receptors are members
of the class C family of G-protein coupled receptors (GPCR) and are encoded in
vertebrates by two genes - GABAg receptor-1 (GABAgR1) and GABAgR2
respectively (Couve et al., 2002; Bettler et al., 2004).
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GABAA Receptors

GABAL, receptors are pentameric in structure, with the five subunits
arranged like spokes of a wheel around a central CI™ selective pore (Barnard,
2001). Nineteen GABA receptor subunits have been cloned from rats, which
include al-6, p1-3, y1-3, p1-3, 8, 0, ¢, and = (Whiting et al., 1999). The 19
subunits (al-6, p1-3, y1-3, 3, ¢, 0, m, p1-2) are encoded by 19 distinct genes.
Each subunit has four transmembrane segments, with both the amino and carboxy
termini located extracellularly. These extracellular segments form the recognition
sites (two per channel) for GABA and also, in some channel types, the recognition
site (one per channel) for benzodiazepine-like allosteric modulators. The subunit
composition determines both the biophysical properties of the receptor—channel
complex and its pharmacology, most notably the sensitivity to benzodiazepines
(BDZ) (Rudolph & Mohler 2004; Johnston, 2005). A typical benzodiazepine-
sensitive GABA receptor consists of two al, a2, a3, or a5 subunits, two B2 or B3
subunits (or one each) and a y2 subunit.

Classically, GABA receptors have been recognized as mediating phasic
inhibition through the generation of fast, transient, rapidly desensitizing currents
(IPSCs) in postsynaptic neurons in response to synaptically released GABA. It has
been recognized that GABAA receptors also contribute to tonic (extrasynaptic)
inhibition, representing the CI™ conductance activated at nonsynaptic sites in
response to background concentrations of GABA (Farrant & Nusser, 2005).
Phasic and tonic inhibitions are mediated by GABAA receptors with different
subunit composition, GABA affinities and rates of desensitization. The most
notable difference in subunit composition is that the receptors mediating tonic
inhibition contain the 6 subunit, rather than the y subunit characteristic of synaptic
GABA receptors (Nusser et al., 1998). Receptors containing o4, o5, or o6 are
commonly found nonsynaptically. Pharmacologically, the most notable difference
is that receptors with a4, a6, or & subunits are not potentiated by benzodiazepines

or by nonbenzodiazepine benzodiazepine receptor agonists (such as zolpidem),
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whereas those with al, o2, a3, a5, or y2 subunits are benzodiazepine sensitive.
The benzodiazepine-sensitive o subunits (al, o2, o3, ob5) differ from the
insensitive ones (a4, a6) in possessing a histidine residue at position 101.
Activation of GABAAR, a CI" ion channel, results in membrane hyperpolarization
as a consequence of an inward CI flux (Kittler & Moss, 2003). In the CNS,
GABARs are subject to modulation by their subunit composition, localization,
number and phosphorylation states and variance of GABA concentration in the
synaptic cleft (Chebib & Johnston, 1999; Mody & Pearce, 2004).

GABAg Receptors

The GABAg receptor is part of the class C of GPCRs that also includes
the mGlu, the Ca**-sensing and the sweet and umami taste receptors among others
(Pin et al., 2003). These receptors are dimers, either homodimers linked by a
disulphide bond mGlu and Ca®*-sensing receptors or heterodimers made of two
similar, but distinct subunits, the GABAg and taste receptors. Indeed, the GABAg
receptor was the first GPCR to be identified that requires two distinct subunits to
function: the GABAg; and GABAg, subunits (Jones et al., 1998; White et al.,
1998; Kaupmann et al., 2003). Although the GABAg; subunit was soon shown to
bind all known GABAg ligands, both agonists and antagonists, this protein did not
form a functional GABAg receptor when expressed alone (Kaupmann et al.,
1997). Only when GABAg; was co-expressed with the homologous GABAg;
subunit was a functional GABAg receptor observed, either in cell lines or in
cultured neurons. The GABAg dimeric entity was confirmed in native tissue
(Kaupmann et al., 1998). Indeed, both GABAg; and GABAg; mMRNAs are co-
localized in most brain regions. Second, both proteins are found in the same
neurons, even in the same subcellular compartments as observed at the electron
microscopic level. Moreover, co-immunoprecipitation of GABAg; with a GABAg;
antibody could be demonstrated from brain membranes. Eventually, mice lacking

either GABAg; or GABAg; share very similar phenotypes and none of the known
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GABAg-mediated responses could be measured in either mice (Prosser et al.,
2001; Schuler et al., 2001).

GABAg receptors play an important role in maintaining excitatory—
inhibitory balance in brain and alterations can lead to seizures (Hossein et al.,
2008). GABAg receptors, the metabotropic receptors for GABA, are G protein-
coupled receptors (GPCR) which regulate neuronal excitability both pre and
postsynaptically. The action of GABA at presynaptic GABAg receptors is to
reduce Ca*" influx and thus inhibit neurotransmitter release (Takahashi et al.,
1998). These receptors exist on GABAergic terminals (autoreceptors), or on
terminals arising from cells containing other neurotransmitters, such as glutamate
(heteroreceptors). Postsynaptically, GABAg receptors are responsible for the
generation of the late inhibitory postsynaptic potential (IPSP), via the opening of
K" channels and inhibit adenylate cyclase (Bettler et al., 1998). Abnormality in
either of these functions could have consequences for the generation and/or
prevention of epileptic seizures. Multiple laboratories have demonstrated altered
expression of GABAgR1 and GABAgR2 in animal models for seizure disorders
(Princivalle et al., 2003; Straessle et al., 2003). Han et al. (2006) found that as a
result of multiple seizures, there was a long-term decrease in GABAgR1 (15 days)
and GABAgR2 (30 days) expression in rat hippocampus. Taken together, these
animal studies suggest that the changes in the number GABAg receptors lead to
epilepsy, due to changes in transmitter release (presynaptic) and inhibition
(postsynaptic). Accordingly, GABA neurons have been alternately proposed to be
highly vulnerable or relatively invulnerable after insults known to cause epilepsy
(Ribak et al., 1979; Sloviter et al., 1987) and GABA-mediated inhibition is
reportedly decreased, in animal models of epilepsy (Dalby et al., 2001).

GABA Receptors
GABA receptors, which are a subfamily of GABAa receptors, are

members of the Cys-loop superfamily of ligand-gated ion channels (LGICs), an
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important group of receptors involved in rapid synaptic transmission and whose
malfunction can result in a variety of neurological disorders; hence, understanding
their mechanism of action is of considerable pharmacological interest. GABAc
receptors are mostly located in retinal neurons where they play a role in retinal
signaling involved in diseases such as macromolecular degeneration (Bormann,
2000). The receptors are activated by the binding of GABA, the main inhibitory
neurotransmitter in the central nervous system. GABA: receptors have distinct
pharmacological properties from GABAA receptors, e.g., they are not inhibited by
bicuculline, the classic GABA, receptor antagonist (Barnard et al., 1998; Chebib
et al., 2000). Like all the LGICs belonging to the Cys-loop superfamily, GABAc
receptors are composed of five subunits arranged in a pentagonal array around a
central ion-permeant pore. Each subunit has an extracellular N-terminal domain
(ECD), a transmembrane domain composed of four a-helices, and an intracellular
domain. Three subunits (p;_3) have been identified; these can all form functional
homomeric or heteromeric receptors (Enz, 2001).

Similar to GABA, receptors, they possess a high permeability to CI-, but
in contrast to GABA, channels, they are insensitive to bicuculline, barbiturates
and benzodiazepines (Polenzani et al., 1991). The activity of GABA receptors is
regulated by extracellular agents, such as Zn®*, H*, Ca*" (Ouyang et al., 2007;
Kaneda et al., 1997) and also by intracellular factors, such as Ca®*, phosphatases
and kinases (Feigenspan & Bormann 1994b; Kusama et al., 1995). Protein
phosphorylation is postulated to be an important physiological mechanism for
regulating GABA mediated synaptic inhibition (Moss & Smart, 1996).

Glutamic Acid Decarboxylase (GAD)

GABA the main inhibitory neurotransmitter in the brain is synthesized by
GAD. GAD exists in two isoforms termed GAD65 and GADG67 due to their
molecular weights of 65 and 67 kDa, respectively. These enzymes are the products
of two independently regulated genes sharing 65% sequence homology in rats
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(Erlander et al., 1991; Bu et al., 1992). Most GABAergic interneurons express
both subtypes of GAD (Houser & Esclapez 1994) which are simultaneously
detectable in the rat brain as early as embryonic day 17 (Dupuy & Houser, 1996).
GADG67 is found in axonal regions as well as in neuronal cell bodies, whereas
GADSG65 is mainly associated with synaptic terminals (Kaufman et al., 1991).
Therefore it has been suggested that GAD67 mostly provides a pool of GABA for
general metabolic activity while GABA synthesized by GADG5 is likely to be
more involved in synaptic transmission (Martin & Rimvall, 1993). Mice lacking
GADG5 are vital and do not exhibit changes in their brain GABA content though
they have an increased susceptibility to seizures (Asada et al., 1996; Kash et al.,
1997). During embryogenesis the mRNA coding for GADG67 is regulated by
alternative splicing (Bond et al., 1990; Szabo et al., 1994). At least two additional
transcripts exist, 1-80 and 1-86 (summarized as EGAD), distinguished by
insertions of 80 or 86 base pair (bp) in GAD67 mRNA, respectively. The two
inserts are identical with exception of the 6 bp at the 3'-end of the larger fragment
containing an overlapping stop-start codon. The complete coding region of
embryonic GAD messages comprises 1,860 (80 bp insert) and 1,866 bp (86 bp
insert). Both embryonic transcripts code for a short enzymatically inactive GAD
protein of 25 kDa (GAD25) which corresponds to the amino-terminal regulatory
region of GADG67 and therefore has putative regulatory functions. Termination-
reinitiation at the stop-start codon of 1-80 additionally produces an enzymatically
active protein of 44 kDa (GADA44) corresponding to the carboxy-terminal catalytic
domain of GADG67 that contains the pyridoxal phosphate cofactor binding
site (Szabo et al., 1994).

The early finding that baby food deficient in vitamin B6, a cofactor of the
GABA-synthesizing enzyme GAD caused vitamin-reversible seizures provided
one of the first clues that seizures might be caused by reduced synthesis of GABA
(Bankier et al., 1983). Accordingly, GABA neurons have been alternately
proposed to be highly vulnerable or relatively invulnerable after insults known to

36


http://www.ncbi.nlm.nih.gov/pubmed/2247446

cause epilepsy (Ribak et al., 1979; Sloviter, 1987) and GABA-mediated inhibition
is reportedly altered, in a variety of constantly compared but greatly dissimilar
animal models (Dalby & Mody, 2001). The use of GAD immunocytochemistry in
kindled and control tissue was used to allow direct anatomic confirmation for
measuring changes in GAD-immunoreactivity (GAD-IR) which would represent
GABA synthesis for release by the recurrent inhibitory system of the fascia
dentata. Immediately after the last kindled seizure, optically detected GAD-IR
puncta densities were significantly reduced in stratum granulosum at 3 or 7 days
after the last kindled seizure (Babb et al., 1989). GAD65-/- mice develop
spontaneous seizures that result in increased mortality. Seizures can be
precipitated by fear or mild stress. Seizure susceptibility is dramatically increased
in GAD65 mice backcrossed into a second genetic background, the nonobese
diabetic strain of mice enabling electroencephalogram analysis of the seizures.
The generally higher basal brain GABA levels in this backcross are significantly
decreased by the GAD65 mutation, suggesting that the relative contribution of
GABA synthesized by GADG65 to total brain GABA levels is genetically
determined (Kash et al., 1997).

Glutamate decarboxylase, the primary enzyme that is involved in the
synthesis of GABA, has been identified as an early target antigen of the T-
lymphocyte mediated destruction of pancreatic p-cells causing insulin-dependent
diabetes mellitus (Baekkeskov et al., 1990). GABA through its receptors has been
demonstrated to attenuate the glucagon and somatostatin secretion from pancreatic
o—cells and &-cells respectively (Gaskins, 1995). It is present in the cytoplasm
and in synaptic-like microvesicles (Reetz, 1991) and is co-released with insulin
from B-cells in response to glucose. The released GABA inhibits islet a -and § -
cell hormonal secretion in a paracrine manner. During diabetes the destruction of
B -cells will lead to decrease in GABA release resulting in the enhancement of
glucagon secretion from a-cells leading to hyperglycemia. In patients with

diabetes, an oral glucose load induced a paradoxical rise in glucagon secretion,
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which could be normalized with optimal administration of insulin, suggesting that
the dysfunctional regulation of pancreatic a—cells in diabetes is related to insulin
deficiency and an anomalous internal environment of the islets (Greenbaum et al.,
1991; Hamaguchi et al., 1991). However, this defect is undefined because of an
inadequate understanding of the mechanisms underlying suppression of glucagon
by insulin in response to hyperglycemia. Secretion of glucagon from o— cells is
regulated by various factors, including glucose, zinc, and the chemical transmitter
gammaaminobutyric acid (GABA) (Pipeleers et al., 1985; Ishihara et al., 2003).
The role of GABA and the A type GABA receptor (GABAR) in the regulation of
glucagon release has been demonstrated (Braun et al., 2004; Rorsman et al.,
1989). Pancreatic p -cells contain high concentrations of GABA and GAD
(Taniguchi et al., 1979). GABA is localized in “‘synaptic’’- like microvesicles
within B - cells that are distinct from the insulincontaining large dense core
vesicles, suggesting that exocytosis of pancreatic GABA is similar to the process
found in neurons (Reetz et al., 1991; Sorenson et al., 1991). Functional GABAARS
are expressed in the o cells (Hales & Tyndale, 1994). It has been proposed that,
during hyperglycemia, GABA is co-released with insulin from the b cells and acts
on GABARs on the a cells to reduce their secretion of glucagon (Rorsman et al.,
1989).

The brain GABAergic mechanisms also play an important role in glucose
homeostasis. Inhibition of central GABAA receptors increases plasma glucose
concentration (Lang, 1995). GABAA, receptors in brainstem have a regulatory role
in pancreatic regeneration (Kaimal et al., 2007). It is known that in ischemia, the
released glutamate activates glutamate receptors, particularly of the NMDA type,
increases the intracellular concentration of Ca’*, and triggers a long-lasting
potentiation of NMDA-receptor-gated currents (Szatkowski & Attwell, 1994). The
massive amount of GABA released simultaneously in the hippocampus is an
important protective mechanism against the excessive release of excitatory amino

acids, counteracting the harmful effects that lead to neuronal death. The release of
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GABA limit excitation and prevent this excitation from reaching neurotoxic
levels. Activation of GABA,a receptors increases C1  conductance, inducing
hyperpolarization and reducing cell excitability (Sivilotti & Nistri, 1991).
Enhanced GABA release increases extracellular GABA levels, thus contributing
to the maintenance of homeostasis in the hippocampus upon impending
hyperexcitation. Moreover, hippocampal GABAergic neurons are more resistant
than excitatory aminoacid neurons to transient ischemia (Matsumoto et al., 1991).
The augmentation of inhibitory mechanisms has important neuroprotective effects.
To date, drugs that enhance GABAergic systems provide significant neuronal
protection when used before or after insults. Thus, any impairment in the
GABAergic mechanism in the CNS and/or in the PNS is important in the
pathogenesis of hypoglycemia and diabetes.

Insulin and Insulin receptors in the brain

Two decades ago both insulin and its receptors were discovered in the
brain (Havrankova et al., 1978). Moreover, contrary to old assumptions, it is now
known that insulin is actively transported across the blood-brain barrier and it is
produced locally in the brain (Schwartz et al., 1998). Concentrations of insulin
receptors in the brain are particularly high in neurons, with abundant insulin
receptor protein in both cell bodies and synapses (Zhao et al., 1999).

These findings have raised questions about the physiological role of
insulin in the brain. Some suggest that, as in peripheral tissues, insulin mainly acts
by mediating cerebral glucose uptake (Hoyer, 1998), but this opinion is not shared
by others. Insulin and insulin receptors appear to play a modulatory role in certain
behaviours, such as feeding behaviour, learning and memory (Wickelgren, 1998;
Kumagai , 1999). For example, after training in a water maze, insulin receptor
mMRNA levels were increased in the hippocampus of rats, in parallel with

accumulation of insulin receptor protein. Moreover, intracerebroventricular
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administration of insulin facilitated retention of a passive-avoidance task in rats
(Park et al., 2000).

The complexity of the mechanisms underlying these behavioural findings
is only now starting to be appreciated (Fernandes et al., 1999). When applied to
brain slices, insulin inhibits the spontaneous firing rate of hippocampal pyramidal
neurons and the frequency of AMPA-receptor mediated miniature EPSCs of
cerebellar Purkinje neurons. In addition, insulin attenuates the amplitude of
AMPA-receptor-mediated currents in cerebellar Purkinje neurons (Palovcik et al.,
1984), through the stimulation of clathrin-dependent receptor internalisation, a
phenomenon that appears to have links with cerebellar LTD (Wang et al., 2000).
These same authors have reported no effect of insulin on NMDA-receptor-
mediated currents in cerebellar Purkinje neurons. Conversely, in hippocampal
slices insulin has been shown to increase NMDA-receptor mediated EPSPs (Liu et
al., 1995). These different findings are possibly due to variations in insulin
signalling in different brain regions. Insulin thus appears to play a modulatory role
in synaptic transmission in the brain. However, studies of its involvement in
behaviour and synaptic transmission have so far mainly examined its effects after
local (for example, intracerebroventricular) administration or ex vivo. The
challenge for future studies will be to determine whether systemic insulin also has
neuromodulatory effects under physiological conditions and to dissociate these
effects from the associated effects of insulin on peripheral and central glucose

homeostasis.

Alterations of neuronal glucose transport during diabetes and hypoglycemia
Under physiological conditions, maintenance of normal cerebral functions
depends almost entirely on the availability of glucose for the supply of ATP
(Anderson & Swanson, 2000). Since the brain cannot store the significant
carbohydrates, a steady glucose supply is required from the blood. Thus glucose

transport into the brain is critical for the maintenance of brain metabolism.
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Clinical and experimental studies have revealed that altered glucose status is an
important factor controlling learning and memory processes (Messier & Gagnon,
1996). Although under basal conditions the rate of glucose transport is not the
rate-limiting step for glycolysis in the central nervous system hypoglycemia or
hyperglycemia is known to change the glucose transport system in the brain
(Devivo, et al.,, 1991) suggesting that there should be glucose-regulatable
mechanisms associated with the transport of glucose. The brain is dependent on a
steady supply of glucose (Erecinska & Silver, 1994).

Neuronal glucose uptake relies on the glucose transporter isoforms
GLUT1 (Maher et al., 1994), GLUT3 (Olson & Pessin, 1996), and GLUTS8 (Piroli
et al., 2002; Sankar et al., 2002) on the plasma membrane. Due to its relative
abundance in the brain, GLUT3 is often considered the neuronal glucose
transporter (Maher et al., 1994). GLUTS3 is a major facultative glucose transporter
expressed in neurons, though there is evidence for expression in neurons of
GLUTL, GLUT2, GLUT4, GLUT5 and GLUTS8 (Choeiri et al., 2002). Classically,
neurons are considered to be insulin insensitive, that is, glucose uptake is not
significantly increased in response to insulin stimulation (Heidenreich et al., 1989)
as is regularly observed in muscle and fat cells (Watson & Pessin, 2001). Insulin
treatment dramatically increased the translocation of GLUT 3 to the plasma
membrane, and insulin pre-treatment potentiated a KCI stimulated glucose uptake
(Uemura & Greenlee, 2006).

Although neurons have insulin receptors (Schulingkamp et al., 2000), they
do not respond to insulin alone by increasing glucose uptake. In insulin-sensitive
cells, insulin increases glucose uptake by promoting two critical processes:
translocation of vesicles containing the glucose transporter isoform GLUT4 to the
plasma membrane and their fusion with the plasma membrane (Czech & Corvera,
1999; Olson & Pessin, 1996. In neurons, fusion of GLUT3 with the plasma
membrane is induced by membrane depolarization, resulting in a marked increase

in glucose uptake (Uemura & Greenlee, 2001). It is well known that nerve cells in
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the hippocampus, striatum, piriform and neocortical regions are susceptible to
ischaemic injury and stress during glucose deprivation (Thilmann et al., 1986).
GLUT3 is probably also a stress-induced protein, which may protect the damaged
nerve cell from energy depletion. This indicates that glucose starvation effectively
activates the transcriptional rate of the GLUT3 gene in vulnerable neurons
(Nagamatsu et al., 1993). Many studies have been done describing changes
subcellular localization of glucose transporters in response to a variety of different
stimuli including insulin, IGF-1, and glucose deprivation (Fladeby et al., 2003;
Shin et al., 2004; Watson and Pessin, 2001).

Oxidative stress and neuronal damage during diabetes and hypoglycemia
Oxidative stress is known to be present in different pathological
conditions in the CNS such as ischemia and various neurodegenerative diseases
(Margaill et al., 2005; Halliwell, 2006). The deleterious actions of diabetes and
stress increase oxidative stress in the brain, leading to increases in neuronal
vulnerability. The presence of oxidative stress during hypoglycemia has been
recently suggested (Patockova et al., 2003; Singh et al., 2004; Suh et al., 2007),
although its temporality and regional distribution in brain have not been explored
in detail. Oxidative stress has been suggested as a mechanism contributing to
neuronal death induced by hypoglycemia and an early production of reactive
species (RS) during the hypoglycemic episode has been observed. Early activation
of calcium-dependent ROS producing pathways is involved in neuronal death
associated with glucose deprivation (Paramo et al., 2010). Recent studies show
that oxidative stress develops mainly after the isoelectric period during the glucose
perfusion phase and that its presence is related to the subsequent death of neurons
(Suh et al., 2007). Diabetes has been reported to increase superoxide dismutase
(SOD) activity within the brain which in turn makes the brain more vulnerable to
damage (Kadekaro et al., 1988). During prolonged periods of stress, exhaustion of

neuronal defense mechanisms, such as anti-oxidant enzymes, reported to increase
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neuronal vulnerability to the point where neuronal adaptation shifts from neuronal
plasticity towards neuronal damage (Reagan et al., 2000).

In the central nervous system, programmed cell death or apoptosis is
considered to be an important phenomenon that is related to neuron vulnerability
to stress condition. Bax is a protein, identified as regulating molecules for
programmed cell death. A possible relationship between the localization and
expression of Bax protein and the cell vulnerability in central nervous system is
reported (Hara et al., 2004).

The cAMP responsive element binding protein (CREB)

The cAMP responsive element binding protein (CREB) is a nuclear
protein that modulates the transcription of genes with cAMP responsive elements
in their promoters. Increases in the concentration of either Ca®* or cAMP trigger
the phosphorylation and activation of CREB. This transcription factor is a
component of intracellular signaling events that regulate a wide range of
biological functions, from spermatogenesis to circadian rhythms and memory.
Byrne (1993) reported the role of CREB in cellular events underlying long-term
but not short-term memory. Genetic and pharmacological studies in mice and rats
demonstrate that CREB is required for a variety of complex forms of memory,
including spatial and social learning, thus indicating that CREB may be a
universal modulator of processes required for memory formation (Silva, 1998).

The present study was carried out to elucidate hypoglycemic and
hyperglycemic effect on brain cholinergic and GABAergic receptors functional
regulation, alterations in insulin receptor, GLUT3, pro-apoptotic protein - Bax and
the changes at second messenger level by analyzing the expressional changes in
second messenger enzyme; phospholipase C and changes at transcription level
using transcription factor, CREB in the brain regions and pancreas of experimental
rats. Studies on the functional regulation of ACh and GABA through their

receptor subtypes during hyperglycemia and hypoglycemia will lead to a better
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understanding of the cognitive and memory dysfunction due to neuronal damage

in the brain.
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Materials and Methods

CHEMICALS USED IN THE STUDY AND THEIR SOURCES

Biochemicals

Gamma amino butyric acid (GABA), pirenzepine, atropine, 4-DAMP
mustard (4-deoxy acetyl methyl piperidine mustard), ethylene diamine tetra acetic
acid - EDTA, HEPES - [n’ (2-hydroxy ethyl)] piperazine-n’-[2-ethanesulfonic
acid], Streptozotocin, citric acid, Tris HCI, foetal calf serum (heat inactivated), D-
glucose, calcium chloride, collagenase type Xl, bovine serum albumin fraction V
and RPMI-1640 medium were purchased from Sigma Chemical Co., St. Louis,

USA). All other reagents were of analytical grade purchased locally.

Radiochemicals

Quinuclidinylbenzilate, L-[Benzilic-4,4'-*H]-[4-*H] (Sp. Activity 42
Ci/mmol), 4-DAMP, [N-methyl-*H] (Sp. Activity 83 Ci/mmol) and 4-amino-n-[2,
3-*H] butyric acid (Specific activity-84.0 Ci/mmol) was purchased from NEN life
sciences products Inc., Boston, U.S.A.

Radioimmunoassay kit for insulin was purchased from Baba Atomic
Research Centre (BARC), Mumbai, India.

Molecular Biology Chemicals

Tri-reagent kit was purchased from Sigma chemicals Co., St. Louis, USA.
ABI PRISM High capacity cDNA Archive kit, primers and Tagman probes for
Real Time- PCR were purchased from Applied Biosystems, Foster City, CA,
USA.



Confocal Dyes

Rat primary antibody for muscarinic M1 (Cat. No. 087k1395), M3 (Cat.
No. 126k1205), o7 nicotinic acetylcholine receptor (Cat. No. 018k4811) and
GABAa (Cat. No. 077k4838) and FITC coated secondary antibody (Cat. No.
No-AP307R) were purchased from Sigma Aldrich and Chemicon, USA.

ANIMALS

Adult male Wistar rats of 180-240g body weight purchased from Amrita
Institue of Medical Sciences, Cochin and Kerala Agriculture Unviersity,
Mannuthy were used for all experiments. They were housed in separate cages
under 12 hour light and 12 hour dark periods and were maintained on standard
food pellets and water ad libitum.

DIABETES INDUCTION AND HYPOGLYCEMIA

Experimental rats were divided into the following groups as i) Control ii)
Diabetic iii) Insulin induced hypoglycemia in diabetic rats (D+11H) and iv) Insulin
induced hypoglycemia in control rats (C+IIH). Each group consisted of 6-8
animals.

Diabetes was induced by a single intrafemoral dose, 55 mg/kg body
weight, of STZ prepared in citrate buffer, p” 4.5 (Arison et al., 1967; Hohenegger
& Rudas, 1971). The D+IIH group received daily 2 doses of 10 Unit/Kg body
weight of regular human insulin (Actrapid) and C+IIH received daily 2 doses of
1.5 Unit/Kg body weight of regular human insulin (Flanagan et al., 2003). D+IIH
and C+IIH group had daily two episodes of insulin-induced hypoglycemia for 10

days. Control rats were injected with citrate buffer.
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DETERMINATION OF BLOOD GLUCOSE
The diabetic state of animals was assessed by measuring blood glucose
concentrations at 72 hours after streptozotocin treatment. The rats with a blood

sugar level above 250 mg/dl were selected as diabetic rats.

SACRIFICE AND TISSUE PREPARATION

The animals were then sacrificed on 15" day by decapitation. The cerebral
cortex, cerebellum, brain stem, corpus striatum and hippocampus were dissected
out quickly over ice according to the procedure of Glowinski & lIversen, (1966)
and the pancreas was dissected quickly over ice. Hippocampus was dissected
according to the procedure of Heffner et al., (1980). The blood samples were
collected and plasma was separated by centrifugation. The tissue samples and
plasma were kept at -80° C until assay. All animal care and procedures were in

accordance with Institutional and National Institute of Health guidelines.

ESTIMATION OF BLOOD GLUCOSE
Blood glucose was estimated using Glucose estimation kit (Merck). The
spectrophotometric method using glucose oxidase-peroxidase reactions is as

follows:

Principle: Glucose oxidase (GOD) catalyses the oxidation of glucose in

accordance with the following equation:

Glucose + O, + H,0 (C0D) » Gluconic acid + H,0,.

H,0, + Phenol 4-aminoantipyrene &%) . Coloured complex + H,O

The hydrogen peroxide formed reacts with 4-aminoantipyrine and 4-
hydroxybenzoic acid in the presence of peroxidase (POD) to form N-(-4-
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antipyryl)-p-benzo quinoneimine. The addition of mutarotase accelerates the
reactions. The amount of dye formed is proportional to the glucose concentration.
The absorbance was read at 510nm in spectrophotometer (Shimadzu UV-1700

pharmaspec).

ESTIMATION OF CIRCULATING INSULIN BY RADIOIMMUNOASSAY

Principle of the assay

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

concentration of samples.

Assay Protocol

Standards, ranging from 0 to 200 pU/ml, insulin free serum and insulin
antiserum (50ul each) were added together and the volume was made up to 250ul
with assay buffer. Samples of appropriate concentration from experiments were
used for the assay. They were incubated overnight at 2°C. Then [**°I] insulin
(50ul) was added and incubated at room temperature for 3 hours. The second
antibody was added (50ul) along with 500ul of PEG. The tubes were then
vortexed and incubated for 20 minutes and they were centrifuged at 1500 x g for
20 minutes. The supernatant was aspirated out and the radioactivity in the pellet

was determined in a gamma counter.
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A standard curve was plotted with %B/Bo on the Y-axis and insulin

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

Corrected average count of standard or sample

x 100
Corrected average count of zero standard
Insulin concentration in the samples was determined from the standard

curve plotted using MultiCalc™ software (Wallac, Finland).

BEHAVIOURAL STUDIES

Y-Maze Test

The Y-maze was made of grey wood, covered with black paper and
consisted of three arms with an angle of 120 degrees between each of the arms.
Each arm was 8 cm width x30 cm length x15 cm height. The three identical arms
were randomly designated: Start arm, in which the rat started to explore (always
open); Novel arm, which was blocked at the 1st trial, but open at the 2nd trial; and
the other arm (always open). The maze was placed in a separate room with enough
light. The floor of the maze was covered with saw dust, which was mixed after
each individual trial in order to eliminate olfactory stimuli. Visual cues were
placed on the walls of the maze.

The Y-maze test consisted of two trials separated by an inter-trial interval
(ITN). The first trial (training) was of 10 minutes duration and allowed the rat to
explore only two arms (start arm and the other arm) of the maze, with the third
arm (novel arm) blocked. After a 1 hour ITI (Ma et al., 2007), the second trial
(retention) was conducted, during which all three arms were accessible and
novelty vs familiarity was analyzed through comparing behaviour in all three
arms. For the second trial, the rat was placed back in the maze in the same starting

arm, with free access to all three arms for 5 minutes. The time spent in each arm
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was analyzed. Data was expressed as percentage of performance in all three arms
during the five minutes of test (Akwa et al., 2001, Jobin, et al., 2010).

Grid Walk Test

Deficits in descending motor control were examined by assessing the
ability to navigate across a 1 m long runway with irregularly assigned gaps (0.5-5
cm) between round metal bars. Crossing this runway requires that animals
accurately place their limbs on the bars. In baseline training and postoperative
testing, every animal had to cross the grid for at least three times. The number of
footfalls (errors) was counted in each crossing for 3 minute and a mean error rate

was calculated (Z’Graggen et al., 1998).

MUSCARINIC AND GABA RECEPTOR BINDING STUDIES USING [*H]
RADIOLIGANDS

Binding studies in the Brain regions
Total muscarinic, muscarinic M1 and M3 receptor binding studies

[*H] QNB and [*H] DAMP binding assay in cerebral cortex, cerebellum,
brain stem, hippocampus, corpus striatum and pancreas were done according to
the modified procedure of Yamamura & Snyder (1981). Brain tissues were
homogenised in a polytron homogeniser with 20 volumes of cold 50mM Tris-HCI
buffer, p" 7.4, containing ImM EDTA. The supernatant was then centrifuged at
30,000xg for 30 minutes and the pellets were resuspended in appropriate volume
of the buffer.

Total muscarinic and muscarinic M1 receptor binding parameter assays
were done using 0.1-2.5nM  of [°’H] QNB and M3 receptor using 0.01-5nM of
[*H] DAMP in the incubation buffer, p™ 7.4 in a total incubation volume of 250pl.
The non-specific binding was determined using 100uM atropine for total

muscarinic, pirenzepine for muscarinic M1 and 4-DAMP mustard for muscarinic
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M3 receptor. Total incubation volume of 250 ul contains 200-250ug protein
concentrations. Tubes were incubated at 22°C for 60 minutes and filtered rapidly
through GF/C filters (Whatman). The filters were washed quickly by three
successive washing with 5.0 ml of ice cold 50mM Tris-HCI buffer, pH 7.4.
Bound radioactivity was counted with cocktail-T in a Wallac 1409 liquid
scintillation counter. The non-specific binding determined showed 10% in all our

experiments.

Total GABA receptor binding studies.

[*H] GABA binding to GABA receptor was assayed in Triton X-100
treated synaptic membranes according to the modified procedure of Kurioka et al
(1981). Crude synaptic membranes were prepared using sodium free 10mM Tris
buffer p™ 7.4. Each assay tube contained a protein concentration of 100ug. In
saturation binding experiments, 5-40 nM of [*H] GABA was incubated with and
without excess of unlabelled 100uM GABA for 20 min at 5°C and terminated by
centrifugation at 35000xg for 20 min. [°H] GABA in the pellet was determined by
liquid scintillation spectrometry. Specific binding was determined by subtracting

non-specific binding from the total.

Protein determination

Protein was measured by the method of Lowry et al (1951) using bovine
serum albumin as standard. The intensity of the purple blue colour formed was
proportional to the amount of protein which was read in a spectrophotometer at
660nm.
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ANALYSIS OF THE RECEPTOR BINDING DATA

Linear regression analysis for Scatchard plots

The data were analysed according to Scatchard (1949). The specific
binding was determined by subtracting non-specific binding from the total. The
binding parameters, maximal binding (Bmax) and equilibrium dissociation constant
(Kg), were derived by linear regression analysis by plotting the specific binding of
the radioligand on X-axis and bound/free on Y-axis. The maximal binding is a
measure of the total number of receptors present in the tissue and the equilibrium
dissociation constant is the measure of the affinity of the receptors for the

radioligand. The Kj is inversely related to receptor affinity.

GENE EXPRESSION STUDIES IN BRAIN REGIONS AND PANCREAS
OF CONTROL AND EXPERIMENTAL RATS

Isolation of RNA

RNA was isolated from the brain regions and pancreas of control and
experimental rats using the Tri reagent from Sigma Chemicals Co., St. Louis,
U.S.A. 25-50 mg tissue homogenates were made in 0.5 ml Tri Reagent. The
homogenate was kept in room temperature for 5 minutes. 100 ul of chloroform
was added to the homogenate, mixed vigorously for 15 seconds kept in the RT for
15 minutes and was centrifuged at 12,000xg for 15 minutes at 4°C. The upper
aqueous phase was transferred to a fresh tube and 250ul of isopropanol was added
and the tubes were allowed to stand at room temperature for 10 minutes. They
were centrifuged at 12,000xg for 10 minutes at 4°C. RNA precipitated as a pellet
on the sides and bottom of the tube. RNA pellet was washed with 500ul of 75%
ethanol, vortexed and centrifuged at 12,000xg for 5 minutes at 4°C. The pellets
were semi dried and dissolved in minimum volume of DEPC-treated water. 2 pl

of RNA was made up to 1 ml and absorbance was measured at 260nm and 280nm.
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For pure RNA preparation the ratio of absorbance at 260/280 was > 1.7. The

concentration of RNA was calculated as one absorbance 5 = 421g.

REAL-TIME POLYMERASE CHAIN REACTION

cDNA synthesis

Total cDNA synthesis was performed using ABI PRISM cDNA arhive kit
in 0.2ml microfuge tubes. The reaction mixture of 20 pl contained 0.2ug total
RNA, 10 X RT buffer, 25 X dNTP mixture, 10 X random primers, MultiScribe RT
(50U/ul) and RNase free water. The cDNA synthesis reactions were carried out at
25 °C for 10 minutes and 37 °C for 2 hours using an Eppendorf Personal Cycler.
The primers and probes were purchased from Applied Biosystems, Foster City,

CA, USA designed using Primer Express software version (3.0).

Real-time PCR assays

Real Time PCR assays were performed in 96-well plates in an ABI 7300
Real Time PCR instrument (Applied Biosystems). To detect gene expression, a
TagMan quantitative 2-step reverse transcriptase “polymerase chain reaction (RT-
PCR) was used to quantify mRNA levels. First-strand cDNA was synthesized with
use of a TagMan RT reagent kit, as recommended by the manufacturer. PCR
analyses were conducted with gene-specific primers and fluorescently labeled
TagMan probe, designed by Applied Biosystems. All reagents were purchased
from Applied Biosystems. The probes for specific gene of interest were labeled
with FAM at the 5' end and a quencher (Minor Groove Binding Protein - MGB) at
the 3' end. The Real-Time data were analyzed with Sequence Detection Systems
software version 1.7. All reactions were performed in duplicate.

The TagMan reaction mixture of 20 ul contained 25 ng of total RNA-
derived cDNAs, 200 nM each of the forward primer, reverse primer and PCR

analyses were conducted with gene-specific primers and fluorescently labelled
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Tagman probes of muscarinic M1, M3, a7 nicotinic acetylcholine receptor, GAD,
GABAA., GABAg, insulin receptor, AChE, ChAT, GLUT3, superoxide
dismutase, Bax, phospholipase C and CREB. Endogenous control, p-actin was
labeled with a reporter dye, VIC. 12.5 ul of TagMan 2X Universal PCR Master
Mix was taken and the volume was made up with RNAse free water. Each run

contained both negative (no template) and positive controls.

The thermocycling profile conditions were as follows:

50°C -- 2 minutes ---- Activation
95°C -- 10 minutes ---- Initial Denaturation
95°C -- 15 seconds ---- Denaturation 40 cycles

50°C -- 30 seconds --- Annealing

60°C -- 1 minutes --- Final Extension

Fluorescence signals measured during amplification were considered
positive if the fluorescence intensity was 20-fold greater than the standard
deviation of the baseline fluorescence. The AACT method of relative
guantification was used to determine the fold change in expression. This was done
by first normalizing the resulting threshold cycle (CT) values of the target mMRNAS
to the CT values of the internal control B- actin in the same samples (ACT =
CTrarget = CT p. actin)- It was further normalized with the control (AACT = ACT -

CTecontrar). The fold change in expression was then obtained (2 2AC T).
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IMMUNOHISTOCHEMISTRY OF MUSCARINIC M1, M3, a7
NICOTINIC ACETYLCHOLINE AND GABAA,; RECEPTORS IN THE
BRAIN REGIONS OF CONTROL AND EXPERIMENTAL RATS USING
CONFOCAL MICROSCOPE

Control and experimental rats were anesthetized with ether. The rats were
transcardially perfused with PBS, p", 7.4, followed by 4% paraformaldehyde in
PBS (Chen et al., 2007). After perfusion the brains were dissected and immersion
fixed in 4% paraformaldehyde for 1 hr and then equilibrated with 30% sucrose
solution in 0.1 M PBS, pH- 7.0. 10 um sections were cut using Cryostat (Leica,
CM1510 S). The sections were treated with PBST (PBS in 0.01% Triton X-100)
for 20 min. Brain slices were incubated overnight at 4°C with either rat primary
antibody for muscarinic M1, M3, a7 nicotinic acetylcholine receptor and
GABA; receptor, diluted in PBST at 1: 500 dilution (polyclonal or monoclonal).
After overnight incubation, the brain slices were rinsed with PBST and then
incubated with appropriate secondary antibody of FITC. The sections were
observed and photographed using confocal imaging system (Leica SP 5). The
specificity of the immunohistochemical procedure is validated by negative
controls to ensure that the labelling method accurately, identified the antibody
bound to the specific muscarinic M1, M3 and a7 nicotinic acetylcholine receptor
in the brain regions. Expressions of muscarinic M1, M3 and a7 nicotinic
acetylcholine receptor were analysed using pixel intensity method. The given
mean pixel value is the net value which is deducted from the negative control

pixel value (Peeyush et al., 2010).

IMMUNOCYTOCHEMISTRY OF MUSCARINIC M1, M3 AND GABAAx
RECEPTOR EXPRESSION IN THE PANCREAS OF CONTROL AND
EXPERIMENTAL RATS USING CONFOCAL MICROSCOPE

Pancreatic islets were isolated from control and experimental rats by

standard collagenase digestion procedures using aseptic techniques (Howell &

55



Taylor, 1968). The islets were isolated in HEPES-buffered sodium free Hanks
Balanced Salt Solution (HBSS) (Pipeleers et al., 1985) with the following
composition: 137mM Choline chloride, 5.4mM KCI, 1.8mM CaCl,, 0.8mM
MgSO,, 1ImM KH,PO,, 14.3mM KHCO; and 10mM HEPES. The pancreas was
aseptically transferred to a sterile glass vial containing 2.0ml collagenase type XI
solution (1.5 mg/ml in HBSS), pH 7.4. The collagenase digestion was carried out
for 15 minutes at 37°C in an environmental shaker with vigorous shaking
(300rpm/minute). The tissue digest was filtered through 500 um nylon screen and
the filtrate was washed with three successive centrifugations and resuspensions in
cold HBSS. The pancreatic islet preparation having a viability of >90% was
assessed by Trypan Blue. The islets were seeded in culture wells and allowed to
adhere to the plate. The islets were rinsed with PBS and fixed in 4%
paraformaldehyde in 0.1 M phosphate buffer, pH- 7.0., for 30 minutes on ice.
After fixation, the islets were washed thrice with blocking buffer containing 0.1 M
phosphate buffer, pH- 7.0., 0.1% Triton X-100 and 10% BSA. Then the islets
were incubated with primary antibody for muscarinic M1, muscarinic M3 and
GABA receptors, diluted in PBST at 1: 1000 dilution), prepared in blocking buffer
with 1% serum and incubated overnight at 4°C. After the incubation, the islets
were washed thrice with blocking buffer. Then the islets were incubated with
secondary antibody tagged with FITC (No: AB7130F, Chemicon, diluted in PBST
at 1: 1000 dilution) diluted in blocking buffer with 1% serum and incubated at
room temperature in dark for two hours. After incubation the islets were rinsed
with blocking buffer and were observed and photographed using confocal imaging
system (Leica SP 5). The specificity of the immunocytochemical procedure was
validated by negative controls to ensure that the labelling method accurately
identifies the antibody bound to the specific muscarinic M1, muscarinic M3 and
GABA receptors in the pancreatic islets. Expressions of muscarinic M1,

muscarinic M3 and GABA receptors were analysed using pixel intensity method.
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The given mean pixel value is the net value which is deducted from the negative

control pixel value.

STATISTICS

Statistical evaluations were done by ANOVA using InStat (Ver.2.04a)
computer programme. Linear regression Scatchard plots were made using
SIGMA PLOT (Ver 2.03). Sigma Plot software (version 2.0, Jandel GmbH,
Erkrath, Germany). Relative Quantification Software was used for analyzing Real-
Time PCR results.
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Results

BODY WEIGHT AND BLOOD GLUCOSE LEVEL

Streptozotocin induced diabetic rats showed a significant (p<0.001) decrease
in body weight after 10 days compared to control. Insulin induced hypoglycemia in
diabetes (D + IIH) and control (C + IIH) rats showed no significant change in the
body weight compared to their respective control (Figure-1; Table-1).

Diabetic rats showed a significant (p<0.001) increase in blood glucose
compared to control. There was a significant (p<0.001) decrease in blood glucose
level of D + IIH and C + IIH rats compared to their respective diabetic and control
rats (Figure-2; Table-2). Insulin administration to diabetic rats decreased blood
glucose level significantly (p<0.001) below 50mg/dL after 3 hours and in control rats
after 1 hour. The decreased glucose level reversed to diabetic level after 5 hours and

control level after 2 hours respectively (Figure-3; Table-3).

CIRCULATING INSULIN LEVEL

Diabetic rats showed a significant (p<0.001) decrease in circulating insulin
level compared to control. There was a significant (p<0.001) increase in circulating
insulin level of D + IIH and C + IIH rats compared to their respective diabetic and
control rats. C + IIH rats showed a significant (p<0.01) increase in the insulin level
compared to D + IIH (Figure-4; Table-4).



BEHAVIOURAL STUDIES

Behavioural response of control and experimental rats on Y maze test

Y maze test showed that the number of visits and time spent in the novel arm
decreased significantly (p<0.001) in the diabetic group compared to control. D + IIH
and C + IIH rats showed a significant (p<0.01) decrease in number of visits to the

novel arm compared to diabetic rats (Figure-5; Table-5).

Behavioural response of control and experimental rats on grid walk test

There was significant increase (p<0.001) in the number of foot falls in
diabetic rats compared to control. D + IIH and C + IIH rats showed a significant
(p<0.001) increase in number of foot falls compared to diabetic rats (Figure-6; Table-
6).

MUSCARINIC, NICOTINIC AND GABA RECEPTORS, GLUTS3, INSULIN
RECEPTOR, SOD, BAX, PHOSPHOLIPASE C AND CREB EXPRESSION IN
THE BRAIN REGIONS AND PANCREAS OF EXPERIMENTAL RATS

CEREBRAL CORTEX
Total muscarinic receptor analysis

Scatchard analysis of [°’H] QNB binding against total muscarinic receptor
antagonist, atropine, in the cerebral cortex of control and experimental rats

The total muscarinic receptor assay using the specific ligand, [°H] QNB and
muscarinic general antagonist atropine showed that Bnax (p<0.001) and K (p<0.01)

decreased significantly in diabetic, D + IIH and C + IIH rats compared to control. D +
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IIH and C + IIH rats showed a significant (p<0.001) decrease in Bn.x compared to
diabetic group. C + II1H rats showed a significant (p<0.001) decrease in B cOmpared
to D + IIH rats (Figure-7; Table-7).

Muscarinic M1 receptor analysis

Scatchard analysis of [°H] QNB binding against muscarinic M1 receptor
antagonist, pirenzepine, in the cerebral cortex of control and experimental rats.

Binding analysis of muscarinic M1 receptor using [*H] QNB and M1 subtype
specific antagonist pirenzepine, showed that the Bp. (p<0.001) and Ky (p<0.01)
decreased significantly in diabetic, D + IIH and C + IIH rats compared to control. D +
IIH and C + IIH rats showed a significant decrease in Biax (p<0.001) and Ky (p<0.01)
compared to diabetic group. C + IIH rats showed a significant (p<0.001) decrease in
Bmax compared to D + IIH (Figure-8; Table-8).

Muscarinic M3 receptor analysis

Scatchard analysis of [*H] DAMP binding against muscarinic M3 receptor,
antagonist, 4-DAMP mustard in the cerebral cortex of control and experimental
rats.

Binding analysis of muscarinic M3 receptors using [°*H] DAMP and M3
subtype specific antagonist, 4-DAMP mustard showed a significant increase in Bpax
(p<0.001) and decrease in Ky (p<0.01) in diabetic, D + IIH and C + IIH rats compared
to control. D + IIH and C + IIH rats showed a significant increase in Bmax (p<0.001)
and decrease in Ky (p<0.01) compared to diabetic group. C + IIH rats showed a
significant (p<0.001) increase in Bn.x and decrease in Ky (p<0.01) compared to D +
IIH (Figure-9; Table-9).
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GABA receptor analysis

Scatchard analysis of [°'H] GABA binding against GABA in the cerebral cortex of
control and experimental rats.

Binding analysis of GABA receptors were done using [°H] GABA and
unlabelled GABA. The B decreased significantly (p<0.01) in diabetic, D + IIH and
C + IIH rats compared to control. D + IIH and C + IIH rats showed a significant
decrease in Bpa (p<0.01) compared to diabetic group. C + IIH rats showed a
significant (p<0.01) decrease in Bya compared to D + IIH rats. Ky did not show any

significant change in all experimental rats (Figure-10; Table-10).

REAL TIME-PCR ANALYSIS

Real Time-PCR analysis of AChE

Gene expression of AChE mRNA showed significant up regulation (p<0.001)
in the cerebral cortex of diabetic, D + IIH and C + IIH rats compared to control. D +
IIH and C + IIH group showed a significant increase (p<0.001) compared to diabetic
rats. A significant (p<0.001) increased expression of acetylcholine esterase mMRNA in

C + IIH rats was observed compared to the D + IIH rats (Figure-11; Table-11).

Real Time-PCR analysis of ChAT

Gene expression of cholineacetyl transferase (ChAT) mRNA showed
significant down regulation (p<0.001) in the cerebral cortex of diabetic, D + IIH and
C + IIH rats compared to control. D + I1IH and C + IIH group showed a significant

decrease (p<0.001) compared to diabetic rats (Figure-12; Table-12).
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Real Time-PCR analysis of muscarinic M1 receptor

Gene expression of muscarinic M1 receptor mRNA showed significant down
regulation (p<0.001) in the cerebral cortex of diabetic, D + IIH and C + IIH rats
compared to control. D + IIH and C + IIH group showed a significant decrease
(p<0.001) compared to diabetic rats. C + IIH group showed a significant decrease
(p<0.001) compared to D + IIH (Figure-13; Table-13).

Real Time-PCR analysis of muscarinic M3 receptor

Muscarinic M3 receptor mMRNA showed significant up regulation (p<0.001) in
diabetic, D + IIH and C + IIH rats compared to control. D + IIH and C + IIH group
showed a significant increased (p<0.001) expression compared to diabetic rats. In C +
IIH group, muscarinic M3 receptor mRNA significantly (p<0.001) up regulated
compared to D + IIH (Figure-14; Table-14).

Real Time-PCR analysis of a7 NnAChR

a7 nAChR mRNA showed significant up regulation (p<0.001) in diabetic, D
+ IIH and C + IIH rats compared to control. D + IIH and C + IIH group showed a
significant up regulated (p<0.001) expression compared to diabetic rats. In C + IIH
group, a7 nAChR mRNA significantly (p<0.001) up regulated compared to D + IIH
(Figure-15; Table-15).

Real Time PCR analysis of Glutamate Decarboxylase (GAD)

Gene expression of GAD mRNA showed significant down regulation
(p<0.001) in the cerebral cortex of diabetic, D + IIH and C + IIH rats compared to
control. D + IIH and C + IIH group showed a significant decrease (p<0.001)

compared to diabetic rats (Figure-16; Table-16).

62



Real Time PCR analysis of GABAaq receptor

Gene expression of GABAa. receptor mRNA showed significant down
regulation (p<0.001) in the cerebral cortex of diabetic, D + IIH and C + IIH rats
compared to control. D + IIH and C + IIH group showed a significant decrease
(p<0.001) compared to diabetic rats. C + IIH group showed a significant decrease
(p<0.001) compared to D + IIH. (Figure-17; Table-17).

Real Time PCR analysis of GABAg receptor

Gene expression of GABAg receptor mRNA showed significant down
regulation (p<0.001) in the cerebral cortex of diabetic, D + IIH and C + IIH rats
compared to control. D + IIH and C + IIH group showed a significant decrease
(p<0.01) compared to diabetic rats (Figure-18; Table-18).

Real Time PCR analysis of GLUT3

GLUT3 mRNA showed significant up regulation (p<0.001) in diabetic, D +
IIH and C + IIH rats compared to control. D + 1IH and C + IIH group showed a
significant up regulated (p<0.001) expression compared to diabetic rats. In C + IIH
group, GLUT3 mRNA significantly (p<0.001) up regulated compared to D + IIH.
(Figure-19; Table-19).

Real Time PCR analysis of insulin receptor

Insulin receptor mMRNA expression showed significant down regulation
(p<0.001) in diabetic, D + IIH and C + IIH rats compared to control. D + IIH and C +
IIH group showed a significant up regulated (p<0.001) expression compared to
diabetic rats. In C + IIH group, insulin receptor mRNA significantly (p<0.01) up
regulated compared to D + IIH (Figure-20; Table-20).
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Real Time PCR analysis of SOD

Gene expression of SOD mRNA showed significant down regulation
(p<0.001) in the cerebral cortex of diabetic, D + IIH and C + IIH rats compared to
control. D + IIH and C + IIH group showed a significant decrease (p<0.01) compared
to diabetic rats (Figure-21; Table-21).

Real Time PCR analysis of Bax

Bax mRNA showed significant up regulation (p<0.001) in diabetic, D + IIH
and C + I1H rats compared to control. D + 1IH and C + 1IH group showed a significant
up regulated (p<0.001) expression compared to diabetic rats. In C + IIH group, bax
mRNA significantly (p<0.01) up regulated compared to D + IIH (Figure-22; Table-
22).

Real Time PCR analysis of phospholipase C

Gene expression phospholipase C mRNA showed significant down regulation
(p<0.001) in diabetic, D + IIH and C + IIH rats compared to control. D + IIH and C +
IIH group showed a significant downregulated (p<0.001) expression compared to
diabetic rats. In C + IIH group, phospholipase C mRNA significantly (p<0.01)
downregulated compared to D + IIH (Figure-23; Table-23).

Real Time PCR analysis of CREB

Gene expression CREB mRNA showed significant down regulation
(p<0.001) in diabetic, D + IIH and C + IIH rats compared to control (Figure-24;
Table-24).
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CONFOCAL STUDIES
Muscarinic M1 receptor antibody staining in the cerebral cortex of control and
experimental rats

Muscarinic M1 receptor subunit antibody staining in the cerebral cortex
showed a significant decrease (p<0.001) in the mean pixel value in diabetic, D + IIH
and C + IIH rats compared to control rats. D + IIH and C + IIH group showed a
significantly decreased (p<0.001) mean pixel value compared to diabetic rats. C + I1IH
rats showed significant (p<0.01) decrease in mean pixel value compared to D + IIH
rats (Table-25, Figure-25).

Muscarinic M3 receptor antibody staining in the cerebral cortex of control and
experimental rats

Muscarinic M3 receptor subunit antibody staining in the cerebral cortex
showed a significant increase (p<0.001) in the mean pixel value in diabetic, D + IIH
and C + IIH rats compared to control rats. In D + IIH and C + IIH, there was a
significantly increased (p<0.001) mean pixel value compared to diabetic rats. C + IIH
rats showed significant (p<0.01) increase in mean pixel value compared to D + IIH
rats (Table-26, Figure-26).

a7 nACh receptor antibody staining in the cerebral cortex of control and
experimental rats

a7 nACh subunit antibody staining in the cerebral cortex showed a significant
increase (p<0.001) in the mean pixel value in diabetic, D + IIH and C + IIH rats
compared to control rats. In D + IIH and C + IIH, there was a significantly increased
(p<0.001) mean pixel value compared to diabetic rats. C + IIH rats showed significant

(p<0.01) increase in mean pixel value compared to D + IIH rats (Table-27, Figure-27).
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GABA, receptor antibody staining in the cerebral cortex of control and
experimental rats

GABAA: receptor subunit antibody staining in the cerebral cortex showed a
significant decrease (p<0.001) in the mean pixel value in diabetic, D + IIH and C +
I1H rats compared to control rats. D + IIH and C + IIH group showed a significantly
decreased (p<0.001) mean pixel value compared to diabetic rats. C + IIH rats showed
significant (p<0.01) decrease in mean pixel value compared to D + IIH rats (Table-28,
Figure-28).

CEREBELLUM
Total muscarinic receptor analysis

Scatchard analysis of [°H] QNB binding against total muscarinic receptor
antagonist, atropine, in the cerebellum of control and experimental rats

The total muscarinic receptor binding assay using the specific ligand, [*H]
QNB and muscarinic general antagonist, atropine, showed that B (p<0.001)
increased significantly in diabetic, D + IIH and C + IIH rats compared to control rats.
D + IIH and C + IIH rats showed a significant (p<0.01) increase in By, compared to
diabetic group. Ky value increased significantly (p<0.001) in diabetic, D + IIH and C
+ |IH rats compared to control rats. D + IIH and C + IIH rats showed a significant

(p<0.01) increase in Ky compared to diabetic group (Figure-29; Table-29).

Muscarinic M1 receptor analysis

Scatchard analysis of [°H] QNB binding against muscarinic M1 receptor

antagonist, pirenzepine, in the cerebellum of control and experimental rats.
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Muscarinic M1 receptor binding assay using the specific ligand, [*H] QNB
and muscarinic M1 subtype specific antagonist, pirenzepine, showed that B
(p<0.001) increased significantly in diabetic, D + IIH and C + IIH rats compared to
control rats. Ky value of diabetic rats did not show any significant change compared to
control. D + IIH and C + IIH rats showed a significant (p<0.001) increase in By and
Ky compared to diabetic group. C + IIH rats showed a significant increase in Bpax
(p<0.01) compared to D + IIH rats (Figure-30; Table-30).

Muscarinic M3 receptor analysis

Scatchard analysis of [*H] DAMP binding against muscarinic M3 receptor,
antagonist, 4-DAMP mustard in the cerebellum of control and experimental rats.

Binding analysis of muscarinic M3 receptors using [°*H] DAMP and M3
subtype specific antagonist, 4-DAMP mustard showed a significant increase in Bpax
(p<0.001) in diabetic, D + IIH and C + IIH rats compared to control. D + IIH and C +
I1H rats showed a significant increase in By (p<0.001) compared to diabetic group.
Ky value did not show any significant change in experimental rats compared to control
(Figure-31; Table-31).

GABA receptor analysis

Scatchard analysis of [*H] GABA binding against GABA in the cerebellum of
control and experimental rats.

Binding analysis of GABA receptors were done using [*H] GABA and
unlabelled GABA showed that Bpnax (p<0.001) and Ky (p<0.01) decreased
significantly in diabetic, D + IIH and C + IIH rats compared to control. D + IIH and

C + IIH rats showed a significant decrease in Bpax (p<0.001) and Ky (p<0.01)
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compared to diabetic group. C + IIH rats showed a significant decrease in B
(p<0.01) and K4 (p<0.01) compared to D + IIH rats (Figure-32; Table-32).

REAL TIME-PCR ANALYSIS

Real Time-PCR analysis of AChE

Gene expression of AChE mRNA showed significant up regulation (p<0.001)
in the cerebellum of diabetic, D + IIH and C + IIH rats compared to control. D + IIH
and C + I1H group showed a significant increase (p<0.001) compared to diabetic rats.
A significant (p<0.001) increased expression of AChE mRNA in C + IIH rats was
observed compared to the D + IIH (Figure-33; Table-33).

Real Time-PCR analysis of ChAT

Gene expression of ChAT mRNA showed significant down regulation
(p<0.001) in the cerebellum of diabetic, D + IIH and C + IIH rats compared to control.
D + IIH and C + IIH group showed a significant decrease (p<0.001) compared to
diabetic rats (Figure-34; Table-34).

Real Time-PCR analysis of muscarinic M1 receptor

Gene expression of muscarinic M1 receptor mRNA showed significant up
regulation (p<0.001) in the cerebellum of diabetic, D + IIH and C + IIH rats compared
to control. D + IIH and C + IIH group showed a significant increased expression
(p<0.001) compared to diabetic rats (Figure-35; Table-35).

Real Time-PCR analysis of muscarinic M3 receptor
Muscarinic M3 receptor mRNA showed significant up regulation (p<0.001) in
diabetic, D + IIH and C + IIH rats compared to control. D + IIH and C + IIH group

68



showed a significant (p<0.01) up regulation compared to diabetic rats (Figure-36;
Table-36).

Real Time-PCR analysis of a7 nAChR

a7 nAChR mRNA showed significant up regulation (p<0.001) in diabetic, D
+ IIH and C + IIH rats compared to control. D + IIH and C + IIH group showed a
significant up regulated (p<0.01) expression compared to diabetic rats. In C + IIH
group, a7 nAChR mRNA significantly (p<0.01) up regulated compared to D + IIH
(Figure-37; Table-37).

Real Time PCR analysis of GAD

Gene expression of GAD mRNA showed significant down regulation
(p<0.001) in the cerebellum of diabetic, D + IIH and C + IIH rats compared to control.
D + IIH and C + IIH group showed a significant decrease (p<0.001) compared to
diabetic rats (Figure-38; Table-38).

Real Time PCR analysis of GABAAa.: receptor

Gene expression of GABAaa receptor mRNA showed significant down
regulation (p<0.001) in the cerebellum of diabetic, D + IIH and C + IIH rats compared
to control. D + IIH and C + IIH group showed a significant decrease (p<0.001)
compared to diabetic rats. C + IIH group showed a significant decrease (p<0.01)
compared to D + IIH (Figure-39; Table-39).

Real Time PCR analysis of GABAg receptor
Gene expression of GABAg receptor mRNA showed significant down
regulation (p<0.001) in the cerebellum of diabetic, D + IIH and C + IIH rats compared

to control. D + IIH and C + IIH group showed a significant decrease (p<0.001)
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compared to diabetic rats. C + IIH group showed a significant decrease (p<0.01)
compared to D + IIH (Figure-40; Table-40).

Real Time PCR analysis of GLUT3

GLUT3 mRNA showed significant up regulation (p<0.001) in diabetic, D +
IIH and C + IIH rats compared to control. D + IIH and C + IIH group showed a
significant up regulated (p<0.001) expression compared to diabetic rats (Figure-41;
Table-41).

Real Time PCR analysis of insulin receptor

Insulin  receptor mRNA expression showed significant up regulation
(p<0.001) in diabetic, D + IIH and C + IIH rats compared to control. D + IIH and C +
I1H group showed significant (p<0.001) increased expression compared to diabetic
rats. C + I1H group showed significantly (p<0.001) decreased expression compared to
D + lIH (Figure-42; Table-42).

Real Time PCR analysis of SOD

Gene expression of SOD mRNA showed significant down regulation
(p<0.001) in the cerebellum of diabetic, D + 1IH and C + IIH rats compared to control.
D + IIH and C + IIH group showed a significant decrease (p<0.01) compared to
diabetic rats. C + IIH group showed a significant decrease (p<0.01) compared to D +
IIH (Figure-43; Table-43).

Real Time PCR analysis of Bax
Bax mRNA showed significant up regulation (p<0.001) in diabetic, D + IIH
and C + IIH rats compared to control. D + I1H and C + II1H group showed a significant

up regulated (p<0.001) expression compared to diabetic rats. In C + IIH group, Bax
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MRNA significantly (p<0.01) up regulated compared to D + IIH (Figure-44; Table-
44).

Real Time PCR analysis of phospholipase C

Gene expression phospholipase C mRNA showed significant down regulation
(p<0.001) in diabetic, D + IIH and C + IIH rats compared to control. D + IIH and C +
IIH group showed a significant dow nregulated (p<0.001) expression compared to
diabetic rats (Figure-45; Table-45).

Real Time PCR analysis of CREB

Gene expression of CREB mRNA showed significant down regulation
(p<0.001) in diabetic, D + IIH and C + IIH rats compared to control. D + IIH and C +
IIH group showed a significant down regulated (p<0.001) expression compared to
diabetic rats. C + IIH group showed significantly (p<0.01) down regulated expression
compared to D + IIH (Figure-46; Table-46).

CONFOCAL STUDIES

Muscarinic M1 receptor antibody staining in the cerebellum of control and
experimental rats

Muscarinic M1 receptor subunit antibody staining in the cerebellum showed a
significant increase (p<0.001) in the mean pixel value in diabetic, D + IIH and C +
I1H rats compared to control rats. D + IIH and C + IIH group showed a significantly
increased (p<0.001) mean pixel value compared to diabetic rats. C + IIH rats showed
significant (p<0.001) decrease in mean pixel value compared to D + IIH (Table-47,
Figure-47).
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Muscarinic M3 receptor antibody staining in the cerebellum of control and
experimental rats

Muscarinic M3 receptor subunit antibody staining in the cerebellum showed a
significant increase (p<0.001) in the mean pixel value in diabetic, D + IIH and C +
IIH rats compared to control. In D + IIH and C + IIH, there was a significantly
increased (p<0.001) mean pixel value compared to diabetic rats. C + IIH rats showed
significant (p<0.01) increase in mean pixel value compared to D + IIH (Table-48,
Figure-48).

a7 NACh antibody staining in the cerebellum of control and experimental rats

a7 nACh subunit antibody staining in the cerebellum showed a significant
increase (p<0.001) in the mean pixel value in diabetic, D + IIH and C + IIH rats
compared to control. In D + IIH and C + IIH, there was a significantly increased
(p<0.001) mean pixel value compared to diabetic rats. C + IIH rats showed significant

(p<0.01) increase in mean pixel value compared to D + IIH rats (Table-49, Figure-49).

GABAaa receptor antibody staining in the cerebellum of control and
experimental rats

GABA receptor subunit antibody staining in the cerebellum showed a
significant decrease (p<0.001) in the mean pixel value in diabetic, D + IIH and C +
IIH rats compared to control rats. D + IIH and C + IIH group showed a significant
decrease (p<0.001) in mean pixel value compared to diabetic rats. C + IIH rats
showed significant (p<0.001) decrease in mean pixel value compared to D + IIH
(Table-50, Figure-50).
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BRAIN STEM

Total muscarinic receptor analysis

Scatchard analysis of [°’H] QNB binding against total muscarinic receptor
antagonist, atropine, in the brain stem of control and experimental rats

The total muscarinic receptor binding assay using the specific ligand, [*H]
QNB and muscarinic general antagonist, atropine showed that Bpax (p<0.001)
increased significantly in diabetic, D + IIH and C + IIH rats compared to control. D +
IIH and C + IIH rats showed a significant increase in B (p<0.001) and Ky (p<0.01)
compared to diabetic group. C + IIH rats showed a significant (p<0.01) increase in
Bmax and Ky compared to D + IIH (Figure-51; Table-51).

Muscarinic M1 receptor analysis

Scatchard analysis of [*H] QNB binding against muscarinic M1 receptor
antagonist, pirenzepine in the brain stem of control and experimental rats.

Binding analysis of muscarinic M1 receptor using [*H] QNB and M1 subtype
specific antagonist, pirenzepine showed that the Bp.x (p<0.001) decreased
significantly in diabetic, D + I1H and C + IIH rats compared to control. D + lIH and C
+ IIH rats showed a significant decrease in Bmax (p<0.001) compared to diabetic
group. C + IIH rats showed a significant (p<0.01) decrease in B, compared to D +
IIH. Ky did not show any significant change in experimental groups compared to
control (Figure-52; Table-52).
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Muscarinic M3 receptor analysis

Scatchard analysis of [’H] DAMP binding against muscarinic M3 receptor,
antagonist, 4-DAMP mustard, in the brain stem of control and experimental rats.

Binding analysis of muscarinic M3 receptors using [*'H] DAMP and M3
subtype specific antagonist, 4-DAMP mustard, showed that Bnax (p<0.001) increased
significantly in diabetic, D + IIH and C + IIH rats compared to control. D + IIH and C
+ I1H rats showed a significant increase in Bnay (p<0.001) and Kq4 (p<0.01) compared
to diabetic group. C + IIH rats showed a significant increase in Bpa (p<0.01) and Ky
(p<0.01) compared to D + IIH (Figure-53; Table-53).

GABA receptor analysis

Scatchard analysis of [°’H] GABA binding against GABA in the brain stem of
control and experimental rats.

Binding analysis of GABA receptors done using [*H] GABA and unlabelled
GABA showed a significant (p<0.001) decrease in Bn,x in diabetic, D + IIH and C +
I1H rats compared to control. D + IIH and C + IIH rats showed a significant decrease
in Bmax (p<0.001) compared to diabetic group. C + IIH rats showed a significant
(p<0.001) decrease in Byax compared to D + I1H rats. There was no significant change

in Ky in all experimental rats compared to control (Figure-54; Table-54).
REAL TIME-PCR ANALYSIS

Real Time-PCR analysis of AChE
Gene expression of AChE mRNA showed significant up regulation (p<0.001)

in the brain stem of diabetic, D + IIH and C + IIH rats compared to control. D + IIH
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and C + IIH group did not show any significant change compared to diabetic rats.
(Figure-55; Table-55).

Real Time-PCR analysis of ChAT

Gene expression of ChAT mRNA showed significant up regulation (p<0.001)
in the brain stem of diabetic rats compared to control. D + IIH and C + IIH group
showed a significant down regulation (p<0.001) compared to control and diabetic rats.
C + IIH group showed a significant down regulation (p<0.01) compared to D + IIH
(Figure-56; Table-56).

Real Time-PCR analysis of muscarinic M1 receptor

Gene expression of muscarinic M1 receptor mRNA showed significant down
regulation (p<0.001) in the brain stem of diabetic, D + IIH and C + IIH rats compared
to control. D + IIH and C + IIH group showed a significant decrease (p<0.001)
compared to diabetic rats. C + IIH group showed a significant (p<0.001)

downregulated expression compared to D + IIH rats (Figure-57; Table-57).

Real Time-PCR analysis of muscarinic M3 receptor

Muscarinic M3 receptor mRNA showed significant up regulation (p<0.001) in
diabetic, D + IIH and C + IIH rats compared to control. D + IIH and C + IIH group
showed a significant increased (p<0.001) expression compared to diabetic rats. In C +
IIH group, muscarinic M3 receptor mRNA significantly (p<0.01) up regulated
compared to D + IIH (Figure-58; Table-58).

Real Time-PCR analysis of a7 nACh
a7 nAChR mRNA showed significant up regulation (p<0.001) in diabetic, D
+ IIH and C + IIH rats compared to control. D + IIH and C + IIH group showed a

significant up regulated (p<0.001) expression compared to diabetic rats. In C + IIH
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group, a7 nAChR mRNA significantly (p<0.01) up regulated compared to D + IIH
(Figure-59; Table-59).

Real Time PCR analysis of GAD

Gene expression of GAD mRNA showed significant down regulation
(p<0.001) in the brain stem of diabetic, D + I1IH and C + IIH rats compared to control.
D + IIH and C + IIH group showed a significant decrease (p<0.001) compared to
diabetic rats. In C + IIH group, GAD mRNA significantly (p<0.01) down regulated
compared to D + IIH (Figure-60; Table-60).

Real Time PCR analysis of GABAa.: receptor

Gene expression of GABAau receptor mRNA showed significant up
regulation (p<0.001) in the brain stem of diabetic, D + IIH and C + IIH rats compared
to control. D + 1IH and C + IIH group showed a significant up regulation (p<0.001)
compared to diabetic rats (Figure-61; Table-61).

Real Time PCR analysis of GABAg receptor

Gene expression of GABAg receptor mRNA showed significant down
regulation (p<0.001) in the brain stem of diabetic, D + IIH and C + IIH rats compared
to control. D + IIH and C + IIH group did not show any significant change compared
to diabetic rats (Figure-62; Table-62).

Real Time PCR analysis of GLUT3
GLUT3 mRNA showed significant up regulation (p<0.001) in diabetic, D +
IIH and C + IIH rats compared to control. D + IIH and C + IIH group showed a

significant up regulated (p<0.001) expression compared to diabetic rats. In C + IIH
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group, GLUT3 mRNA significantly (p<0.001) up regulated compared to D + IIH
(Figure-63; Table-63).

Real Time PCR analysis of insulin receptor

Insulin receptor mRNA expression in brain stem showed significant up
regulation (p<0.001) in diabetic, D + IIH and C + IIH rats compared to control. D +
IIH and C + IIH group showed a significant (p<0.01) down regulation compared to
diabetic rats. C + IIH group showed a significant (p<0.01) down regulation compared
to D + IIH rats (Figure-64; Table-64).

Real Time PCR analysis of SOD

Gene expression of SOD mRNA showed significant up regulation (p<0.001)
in the brain stem of diabetic, D + IIH and C + IIH rats compared to control. D + IIH
and C + IIH group showed a significant down regulation (p<0.01) compared to
diabetic rats. C + IIH group showed a significant (p<0.01) down regulation compared
to D + IIH rats (Figure-65; Table-65).

Real Time PCR analysis of Bax

Bax mRNA showed significant up regulation (p<0.001) in diabetic, D + IIH
and C + IIH rats compared to control. D + IIH rats showed a significant up regulated
(p<0.001) expression compared to diabetic rats. C + IIH group showed a significant
(p<0.01) downregulated bax mRNA expression compared to diabetic and D + IIH rats
(Figure-66; Table-66).

Real Time PCR analysis of phospholipase C
Gene expression phospholipase C mRNA showed significant down regulation
(p<0.001) in diabetic, D + IIH and C + IIH rats compared to control. D + IIH and C +

IIH group showed a significant downregulated (p<0.001) expression compared to
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diabetic rats. In C + IIH group, phospholipase C mRNA significantly (p<0.01)
downregulated compared to D + IIH (Figure-67; Table-67).

Real Time PCR analysis of CREB
Gene expression CREB mRNA showed significant down regulation

(p<0.001) in diabetic, D + IIH and C + IIH rats compared to control. D + IIH and C +
IIH group showed a significant downregulated (p<0.001) expression compared to
diabetic rats (Figure-68; Table-68).

CONFOCAL STUDIES

Muscarinic M1 receptor antibody staining in the brain stem of control and
experimental rats

Muscarinic M1 receptor subunit antibody staining in the brain stem showed a
significant decrease (p<0.001) in the mean pixel value in diabetic, D + IIH and C +
I1H rats compared to control rats. D + IIH and C + I1IH group showed a significantly
decreased (p<0.001) mean pixel value compared to diabetic rats (Table-69, Figure-
69).

Muscarinic M3 receptor antibody staining in the brain stem of control and
experimental rats

Muscarinic M3 receptor subunit antibody staining in the brain stem showed a
significant increase (p<0.001) in the mean pixel value in diabetic, D + IIH and C +
IIH rats compared to control. In D + IIH and C + IIH, there was a significantly
increased (p<0.001) mean pixel value compared to diabetic rats. C + IIH rats showed
significant (p<0.001) increase in mean pixel value compared to D + IIH s (Table-70,
Figure-70).

78



a7 NACh antibody staining in the brain stem of control and experimental rats

a7 nACh receptor subunit antibody staining in the brain stem showed a
significant increase (p<0.001) in the mean pixel value in diabetic, D + IIH and C +
I1H rats compared to control rats. In D + IIH and C + IIH, there was a significantly

increased (p<0.001) mean pixel value compared to diabetic rats (Table-71, Figure-71).

GABA,, receptor antibody staining in the brain stem of control and
experimental rats

GABAA,; receptor subunit antibody staining in the brain stem showed a
significant decrease (p<0.001) in the mean pixel value in diabetic, D + IIH and C +
I1H rats compared to control. D + IIH and C + IIH group showed a significantly
decreased (p<0.001) mean pixel value compared to diabetic rats. C + II1H rats showed
significant (p<0.01) decrease in mean pixel value compared to D + IIH (Table-72,
Figure-72).

CORPUS STRIATUM

Total muscarinic receptor analysis

Scatchard analysis of [’H] QNB binding against total muscarinic receptor
antagonist, atropine in the corpus striatum of control and experimental rats

The total muscarinic receptor binding assay using the specific ligand, [*H]
QNB and muscarinic general antagonist, atropine showed that Bp. (p<0.01)
decreased significantly in diabetic, D + IIH and C + IIH rats compared to control. D +
IIH and C + IIH rats showed a significant decrease in Bma (p<0.01) compared to
diabetic group. Ky in D + I1H rats showed a significant (p<0.01) decrease compared to
control and diabetic (Figure-73; Table-73).
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Muscarinic M1 receptor analysis

Scatchard analysis of [°H] QNB binding against muscarinic M1 receptor
antagonist, pirenzepine in the corpus striatum of control and experimental rats.

Binding analysis of muscarinic M1 receptor using [°’H] QNB and M1 subtype
specific antagonist, pirenzepine showed that the Bpax (p<0.001) increased significantly
in diabetic, D + IIH and C + IIH rats compared to control. D + IIH and C + IIH rats
showed a significant increase in Bna (p<0.001) compared to diabetic group. C + IIH
rats showed a significant (p<0.01) decrease in By compared to D + IIH. K did not
show any significant change in experimental groups compared to control (Figure-74;
Table-74).

Muscarinic M3 receptor analysis

Scatchard analysis of [°’H] DAMP binding against muscarinic M3 receptor,
antagonist, 4-DAMP mustard, in the corpus striatum of control and experimental
rats

Binding analysis of muscarinic M3 receptors using [°*H] DAMP and M3
subtype specific antagonist, 4-DAMP mustard, showed that B (p<0.001) decreased
significantly in diabetic, D + IIH and C + IIH rats compared to control. D + lIH and C
+ IIH rats showed a significant decrease in Bmay (p<0.001) and Kq4 (p<0.01) compared
to diabetic group. C + IIH rats showed a significant decrease in Bmay (p<0.01) and
increase in Ky (p<0.01) compared to D + IIH (Figure-75; Table-75).
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REAL TIME-PCR ANALYSIS

Real Time-PCR analysis of AChE

Gene expression of AChE mRNA showed significant up regulation (p<0.001)
in the corpus striatum of diabetic, D + IIH and C + IIH rats compared to control. D +
IIH and C + IIH group did not show any significant change compared to diabetic
(Figure-76; Table-76).

Real Time-PCR analysis of ChAT

Gene expression of ChAT mRNA showed significant down regulation
(p<0.001) in the corpus striatum of diabetic, D + IIH and C + IIH rats compared to
control. D + 1IH and C + IIH group did not show any significant change compared to
diabetic (Figure-77; Table-77).

Real Time-PCR analysis of muscarinic M1 receptor

Gene expression of muscarinic M1 receptor mRNA showed significant down
regulation (p<0.001) in the corpus striatum of diabetic, D + IIH and C + IIH rats
compared to control. D + IIH and C + IIH group showed a significant decrease
(p<0.01) compared to diabetic rats. C + I1H group showed a significant (p<0.01) down
regulated expression compared to D + I1H rats (Figure-78; Table-78).

Real Time-PCR analysis of muscarinic M3 receptor

Muscarinic M3 receptor mRNA showed significant down regulation
(p<0.001) in diabetic, D + IIH and C + IIH rats compared to control. D + IIH and C +
IIH group showed a significant decreased (p<0.001) expression compared to diabetic
rats. In C + IIH group, muscarinic M3 receptor mRNA significant (p<0.01) increased
compared to D + IIH (Figure-79; Table-79).
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Real Time-PCR analysis of a7 NAChR

a7 nAChR mRNA showed significant up regulation (p<0.001) in diabetic, D
+ IIH and C + IIH rats compared to control. D + IIH and C + IIH group showed a
significant up regulated (p<0.001) expression compared to diabetic rats (Figure-80;
Table-80).

Real Time PCR analysis of GAD

Gene expression of GAD mRNA showed significant down regulation
(p<0.001) in the corpus striatum of diabetic, D + IIH and C + IIH rats compared to
control. D + IIH and C + IIH group did not show any significant change compared to
diabetic rats (Figure-81; Table-81).

Real Time PCR analysis of GABAAa.: receptor

Gene expression of GABAaa receptor mRNA showed significant down
regulation (p<0.001) in the corpus striatum of diabetic, D + IIH and C + IIH rats
compared to control. D + IIH and C + IIH group showed a significant down regulation
(p<0.001) compared to diabetic rats. C + IIH group showed a significant (p<0.001)

increased expression compared to D + IIH (Figure-82; Table-82).

Real Time PCR analysis of GABAg receptor

Gene expression of GABAg receptor mRNA showed significant down
regulation (p<0.001) in the corpus striatum of diabetic, D + IIH and C + IIH rats
compared to control. D + IIH and C + IIH group showed significant down regulation
(p<0.01) compared to diabetic rats. C + IIH group showed a significant (p<0.001)

decreased expression compared to D + IIH (Figure-83; Table-83).
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Real Time PCR analysis of GLUT3

GLUT3 mRNA showed significant up regulation (p<0.001) in diabetic, D +
IIH and C + IIH rats compared to control. D + IIH and C + IIH group showed a
significant up regulated (p<0.001) expression compared to diabetic rats. In C + IIH
group, GLUT3 mRNA significantly (p<0.01) up regulated compared to D + IIH
(Figure-84; Table-84).

Real Time PCR analysis of insulin receptor

Insulin receptor mRNA expression in corpus striatum showed significant up
regulation (p<0.001) in diabetic, D + IIH and C + IIH rats compared to control. D +
IIH and C + IIH group showed a significant (p<0.01) down regulation compared to
diabetic rats. C + IIH group showed a significant (p<0.001) decreased expression
compared to D + IIH (Figure-85; Table-85).

Real Time PCR analysis of SOD

Gene expression of SOD mRNA showed significant up regulation (p<0.001)
in the corpus striatum of diabetic compared to control. D + IIH and C + IIH group
showed a significant down regulation (p<0.001) compared to diabetic rats. C + IIH
group showed a significant (p<0.01) down regulation compared to D + IIH rats
(Figure-86; Table-86).

Real Time PCR analysis of Bax

Bax mRNA showed significant up regulation (p<0.001) in diabetic, D + IIH
and C + IIH rats compared to control. D + IIH rats showed a significant up regulated
(p<0.001) expression compared to diabetic rats. C + IIH group showed a significant
(p<0.01) up regulated Bax mRNA expression compared to D + IIH rats (Figure-87;
Table-87).
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Real Time PCR analysis of phospholipase C

Gene expression phospholipase C mRNA showed significant down regulation
(p<0.001) in diabetic, D + IIH and C + IIH rats compared to control. D + IIH and C +
I1H group did not show any significant change compared to diabetic rats (Figure-88;
Table-88).

Real Time PCR analysis of CREB

Gene expression of CREB mRNA showed significant up regulation
(p<0.001) in the corpus striatum of diabetic compared to control. D + IIH and C + IIH
group showed a significant down regulation (p<0.001) compared to diabetic rats. C +
I1H group showed a significant (p<0.001) down regulation compared to D + IIH rats
(Figure-89; Table-89).

CONFOCAL STUDIES

Muscarinic M1 receptor antibody staining in the corpus striatum of control and
experimental rats

Muscarinic M1 receptor subunit antibody staining in the corpus striatum
showed a significant increase (p<0.001) in the mean pixel value in diabetic, D + IIH
and C + IIH rats compared to control. D + IIH and C + IIH group showed a
significantly increased (p<0.001) mean pixel value compared to diabetic rats (Table-
90, Figure-90).

Muscarinic M3 receptor antibody staining in the corpus striatum of control and
experimental rats
Muscarinic M3 receptor subunit antibody staining in the corpus striatum

showed a significant decrease (p<0.001) in the mean pixel value in diabetic, D + IIH

84



and C + IIH rats compared to control. In D + IIH and C + IIH, there was a
significantly decreased (p<0.001) mean pixel value compared to diabetic rats. C + IIH
rats showed significant (p<0.001) decrease in mean pixel value compared to D + IIH
(Table-91, Figure-91).

a7 nACh receptor antibody staining in the corpus striatum of control and
experimental rats

a7 nACh receptor subunit antibody staining in the corpus striatum showed a
significant increase (p<0.001) in the mean pixel value in diabetic, D + IIH and C +
I1H rats compared to control. In D + IIH and C + IIH, there was a significantly
increased (p<0.001) mean pixel value compared to diabetic rats. C + IIH rats showed
significant (p<0.001) increase in mean pixel value compared to D + IIH (Table-92,
Figure-92).

GABA, receptor antibody staining in the corpus striatum of control and
experimental rats

GABA1 receptor subunit antibody staining in the corpus striatum showed a
significant decrease (p<0.001) in the mean pixel value in diabetic, D + IIH and C +
IIH rats compared to control. D + IIH and C + IIH group showed a significantly
decreased (p<0.001) mean pixel value compared to diabetic rats. C + IIH rats showed
significant (p<0.01) decrease in mean pixel value compared to D + IIH (Table-93,
Figure-93).
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HIPPOCAMPUS

Total muscarinic receptor analysis

Scatchard analysis of [°’H] QNB binding against total muscarinic receptor
antagonist, atropine, in the hippocampus of control and experimental rats

The total muscarinic receptor assay using the specific ligand, [°H] QNB and
muscarinic general antagonist, atropine, showed that Bpa.x (p<0.001) decreased
significantly in diabetic, D + IIH and C + II1H rats compared to control. D + IIH and C
+ IIH rats showed a significant (p<0.001) decrease in Bpa compared to diabetic
group. Kq of C + IIH rats showed a significant decrease in (p<0.001) compared to
control, (p<0.01) when compared to diabetic and D + IIH (Figure-94; Table-94).

Muscarinic M1 receptor analysis

Scatchard analysis of [°H] QNB binding against muscarinic M1 receptor
antagonist, pirenzepine, in the hippocampus of control and experimental rats.

Binding analysis of muscarinic M1 receptor using [*H] QNB and M1 subtype
specific antagonist, pirenzepine, showed that the B (p<0.001) and Ky (p<0.001)
decreased significantly in diabetic, D + IIH and C + IIH rats compared to control. D +
IIH and C + IIH rats showed a significant decrease in Biax (p<0.001) and Ky (p<0.01)
when compared to diabetic group. C + II1H rats showed a significant (p<0.01) decrease
in Bmax compared to D + IIH (Figure-95; Table-95).
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Muscarinic M3 receptor analysis

Scatchard analysis of [°’H] DAMP binding against muscarinic M3 receptor,
antagonist, 4-DAMP mustard, in the hippocampus of control and experimental
rats.

Binding analysis of muscarinic M3 receptors using [*'H] DAMP and M3
subtype specific antagonist, 4-DAMP mustard, showed a significant increase in Bpax
(p<0.001) in diabetic, D + IIH and C + IIH rats compared to control. D + IIH and C +
I1H rats showed a significant increase in B (p<0.001) compared to diabetic group.
C + lIH rats showed a significant (p<0.001) increase in Byax compared to D + 11H. Ky
did not show any significant change in experimental groups compared to control
(Figure-96; Table-96).

GABA receptor analysis
Scatchard analysis of [?H] GABA binding against GABA in the hippocampus of
control and experimental rats.

Binding analysis of GABA receptors were done using [*H] GABA and
unlabelled GABA showed that Bma (p<0.001) and Ky (p<0.01) significantly
decreased in diabetic, D + I1IH and C + IIH rats compared to control. D + IIH and C +
IIH showed a significant (p<0.01) decrease in B and Ky compared to diabetic
group. C + IIH rats showed a significant (p<0.01) decrease in Bn.x compared to D +
I1H (Figure-97; Table-97).

REAL TIME-PCR ANALYSIS

Real Time-PCR analysis of AChE
Gene expression of AChE mRNA showed significant up regulation (p<0.001)

in the hippocampus of diabetic, D + IIH and C + IIH rats compared to control. D +
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IIH and C + IIH group showed a significant increase (p<0.001) compared to diabetic
rats. A significant (p<0.001) increased expression of AChE mRNA in C + IIH rats
was observed compared to the D + IIH (Figure-98; Table-98).

Real Time-PCR analysis of ChAT

Gene expression of ChAT mRNA showed significant down regulation
(p<0.001) in the hippocampus of diabetic, D + IIH and C + IIH rats compared to
control. D + IIH and C + IIH group showed a significant decrease (p<0.001) compared
to diabetic. C + IIH group showed a significant decrease (p<0.01) compared to D + IIH
(Figure-99; Table-99).

Real Time-PCR analysis of muscarinic M1 receptor

Gene expression of muscarinic M1 receptor mRNA showed significant down
regulation (p<0.001) in the hippocampus of diabetic, D + IIH and C + IIH rats
compared to control. D + IIH and C + IIH group showed a significant decrease
(p<0.001) compared to diabetic rats (Figure-100; Table-100).

Real Time-PCR analysis of muscarinic M3 receptor

Muscarinic M3 receptor mRNA showed significant up regulation (p<0.001) in
diabetic, D + IIH and C + IIH rats compared to control. D + IIH and C + IIH group
showed a significant increased (p<0.001) expression compared to diabetic rats. In C +
IIH group, muscarinic M3 receptor mRNA significantly (p<0.001) up regulated
compared to D + IIH (Figure-101; Table-101).

Real Time-PCR analysis of a7 nAChR
a7 nAChR mRNA showed significant down regulation (p<0.001) in diabetic,

D + IIH and C + IIH rats compared to control. D + I1IH and C + 1IH group showed a
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significant down regulated (p<0.001) expression compared to diabetic (Figure-102;
Table-102).

Real Time PCR analysis of GAD

Gene expression of GAD mRNA showed significant down regulation
(p<0.001) in the hippocampus of diabetic, D + IIH and C + IIH rats compared to
control. D + IIH and C + IIH group showed a significant decreased (p<0.001)
expression compared to diabetic (Figure-103; Table-103).

Real Time PCR analysis of GABAa,; receptor

Gene expression of GABAAa, receptor mRNA showed significant down
regulation (p<0.001) in the hippocampus of diabetic, D + IIH and C + IIH rats
compared to control. D + IIH and C + IIH group showed a significant decrease
(p<0.001) compared to diabetic rats. C + IIH group showed a significant (p<0.001)
down regulation compared to D + IIH (Figure-104; Table-104).

Real Time PCR analysis of GABAg receptor

Gene expression of GABAg receptor mRNA showed significant down
regulation (p<0.001) in the hippocampus of diabetic, D + IIH and C + IIH rats
compared to control. D + IIH and C + IIH group showed a significant decrease
(p<0.01) compared to diabetic rats. C + IIH group showed a significant decrease
(p<0.001) compared to D + IIH (Figure-105; Table-105).

Real Time PCR analysis of GLUT3
GLUT3 mRNA showed significant up regulation (p<0.001) in diabetic, D +
IIH and C + IIH rats compared to control. D + IIH and C + IIH group showed a

significant up regulated (p<0.001) expression compared to diabetic rats. In C + IIH
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group, GLUT3 mRNA significantly (p<0.01) up regulated compared to D + IIH
(Figure-106; Table-106).

Real Time PCR analysis of insulin receptor

Insulin receptor mRNA expression showed significant up regulation
(p<0.001) in diabetic, D + IIH and C + IIH rats compared to control. D + IIH and C +
IIH group showed a significant up regulated (p<0.001) expression compared to
diabetic rats. In C + IIH group, insulin receptor mRNA significantly (p<0.01)
decreased compared to D + IIH (Figure-107; Table-107).

Real Time PCR analysis of SOD

Gene expression of SOD mRNA showed significant down regulation
(p<0.001) in the hippocampus of diabetic, D + IIH and C + IIH rats compared to
control. D + IIH and C + IIH group showed a significant decrease (p<0.001)
compared to diabetic rats (Figure-108; Table-108).

Real Time PCR analysis of Bax

Bax mRNA expression showed significant up regulation (p<0.001) in
diabetic, D + IIH and C + IIH rats compared to control. D + IIH and C + IIH group
showed a significant up regulated (p<0.001) expression compared to diabetic rats
(Figure-109; Table-109).

Real Time PCR analysis of phospholipase C
Gene expression of phospholipase C mRNA showed significant down
regulation (p<0.001) in diabetic, D + IIH and C + IIH rats compared to control. D +

IIH and C + IIH group showed a significant downregulated (p<0.001) expression
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compared to diabetic rats. In C + IIH group, phospholipase C mRNA significantly
(p<0.001) down regulated compared to D + IIH (Figure-110; Table-110).

Real Time PCR analysis of CREB

Gene expression of CREB mRNA showed significant down regulation
(p<0.001) in diabetic, D + IIH and C + IIH rats compared to control. D + IIH and C +
IIH group showed a significant down regulated (p<0.001) expression compared to
diabetic rats (Figure-111; Table-111).

CONFOCAL STUDIES

Muscarinic M1 receptor antibody staining in the hippocampus of control and
experimental rats

Muscarinic M1 receptor subunit antibody staining in the hippocampus showed
a significant decrease (p<0.001) in the mean pixel value in diabetic, D + IIH and C +
IIH rats compared to control. D + IIH and C + IIH group showed a significantly
decreased (p<0.001) mean pixel value compared to diabetic rats. C + IIH rats showed
significant (p<0.001) decrease in mean pixel value compared to D + IIH (Table-112,
Figure-112).

Muscarinic M3 receptor antibody staining in the hippocampus of control and
experimental rats

Muscarinic M3 receptor subunit antibody staining in the hippocampus showed
a significant increase (p<0.001) in the mean pixel value in diabetic, D + IIH and C +
IIH rats compared to control. In D + IIH and C + IIH, there was a significantly
increased (p<0.001) mean pixel value compared to diabetic rats (Table-113, Figure-
113).
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a7 nACh receptor antibody staining in the hippocampus of control and
experimental rats

a7 nACh receptor subunit antibody staining in the hippocampus showed a
significant decrease (p<0.001) in the mean pixel value in diabetic, D + IIH and C +
I1H rats compared to control rats. In D + IIH and C + IIH, there was a significantly
decreased (p<0.001) mean pixel value compared to diabetic rats. C + IIH rats showed
significant (p<0.01) decrease in mean pixel value compared to D + IIH (Table-114,
Figure-114).

GABAag receptor antibody staining in the hippocampus of control and
experimental rats

GABA; receptor subunit antibody staining in the hippocampus showed a
significant decrease (p<0.001) in the mean pixel value in diabetic, D + IIH and C +
I1H rats compared to control. D + IIH and C + IIH group showed a significantly
decreased (p<0.001) mean pixel value compared to diabetic rats (Table-115, Figure-
115).

PANCREAS

Total muscarinic receptor analysis

Scatchard analysis of [’H] QNB binding against total muscarinic receptor
antagonist, atropine, in the pancreas of control and experimental rats

The total muscarinic receptor binding assay using the specific ligand, [*H]
QNB and muscarinic general antagonist, atropine, showed that B (p<0.01) and Kq

(p<0.01) decreased significantly in diabetic, D + 1IH and C + IIH rats compared to
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control. D + IIH and C + IIH rats showed a significant decrease in Bpax (p<0.01) and
Kg (p<0.01) compared to diabetic group. C + IIH rats showed a significant (p<0.01)
decrease in B compared to D + IIH (Figure-116; Table-116).

Muscarinic M1 receptor analysis

Scatchard analysis of [*H] QNB binding against muscarinic M1 receptor
antagonist, pirenzepine, in the pancreas of control and experimental rats.

Binding analysis of muscarinic M1 receptor using [*H] QNB and M1 subtype
specific antagonist, pirenzepine, showed that the By« (p<0.01) decreased significantly
in diabetic, D + IIH and C + IIH rats compared to control. D + I1IH and C + IIH rats
showed a significant decrease in Bpax (p<0.01) compared to diabetic group. C + IIH
rats showed a significant (p<0.01) decrease in B (p<0.01) and increase in Kg
(p<0.01) compared to D + IIH (Figure-117; Table-117).

Muscarinic M3 receptor analysis

Scatchard analysis of [°’H] DAMP binding against muscarinic M3 receptor,
antagonist, 4-DAMP mustard, in the pancreas of control and experimental rats.

Binding analysis of muscarinic M3 receptors using [°*H] DAMP and M3
subtype specific antagonist, 4-DAMP mustard, showed that By (p<0.01) decreased
significantly in diabetic, D + IIH and C + IIH rats compared to control. D + IIH and C
+ IIH rats showed a significant decrease in By (p<0.01) compared to diabetic group.
C + IIH rats showed a significant decrease in Bnax (p<0.01) compared to D + IIH. Kq
did not show any significant change in experimental groups compared to control
(Figure-118; Table-118).
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GABA receptor analysis

Scatchard analysis of [°H] GABA binding against GABA in the pancreas of
control and experimental rats.

Binding analysis of GABA receptors were done using [*H] GABA and
unlabelled GABA showed that Bnax (p<0.001) significantly decreased in diabetic, D +
IIH and C + IIH rats compared to control. D + IIH and C + IIH rats showed a
significant (p<0.01) decrease in B compared to diabetic group. C + I1H rats showed
a significant (p<0.01) decrease in Bn. compared to D + IIH and Ky significantly

increased (p<0.01) compared to control and diabetic (Figure-119; Table-119).
REAL TIME-PCR ANALYSIS

Real Time-PCR analysis of AChE

Gene expression of AChE mRNA showed significant up regulation (p<0.001)
in the pancreas of diabetic, D + IIH and C + IIH rats compared to control. D + IIH and
C + IIH group showed a significant decrease (p<0.001) compared to diabetic rats
(Figure-120; Table-120).

Real Time-PCR analysis of ChAT

Gene expression of ChAT mRNA showed significant down regulation
(p<0.001) in the pancreas of diabetic, D + IIH and C + IIH rats compared to control. D
+ IIH and C + IIH group did not show any significant change compared to diabetic
(Figure-121; Table-121).
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Real Time-PCR analysis of muscarinic M1 receptor

Gene expression of muscarinic M1 receptor mRNA showed significant down
regulation (p<0.001) in the pancreas of diabetic, D + IIH and C + IIH rats compared to
control. D + IIH and C + IIH group showed a significant decrease (p<0.01) compared
to diabetic rats (Figure-122; Table-122).

Real Time-PCR analysis of muscarinic M3 receptor

Muscarinic M3 receptor mRNA showed significant down regulation
(p<0.001) in diabetic, D + IIH and C + IIH rats compared to control. D + IIH and C +
IIH group showed a significant decreased (p<0.001) expression compared to diabetic
rats (Figure-123; Table-123).

Real Time PCR analysis of GAD

Gene expression of GAD mRNA showed significant down regulation
(p<0.001) in the pancreas of diabetic, D + IIH and C + IIH rats compared to control. D
+ IIH and C + IIH group showed a significant decreased (p<0.001) expression
compared to diabetic rats (Figure-124; Table-124).

Real Time PCR analysis of GABAaq receptor

Gene expression of GABAa. receptor mRNA showed significant down
regulation (p<0.001) in the pancreas of diabetic, D + IIH and C + IIH rats compared to
control. D + 1IH and C + IIH group showed a significant down regulation (p<0.001)

compared to diabetic rats (Figure-125; Table-125).

Real Time PCR analysis of GABAg receptor
Gene expression of GABAg receptor mRNA showed significant down

regulation (p<0.001) in the pancreas of diabetic, D + IIH and C + IIH rats compared to
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control. D + IIH and C + IIH group showed significant down regulation (p<0.01)
compared to diabetic rats (Figure-126; Table-126).

Real Time PCR analysis of insulin receptor

Insulin receptor mRNA expression in pancreas showed significant down
regulation (p<0.001) in diabetic, D + IIH and C + IIH rats compared to control. D +
IIH and C + 1IH group showed a significant (p<0.01) down regulation compared to
diabetic rats (Figure-127; Table-127).

Real Time PCR analysis of SOD

Gene expression of SOD mRNA showed significant up regulation (p<0.001)
in the pancreas of diabetic compared to control. D + IIH and C + IIH group showed a
significant up regulation (p<0.001) compared to diabetic rats. C + IIH group showed

a significant (p<0.01) down regulation compared to D + IIH (Figure-128; Table-128).

Real Time PCR analysis of Bax

Bax mRNA showed significant up regulation (p<0.001) in diabetic, D + IIH
and C + IIH rats compared to control. D + IIH rats showed a significant up regulated
(p<0.001) expression compared to diabetic rats. C + I1IH group showed a significant
(p<0.01) down regulated Bax mRNA expression compared to D + IIH (Figure-129;
Table-129).

Real Time PCR analysis of phospholipase C

Gene expression phospholipase C mRNA showed significant down regulation
(p<0.001) in diabetic, D + IIH and C + IIH rats compared to control. D + IIH and C +
IH group showed a significant down regulation (p<0.001) compared to diabetic rats
(Figure-130; Table-130).
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CONFOCAL STUDIES

Muscarinic M1 receptor antibody staining in the pancreas of control and
experimental rats

Muscarinic M1 receptor subunit antibody staining in the pancreas showed a
significant decrease (p<0.001) in the mean pixel value in diabetic, D + IIH and C +
I1H rats compared to control rats. D + IIH and C + IIH group showed a significantly
decreased (p<0.001) mean pixel value compared to diabetic rats. C + IIH group
showed a significant (p<0.01) down regulation compared to D + IIH rats (Figure -131;
Table -131).

Muscarinic M3 receptor antibody staining in the pancreas of control and
experimental rats

Muscarinic M3 receptor subunit antibody staining in the pancreas showed a
significant decrease (p<0.001) in the mean pixel value in diabetic, D + IIH and C +
IIH rats compared to control rats. In D + IIH and C + IIH, there was a significantly
decreased (p<0.001) mean pixel value compared to diabetic rats (Figure-132; Table-
132).

GABAq receptor antibody staining in the pancreas of control and experimental
rats

GABAA.1 receptor subunit antibody staining in the pancreas showed a
significant decrease (p<0.001) in the mean pixel value in diabetic, D + IIH and C +
I1H rats compared to control rats. D + IIH and C + IIH group showed a significantly
decreased (p<0.001) mean pixel value compared to diabetic rats. C + IIH rats showed
significant (p<0.01) decrease in mean pixel value compared to D + IIH (Figure-133;
Table-133).
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Glucose is the principal source for energy production in the brain and
undisturbed glucose metabolism is pivotally significant for normal function.
Glucose metabolism and energy homeostasis of the body are regulated by the
nerve system and special glucose sensory neurons with action potential depending
on the glucose level in the extracellular medium (Levin et al., 2004). The glucose
excitable neurons elevate their activity with an increase in the external glucose
concentration, and the glucose suppressible neurons are activated with a decrease
in its level. These specialized neurons use glucose and products of its intracellular
metabolism for regulation of their activity and release of neurotransmitters (Yang
et al., 2004). Diabetes mellitus is a common metabolic disorder resulting from
defects in insulin secretion, insulin action or both (Feldman et al., 1997).
Hypoglycemia is a relatively common episode primarily affecting diabetic patients
receiving treatment with insulin or other hypoglycemic drugs and patients
suffering from insulinoma (Cryer, 2004). The metabolic stressor, hypoglycemia, is
a potent threat to neurological function since the brain requires high substrate fuel
input, yet maintains only limited energy reserves. Conventional therapeutic
management of insulin dependent diabetes mellitus, defined as a regimen based
upon one or two daily injections of an intermediate-acting insulin formulation, is
highly correlated with iatrogenic hypoglycemia (Cryer & Polonsky, 1998).
Diabetic patients utilizing such treatment regimens suffer on average one or two
episodes of symptomatic hypoglycemia weekly. The most common cause of
hypoglycemiais the use of exogenous insulin by individuals with type 1
diabetes. The incidence of recurrent hypoglycemia has increased with useof
intensive insulin therapy, leading to hypoglycemia beingthe most feared
consequence of such treatment (Amiel, 1998). The neurological consequences of

diabetes mellitus in the central nervous system (CNS) are now receiving greater



attention. Cognitive deficits, along with morphological and neurochemical
alterations illustrate that the neurological complications of diabetes are not limited
to peripheral neuropathies (Biessels et al., 1994). The central complications of
hyperglycemia include the potentiation of neuronal damage observed following
hypoglycemic events. Hypoglycemia-induced brain injury is a significant obstacle
to optimal blood glucose control in diabetic patients. As in brain injury associated
with ischemia and neurodegenerative conditions, altered neurotransmitter action

appears to play a role in hypoglycemic brain injury.

BLOOD GLUCOSE, CIRCULATING INSULIN LEVEL & BODY
WEIGHT

Several experimental models have been described which provide
information on the etiology of IDDM. Streptozotocin (STZ) is a toxic agent
selective to pancreatic p-cells that induces IDDM by causing the p-cell destruction
(Paik et al., 1980). The STZ diabetic rat serves as an excellent model to study the
molecular, cellular and morphological changes in brain induced by stress during
diabetes (Aragno et al., 2000). In the present study, STZ-induced rats were used as
an experimental model for inducing diabetes, since they provide a relevant
example of endogenous chronic oxidative stress due to the resulting
hyperglycemia (Low et al., 1997). Increased blood glucose and decreased body
weight during diabetes is similar with previous reports as a result of the marked
destruction of insulin secreting pancreatic islet B-cells by streptozotocin (Junod et
al., 1969). Hyperglycemia occurs as a result of impaired glucose transport across
membranes and almost complete suppression of the conversion of glucose into
fatty acids via acetyl-CoA. Hyperglycemic state during diabetes is due to the
increased gluconeogenic pathway, which is physiologically less sensitive to the
inhibition by insulin (Burcelin et al., 1995). Clinical and experimental studies
have revealed that altered glucose status is an important factor controlling learning

and memory processes (Messier & Gagnon, 1996).
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The ability to sense a reduction in blood glucose levels and the counter
regulatory mechanisms responsible of its correction are impaired in patients with
type 1 diabetes, which make them susceptible of suffering from hypoglycemia
(Becker & Ryan, 2000; Jones & Davis, 2003; Cryer, 2006). Antecedent
hypoglycemia is a primary factor in the development of hypoglycemia-associated
autonomic failure, a pathophysiological condition in diabetic patients that is
characterized by diminished hypoglycemic awareness and impaired glucose
counter regulation. During diabetes there is decrease in body weight as a result of
altered metabolic function. There was a significant decrease in the circulating
insulin level of diabetic rats when compared to control group.

Administration of 1.5 U/kg of regular insulin produced a fall in glucose
level below 50mg/dL after 1 hour in C + IIH rats. The minimum required dose to
produce irreversible severe hypoglycemia was 0.5 U/kg (Abdul-Ghani et al.,
1989). In D + IIH rats, administration of 10 U/kg of insulin decreased the blood
glucose level below 50mg/dL after 3 hours. Fluctuations in blood glucose are
known to induce changes in neuronal function and therefore be used as a tool to
investigate cognitive functioning (Deary., 1993). It is well recognized that the
glucose level is the primary determinant of the hormonal and metabolic counter
regulatory responses to insulin induced hypoglycemia. A single episode of very
mild hypoglycemia (56 mg/dL) causes a reduction of neuroendocrine counter
regulation that is readily discernible about 24 h later. A similar effect of a single
hypoglycemic episode has been shown in healthy (Hvidberg et al., 1996) and
diabetic (Dagogo et al., 1993) humans. The glycemic levels during antecedent
hypoglycemia in those studies were (46-50 mg/dL). The hypoglycemic counter
regulatory mechanisms are blunted irreversibly by disease duration or by acute
episodes of prior stress (Ertl & Davis., 2004).

Recurrent episodes of hypoglycemia have been demonstrated to reduce
subsequent endocrine counter regulation (Davis & Shamoon, 1991; Heller &
Cryer, 1991; Widom & Simonson, 1992; Veneman et al., 1993; George et al.,
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1995). As reported by McNay et al 2006 recurrently hypoglycemic rats required
progressively less insulin to achieve hypoglycemia, presumably due to the loss of
the counterregulatory response. Low blood glucose levels are associated with
negative mood states, primarily self-reported ‘‘nervousness” (Boyle and Zrebiec,
2007). Moreover, patients with a history of severe hypoglycemia show
significantly increased levels of anxiety (Wredling et al., 1992) or ‘‘negative
mood” (Gonder-Frederick et al., 2008) relative to other patients with IDDM. The
prolonged effects of even mild hypoglycemia on subsequent counter regulation
underline the importance of scrupulously avoiding even mild hypoglycemic
episodes in patients with diabetes. The body weights of D + IIH and C + IIH rats
showed no significant change compared to control while they showed significant
increased weight compared to diabetic. The initiation of insulin therapy in diabetes
is usually associated with weight gain (Wing et al., 1990).

In the study, both hypoglycemic groups showed increased circulating
insulin level. Alterations in circulating insulin levels and insulin signaling
pathways due to diabetes and its treatment directly affect the brain (Biessels et al.,
2004). Insulin affects multiple mechanisms related to neuronal activity. Although
hyperinsulinemia does not affect whole-brain glucose use, hyperinsulinemia in
rats changed glucose metabolism in the brain regions Hyperinsulinemia has been
reported to antagonize the stimulatory effect of epinephrine on hepatic glucose
production (Moan et al., 1995).

BEHAVIOURAL DEFICITS IN EXPERIMENTAL RATS

We evaluated the behavioural response of experimental rats in Y-maze
test which is used to evaluate the spatial learning in different rat models
(Murugesan, 2005). Also, motor performance of control and experimental rats on
grid walk test were studied. Clinical and animal studies suggest that recurrent
hypoglycemia leads to persistent behavioral and cognitive impairments (Wredling
et al., 1990; Gold et al., 1993; Akyol et al., 2003).
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The Y-maze test is a classic model behavioral test, with a strong aversive
component, utilized for evaluating learning and memory in rats and mice (Katz &
Chudler, 1980; Woo et al., 2008). Spatial memory and exploratory activity have
an influence on behavioural tests including Y-maze performance. In this regard,
the number of novel arm entries and time spent was significantly lower in
hypoglycemic rats compared to diabetic and control group. Hypoglycemic rats
showed performance deficit in Y maze which showed impairment in exploratory
activity which is anxiety dependent behaviour. Intensity of derangement in
hypoglycemic groups exacerbated compared to diabetic and control rats. GABA-
mediated neurotransmission in the brain regions of the rat regulate anxiety
(Shekhar et al., 1990). Results show the impairment in spatial memory and
exploratory activity in diabetic rats which is adversely influenced by recurrent
hypoglycemia. This is in agreement with other studies which show that
impairment in cognitive function have been observed in diabetic patients and also
in animal models of diabetes (Brands et al., 2007). These impairments have been
characterized mainly by moderate deficits in learning and memory, psychomotor
slowing and reduced mental flexibility (Cukierman et al., 2005; Brands et al.,
2007). The above data complement clinical and animal studies suggesting that
recurrent hypoglycemia leads to persistent behavioral and cognitive impairments
(Gold et al., 1993; Akyol et al., 2003).

There are also reports on the involvement of the cholinergic system
abnormality in the impaired acquisition and/or retention of passive avoidance
learning. Behavioral abnormalities consequent on an impairment of neuronal
glucose metabolism is suggestive of cholinergic dysfunction (Jackson et al.,
2000). Neurobehavioural derangements are reported to be associated with
cholinergic system (Viberg et al.,, 2008). Increased Y maze deficit in
hypoglycemic group shows the involvement of cholinergic system; muscarinic,
nicotinic receptor subtype functional regulation in mediating behavioural

impairment. Reduced function by CNS cholinergic systems has been found to be
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associated with spatial and working memory tasks (Gioiosa et al., 2008).
Neurobehavioral alterations that manifest as deficits in locomotor responses are
related to nicotinic receptors (Eriksson et al., 2000) and deficits in spatial learning
and memory (Eppolito & Smith, 2006). Behavioural deficit suggests impairment
in their ability to integrate sensory input with appropriate motor commands to
balance their posture and at the same time adjust their limb movements on the grid
and is indicative of cerebellar dysfunction (Krishnakumar et al., 2009). Spatial
learning, which often involves training on a particular maze, has been shown to
rely heavily on the septohippocampal pathway. Cholinergic neurons in the
septohippocampal pathway are intermingled with GABAergic neurons, and
damage to both cholinergic and GABAergic septohippocampal pathways
contribute to spatial memory deficits (Pang et al., 2001).

The grid walk test in experimental rats demonstrated the impairment of
the motor function and coordination in the hypoglycemic rats compared to diabetic
and control rats. Increased number of foot slips in grid walk test suggests
impairment in their ability to integrate sensory input with appropriate motor
commands to balance their posture. Motor skills and motor learning abilities are
dependent on the integrity of the central cholinergic system (Thouvarecq et al.,
2001). Diabetes mellitus has been reported to be accompanied by a number of
behavioural and hormonal abnormalities, including reduced locomotor activity
(Marshall et al., 1976). Cholinergic system, particularly that of the neostriatum
and of the septohippocampal formation, plays a role in locomotion and motor
skills (Monmaur et al., 1997) particularly in learning of motor abilities
(Shapovalova, 1998). Previous reports showed impaired performance in
hypoglycemic rats in rotarod test (Joseph et al., 2010).

Thus behavioral test conducted in experimental rats showed that
hypoglycemia results in impaired motor and cognitive function thus leading to
deficiency in exploratory activity and spatial memory related tasks which is

attributed to impaired cholinergic and GABAergic neurotransmission.
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CHOLINERGIC ENZYME ALTERATIONS IN BRAIN AND PANCREAS
OF EXPERIMENTAL RATS.

Central cholinergic activity was studied in experimental rats using ChAT
and AChE as markers. ChAT is the rate-limiting enzyme of Ach production,
which is synthesized in cholinergic neuronal cell bodies and is often used in the
studies of tissue localization and functional activity. Acetylcholine is the primary
neurotransmitter of the cholinergic system and its activity is regulated by AChE.
The termination of nerve impulse transmission is accomplished through the
degradation of acetylcholine into choline and acetyl CoA by AChE (Weihua Xie
et al., 2000). It is suggested that the changes in the plasma glucose or insulin
levels be the stimuli that influence the activity of cholinergic neurons. Our results
showed an increased expression of AChE in cerebral cortex, cerebellum,
brainstem and hippocampus of hypoglycemic and diabetic rats when compared to
control rats. In corpus striatum there was a decrease in the expression of AChE in
both hypoglycemic and diabetic groups. The decrease in AChE activity has a
negative correlation with the blood glucose level, suggested to be due to impaired
glucose oxidation and glucose transport. These results are in accordance with
Kuhad et al (2007), where a significant elevation in AChE activity was observed
in cerebral cortex from STZ-induced diabetic rats. AChE activation leads to a fast
ACh degradation and a subsequent down regulation of ACh receptors causing
undesirable effects on cognitive functions (Appleyard et al., 1990).

ChAT shows a decreased expression in cerebral cortex, cerebellum, brain
stem, corpus striatum and hippocampus in hypoglycemic rats compared to diabetic
rats. It is suggested that the increase in AChE activity caused by recurrent
hypoglycemia during diabetes leading to a reduction in the efficiency of
cholinergic neurotransmission due to a decrease in acetylcholine levels in the
synaptic cleft, thus contributing to the progressive cognitive impairment and other

neurological dysfunctions seen in diabetic patients (Biessels et al., 1994). STZ

104



causes reduced cerebral energy metabolism leading to cognitive dysfunction by
inhibiting the synthesis of adenosine triphosphate (ATP) and acetyl CoA which
results in cholinergic deficiency supported by reduced ChAT activity in
hippocampus (Prickaerts et al., 1999) and increased AChE activity in rat brain
(Sonkusare et al., 2005). The enhancement of cholinergic activity by inhibition of
AChE enzyme is the main stay of symptomatic treatment of dementia (Siddiqui &
Levey, 1999).

Cholinergic neurons are widely distributed in the central nervous
system.They have effects on postsynaptic neurons and induce long-term
potentiation of synaptic transmission (LTP) and long term memory through a
series of signal transduction mechanisms. The dysfunction or loss of cholinergic
neuron is closely correlated with the decreasing ability of learning and memory
formation. The reduction of ChAT is correlated with the severity of dementia and
pathologic changes (Rodrigo et al., 2004). The altered expression of cholinergic
enzymes, AChE and ChAT possibly relate to the reported delayed nerve
transmission and impaired brain functions (Bartus et al., 1982).

Cognitive decline in AD brain seems to be related to impaired cholinergic
transmission that involves the synthesis of ACh by ChAT, release of ACh, binding
to postsynaptic receptors and rapid withdrawal of ACh by cholinesterases
(Ferna’ndez-Go mez et al., 2009). Reduced activities of choline acetyl-transferase
(Coyle et al., 1983; DeKosky et al., 2002) and acetylcholinesterase from
cholinergic and non-cholinergic neurons (Kuhl et al., 1999; Blusztajn & Berse,
2000; Shinotoh et al., 2000) are associated with cognitive decline in
neurodegenerative diseases. The altered AChE and ChAT expression causes
specific alteration in ACh levels and mAChRs, leading to cholinergic dysfunction
on diabetes which is exacerbated by its complication, hypoglycemia. Present study
showed central cholinergic deficit associated with cognitive impairment during

hypoglycemia in diabetes.
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Pancreas

Insulin secretion from pancreatic islet B-cells is a tightly regulated
process, under the close control of blood glucose concentrations and several
hormones and neurotransmitters. Insulin secretion from the pancreatic islets are
stimulated by parasympathetic nerves and inhibited by sympathetic nerves (Ahren,
2000). Acetylcholine mediates insulin release through vagal stimulation. ACh is
released from cholinergic synapses on p-cells during the cephalic phase of
digestion causing a transient increase in insulin secretion. Defects in glucose-
triggered insulin secretion are ultimately responsible for the development of type
Il diabetes, a condition in which the total B-cell mass is essentially unaltered, but
B-cells become progressively “glucose blind” and unable to meet the enhanced
demand for insulin resulting in peripheral insulin resistance (Rutter, 2001). The
pancreas is innervated by cholinergic fibers (Brunicardi et al., 1995) with ample
amounts of choline acetyltransferase and acetylcholinesterase in islets (Godfrey &
Matschinsky, 1975). Muscarinic M1 and M3 receptors are expressed on islet B -
cells (lismaa et al., 2000). It is well established that parasympathetic stimulation
of the pancreas potentiates insulin secretion both before and after glucose
absorption from the gut (Strubbe & Steffens, 1993) reinforcing the physiological
importance of this system in glucose homeostasis.

During hypoglycemia, low circulating levels of glucose are detected by
central and/or peripheral glucoreceptors. This information is relayed via central
autonomic circuits that quickly correct this potentially dangerous condition
causing the release of glucogenic hormones — glucagon from the a-cells of the
pancreas and adrenaline from the adrenal medulla and inhibition of insulin
secretion (Yamaguchi, 1992; Havel & Taborsky, 1994). The parasympathetic
nervous system plays an important role in the glucagon release in response to
insulin hypoglycemia in rats. The lack of glucagon response to insulin
hypoglycemia reported in long-term diabetic rats could be due to deteriorated
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parasympathetic nervous system and also could be corrected with carbachol (Patel,
1984).

In the present study, hypoglycemic group showed significantly increased
AChE expression and decreased ChAT expression. Our findings showed the affect
of hypoglycemia on cholinergic enzymes and cholinergic hypofunction in the
pancreas during recurrent hypoglycemia. This is suggested to inhibit glucagon
response to hypoglycemia and blunts the counter regulatory mechanism which
exacerbates the neuronal damage induced by diabetes. Acute hypoglycemia is
associated with stimulation of the pancreatic a-cells and a concurrent, prolonged
suppression of insulin secretion by the B-cells. The islets receive a rich autonomic
innervation and therefore are subjected to control by adrenergic and cholinergic
mechanisms (Roger et al., 1981). Recurrent hypoglycemia also leads to insulin
insensitivity. Previous studies reported impaired glucagon secretion in diabetes

(Unger & Orci, 1975) and insulin-induced hypoglycemia (Ishida et al., 1993).

CENTRAL MUSCARINIC RECEPTOR ALTERATIONS

Muscarinic receptors are a family of G protein-coupled receptors that have
a primary role in central cholinergic neurotransmission. Specific agonists, which
activate postsynaptic muscarinic receptors, stimulate cholinergic signalling
(Valentin et al., 2006). It is known that different parts of the brain, particularly the
hypothalamus and the brainstem are important centers involved in the monitoring
of glucose status. The effect of the cholinergic receptors blocked by the
muscarinic antagonist atropine showed the involvement of muscarinic receptors in
the central cholinergic glucose homeostasis. The muscarinic M1, M2 and M4
subtypes of mAChRs are the predominant receptors in the CNS. These receptors
activate a multitude of signaling pathways important for modulating neuronal
excitability, synaptic plasticity and feedback regulation of ACh release (Volpicelli
et al., 2004). It is now widely accepted that processes such as sustained attention

and working memory are regulated by central cholinergic systems (Sarter et al.,
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2003). Cholinergic muscarinic receptor subtypes are localized in special parts of
the body and are associated with numerous second messenger systems that
mediate a variety of pre- and postsynaptic responses (Dutar & Nicoll, 1989).
Central muscarinic M1 antagonism leads to cognitive dysfunction and other CNS-
related adverse events. Muscarinic M1 and M2 knockout mice, both demonstrate
cognitive defects (Tzavara et al., 2003). In the central nervous system, most of the
cholinergic receptors are muscarinic. Muscarinic receptors exist pre- and
postsynaptically. Presynaptic receptors are involved in the regulation of ACh
release from the nerve terminals, while postsynaptic receptors are at the beginning
of the cascade of molecular events that will lead to the biological response. The
release of ACh from neurons in the central nervous system is modulated by
muscarinic agonists (Polak & Meeuws, 1966).

Cerebral cortex

Cerebral mAChR are involved in many physiological brain functions,
such as control of rapid eye movement, sleep (Velazquez-Moctezuma et al.,
1989), arousal (Albanus, 1970), learning and memory. Cerebral cortex participates
in the memory, attention, perceptual awareness, thought, language and
consciousness which are necessary for the normal life style. The muscarinic M1,
M3 and M5 receptors are located predominantly on postsynaptic nerve terminals
and are thought to be responsible for the role of the muscarinic cholinergic system
in cognition and long term potentiation in the hippocampus and cortex (Bartus,
2000). Immunoprecipitation and immunofluorescence studies indicate that
muscarinic M1 and M3 receptors are expressed in cortex (Levey, 1993).

Binding studies of total muscarinic and muscarinic M1 receptors revealed
decreased receptor number in the cerebral cortex during diabetic condition and in
hypoglycemic the expression was further decreased. Muscarinic M3 binding
significantly increased in hypoglycemic rats compared to diabetic. Real Time-

PCR analysis also revealed a down regulation of the muscarinic M1 receptor and
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upregulation of muscarinic M3 mRNA level during hypoglycemic condition
compared to diabetic. This is concordant with our receptor binding studies.
Immunohistochemistry study using confocal microscope confirmed a similar
expression pattern in localization of muscarinic M1, M3 receptors in the cerebral
cortex of control and experimental rats. Highest levels of muscarinic M1 and M3
receptors are in cerebral cortex (Brann et al., 1988) which shows the importance
of cholinergic neurotransmission in cerebral cortex; which in the present study
showed altered by recurrent hypoglycemia. Muscarinic M3 receptors are
implication in synaptic inhibition. Inhibition of excitatory transmission by M3
receptors has been reported (Sugita et al., 1991; Hsu et al., 1995; Auerbach &
Segal, 1996). Alterations of mAChR were reported in several neurological and
psychiatric diseases. Cholinergic deficits are accompanied by alterations of the
mAChHR in various cerebral regions. Previous reports showed that activation of
muscarinic M1 cholinergic receptors produced an increase of glucose utilization
(Hosey, 1992). The functional regulation of muscarinic receptors is a
compensatory mechanism to facilitate insulin secretion and maintenance of
normoglycemia in diabetic rats. Our findings showed cholinergic hypofunction
mediated through muscarinic M1 and M3 receptors in the cerebral cortex which is
suggested to depress the overall function mediated by cerebral cortex. The results
showed the importance of maintaining euglycemia during diabetes treatment with

insulin therapy.

Cerebellum

Cerebellum is a region of the brain that plays an important role in the
integration of sensory perception, memory consolidation, coordination and motor
control. In order to coordinate motor control, there are many neural pathways
linking the cerebellum with the cerebral motor cortex and the spinocerebellar tract
(Roberta & Peter, 2003). There is currently enough anatomical, physiological and

theoretical evidence to support the hypothesis that cerebellum is the region of the
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brain for learning, basal ganglia for reinforcement learning and cerebral cortex for
unsupervised learning (Doya, 1999). There is increasing evidence that the
cerebellum is involved in cognition, behaviour and emotion (Schmahmann &
David, 2006). Cerebellar dysfuncton is associated with poor fine motor skills,
hypotonia (Wassmer et al., 2003). Studies from our laboratory have demonstrated
that cerebellum is susceptible to hypoglycemia (Joseph et al., 2007, 2008).

Gene expression studies showed that the mRNA level of muscarinic M1
and M3 receptors in the cerebellum of hypoglycemic rats substantially increased
compared to diabetic and control. Also, the binding parameters B Of total
muscarinic, muscarinic M1 and M3 receptors were increased in experimental rats.
Immunohistochemical study using confocal microscope confirmed a similar
expression pattern in localization of muscarinic M1, M3 receptors in the
cerebellum of experimental rats. Our results showed that cholinergic transmission
mediated through muscarinic receptors in the cerebellar circuitory is affected
during diabetes and exacerbated by recurrent hypoglycemia increasing the
susceptibility of cerebellar purkinje cells to neuronal damage. The cellular basis
of motor learning has been mostly attributed to long term depression (LTD) at
excitatory parallel fiber - purkinje cell synapses. LTD is induced when parallel
fibers are activated in conjunction with a climbing fiber, the other excitatory input
to Purkinje cells. The cerebellum has generally been suggested to be involved in
the control and integration of motor processes, as well as cognitive functions.
Synaptic ACh levels are known to be regulated by the activity of presynaptic
muscarinic autoreceptors mediating inhibition of ACh release. In terms of the
contribution of cholinergic cerebellar abnormalities to mental function, early
reports of cerebellar abnormalities in autism (Courchesne, 1995) and of
intellectual and behavioural abnormalities in patients with cerebellar damage
(Botez-Marquard, 2001) originally suggested a cognitive role for the cerebellum.
Since then, many studies have confirmed that the cerebellum contributes to

cognitive and other non-motor functions. These neurofunctional deficits are one
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of the key contributors to motor deficits and cellular stress associated with
hypoglycemia in diabetes which is suggested to cause more damage at molecular
level than hyperglycemia. Dysfunction of cerebellar cholinergic receptors are

reported in hypoglycemia and hyperglycemia (Antony et al., 2010).

Brain stem

Brain stem reticular formation has been considered to play an important
role in generating behavioural states as well as in the modulation of pain sensation
(Pare & Steriade 1993). These reticular functions originate from interacting
neuronal groups in the brain stem, including cholinergic, adrenergic and
serotoninergic neurons (Steriade, 1996). Hypoglycemia result primarily from a
lowered glucose level in the brain and it adversely affects the central and
autonomic nervous systems (Charles et al., 2005). When glucose level was
lowered to 2.8 mmoles/L, the brain function was impaired in nondiabetic rats.

Symptoms of hypoglycemia result from the actions of hormones and
neurotransmitters in the process of restoring blood glucose levels. Severe
hypoglycemia triggers a cascade of events in vulnerable neurons that culminate in
cell death even after glucose normalization (Suh et al. 2003; 2005). Brainstem is
an important part of the brain in monitoring the glucose status and the regulation
of feeding (Guillod et al., 2003). Also, it serves as one of the key centres of the
central nervous system for regulating body homeostasis. Present study on
brainstem muscarinic receptors showed that the total muscarinic receptors
increased during hypoglycemic condition compared to diabetic and control.
Muscarinic M1 receptors are decreased and muscarinic M3 receptors are increased
during hypoglycemia. RT-PCR analysis also revealed a down regulation of the
muscarinic M1 receptor mRNA level during glucose deprivation in hypoglycemia.
This is in accordance with our receptor binding studies. Also, confocal studies
using specific antibodies of muscarinic M1 and M3 in brain stem confirmed the
Real time PCR analysis and binding assays. The adverse effects of mild
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hypoglycemia on brain function are not limited to higher centres but also involve
the brainstem. Previous studies suggest that moderate hypoglycemia impairs
brainstem function in normal humans and rats (McNay et al., 2001). Recent
studies suggest that moderate hypoglycemia impairs brainstem function in normal
humans and rats. It is reported that mild hypoglycemia causes a functional
impairment in the inferior colliculus (IC) region of the brainstem in both
nondiabetic and diabetic rats (Jacob et al., 1995). The brain stem provides the
main motor and sensory innervation via the cranial nerves. Though some earlier
studies reported that brainstem is less vulnerable to hypoglycemic brain damage
(Auer, 2004), our results indicated that the cholinergic function mediated through
muscarinic receptors in the brain stem is altered in hypoglycemic and

hyperglycemic rats impairing ACh related functions of brain stem.

Corpus striatum

Corpus striatum regulates endocrine functions indirectly through the
secretion of other hormones like thyroxine. In the rat striatum, Ach content, AchE
and ChAT activity are among the highest in the brain (Calabresi et al., 1998).
Muscarinic modulation of ACh released by muscarinic autoreceptors are observed
even in the presence of AChE, showing that this modulation plays a key role in the
physiological function of cholinergic transmission (Dodt & Misgeld, 1986).
Scatchard analysis of total muscarinic receptors revealed a decreased Bpay in
corpus striatum during hypoglycemia compared to diabetic and control rats.
Within the striatum, the postsynaptic effects of Ach are mediated primarily by
muscarinic receptors and the postsynaptic “excitatory' effects produced by
muscarine seem to be generated by the activation of M1 receptors (Calabresi et al.,
2000).

Muscarinic M1 receptors were increased and muscarinic M3 receptors
decreased during hypoglycemia. mMRNA expression analysis also showed an up

regulation of the muscarinic M1 receptor and down regulation of M3 receptor
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during experimental condition. Various anatomical, electrophysiological and
pathological observations provide evidence that ACh plays a major role in the
control of striatal function and in the regulation of motor control (Jabbari et al.,
1989). The results of confocal studies confirmed the alterations of muscarinic M1
and M3 receptor at protein level which mediated neuronal damage during
condition of glucose deprivation induced by hypoglycemia. It is widely accepted
that certain brain regions and specific neuronal cell types express differential
sensitivity to hypoglycemic insults during glucose deprivation and striatal neurons
are particularly prone to develop neuronal damage under energy deprivation
(Haddad & Jiang, 1993). M1 receptors are responsible for the presynaptic
inhibition of GABA release while M3 receptors exert an inhibitory control on the
release of glutamate in the striatum (Sugita et al., 1991). These studies shows the
importance of maintaining synaptic neurotransmission mediated though
muscarinic M1, M3 receptor subtypes which were found to be affected by
recurrent hypoglycemia during diabetes.

CNS mAChRs regulate a large number of important central functions
including cognitive, behavioural, sensory, motor and autonomic processes (Felder
et al.,, 2000; Eglen, 2005). The striatum also expresses high sensitivity to
hypoglycemic insults. During these pathological conditions, striatal synaptic
transmission is altered depending on presynaptic inhibition of transmitter release
and opposite membrane potential changes occur in neurones and in cholinergic
interneurones (Calabresi et al., 2000) . Involvement of muscarinic M3 receptor in
the presynaptic inhibition of synaptic transmission at excitatory synapses results in
a decrease in neurotransmitter release and synaptic activity (Washburn & Moises,
1992). The high sensitivity of striatal spiny neurons to energy deprivation is
expressed as a disruption of intrinsic membrane properties as well as an alteration
of synaptic characteristics of the recorded cells (Xu, 1995). The present study on

total muscarinic, muscarinic M1, M3 receptor expression levels in corpus striatum
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shows impaired expression thereby function, during hypoglycemia which

contributes to hypoglycemia associated functional deficit.

Hippocampus

The hippocampus is highly enriched in cholinergic terminals which
originate from the medial septal pathways, and this system has a profound effect
on hippocampal neuron functionality and reports demonstrated that the most
abundant muscarinic receptor in the hippocampus is that of the musacrinic M1
subtype (Krnjevic, 1993; Levey, 1995). Excitatory modulations by muscarinic
cholinergic receptors in hippocampal neurons have been well recognized. The
high density of the muscarinic M1 receptor protein in this region of the CAl
subfield (Levey, 1995) supports the likely involvement of this subtype as a
participant in the cholinergic modulation of protein synthesis and excitatory
neuronal modulations. Diabetes mellitus and its most common treatment side
effect, hypoglycemia, have multiple effects on the central nervous system.
Prolonged or profound hypoglycemia leads to coma, seizures and potentially
permanent brain damage (McCall, 2004).

Because of the numerous modulatory effects exerted through
phosphoinositide- linked muscarinic receptors in the hippocampus, we evaluated
how the muscarinic receptors respond to hypoglycemic stress. Significant
alterations in binding parameters and gene expression in total muscarinic,
muscarinic M1, M3 receptors were observed following hypoglycemia in diabetic
and control rats. We observed a transient decreases in the mRNA levels of
muscarinic receptor subtypes following recurrent episode of hypoglycemia.
Immunohistochemistry study of muscarinic M1, M3 receptors in the hippocampus
of control and experimental rats using confocal microscope confirmed a similar
expression pattern which confirmed at protein level. Neurons react to the decrease
in oxygen and glucose by initiating a series of adaptive responses to mitigate

excitotoxicity. Both long term mechanisms involving alterations in gene
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transcription and cell metabolism (Lipton, 1999), as well as immediate effects on
electrophysiological properties (Krnjevic, 2008) serve to protect neurons, thereby
allowing them to recover from ischemic insults of short duration. It has been
demonstrated that neuronal activity in many systems is required to provide trophic
factors essential for neuronal survival (Thoenen, 1995). Any sustained decrease in
neuronal activity resulting from stress could therefore lead to a decreased supply
of essential trophic factors, which would likely be detrimental to hippocampal
neurons (Johnson & Deckwerth, 1993). Recent investigations have shown that the
hypoglycemic condition, even in the absence of isoelectricity, induce discrete
neuronal damage in vulnerable regions, such as hippocampus, when it is sustained
for prolonged periods of time (Tkacs et al., 2005; Ennis et al., 2008; Haces et al.,
2010). Furthermore, increased lipoperoxidation has been observed in the
hippocampus of hypoglycemic animals not subjected to a coma period (Patockova
et al., 2003; Haces et al., 2010). The impairment in cognitive abilities is associated
with insulin induced hypoglycemic neuronal damage (Roghani et al., 2006).
Present study suggests that cognitive and memory deficits associated with
hypoglycemia is attributed to the altered cholinergic expression and thereby
function mediated through muscarinic receptors in the hippocampus. Stress
condition due to hypoglycemia result in deficits in several neurotransmitter
systems, including cholinergic transmission (Ghajar et al., 1985) which support
the present findings that stress during glucose deprivations affects acetylcholine

metabolism and cholinergic neurotransmission in the hippocampus.

MUSCARINIC RECEPTOR ALTERATIONS IN THE PANCREAS

Diabetes mellitus, characterized by uncontrolled hyperglycemia and
maintenance of blood glucose within the physiological range is critical for the
prevention of diabetes-related complications. Insulin secretion from pancreatic
islet B-cells is a tightly regulated process, under the close control of blood glucose

concentrations and several hormones and neurotransmitters. However, tight
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glycemic control is also associated with an increased incidence of therapy-induced
hypoglycemic events (Cryer, 1994). The pancreatic islets are richly innervated by
parasympathetic, sympathetic and sensory nerves. Neurotransmitters are stored
within the terminals of these nerves, both acetylcholine and noradrenalin and
several neuropeptides. ACh has been shown to be present in normal and diabetic
pancreas (Luiten et al., 1986). Expression of muscarinic receptors in rat islets was
established by reverse transcriptase-polymerase chain reaction and quantified by
RNase protection. Both methods indicated that muscarinic M1 and M3 receptors
were expressed approximately equally in the various cellular preparations (Lismaa
et al., 2000) which signify the importance of muscarinic receptors in maintaining
glucose homeostasis. During hypoglycemia, low circulating levels of glucose are
detected by central and/or peripheral glucoreceptors. This information is relayed
via central autonomic circuits that quickly correct this potentially dangerous
condition causing the release of glucogenic hormones — glucagon from the a-cells
of the pancreas and adrenaline from the adrenal medulla and inhibition of insulin
secretion (Yamaguchi, 1992; Havel & Taborsky, 1994). Neuroglucopenia
stimulates the secretion of counter-regulatory hormones, among which exists
glucagon secretion by the pancreatic p-cells through activation of autonomic
neurons (Flechtner et al., 2006). Cholinergic input to the islets plays a particularly
important role in the regulation of circulating insulin levels (Walter et al., 2004).
The ability of o cell to respond appropriately to hypoglycemia and to
arginine during hyperglycemia is dependent on normal p-cells function
(McCulloch et al., 1989). Present study on pancreatic muscarinic receptor binding
and gene expression along with immunocytochemistry revealed a significant
decreased expression of muscarinic receptors. During hypoglycemic condition,
total muscarinic, muscarinic M1 and M3 receptor binding parameters decreased
when compared to diabetic and control. Gene expression studies also showed the
down regulation of muscarinic M1, M3 receptors in hypoglycemic rats compared

to diabetic rats. These muscarinic receptor alterations impair the functions
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mediated by these receptors and contribute to defective counter regulatory
response to hypoglycemia. In the present study, localization of muscarinic M1,
M3 receptors using confocal laser scanning microscopy showed a decreased mean
pixel value in pancreatic islets of hypoglycemic and diabetic rats. The presence of
ACh in pancreas suggests a physiological role for acetylcholine in pancreatic
function. ACh elicited a significant increase in glucagon secretion in the normal
pancreas. Holst et al (1981) demonstrated that ACh stimulates glucagon secretion
from the isolated canine and porcine pancreases. The response was completely
resistant to hexamethonium and abolished by atropine. This indicates that the
action of ACh on glucagon secretion is via muscarinic receptors. The inability of
ACh to stimulate glucagons release from diabetic pancreas suggests that the
mechanism of action of ACh in diabetes has been impaired. This is in accordance
with our study on muscarinic receptors which showed decreased expression in
diabetic rats.

Our results showed hypofunction of muscarinic receptors in the pancreas
exposed to recurrent hypoglycemia. Havel, (1997) reported that muscarinic
receptors blockade lowered the glucagon response to the insulin-induced
hypoglycemia. Effects of cholinergic mechanisms on glucagon and epinephrine
responses to insulin-induced hypoglycemia showed that glucagon response to
insulin hypoglycemia in normal and short-term diabetic rats increased during
cholinergic receptor activation. Patel (1984) demonstrates that the parasympathetic
nervous system plays an important role in the glucagon release in response to
insulin hypoglycemia in rats. The lack of glucagon response to insulin
hypoglycemia observed in long-term diabetic rats could be due to deteriorated
parasympathetic nervous system and also could be corrected with carbachol, drug
that binds and activates the acetylcholine receptor (Patel, 1984).

Choline increased the acetylcholine content of the pancreas and enhanced
acetylcholine release from minced pancreas, which suggests that choline

stimulates insulin secretion indirectly by enhancing acetylcholine synthesis and
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release (llcol et al., 2003). Muscarinic M3 receptor appears to be the predominant
subtype expressed by pancreatic B-cells (Gilon & Henquin, 2001). Earlier study
demonstrated that muscarinic stimulation of pancreatic insulin and glucagon
release is mediated by the muscarinic M3 receptor subtype (Duttaroy et al., 2004).
Acute hypoglycemia is associated with stimulation of the pancreatic a-cells and a
concurrent, prolonged suppression of insulin secretion by the B- cells. The islets
receive a rich autonomic innervation and may therefore be subject to control by
adrenergic and cholinergic mechanisms (Roger, 1981). Acetylcholine mediates
insulin release through vagal stimulation. Insulin secretion is stimulated by
parasympathetic nerves and inhibited by sympathetic nerves (Ahren, 2000).
Insulin signaling is important for the regulation of glucagon secretion in both
normoglycemic and hypoglycemic states in vivo (Kawamori et al., 2009).
Glucagon, secreted from the pancreatic a cells, counters the actions of insulin and
corrects hypoglycemia by enhancing hepatic glucose output and gluconeogenesis
(Exton et al., 1966; Maruyama et al., 1984). Inappropriate glucagon secretion is
often observed in patients with diabetes and a defective glucagon response to
hypoglycemia in hyperinsulinemic states frequently exacerbates hypoglycemic
attacks and limits intensive therapy (Amiel et al., 1998). Reduction of the glucose
counter regulatory hormonal responses during prolonged hypoglycemia affecting
the glucagon response and reduced counter regulation to hypoglycemia could
predispose to low plasma glucose concentrations (Guldstrand et al., 2003).

Present study showed the effect of insulin induced hypoglycemia on
pancreatic muscarinic receptors which plays an important role in counter
regulatory mechanisms in response to hypoglycemia. Recurrent hypoglycemia
caused cholinergic hypofunction in pancreas which contributes to defective
counter regulatory response which in turn affects the insulin secretion and

sensitivity of pancreatic cells.
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a7 NICOTINIC ACETYLCHOLINE RECEPTOR GENE EXPRESSION IN
BRAIN REGIONS OF EXPERIMENTAL RATS

In the brain, nicotinic receptors include several subtypes with differing
properties and functions. The abundant presence of o7 nAChR’s in the
hippocampus, neocortex and basal ganglia (Clarke et al., 1985), in conjunction
with the memory-enhancing activity of selective a7 nicotinic agonists such as
DMXB (Bitner et al., 2007), suggests a significant role for a7 nAChR’s in
learning and memory.

Present study on analysis of a7 NAChR expression levels in different brain
regions of hypoglycemic and diabetic rats showed that glucose deprivation
significantly affects its expression thereby contributing to functional deficits. Our
results showed an increased expression of o7 nAChR in cerebral cortex,
cerebellum, brain stem, corpus striatum and decreased expression in hippocampus
of hypoglycemic rats compared to diabetic and control rats. A previous study
demonstrated a critical involvement of a7 nAChRs in hippocampal gamma band
oscillations (Song et al., 2005). Confocal studies using specific antibody for a7
nAChR confirmed the mRNA expression in cerebral cortex, cerebellum, brain
stem, corpus striatum and hippocampus in experimental rats which showed
significant alterations in hypoglycemic condition. Similar to the hippocampus,
functional o7 nAChRs are present on GABAergic interneurons in the human
cortex (Alkondon et al., 2000) and the majority of parvalbumin-positive cells in
the human cortex express a7 NnAChRs (Krenz et al., 2001) inviting the possibility
that o7 nAChRs can directly modulate cortical GABAergic neurotransmission and
gamma band oscillations, deficits of which underlie the cognitive deficits seen in
schizophrenic patients. a7 nAChR activation is involved in performance on a
variety of cognitive tests related to working, short-term, and longterm memory
function in animal models (Boess et al., 2007; Pichat et al., 2007; Hashimoto et
al., 2008). Because the NAChR admits Ca** into the neuron (Vijayaraghavan et
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al., 1992), it has the ability to affect neuronal migration (Komuro & Rakic, 1996)
as well as other developmental functions such as apoptosis (Sastry & Rao, 2000).
In the present study, the up regulation of a7 nicotinic receptor is
associated with altered and hypofunction of the receptor induced by glucose
deprivation during hypoglycemia and diabetes which also leads to cognitive and
memory deficits. Nicotinic receptor activation has been reported to improve
performance in tests measuring several forms of learning and memory and its
effects appear to be most robust for working memory (Levin 1992; Levin &
Simon 1998). Present findings showed that the behavioural anomalities observed
in glucose deprived /hypoglycemic rats are attributed to impaired function of o7
nicotinic receptors. These receptors mediate fast synaptic transmission (Alkondon
et al., 1998; Frazier et al., 1998; Chang & Berg, 1999) and modulation of synaptic
transmission mediated by transmitters such as acetylcholine, dopamine, glutamate,
gamma aminobutyric acid (GABA) (MacDermott et al., 1999) norepinephrine and
and serotonin which is altered by recurrent hypoglycemic attacks in diabetic and

non-diabetic rats.

CENTRAL GABA RECEPTOR ALTERATIONS IN EXPERIMENTAL
RATS

Symptoms associated with hypoglycemic are related to the release of
catecholamines, however, at times, transient neurological deficits, presumably
resulting from a low intracerebral glucose concentration, accompany the typical
clinical picture. These transient neurological deficits may be generalized such as
confusion, motor restlessness, hypotonia and generalized seizures (Lahat, 1995).
Epileptic episodes induced by hypoglycemia are the cause of neurological deficits
(Wayne et al., 1990). GABA, the major inhibitory neurotransmitter in the CNS
(Sivilotti & Nistri, 1991) plays an important role in seizure generation. Excitatory
and inhibitory neurotransmission in the CNS is mediated mainly by glutamate and

GABA, respectively. A dysfunction of any of these neurotransmitter systems is
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implicated in the generation of epilepsy, since an imbalance between excitation
and inhibition produced by a decrease in GABAergic and/or an increase in
glutamatergic transmission has been associated with the generation of this
pathological condition, both in animal models and in humans (Bradford, 1995).
There is an extensive literature showing that seizures can be provoked by blocking
GABA synthesis with 3-mercaptoproprionic acid (MPA) in vivo (Mares et al.,
1993). These studies were demonstrating the involvement of GABA in the
prevention of the over stimulation of neuronal networks.

Glutamate plays an important role in seizure initiation and spread exerting
action not only on ionotropic, but also on metabotropic receptors (Chapman,
1999). Previous reports from our laboratory showed increased glutamate toxicity
in cerebral cortex and cerebellum of hypoglycemic and diabetic rats (Joseph et al.,
2007, 2008). Inhibitory inter-neurons that make use of GABA as their
neurotransmitter are found throughout the brain, but in any region they comprise a
wide range of morphological and functional types that participate in different
circuits with principal neurons. Through the mechanism of recurrent inhibitory
feedback, GABAergic interneurons in the neurons terminate local sustained burst
firing and, through inhibitory surround, limit the lateral spread of seizure activity.
Precise GABAergic synaptic signaling is critical to the accurate transmission of
information within neural circuits and even slight disruptions can produce
hypersynchronous activity (Chagnac-Amitai & Connors, 1989). Moreover,
changes in ambient GABA can alter tonic inhibition and thus the overall synaptic
tone of a brain region (Farrant & Nusser, 2005).

The mechanisms of GABA synthesis and degradation are well understood.
Glutamate is decarboxylated to GABA via glutamic acid decarboxylase (GAD).
GABA that is released into the synaptic cleft, is transported in to both astrocytes
and interneurons through specific transporters. Transported GABA can be
repackaged for subsequent release in interneuronal terminals while astrocytic
GABA is usually metabolized via GABA-transaminase (GABA-T). These
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metabolic cycles are reviewed (Martin & Tobin, 2000; Bak et al., 2006). However,
there is an increasing recognition that regulating neurotransmitter metabolism
provides another avenue for neuromodulation. In terms of the GABAergic system,
the anticonvulsant vigabatrin enhances the GABA content of neurons and glia by
blocking its degradation, thereby increasing vesicular concentrations (French,
1993) while the expression of the synthetic enzyme, GAD, is enhanced following
a seizure (Esclapez & Houser, 1999). Moreover, both experimental and modeling
studies have shown that modulating the intracellular content determines the degree
of vesicular GABA release (Wu et al., 2001; Engel et al., 2001; Axmacher et al.,
2004).

The present study on GABA receptor subtypes; GABAa1, GABAg and
GAD in brain regions showed significant alterations in expression pattern which
throws light on the fact that GABAergic neurotransmission is impaired during
hypoglycemia and this contributes to hypoglycemic seizure and the subsequent
neurological deficits.

Cerebral cortex

GABA neurons constitute 20-30% of all neurons in the cerebral cortex
and perform critical roles in modulating cortical functional output (Cherubini &
Conti, 2001; Krimer & Goldman-Rakic, 2001). GABA, the principal inhibitory
neurotransmitter in the cerebral cortex, maintains the inhibitory tones that counter
balances neuronal excitation. When this balance is perturbed, seizures ensue
(Gregory & Mathews, 2007). GABA is formed within GABAergic axon terminals
and released into the synapse, where it acts at one of two types of receptor
GABA, and GABAg (Labrakakis et al.,, 1997). GABAa receptor binding
influences the early portion of the GABA mediated inhibitory postsynaptic
potential, whereas GABAg binding influences the late portion. GABA, receptor
activation in neurons induced a complex physiological response, namely the

activation of a CI" conductance in concert with a blockade of the resting K*
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outward conductance resulting in hyperpolarisation. Both responses were
mediated by the activation of GABA, receptors, since they were both mimicked
by the GABAA receptor agonist muscimol and antagonized by picrotoxin and
bicuculline (Labrakakis et al., 1997).

Our study on GAD, the enzyme that catalyzes the decarboxylation of
glutamate to GABA, GABA receptor binding and expression of GABA receptor
subtypes GABAa. and GABAg showed significant alterations in the cerebral
cortex region in hypoglycemic rats compared to diabetic. GAD is the rate limiting
enzyme of GABA synthesis and it is used as a marker for GABAergic activity
(Sophie et al., 1990). GAD expression showed significant down regulation in
hypoglycemic group. GABA receptor binding studies revealed decreased Bpmax
which showed decreased receptor number eventhough the affinity of the receptor
did not show significant change as shown by no change in Kg. It is reported that in
both epileptic and histologically damaged cortex, there are significant decreases in
GAD and GABA binding (Lloyd et al., 1981). Real time PCR analysis also
showed similar results of GABA receptor binding in the cerebral cortex.
Histological evidence as shown by specific GABAa, receptors showed decreased
mean pixel value, which is in accordance with the gene expression study. In
addition to augmentation of endogenous protective mechanisms following
different pathophysiological conditions, alterations in the kinetics and
pharmacology of GABA, receptors is associated with the development of
spontaneous seizure activity (Treiman, 2001; Nishimura et al., 2005).

Studies employing magnetic resonance spectroscopy (MRS) suggest that
unipolar depression is associated with reductions in cortical GABA levels
(Sanacora et al., 1999; 2000). Antidepressant and mood-stabilizing treatments also
appear to raise cortical GABA levels and to ameliorate GABA deficits in patients
with mood disorders (Krystal et al., 2002). Anxiety disorders have long been
associated with disturbances of GABA function because of the ability of the
benzodiazepine anxiolytics to facilitate brain GABA neurotransmission (Honig, et
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al., 1988). Low blood glucose levels are associated with negative mood states,
primarily self-reported ‘‘nervousness” (Boyle & Zrebiec, 2007). Moreover,
patients with a history of severe hypoglycemia showed significantly increased
levels of anxiety (Wredling et al., 1990) or ‘“negative mood” (Gonder-Frederick et
al., 2008) relative to other patients with IDDM.

Inhibitory neurotransmission play an important role in the generation and
maintenance of certain seizure types in the corticothalamo - cortical circuits
(Engel, 1996). GABA-mediated neuronal synchronization initiates seizures in
some forebrain areas, mainly through the activation of GABAA receptors (Avoli et
al., 2005). Mechanisms like selective neuronal vulnerability, selective sensitivity
of neurotransmitters and the loss of autoregulation of cerebral blood flow are
suggested for neurological deficits followed by hypoglycemia (Lancet, 1985). The
consequence of hypoglycemic shock in diabetics is that the administration of
glucose did not result in immediate reversal of the neurological deficits (Wayne et
al., 1990).

It is evident from the present study that neurological dysfunction follows
the hypofunction of GABA receptors and thereby impaired GABAergic
transmission in the cortical regions. Decreased GABA neurotransmission in the
present model of hypoglycemia is also suggested to lead to anxiety disorders

associated with glucose deprivation.

Cerebellum

GABA is a predominant neurotransmitter, which is synaptically released,
mediates fast inhibitory synaptic transmission and regulates excitatory activity of
neurons (Martin & Tobin, 2000; Olsen & Avoli, 1997). The Aal subunit is the
most dominant a subunit in all types of mature cerebellar neurons, and appears
when and where GABAergic synapses are formed (Merlo et al., 2007; Takayama
& Inoue, 2003). Cerebellum is a region of the brain that plays an important role in

the integration of sensory perception, memory consolidation, coordination and
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motor control. In order to coordinate motor control, there are many neural
pathways linking the cerebellum with the cerebral motor cortex and the
spinocerebellar tract (Roberta & Peter, 2003).

Abundance of GABA receptors in the cerebellar cortex confirms the
importance of GABAergic inhibitory action in signal processing and homeostasis.
Results of our study on cerebellar GAD and GABA receptors showed decreased
Bmax and decreased expression of GAD in hypoglycemic rats compared to diabetic
and control which put forward decreased GABAergic functional regulation in the
cerebellum. There is currently enough anatomical, physiological and theoretical
evidence to support the hypothesis that cerebellum is the region of the brain for
learning, basal ganglia for reinforcement learning and cerebral cortex for
unsupervised learning (Doya, 1999). GABAA, and GABAg receptor gene
expression showed a significant downregulation in hypoglycemic rats. GABAax
subunit is considered to be an essential subunit for inhibitory synaptic
transmission in the matured cerebellar cortex (Takayama & Inoue, 2004) and the
decreased GABA receptor subunit contributes to blockade of inhibitory synaptic
transmission which contributes to seizure initiation during recurrent
hypoglycemia. GABAg receptors play a major role in inhibitory
neurotransmission in the mammalian brain (Bowery, 2006) and are intimately
involved in synaptic plasticity (Davies et al., 1991), nociception (Gordon et al.,
1995) and some neuronal disease states. The changes in GABAA, receptor subunit
contribute to the changes in inhibitory function that underlie occurrence of
recurrent seizures (Jean-Marc, 2008). Presynaptically, GABAg receptors inhibit
the release of GABA, via autoreceptors, and excitatory neurotransmitters
(Perkington & Sihra, 1998). Postsynaptic GABAg receptor activation elicits
increased outward potassium current, causing hyperpolarisation. This gives rise to
the slow late component of the inhibitory postsynaptic potential (IPSP) important

in signal processing (Misgeld et al., 1995). Postsynaptic GABA receptors also
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modulate the second messenger responses to other neurotransmitters such as
noradrenaline and 5-hydroxytryptamine (Karbon et al.,, 1984).

The cellular basis of motor learning has been mostly attributed to long
term depression (LTD) at excitatory parallel fiber (PF)-Purkinje cell (PC)
synapses. LTD is induced when PFs are activated in conjunction with a climbing
fiber (CF), the other excitatory input to PCs. Recently, by using whole-cell patch-
clamp recording from PCs in cerebellar slices, a new form of synaptic plasticity
was discovered. Stimulation of excitatory CFs induced a long-lasting rebound
potentiation (RP) of GABAA receptor mediated inhibitory postsynaptic currents
(IPSCs) (Bibiana et al., 2008; Peer et al., 2009). Purkinje cells express a high
density of GABAg receptor, a Gi/o-protein-coupled receptor for the inhibitory
neurotransmitter GABA (Kuner et al., 1999). As the entire output of the cerebellar
cortex is carried by the firing of Purkinje cells, any mechanism able to modulate
the firing pattern of Purkinje cells will influence cerebellar function. Purkinje cells
fire spontaneously, even in the absence of glutamate input and the pattern of firing
is very strongly influenced by high conductance, high frequency GABAergic
inputs (Hausser & Clark, 1997). Considering the importance of GABA
transmission in influencing Purkinje cell firing (Kanjhan et al., 1999), decreased
GABA receptor expression in cerebellum is suggested to affect GABAergic
transmission. Immunohistochemical studies using specific antibodies of GABAax
have proved the decreased expression status of this receptor subtype in the
cerebellum. In the present study, behavioural study using grid walk test showed
impaired motor performance in hypoglycemic rats. Reduction in spontaneous
motor activity follows recurrent hypoglycemia is reported by Duncan et al (2010).
Loss of coordination of motor movement, inability to judge distance and timing,
incapacity to perform rapid alternating movements, and hypotonia have been
reported during cerebellar damage (Blumer et al., 2004) and hypoglycemic
induced cerebellar dysfunction . These studies indicate that during hypoglycemic

stress, the subunits of GABA receptors assemble in different combinations with
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varying inhibitory potential. Our results showed that changes in the GABAergic
activity, motor learning and memory deficit are induced by the occurrence of
hyperexcitability and seizures during hypoglycemia during intensive insulin
therapy. The receptor analysis and gene expression studies implicated a role for
GABA receptors in the modulation of neuronal network excitability and cerebellar

motor learning.

Brain stem

GABA is one of the most important, identified neurotransmitters and
generally have an inhibitory action (Cherubini et al., 1998) and because GABA is
unable to act without its receptors. GABA, inhibitory neurotransmitter in the
Inferior colliculus neurons in the brainstem is known to be critical to audiogenic
seizures (Faingold, 1999). IC in lower brainstem plays major roles in the
processing of afferent and efferent information in the auditory system (Oliver &
Huerta, 1992). GABA increases the production of a-brain waves (a state often
achieved by meditation, characterized by being relaxed with greater mental focus
and mental alertness) and reduces B- waves (associated with nervousness,
scattered thoughts, and hyperactivity). GABA regulates proper function and
neurotransmission.

Biosynthetic enzyme, GAD showed significant downregulation in
hypoglycemic rats compared to diabetic and control. Expression GABAauw
receptor showed upregulation and GABAg significantly down regulated in
hypoglycemic rats. The increase in GABAA receptor density may represent a
compensatory to reduced inhibitory input from local GABAergic interneurons.
The reduction in GABA release would presumably evoke an up-regulation of
GABA receptors on the postsynaptic neuron (Luo et al., 2007). GABA receptor
binding decreased in brain stem of hypoglycemic rats. Progressive decrease of
neuronal malfunction results from decreased utilization of energy during

hypoglycemic deprivation of glucose (Bendtson, 1993). An appropriate balance
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between excitation and inhibition is essential for functional sensory networks
(Wehr & Zador, 2003). For example, the relative strength and timing of excitatory
and inhibitory inputs shapes the response to sensory stimuli, which is critical for
the organization and tuning of receptive fields (Marino et al., 2001; Higley &
Contreras, 2006). Our study showed that differential expression of GABAa
receptor subunits in the brainstem of hypoglycemic rats plays an important role in
the excitation/inhibition balance. Depressed GABA mediated hyperpolarizations
also contribute to the vulnerability of these neurons during an episode of energy

failure.

Corpus striatum

Striatal neurons receive myriad of synaptic inputs originating from
different sources. Massive afferents from all areas of the cortex and the thalamus
represent the most important source of excitatory amino acids, whereas the
nigrostriatal pathway and intrinsic circuits provide the striatum with dopamine,
acetylcholine, GABA, nitric oxide and adenosine (Calabres et al., 2000). The high
sensitivity of striatal neurones to energy deprivation is expressed as a disruption of
intrinsic membrane properties as well as an alteration of synaptic characteristics of
cells (Xu, 1995).

In the present study, striatum was chosen because it plays an important
role in the motor coordination and has abundant cortical and subcortical
connections which are strongly activated in motor seizures (Kusske, 1979). The
striatum play an important role in the spreading of seizure from cortical areas to
deeper brain structures. Cortical neurons generate synchronous electrical activity
under a variety of physiological and pathological conditions (Bragin et al., 1999;
Grenier et al., 2003). All classes of striatal neurons receive prominent inhibitory
GABAergic inputs. These inhibitory interactions are likely to be essential for
striatal processing. GABA receptors are found at pre or postsynaptic locations in

almost all neuronal elements in the striatum (Fujiyama, et al., 2000; Waldvogel et
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al., 2004). GAD expression, a marker of GABAergic activity showed decreased
expression in corpus striatum. GABA receptors decreased in hypoglycemic rats.
Decreased GABA-mediated inhibition in the corpus striatum is attributed to
changes in biosynthetic capacity of the GAD present (Raza et al., 1994). GABAax
and GABAg receptor subtype expression showed down regulation in
hypoglycemic rats compared to diabetic and control rats. Results were confirmed
by immunohistochemical study. All classes of striatal neurons receive prominent
inhibitory GABAergic inputs. These inhibitory interactions are likely to be
essential for striatal processing (Waldvogel et al., 2004). Hypoglycemia induced
decrease in GABAergic function thus impairs striatal inhibitory function. It is
suggested that GABAergic inhibition in the striatum is one of the mechanisms that
normally prevent excessive movements (Nakamura et al., 1990; Yoshida et al.,
1991). Reduced inhibition in the striatum contributes to movement disorders such
as some forms of dystonia (Kreil & Richter, 2005) or myoclonus (Darbin et al.,
2000).

GABAergic inputs to striatal interneurons also originate from several
sources and GABA receptor blockade at these sites, counteracting an ambient
GABAEergic tone that contributed to the changes in neuronal spiking. Cholinergic
interneurons receive GABAergic input predominately from Medium Spiny
Neurons collaterals (Martone et al., 1992). GABAergic inhibition in the striatum
also act to inhibit seizure generation (Dematteis et al., 2003) or propagation
(Sasaki et al., 2000; Benedek et al., 2004; Biraben et al., 2004; Bouilleret et al.,
2005;). Short-term and long-term regulation of corticostriatal synaptic efficacy is
critical in some pathophysiological conditions and an altered corticostriatal
synaptic activity has been implicated in neurodegenerative diseases (Calabresi et
al., 1998). Modulations of striatal GABA levels therefore represent a
pharmacological target of interest in the treatment of movement disorders and
seizures. Our results showed decreased GABA receptors in the striatum of the

hypoglycemic rats. This decreased GABA receptors facilitate the rapid spread of
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hypoglycemic seizure to different part of the brain which leads to seizure
generation. Evidence has accumulated that GABA is involved in the regulation of
cholinergic (Ferkany & Enna, 1980; Scatton & Bartholini, 1982) neurons.

Hippocampus

Coulter (2001) reported that repeated seizures caused an attenuation of
GABA mediated inhibition of the granule cells and in the pyramidal cells of the
hippocampus. This change cannot be explained by a selective loss of GABAergic
inhibitory interneuron, since the GABA immunoreactive neurons were shown to
be more resistant to seizure-induced injury than other hippocampal neurons
(Sloviter et al., 1987).

Analysis of GAD expression was used as a marker of over all GABAergic
activity and was found to be lower in hypoglycemic rats. GAD plays a very
important role in maintaining excitatory inhibitory balance of the central nervous
system (Quan et al., 2003). GABA receptor binding significantly decreased along
with decreased expression of its subtypes; GABAa, and GABAg, The decreased
expression was confirmed by results from immunohistochemistry studies.

Dysfunction of GABAergic neurotransmitter systems is implicated in the
generation of seizure, since an imbalance between excitation and inhibition
produced by a decrease in GABAergic and/or an increase in glutamatergic
transmission has been associated with the generation of this pathological
condition, both in animal models and in humans (Bradford, 1995). Failure of
GABAergic inhibition or enhancement of excitatory neurotransmission
contributed to seizure initiation, especially at or near the site of seizure initiation
(Balters & Francesco, 2002). Thus it is clear that the decreased GABA receptors
along with decreased GAD gene expression in the hippocampus have an important
role in hypoglycemic seizure and thereby neurological deficit. Research into
seizures has gravitated to mechanisms associated with synaptic transmission

because of its critical role in maintaining the balance between excitation and
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inhibition. As more research have identified the molecular mechanisms of synaptic
transmission, the defects in almost every step can lead to seizures (Babb & Brown,
1987; Sutula et al., 1989). Glutamatergic and GABAergic transmission, as the
major excitatory and inhibitory transmitters of the nervous system respectively,
have a direct relationship to seizures.

The depression of synaptic transmission is one of the earliest events
observed during glucose withdrawal and it has been observed in all brain regions
in which it has been studied (Martin et al., 1994) and the mechanism which
mediates this include reduction in the release of neurotransmitters from the
synaptic terminals. GABA receptor hypofunction during hypoglycemia in the
present study is in accordance with these reports.

GABA RECEPTOR ALTERATIONS IN PANCREAS OF
EXPERIMENTAL RATS

Neurotransmitters have been shown to be present in the nerves innervating
the pancreas (Adeghate & Donath, 1990; 1991). This indicates that
neurotransmitters, therefore, have a functional role in the regulation of pancreatic
function. The presence of high concentrations of GABA and its metabolic
enzymes in the pancreas has been known for nearly two decades (Taniguchi et al.,
1982; Sorenson et al., 1991). The recent discovery of an association between GAD
and insulin-dependent diabetes mellitus (IDDM) has generated increased interest
in the physiologic role of GABA in the pancreas and the regulation of its
metabolic enzymes. GABA acts on GABAA and GABAg, receptors. GABAA
receptors are ligand-gated chloride channels modulated by a variety of drugs.
GABAg receptors are essentially presynaptic, usually coupled to potassium or
calcium channels and they function via a GTP binding protein. The presence of
GABA and functional GABA-A and GABA-B receptors in pancreatic endocrine
cells and their ability to modulate secretion of insulin and glucagons (Brice et al.,
2002).
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Insulin secretion from pancreatic islet B-cells is a tightly regulated
process, under the close control of blood glucose concentrations and several
hormones and neurotransmitters. Defects in glucose-triggered insulin secretion are
ultimately responsible for the development of type Il diabetes, a condition in
which the total B-cell mass is essentially unaltered, but B-cells become
progressively “glucose blind” and unable to meet the enhanced demand for insulin
resulting for peripheral insulin resistance. In addition to its occurrence in central
nervous system, GABA and GAD have been demonstrated in pancreatic - cells
(Garry et al,, 1986). Rorsman et al (1989) reported that GABA in pancreas is
comparable to that in the central nervous system, demonstrating the importance of
GABAergic neurotransmission in the pancreas. GABA plays an important role in
the regulation of insulin biosynthesis and functions as an alternative energy source
for the B-cell through GABA shunt.

GABA and its related enzymes have been demonstrated in pancreatic -
cells of normal rats. GABA induced significant increase in insulin secretion from
pancreas (Adeghate & Ponery, 2002). Our study on pancreatic GABA receptor
expression showed a significant decrease in hypoglycemic rats compared to
diabetic and control rats. GAD expression decreased in hypoglycemic rats,
suggests that hypoglycemia causes decreased GABA synthesis in the pancreas.
This is in accordance with previous study which reported a significant decrease in
GABA in diabetic pancreatic cells (Adeghate & Ponery, 2002) in diabetic
pancreas. Hypoglycemia induced reduction in GABA receptors is suggested to
progressively cause deficit in insulin secretory activity of pancreas thereby
exacerbating the GABA dysfunction induced by diabetes. Thus the results throw
light on maintaining euglycemia during diabetic condition and the avoidance of
hypoglycemic episode during intensive insulin therapy. Gomez et al., (1999)

reported increased plasma insulin mediated by GABA agonists.
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GLUT3 EXPRESSION IN BRAIN OF EXPERIMENTAL RATS

The brain requires a constant glucose supply which does not vary with the
blood glucose concentration. This is brought about primarily by glucose
metabolism itself being the rate-limiting step. Transport does have influence and is
thought to be rate limiting at very low glucose concentrations (Robinson &
Rapaport, 1986). Glucose transport into the brain is critical for the maintenance of
brain metabolism. Although under basal conditions the rate of glucose transport is
not the rate-limiting step for glycolysis in the central nervous system,
hypoglycemia or hyperglycemia is known to change the glucose transport system
in the brain (Devivo et al., 1991), suggesting that there is glucose-regulatable
mechanisms associated with the transport of glucose. The expression, regulation
and activity of glucose transporters play an essential role in neuronal homeostasis,
because glucose represents the primary energy source for the brain (Pardridge,
1983). GLUT-3 mRNA is widely expressed in the brain, including the pyramidal
neurons of the hippocampus and the granule neurons of the dentate gyrus
(Nagamatsu et al., 1993) and immunohistochemical analysis has demonstrated
that GLUT-3 protein expression also exhibits a widespread distribution in the
brain (Zeller et al., 1995). Under normal physiological conditions, cerebral
glucose metabolism is limited by the rate of glucose phosphorylation, but during
hypoglycemia glucose transport can become rate limiting. Since glucose transport
is facilitated by transport proteins for glucose, the global or local expression of
such transport proteins are altered during hypoglycemia.

Severe hypoglycemia is a factor that can damage neurons. The gradient
for glucose from capillaries to neurons has been reported by Gjedde, (1983).
During hypoglycemia, the glucose concentrations in the brain tissue are decreased
which could result in critical levels of glucose concentrations around neurons. Our
study on GLUT3 expression in brain regions showed an upregulation of GLUT3
in cerebral cortex, cerebellum, brain stem, corpus striatum and hippocampus in

hypoglycemic and diabetic hyperglycemic rats. The results showed that both
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hyper and hypoglycemia causes altered neuronal glucose transport. These
increases in GLUT3 expression accompanied by decreases in glucose utilization in
the brain (Duelli et al., 1999) which is detrimental to neuronal function. The levels
of expression of GLUT3 transporters are regulated in concert with metabolic
demand and regional rates of glucose utilization (Vannucci et al., 1998). Adaptive
responses to acute hypoglycemia vary according to both the degree and frequency
of prior hypoglycemia and the presence of structural brain changes induced by
chronic hyperglycemia (Kumagai et al., 1995). It is reported that alterations in the
glucose transport systems increase brain vulnerability to acute decrements in
blood glucose levels (Pardridge et al., 1990). Suda et al (1990) reported a 14%
reduction in glucose utilization of the brain as a whole in acute moderate
hypoglycemia. Previous reports showed an up regulation of GLUT1 transporters
at the blood-brain barrier in experimental chronic hypoglycemia (Kumagai et al.,
1995). Our results showed that GLUT3 neuronal transporter was up regulated
following episodes of hypoglycemia in diabetic and nondiabetic rats which in turn
decreased the glucose metabolism in the brain regions, indicating that glucose

directly regulate expression of GLUT3 mRNA.

INSULIN RECEPTOR ALTERATIONS IN BRAIN AND PANCREAS
Several studies have found high levels of insulin receptors in the CNS at
specific locations. The highest concentrations of insulin receptors in the brain are
in olfactory bulb, cerebral cortex, hippocampus, cerebellum and hypothalamus
(Unger et al., 1989; 1991). The insulin receptor is proposed to participate in a
variety of functional activities of the CNS, including feeding, energy metabolism,
reproduction and cognition (Bruning et al., 2000; Schulingkamp et al., 2000;
Gerozissis, 2003; Schechter et al., 2005;). The cognitive enhancing properties of
insulin is mediated through insulin receptors expressed in the hippocampus (Kar et
al., 1993a), a region that is recognized as an important integration center for

learning and memory (McEwen & Sapolsky, 1995). In streptozotocin-treated rats,
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impairments in cognitive function and hippocampal synaptic plasticity was
reversed by insulin replacement (Magarinos et al., 2001) supporting a role for
insulin in cognitive function. Insulin receptors are present in particularly high
concentrations in neurons, and in lower levels in glia. The messenger RNA of
insulin receptors is abundantly localized in neuronal somata, and receptor protein
is found in both cell bodies and synapses (Zhao & Alkon, 2001). The major
molecular structure and most of the properties of brain insulin receptors are
identical to peripheral insulin receptors (Wozniak et al., 1993).

Our study on insulin receptor expression in brain regions showed down
regulation in cerebral cortex and up regulated expression in cerebellum, brain
stem, corpus striatum and hippocampus of hypoglycemic and diabetic rats when
compared to control. This indicates impairment in insulin metabolism in the brain
during hypoglycemia. Insulin-associated modulation of neuroendocrine counter
regulation, hypoglycemia perception and cerebral function occur in insulin-
dependent diabetes mellitus, which indicatesan intrinsic effect of insulin on the
human brain (Lingenfelser et al., 1996). Our results are consistent with the
hypothesis that acute increases in insulin cross the blood-brain barrier and
augment counter regulation via acute interactions with CNS insulin receptors as
shown by increased insulin receptors in brain regions. Insulin injection can reduce
blood glucose and lead to hypoglycemia which is associated with impaired
memory (Kopf & Baratti, 1996). Given the importance of insulin signalling in
neurons; altered expression of insulin receptors in brain regions in the present
study during hypoglycemic condition is suggestive of cognitive impairments. In
this study, intensive insulin treatment during diabetes treatment, proved to be
detrimental to insulin signaling. Altered insulin receptor expression in the brain
regions of hypoglycemic and diabetic rats elicits cognitive deficits.

Under conditions of hypoglycemia, when the autonomic nervous system is
activated, elevated insulin levels have been shown to inhibit (Diamond et al.,
1991) the sympathoadrenal response. Thus impaired expression of insulin
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receptors in glucose deprived condition contributes to neuronal dysfunction. An
alteration in insulin signalling ability will have a major impact on cellular energy
balance by affecting rate of uptake of glucose and other metabolic substrates and
also directly by affecting the activity of enzymes involved in carbohydrate, lipid
and protein metabolism (Dimitriadis, 2000). Many or all of the enzymes involved
in the mitochondrial tricarboxylic acid cycle, the final common catabolic
sequence, appear to be modulated by insulin independently of insulin-stimulated
glucose transport. Expression of the genes for many enzymes involved in
metabolism also appears to be regulated by insulin (O'Brien & Granner, 1996).
Thus, an alteration of insulin signalling in brain regions have a profound effect on
cellular energetic and is a contributing factor in the energetic deficit associated
with the development of diabetes associated neurodegenerative diseases.
Generalized impairment in the activation of the sympathoadrenal system in
response to stress is mediated by CNS insulin receptors (Fischer et al, 2005).
While the brain has classically been regarded as insulin insensitive, there has been
clinical evidence to implicate that insulin act in the central nervous system (CNS)
to influence sympathetic nervous activity (Paramore et al., 1998). Therefore,
insulin receptor activation and subsequent stimulation of insulin receptor second
messenger cascades, including the translocation of insulinsensitive GLUTS,
participate in the cognitive enhancing properties of insulin (Park, 2001; Watson &
Craft, 2003).

Pancreas

Diabetes mellitus is characterized by uncontrolled hyperglycemia and
maintenance of blood glucose within the physiological range is critical for the
prevention of diabetes-related complications. However, tight glycemic control is
also associated with an increased incidence of therapy-induced hypoglycemic
events (DCCT, 1997). Glucagon, secreted from the pancreatic a-cells, counters the

actions of insulin and corrects hypoglycemia by enhancing hepatic glucose output
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and gluconeogenesis (Unger & Orci, 1977). Inappropriate glucagon secretion is
often observed in patients with diabetes, and a defective glucagon response to
hypoglycemia in hyperinsulinemic states frequently exacerbates hypoglycemic
attacks and limits intensive insulin therapy.

Insulin receptor and post-receptor signaling mechanisms are required for
pancreatic - cell function (Kulkarni, 2002). Current study on insulin receptor
expression in pancreas showed down regulation in diabetic rats. Decrease in
insulin receptor mRNA expression is characteristic of the diabetic state. In
hypoglycemic rats, the insulin receptor expression further down regulated which
showed that insulin levels below and above homeostatic condition affects the
functional regulation of neuronal cells. Strategies have shown that p-cell deletion
of the insulin receptor reduces first-phase insulin release and p-cell insulin content
and causes a progressive deterioration in glucose tolerance (Kulkarni et al., 2002).
Previous studies showed impaired insulin synthesis and marked B-cell failure
during deletion of the insulin receptor gene (Ueki et al., 2006). Recurrent
hypoglycemia causes insulin insensitivity which adversely affects further insulin
signalling in diabetic rats. This contributes to impairment in insulin receptor
synthesis required for insulin signalling in pancreas. The study on the receptor
shows the importance of maintaining euglycemia during diabetes treatment and
the need of avoiding hypoglycemia. Insulin is known to inhibit its own release and
reduce glucagon secretion.

Glucose stimulation of B cells in culture has been shown to result in the
activation of the IR as does the application of exogenous insulin, suggesting that
insulin secreted from f cells binds to its receptor eliciting a physiological response
(O’Neill et al., 2007). Insulin signaling has been shown to be associated with
enhanced proliferation and reduced apoptosis in insulin target tissues (Datta et al.,
1999). Insulin signaling in the pancreas regulates mitochondrial function and has
implications for B cell dysfunction in diabetes (Liu & Chang., 2009). Diabetes in

itself cause P cell dysfunction affecting insulin receptor expression and
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exacerbated by recurrent hypoglycemia. Our result is in accordance with early
reports by Biessels et al., (2004) which shows alterations in circulating insulin
levels and insulin signaling pathways due to diabetes and its treatment;
hypoglycemia, directly affecting the brain.

The profound benefits of intensive therapy, such as a decreased
occurrence of neuropathy and microvascular complications reported by the
Diabetes Control and Complications Trial (1993) demonstrate a clear need to
improve long-term glycemic control in insulin-dependent diabetes mellitus.
Unfortunately, this form of therapy results in more frequent episodes of severe
hypoglycemia, which then lead to altered counter regulatory glycemic thresholds
and hypoglycemia unawareness, provoking still more hypoglycemia. In addition,
as the duration of IDDM increases, defects in the counter regulatory pathways
themselves emerge, making hypoglycemia even more likely. In particular, the
release of glucagon, which normally functions as a primary defense against
hypoglycemia (Gerich et al., 1974) is lost in diabetic patients (Santiago et al.,
1980). This plus an impairment in epinephrine release that develops later (Dagogo
et al., 1993) act in concert to limit the diabetic patient's ability to prevent serious
hypoglycemic events that may adversely affect brain function (Ziegler et al.,
1992).

SOD EXPRESSION IN BRAIN AND PANCREAS

Oxidative stress has been suggested as a mechanism contributing to
neuronal death.  Early production of reactive species (RS) during the
hypoglycemic episode has been reported. Recent investigations have suggested
that oxidative stress is associated with hypoglycemic neuronal damage (Suh et al.,
2008; Haces et al., 2008, 2010). The deleterious actions of diabetes and its
complication; hypoglycemia, increase oxidative stress in the brain, leading to
increases in neuronal vulnerability. The presence of oxidative stress during

hypoglycemia has been recently suggested (Patockova et al., 2003; Singh et al.,
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2004; Suh et al., 2007), although its temporality and regional distribution in brain
have not been explored in detail. Metabolism of glucose during stress such as
hyperglycemia, lead to excess free-radical generation and oxidative stress.
Oxidative stress has been suggested as a mechanism contributing to neuronal
death induced by hypoglycemia, and an early production of reactive species (RS)
during the hypoglycemic episode has been observed.

Our results showed a decreased expression of SOD in hypoglycemic and
diabetic rats compared to control in cerebral cortex, cerebellum, corpus striatum
and hippocampus and an increased expression in brain stem and pancreas.
Regional difference in expression of antioxidant enzymes showed how the specific
brain regions respond to changes in glucose homeostasis. The decreased SOD
activity suggests that the accumulation of superoxide anion radical is responsible
for increased lipid peroxidation. The inactivity of the antioxidant enzymes, SOD
in the diabetes-induced groups was attributed to peroxidative damage to the tissues
caused by administering STZ (Kwag, 2001). Chang et al (2007) reported that
hypoglycemia down-modulate the activity of oxygen free radical scavengers and
potentiate the excitotocity of brain cell. In line with this, our results showed that
cerebral cortex, cerebellum, corpus striatum and hippocampus are more vulnerable
to oxidative stress during impaired glucose metabolism during hypoglycemia and
diabetes induced hyperglycemia. During prolonged periods of stress, exhaustion of
neuronal defense mechanisms, such as anti-oxidant enzymes, reported to increase
neuronal vulnerability to the point where neuronal adaptation shifts from neuronal
plasticity towards neuronal damage (Reagan et al., 2000).

Severe hypoglycemia has been shown in adult rats and those with
experimentally-induced diabetes to produce increases in markers of oxidative
stress (Singh et al., 2004). Recent investigations have shown that the
hypoglycemic condition, even in the absence of isoelectricity, induce discrete
neuronal damage in vulnerable regions, such as the cerebral cortex, when it is

sustained for prolonged periods of time (Tkacs et al., 2005; Ennis et al., 2008;
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Haces et al., 2010). Furthermore, increased lipoperoxidation has been observed in
the hippocampus, cerebral cortex and the striatum of hypoglycemic animals not
subjected to a coma period (Patockova et al., 2003). These observations together
with the present results support the hypothesis that the hypoglycemic condition is

sufficient to stimulate RS production.

Pancreas

SOD is implicated in the pathophysiology of various disease states
including diabetes mellitus. Oxygen free radicals exert their cytotoxic effect by
peroxidation of membrane phospholipids leading to change in permeability and
loss of membrane integrity (Meerson et al., 1982). Pancreatic p-cell death
underlies the pathogenesis of Type | (insulin-dependent) diabetes mellitus and
liver is an important organ which offers an adequate site for various metabolic
functions. Oxygen free radicals have been implicated in p cell destruction as well
as in liver injury (Roza et al., 1995; Poli et al., 1989; Paty et al., 1990). Our results
showed a decreased expression of SOD in the pancreas of hypoglycemic and
diabetic rats when compared to control which suggest the oxidative stress in
pancreas during hypoglycemia and hyperglycemia. Increases in oxidative stress
following hyper/hypoglycemia results from modulation of anti-oxidant pathways.

BAX PROTEIN IN BRAIN AND PANCREAS

Bax, a member of the Bcl-2 family proteins, are distinct regulators of
early stages of the apoptotic process by forming oligomers onto the mitochondrial
outer membrane and creating a channel for the release of cytochrome C and other
apoptotic substances (Eskes et al., 2000; Antonsson et al., 2001). Study also
suggested that Bax can bind to the voltage-dependent anion channel (VDAC) and
promote the release of cytochrome C from VDAC, despite the fact the opening
and closing of VDAC is Bax independent (Vander Heiden et al., 1997). Bax
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translocation onto the mitochondrial membrane therefore becomes one of the
important indicators for the onset of mitochondria-mediated apoptosis.

In the present study, we examined whether gene expression of pro-
apoptotic Bax is altered or affected by hypoglycemia and hyperglycemia. Results
showed that diabetes induced up regulation in bax protein expression in cerebral
cortex, cerebellum, brainstem, corpus striatum, hippocampus and pancreas.
Hypoglycemia further up regulated the increased mRNA expression due to
diabetes. During diabetic condition, the lack of insulin activity results in failure of
transfer of glucose from the plasma into the cells and the situation so called
“starvation in the midst of plenty” causes glucose deprivation. Whereas
hypoglycemia, starve the cell since there is deprivation of glucose. Up regulation
of Bax mRNA and protein has been reported for CA1 neurons after global brain
ischemia in rat (Chen et al., 1996; Campagne et al., 1998) and is associated with
DNA damage (Miyashita & Reed, 1995; Levine et al., 1997). Thus, in both hypo
and hyperglycemia, the cells are starved which is suggested to up regulate the pro

- apoptotic protein, Bax expression.

PHOSPHOLIPASE C EXPRESSION IN BRAIN AND PANCREAS OF
EXPERIMENTAL RATS

Phospholipase C mediates transduction of neurotransmitter signals across
membranes via hydrolysis of phosphatidylinositol-4,5-bisphosphate, leading to
generation of second messengers inositol- 1,4,5-trisphosphate and diacylglycerol.
In the CNS, neurotransmitter receptor coupling to phospholipase C (PLC) has
been extensively documented in [*H] inositol-labeled tissue slices and
synaptosomes obtained from animal brains (Fisher & Agranoff, 1987; Stephens &
Logan, 1989; Chandler & Crews, 1990). Phospolipase C performs a catalytic
mechanism, generating inositol triphosphate (IP3) and diacylglycerol (DAG).

We have therefore conducted studies on gene expression analysis of

second messenger enzyme; phospholipase C in brain regions and pancreas of
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hypoglycemic and diabetic rats to know whether the observed cholinergic and
GABAergic neurotransmitter changes at receptor level induced by hypoglycemia
and hyperglycemia is modulated at second messenger level. Results showed a
decreased expression of phospholipase C in the cerebral cortex, cerebellum, brain
stem, corpus striatum and hippocampus of hypoglycemic rats compared to
diabetic- hyperglycemic and control rats.

Muscarinic M1, M3, M5 receptors typically couple via o subunits of the
Gg/11 family to activate phospholipase C, stimulating phosphoinositide (PI)
hydrolysis (Caulfield & Birdsall, 1998). In particular, reconstitution experiments
with purified muscarinic M1 receptors, G protein subunits, and PLC suggested
that the B1 subtype of PLC serves as the primary effector for the muscarinic M1
receptor (Jose et al., 1995). We considered that the down regulation of the
Phospholipase C in rat brain regions during hypoglycemia contribute to the
impaired signal transduction of G-protein coupled neurotransmitter receptors.
Altered phospholipase C expression fails to modulate the activity of downstream
proteins important for cellular signaling. Defective expression of phospholipase C
results in low levels of IP3 causing the impaired release of Ca®* and bring down
the level of intracellular calcium and thus failed to execute the normal neuronal
function in brain regions. Previous studies reported that phospholipase C mediated
signaling, initiated by growth factor receptor types, are involved in long-term
memory formation, a process that requires gene expression (Paul et al., 2008).

Reports also showed that under abnormal conditions, excessive
phospholipase activation, along with a decreased ability to resynthesize membrane
phospholipids, lead to the generation of free radicals, excitotoxicity, mitochondrial

dysfunction and apoptosis/necrosis.

Pancreas
The physiologic regulation of insulin secretion from the pancreatic  cell

is dependent upon the coordinated interaction of metabolic and neurohumoral
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signals (Zawalich & Rasmussen, 1990). While the preeminent nutrient fuel that
regulates secretion is glucose, it is also clear that the vagally derived signal
acetylcholine plays an important role (Shiota et al., 2002). The underlying
explanation for impaired insulin secretion in diabetes resides, in the inability of
glucose to activate information flow in the phospholipase C/protein kinase C
(PLC/PKC) signal transduction system to the same guantitative extent in mouse
islets as it does in rat and, presumably, human islets as well. Our study showed a
decreased expression of phospholipase C expression in the pancreatic islets of
hypoglycemia and diabetic rats which shows that hypoglycemia and the
subsequent glucose deprivation adversely affects the pancreatic second messenger
enzyme regulation. The impact of acetylcholine on the B cell is initiated by the
interaction of the neurotransmitter with the muscarinic cholinergic receptor, the
activation of phospholipase C and the subsequent generation of inositol
phosphates and diacylglycerol (Berridge, 1987; Gilon &. Henquin, 2001). The
decreased phospholipase C expression is associated with impaired cholinergic and
GABAergic eceptor signaling during hypoglycemia and hyperglycemia.
Cholinergic stimulation of the B cell activates the insulin secretory
process, a response that is mediated by PLC (Kelley et al., 1995). The nature of
the receptor type that couples the activation of PLC to release has yet to be
precisely determined and both the muscarinic M1 and M3 receptor types appear to
be expressed in the B cell (Lismaa et al., 2000). Our study on PLC expression
shows that glucose deprivation is detrimental to innate insulin secreting function
and other functions associated with pancreas. Thus, hypoglycemia exacerbates the

dysfunction caused by diabetes.

CREB PROTEIN EXPRESSION IN BRAIN OF EXPERIMENTAL RATS
The cAMP responsive element binding protein (CREB) is a nuclear
protein that modulates the transcription of genes with cAMP responsive elements

in their promoters. CREB is a basally expressed, post-translationally activated
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transcription factor that has been implicated in the trans-activation of a number of
genes in response to cAMP and calcium signals. This transcription factor is a
component of intracellular signaling events that regulate a wide range of
biological functions, from spermatogenesis to circadian rhythms and memory.
Interruption of CREB phosphorylation pathway interferes with important
cognitive performance and behavioural aspects associated with CNS.

Current study showed a significant down regulation of CREB in cerebral
cortex, cerebellum, brainstem, hippocampus and up regulated expression in corpus
striatum of diabetic rats when compared to control. Recurrent hypoglycemia
caused further decrease in the CREB expression in all the brain regions studied
which showed a significant decreased CREB transcription in hypoglycemic and
diabetic — hyperglycemic condition. Interruption of CREB phosphorylation
pathway interferes with important cognitive performance and behavioural aspects
associated with CNS. Alterations in CREB-mediated transcription have been
implicated in multiple cognitive and psychiatric disorders including depression,
anxiety, addiction, and cognitive decline and reports show decreased CREB
activity in the brains of depressed patients (Mayr & Montminy, 2001). Schwechter
et al., (2003) reported susceptibility to seizures positively correlated with blood
glucose concentrations as the increased glucose concentration was associated with
proconvulsant effects. As previously reported, forebrain susceptibility to seizures
is increased during moderate in vivo hypoglycemia and the hippocampus is
involved during hypoglycemic seizures during glucose deprivation (Kirchner et
al., 2006). CREB phosphorylation is decreased by seizures in experimental
animals. Therefore our studies on CREB mRNA expression in hypoglycemic and
hyperglycemic rats suggest the correlation of decreased expression of CREB to
seizures induced by variation in glucose metabolism.

To conclude, our results on hypoglycemic and hyperglycemic changes at
molecular level showed that both conditions adversely affect the neuronal cells.

The alterations in cholinergic, GABAergic receptors and subsequent changes of
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second messenger enzymes and transcription factor resulted in neurobehavioural
deficits associated with hypoglycemia and hyperglycemia. Present study
confirmed the deleterious effect of therapeutic hypoglycemia during diabetes
causing enhanced behavioral deficits and neurochemical changes in brain. This
ascertains the importance of maintaining normoglycemia or near euglycemia but

never hypoglycemia during diabetes treatment.

145



Summary

1. Insulin induced hypoglycemia and streptozotocin induced diabetes in Wistar
rats were used as models to study the alterations in cholinergic, GABAergic
receptors, GLUTS3, insulin receptors, SOD, Bax protein, second messenger
enzyme - phospholipase C and transcription factor - CREB in the brain and

pancreas during hypoglycemia and diabetes.

2. The body weight was analyzed to study the changes in body weight in
hypoglycemic and diabetic rats compared to control. Diabetes caused a
reduction in the body weight while hypoglycemic rats showed increased body

weight compared to diabetic rats.

3. Blood glucose level in the serum was measured to analyze the circulating
glucose level changes due to hypoglycemia and diabetes in rats compared to
control. Diabetic rats showed increased blood glucose level. The D + IIH and
C + IIH rats showed significant reduction in blood glucose level. The blood
glucose analysis also revealed that the D + IIH rats became hypoglycemic at

the 3" hour and the C+lIH rats became hypoglycemic at the 1 hour.

4. The circulating insulin level was analysed to study the changes in insulin
concentration in hypoglycemic and diabetic rats compared to control. Diabetic
rats showed a significant decrease in insulin level. The D + IIH and C + IIH

rats showed significant increase in the insulin concentration.

5. Behavioural studies: Y maze and grid walk test were conducted to assess the
exploratory, memory deficit, motor function and learning in control and

experimental rats. The experiment demonstrated the impairment in the motor



function, learning and memory in the diabetic, D + IIH and C + IIH rats
compared to control. Behavioural deficit was more prominent in

hypoglycemic rats.

AChE expression level has been used as a marker for cholinergic activity.
AChE expression was analysed in the brain regions and pancreas. During
diabetes, the expression was increased in the cerebral cortex, cerebellum,
brainstem, hippocampus and pancreas while hypoglycemia caused further
increase in expression. In corpus striatum, AChE expression decreased

significantly in hypoglycemic and diabetic rats.

ChAT expression level has been used as a marker for acetylcholine synthesis.
ChAT showed decreased expression in the cerebral cortex, cerebellum, corpus
striatum, hippocampus, pancreas while in brainstem it was increased in
diabetic rats. D + IIH and C + IIH group showed significant decreased

expression in all the brain regions and the pancreas.

Total muscarinic receptor was analysed in the brain regions and pancreas of
control and experimental rats. The receptor binding was decreased in cerebral
cortex, corpus striatum and hippocampus while cerebellum and brainstem
showed increased expression in diabetic, D + IIH and C + IIH rats. The
Scatchard analysis and gene expression studies of muscarinic M1 receptor
revealed a down regulation in cerebral cortex, brainstem and hippocampus
whereas in cerebellum and corpus striatum it was up regulated. Muscarinic
M3 receptor binding and expression in cerebral cortex, cerebellum, brain stem
and hippocampus were increased and in corpus striatum there was a decrease
in diabetic, D + IIH and C + IIH rats compared to control. In pancreas, total
muscarinic, muscarinic M1 and muscarinic M3 receptors were down regulated

in hypoglycemia and diabetic condition. Immunohistochemical studies using
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specific antibodies confirmed the Scatchard analysis and Real Time PCR
analysis of muscarinic receptor expression at protein level in control and

experimental rats.

a7 nicotinic acetylcholine receptor gene expression was studied in brain
regions of experimental rats. In hypoglycemic and diabetic condition, the
receptor was increased in cerebral cortex, cerebellum, brain stem, corpus
striatum and decreased in hippocampus when compared to control.
Immunohistochemical studies using specific antibody confirmed the gene
expression of a7 nicotinic acetylcholine receptor expression at protein level in

control and experimental rats.

Total GABA receptor binding and GAD expression was analysed in the brain
regions and pancreas of control and experimental rats. The receptor binding
decreased in cerebral cortex, cerebellum, brain stem, corpus striatum and
hippocampus of hypoglycemic and diabetic rats. The gene expression studies
of GABAA.: and GABAg receptor showed down regulation in cerebral cortex,
cerebellum, brain stem, corpus striatum and hippocampus. GAD mMRNA
expression significantly decreased in all the brain regions studied. In pancreas,
GABA receptor binding along with GABAA.1, GABAg and GAD significantly
decreased during hypoglycemia and diabetes. Immunohistochemical studies
using specific antibody confirmed the binding analysis and Real Time PCR

analysis of GABA 1 receptor expression in control and experimental rats.
Decreased GLUTS3 in brain regions- cerebral cortex, cerebellum, brainstem,

corpus striatum and hippocampus of diabetic rats were decreased further in

hypoglycemic group compared to diabetic and control.
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12.

13.

14.

15.

Insulin receptor mMRNA level was studied in the brain regions and pancreas of
experimental rats. A decreased expression of insulin receptor was observed in
cerebral cortex whereas in cerebellum, brain stem, corpus striatum and
hippocampus, there was an increased expression in hypoglycemic and diabetic
rats. Pancreas of both hypoglycemic and diabetic rats showed decreased

insulin receptor expression.

Antioxidant enzyme, SOD expression was studied in experimental rats.
Results showed that in diabetic rats, its mRNA level was down regulated in
cerebral cortex, cerebellum and hippocampus whereas in brain stem and
corpus striatum, it was up regulated when compared to control. In D + IIH
and C + IIH rats, SOD expression decreased in cerebral cortex, cerebellum,
corpus striatum and hippocampus whereas brain stem showed increased
expression. Pancreatic expression of SOD mRNA in hypoglycemic rats
decreased significantly compared to diabetic and control. Oxidative stress
seen in diabetic brain and pancreas were found to exacerbate by

hypoglycemia.

Pro-apoptotic protein- Bax mRNA expression significantly up regulated in
hypoglycemic brain regions - cerebral cortex, cerebellum, brain stem, corpus

striatum, hippocampus and pancreas compared to diabetic and control.

Second messenger enzyme - phospholipase C showed a decreased expression
in hypoglycemic and diabetic brain regions - cerebral cortex, cerebellum,
brain stem, corpus striatum and hippocampus. In pancreas, there was a
significant decrease in mMRNA expression of phospholipase C in diabetic, D +
IIH and C + I1H rats compared to control.
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Summary

16. Transcription factor, CREB expression in the brain regions - cerebral cortex,
cerebellum, brain stem and hippocampus showed decreased expression in
hypoglycemic and diabetic rats. In corpus striatum, there was an increased
CREB expression in diabetic rats compared to control whereas D + I1IH and C

+ 1IH rats showed decreased expression compared to diabetic.

It is evident from our results that cholinergic, GABAergic receptor
functional balance plays a major role in hypoglycemia and diabetes associated
disorders. Gene expression studies along with immunohistochemistry showed a
prominent functional disturbance in brain regions and pancreas of hypoglycemic
and diabetic rats. These findings have important implications for understanding
the molecular mechanisms underlying memory and cognitive impairment at
second messenger and transcription level during recurrent hypoglycemia. Our
studies showed hypoglycemic and hyperglycemic effect on brain functions by
acetylcholine and GABA mediated through their receptor subtypes, second
messenger enzymes and transcription factors. It is suggested that the corrective
measures for the brain functional damage caused during diabetes and its treatment,
through cholinergic and GABAergic receptors have therapeutic role in the
management of diabetes and hypoglycemia - induced by anti-hyperglycemic

treatment in diabetes.
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Conclusion

Hypoglycemia is the major problem to blood glucose homeostasis in
treatment of diabetes. The CNS neurotransmitters play an important role in the
regulation of glucose homeostasis. These neurotransmitters mediate rapid
intracellular communications not only within the central nervous system but also
in the peripheral tissues. They exert their function through receptors present in
both neuronal and non-neuronal cell surface that trigger second messenger
signaling pathways. Our findings demonstrated a prominent functional disturbance
in cholinergic and GABAergic system in the hypoglycemic and hyperglycemic
brain which contributes to neuronal damage and reduced behavioural, cognitive
and motor function. Disorders in the transport and metabolism of glucose through
GLUT3 in hypo and hyperglycemia, contributes to neuronal dysfunction and
triggers apoptotic cascade. Bax, apoptotic protein expression, increased in
hypoglycemic rat brain regions and pancreas which demonstrated the central and
peripheral nervous system damage induced by recurrent hypoglycemia during
diabetes treatment. Altered CREB expression shows derangement of CREB
related intracellular signal transduction which closely parallels neuronal
dysfunction. Cholinergic and GABA receptors alteration affected normal
neurotransmission through second messenger enzyme — Phospholipase C and
transcription factor — CREB protein. It was also apparent from the present results
that biochemical alterations produced by hyperglycemia was exacerbated by
recurrent hypoglycemia and adversely affected neurological functions of CNS and
PNS. Higher brain functions cannot adapt to recurrent hypoglycemia which shows
that hypoglycemic condition has more functional damage at the molecular level
than hyperglycemia. It is suggested that the corrective measures for the brain
functional damage caused during diabetes and anti-diabetic treatment, through
cholinergic and GABAergic receptors, have therapeutic role in the management of

hypoglycemia and hyperglycemia.
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Figure-1

Body weight of control and experimental rats
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Table-1
Body weight of control and experimental rats
Body Weight (gm)
Experimental groups Day 0 Day 5 Day 10
Control 200+20 | 235+0 | 240+15
Diabetic 220+08 | 190+ 08 | 170 + 10°
D+ IIH 220410 | 215410 | 210+ 05°
C+1IH 200412 | 220410 | 230+ 16°

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, b p<0.01 when compared with diabetic. IIH - Insulin

Induced Hypoglycemia



Figure-2

Blood glucose level of control and experimental rats
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Table-2
Blood glucose level of control and experimental rats
Experimental groups | Blood Glucose (mg/dL)
Control 110+ 12
Diabetic 260+9°
D + IIH 45+4%°
C +IIH 425"

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

ap<0.001 when compared with control, b p<0.001 when compared with diabetic. 1IH - Insulin
Induced Hypoglycemia



Figure-3
Blood glucose levels at different time intervals after insulin treatment in control

and experimental rats
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Table-3
Blood glucose levels at different time intervals after insulin treatment in control

and experimental rats

Experimental Time in minutes
groups 0 30 60 120 180 240 300
Control 110+5 | 120+6 | 110+3 | 120+3 | 115+9 | 120+8 | 115+5
Diabetic 280+£2 | 290+4 | 250+5 | 270+5 | 250+4 | 280+2 | 280+4
D+IIH 275+3 | 275+7 | 270+5 | 180+3 45i4b 100+5 | 260+6
C+IIH 100 5 70+5 | 42+5% | 694 80 +2 115+6 | 105+5

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.
a p<0.001 when compared with control, b p<0.001 when compared with diabetic. IIH-Insulin
Induced Hypoglycemia




Figure-4

Circulating insulin level in the plasma of control and experimental rats
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Table-4

Circulating insulin level in the plasma of control and experimental rats

Experimental groups | Insulin Concentration
(MU/mL)
Control 56.4 +451
Diabetic 252+3.10°
D + IIH 96.0+3.20%°"
C+IIH 1108 +234%P¢

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, b p<0.001 when compared with diabetic, ¢ p<0.01
when compared with D + IIH. 1IH - Insulin Induced Hypoglycemia



Figure-5

Behavioural response of control and experimental rats on Y maze test
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Table-5

Behavioural response of control and experimental rats on Y maze test

Experimental Group | % of visits to novel arm
Control 36.8+3.2
Diabetic 256+21
D +1H 184538
C+1H 142+32"

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, b p<0.001 when compared with diabetic. I1H - Insulin
Induced Hypoglycemia



Figure-6

Behavioural response of control and experimental rats on grid walk test
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Table-6

Behavioural response of control and experimental rats on grid walk test

Experimental Group | Foot slips/ 3 minutes
Control 23.5£3.60
Diabetic 382+210°
D+ IIH 49.6+3.10%"
C+IIH 521+ 230"

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, b p<0.001 when compared with diabetic. I1H - Insulin
Induced Hypoglycemia



Figure-7
Scatchard analysis of [?(H] QNB binding against total muscarinic receptor

antagonist, atropine in the cerebral cortex of control and experimental rats
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Table-7
Scatchard analysis of [*H] QNB binding against total muscarinic receptor

antagonist, atropine in the cerebral cortex of control and experimental rats

Experimental groups (fmoles/?nnéaxprotein) (rt(l\sl)
Control 1716 +17.7 1.96+0.8
Diabetic 1500 +153% | 1.68+0.7 ¢
D+ IIH 1066+ 14.4%° | 160+ 1.0°
C+IIH 874+17.0%"°¢ [170+12 ¢

Values are Mean = S.E.M. of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001, d p<0.01 when compared to control, =~ p<0.001 when compared to diabetic, ¢
p<0.001 when compared to D + IIH . 1IH- Insulin Induced Hypoglycemia



Figure-8
Scatchard analysis of [?(H] QNB binding against muscarinic M1 receptor

antagonist, pirenzepine in the cerebral cortex of control and experimental rats
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Table-8
Scatchard analysis of [°H] QNB binding against muscarinic M1 receptor

antagonist, pirenzepine in the cerebral cortex of control and experimental rats

Experimental groups (fmoles/?nngxprotein) (rt(l\sl)
Control 1522 +12.3 0.76 £ 0.09
Diabetic 1181 +11.6° 0.67 +0.07
D+ IIH 817+154%° | 049+005%°
C+1IH 532+102%%¢ | 036+006%°

Values are Mean + S.E.M. of 4-6 separate experiments. Each group consists of 6-8 rats.
a p<0.001, d p<0.01 when compared to control, =~ p<0.001, ¢ p<0.01 when compared to
diabetic, ¢ p<0.001 when compared to D + IIH . IIH- Insulin Induced Hypoglycemia



Figure-9
Scatchard analysis of [’H ] DAMP binding against muscarinic M3 receptor antagonist,

4-DAMP mustard in the cerebral cortex of control and experimental rats
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Table-9
Scatchard analysis of [°*H ] DAMP binding against muscarinic M3 receptor antagonist,

4-DAMP mustard in the cerebral cortex of control and experimental rats

Experimental groups (fmoles/arrgxprotein) (rll<l\jl)
Control 208 +10.7 1,50 + 0.03
Diabetic 289 + 14.5° 1.05 +0.02°
D + IIH 400+ 12.4%° | 125+005%°
C+IIH 487+11.8%"° | 140+004°"

Values are Mean + S.E.M. of 3-5 separate experiments. Each group consists of 6-8 rats.
a p<0.001, d p<0.01 when compared to control, =~ p<0.001, ¢ p<0.01 when compared to
diabetic, ¢ p<0.001, fp<0.01 when compared to D + IIH . 11H- Insulin Induced Hypoglycemia



Figure-10
Scatchard analysis of [*H ] GABA binding against GABA in the cerebral cortex

of control and experimental rats
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Table-10
Scatchard analysis of [°’H] GABA binding against GABA in the cerebral cortex of

control and experimental rats

Experimental groups (fmoles/?nnéaxprotein) (r|1<l\(/jl)
Control 136 + 3.2 1.85 +0.10
Diabetic 125+35° 1.98 +0.12
D + IIH 95+28%P0 2.00 + 0.15
C+1IH 83+19%P¢ 2104013

Values are Mean + S.E.M. of 4-6 separate experiments. Each group consists of 6-8 rats. a

P<0.01 when compared to control, b P<0.01 when compared to diabetic, ¢ P<0.01 when
compared to D + IIH. l1IH- Insulin Induced Hypoglycemia



Figure-11
Real Time PCR amplification of AChE mRNA in the cerebral cortex of control

and experimental rats
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Table-11
Real Time PCR amplification of AChE mRNA in the cerebral cortex of control

and experimental rats

Experimental groups Log RQ
Control 0
Diabetic 0.28+0.01°
D+ 1IH 0.48+0.05*°
C+IIH 0.82+0.01%"¢

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, = p<0.001 when compared with diabetic, ¢ p<0.001
when compared with D + IIH. 1IH - Insulin Induced Hypoglycemia



Figure-12
Real Time PCR amplification of ChRAT mRNA in the cerebral cortex of control

and experimental rats
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Table-12
Real Time PCR amplification of ChAT mRNA in the cerebral cortex of control

and experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.71+0.05°
D+ IIH -059+003%"
C+IIH -053+002%°"

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

ap<0.001 when compared with control, ~ p<0.001 when compared with diabetic. I1IH - Insulin
Induced Hypoglycemia



Figure-13
Real Time PCR amplification of muscarinic M1 receptor mRNA in the cerebral

cortex of control and experimental rats
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Table-13
Real Time PCR amplification of muscarinic M1 receptor mRNA in the cerebral

cortex of control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.21+0.02°
D+ 1IH _054+007%"
C+IIH -0.75+004%"°

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, b p<0.001 when compared with diabetic, ¢ p<0.001
when compared with D + [IH. 1IH - Insulin Induced Hypoglycemia



Figure-14
Real Time PCR amplification of muscarinic M3 receptor mRNA in the cerebral

cortex of control and experimental rats
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Table-14
Real Time PCR amplification of muscarinic M3 receptor mRNA in the cerebral

cortex of control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic 0.28 +0.04°
D+ 1IH 0.51+0.03*°
C+IIH 0.82+001%"°¢

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, b p<0.001 when compared with diabetic, ¢ p<0.001
when compared with D + IIH . I1H - Insulin Induced Hypoglycemia



Figure-15
Real Time PCR amplification of a7 nicotinic acetylcholine receptor mRNA in the

cerebral cortex of control and experimental rats
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Table-15
Real Time PCR amplification of a7 nicotinic acetylcholine receptor mRNA in the

cerebral cortex of control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic 0.05+0.01°
D+ 1IH 0.08+0.02%"
C+IIH 0.15+0.01%"¢

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, = p<0.001 when compared with diabetic, ¢ p<0.001
when compared with D + II1H rats. I1IH - Insulin Induced Hypoglycemia



Figure-16
Real Time PCR amplification of GAD mRNA in the cerebral cortex of control

and experimental rats
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Table-16
Real Time PCR amplification of GAD mRNA in the cerebral cortex of control

and experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.36+0.10 ®
D + IIH 0600102
C +IIH -0.60+0.09%"

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

ap<0.001 when compared with control, ~ p<0.001 when compared with diabetic. 1IH - Insulin
Induced Hypoglycemia



Figure-17
Real Time PCR amplification of GABAA, MRNA in the cerebral cortex of

control and experimental rats
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Table-17
Real Time PCR amplification of GABA, MRNA in the cerebral cortex of

control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.73+0.035°
D+ IIH 1104004 %"
C+IIH 1.30+0.03%"°¢

Values are Mean £ S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats. a

p<0.001 when compared with control, b p<0.001 when compared with diabetic, ¢ p<0.01 when
compared with D + IIH. I1H - Insulin Induced Hypoglycemia



Figure-18
Real Time PCR amplification of GABAg mMRNA in the cerebral cortex of control

and experimental rats
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Table-18
Real Time PCR amplification of GABAg mRNA in the cerebral cortex of control

and experimental rats

Experimental groups Log RQ
Control 0
Diabetic -3.30+0.05°
D+ 1IH -2.60+0.05*"
C+IIH 2.80+0.04%"

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, ~ p<0.01 when compared with diabetic. IIH - Insulin
Induced Hypoglycemia



Figure-19
Real Time PCR amplification of GLUT3 mRNA in the cerebral cortex of control

and experimental rats

1.8 ab—c
1.6 L
a.b L
1.4 i
1.2 !
a
g 1 1
§) 0.8
0.6 '
0.4
0.2 A
0
Control Diabetic D+ I1IH C+I1IH
Table-19

Real Time PCR amplification of GLUT3 mRNA in the cerebral cortex of control

and experimental rats

Experimental groups Log RQ
Control 0
Diabetic 0.95+0.01°
D+ IIH 1334003 %"
C+IIH 1.60 +0.02%"¢

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, = p<0.001 when compared with diabetic, ¢ p<0.01
when compared with D + IIH. 1IH - Insulin Induced Hypoglycemia



Figure-20
Real Time PCR amplification of insulin receptor mRNA in the cerebral cortex of

control and experimental rats
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Table-20
Real Time PCR amplification of insulin receptor mRNA in the cerebral cortex of

control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.56 +0.04 °
D+ 1IH 043+003%°"
C+1IH -0.30+0.04% "¢

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.
a p<0.001 when compared with control, b p<0.001 when compared with diabetic, ¢ p<0.01 when

compared with D + IIH. II1H - Insulin Induced Hypoglycemia.



Figure-21
Real Time PCR amplification of SOD mRNA in the cerebral cortex of control

and experimental rats
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Table-21
Real Time PCR amplification of SOD mRNA in the cerebral cortex of control

and experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.08 +0.007
D+ IIH -0.13+0.008 *°
C+1IH 0.11+0.002"¢

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, ~ p<0.01 when compared with diabetic, ¢ p<0.01 when
compared with D + IIH. IIH - Insulin Induced Hypoglycemia



Figure-22
Real Time PCR amplification of Bax mRNA in the cerebral cortex of control and

experimental rats
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Table-22
Real Time PCR amplification of Bax mRNA in the cerebral cortex of control and

experimental rats

Experimental groups Log RQ
Control 0
Diabetic 0.21 +0.007
D+ 1IH 0.40 % 0.008 *"
C+IIH 0.44 +0.002% ¢

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, = p<0.001 when compared with diabetic, ¢ p<0.01
when compared with D + IIH. 1IH - Insulin Induced Hypoglycemia



Figure-23
Real Time PCR amplification of phospholipase C mRNA in the cerebral cortex

of control and experimental rats
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Table-23
Real Time PCR amplification of phospholipase C mRNA in the cerebral cortex

of control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.91+0.03°
D+ IIH 1104002 %"
C+1IH 1.25+001%"°¢

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, = p<0.01 when compared with diabetic, ¢ p<0.01 when
compared with D + II1H. I1H - Insulin Induced Hypoglycemia



Figure-24
Real Time PCR amplification of CREB mRNA in the cerebral cortex of control

and experimental rats
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Table-24
Real Time PCR amplification of CREB mRNA in the cerebral cortex of control

and experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.22+0.02°
D + IIH -0.17 £0.02°
C+IIH -0.15+0.02°

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.
a p<0.001 when compared with control. I1H - Insulin Induced Hypoglycemia



Figure--25
Muscarinic M1 receptor expression in the cerebral cortex of control and experimental rats

Table-25
Condition Mean Pixel
Value
Control 48 £ 5.6

Diabetic 32+29°

D+IIH | 26+38%"

C+lIH |17+34%P¢

Confocal image of muscarinic M1
receptors in the cerebral cortex of
control, Diabetic, D+IIH and C +
I1H rats using immunofluorescent
muscarinic M1 receptor specific
primary antibody and FITC as
secondary antibody. (=) in
white shows muscarinic M1
receptors. Scale bar = 50 um. 2
p<0.001 when compared to

control, b p<0.001  when

compared to diabetic, ¢ p<0.01
when compared to D + 1I1H.




Figure--26
Muscarinic M3 receptor expression in the cerebral cortex of control and experimental rats

Table-26
Condition Mean Pixel
Value
Control 16+2.4

Diabetic 35+31°

D+1IH | 42+27%P

C+lIH |56+42%P¢

Confocal image of muscarinic
M3 receptors in the cerebral
cortex of control, Diabetic,
D+IIH and C + IIH rats using
immunofluorescent  muscarinic
M3 receptor specific primary
antibody and FITC as secondary
antibody. (=) in white shows
muscarinic M3 receptors. Scale

bar = 50 um. ¢ p<0.001 when
compared to control, b p<0.001
when compared to diabetic, ¢

p<0.01 when compared to D +
IH.




Figure--27
a 7 nACh receptor expression in the cerebral cortex of control and experimental rats

Table-27
Condition Mean Pixel
Value
Control 23+45

Diabetic 38+31°

D+1IH | 46+47%"

C+lIH |58+38%P¢

Confocal image of a7 nACh
receptors in the cerebral cortex
of control, Diabetic, D+IIH and
c + IH rats  using
immunofluorescent a7 nACh
receptor specific primary
antibody and FITC as secondary
antibody. (=) in white shows
a7 nACh receptors. Scale bar =
50 um. a p<0.001when

compared to control, b p<0.001
when compared to diabetic, ¢

p<0.01 when compared to D +
IH.




Figure--28
GABA receptor expression in the cerebral cortex of control and experimental rats

Table-28
Condition Mean Pixel
Value
Control 54+ 5.6

Diabetic | 33+2.9°2

D+lIIH | 25+38%°

C+lIH |14+34%P°

Confocal image of GABAau
receptors in the cerebral cortex of
control, Diabetic, D+IIH and C +
I1H rats using immunofluorescent
GABAA. receptor specific
primary antibody and FITC as
secondary antibody. (=) in
white shows GABAa,: receptors.
Scale bar = 50 um. ® p<0.001

when compared to control,
p<0.001 when compared to

diabetic, ¢ p<0.001  when
compared to D + I1H.




Figure-29
Scatchard analysis of [PHJQNB binding against total muscarinic receptor

antagonist, atropine in the cerebellum of control and experimental rats
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Table-29
Scatchard analysis of [3H]JQNB binding against total muscarinic receptor

antagonist, atropine in the cerebellum of control and experimental rats

Experimental groups (fmoles/lranrgxprotein) (r|1<l\(/j|)
Control 39+94 0.13+0.03
Diabetic 57+85° 0.65+0.02°
D+1IH 68+50%° 0.39+003%"
C+1IH 73+65%° 0.35+0.02 %"

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

ap<0.001 when compared with control, b p<0.01 when compared with diabetic. IIH - Insulin
Induced Hypoglycemia



Figure-30
Scatchard analysis of [?(H] QNB binding against muscarinic M1 receptor

antagonist, pirenzepine in the cerebellum of control and experimental rats
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Table-30
Scatchard analysis of [’H] QNB binding against muscarinic M1 receptor

antagonist, pirenzepine in the cerebellum of control and experimental rats

Experimental groups (fmoles/arrgxprotein) (rll<l\jl)
Control 127+ 12.4 0.40 +0.03
Diabetic 183 +115° 0.41 +0.02
D+ IIH 245+105* | 050+0.03%"
C+IIH 206+98%>¢ | 054+002%"

Values are Mean = S.E.M. of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared to control, b p<0.001 when compared to diabetic, ¢ p< 0.01 when
compared to D + IIH. IIH- Insulin Induced Hypoglycemia



Figure-31
Scatchard analysis of [?(H] DAMP binding against muscarinic M3 receptor

antagonist, 4-DAMP in the cerebellum of control and experimental rats
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Table-31
Scatchard analysis of [°[H] DAMP binding against muscarinic M3 receptor
antagonist, 4-DAMP in the cerebellum of control and experimental rats

Experimental groups (fmoles/?nn(j;axprotein) (r|1<l\(/jl)
Control 12+£15 0.46 + 0.04
Diabetic 17+05° 0.45 + 0.05
D +IIH 20+1.2%P 0.43 £ 0.06
C+IIH 22+15%P 0.36 % 0.07

Values are Mean + S.E.M. of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.01 when compared to control, = p<0.01 when compared to diabetic. I1H- Insulin Induced
Hypoglycemia



Figure-32
Scatchard analysis of [*H ] GABA binding against GABA in the cerebellum of

control and experimental rats
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Table-32
Scatchard analysis of [°H] GABA binding against GABA in the cerebellum of

control and experimental rats

Experimental groups (fmoles/?nraaxprotein) (rrl<l\jl)
Control 146 +9.8 330+13
Diabetic 105+8.2° 283+1.9"
D+ IIH 74+70%P 2714101
C+IIH 55+93%P:C 171+12%¢

Values are Mean + S.E.M. of 4-6 separate experiments. Each group consists of 6-8 rats. a
p<0.001, d p< 0.01 when compared to control, b p<0.001 when compared to diabetic, ¢ p<
0.01, ¢ p< 0.01 when compared to D + IIH. 1IH- Insulin Induced Hypoglycemia



Figure-33
Real Time PCR amplification of AChE mRNA in the cerebellum of control and

experimental rats
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Table-33
Real Time PCR amplification of AChE mRNA in the cerebellum of control and

experimental rats

Experimental groups Log RQ
Control 0
Diabetic 2.05+0.19 %
D+ IIH 2.70+013 %"
C+IIH 350+0.10%"°¢

Values are Mean = S.E.M. of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared to control, = p<0.001 when compared to diabetic, ¢ p< 0.001 when
compared to D + IIH. I1H- Insulin Induced Hypoglycemia.



Figure-34
Real Time PCR amplification of ChAT mRNA in the cerebellum of control and

experimental rats
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Table-34
Real Time PCR amplification of ChAT mRNA in the cerebellum of control and

experimental rats

Experimental groups Log RQ
Control 0
Diabetic -1.04+0.13°
D+ 1IH 1504012 %"
C+IIH 1.70+0.10%°"

Values are Mean + S.E.M. of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared to control, ~ p<0.001 when compared to diabetic. 11H- Insulin
Induced Hypoglycemia



Figure-35
Real Time PCR amplification of muscarinic M1 receptor mRNA in the

cerebellum of control and experimental rats
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Table-35

Real Time PCR amplification of muscarinic M1 receptor mRNA in the

cerebellum of control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic 1.48+0.12°
D+ IIH 200£015%"
C+IIH 1.85+0.12%°

Values are Mean + S.E.M. of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared to control, = p<0.001 when compared to diabetic. 1IH- Insulin
Induced Hypoglycemia



Figure-36
Real Time PCR amplification of muscarinic M3 receptor mRNA in the

cerebellum of control and experimental rats
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Table-36

Real Time PCR amplification of muscarinic M3 receptor mRNA in the

cerebellum of control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic 1.78 +0.03°
D+ 1IH 218+0.03%"
C+IIH 217 £0.03*°

Values are Mean + S.E.M. of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared to control, b p<0.01 when compared to diabetic. IIH- Insulin
Induced Hypoglycemia



Figure-37
Real Time PCR amplification of a7 nicotinic acetylcholine receptor mRNA in the

cerebellum of control and experimental rats
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Table-37
Real Time PCR amplification of a7 nicotinic acetylcholine receptor mRNA in the

cerebellum of control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic 4.28+0.05°
D+ 1IH 56+004 %"
C+1IH 6.4+004>"°

Values are Mean = S.E.M. of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared to control, b p<0.01 when compared to diabetic, ¢ p< 0.01 when
compared to D + IIH. II1H- Insulin Induced Hypoglycemia



Figure-38
Real Time PCR amplification of GAD mRNA in the cerebellum of control and

experimental rats
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Table-38
Real Time PCR amplification of GAD mRNA in the cerebellum of control and

experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.28+0.04 %
D+ 1IH 035+002%"
C+IIH 0.39+004%"

Values are Mean + S.E.M. of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared to control, b p<0.001 when compared to diabetic. I11H- Insulin
Induced Hypoglycemia



Figure-39
Real Time PCR amplification of GABAa» MRNA in the cerebellum of control

and experimental rats
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Table-39
Real Time PCR amplification of GABA s« MRNA in the cerebellum of control

and experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.85 +0.053
D + IIH -1.60+0.06 *"
C+1IH -1.90 £ 0.03% "¢

Values are Mean + S.E.M. of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared to control, b p<0.001 when compared to diabetic, ¢ p<0.01 when
compared to D + IIH . I1H- Insulin Induced Hypoglycemia



Figure-40
Real Time PCR amplification of GABAg mMRNA in the cerebellum of control and

experimental rats
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Table-40
Real Time PCR amplification of GABAg mRNA in the cerebellum of control and

experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.31+0.01%
D+ 1IH 061+002%"
C+IIH 0.75+007*"°¢

Values are Mean + S.E.M. of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared to control, = p<0.001 when compared to diabetic, ¢ p<0.01 when
compared to D + IIH . I1H- Insulin Induced Hypoglycemia



Figure-41
Real Time PCR amplification of GLUT3 mRNA in the cerebellum of control and

experimental rats
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Table-41
Real Time PCR amplification of GLUT3 mRNA in the cerebellum of control and

experimental rats

Experimental groups Log RQ
Control 0
Diabetic -1.04+0.03°
D+ 1IH 150+009%"
C+IIH 170 +0.07%°

Values are Mean + S.E.M. of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared to control, = p<0.001 when compared to diabetic. IIH- Insulin
Induced Hypoglycemia



Figure-42
Real Time PCR amplification of insulin receptor mRNA in the cerebellum of

control and experimental rats
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Table-42
Real Time PCR amplification of insulin receptor mRNA in the cerebellum of

control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic 0.10 +0.02
D+ IIH 0.45 % 0.01*°
C+1IH 0.25+0.05*" ¢

Values are Mean + S.E.M. of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared to control, b p<0.001 when compared to diabetic, ¢ p< 0.01 when
compared to D + IIH, I1H- Insulin Induced Hypoglycemia



Figure-43
Real Time PCR amplification of SOD mRNA in the cerebellum of control and

experimental rats
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Table-43
Real Time PCR amplification of SOD mRNA in the cerebellum of control and

experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.97 £0.08°
D +IIH 1204006
C+IIH 1544005 "¢

Values are Mean + S.E.M. of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared to control, b p<0.01 when compared to diabetic, ¢ p<0.01 when
compared to D + IIH. 1IH- Insulin Induced Hypoglycemia



Figure-44
Real Time PCR amplification of Bax mRNA in the cerebellum of control and

experimental rats
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Table-44
Real Time PCR amplification of Bax mRNA in the cerebellum of control and

experimental rats

Experimental groups Log RQ
Control 0
Diabetic 0.05 +0.02
D+ IIH 0.33£0.02%"
C+IIH 047+001%"°¢

Values are Mean = S.E.M. of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared to control, = p<0.001 when compared to diabetic, ¢ p<0.001 when
compared to D + IIH. 11H- Insulin Induced Hypoglycemia



Figure-45
Real Time PCR amplification of phospholipase C mRNA in the cerebellum of

control and experimental rats
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Table-45
Real Time PCR amplification of phospholipase C mRNA in the cerebellum of

control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.40+0.04 °
D+ IIH 0.79+003%"
C+1IH 072+002%°"

Values are Mean + S.E.M. of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared to control, = p<0.001 when compared to diabetic. 1IH- Insulin
Induced Hypoglycemia



Figure-46
Real Time PCR amplification of CREB mRNA in the cerebellum of control and

experimental rats
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Table-46
Real Time PCR amplification of CREB mRNA in the cerebellum of control and

experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.21+0.02°
D+ IIH 042+002%"
C+IIH 057 +0.04% "¢

Values are Mean + S.E.M. of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared to control, b p<0.001 when compared to diabetic, ¢ p< 0.001 when
compared to D + IIH. IIH- Insulin Induced Hypoglycemia



Figure--47
Muscarinic M1 receptor expression in the cerebellum of control and experimental rats

Table-47
Condition Mean Pixel
Value
Control 175 + 5.6

Diabetic | 26.8+29°%

D+IIH | 332+38%°

C+IIH |427+34%P¢C

Confocal image of muscarinic M1
receptors in the cerebellum of
control, Diabetic, D+I1IH and C +
I1H rats using immunofluorescent
muscarinic M1 receptor specific
primary antibody and FITC as
secondary antibody. (=) in
white shows muscarinic M1
receptors. Scale bar = 250 pm. a
p<0.001 when compared to

control, b p<0.001  when

compared to diabetic, ¢ p<0.001
when compared to D + 1IH.




Figure--48
Muscarinic M3 receptor expression in the cerebellum of control and experimental rats

Table-48
Condition Mean Pixel
Value
Control 15+3.3

Diabetic 32+41°

D+IIH | 46+48%"

C+lIH |59+20%D¢

Confocal image of muscarinic M3
receptors in the cerebellum of
control, Diabetic, D+IIH and C +
I1H rats using immunofluorescent
muscarinic M3 receptor specific
primary antibody and FITC as
secondary antibody. (=) in
white shows muscarinic M3
receptors. Scale bar = 250 pm. é
p<0.001 when compared to

control, b p<0.001 when

compared to diabetic, ¢ p<0.001
when compared to D + IIH. .




Figure--49
a7 nicotinic acetylcholine receptor expression in the cerebellum of control and experimental rats

Table-49
Condition Mean Pixel
Value
Control 23+45

Diabetic 38+3.1°2

D+IIH | 46+51%"

C+lIH |58+38 %P°¢

Confocal image of o7 nACh
receptors in the cerebellum of
control, Diabetic, D+IIH and C +
I1H rats using immunofluorescent
a7 nACh receptor specific
primary antibody and FITC as
secondary antibody. (=) in
white shows a7 nACh receptors.
Scale bar = 250 pm. @ p<0.001

when compared to control,
p<0.001 when compared to

diabetic, ¢ p<0.01 when compared
toD + lIH.




Figure--50
GABA; receptor expression in the cerebellum of control and experimental rats

Table-50
Condition Mean Pixel
Value
Control 58 £+ 5.7

Diabetic | 40+ 4.3°

D+IIH | 29+45%"

C+IIH |18+36 *P°¢

Confocal image of GABAau
receptors in the cerebellum of
control, Diabetic, D+IIH and C +
I1H rats using immunofluorescent
GABA,,  receptor  specific
primary antibody and FITC as
secondary antibody. (=) in
white shows GABA,,; receptors.
Scale bar = 250 pm.  p<0.001

when compared to control,
p<0.001 when compared to

diabetic, ¢ p<0.001  when
compared to D + IIH.




Figure-51
Scatchard analysis of [?(H] QNB binding against total muscarinic receptor

antagonist, atropine in the brainstem of control and experimental rats
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Table-51
Scatchard analysis of [?H] QNB binding against total muscarinic receptor

antagonist, atropine in the brainstem of control and experimental rats

Experimental groups (fmoles/lrsnmgaxprotein) (rll<l\jl)
Control 62 +4.0 0.26 +0.8
Diabetic 88 +5.3° 0.28+0.7
D+ IIH 110+44%°  |o070+10%°
C+IH 100+7.0%%¢  |og4+12%°

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.
a p<0.001, d p<0.01 when compared with control, = p<0.001, ¢ p<0.01 when compared to
diabetic, ¢ p<0.01 when compared to D + IIH. II1H - Insulin Induced Hypoglycemia



Figure-52
Scatchard analysis of [?(H] QNB binding against muscarinic M1 receptor

antagonist, pirenzepine in the brainstem of control and experimental rats
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Table-52
Scatchard analysis of [°*H] QNB binding against muscarinic M1 receptor

antagonist, pirenzepine in the brainstem of control and experimental rats

Experimental groups (fmoles/?nraaxprotein) (r|1<|\jl)
Control 121 £5.7 0.33+0.08
Diabetic 85+4.3° 0.28 +0.07
D+1IH 67+34%" 0.25 +0.03
C+IIH 42 +23%0° 0.20 £ 0.06

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, =~ p<0.001 when compared to diabetic, ¢ p<0.01 when
compared to D + IIH. I1H - Insulin Induced Hypoglycemia



Figure-53
Scatchard analysis of [?(H] DAMP binding against muscarinic M3 receptor

antagonist, 4-DAMP mustard in the brainstem of control and experimental rats
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Table-53
Scatchard analysis of [?*H] DAMP binding against muscarinic M3 receptor

antagonist, 4 DAMP mustard in the brainstem of control and experimental rats

Experimental groups (fmoles/?n%axprotein) (rll<l\jl)
Control 138422 0.92 + 0.03
Diabetic 22.8+3.0° 1.06 +0.05
D+ IIH 350+3.1%" 14+001%¢
C+IIH 437+36%"°¢ 1.8+002%¢

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.
a p<0.001, d p<0.01 when compared with control, = p<0.001, ¢ p<0.01 when compared to
diabetic, ¢ p<0.01 when compared to D + IIH. 1IH - Insulin Induced Hypoglycemia



Figure-54
Scatchard analysis of [*H ] GABA binding against GABA in the brainstem of

control and experimental rats
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Table-54
Scatchard analysis of [°H ] GABA binding against GABA in the brainstem of

control and experimental rats

Experimental groups (fmoles/?nmgaxprotein) (rI1<I\$I)
Control 194 + 2.4 114+1.2
Diabetic 140+53°% 116+ 15
D+ IIH 105+ 4.8% " 11.9+24
C+IIH 64+64%0¢ 128+ 18

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats. a

p<0.001 when compared with control, b p<0.001 when compared to diabetic, ¢ p<0.001 when
compared to D + IIH. 1IH - Insulin Induced Hypoglycemia



Figure-55
Real Time PCR amplification of AChE mRNA in the brainstem of control and

experimental rats
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Table-55
Real Time PCR amplification of AChE mRNA in the brainstem of control and

experimental rats

Experimental groups | Log RQ
Control 0
Diabetic 0.34+0.01°
D +1IH 0.36+0.01°
C+IIH 0.34+0.03°

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.
a p<0.001 when compared with control. II1H - Insulin Induced Hypoglycemia



Figure-56
Real Time PCR amplification of ChAT mRNA in the brainstem of control and

experimental rats
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Table-56
Real Time PCR amplification of ChAT mRNA in the brainstem of control and

experimental rats

Experimental groups Log RQ
Control 0
Diabetic 0.34+0.01°
D+ 1IH 096+001%"
C+IIH 0.62+001%"°

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats. a

p<0.001 when compared with control, b p<0.001 when compared to diabetic, ¢ p<0.01 when
compared to D + IIH. 1IH - Insulin Induced Hypoglycemia



Figure-57
Real Time PCR amplification of muscarinic M1 receptor mRNA in the

brainstem of control and experimental rats
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Table-57

Real Time PCR amplification of muscarinic M1 receptor mRNA in the

brainstem of control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic -1.67+0.01°
D+ IIH -1.80+0.06*"
C+IIH 2.03+0.05% "¢

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, b p<0.001 when compared to diabetic, ¢ p<0.01 when
compared to D + IIH. 1IH - Insulin Induced Hypoglycemia



Figure-58
Real Time PCR amplification of muscarinic M3 receptor mRNA in the

brainstem of control and experimental rats
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Table-58
Real Time PCR amplification of muscarinic M3 receptor mRNA in the

brainstem of control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic 0.43+0.03°
D+ IIH 0.54+0.02%"
C+IIH 0.64+0.02%"¢

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, = p<0.001 when compared to diabetic, ¢ p<0.01 when
compared to D + IIH. 1I1H - Insulin Induced Hypoglycemia



Figure-59
Real Time PCR amplification of a7 nicotinic acetylcholine receptor mRNA in the

brainstem of control and experimental rats
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Table-59
Real Time PCR amplification of a7 nicotinic acetylcholine receptor mRNA in the

brainstem of control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic 0.10 +0.04°
D+ 1IH 0.48+0.04*°
C+1IH 0.31+0.02%"°

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, = p<0.001 when compared to diabetic, ¢ p<0.01 when
compared to D + IIH. IIH - Insulin Induced Hypoglycemia



Figure-60
Real Time PCR amplification of GAD mRNA in the brainstem of control and

experimental rats
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Table-60
Real Time PCR amplification of GAD mRNA in the brainstem of control and

experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.45 +0.08 2
D+ IIH 0.85+006 %"
C+IIH -0.98 +0.03% ¢

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, = p<0.001 when compared to diabetic, ¢ p<0.01 when
compared to D + IIH. 1IH - Insulin Induced Hypoglycemia



Figure-61
Real Time PCR amplification of GABA A, MRNA in the brainstem of control

and experimental rats
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Table-61
Real Time PCR amplification of GABA s,; MRNA in the brainstem of control

and experimental rats

Experimental groups Log RQ
Control 0
Diabetic 0.23+0.02°
D+ IIH 0.56 +0.03*°
C+IIH 0.55+0.03*"

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, b p<0.001 when compared to diabetic. I1H - Insulin
Induced Hypoglycemia



Figure-62
Real Time PCR amplification of GABAg mMRNA in the brainstem of control and

experimental rats
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Table-62
Real Time PCR amplification of GABAg mRNA in the brainstem of control and

experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.87+0.01°
D +1IH -0.86 £0.01°
C+IIH -0.85 +0.02°

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.
a p<0.001 when compared with control. II1H - Insulin Induced Hypoglycemia



Figure-63
Real Time PCR amplification of GLUT3 mRNA in the brainstem of control and

experimental rats
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Table-63
Real Time PCR amplification of GLUT3 mRNA in the brainstem of control and

experimental rats

Experimental groups Log RQ
Control 0
Diabetic 0.50 +0.03
D+ 1IH 0.73+0.03*°
C+IIH 0.85+001*"°¢

Values are Mean £ S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats. a

p<0.001 when compared with control, b p<0.001 when compared to diabetic, ¢ p<0.01 when
compared to D + IIH . 1IH - Insulin Induced Hypoglycemia



Figure-64

Real Time PCR amplification of insulin receptor mRNA in the brainstem of
control and experimental rats
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Table-64

Real Time PCR amplification of insulin receptor mRNA in the brainstem
of control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic 0.72+0.01°
D+ 1IH 0.57+0.04*°
C+1IH 0.45+0.02% "

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8

rats. ° p<0.001 when compared with control, b p<0.01 when compared to diabetic, ¢
p<0.01 when compared to D + IIH. IIH - Insulin Induced Hypoglycemia



Figure-65
Real Time PCR amplification of SOD mRNA in the brainstem of control and

experimental rats
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Table-65
Real Time PCR amplification of SOD mRNA in the brainstem of control and

experimental rats

Experimental groups Log RQ
Control 0
Diabetic 0.74 +0.01°
D+ 1IH 0.41+0.02*°
C+1IH 0.22+0.03*"°¢

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, b p<0.001 when compared to diabetic, ¢ p<0.01 when
compared to D + IIH. IIH - Insulin Induced Hypoglycemia



Figure-66
Real Time PCR amplification of Bax mRNA in the brainstem of control and

experimental rats
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Table-66
Real Time PCR amplification of Bax mRNA in the brainstem of control and

experimental rats

Experimental groups Log RQ
Control 0
Diabetic 0.53+0.03°
D+ 1IH 0.64+0.02%°
C+IIH 0.41+003*"°¢

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats. a

p<0.001 when compared with control, b p<0.01 when compared to diabetic, ¢ p<0.01 when
compared to D + IIH. 11H - Insulin Induced Hypoglycemia



Figure-67
Real Time PCR amplification of phospholipase C mRNA in the brainstem of

control and experimental rats
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Table-67

Real Time PCR amplification of phospholipase C mRNA in the brainstem of

control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.48 +0.02°
D+ 1IH 0.81+005%"
C+IIH 1.01+0.04* "¢

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, b p<0.001 when compared to diabetic, ¢ p<0.01 when
compared to D + IIH. 1IH - Insulin Induced Hypoglycemia



Figure-68
Real Time PCR amplification of CREB mRNA in the brainstem of control and

experimental rats
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Table-68
Real Time PCR amplification of CREB mRNA in the brainstem of control and

experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.35+0.01°
D+ IH 0.56+003%"
C+IIH -0.58+0.03%"

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, ~ p<0.001 when compared to diabetic. IIH - Insulin
Induced Hypoglycemia



Figure--69
Muscarinic M1 receptor expression in the brainstem of control and experimental rats
Table-69

Mean Pixel
Value
Control 39.8+3.6

Condition

Diabetic | 25.4+45%

D+IIH |187+46%°

C+lIH |15.0+34%"

Confocal image of muscarinic M1
receptors in the brainstem of
control, Diabetic, D+IIH and C +
I1H rats using immunofluorescent
muscarinic M1 receptor specific
primary antibody and FITC as
secondary antibody. (=) in
white shows muscarinic M1
receptors. Scale bar = 50 pm. 2
p<0.001 when compared to

control, b p<0.001  when
compared to diabetic.




Figure--70
Muscarinic M3 receptor expression in the brainstem of control and experimental Rats

Table-70
Condition Mean Pixel
Value
Control 18.6 +4.6

Diabetic | 32.8+35°%

D+IIH | 457+25%°

C+IIH |546+34%P°¢

Confocal image of muscarinic M3
receptors in the brainstem of
control, Diabetic, D+I1IH and C +
I1H rats using immunofluorescent
muscarinic M3 receptor specific
primary antibody and FITC as
secondary antibody. (=) in
white shows muscarinic M3
receptors. Scale bar = 50 ym. 2
p<0.001 when compared to

control, b p<0.001  when

compared to diabetic, ¢ p<0.001
when compared to D + I1H.




Figure--71
a7 nicotinic acetylcholine receptor expression in the brainstem of control and experimental rats
Table-71

Mean Pixel
Value
Control 215+ 56

Condition

Diabetic | 34.6+29°2

D+1IH |487+42%°

C+IIH |558+44%"

Confocal image of o7 nACh
receptors in the brainstem of
control, Diabetic, D+IIH and C +
IIH rats using immunofluorescent
o/ nACh receptor specific
primary antibody and FITC as
secondary antibody. (=) in
white shows a7 nACh receptors.

Scale bar = 50 um. ® p<0.001
when compared to control,
p<0.001 when compared to
diabetic.




Figure--72
GABA,1 receptor expression in the brainstem of control and experimental rats

Table-72
Condition Mean Pixel
Value
Control 62.3+4.4

Diabetic | 425+49°%

D+IIH | 30.7+55%°

C+lIH |193+47%P¢

Confocal image of GABAau
receptors in the brainstem of
control, Diabetic, D+IIH and C +
I1H rats using immunofluorescent
GABA receptor  specific
primary antibody and FITC as
secondary antibody. (=) in
white shows GABAa,1 receptors.
Scale bar = 50 um. ® p<0.001

when compared to control,
p<0.001 when compared to
diabetic, © p<0.001  when
compared to D + IIH.




Figure-73
Scatchard analysis of [?(H] QNB binding against total muscarinic receptor

antagonist, atropine in the corpus striatum of control and experimental rats
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Table-73
Scatchard analysis of [’H]JQNB binding against total muscarinic receptor

antagonist, atropine in the corpus striatum of control and experimental rats

Experimental groups (fmoles/?nnéaxprotein) (r:<I\jI)
Control 213 +10.1 0.98 £ 0.02
Diabetic 150 +9.3° 0.87+ 0.05
D+ lIH 105+11.8*° | 0.60+0.03%"
C+IIH 88 + 6.3 %" 0.80 % 0.04

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.01 when compared with control, b p<0.01 when compared to diabetic. 1IH - Insulin
Induced Hypoglycemia



Figure-74
Scatchard analysis of [?(H] QNB binding against muscarinic M1 receptor

antagonist, pirenzepine in the corpus striatum of control and experimental rats
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Table-74
Scatchard analysis of [PHJQNB binding against muscarinic M1 receptor

antagonist, pirenzepine in the corpus striatum of control and experimental rats

B max Kq
Experimental groups | (fmoles/mg protein) (nM)
Control 89+3.9 1.40 £0.02
Diabetic 111+6.1° 1.30 £ 0.05
D+I1IH 143+52%P 1.40 + 0.03
C+IIH 188 +48%%° | 150+ 0.04

Values are Mean + S.E.M. of 3-5 separate experiments. Each group consists of 6-8 rats. a

p<0.001 when compared to control, b p<0.001 when compared to diabetic , ¢ p<0.01 when
compared to D + IIH . I1H- Insulin Induced Hypoglycemia



Figure-75
Scatchard analysis of [*H ] DAMP binding against muscarinic M3 receptor
antagonist, 4- DAMP mustard in the corpus striatum of control and

experimental rats
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Table- 75
Scatchard analysis of [°H ] DAMP binding against muscarinic M3 receptor
antagonist, 4- DAMP mustard in the corpus striatum of control and

experimental rats

B max Kg
Experimental groups | (fmoles/mg protein) (nM)
Control 393 +10.1 0.34 +0.02
Diabetic 274+932 0.35+ 0.05
D+ IIH 175+11.8 2P 0.27 +0.03
C+IIH 246+63%*°C | 054+ 004%PC

Values are Mean = S.E.M. of 3-5 separate experiments. Each group consists of 6-8 rats.

a p<0.01 when compared to control, b p<0.01 when compared to diabetic, ¢ p<0.01 when
compared to D + 1IH . I1IH- Insulin Induced Hypoglycemia



Figure-76
Real Time PCR amplification of AChE mRNA in the corpus striatum of control

and experimental rats
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Table-76
Real Time PCR amplification of AChE mRNA in the corpus striatum of control

and experimental rats

Experimental groups Log RQ
Control 0
Diabetic -1.16 £0.05°
D+ IIH -111+0.12°
C+IIH -1.32+0.12°

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.
a p<0.001 when compared with control. I1H - Insulin Induced Hypoglycemia



Figure-77
Real Time PCR amplification of ChAT mRNA in the corpus striatum of control

and experimental rats
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Table-77
Real Time PCR amplification of ChAT mRNA in the corpus striatum of control

and experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.59+0.05°
D+ IIH -0.53+0.02°
C+IIH -0.53+0.02°

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.
a p<0.001 when compared with control. I11H - Insulin Induced Hypoglycemia



Figure-78
Real Time PCR amplification of muscarinic M1 receptor mRNA in the corpus

striatum of control and experimental rats
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Table-78
Real Time PCR amplification of muscarinic M1 receptor mRNA in the corpus

striatum of control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic 3.20 +0.001°
D+ IIH 2.90+0.002 "
C+IIH 2.60+0.001% "¢

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats. 2

p<0.001 when compared with control, b p<0.01 when compared to diabetic, ¢ p<0.01 when
compared to D + IIH. IIH - Insulin Induced Hypoglycemia



Figure-79
Real Time PCR amplification of muscarinic M3 receptor mRNA in the corpus

striatum of control and experimental rats
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Table-79

Real Time PCR amplification of muscarinic M3 receptor mRNA in the corpus

striatum of control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.96 +0.23°
D+ IIH 2.07+015%"
C+IIH 127 +0.02% "¢

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, ~ p<0.01 when compared to diabetic, ¢ p<0.01 when
compared to D + IIH. 1I1H - Insulin Induced Hypoglycemia



Figure-80
Real Time PCR amplification of a7 nicotinic acetylcholine receptor mRNA in the

corpus striatum of control and experimental rats
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Table-80
Real Time PCR amplification of a7 nicotinic acetylcholine receptor in the corpus

striatum of control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic 1.40 +0.01°
D+ IH 1.62+0.04 "
C+IIH 1.70 £0.05*°

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, ~ p<0.001 when compared to diabetic. IIH - Insulin
Induced Hypoglycemia



Figure-81
Real Time PCR amplification of GAD mRNA in the corpus striatum of control

and experimental rats
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Table-81
Real Time PCR amplification of GAD mRNA in the corpus striatum of control

and experimental rats

Experimental groups Log RQ
Control 0
Diabetic -1.50 +0.08 *
D + IIH -1.32+0.02°
C+IIH -1.45+0.10°

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.
a p<0.001 when compared with control. I1H - Insulin Induced Hypoglycemia



Figure-82
Real Time PCR amplification of GABA A, MRNA in the corpus striatum of

control and experimental rats
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Table-82

Real Time PCR amplification of GABA s, MRNA in the corpus striatum of

control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.22+0.13°
D+ 1IH 216+002%"
C+IIH 158 +0.03%"°¢

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, = p<0.001 when compared to diabetic, ¢ p<0.01 when
compared to D + IIH. 11H - Insulin Induced Hypoglycemia



Figure-83
Real Time PCR amplification of GABAg mMRNA in the corpus striatum of

control and experimental rats
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Table-83
Real Time PCR amplification of GABAg mRNA in the corpus striatum of

control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.05 +0.005
D+ 1IH -0.07 +0.007 *°
C+IIH -0.09 +0.002% "¢

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, b p<0.01 when compared to diabetic, ¢ p<0.01 when
compared to D + IIH. I1H - Insulin Induced Hypoglycemia



Figure-84
Real Time PCR amplification of GLUT3 mRNA in the corpus striatum of control

and experimental rats
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Table-84
Real Time PCR amplification of GLUT3 mRNA in the corpus striatum of control

and experimental rats

Experimental groups Log RQ
Control 0
Diabetic 0.43+0.05°
D+ IIH 064+002%"
C+IIH 073+002%"¢

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, =~ p<0.001 when compared to diabetic, ¢ p<0.01 when
compared to D + IIH. 1I1H - Insulin Induced Hypoglycemia



Figure-85
Real Time PCR amplification of insulin receptor mRNA in the corpus striatum

of control and experimental rats
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Table-85
Real Time PCR amplification of insulin receptor mRNA in the corpus striatum

of control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic 0.19 +0.03%
D+ IIH 0.700.03*°
C+1IH 0.58+0.03*" ¢

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats. a

p<0.001 when compared with control, b p<0.001 when compared to diabetic, ¢ p<0.01 when
compared to D + IIH. I1H - Insulin Induced Hypoglycemia.



Figure-86
Real Time PCR amplification of SOD mRNA in the corpus striatum of control

and experimental rats
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Table-86

Real Time PCR amplification of SOD mRNA in the corpus striatum of control

and experimental rats

Experimental groups Log RQ
Control 0
Diabetic 0.23+0.01°
D+ 1IH 016+001%"
C+IIH 021+001%"°

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, b p<0.001 when compared to diabetic, ¢ p<0.01 when
compared to D + IIH. 1I1H - Insulin Induced Hypoglycemia



Figure-87
Real Time PCR amplification of Bax mRNA in the corpus striatum of control

and experimental rats
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Table-87
Real Time PCR amplification of bax mRNA in the corpus striatum of control

and experimental rats

Experimental groups Log RQ
Control 0
Diabetic 0.12 +0.004 %
D+ 1IH 0.14+0.001 > "
C+IIH 0.16 +0.00L* > ©

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, = p<0.001 when compared to diabetic, ¢ p<0.01 when
compared to D + IIH. I1H - Insulin Induced Hypoglycemia



Figure-88
Real Time PCR amplification of phospholipase C mRNA in the corpus striatum

of control and experimental rats
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Table-88

Real Time PCR amplification of phospholipase C mRNA in the corpus striatum

of control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic -1.08+0.03°
D+ IIH -1.18 £0.04°
C+IIH -1.18 +0.04°

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.
ap<0.001 when compared with control. 11H - Insulin Induced Hypoglycemia



Figure-89
Real Time PCR amplification of CREB mRNA in the corpus striatum of control

and experimental rats
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Table-89

Real Time PCR amplification of CREB mRNA in the corpus striatum of control

and experimental rats

Experimental groups Log RQ
Control 0
Diabetic 0.69 +0.03°
D+ IIH 1.40+002%"
C+IIH 2.04+002%"¢

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, b p<0.001 when compared to diabetic, ¢ p<0.001 when
compared to D + IIH . 1I1H - Insulin Induced Hypoglycemia



Figure--90
Muscarinic M1 receptor expression in the corpus striatum of control and experimental rats

Table-90
Condition | ™Méan Pixel
Value

Control 17.3 + 3.3

Diabetic | 36.4 + 4.12

D+IIH |488+48°%"

C+lIIH |561+55%°

Confocal image of muscarinic M1
receptors in the corpus striatum of
control, Diabetic, D+I1IH and C +
I1H rats using immunofluorescent
muscarinic M1 receptor specific
primary antibody and FITC as
secondary antibody. (=) in

white shows muscarinic M1
receptors. Scale bar = 50 pm. é

when compared to control,

when compared to diabetic, ¢
when compared to D + IIH.




Figure--91
Muscarinic M3 receptor expression in the corpus striatum of control and experimental rats

Table-91
Condition Mean Pixel
Value

Control 68.6 + 3.3

Diabetic | 462 + 4.1°

D+IIH | 346+48%°

C+IIH |265+56%P°¢

Confocal image of muscarinic M3
receptors in the corpus striatum of
control, Diabetic, D+IIH and C +
I1H rats using immunofluorescent
muscarinic M3 receptor specific
primary antibody and FITC as
secondary antibody. (=) in
white shows muscarinic M3
receptors. Scale bar = 50 pm. a
p<0.001 when compared to

control, b p<0.001when compared

to diabetic, ¢ p<0.01 when
compared to D + IIH.




Figure--92
a7 nicotinic receptor expression in the corpus striatum of control and experimental rats

Table-92
Condition Mean Pixel
Value
Control 18.6 +35

Diabetic 354+62°

D+IIH | 495+58°%"

C+IIH |613+29%P¢

Confocal image of o7 nACh
receptors in the corpus striatum of
control, Diabetic, D+IIH and C +
I1H rats using immunofluorescent
a7 nACh receptor specific
primary antibody and FITC as
secondary antibody. (=) in
white shows a7 nACh receptors.
Scale bar = 50 um. ? p<0.001

when compared to control,
p<0.001 when compared to

diabetic, ¢ p<0.001  when
compared to D + IIH.




Figure--93
GABA . receptor expression in the corpus striatum of control and experimental rats
Table-93

Mean Pixel
Value
Control 68.6 £5.3

Condition

Diabetic | 58.3+4.6°

D+1IH |467+58%"

C+IIH |321+49%P

Confocal image of GABAau
receptors in the corpus striatum of
control, Diabetic, D+IIH and C +
I1H rats using immunofluorescent
GABA,a  receptor specific
primary antibody and FITC as
secondary antibody. (=) in
white shows GABA,,; receptors.
Scale bar = 50 um. ® p<0.001

when compared to control,
p<0.001 when compared to

diabetic, ¢ p<0.01 when compared
to D + I1H.




Figure-94
Scatchard analysis of [PHJQNB binding against total muscarinic receptor
antagonist, atropine in the hippocampus of control and experimental rats
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Table-94
Scatchard analysis of [*H] QNB binding against total muscarinic receptor

antagonist, atropine in the hippocampus of control and experimental rats

Experimental groups (fmoles/arrgxprotein) (r:<|\jl)
Control 122 +10.0 1.22 +0.08
Diabetic 64+7.0° 1.30 +0.07
D + IIH 39+90%" 1.27 +1.00
C+IIH 18+7.0%"° 1 060+002%"¢

Values are Mean + S.E.M. of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared to control, b p<0.01 when compared to diabetic, ¢ p<0.01 when
compared to D + IIH . I1H- Insulin Induced Hypoglycemia



Figure-95
Scatchard analysis of [PHJQNB binding against muscarinic M1 receptor

antagonist, pirenzepine in the hippocampus of control and experimental rats
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Table-95
Scatchard analysis of [°’H] QNB binding against muscarinic M1 receptor

antagonist, pirenzepine in the hippocampus of control and experimental rats

Experimental groups (fmoles/?nn(jgaxprotein) (nKl\sl)
Control 386 + 9.0 0.90 + 0.02
Diabetic 319+8.0° 0.60 +0.03°
D + IIH 236+14.4%° | 055+005%1
C+IIH 160+12.0 **¢ | 040+002%¢

Values are Mean = S.E.M. of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared to control, b p<0.001, = p<0.01 when compared to diabetic, ¢
p<0.01when compared to D + IIH. I1H- Insulin Induced Hypoglycemia



Figure-96
Scatchard analysis of [°H] DAMP binding against muscarinic M3 receptor

antagonist, 4-DAMP mustard in the hippocampus of control and experimental rats
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Table-96
Scatchard analysis of [?*H] DAMP binding against muscarinic M3 receptor

antagonist, 4-DAMP mustard in the hippocampus of control and experimental rats

Experimental groups (fmoles/?nngxprotein) (r|1<l\(/j|)
Control 80 +4.3 0.28 + 0.02
Diabetic 110 +8.0° 0.32 +0.03
D + IIH 132 +144%° 1 0.33+0.05
C+IIH 160 +12.0%%¢ | 0.32+0.02

Values are Mean + S.E.M. of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared to control, b p<0.001 when compared to diabetic, ¢ p<0.001when
compared to D + IIH. 1IH- Insulin Induced Hypoglycemia



Figure-97
Scatchard analysis of [°H ] GABA binding against GABA in the hippocampus of

control and experimental rats
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Table-97
Scatchard analysis of [°H ] GABA binding against GABA in the hippocampus of

control and experimental rats

Experimental groups (fmoles/?nngxprotein) (nKl\sl)
Control 361 +5.3 22.0+0.18
Diabetic 253+7.2° 115+0.17°
D+ IIH 216+93%° | 160+1.00%°
C+IIH 166+11.4%>¢ | 166+012%°

Values are Mean + S.E.M. of 4-6 separate experiments. Each group consists of 6-8 rats.
a p<0.001, d p<0.01 when compared to control, = p<0.001, ¢ p<0.01 when compared to
diabetic, ¢ p<0.01 when compared to D + IIH. 11H- Insulin Induced Hypoglycemia



Figure-98
Real Time PCR amplification of AChE mRNA in the hippocampus of control

and experimental rats

a, b, c
T

w
o
|

o

3 4 a,b

Log RQ
N
——

Control Diabetic D+ I1IH C+I1IH

Table-98
Real Time PCR amplification of AChE mRNA in the hippocampus of control

and experimental rats

Experimental groups Log RQ
Control 0
Diabetic 2.03+0.19°
D+ IIH 276+012%"
C+1IH 352+012%P°¢

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, b p<0.001 when compared to diabetic, ¢ p<0.001 when
compared to D + IIH. 1IH - Insulin Induced Hypoglycemia



Figure-99
Real Time PCR amplification of ChAT mRNA in the hippocampus of control

and experimental rats
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Table-99
Real Time PCR amplification of ChAT mRNA in the hippocampus of control

and experimental rats

Experimental groups Log RQ
Control 0
Diabetic -1.04+0.02°
D+ IIH 1.45+002%°
C+IIH 1.65+0.10% ¢

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, = p<0.001 when compared to diabetic, ¢ p<0.01 when
compared to D + IIH. 1IH - Insulin Induced Hypoglycemia



Figure-100
Real Time PCR amplification of muscarinic M1 receptor mRNA in the

hippocampus of control and experimental rats
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Table- 100

Real Time PCR amplification of muscarinic M1 receptor mRNA in the

hippocampus of control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.42+0.020°
D+ 1IH -052+0.010°
C+IIH -054+0002%"

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats. a

p<0.001 when compared with control, b p<0.001 when compared with diabetic. 11H - Insulin
Induced Hypoglycemia



Figure-101
Real Time PCR amplification of muscarinic M3 receptor mRNA in the

hippocampus of control and experimental rats
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Table- 101
Real Time PCR amplification of muscarinic M3 receptor mRNA in the

hippocampus of control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic 0.14 +0.01°
D+ 1IH 0.21+0.01*"
C+1IH 0.40+0.02%"°¢

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, = p<0.001 when compared with diabetic, ¢ p<0.001
when compared with D + [IH. 1IH - Insulin Induced Hypoglycemia



Figure-102
Real Time PCR amplification of a7 nicotinic acetylcholine receptor mRNA in the

hippocampus of control and experimental rats
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Table-102
Real Time PCR amplification of a7 nicotinic acetylcholine receptor mRNA in the

hippocampus of control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.50 +0.01°
D+ 1IH 072+003%"
C+IIH 0.74+0.02%"

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, b p<0.001 when compared with diabetic. I1IH - Insulin
Induced Hypoglycemia



Figure-103
Real Time PCR amplification of GAD mRNA in the hippocampus of control and

experimental rats
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Table-103

Real Time PCR amplification of GAD mRNA in the hippocampus of control and

experimental rats

Experimental groups Log RQ
Control 0
Diabetic -4.0+0.20°
D + IIH 51+015*"
C+IIH 53+020%"

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, b p<0.001 when compared to diabetic. IIH - Insulin
Induced Hypoglycemia



Figure-104
Real Time PCR amplification of GABAa, MRNA in the hippocampus of control

and experimental rats
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Table-104
Real Time PCR amplification of GABA x,» MRNA in the hippocampus of control

and experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.05+0.12°
D+ 1IH 0.87+005%"
C+IIH 1.30+0.120%™°

Values are Mean = S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, b p<0.001 when compared to diabetic, ¢ p<0.001 when
compared to D + lIH. 1IH - Insulin Induced Hypoglycemia



Figure-105
Real Time PCR amplification of GABAg mMRNA in the hippocampus of control

and experimental rats
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Table-105
Real Time PCR amplification of GABAg mRNA in the hippocampus of control

and experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.37+0.04°
D+ 1IH -0.43+0.01*°
C+IIH -0.69+0.03% "¢

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

ap<O.OOl when compared with control, ~ p<0.001 when compared to diabetic, ¢ p<0.001 when
compared to D + IIH. 1IH - Insulin Induced Hypoglycemia



Figure-106
Real Time PCR amplification of GLUT3 mRNA in the hippocampus of control

and experimental rats
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Table-106
Real Time PCR amplification of GLUT3 mRNA in the hippocampus of control

and experimental rats

Experimental groups Log RQ
Control 0
Diabetic 0.84 +0.05°
D+ IIH 1.24+002°%"
C+IIH 1.33+001*°

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, = p<0.001 when compared to diabetic, ¢ p<0.01 when
compared to D + IIH. 1IH - Insulin Induced Hypoglycemia



Figure-107
Real Time PCR amplification of insulin receptor mRNA in the hippocampus of

control and experimental rats
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Table-107
Real Time PCR amplification of insulin receptor mRNA in the hippocampus of

control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic 0.10+0.02°
D+ 1IH 0.78+0.05*°
C+1IH 055+ 001" ¢

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, b p<0.001 when compared to diabetic, ¢ p<0.001
when compared to D + IIH. 1IH - Insulin Induced Hypoglycemia



Figure-108
Real Time PCR amplification of SOD mRNA in the hippocampus of control and

experimental rats
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Table-108
Real Time PCR amplification of SOD mRNA in the hippocampus of control and

experimental rats

Experimental groups Log RQ
Control 0
Diabetic -1.08+0.01°
D+ 1IH 1.60+003%"
C+IIH 160 +0.02%°

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, = p<0.001 when compared to diabetic. IIH - Insulin
Induced Hypoglycemia



Figure-109
Real Time PCR amplification of Bax mRNA in the hippocampus of control and

experimental rats
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Table-109
Real Time PCR amplification of Bax mRNA in the hippocampus of control and

experimental rats

Experimental groups Log RQ
Control 0
Diabetic 0.52+0.02°
D+ IH 0.64+0.03*°
C+1IH 0.64+002%"

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, ~ p<0.001 when compared to diabetic. IIH - Insulin
Induced Hypoglycemia



Figure-110
Real Time PCR amplification of phospholipase C mRNA in the hippocampus of

control and experimental rats
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Table-110
Real Time PCR amplification of phospholipase C mRNA in the hippocampus of

control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.36 +0.02
D+ IIH 0.55+003%"
C+IIH 069 +0.02% "¢

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, b p<0.001 when compared to diabetic, ¢ p<0.001 when
compared to D + IIH. IIH - Insulin Induced Hypoglycemia



Figure-111
Real Time PCR amplification of CREB mRNA in the hippocampus of control

and experimental rats
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Table-111
Real Time PCR amplification of CREB mRNA in the hippocampus of control

and experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.03+0.01°
D+ 1IH 0.14+001*"
C+IIH 015+001%"

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, = p<0.001 when compared to diabetic. I1H - Insulin
Induced Hypoglycemia



Figure--112
Muscarinic M1 receptor expression in the hippocampus of control and experimental rats

Table-112
Condition Mean Pixel
Value
Control 576+35

Diabetic | 325+3.4°%

D+IIH | 233+28%°

C+lIH |176+21%P¢

Confocal image of muscarinic M1
receptors in the hippocampus of
control, Diabetic, D+IIH and C +
I1H rats using immunofluorescent
muscarinic M1 receptor specific
primary antibody and FITC as
secondary antibody. (=) in
white shows muscarinic M1
receptors. Scale bar = 50 pm. @
p<0.001 when compared to

control, b p<0.001  when

compared to diabetic, ¢ p<0.001
when compared to D + I1H.




Figure—113
Muscarinic M3 receptor expression in the hippocampus of control and experimental rats

Table-113
Condition | Mean Poel
Value
Control 16.8 +3.3

Diabetic 35.7+4.1°2

D+IIH | 481+48%°

C+IIH |583+29%D¢

Confocal image of muscarinic M3
receptors in the hippocampus of
control, Diabetic, D+IIH and C +
IIH rats using immunofluorescent
muscarinic M3 receptor specific
primary antibody and FITC as
secondary antibody. (=) in

white shows muscarinic M3

receptors. Scale bar = 50 um. a

E<0.01 when compared to control,
p<0.01 when compared to

diabetic, ¢ p<0.01 when compared
to D + IIH.




Figure—114
a7 nicotinic receptor expression in the hippocampus of control and experimental rats

Table-114
Condition Mean Pixel
Value
Control 58.3+3.3

Diabetic | 42.7+4.1°%

D+IIH | 302+48%°

C+IIH |154+20%D¢C

Confocal image of o7 nACh
receptors in the hippocampus of
control, Diabetic, D+I1IH and C +
I1H rats using immunofluorescent
a7 nACh receptor specific
primary antibody and FITC as
secondary antibody. (=) in
white shows a7 nACh receptors.
Scale bar = 50 um. ® p<0.001

when compared to control,
p<0.001 when compared to

diabetic, ¢ p<0.01 when compared
to D + IIH.




Figure--115
GABA 1 receptor expression in the hippocampus of control and experimental rats

Table-115
Condition Mean Pixel
Value

Control 61.2 +3.3

Diabetic | 40.4+4.1°%

D+IIH |285+48%°

C+IIH |226+59%"

Confocal image of GABAau
receptors in the cerebellum of
control, Diabetic, D+IIH and C +
I1H rats using immunofluorescent
GABA,,.  receptor specific
primary antibody and FITC as
secondary antibody. (=) in
white shows GABA,,; receptors.
Scale bar = 50 um. ® p<0.001

when compared to control,
p<0.001 when compared to
diabetic.




Figure-116
Scatchard analysis of [?(H] QNB binding against total muscarinic receptor

antagonist, atropine in the pancreas of control and experimental rats
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Table-116
Scatchard analysis of [*H] QNB binding against total muscarinic receptor

antagonist, atropine in the pancreas of control and experimental rats

Experimental groups (fmoles/irgxprotein) (rt<l\jl)
Control 6x24 1.08 +0.02
Diabetic 41+18° 0.82 £0.05°
D + IIH 31+14%" | 028+003%"
C +IIH 21+28%"° [ 0354004%"

Values are Mean + S.E.M. of 3-5 separate experiments. Each group consists of 6-8 rats.

a p<0.01 when compared to control, b p<0.01 when compared to diabetic, ¢ p<0.01 when
compared to D + IIH. 11H- Insulin Induced Hypoglycemia



Figure-117
Scatchard analysis of [?(H] QNB binding against muscarinic M1 receptor

antagonist, pirenzepine in the pancreas of control and experimental rats
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Table-117
Scatchard analysis of [?’H] QNB binding against muscarinic M1 receptor

antagonist, pirenzepine in the pancreas of control and experimental rats

Experimental groups (fmoles/irgxprotein) (rt<l\jl)
Control 213+24 0.18+0.02
Diabetic 160+18" 0.17£0.05
D+ IIH 106+14°" 0.18+0.03
C+IIH 87+28" 0264004

Values are Mean + S.E.M. of 3-5 separate experiments. Each group consists of 6-8 rats.

a p<0.01 when compared to control, b p<0.01 when compared to diabetic. I1H- Insulin Induced
Hypoglycemia



Figure-118
Scatchard analysis of [*(H ] DAMP binding against muscarinic M3 receptor

antagonist, 4-DAMP mustard in the pancreas of control and experimental rats
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Table-118
Scatchard analysis of [*H ] DAMP binding against muscarinic M3 receptor

antagonist, 4-DAMP mustard in the pancreas of control and experimental rats

. Bmax Kd
Experimental groups (fmoles/mg protein) (nM)
Control 1213+24 034006
o a d
Diabetic 86.9+1.8 0.28 £ 0.05
a, b d
D+IIH 68.8+1.4 0.25+0.08
ab,c d
C+IIH 475+28 0.20 £ 0.05

Values are Mean = S.E.M. of 3-5 separate experiments. Each group consists of 6-8 rats.

a p<0.01, d p<0.05 when compared to control, b p<0.01 when compared to diabetic, ¢ p<0.01
when compared to D + IIH. 1IH- Insulin Induced Hypoglycemia



Figure-119
Scatchard analysis of [’H] GABA binding against GABA in the pancreas of

control and experimental rats
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Table-119
Scatchard analysis of [?H] GABA binding against GABA in the pancreas of

control and experimental rats

Experimental groups Binax Ka
(fmoles/mg protein) (nM)
Control 136 £5.8 1.83+£0.02
Diabetic 120432 1.90 +0.05
D + IIH 95+44>" 2.05 +0.03
a, b,cC a, b
C+IH 84+2.8 2.40 £ 0.04

Values are Mean + S.E.M. of 3-5 separate experiments. Each group consists of 6-8 rats.

a p<0.01 when compared to control, b p<0.01 when compared to diabetic, ¢ p<0.01 when
compared to D + IIH. 1I1H- Insulin Induced Hypoglycemia



Figure-120
Real Time PCR amplification of AChE mRNA in the pancreas of control and

experimental rats
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Table-120
Real Time PCR amplification of AChE mRNA in the pancreas of control and

experimental rats

Experimental groups Log RQ
Control 0
Diabetic 4.25+021°
D+ IIH 520+016%"
C+IIH 535+017%"

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, b p<0.001 when compared with diabetic. I1H - Insulin
Induced Hypoglycemia



Figure-121
Real Time PCR amplification of ChAT mRNA in the pancreas of control and

experimental rats
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Table-121
Real Time PCR amplification of ChAT mRNA in the pancreas of control and

experimental rats

Experimental groups | Log RQ
Control 0
Diabetic -5.5+0.43°
D +IIH -6.3+0.48°
C+IIH -6.5+0.48°

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.
a p<0.001 when compared with control. I1H - Insulin Induced Hypoglycemia



Figure-122
Real Time PCR amplification of muscarinic M1 receptor mRNA in the pancreas

of control and experimental rats
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Table-122
Real Time PCR amplification of muscarinic M1 receptor mRNA in the pancreas

of control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic -2.2+0.03"
D + IIH 43+003%"
C+1IH 4.4+005%"

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, = p<0.001 when compared with diabetic. IIH - Insulin
Induced Hypoglycemia



Figure-123
Real Time PCR amplification of muscarinic M3 receptor mRNA in the pancreas

of control and experimental rats
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Table-123
Real Time PCR amplification of muscarinic M3 receptor mRNA in the pancreas

of control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic -2.9+0.07°
D+ 1IH 48+005%°
C+IIH 42+007*°

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, b p<0.001 when compared with diabetic. I1IH - Insulin
Induced Hypoglycemia



Figure-124
Real Time PCR amplification of GAD mRNA in the pancreas of control and

experimental rats
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Figure-124
Real Time PCR amplification of GAD mRNA in the pancreas of control and

experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.20 +0.04°
D+ 1IH 045+001%"
C+1IH -0.49 +0.03%"

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.
a p<0.001 when compared with control. I1H - Insulin Induced Hypoglycemia



Figure-125
Real Time PCR amplification of GABA s MRNA in the pancreas of control and

experimental rats
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Table-125
Real Time PCR amplification of GABA A, MRNA in the pancreas of control and

experimental rats

Experimental groups Log RQ
Control 0
Diabetic -2.92+0.15°
D+ IIH 479+005%"
C+1IH 520+023%"

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

ap<0.001 when compared with control, ~ p<0.001 when compared with diabetic. I1IH - Insulin
Induced Hypoglycemia



Figure-126
Real Time PCR amplification of GABAg mMRNA in the pancreas of control and

experimental rats
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Table-126

Real Time PCR amplification of GABAg mMRNA in the pancreas of control and

experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.45 £0.09 °
D+ IIH 250+015%"
C+1IH 223+013%"

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, b p<0.001 when compared with diabetic . 1IH - Insulin
Induced Hypoglycemia



Figure-127
Real Time PCR amplification of insulin receptor mRNA in the pancreas of

control and experimental rats
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Table-127
Real Time PCR amplification of insulin receptor mRNA in the pancreas of

control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.69 +0.01°
D +1IH 0.87002%"
C+1IH 0.86+001%"

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, ~ p<0.001 when compared with diabetic . IIH - Insulin
Induced Hypoglycemia



Figure-128
Real Time PCR amplification of SOD mRNA in the pancreas of control and

experimental rats
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Table-128
Real Time PCR amplification of SOD mRNA in the pancreas of control and

experimental rats

Experimental groups Log RQ
Control 0
Diabetic 0.42 +0.04°
D+ 1IH 0.64+0.03%"
C+1IH 055+ 001" ¢

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats. a

p<0.001 when compared with control, b p<0.001 when compared with diabetic, ¢ p<0.01 when
compared with D + II1H. IIH - Insulin Induced Hypoglycemia



Figure-129

Real Time PCR amplification of Bax mRNA in the pancreas of control and
experimental rats
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Table-129

Real Time PCR amplification of Bax mRNA in the pancreas of control and
experimental rats

Experimental groups Log RQ
Control 0
Diabetic 0.53+0.04°
D+ IIH 0.64 +0.03*°
C+1IH 0.36+003%"°

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.
a p<0.001 when compared with control rats, b p<0.001 when compared with diabetic rats,
¢ p<0.01 when compared with D + IIH. IIH - Insulin Induced Hypoglycemia



Figure-130
Real Time PCR amplification of phospholipase C mRNA in the pancreas of

control and experimental rats
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Table-130
Real Time PCR amplification of phospholipase C mRNA in the pancreas of

control and experimental rats

Experimental groups Log RQ
Control 0
Diabetic -0.15+0.01°
D+ 1IH 025+001%"
C+1H 027+001%"

Values are Mean + S.E.M of 4-6 separate experiments. Each group consists of 6-8 rats.

a p<0.001 when compared with control, b p<0.001 when compared with diabetic . 1IH - Insulin
Induced Hypoglycemia.



Figure-131
Muscarinic M1 receptor expression in the pancreas of control and experimental rats

Table-131
Condition Mean Pixel
Value
Control 48 +5.2

Diabetic 30+6.1°2

D+IIH | 18+52%P

C+IIH |08+45 2P¢

Confocal image of muscarinic M1
receptors in the pancreas of
control, Diabetic, D+IIH and C +
I1H rats using immunofluorescent
muscarinic M1 receptor specific
primary antibody and FITC as
secondary antibody. (=) in
white shows muscarinic M1
receptors. Scale bar = 10 um. a
p<0.001 when compared to

control, b p<0.001  when

compared to diabetic, ¢ p<0.001
when compared to D + I1H.




Figure-132
Muscarinic M3 receptor expression in the pancreas of control and experimental rats

Table-132
Condition Mean Pixel
Value

Control 56 +3.3

Diabetic | 32+4.1°%

D+lIIH | 24+48%°

C+lIH |19+29 2P

Confocal image of muscarinic M3
receptors in the pancreas of
control, Diabetic, D+IIH and C +
I1H rats using immunofluorescent
muscarinic M3 receptor specific
primary antibody and FITC as
secondary antibody. (=) in
white shows muscarinic M3
receptors. Scale bar = 10 pm. 2
p<0.001 when compared to

control, b p<0.001  when
compared to diabetic.




Figure-133
GABA 1 receptor expression in the pancreas of control and experimental rats

Table-133
Condition Mean Pixel
Value
Control 66.5+5.3

Diabetic | 35.1+45°%

D+IIH | 21.6+57%°

C+IIH |108+20%P°¢

Confocal image of GABAau
receptors in the pancreas of
control, Diabetic, D+IIH and C +
I1H rats using immunofluorescent
GABAA. receptor specific
primary antibody and FITC as
secondary antibody. (=) in
white shows GABA,,: receptors.
Scale bar = 10 um. * p<0.001

when compared to control, b
p<0.001 when compared to

diabetic., ¢ p<0.01  when
compared to D + I1H.
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