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ABSTRACT.

Adult obese fa/fa Zucker rats are hyperinsulinemic, hyperlipidemic, insulin
resistani and normoglycemic. Increased insulin secretion in response to glucose is
nbserved in 3 wk old rats but fasting hyperinsulinemia is not evident until 5 wk.
Developmental studies were carried out to investigate the possibility that pancreatic
islet lesions are present in the B-cells of fa/fa rats prior to the observed increased
response to stimulants. Using isolated pancreatic islets from adult, weanling and
suckling rats, the time of onset of functional changes in a,-adrenergic receptors and
abnormal regulation of glycolysis in B-cells was investigated in ta/fa rats. Lean age-
matched animals served as controls.

Functional changes in a,-adrenergic receptors were not observed in these
studies. Guanabenz (an a,-adrenergic receptor agonist) similarly inhibiied glucose (15
mM) induced insulin release from isolated islets from adult and 5 wk old rats of both
phenotypes. Phenylephrine (an a,-adrenergic receptor agonist) did not affect glucose
stimulated insulin secretion at any stage. ldazoxan (an a,adrenergic antagonist)
blocked guanabenz inhibitory actions on glucose stimulated insulin release in both
phenotypes but prazosin (an a adrenergic receptor antagonist) did not alter
guanabenz inhibited insulin release in either lean or fa/fa isolated islets at any age.
These studies failed to contirm the existence of a prazosin-sensitive a,-adrenoceptor
previously reported in islets of fa/fa rats.

Changes in the glucokinase sensitivity to inhibition by mannoheptulose were
present in isolated islets from both adult and 5 wk old, but not 3 wk old preobese
fa/fa rats. Mannoheptulose inhibited glucose (15 mM) stimulated insulin release in
a dose dependent manner in isolated islets from adult, 5 wk and 3 wk old lean rats
and in 3 wk old preobese fa/fa rats. A significant reduction in glucose stimulated
insulin release from isolated islets of 5 wk old fa/fa rats was observed at a 3-fold
higher dose of mannoheptulose than in lean rats. The glucokinase response to
mannoheptulose in pancreatic islets of adult fa/fa rats was completely lost.

From these studies it is concluded that when isolated islets from fa/fa rats are
incubated in glucose (15mM) which is within the physiological range, functional
changes in the a,-adrenoceptors are not expressed. Also, the sympathetic nervous
system exerts its inhibitory regulation of the pancreatic islet B-cells through a,-
adrenoceptors but not a,-adrenoceptors. Panc: zatic islet glucokinase in isolated islets
from fa/fa rats have reduced sensitivity to mannoheptulose at 5 wk of age and are
completely insensitive to mannoheptulose by 8 - 12 wk of age. Thus insensitivity to
mannoheptulose arose concurrently with the reported onset of fasting
hyperinsulinemia.

It is well established that adrenalectomy abolishes or reduces many symptoms
of obesity in fa/fa rats, thereby implicating the hypothalamo-pituitary-adrenal axis in
the pathogenesis of obesity. The dependence on the presence of an intact
hypothalamo-pituitary-adrenal axis to the development of the reduced glucokinase
response to mannoheptulose inhibition was further investigated by carrying out




adrenalectomy in S wk old lean and fa/fa rats. Two wk post surgery the glucokinase
response to mannoheptulose inhibition was tested. Adrenalectomy was found to
reduce the rate of weight gain in fa/fa rats but did not affect the pancreatic islet
insulin content. There was no effect of adrenalectomy on either weight gain or islet
insulin content in the lean rats. Glucose (15 mM) induced insulin release was dose
dependently reduced by mannoheptulose in isolated islets from adrenalectomized
iean, sham lean and adrenalectomized fa/fa rats, but mannoheptulose had no
significant effects in the sham operated fa/fa rat pancreatic islets. These data provide
evidence that the development and persistence of abnormal glucokinase activity in
fa/fa rats is under the influence of an intact hypothalamo-pituitary-adrenal axis.
Removal of corticosterone abolishes the defect. More studies on the effect of
glucocorticoids on the expression Hf glucokinase in fa/fa rats are needed to further
determine the specific nature of ., lesion in the fa/fa rat.
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1. GENERAL INTRODUCTION

Obesity is defined as having a high percentage of body weight contributed by
adipose tissue (Bray and York, 1971). It is a major concern in developed and
developing countries because of its association with several chronic diseases (Lara-
Pantin, 1987). Such diseases include cardiovascular diseases (Manolio ez al., 1991),
non-insulin-dependent diabetes mellitus (NIDDM, type 2 diabetes) (Ferrannini et al.,
1991), and some forms of cancer and early mortality (Laurier et al, 1992; Tai et al.,
1992; Terry et al., 1992; Sjostrom, 1993). Obesity is also associated with reduced
productivity due to chronic sickness. The cause of obesity is energy imbalance,
whereby the energy consumed is greater than that required by the individual (Bray
and York, 1979; Bray e al., 1989), the excess energy then being stored as body fat.
Obesity affects human beings, companion and experimental animals. Energy
imbalance in humans may be due to one or more factors including excess intake of
energy-rich foods (hyperphagia) (Sclafani, 1993), reduced metabolism due to
neurohormonal disturbances (Bray and York, 1979), or a genetic factor which is
expressed under certain environmental conditions (Meyer and Stunkard, 1993). In
dogs and cats obesity is common in old and less active animals that are over fed
(Lewis, 1987), those which have developed hyperadrenccortism and those which have
been gonadectomized (Crane, 1991).

The obese syndrome of human beings is a multifactorial, complex condition
which has made many treatments unsuccessful in preventing or curing the condition.

Understanding the underlying causes and treating the whole person compared to




treatment of the syrnptoms may give better results. Understanding body weight
regulation in both normal weight and obese individuals could provide more
information on how energy imbalance develops in susceptible individuals. Many
investigators believe that, like other body functions, body weight is regulated at a set
point and the body fights hard to maintain that weight, either by increased caloric
intake after prolonged food restriction or by reduction of basal metabolic rate
(Keesey, 1993). With forced high caloric intake normal individuals increase their
body metabolism, resulting in maintenance of a constant body weight (Jordan, 1969).
Hamilton and Brobeck (1964) observed that hypothalamic injury in monkeys
produced hyperphagia and weight gain, after which the animals stopped overeating
but maintained that newly acquired weight. When these monkeys were put on
restricted caloric intake they lost weight, but then regained the lost weight and
stabilized at the post-lesioned weight when they returncd io normal feeding habits.
This has also been observed in human beings who lose weight on restricted caloric
diets but regain it when they resume normal eating habits (Stunkard and Penick,
1979). The body weight set point can be shifted either by changes in eating habits
(Sclafani, 1993) or physical activity or by damage to the hypothalamic regulatory

centre (Hoebel and Hernandez, 1993; Keesey, 1993).

1.1. Types of obesity.
An obese syndrome is etiologically classified as dietary obesity if diet change

is the only underlying cause (Stone et al., 1980; Levin et al., 1983b), pathological if




it arises due to trauma or hypothalamic injury (Jeanrenaud, 1985; Bray and York,
1979) or genetic if it occurs in the absence of changes in diet or hypothalamic injury
(Zucker and Zucker, 1961). However there is no clear separation between the
causes sincc in most cases there is at least a transient increase in energy consumption
in the genetically transmitted or hypothalamic obese syndromes (Bray et al., 1989).
The energy imbalance can result in enlargement (hypertrophic obesity) or

multiplication (hyperplastic obesity) of the fat cells.

1.1.1. Dietary obesity.

Dietary obesity is caused by excess consumption of high energy foods
combined with reduced activity for a prolonged time and is normally hypertrophic in
nature, although high fat diets can cause new fat cell synthesis (Bray er al., 1989).
Dietary obesity generally occurs in people or animals that are genetically susceptible
to obesity (Schemmel ef al., 1970; Stone et al., 1980; Levin et al., 1983b). Young and
male animals are less susceptible to dietary obesity than are old and female animals
(Sclafani and Gorman, 1977). Dietary obesity can be induced experimentally by
manipulating diet composition, the amount of food fed or the way of delivering food
to the animal, such as tube feeding or forced feeding. The availability of high energy
foods coupled with reduced activity leads to weight gain in humans and experimental
animals. Sclafani and Springer (1976) showed that rats allowed access to cafeteria
food in addition to their regular diet ate more than the animals fed only the regular

diet and gained weight. However those which had access to a running wheel gained




less weight than the sedentary ones. Of all the nutrient composition manipulations,
diets with high saturated fat content have been found to induce obesity in
experimental animals in the shortest time (Schemmel ef al., 1970). Increasing the
dietary fat composition enhances the palatability of the diet, thus leading to
overeating and weight gain (Sclafani, 1993). High fat diets may also induce
overeating due to the poor satiating power of fat compared to carbohydrates and
proteins (Friedman, 1990) therefore leading to consumption of larger quantitics of
food during a meal (Blundell and Burley, 1990). Because of the increased body size
the obese individual has to consume more food to maintain energy balance. Dietary
obesity could probably be controlled by reducing the amount of energy consumed, for
example by reducing the fat content in the diet and increasing physical activity if

there are no other underlying defects.

1.1.2. Pathological or Hypothalamic Obesity.

Hypothalamic obesity, also known as regulatory obesity, is a result of injury to
specific areas in the hypothalamus. Body weight increases due to excess
accumulation of fat in already existing fat cells. The first case of hypothalamic
obesity in humans was reported by Mohr (1840) and was later confirmed by Babinski
in 1900 and Frohlich in 1901(reviewed by Bray et al., 1989). They documented that
tumours in the region of the hypothalamus were associated with obesity in humans
(Babinski, 1900; Frohlich, 1901). However a better understanding of this syndrome

has been gained through the use of experimental animals. Hypothalamic injury can




be caused by mechanical means such as knife cuts (Sclafani and Kirckgessner, 1986),
electiolytic lesions (Biray and York, 1979) or by chemicals such as gold thioglucose
or monosodium glutamate (Olney, 1969; Debons et al., 1977; Takasaki, 1978; Blair
et al., 1993) or bipiperidyl mustard (Rutman et al., 1966). Injury to the ventromedial
nucleus of the hypothalamus (VMH) produces obesity with or without an increase in
food consumption in different animals including humans (Karakash et al., 1977; Bray
and York, 1979; Bray, 1984), while injury to the paraventricular nucleus produces
obesity with hyperphagia (Weingarten et al., 1985).

Because the hypothalamus regulates energy balance, feeding mechanisms, and
other physiological functions through autonomic nervous system outflow and
hormonal feedback, any disruption in the neuronal connections can have a great
impact c¢n energy balance of the animal. In the VMH lesioned rat or mouse the first
observation is increased insulin secretion followed by increased food intaks and body
weight gain (Morrison, 1977; Jeanrenaud, 1985; Blair ef al., 1993). Increased insulin
secretion enhances lipogenesis in the liver and adipose tissue (Jeanrenaud, 1985)
while reduced physical activity contributes to the obese syndrome.

Development of hyperinsulinemia is thought to be due to increased
parasympathetic activity and reduced sympathetic activity in the pancreatic B-cells,
because hyperinsulinemia after VMH lesions can be eliminated by subdiaphragmatic
vagotomy (Berthoud and Jeanrenaud, 1979). Reduced sympathetic activity after
VMH lesioning is demonstrated by reduced norepinephrine turnover at the

sympathetic nerve terminals and reduced brown adipose tissue thermogenesis in




response to diet or cold exposure in weanling rats (Vander Tuig ef al., 1982) but not
in adult rats (Young and Landsberg, 1980). VMH lesioned rats also exhibit other
hormonal changes, including disruption in the reproductive cycle, blunted diurnal
rhythm for corticosterone secretion and reduced growth hormone secretion (Bray and
York, 1979). Adrenalectomy reverses hypothalamic obesity, and corticosterone
replacement prevents the effects of adrenalectomy; thus, development of this obese
syndrome depends on the presence of glucocorticoids (King and Smith, 1985). The
effects of adrenalectomy are probably due to elimination of negative feedback of the
corticosterone on corticotropin releasing factor (CRF) (Arase et al., 1989a). Infusion
of CREF into the third ventricle reduces food intake and enhances thermogenesis in
normal rats (Arase et al., 1989a) and increases circulating norepinephrine (Brown ef
al., 1982). Similar findings were observed in VMH lesioned rats (Arase et al., 1989b).
Arase and others (1989b) also reported an increased rate in sympathetic nerve firing

to the brown adipose tissue following intraventricular infusion of CRF in obese rats.

1.1.3. Genetically transmitted obesity.

In humans, obesity runs in some families, and in certain ethnic and social
groups, but the genetic origin is not yet clearly defined. Obesity often occurs in
children of families in which one or both parents are obese (Greenwood and
Turkenkopf, 1983; Price et al., 1989; Eck et al., 1992). Childhood obesity has a higher
chance of being genetic in origin than does adult onset obesity (Brook et al., 1975).

Childhood onset obesity is characterized by an increase in number of fat cells




(hyperplastic obesity) and is more resistant to treatment than adult onset obesity,
which is considered to be due to enlargement of existing fat cells (hypertrophic
obesity) (Krotkiewski et al., 1977, Sjostrom, 1993). It has been observed that obese
children have greater numbers of adipose cells at any age compared to lean ones and
that the increase in fat cells in obese children occurs during a period that is quiescent
in normal-weight children (Knittle, 1975; Knittle et al., 1977). Kanittle observed two
groups within the obese children; in one group the fat cell numbers were in the range
of those found in adult while the second group had fat cells numbers that exceeded
those of the adults. He suggested that the group with fat cells that exceeded normai
adult values were more likely to become obese adults, while those with fat cell
numbers in the normal adult range would outgrow the so-called " baby fat" (Kanittle,
1975).

Studies involving adopted children show that the children’s body weights are
correlated to those of their biological parents rather than those of the adoptive
parents (Stunkard et al., 1986; Sorensen et al., 1992) and that environmental factors
do not have much influence on their weight (Sorensen et al., 1989). Bouchard and
others (1988) observed that there was possible familial obesity but not genetic obesity,
although there was a genetic contribution to various obesity indices (5% for
subcutaneous fat and body mass index and 25% for fat mass, fat free mass and
percentage body fat) (Bouchard et al, 1988; Bouchard, 1991). Sorensen and
colleagues (1992) found the heritability correlation for body mass index (BMI, in

kg/m’) to be between 20 and 40%. Studies involving identical twins show that their




weight is normally in the same range whether they are raised together or apart
(Stunkard er al., 1986; Stunkard et al., 1990) with few exceptions. However, body
weight changes in fraternal twins were different. Body weight change in monozygous
twins who were fed an extra 1,000 calories per day for 12 weeks was found to be
similar in members of each pair, although there was a difference in weight gain in the
group as a whole (ranging from 4.3 to 13.3 kg). A high correlation of body fat
distribut »n between a twin pair was also reported (Bouchard ef al., 1988; 1990).
Development of obesity in human beings is therefore under the influence of both
genetic and environmental factors, such that increased intake of highly palatable
foods and reduced physical activity will lead to obesity in susceptible individ:uls
(Bouchard, 1991; Meyer and Stunkard, 1993).

Studies in animal models of genetically transmitted obesity have helped to
shed more light on the pathogenesis of human obesity (Bray ef al., 1989). The most
widely studied model is the Zucker obese (fa/fa) rat, in which the obesity is
transmitted as a single Mendelian recessive gene (fa/fa) from mating of two
heterozygous (Fa/fa) lean rats (Zucker and Zucker, 1961). This model will be

described in further detail below (see section 1.4).

1.2. Complications of obesity in human beings.
Obesity is associated with many health risks including abnormal metabolism
of carbohydrates and lipids and development of NIDDM (Widen ef al., 1992; Salans,

1987). Obesity’s association with coronary heart disease (CHD) is well documented




from longitudinal studies by many investigators (Van Itallie and Hashim; 1975;
Brunzell, 1983; Manson et al., 1990; Lissner et al., 1991; Beard et al., 1992; Sjéstrom,
1992b; Terry et al., 1992; Sjostrom, 1993), although others have failed to find a
definite connection (Larsson et al., 1981; Hoffmans and Kromhoat, 1989; Stevens and
Lissner, 1990). The risk of CHD increases with an increase in abdominal and upper
body fat accumulation (White et al., 1986; Pi-Sunyer, 1991; Folsom et al., 1991).
Also, obese subjects are at higher risk of developing NIDDM than are normal weight
subjects. Approximately 60% - 90% of people with NIDDM are obese (Felber,
1992), and obese individuals without NIDDM have impaired glucose tolerance and
other endocrine dysfunction (Salans, 1987). Severely obese patients with NIDDM
have a higher risk of developing CHD or hypertension than does the normal
population because of higher plasma triglyceride, cholesterol and low density
lipoprotein (LDL) levels, and changes in composition and proportion of lipoproteins
(Barakat et al., 1992). The LDL in NIDDM subjects are reported to be smaller and
denser than in lean and non-diabetic obese subjects and their high density
lipoproteins (HDL) contained a greater HDL, : HDL, ratio than the lean subjects.
Obesity is also implicated as a factor in diseases like breast cancer (Schapira et al.,
1991), endometrial and ovarian cancer in women (Dunn and Bradbury, 1967; Folsom
et al,. 1989), and prostate cancer in men (Nomura et al, 1985). Obesity also
aggravates arthritis, especially of the hip and knee joints, varicose veins (Seidell et al.,
1985), and diseases of the liver, gallbladder and lungs (Dwyer and Feldman, 1975; Pi-

Sunyer, 1991). The incidence of unexplained sudden death is higher in severely obese




individuals than in the general population (Sjostrom, 1992b).

Regardless of the cause, all obesity syndromes are accompanied by
hyperinsulinemia and insulin resistance. A correlation between hyperinsulinemia and
increased body weight has been reported in many human studies (Krotkiewski ef al.,
1983; Peiris et al., 1986; Peiris et al, 1992) and hyperinsulinemia is a common
denominator in all genetically transmitted obesity in animal models (Bray and York,
1971; Bray and York, 1979; Bray et al., 1989). Hyperinsulinemia is also associated
with many diseases such as CHD, hypertension, NIDDM (Ferrannini et al., 1991), and
hyperlipidemia (Widen et al., 1992). With persistent hyperinsulinemia, insulin
resistance develops in insulin sensitive target tissues, mainly affecting glucose disposal
by skeletal muscles, liver and adipose tissue while lipogenesis is increased in both
liver and adipose tissue (Jeanrenaud, 1985; DeFronzo, 1992). Coppack and
colleagues (1992) reported the failure of insulin to regulate the activities of both
hormone sensitive lipase (HSL) and lipoprotein lipase (LPL) in obese subjects in the
fed and fasting state, resulting in high levels of circulating nonesterified free fatty
acids (NEFA) despite the hyperinsulinemic state of these subjects.

The causes of hyperinsulinemia in obesity are not clearly understood.
However, body fat distribution seems be a significant factor in the increase of insulin
secretion even in moderately overweight individuals (Kissebah et al., 1987; Bonora
et al., 1993; Kohrt et al., 1993). In addition some endocrine disorders of the adrenal
and pituitary glands (Cushings disease and acromegaly) in humans and animals are

accompanied by excess insulin secretion (Klink and Estrich, 1964; Perley and Kipnis,
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1966). In experimental obesity, injury to the VMH nucleus is immediately followed
by increased insulin secretion and this increase is abolished by vagotomy (Jeanrenaud,
1985). This implies that abnormal regulation by the central nervous system may be
the primary cause of increased insulin secretion in obesity syndromes. Obesity in
VMH lesioned animals develops secondary to hyperinsulinemia since insulin

augments lipid synthesis and storage in both liver and adipose tissues.

1.3.  Regulation of insulin secretion.

Insulin is a peptide hormone which is synthesized, stored and secreted by the
B-cells of the endocrine pancreas (Orci, 1985). It reguiates carbohydrate, lipid and
protein metabolism in animals. In normal physiological situations, insulin secretion
is influenced by different substances, such as fuel metabolites (glucose, amino acids,
fatty acids) and neurotransmitters and hormones (Efendic et al., 1991).

Glucose is the major physiological stimulant of insulin secretion following
transport into the B-cell and metabolism through the glycolytic pathway and Kreb’s
cycle. Its metabolite, ATP, induces insulin release by closure of the ATP-sensitive
potassium channels, which depolarizes the B-cell plasma membrane. The
depolarization then opens the voltage-gated calcium channels. Extracellular calcium
enters the cell to increase intracellular calcium, which activates Ca2* -calmodulin
dependent proteins regulating the insulin secretory machinery (Wollheim and Sharp,
1981; Efendic et al., 1991). High levels of plasma insulin are detected after a

carbohydrate rich meal and low levels are detected after fasting in normal subjects.
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Glucose induced insulin release can be blocked by inhibitors of glucose metabolism
such as mannoheptulose (Pipeleers et al., 1973).

Insulin secretion is also regulated by the central nervous system, which
determines the autonomic nervous system tone reaching the pancreas. While the
parasympathetic nervous system enhances glucose stimulated insulin secretion, the
sympathetic nervous system inhibits secretion through alpha, adrenergic receptors
(Rorsman er al., 1991). The endocrine pancreas also receives input from the entero-
insular axis (EIA, composed of neural, endocrine, paracrine and neurocrine entitics)
and this plays a significant role in regulating meal-stimulated insulin release. The
effect of the EIA is observed when oral ingestion of glucose results in greater insulin
secretion than does intravenous administration of the same amount of glucose
(Hampton et al., 1986; Bailey and Flatt, 1988).

After insulin is secreted by pancreatic islet B-cells in response to stimulants,
insulin binds to its receptors in target tissues where it induces both immediate and
long term effects. The immediate actions do not result in synthesis of any new
proteins but include increased trainsport of metabolites (glucose, lipids and amino
acids) by mobilizing transporter proteins from cell cytoplasm into the cell plasma
membrane in skeletal muscles and adipose tissues (Darnell ef al., 1991). However
prolonged insulin exposure results in DNA and RNA induction, and lipid and protein
synthesis (Jefferson and Kimball, 1989; Saltiel, 1989). In some cells insulin promotes
cell proliferation and growth. After prolonged exposure to high levels of the

hormone, receptor down regulation will occur thus resulting in insulin resistance in

12




many target tissues (Jeanrenaud, 1985). Prolonged exposure to hyperinsulinemia
results in many abnormalities involving lipid, protein and glucose metabolism that

have been widely documented (see section 1.2).

1.4. Animal models of genetic obesity.

There are several animal models of genetically transmitted obesity which have
been reviewed extensively (Bray and York, 1971; 1979; Bray et al., 1989). Obesity is
either transmitted as a single autosomal dominant trait such as in the yellow obese
mouse (A,) and the adipose mouse (Ad) or as a double autosomal recessive trait as
in the obese mouse (ob/ob), diabetic mouse (db/db), and the fatty rat (fa/fa) (Bray
and York, 1971). Most genetically obese animals are not distinguished from their
lean littermates until 3 to 5 wk of age, with the exception of the diabetic mouse which
becomes hyperinsulinemic as early as 2 wk (Coleman and Hummel, 1967; Bray and
York, 1971). Genetic obesity in rodents is characterized by hyperphagia. However,
tood restriction does not prevent the development of obesity. These animals exhibit
reduced energy expenditure, have increased adipocyte size and number, and are
hyperinsulinemic (Bray and York, 1971; 1979). The most studied animal models of
obesity are the obese mouse (ob/ob), which is both hyperinsulinemic and
hyperglycemic, and the Zucker obese (fa/fa) rat, which is hyperinsulinemic but
normoglycemic (Zucker and Zucker, 1961; Bray, 1977). Early development of severe
hyperglycemia in the obese ob/ob mouse makes it difficult to study the effects of long

standing hyperinsulinemia so most investigators use the fa/fa rat as a model for both
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childhood onset human obesity and for development of early metabolic changes in

NIDDM (Bray, 1977; Terrettaz and Jeanrenaud, 1983; Krief and Bazin, 1991).

1.4.1. The obese syndrome of the Zucker fa/fa rat.

Obesity in the Zucker obese rat is genetically transmitted as a double autosomal
Mendelian recessive trait (fa/fa) (Zucker and Zucker, 1961; Bray, 1977; Argilés, 1989;
Krief and Bazin, 1991). The fa/fa rat arose from a cross between the Merck stock
M and Sherman rats (Zucker and Zucker, 1961) and is easily recognised at 4 to 5 wk
by its weight and shape. After that time the fa/fa rat gains weight faster than its lean
littermates and accumulates fat throughout its life span. The young adult Zucker
fa/fa rat is hyperinsulinemic, hyperphagic and hyperlipidemic (Debant et al., 1987,
Argilés, 1989), and insulin resistant in some metabolic pathways (Bray, 1977,
Jeanrenaud, 1985). These rats have abnormal function of the reproductive system.
All females rats and approximately 80% of the males are sterile (Krief and Bazin,
1991).

Although fa/fa rats are hyperphagic and hyperinsulinemic they remain
normoglycemic or only slightly hyperglycemic. Adult fa/ta rats show decreased to
normal food intake but are more energy efficient and less active than their lean
littermates, which helps the fa/fa rats maintain the obese state (Keesey, 1993). A
study by McCaleb and Sredy (1992) reported severe hyperglycemia in some male
fa/fa rats and these rats also developed some complications observed with NIDDM.

This variation of the fa/fa rat has been designated ZDF/Dtr-fa (Friedman et al.,
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1991). The obese syndrome of Zucker fa/fa rats is characterized by both increased
fat cell size and number, resembling human childhood onset obesity (Cleary et al.,
1980). The hyperplasia in the adipocyte of both fa/fa rats and obese children occurs
at a time when there is no fat cell increase in normal weight children and rats
(Lemonnier and Alexieu, 1974; Knittle, 1975).

Increased lipid synthesis in both liver and white adipose tissues is reported in
the first postnatal week in the preobese pups (York and Bray, 1973; Godbole et al.,
1978; Krief and Bazin, 1991), which suggests that the fa/fa rat syndrome is driven by
an overactive lipid synthesis and storage abnormality. The young pups also have
abnormal thermoregulation which is maintained in the adult stage, and is expressed

as lower body temperature and reduced oxygen consumption (Krief and Bazin, 1991).

1.4.2. Causes of hyperinsulinemia in the fa/fa rat.

The primary cause of increased insulin secretion in fa/fa rats after weaning is
not clearly understood despite extensive investigation of this defect. Because in
normal physiological situations insulin secretion is regulated or influenced by several
difterent pathways, abnormalities in any of them could lead to excess secretion. A
few hypotheses have been proposed by Jeanrenaud (1979) and Beloff-Chain (1987)
which include the following:

1. Hyperphagia (increased food intake)

2. Insulin resistance

3. Overactive entero-insular axis
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4. Abnormal regulation by the central and/or autonomic nervous system
(imbalance of antonomic nervous system and overactive hypothalamo-
pituitary-adrenal (HPA) axis).

5. Primary pancreatic islet lesions.

1.4.2.1. Hyperphagia.

The Zucker obese rat becomes hyperphagic and hyperinsulinemic immediately
after weaning and remains so most of its life (Zucker and Zucker, 1961; Bray, 1977;
Bray and York, 1979). Increased food intake has been cbserved as early as the
second week if preobese pups are allowed access to solid food (Bell and Stern, 1977).
However hyperinsulinemia is not observed until the third week. The fact that obese
fa/fa rats are constantly eating both day and night is likely to result in high levels of
circulating metabolites (glucose, amino acids and free fatty acids) in the blood
reaching the endocrine pancreas (Bray and York, 1971; Argilés, 1989), leading to
constant stimulation of pancreatic B-cells and hyperinsulinemia. However when
preobese pups are raised on restricted low calorie diets from day 10 or are pair fed
to the lean rats, the preobese pups still become obese and hyperinsulinemic (Zucker,
1967; Bray et al., 1973; Radcliffe and Webster, 1976; Cleary et al., 1980). This
implies that hyperphagia is not the primary defect leading to hyperinsulinemia in

Zucker fa/fa rats.
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1.4.2.2. Insulin resistance.

Development of hyperinsulinemia in fa/fa rats is accompanied by insulin
resistance in skeletal muscle, adipose tissue and liver (Czech et al., 1978; Bray and
York, 1979; Kemmer et al., 1979; Krief and Bazin, 1991). It is not clear whether
insulin resistance precedes hyperinsulinemia or vice versa. Insulin resistance is
observed in both lean and preobese pups during the suckling stage, and then
disappears in the lean rats but persists in fa/fa rats after weaning (Pénicaud ef al.,
1988). Insulin resistance in the suckling stage could be due to different factors, such
as a high glucagon/insulin ratio. High glucagon levels inhibit insulin actions on the
liver, thus maintaining elevated gluconeogensis in the liver despite high levels of
insulin during insulin infusion (Del Prato et al., 1987). A lower proportion of insulin-
dependent tissues in the suckling stage and to some extent an alteration in insulin
action (Issad et al., 1987) may also contribute to insulin resistance. In skeletal
muscles, the resistance may be due to the type of muscle fiber predominant during
this developmental stage because it is known that insulin influences muscle fiber
composition (James et al,, 1985; Kahn, 1992a; Holméng et al., 1993). Insulin
resistance in white adipose tissue is suggested to be due to diet (high fat) and the
developmental stage of the animals (Pénicaud er al., 1988). When the pups are
weaned to a high fat diet, glucose utilization in the presence of insulin is still lower
than when the pups are weaned to a high carbohydrate diet (Pénicaud er al., 1991).

Concentrations of GLUT, mRNA and lipogenic enzymes in the white adipose

tissue are reported to increase in response to high levels of circulating insulin after
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weaning to a high carbohydrate diet (Pénicaud et al., 1988; Girard et al., 1992a). A
recent study by Kahn and Pedersen (1993) found that Sprague-Dawley rats made
obese by feeding a high fat diet had reduced expression of GLUT, mRNA and
GLUT, mRNA and their respective proteins in the skeletal muscles, while rats made
obese by feeding a high calorie/carbohydrate diet did not differ in GLUT, expression
from the controls. In the same study, they observed no difterence in the GLUT,
protein levels and mRNA in muscles of 5 and 20 wk lean and obese Zucker rats, and
in 20 wk old fa/fa rats made diabetic by treating them with streptozotocin. The
GLUT, protein concentration in white adipose tissue of Zucker obese rats is reported
to be increased before 20 wk compared to lean animals, after which there is a decline
(Friedman er al., 1990; Hainault er al., 1991; Kahn e: al., 1991).

Insulin stimulation of glucose utilization was reported to be higher in the white
adipose tissues of preobese rats, but when the whole-body utilization was considered
it was lower than in the lean littermates. Hepatic glucose production was not
inhibited by insulin to the same extent as in the lean pups, showing that even at an
early stage of development fa/fa rats have reduced insulin sensitivity in the liver and
muscles but normal or increased sensitivity in the white adipose tissues (Pénicaud et
al., 1988). Insulin resistance of fa/fa rats is genetically determined early in life but
is masked by the high fat diet during the suckling period which after weaning to high
carbohydrate diet becomes fully expressed (Pénicaud et al., 1991). Preweaning insulin
resistance therefore cannot be the primary cause of hyperinsulinemia in the aduit

fa/fa rat.

18




Insulin resistance can occur due to reduced or defective insulin receptors in
the target tissues (Garvey et al., 1989). Two isoforms of insulin receptors (HIR-A
and HIR-B) have been identified in skeletal muscles of prediabetic and NIDDM
patients. In normal subjects HIR-A is predominant while in relatives of diabetics,
subjects with varying degrees of insulin resistance, and NIDDM subjects increased
HIR-B isoform expression is seen (Mosthaf ef al., 1993). The predominance of HIR-
B insulin receptor isoform in muscles of prediabetic human subjects (Handberg et al.,
1993) and in skeletal muscles of ob/ob mice (Le Marchand-Brustel e al., 1985)
account for the reduced insulin binding activity that has been reported. However this
defect have not yet been reported in fa/fa rats.

The most likely site of the metabolic defect is the insulin sensitive glucose
transporters (GLUT,) in both skeletal muscles and adipose tissue. These transporter
proteins are mobilized from the cytoplasm to the cell plasma membrane afier insulin
binding; this allows transport of glucose into the cell. Reduced glucose transporter
GLUT, has been observed in skeletal muscles of diabetic human patients (Kahn ,
1992b; Vogt et al., 1992), diabetic fatty Zucker rats (ZDF/Drt-fa) (Friedman et al.,
1991) and SHR/N-cp rats (Marette et al., 1993). However, insulin resistance in the
muscles of adult fa/fa rats probably results from impaired translocation of the glucose
transporter GLUT, from the cytosol to the cell plasma membrane (Horton et al.,
1990). There is no reported difference in the number of transporters and in GLUT,
mRNA expression in skeletal muscle of fa/fa rats and lean controls (Horton ef al.,

1990; Knott and Hesketh, 1992; Seino et al., 1992; Zarjevski et al., 1992; Kahn and

19




Pedersen, 1993;). The reported defective translocation of the glucose transporters
in presence of insulin may be a result of defective tyrosine receptor kinase activity of
the insulin receptor (Horton er al., 1990; King et al, 1992). Defective signal
transduction due to defects in the autophosphorylation of insulin receptor kinase has
been reported in livers of old Wistar rat exhibiting insulin resistance (Nadiv ¢t al.,
1992). Exercise increases both translocation and turnover rate of glucose transporters
in skeletal muscles of fa/fa rats (King et al., 1993). This suggests that insulin and
exercise effects on glucose metabolism in the muscle use different signal transducing
pathways which can also explain the synergistic actions of insulin and muscle
contraction on glucose utilization in fa/fa rats (Dolan ef al., 1993).

Insulin resistance and obesity have been induced by prolonged administration
of high doses of insulin to normal rats, which means that a high level of circulating
hormone may be the main cause of insulin resisiance in simple obesity or obesity
associated with NIDDM (Inoue and Bray, 1977, Cusin et al, 1990). In VMH
lesioned rats excess insulin secretion precedes the development of insulin resistance
(Jeanrenaud, 1985) indicating that insulin resistance does not cause hyperinsulinemia

in these animals.

1.4.2.3. Overactive entero-insular axis.
Another possible cause of hyperinsulinemia in fa/fa rats is an overactive entero-
insular axis (EIA). The EIA is a network of neural and endocrine communications

between the alimentary tract and pancreatic islets that promotes insulin secretion in
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response to feeding (Marks and Morgan, 1984; Bailey and Flatt, 1988). Glucose-
stimulated hyperinsulinemiz is apparent in 3 wk old fa/fa preobese rats (Chan et al.,
1985) wl ¢ch coincides with weaning and the onset of hyperphagia (Bray and York,
1979). A similar developmental phase is seen in the ob/ob mouse, in which the EIA
has been reported to contribute to its hyperinsulinemic state (Flatt et al., 1984; Bailey
and Flatt 1988). Oral nutrient ingestion, especially of carbohydrates, in ob/ob mice
and obese humans is reported to result in a greater insulin release (Flatt and Bailey,
1982; 1984; Hampton ef al., 1986) than does parenterally-administered glucose (Flatt
and Bailey, 1981) indicating that there might be factors other than hyperglycemia
stimulating insulin secretion by B-cells. Most of the peptide hormones of the EIA
such as neurotensin, gastrin, secretin, cholecystokinin, glucagon-like peptide and
gastric inhibitory polypeptide (GIP) are reported to be increased in the intestines and
plasma of ob/ob mice (Flatt ef al., 1984; Bailey and Flatt, 1986). These hormones
increase insulin secretion in the presence of physiological concentrations of glucose
in vitro (Bai‘ley and Flatt, 1988).

Intestinal levels of GIP in ob/ob mice are reported to be double that in lean
mice. During feeding the plasma levels may increase to more than 10 fold greater
than those of the lean animals (Flatt er al., 1983). Gastric inhibitory polypeptide
enhances insulin secretion when the glucose concentration is raised above basal in
lean mice, but ob/ob mice and fa/fa rats also respond to GIP at glucose
concentrations below basal levels (Chan ef al., 1984; Flatt et al., 1984). Chan et al.

(1985) reported that the perfused pancreas of fa/fa rats showed hyperresponsiveness
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to GIP (at low glucose concentrations) at 35 d but not earlier. This finding indicates
that fasting hyperinsulinemia observed in young adult fa/fa rats may be partly due to
increased response of the pancreas to GIP at low or normal glucose concentrations.
Gastric inhibitory polypeptide secretion per se is not altered (Chan et al., 1984) nor
are intestinal cell populations different between lean and fa/ta rats (Chan et al.,
1987).

Neuropeptide Y (NPY), peptide YY and pancreatic polypeptide (PP), are
other EIA neuropeptides or hormones. They have been reported to increase
gastrointestinal pressure and motility in rats (Wager-Page ef al., 1993). This could
modify the rate of nutrient absorption from the gut and result in hyperinsulinemia.
Neuropeptide Y mRNA is reportedly higher in paraventricular nucleus, arcuate
nucleus and other parts of the brain involved in the regulation of appetite, energy
balance and endocrine gland activity in fa/fa rats (Sanacora et al., 1990) and cp/cp
rats (Beck et al., 1992; Williams ef al., 1992). Beck and his colleagues (1992) were
able to produce an obese syndrome similar to that of fa/fa rats in Long Evans rats
by chronic, continuous intracerebroventricular infusion of NPY. The actions of NPY
seem to be central rather than peripheral in its contribution to development of
hyperinsulinemia and obesity in both the fa/fa rat and the cp/cp rat (Williams et al.,
1992), because NPY inhibits insulin secretion in both isolated islets and perfused
pancreas while it stimulates insulin secretion when centrally injected (Moltz and
McDonald, 1986; Dunbar et al., 1992).

Cholecystokinin (CCK) has both peripheral and central actions to cause satiety
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in animals. Obese Zucker fa/fa rats show a reduced response to CCK around 4-5 wk
iri that high exogenous CCK is required to suppress feeding in these rats (McLaughlin
and Baile, 1980). Further, the pancreatic exocrine secretory response to CCK
stimulation is reduced, an effect that is attributed to reduced receptor binding
capacity (McLaughlin et al., 1984; Praissman and Izzo, 1986). Cholecystokinin
binding is variable in different parts of the brain in both fa/fa rats and ob/ob mice.
Cholecystokinin binding is normal in the hypothalamus but increased in the cortex of
both animals. However CCK binding is also increased in the midbrain and
hippocampus of fa/fa rats (Hays et al., 1981; Finkelstein e al., 1984). Different
responses to CCK in fa/fa rats (reduced in peripheral tissues but increased in brain)
may contribute to hyperinsulinemia in these animals. Because CCK is also a potent
hypothalamo-pituitary-adrenal (HPA) axis stimulant (Kamilaris et al., 1992; Katsuura
et al., 1992) it may contribute to the maintenance of corticosteronemia in fa/fa rats
thus maintaining hyperinsulinemia and obesity in these animals (see below, section

1.4.2.4)

1.4.2.4. Abnormal regulation of the central and/or autonomic nervous system.
That hyperinsulinemia in Zucker fa/fa rats may be a result of defects in the
central nervous system was proposed because of some resemblance to VMH obesity
(Bray and York, 1979; Jeanrenaud, 1985). Both syndromes can occur with or without
hyperphagia (bray and York, 1979; Bray et al., 1989,. They depend on the presence

of glucocorticoids because adrenalectomy (ADX) prevents or reduces the symptoms
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of both VMH and fa/fa obese syndromes, and glucocorticoid replacement reverses
ADX effects (Bray and York , 1979; King et «l., 1983; King and Smith, 1985;
Castonguay ef al., 1986; Fletcher, 1986a; Fletcher and McKenzie, 1988). The central
nervous system (CNS) controls peripheral metabolic activities through the autonomic
nervous system (ANS) with the control centre located in the hypothalamus.
Adrenergic, noradrenergic and cholinergic neuropathways are present in different
hypothairmic areas which control both food intake and endocrine activity. The
actions of the parasympathetic and sympathetic nervous system depend on the type
of organ and receptors stimulated by the parasympathetic or sympathetic nervous
system neurotransmitters. In most cases the parasympathetic nervous system is
stimulatory while sympathetic nervous system actions are more variable. In the
endocrine pancreas the parasympathetic nervous system stimulates insulin release
when acetylcholine binds to muscarinic receptors on the B-cell membrane while the
sympathetic nervous system is inhibitory through a.adrenergic receptors and
stimulatory through B-adrenergic receptors (Efendic et al.,1991). In brown adiposc
tissue sympathetic nervous system increases metabolism when noradrenaline binds to
3,- adrenoceptors (lIlyés et al., 1991; Yoshida, 1991).

Injury to the VMH nuclei has been reported to increase parasympathetic
stimulation through the vagus nerve and reduce sympathetic activity in the periphery
(Jeanrenaud, 1985), and it is believed that this imbalance of ANS tonicity reaching
the periphery, including the endocrine pancreas, leads to development of

hyperinsulinemia and obesity in VMH lesioned rats and fa/fa rats. In fact truncal
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vagotomy abolishes hyperinsulinemia, reduces gastric acid secretion and ameliorates
the obese syndrome in VMH lesioned rats (Powley and Opsahl, 1974; Inoue and
Bray, 1977). The fa/fa rat obese syndrome was reduced but not abolished by bilateral
subdiaphragmatic vagotomy (Opsahl and Powley, 1974).

Increased activity of the parasympathetic nervous system has been
demonstratec in 5 d old preobese fa/fa pups. Atef er al. (1991) reported higher
acetylcholine stimulatory effects on glucose-induced insulin secretion in perfused
pancreas from preobese but not lean rats. Rohner-Jeanrenaud ef al. (1983) reported
higher insulin and glucagon secretion from 17 d old preobese pups in response to
arginine and glucose; the increased secretion was eliminated by pretreatment with
atropine.

Evidence of reduced sympathetic nervous system activity was first reported in
16 d and 17 d old fa/fa rats. These rats have reduced brown adipose tissue (BAT)
thermogenesis when exposed to col! temperature (Greco et al., 1987). This is
reflected by redeced binding of guanosine 5’-diphosphate to the mitochondrial
membranes (Bazin ef al., 1984) or diminished noradrenaline turnover in the BAT and
at sympathetic nerve endings (Levin ef al., 1981; Krief et al., 1989). These preobese
fa/fa rats also have lower recta! temperature compared to the lean littermates
(Godbole et al., 1978). Lower rectal temperature was later detected in 6 d and 7 d
old fa/fa rets (Schmidt ef al., 1984; Planche et al., 1983). Also, 2 d old preobese rats
have low oxygen consumption and diminished cold induced-thermogenesis (Moore

et al., 1985), while a diet-induced thermogenesis deficit develops later demonstrating
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that a defective sympathetic nervous system is among the earliest abnormalities to
develop in the Zucker fa/fa rat obese syndrome.

Altered BAT thermogenesis and other metabolic abnormalitics in obese
Zucker fa/fa rats are abolished or reduced by surgical or chemical ADX, and
glucocorticoid replacement reverses ADX effects (Bray and York, 1979; Marchington
et al., 1983; Castonguay et al., 1986; Fletcher, 1986b; Fletcher and McKenzie, 1988;
Bray et al., 1989; Holt and York, 1989). Also injection of CRF into the cerebral
ventricles reduces food intake, weight gain and plasma insulin levels, and increases
energy expenditure and BAT thermogenesis in fa/fa rats (Arase et al., 1988; Arase
et al., 1989a; Holt and York, 1989; Rohner-Jeanrenaud et al., 1989; Glowa et al.,
1992). Intravenous (IV) injection of CRF in human obese and non-obese subjects
has been showr to increase energy expenditure and plasma noradrenaline (Chong ef
al., 1992). In fa/fa rats, low doses (500 pmol) of IV CRF reduced insulin secretion
and blood glucose in response to oral food intake but not in response to IV glucose
administration (Rohner-Jeanrenaud and Jeanreraud, 1992).

Young adult obese Zucker fa/ta rats have an overactive HPA axis with a
defective negative feedback (Guillaume-Gentil er al., 1990). The HPA axis is
composed of the hypothalamus which forms the neuroendocrine part of CNS, the
pituitary gland and the adrenal glands. Hypothalamic neurons contain cells which
synthesize and secrete CRF. Corticotrophin releasing factor stimulates the synthesis
and secrstion of adrenocorticotropic hormone (ACTH) by the pituitary which

stimulates the synthesis and release of glucocorticoids from the zona fasciculata of the
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adrenal cortex. Hypothalamo-pituitary-adrenal axis activity is controlled by diurnal
rhythm, stress, pain and emotions and plasma glucose levels. High plasma
glucocorticoid levels exert a negative feedback on both ACTH and CRF secretion
while low levels will lead to positive feedback (Wilson and Foster, 1985).

In the rat the main glucocorticoid is corticosterone. Corticosterone plasma
levels in fa/fa rats have been reported to be either normal (Yukimura et al., 1978;
Gibson et al., 1981) or increased (Fletcher et al., 1986; Guillaume-Gentil ef al., 1990),
while adrenocorticotrophic hormone plasma levels are normal or reduced (Yukimura
et al., 1978). Cunningham and his colleagues (1986) observed an increased rate of
corticosterot e turnover and the presence of morning bypercorticosteronuria in fa/fa
rats. Because corticosterone is transported in circulation bound to corticosteroid
binding protein (CBP) and albumin, the ratio between the bound and free
corticosterone may be important. However, Shargill and his colleagues (1987) found
that both free and bound hormone concentrations in 4 and 10 wk old fa/fa rats are
not different from those of lean rats, and this means that glucocorticoid availability
is similar in both phenotypes. Evidence of an overactive HPA axis is more
pronounced when fa/fa rats are subjected to stressful situations such as cold exposure
or immobilization (Guillaume-Gentil et al., 1990).

Glucocorticoid actions are mediated through cystolic receptors present in
target iissues. Liver glucocorticoid receptor numbers and binding capacity are not
different between fa/fa rats and lean rats (Shargill et al., 1987; Langley and York,

1992). However, in the hippocampus and hypothalamus, both receptor number and




glucocorticoid binding to both type I and type Il receptors are increased in ta/fa rats
compared to lean littermates. After ADX, type Il glucocorticoid receptor numbers
in lean rats showed an initial rapid rise followed by a steady rise which stabilized
within 1-2 wk. In fa/fa rats, however, only the initial rise was reported, suggesting the
presence of a defect in corticosterone binding activity in the brain tissues (Langley
and York, 1990b; 1992). The obesity-inducing actions of glucocorticoids are thought
to be mediated through inappropriate inhibition of hypothalamic CRF. This
conclusion is based on findings that either (1) intracerebral infusion of CRF in intact
fa/fa and VMH lesioned rats or (2) administration of the glucocorticoid receptor
antagonist RU846 results in weight loss, reduced food intake, reduced insulin
secretion and fat deposition, and increased sympathetic activity in the BAT thus
increasing energy expenditure through thermogenesis (Arase er al., 1989a; 1989b;
Holt and York, 1989; Langley and York, 1990a). Adrenalectomy results in an
increase of CRF activity in the hypothalamic area, which then acts on distal sites in
the food intake regulation process and/or sympathetic nervous system to modulate
energy balance in the animals (Bray et al., 1989).

The mechanisms by which corticosterone might directly cause excess insulin
secretion in fa/fa rats are pot clear since the synthetic glucocorticoid dexamethasone
directly decreases insulin secretion in vifro but enhances insulin secretion in vivo
(Ludvik et al., 1993). Philippe et al. (1992) showed that dexamethasone :ncreased
proinsulin mRNA both in vivo and in vitro only when the pancreatic islets were intact.

When islet cells were separated, dexamethasone decreased insulin mMRNA in the cells.
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The observed inhibitory effects of dexamethasone on insulin secretion and insulin
mRNA expression in vitro are reported to be due to a lack of intracellular cAMP in
the isolated cells since addition of a cAMP analogue eliminated the inhibitory effect
of glucocorticoids (Philippe ef al., 1992). Isolated islets of fa/fa rats have decreased
sensitivity to chronic dexamethasone exposure (Chan and Lejeune, 1992) which may
contribute to hyperinsulinemia in these rats.

Glucocorticoids enhance hepatic glucose production via gluconeogenesis and
this glucose could produce a constant B-cell stimulation in vivo thereby increasing
insulin secretion. Zucker fa/fa rats show reduced insulin clearance by the liver and
hepatic glucose production in these rats is not suppressed by insulin (Jeanrenaud,
1985). Glucose regulates the synthesis and activity of glucokinase in the pancreatic
tissues in vitro (Liang et al., 1991; Fernandez-Mejia and Davidson, 1992) and in vivo
(Koranyi et al., 1992). Increased plasma glucose as a result of increased hepatic
production may increase glucokinase activity in the B-cells and thus contribute

indirectly to increased insulin secretion.

1.4.2.5. Primary pancreatic islet lesions.

Although many factors can increase insulin secretion in the normal B-cells,
the increased response to the stimulant may be to due the presence of a defect within
the B-cells. This defect or defects may involve the synthesis, storage or release
mechanisms of insulin. Pancreatic islets of fa/fa rats are larger than those of the lean

rats, a defect observed as early as 7 d (Chan et al., 1985); however increased size
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alone does not account for persistent hyperinsulinemia in these rats. Observation
that islet size and numbers are increased in all other animals and human beings at
the onset of obesity, but that the B-cells of these obese species then progressively lose
their insulin secretory capacity means that there must be a protective mechanism in
the fa/fa rat B-cells allowing them to maintain high insulin secretion throughout their
life span (Fiirnsinn et al., 1991).

Heterogeneity in the B-cell population has also been postulated as a cause of
increased islet B-cell activity in obese (Shino et al., 1973) and pregnant rats (Aerts
and Van Assche, 1975), animals treated with cortisone (Bencosme and Martinez-
Palormo, 1968) and animals with growth hormone-producing tumours (Bencosme et
al., 1971; Pipeleers, 1992). In these different situations, animals have an increased
number of pale-over-dark mature granulated B-cells and B-cells with pale granules
are observed to respond to basal or low glucose levels.

In ob/ob mice pancreatic islet defects in the function of potassium and
calcium channels (Rosario et al., 1985; Fournier et al., 1990) and abnormal regulation
of cAMP in the B-cell (Black er al., 1988) have been reported to contribute to
hyperinsulinemia. However, similar cation channel defects or abnormal cAMP
regulation have not been found in islets from fa/fa rats (Chan and MacPhail, personal
communication; Cawthorn and Chan , 1991). Islets from fa/fa rats were found to lack
a glucose threshold in response to GIP hormone (Chan et al., 1984) and this glucose
threshold was lost at the time of onset of fasting hyperinsulinemia (Chan et al., 1985).

Cawthorn and Chan (1991) observed that catecholamine inhibitory actions on
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B-cells were nosmal, but that adrenaline inhibitory actions on glucose induced insulin
release in {he presence of pertussis toxin, (which acts by permanently inactivating
inhibitory G, protein), were less pronounced in fa/fa than in lean rats. It was
speculated that loss of this catecholamine inhibitory action through the pertussis
toxin-independent pathway could contribute to the development of hyperinsulinemia
in these rats. Catecholamine inhibitory actions in the B-cells are mediated
predominantly through the a,-adrenergic receptors (Rorsman et al., 1991). The
function of a,- adrenoreceptor has been reported to be altered in fa/fa rats. In
studies by Chan and MacPhail (1992) insulin secretion and cAMP production were
inhibited by clonidine, an a,-adrenoceptor agonist, in islets from both lean and fa/fa
rats but this inhibition was antagonized by prazosin, an a,-adrenoceptor antagonist
only in islets from fa/fa rats (Chan and MacPhail, 1992). In this respect the a,
adrenoceptor on the fa/fa islets resembled an prazosin-sensitive a, receptor subtype
designated a,, that has been described in both the gastrointestinal tract and kidneys
(Docherty, 1989). Changes in adrenoceptor expression on the pancreatic islet B-cells
in fa/fa rats could lead to hyperinsulinemia by changing responsiveness to adrenaline
action in these cells.

Glucose metabolism by the B-cell results in insulin secretion. Any defect in
this process could result in changes in B-cell secretory activity. Glucose enters tae
B-cell by facilitative diffusion via the low affinity glucose transporter GLUT,. These
transporters have been reported to be reduced in male diabetic Zucker fatty fa/fa rats

(Johnson et al., 1990; Orci et al., 1990), non-obese NIDDM Goto-Kakizaki rats (GK)
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(Ohneda et al., 1993) and in some diabetic humans (Unger, 1991). In all the animal
models and human patients studied so far GLUT, reduction occurs when
hyperglycaemia begins. This protein is reported to be normally expressed in non-
diabetic fa/fa rats (Johnson e al., 1990). Glucose is metabolized through the
glycolytic pathway and Kreb’s cycle before inducing insulin secretion. Glucokinase
catalyses the first reaction of glycolysis. Blockade of this enzyme’s activity in vitro by
mannoheptulose inhibits glucose induced insulin secretion in islets from normal
animals (Zawalich, 1979) but not in obese fa/fa rats (Chan ef al., 1993) or cp/cp
corpulent rats (Timmers ef al., 1992). Glucokinase has been referred to as the B-cell
glucose sensor (Matschinsky, 1990), thus any changes in its activity could result in a
shift of B-cell metabolism and insulin secreting capacity (Meglasson and Matschinsky,
1984).

Defective glucokinase genes have been identified in subjects with NIDDM
and maturity-onset diabetes of the young (MODY) (Hattersley et al., 1992). In black
Americans with NIDDM, a 3’ Z+4 allele is commonly found while in Mauritian
Creoles a 3’ Z+2 allele is more common (Chiu ef al., 1992a; 1992b). Both Z+4 and
Z+2 alleles are more common in Japanese NIDDM subjects (Noda et al., 1993)
compared to the non-diabetic subjects. In one family with MODY, substitution of a
single base (from GAG to TAG) resulted in transcription of a truncated glucokinase
mRNA, and therefore translation of a non-functional enzyme (Vionnet et al., 1992).
Glucokinase gene linkage to NIDDM has been identified in two separate families in

England (Hattersley et al., 1992) and in French families (Froguel et al., 1992).
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Glucokinase defects which result in a reduction in enzyme activity have been
identified in mild early-onset NIDDM (onset in the third decade) characterized by
reduced B-cell function (Permutt et al., 1992). Expression of a defective glucokinase
gene in E. coli resulted in synthesis of an enzyme with reduced catalytic activities as
observed in NIDDM patients (Gidh-Jain et al., 1993).

However, the situation is different in fa/fa rats since B-cells maintain their
activity in old age and these animals generally do not become diabetic (Fiirnsinn et
al., 1991). Chan (1993) reported that glucokinase affinity for glucose in pancreatic
islets from the fa/fa rats was increased, thus allowing the islets to secrete insulin at
lower glucose concentrations. This could contribute to the presence of fasting
hyperinsulinemia in these rats. Pancreatic glucokinase activity is regulated by glucose
(lynedjian et al., 1989b; Liang et al., 1990), in that high glucose concentrations
increase glucokinase activity and low glucose levels result in reduced enzyme activity
(Liang et al., 1992). Starvation of adult fa/fa rats however has been shown not to
reduce insulin secretion to the same extent as in lean controls, suggesting a loss of
glucose regulation of glucokinase activity in these animals (Chan et al., 1993). It
secems likely that defective B-cell glucose sensing, the presence of other pancreatic
islet biochemical lesions, and genetic background predispose the fa/fa rat to develop

and maintain a hyperinsulinemic state.
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1.5. Objectives of the study.

The pancreatic islet lesions in a,-adrenoceptor and glucokinase function
described above have been observed in isolated islets from young adult fa/fa rats
when obesity and the hyperinsulinemia are already established. It is possible,
however, that the lesions may be present at a younger age and contribute to the
development of obesity. Many metabolic abnormalities have been reporied to be
suppressed by the high fat diet (dam’s milk) during the suckling stage (Turkenkopf
et al., 1982). The reduced sympathetic and increased parasympathetic activity
observed in fa/fa rats favours high encrgy efticiency, fat deposition and
hyperinsulinemia and is shown to be dependent on the presence of glucocorticoids
(Bray and York, 1979; Bray et al., 1989). These findings led to the hypothesis that
the development of the pancreatic B-cell lesions is secondary to altered HPA axis
function and that an intact HPA axis is crucial to the development and persistence
of these lesions in Zucker fa/fa rats.

The objectives of the current research were:

1. To determine the time of onset of lesions in glucokinase activity and a, -
adrenoceptor function in fa/fa rats by conducting a developmental study using 3
(suckling), 5 (weanling) and 8-12 (young adult) wk old rats.

2. To determine the dependence of pancreatic islet lesions on the presence of
an intact HPA axis by adrenalectomizing the rats in the age group where the lesion(s)
was first detected and then testing for the presence or absence of the lesion(s) 2 wk

post surgery.
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2. GENERAL METHODS AND MATERIALS.
2.1. Experimental animals.

In all experiments lean (Fa/?) and obese (fa/fa) female rats were used. The
arimals were divided into different age groups: the adult lean and obese (8-12 wk),
the weanling group (5 wk), and the suckling group (3 wk). The 5 wk old and adult
rats were obtained from Charles River Laboratories, Canada. Breeding pairs were
obtained from the same source and bred to obtain the animals in the suckling group.

Animals were housed in an artificially lit room with a 12 h light/dark cycle and a
temperature of 22° C. They were fed commercial rodent laboratory chow 5001 (with
composition of 23.4% crude protein, 4.5% crude fat, 5.8% crude fibre, 7.3% ash, 49%
carbohydrate and 10% water) (Purina) and tap water ad libitum. Adrenalectomized
and sham-operated rats were given saline/sugar (0.9% sodium chlcride and 40 g/l
glucose) ad libitum, in addition to the regular diet. The breeding rats were similarly

housed and the pups were weaned and sexed at 21 d.

2.2. Pancreatic islet preparation.
2.2.1. Isolation and culture of pancreatic islets.

Isolated islets were prepared by a modification of the method of Van Der
Vliet et al (1988) as described by Cawthorn and Chan (1991). Siliconized glassware
was used in all steps to prevent sticking of islets to the glassware and all other
instruments were sterilised to maintain aseptic conditions.

Rats were fasted overnight and anaesthetized with scdium pentobarbital (65
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mg/kg body weight LP.). All procedures in islet isolation were performed in a
laminar flow hood (Purifier Clean Bench, Labconco Corporation, Kansas). The
abdomen was disinfected with 70% ethanol and the abdominal cavity was opened
through a ventral midline incision. After identification of the pancreas and the bile
duct, both the distal (at the pyloric stomach) and proximal ends (at the hilus of the
liver) of the bile duct were ligated. Cardio-respiratory arrest was induced by opening
the diaphragm. A polyethylene catheter (PE 56 for adult rats and PE 10 for young
rats) was used to cannulate the bile duct distal to the ligature at the hilus of the liver.
Five to 10 ml of ice-cold collagenase type XI (0.32 mg/ml) dissolved in Hanks’s
Balanced Salt solution (HBSS) (supplemented with 10 mM of N-{2-Hydroxyethyl}
piperazine-N’-{2-ethanesulfonic acid} (HEPES), 0.2% bovine serum albumin (BSA)
and 2 mM glutamate) was injected into the pancreas (Van der Vliet et al., 1988).
The pancreas was carefully dissected out of the animal, put into a petri dish, and
chopped in small pieces using scissors. An extra 15-20 ml of collagenase sofution was
added before incubation in an orbital 37°C water bath (150 rpm). Due to age and
phenotype differences in sensitivity to collagenase action, the incubation times were
adjusted to obtain maximal islet yield. Preliminary trials with different age or
treatment groups showed that the times shown (Table 1) gave the best islet yield.
Collagenase digestion was stopped by adding 35-40 ml of cold HBSS and the digest
was centrifuged (Beckman J-6M/E centrifuge, TY JS 4.2 rotor at speed of 463 g for
5 min at 22’ C). The same rotor (TY JS 4.2) was used in all centrifugation

procedures. After centrifugation the supernatant was discarded by decanting and the
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pellet was resuspended in 25 ml of fresh collagenase and incubated a second time
(Table 1). The pancreatic digest was centrifuged as before and washed with HBSS
as uescribed above and then filtered through 800 um Nitex screen 'o v« racve any
undigested tissues. The filtered tissue was centrifuged (463 g for 5 min at 22° C), the
supernatant was discarded by decanting and the pancreatic tissue was then separated
using a dextran step-density gradient (industrial grade MW 70,000). To prepare the
gradient, the pellet was suspended in 10 ml of 27% dextran with 6 ml of the 27%
dextran gently layered below. Two layers, 10 ml of 23% dextran and 10 ml of 14%
dextran were added on top. Centrifugotion (463 g, 15 min at 22° C) resulted in
enrichment of islets in the interface between 23% and 14% dextran. This layer was
collected by aspiration, washed with HBSS, and centrifuged for 5 min at a speed of
463 g at 20° C. The pancreatic tissue pellet was resuspended in HBSS with 0.2%
BSA and transferred to a petri dish. Pancreatic islets were hand picked under a
dissecting microscope, 5 islets/well for all lean groups and 3 wk old rats and 3
islets/well for 5 - 12 wk old obese rats, respectively, in order to normalize insulin
content per well. They were picked into sterile culture wells containing 1 ml of
Dulbecco’s Modified Bagle’s medium (DME) supplemented with 12.5 mM glucose,
10 mM HEPES, 1% antibiotic-antimycotic solution (10,000 units/ml penicillin, 10
mg/mi streptomycin and 25 pg/ml amphotericin) and 10% calf serum. Islets were

cultured overnight in a humidified incubator at 37°C in 5% CO,.
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Table 1. Collagenase exposure times (min) of pancreatic tissues from lean and fa/fa

rats.

Age and treatment Phenotype 1% incubation 2" incubation
Adult intact/sham lean 20 10

ADX lean 18 10

Adult intact/sham fa/fa 10 7

ADX fa/fa 12 7

5 week lean 12 6

5 week fa/ta 7 4

3 week lean 8 -

3 week preobese 8 -

ADX = adrenalectomized rats

Sham

i

sham operated rats

38




2.2.2. Insulin release.

To measure insulin release the culture medium was replaced with 1.0 ml of
fresh DME containing 15 mM glucose and 0.1% gelatin. Guanabenz (an a,
adrenoceptor agonist), idazoxan (an a,-adrenoceptor antagonist), phenylephrine (an
a,-adrenoceptor agonist) and mannoheptulose (glucokinase inhibitor) were all
dissolved in DME medium so islets incubated with 15 mM gluc »e alone were used
as controls. Prazosin (an a-adrenoceptor antagonist) was dissolved in dimethyl
sulfoxide (DMSO), effect of DMSO on insulin release was also investigated. The
samples were centrifuged (824 g for 5 min at 20° C) and the supernatant was
discarded by aspiration and replaced with one millilitre of fresh DME medium
containing 15 mM glucose and 0.1% gelatin. Twenty-five ul of guanabenz (10°-10*
M), idazoxan (10° M), phenylephrine (107 -10° M) and mannoheptulose (10" M -
3x10* M) or 2.5 ul of prazosin (107 M - 10° M) or DMSO were added to duplicate
islet samples, The samples were statically incubated for 90 min after which the
supernatany was collected by aspiration (referred to as " releases” in RIA assay) after
centrifugation (824 g for 5 min at 20° C) and reserved. The pancreatic islet pellet
was boiled for 5 min in 3% acetic acid (referred to as " totals" in RIA assays) and

then stored at - 20°C until assayed for insulin.

2.3. Insulin radioimmunoassay.
Insulin was measured using an RIA employing iodinated (I'®) porcine insulin

as the tracer, which was diluted to give approximately 10,000 cpm per 100 ul, and rat
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insulin as the standard with sensitivity ranging from 37.5 to 1200 p mol. The insulin
antiserum (Gp 01, raised in guinea pigs in 1978) was a gift from Dr R. A. Pederson
(University of British Columbia, Vancouver, BC, Canada). It was reconstituted from
lyophilized form using 0.04 M phosphate butfer pH 7.5 (containing 5% charcoal
extracted equine plasma) to obtain a final dilution of 1:1,000,000. Samples, along
with the standard curve, were diluted using 0.04 M phosphate buffer pH 7.5, (dilution
factors were 1: 100 or 1:200 for most lean rat and obese rat totals respectively while
1:10 for most of adult and 5 wk old releases and releases for the 3 wk old rat islets
were done in undiluted and 100 ul of reconstituted antiserum was added to all the
tubes except the total counts tubes and the non specific binding tubes of the standard
curve. After incubation at 4° C overnight, 100 ul of "I-labelled porcine insulin was
added followed by an additional 24 h incubation at 4°C. 250 ul of activated dextran-
coated charcoal was added to all tubes except the total counts. After centrifugation
(1854 g for 15 min at 4° C) the supernatant was discarded by decanting and the
pellet, which contained the free ™ I-insulin, was counted using a Packard Riastar
gamma counter (with an efficiency of 69%-73% for '“I) after draining for 20 -25 min.
Samples were measured in duplicate while the standard curve were measured in
triplicate. Raw data (cpm) were converted to pmol/L by standard software Riastar
(Packard, details and equations are reported in Appendix 1). In order to calculate
the insulin in either the release or total portions, the number read off the computer
was multiplied by the dilution factor. Due to variability in pancreatic islet size, mostly

those from obese rats, insulin release was expressed as a percent of total islet insulin
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content.
Total insulin content =

Insulin present in the release + insulin in the totals in a single sample.

Insulin release = Insulin in the supernatant
x 100
Total islet insulin content

2.4 Statistical analysis.

In the results (n) refers to the number of animals from which islets were isolated and
each data point is an average of duplicate samples from one animal. Data are given
as means + SEM for the number of animals indicated. The data were analyzed using
two way analysis of variance (general linear model) after arcsine transformation (Zar,
1974) of the actual percent data shown in the figures when testing for interactions
between test drugs (referred to as treatments in the results), or experimental
variables such as age, phenotype, adrenalectomy or sham-operated. Insulin release
was measured in response to different doses of the same drug tested; thus from one
rat donor several data points were obtained and when analyzing data using two way
analysis of variance (general linear inodel because the data sets were not equal), the
data points are taken as different animals, thus the large degrees of freedom
indicated in the results. One way analysis of variance was when comparing effects of
different doses of test drugs within phenotypes using Minitab version 7.1 (Ryan,

Joiner and Ryan, 1985), which was followed by Student-Newman-Keuls test (SNK).




Unpaired t-test was used when comparing response produced by the same treatment
between phenotypes. All results were considered significant at p< 0.05 (Glantz,

1987).

2.5. Materials and sources.

Sources of individual materials are listed in Appendix 2.
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3. IDENTIFICATICN OF PANCREATIC ISLET DEFECTS IN fa/fa RATS: A
DEVELOPMENTAL STUDY.
3.1. Introduction.

The obese syndrome and hyperinsulinemia of fa/fa rats becomes evident after
weaning (Bray and York, 1971; Chan et al., 1985). However, many abnormalities
including altered fat metabolism (Bell and Stern, 1977; York ef al., 1981; Turkenkopf
et al., 1982; Lavau ef al., 1985), abnormal body temperature regulation (Godbole et
al., 1978; Planche et al., 1983; Schmidt et al., 1984), and parasympathetic nervous
system activity in the pancreas (Rohner-Jeanrenaud et al., 1983; Atef et al., 1991)
have been observed in the first or second week of life in pre-obese animals. Some
pancreatic islet lesions have been identified in weanling and adult fa/fa rats. These
include loss of a glucose threshold for GIP hormone stimulatory actions (Chan et al.,
1984; 1985), lack of a pertussis toxin-independent pathway of catecholamine
inhibition action (Cawthorn and Chan, 1991), abnormal a,-adrenoceptor function
(Chan and MacPhail, 1992) and abnormal glycolysis regulation (Chan, 1993; Chan et
al., 1993). In this study the time of onset of abnormal a,- adrenoceptor function and
abnormal glycolysis regulation in fa/fa rat islets was investigated using isolated islets

from adult (8-12 wk), weanling (5 wk) and suckling (3 wk) rats.
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3.2 Methods.
3.2.1. Identification of obese fa/fa pups.
3.2.1.1. Colonic temperature measurement.

Zucker fa/fa rats have decreased thermogenesis which is evident by the second
wk of their lives. This defect has been used to identify phenotypes (Godbole ef al,
1978; Chan et al., 1985). Colonic temperature was measured using a microprocessor-
based (microcomputer) thermometer (Cole-Parmer, Labcor Inc. Quebec) between
11.00 a.m and 1.00 p.m on three consecutive days following weaning (d 21). Pups
with temperature 1°C lower than the litter average temperature were considered
preobese (normal rat temperature ranges from 35°C to 38° C). However, since the
temperature differences were small, predictions were then confirmed by measuring

the islet size (Chan et al., 1985).

3.2.1.2. Islet diameter measurement.

Adult Zucker obese rats have enlarged pancreatic islets and enlargement has
been observed in preobese pups as early as 7 d (Chan et al., 1985). The pancreas
removal was carried out as described in the general methods section 2.2.1. In order
to measure the pancreatic islets, a small piece of the pancreas was fixed in Bouin’s
solution (75 ml picric acid, 25 ml formalin and 5 ml glacial acetic acid) for 2 h, then
washed two times in 70% ethanol. The samples were then sent to the Histopathology
Laboratory of the AVC where they were processed, embedded in paraffin wax and

cut into 4 um sections; 5 slides were made for each pancreatic tissue. The slides
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were then stained with haematoxylin and eosin according to standard procedures
(Chan, 1985, PhD thesis). Islets were measured using a commercial image analysis
hard ware and software (Bioquant IV., R&M, Biometric Inc Nashville, TN). Because
not all islets were spherical, the average diameter of the islet was used. The longest
and the shortest distances were measured and then averaged for every islet. Then
the average diameters of all the islets from the same rat were again added together
to obtain the final average diameter of islet of that rat. The average of the diameters
was used to separate the lean from the preobese rats. In these studies a 150 pm islet
diameter, which is more conservative than the 100 pm diameter previously used
(Chan et al., 1985), was choosen as the cut off point. Animals with any islets with a
diameter greater than 150 pm were considered preobese and those with all islets

equal to or less than 150 pm were considered lean (see Appendix 4).

3.2.1.3. Islet isolation and insulin release.

Zucker female lean and obese rats were divided into 3 groups; adult (13 lean
and 18 fa/fa), weanling (10 lean and 14 fa/fa) and suckling (15 lean and 7 preobese)
rats. All animals were used to measure pancreatic islet insulin content but not all
were used to assess responses to test drugs. Pancreatic islet preparation, insulin
release experiments and statistical analyses were carried out as described in Chapter

2 (general methods, sections 2.2, 2.3 and 2.4).
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3.3. Results.
3.3.1. Phenotype identification.
3.3.1.1. Colonic temperature.

Average colonic temperature from 21-23 d of age was calculated for 27 female
pups. There was no temperature difference between the pups (36.7°C = 0.2, n = 7
and 36.7°C + (.1, n = 15) in the preobese and lean temale pups respectively atter

using the islet diameter to sort the rats by phenotype (Table 2).

3.3.1.2. Islet diameter measurement.

Animals with one or more islets with a diameter greater than 150 pm werc
considered as preobese. Using this cut off 9 rat pups were identified as preobese and
15 pups as lean. Three pups could not be placed in any category. These three pups
and two preobese pups (due to lost insulin release data) were not included in any
further experiments. The average islet diameter was significantly higher in the
preobese than in the lean pups (83.4 = 2.2 compared to 53.3 + 3.1 um respectively).
The average weight and colonic temperature of 3 wk old lean and preobese pups

were not significantly different (Table 2).

3.3.. Insulin release from isolated islets.
3.3.2.1. Total islet insulin content.
Glucose (15 mM) induced insulin release data analysis were carried out as

outlined in the methods (Section 2.2, 2.3 and 2.4). Total islet insulin content was
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more than 2 fold greater in the fa/fa rats (p< 0.05) compared to lean rats in the
weanling and the adult groups (Table 3). There was no significant difference in total
islet insulin content of the 3 wk old preobese and lean pups. The total islet insulin
content showed a greater increase from 3 wk to 5 wk in the fa/fa rats than in the lean
rats (176% compared to 33.7%) which was statistically significant only in fa/fa rats (p
< 0.05). There was a statistically significant increase in total islet insulin content in
lean rats (p < 0.05) but not fa/fa rats from 5 wk to adult stage (63.8% compared to
32.8%). Pancreatic islet insulin content increased 2.13 and 3.36 fold from 3 wk to
adult stage in lean and fa/fa rats, respectively. The greater increase in pancreatic
islet insulin content in fa/fa rats may be due to both increased islet size and numbers
that occurs in these rats (Bray and York, 1971; Chan et al., 1985). Age (F (2,71) =
26.97; p < 0.0001) and phenotype (F(1, 71) = 33.83; p < 0.0001) had a statistically
significant effect on the pancreatic islet insulin content of the rats. Also, the age and

phenotype interaction was statistically significant (p = 0.010).

47




Table 2. Colonic temperature (°C), weight (g) and islet diameter (um) of 3 wk old

pups.

Lean Preobese
Colonic temperature (°C) 36.7 = 0.13 36.7 = 0.2
Weight (g) 424 + 0.93 39.4 = 0.1
Islet diameter (um) 533 + 3.18 3.4 + 22
Number of pups 15 7

Data are expressed as means *+ SEM

" p< 0.05 compared to lean pups (unpaired t-test)
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Table 3. Islet insulin content (mean * SEM) in pmol/islet in lean (Fa/?) and fa/fa

rats.
Age of the rats Lean Obese
Adult (8-12 wk) 6.6 + 0.7 (13) 13.1 + 1.2 (18)°
Weanling (5 wk) 4.0 + 0.4 (10)° 10.2 = 1.0 (14)°
Suckling (3 wk) 3.14 + 0.4 (15)° 3.9 +09(7)%

Data are expressed as means = SEM, (n) = number of animals used
" p < 0.05, comparison between phenotypes of the same age group (unpaired t-test)
% p < 0.05 compared to the next older age group within the same phenotype.

* p < 0.001 compared to adult of the same phenotype.
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3.3.3. Development of a,-adrenoceptor function changes in isolated islets of fa/fa

rats.

It was previously shown that islets from adult fa/ta rats exhibited a change in
a,- adrenoceptor sensitivity to the a,- adrenoceptor antagonist prazosin (Chan and
MacPhail, 1992), so the purpose of these experiments was to see if this change in
sensitivity occurs in fa/fa islets before the animals weie mature and their obese
syndrome is fully developed. The effect of @, and ai-adrenoceptor agonists and
antagonists on 15 mM glucose-induced insulin release from isolated islets of weanling
(5 wk) and adult (8-12 wk) lean and fa/fa rats was determined as described above

(Section 2.2.2).

3.3.3.1. Effects of a-adrenergic agonists.

Glucose (15 mM) induced insulin secretion was measured in the absence or
presence of four graded doses of guanabenz (a,- adrenergic agonist; 10° -10° M) and
three graded doses of phenylephrine (a- adrenergic agonist; 107-10° M). Analysis
of the data for interactions showed that guanabenz significantly inhibited 15 mM
glucose-induced insulin release (F(4,160) = 20.04; p < 0.0001) while phenylephrine
at all concentrations used did not have any significant effect on glucose-induced
insulin secretion (F(3,130) = 2.53; p = 0.06) from isolated islets of adult and 5 wk
old lean and fa/fa rats (Figures 1- 4). There was no significant interaction among the
animal groups. Analysis of data within phenotypes showed all concentrations of

guanabenz (10° to 10° M) used produced a significant reduction in 15 mM glucose-
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induccd insulin release (p< 0.05). There was no significant difference in the
inhibitory action of the four different concentrations of guanabenz (10° M to 10° M)
in 15 mM glucose-induced insulin release. Phenylephrine did not have a significant
effect on insulin release from any group of rats (p > 0.1). These data indicate that
a, but not a,- adrenoceptors are involved in regulation of insulin release in isolated
B-cells and that catecholamine inhibiting activity in B-cells of both lean and fa/fa rats

is similar.
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Figure 1. The effect of a-adrenergic agonits on 15 mM glucose-induced insulin
secretion in isclated islets from adult lean rats. Glucose induced insulin secretion was
measured in the absence (0) or presence of different doses of the a,-adrenoceptor
agonist guanabenz (g, n = 8 rats for 15 mM glucose and guanabenz 10° M, 7 rats for
both 10" M and 10° M and 6 rats for 10° M) and the ai-adrenoceptor agonist
phenylephrine (a4, n = 8) as described in Section 2.2.2. Data are expressed as the

Mean + SEM. ®p < 0.05 compared to the control (0) using SNK.
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Figure 2. The effect of a-adrenergic agonists on 15 mM glucose-induced insulin
secretion in isolated islets from adult fa/fa rats. Glucose-induced insulin secretion was
measured in the presence of different doses of the a,-adrenoceptor agonist guanabenz
(m M = 9 except for guanabenz 10° M where n = 8) and the a-adrenoceptor agonist
phenylephrine (a, n = 10) as described in sectin: 2.2.2 Insulin release is expressed
as a percentage of the islet insulin content. Data are expressed as the Mean = SEM.

* p< 6.05 from the control (0)
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Figure 3. The effect of a-adrenergic agonists on 15 mM glucose-induced insulin
secretion in isolated islets from 5 wk old lean rats. Glucose-induced insulin secretion
was measured in the presence of different doses of the a,-adrenoceptor agonist
guanabenz (g n = 9, except response to 10° M where n = 7) and the af
adrenoceptor agonist phenylephrine (a, n = 8 for both 10° M and 10° M but n= 9
for 107 M) as described in section 2.2.2. Data are expressed as the Mean £ SEM.

“ p < 0.05 compared to the control (0)
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Figure 4. Effect of a-adrenergic agonists on 15 mM glucose-induced insulin secretion
in isolated islets from 5 wk old fa/fa rats. Glucose-induced insulin secretion was
measured in the presence of difterent doses of the a,-adrenoceptor agonist guanabenz
(m 1 = 12 for 15 mM glucose, guanabenz 10* M and 10° M,n = 11 for 10° M and
10 for 10° M) and the a,-adrenoceptor agonist phenylephrine (a, n = 11, except for
10° M where n = 10) as described in section 2.2.2. Data are expressed as the Mean

+ SEM. ®p < 0.05 compared to the control (0)

55




3.3.3.2. Actions of a-adrenergic antagonists.

Glucose (15 mM) induced insulin release was measured in the presence of 10°
M guanabenz plus 10° M idazoxan, un a,-adrenoceptor antagonist, or graded doses
(107 -10° M) of prazosin, an - adrenergic antagonist. ldazoxan blocked the
inhibitory actions of guanabenz in isolated islets of adult lean and fa/fa rats and 5 wk
old rats (Figures 5 and 6). Analysis of the data showed that idazoxan had a
statistically significant antagonistic effect on guanabenz inhibited release in both
phenotypes regardless of the age (F(2,96) = 30.79; p < 0.0001). Individual group
data analysis confirmed the significant effect of idazoxan on guanabenz inhibited
glucose induced insulin release (p < 0.05). There was no significant difference in the
percent insulin release from pancreatic islets incubated with 15 mM glucose alone or
that with glucose plus guanabenz and idazoxan in 2ll four groups of rats (glucose
alone (7.26 = 0.78 (n = 8), 8.69 = 1.05 (n = 9), 8.95 = 0.94 (n = 9), 8.39 + 0.72 (n
=12), glucose, guanabenz, idazoxan (6.04 = 0.65 ( n= 7), 7.39 = 0.77 (n = §), 7.48
#+ 1.34 (n = 9) and 8.41 + 0.87 (n = 12) in adult lean, adult fa/fa, 5 wk old lean and
5 wk old fa/fa rats, respectively). This indicated that idazoxan completely antagonized
the guanabenz inhibition.

Since prazosin was dissolved in DMSO, 15 mM glucose-induced insulin release
was measured in the presence of DMSO alone and it was found that DMSO did not
have a significant effect on the percentage of glucose-induced insulin release in the
isolated islets in any groups. (% insulin release in presence of 75 mM glucose alone

was 7.26 = 0.80 (n = 8), 8.69 = 1.05 (n = 9), .95 = 0.94 (n = 9), 839 + 0.72 (n
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= 12), glucose and DMSO 7.26 * 0.50 (n = 9), 8.68 + 1.39 (n = 9), 851 = 1.3 (n
= 8), 7.50 £ 0.36 (n = R), for adult lean, adult fa/fa, 5 wk old lean and 5 wk old fa/fa
rats, respectively). Glucose-induced insulin release in the presence of DMSO is
referred to as the control when comparing the effects of guanabenz and prazosin on
insulin release. Guanabenz (10° M) in the absence and presence of DMSO
significantly inhibited 15 mM glucose induced insulin release in adult lean and fa/fa
rats, and 5 wk old lean and fa/fa rats (Figures 7 and 8). Analysis of the data for
interactions between different concentrations, age 5 wk and adult rats and phenotype
performed for 6 different treatments (15 mM glucose, DMSO, guanabenz 10° M and
prazosin 107 M, 10° M and 10" M) or 5 treatments (DMSO, guanabenz 10° M and
prazosin 107 M, 10 M and 107 M) indicated a statistically significant effect of
treatments in all the phenotype/age groups. For 6 treatment groups (glucose, DMSO,
guanabenz 10° M and prazosin 10° to 107 M) (F(5,192) := 17.90; p < 0.0001) and for
only 5 treatment groups (DMSO, guanabenz 10° M, and prazosin 10° to 107 M)
(F(4,156) = 11.52; p < 0.0001) indicating no effect of DMSO on insulin secretion
under the conditions tested. There was no significant interaction between age and
phenotype and treatments (p > 0.1). Comparison of means of different treatments
in all groups showed that percent insulin release in the presence of glucose/DMSO
was significantly different from that released in the presence of 10° M guanabenz and
all prazosin doses (107 to 10° M). However, there was no significant difference
between the mean % insulin release in the presence of guanabenz 10° M and all the

prazosin concentrations used (p> 0.05) in all the groups. Thus addition of prazosin
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10" M to 10° M to islets in the pr:sence of guanabenz 10° M had no effect on the

glucose-induced insulin secretion in response to guanabenz 10° M (Figures 7 and 8).
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Figure 5. Effect of an a,- adrenoceptor antagonist on insulin secretion from isolated
islets of adult lean and fa/fa rats. Glucose (15 mM) stimulated insulin secretion in
the absence (0, n = 8 lean and 9 fa/fa rats) or in the presence of 10° M guanabenz
(G-6, n = 7 lean and 8 fa/fa rats) (agonist) was measured. Addition of 10° M
idazoxan (Id, n = 7 lean and 8 fa/fa rats) antagonized the response to guanabenz.

Data are expressed as Means = SEM. ©

p< 0.05 compared to control (0).
*p < 0.05 compared to guanabenz inhibited values within phenotype using SNK.
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Figure 6. Effect of an a,- adrenoceptor antagonist on insulin secretion from isolated
islets of 5 wk old lean and fa/fa rats. Glucose (15 mM) stimulated insulin secretion
in the absence (0, n = 9 lean and 12 fa/fa rats or presence of 10°M guanabenz (G-6,
n = 7 lean and 12 fa/fa rats) was measured. Addition of 10° M idazoxan (id, n= 9
lean and 12 fa/fa rats) antagonized the response to guanabenz. Data are expressed
as Means + SEM. * p< 0.05 compared to the control (0), * p < 0.05 compared to
guanabenz inhibited values within phenotype using SNK.
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Figure 7. Effect of an a- antagonist on insulin secretion in isolated islets from adult
lean and fa/fa rats. Insulin secretion was measured in the presence of 15 mM glucose
alone (0, n = 8 lean, 9 fa/fa rats; glucose/ DMSO (DMSO), n = 9 for both lean and
fa/fa rats; glucose/DMSO plus 10¢ M guanabenz (G-6), n = 9 for both lean and fa/fa
rats); or 10 M guanabenz plus graded doses of prazosin (107 M, 10-6 M), n = 9 for
both lean and fa/fa rats and 10° M, n = 10 lean and 9 fa/fa rats) as described in
section 2.2.2. Values represent Means = SEM for (g) lean and (a) fa/fa rats.

* p<0.05 compared to control (DMSO) within phenotype using SNK.
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Figure 8. Effect of an a-antagonist on insulin secretion in isolated islets from 5 wk
old lean and fa/fa rats. Insulin secretion was measured in the presence of 15 mM
glucose alone (0, n = 9 lean and 12 fa/fa rats; glucose/DMSO (DMSO), n = 7 lean
and 8 fa/fa rats; glucose/DMSO plus 10° M guanabenz (G-6), n = 8 lean and 9 fa/fa
rats; or 10¢ M guanabenz plus graded doses of prazosin {107 M), n = 7 lean and 10
fa/fa rats; 10° M, n = 7 lean and 10 fa/fa rats and 10° M, n = 7 lean and 10 fa/fa
rats) as described in the section 2.2.2. Values represent Means = SEM for lean ()
and fa/fa (a) rats. * p<0.05 compared to control (DMSO) within phenotype using
SNK.
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3.3.3.3. Development of glycolysis regulation defects in isolated islets of fa/fa rats.
Glucose (15 mM)-induced insulin release from isolated islets of adult, weanling and
suckling lean and fa/fa rats was measured in the presence of various doses of
mannoheptulose (MH) (10" - 3x10° M). Treatments, age alone and phenotype in
combination with age had statistically significant effect on insulin release (F(5,321)
= 23.72, p < 0.00001; F(2,321) = 51.08, p < 0.00001; F(2,321) = 21.55, p < 0.00001;
respectively). Comparison of the means showed that the 15 mM glucose induced-
insulin release percentage was not significantly different among all six groups (p>
0.05). However comparison of insulin release between 3 wk lean (8.4 + 0.83; n =
15) and 3 wk preobese (5.36 = 0.74; n = 7) rats showed a statistically significant
difference (unpaired t-test, p< 0.05).

The effect of MH was affected by age and phenotype. MH reduced % glucose-
induced insulin release in a dose dependent manner at all ages in the lean rat islets
(p<0.05), (Figures 9-11). However, in the pancreatic islets of adult lean rats 15 mM
glucose stimulated insulin was significantly reduced at a higher MH concentration
(10° M or higher) compared to 10" M in 5wk and 3 wk old rats (p < 0.05), Figure
12). In the fa/fa rats, the glucokinase response to MH was lost in the adult stage,
where all MH concentrations used did not produce a statistically significant reduction
in 15 mM glucose-induced insulin release (p > 0.05). In 5 wk old fa/fa rats, islet
glucokinase activity was sensitive to MH concentration of 10> M or higher, while in
3 wk old rat islets, MH concentration of 3x10° M or higher produced a significant

reduction in 15 mM glucose-induced insulin release (p <0.05), (Figures 9-11 and 13).
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Figure 9. Effect of MH on insulin secretion from isolated islets from adult lean and

fa/fa rats. Insulin release was measured in presence of 15 mM glucose (0, n = 8 lean

and 9 fa/fa rats) or graded doses of MH 10" M - 3 x 10> M (n = 8 lean rats except

3 x 10* M with 7 rats, and n = 10 for fa/fa rats) as described in the section 2.2.2.

Data is expressed an Means + SEM (» lean and g, fa/fa rats). *p < 0.05 compared

to control (0) within phenotype by SNK. ® p< 0.05 comparison between lean and

fa/fa rats, unpaired t-test.
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Figure 10. Effect of MH on insulin secretion from isolated islets of 5 wk old lean and
fa/fa rats. Insulin release was measured in the presence of 15 mM glucose (0) and
graded doses of MH as described in section 2.2.2. Data are expressed as Means =+
SEM of 9 lean animals except for MH 10° M where n = 8 lean rats (a), and 12 fa/fa
animals except for MH 3 x 10°M where n = 11 rats (g). ® p < 0.05 compared to

the control (0) within phenotype.
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Figure 11. Effect of MH on insulin secreiion from isolated islets of 3 wk old lean and
preobese fa/fa rats. Insulin release was measured in the pre =nce of 15 mM glucose
(0) and graded doses of MH as described in section 2.2.2. Data are expressed as
Means = SEM of 15 animals except for MH 3 x 10° M and 10* M cach with 14 lean
animals (g), and 7 fa/fa animals for 15 mM glucose, MH 10" M, and 3 x 10’ M and
6 animals for MH 10° M, 10> M and 3 x 10> M (a). * p < 0.05 compared to the
control (0) within phenotype, using SNK test, following analysis of variance (see text).
® p < 0.05 lean compared to fa/fa 1ats
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Figure 12. The effect of age on MII action in isolated pancreatic islets from adult,
5 wk and 3 wk old lean rats. 15mM glucose-induced insulin secretion was measured
in the absence (0) or presence of different MH doses as indicated in section 2.2.2.

Data are expressed as Mean = SEM of lean animals as in Figures 9, 10 and 11; adult

(@), 5wk old (g), 3wk old rats (4).

a = statistically significant from the coir -5l {9) within the same age group.
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Figure 13. Effect of age on the MH action in isolated pancreatic islets from adult,
5 wk and 3 wk preobese fa/fa rats. 15 mM glucose-induced insulin secretion was
measured in the absence (0) or the presence of different MH doses as indicated in

section 2.2.2. Data are expressed as Mean + SEM for fa/fa animals as in Figures 9,

10 and 11; adult (@), 5 wk old (g), 3wk old (). @ = significant from the control ()

within the same age group (p < 0.05, SNK)
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3.4. Discussion.

The purpose of this study was to identify the time of onset of two pancreatic
islet defects in fa/fa rats, specifically changes in catecholamine antagonist actions and
abnormal glycolysis regulation in connection with glucose induced insulin secretion.
Both of these defects were documented previously in adult fa/fa rat islets (Chan and
MacPhail, 1992; Chan et al., 1993).

Isolated islets from adult fa/fa rats were reported to possess an a,;-
adrenoceptor subtype, which is sensitive to prazosin (an a,-adrenoceptor antagonist)
as well as yohimbine (an a,adre.aoceptor antagonist) (Chan and MacPhail, 1992).
In the current ctudy, using a glucose concentration (15 mM) which is near the
physiological range, guanabenz inhibited insulin secretion with similar pctency in adult
and 5 wk old lean and fa/fa rats. Phenylephrine, an a,-adrenergic agonist, did not
have any effect on glucose-stimulated insulin secretion from isolated islets of either
adult or 5 wk old rats in either phenotype. The data confirms that the sympathetic
nervous system regulates glucose-induced insulin secretion through o,-adrenoceptors
on the pancreatic islet B-cell membrane (Efendic e al.,1991, Rorsman et al., 1991;
Chan and MacPhail, 1992).

The inhibition of insulin secretion by 10° M gu \ abenz was antagonized in
both phenotypes by addition of 10° M idazoxan, an a,-antagonist that is more
selective than yohimbine. Contrary to the previous findings prazosin, an a,-
adrenoceptor antagonist, did not have a significant effect on guanabenz inhibited

glucose-induced insulin release in either adult or 5§ wk old lean or fa/fa islets. The




results of this study are similar to those of a study by Ostenson er al. (1989) using
isolated islets from streptozotocin (STZ) induced NIDDM and normal rats. Using
glucose concentrations in the range of 3-16.5 mM, prazosin (107-10° M) had no cffeet
on UK 14304 (an «, agonist) inhibited insulin release in either ;mrmnl or STZ,
Sprague-Dawley rats. Although they also reported that isolated islets from STZ.
diabetic rats were more sensitive to a,- adrenoceptor agonist inhibition, this was not
the case in fa/fa isolated islets in this study or elsewhere (Chan and MacPhail, 1992).
Increased sensitivity to an a,- adrenoceptor agonist may be caused by STZ since
similar results were observed with stimulation of the splanchnic nerve in a perfused
pancreas preparation of STZ diabetic and normal Wistar rats (Kurose ef al., 1992).
The current study differed from the previous report (Chan and MacPhail, 1992) in
the glucose concentrations used to stimulate insulin release, and the agonist used.
Perhaps B-cell a,- adrenoceptors in fa/fa rats behave normally when insulin release
is measured at glucose concentration in the physiological range but their function is
altered if higher glucose concentrations are used. Further sti dies using a full range
of glucose concentrations would be required to test this hypothesis.

The importance of glucose as the main physiological insuiin secretagogue is
well known (Zawalich, 1979; Ashcroft ef 4l., 1970). Glucose induced-insulin release
occurs after glucose is metabolized by the B-cell through the glycolytic pathway and
Kreb’s cycle. Glucokinase, a member of the hexokinase enzyme family, catalyses the
first rate limiting reaction of glycolysis when plasma glucose concentrations are raised

above basal levels. Pancreatic islet glucokinase activity is increased in the presence
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of high glucose concentrations and reduced by low levels of glucose (Liang et al.,
1990; 1992). Conditions that lower glucose concentration or block glucokinase
activity result in a reduction of insulin secretion by pancreatic B-cells. In the current
study 15 mM glucose-induced insulin release was measured in the presence of MH,
an inhibitor of glucokinase. In the lean rat islets the activity of glucokinase was found
to be dose dependently inhibited by MH av all ages tested. In isolated islets from
fa/fa rats, there was a progressive loss of response with age. In adult fa/fa rats there
was a complete loss of sensitivity to MH inhibition even at the highest dose used (3
x 10> M). In 5 wk old fa/fa isiets, significant inhibition was observed at a considerably
higher dose (10° M) compared with the inhibitory dose (10* M) in the lean rats. In
the 3 wk old lean group glucokinase sensitivity to MH inhibition was similar to 5 wk
old lean rats (10" M), but in 3 wk old preobese rats the glucokinase sensitivity to MH
inhibition was lower than in the lean 3 wk old rats. Glucose-induced insulin release
was significantly reduced by a MH corcentration of 3x10° M or higher in preobese
rat islets compared to 10* M in the 3 wk old lean rat islets. Although not significant
(p> 0.05), a MH concentration of 10" M produced a higher percent reduction in
glucose induced insulin releese in preobese islets (40%) compared to the 3 wk old
lean rats isiets (27%). This might be due to the small number of animals used in the
preobese compared to lean group (6-7 and 14-15 rats; Figure 11, respectively). The
data suggest that 3 wk old preubese pancreatic glucokinase sensitivity to MH
inhibition is still intact, but this needs more investigation using a higher number of

animals. If the statistically non significant effect of the lower concentration of MH
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(10° M and 10° M) observed in 3 wk old rat islets is genuine, then the glucose-
induced hyperinsulinemia (Chan et al., 1985) could reflect the increased activity of
glucokinase in preobese pancreatic islets. The data obtained from isolated islets in
this study are in agreement with those of previous studies which showed that
glucokinase in adult fa/fa rat islets did not respond to MH inhibition in the same
manner as in lean control islets (Chan et al., 1993; Chan, 1993). Reduced sensitivity
of glucokinase to MH inhibition may be secondary to development of obesity since
a similar defect has been observed in other strains of genetically obese rats,
hyperglycemic SHR/N-cp and normoglycemic obese LA/N-cp rats (Timmers ef al.,
1992).

Pancreatic islet glucokinase sensitivity to MH inhibition in 5 wk old fa/fa rats
is still present, but is reduced compared to the 3 wk old preobese rats. Zucker fa/fa
rats are mildly obese at this stage but as their obese syndrome worsens with age a
complete loss of glucokinase response to MH results. Three wk old preobese pups
exhibit glucose-stimulated hyperinsulinemia compared to lean animals but they do not
have fasting hyperinsulinemia (Turkenkopt et al., 1982; Chan et al., 1985; Fletcher et
al., 1986). Also at 3 wk there is no difference in the body weights between preobese
and lean pups ( 42.4 = 0.9 g, n = 15 lean and 39.4 = 0.1 g, n = 7 preobese rats),
while 5 wk old (154.2 + 6.1, n = 12 compare to 86.9 = 3.4 gm n = 14 tor 5wk old
lean rats) and adult fa/fa rats are heavier (243.7 £ 9.2 gm, n = 6) than the lean rats
(153 = 3.0 gm, n = 7) and have excess intraabdominal fat accumulation. Abdominal

fat accumulation has also been implicated in some abnormalities such as impaired
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glucose tolerance test observed in human beings (Kohrt et al., 1993). If pancreatic
islet glucokinase activities were influenced by intraabdominal adipose accumulation
then this could partially explain the slightly higher activity of the glucokinase enzyme
in the 3 wk old preobese pups. In addition to the reduced glucokinase sensitivity to
MH inhibition observed in this study, other defects become significant in fa/fa rats at
5 wk of age. These defects include iacreased body weight, fasting hyperinsulinemia
(Zucker and Zucker, 1961; Bray and York, 1971; 1979; Chan et al., 1985), increased
response to GIP at low glucose levels (Chan et al., 1985) and loss of the diurnal
rhythm for glucocorticoid secretion from the adrenal glands (Fletcher er al., 1986).
The increased response of fa/fa rat pancreatic islet B-cells to stimulants such as GIP
on glucose induced-insulin secretion might be secondary to increased glucokinase
activity in the cells. Glucokinase has been shown to determine the rate of glucose
metabolism by the B-cell at physiological plasma glucose levels (Matschinsky, 1990;
German, 1993). Changes in glucokinase affinity for glucose would increase the ability
of B-cells to respond to low levels of plasma glucose. It was suggested by Meglasson
and Matschinsky (1984) that even a small reduction in pancreatic islet glucokinase
activity might si‘gn“ieficanitly shift (to the right) the concentration of glucose needed to
initiate insulin secretion in conditions such as NIDDM. If glucokinase activity was
increased, then a left shift in glucose concentration would be observed leading to
induction of insulin release at a lower plasma glucose levels. Such a left-shif. s
been observed in fa/fa rats (Chan et al., 1993), leading to the hypothesis that G ges

in glucokinase function results in fasting hyper.isulinemia as observed in fa/fa rat
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(Chan et al., 1984).

This defect in glucokinase function has not yet developed in 3 wk old preobese
rats. [t is possible that the loss of MH inhibitory action on pancreatic islet
glucokinase activity is dependent on the extent of obesity in Zucker ta/fa rats and
develops secondary to other metabolic disturbances. Also the changes in MH
inhibition of glucose induced insulin secretion could be due to decreased eniry of MH
into B-cells of fa/fa islets. However, this is unlikely since measurements of MH effe
on glucokinase in disrupted islets yielded similar results (Chan 1993). Since Ml
sensitivity was lost concurrently with the diurnal rhythm of glucocorticoid sccretion
(Fletcher et al, 1986) and the obligatory role of adrenal glucocorticoids in
maintaining obesity is well documented (Castonguay et al., 1986; 'letcher, 1986a;
Yukimura et al, 1978), it seems reasonable to hypothesize a link between

corticosterone and regulation of glucokinase function.
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4. THE EFFECT OF ADRENALECTOMY ON DEVELOPMENT OF
PANCREATIC ISLET LESIONS IN fa/fa RATS.
4.1. Introduction.

The adult genetically obese Zucker rat is hyperinsulinemic, hyperphagic,
hyperlipidemic, normoglycemic and has a mild form of insulin resistance in both liver
and skeletal muscle (Bray et al., 1989). The precise location of the genetic defect is
still not known. Bray and York (1971; 1979) suggested that this defect could be
expressed in one of several tissues including the adrenal glands, pancreatic B-cells,
adipose tissue or the hypothalamus.

Much attention has been focused on the hypothalamo-pituitary-adrenal (HPA)
axis because glucocorticoid dependency of development and maintenance of many
obese syndromes including that of fa/fa rats has been demonstrated (Yukimura and
Bray, 1978; Bray and York, 1979; Bruce ef al., 1982; King and Smith, 1985; Bray et
al., 1989). When adrenalectomy (ADX) is performed in fa/fa rats before weaning,
all metabolic, behavioral and endocrine defects are prevented (Fletcher, 1986b;
Fletcher and McKenzie, 1988). However when ADX is performed in adult rats, the
severity of the defects is reduced but not eliminated entirely (Yukimura and Bray ,
1978, Yukimura ef al, 1978; Holt and York, 1982; Castonguay et al., 1986).
Administration of glucocorticoids reverses the eftect of ADX whether done before
weaning or in adult fa/fa rats (Castonguay ef al., 1986; Freedman et al., 1986; Fletcher
and McKenzie, 1988). The normalization or reduction of insulin secretion observed

after ADX in fa/fa rats (Fletcher, 1986a; 1986b; Fletcher and Mckenzie, 1988) might
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be a result of reduced food intake in fa/fa rats (Yukimura et al., 1978; Turkenkopt
et al., 1991) or the removal of the inhibitory effect of corticosterone on the autonomic
nervous system activity in the endocrine pancreas (Fletcher and Mckenzie, 1988; Bray
et al., 1989).

The effects of ADX in fa/fa rats are thought to be mediated mainly by the
removal of corticosterone inhibition of hypothalamic corticotropin releasing tactor
(CRF) secretion. Dexamethasone was shown to decrease CRF mRNA in a mouse
anterior pituitary cell line (AtT-20) (Rosen ef al., 1992). Also glucocorticoid receptor
II binding is increased in the hypothalam. and hippocampus of fa/fa rats, giving
evidence of increased corticosterone activity in fa/fa rat brain (Langley and York,
1992). In addition to reducing food intake and increasing sympathetic activity in the
periphery and brown adipose tissue (Arase et al.,1988), ADX was observed to
increase CRF concentration in the hypophysial-portal circulation in fa/fa rats (Plotsky
et al., 1992). Acute or chronic intracerebroventricular (ICV) infusion of CRF in fa/fa
rats mimics the effects of ADX in these rats (Arase e¢f al., 1989a; Holt and York,
1989; Rohner-Jeanrenaud et al., 1989).

Adrenalectomy may also prevent hyperinsulinemia in fa/fa rats by reducing
the synthesis or release of insulin in the pancreatic B-cells. Because several
biochemical changes in B-cells of fa/fa rats have been identified, it is possible that
improvement after ADX in fa/fa rats is due to normalization of those biochemical
lesions. Of major interest is the enzyme glucokinase, which plays a pivotal role in

determining insulin secretory rates.
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Glucokinase phosphorylates glucose to glucose-6-phosphate and this is the first
step in B-cell glucose metabolism that leads to insulin secretion. Because it is a rate-
limiting enzyme, glucokinase is considered to be the primary glucose sensor for the
pancreatic B- cells (Matschinsky, 1990). Evidence that glucokinase plays a crucial
role in glucose-induced insulin release was provided by Burch et al (1981) using
albino Wistar rats. They found that pancreatic glucose usage, glucose-induced insulin
secretion and glucokinase activity in islets were reduced in rats starved for 24 h while
other glycolytic enzymes were only affected after 120 h starvation. Refeeding
restored glucokinase activity and glucose usage by the islets (Burch e al., 1981).
Glucokinase activity in the B-cell is correlated with the glucose level to which the B-
cells are exposed (Liang et al., 1990; 1992).

In adult fa/fa rats, glucokinase activity may be abnormally regulated by glucose.
Islets from starved lean rats exhibited reduced glucose-induced insulin secretion but
no decrease was observed in islets from starved adult fa/fa rats, suggesting failure to
adapt to chronically low plasma glucose levels (Chan e al., 1993). Furthermore, fa/fa
rats exhibit fasting hyperinsulinemia despite having basal glucose levels similar to lean
rats (Chan e/ al., 1984). Glucokinase from islets of fa/fa rats has been shown to have
increased sensitivity to glucose (Chan, 1993) and this increased responsiveness might
contribute to the fasting hyperinsulinemia observed in fa/ta rats.

Mannoheptulose (MH), which competitively inhibits glucokinase, normally
blocks glucose-induced insulin release (Zawalich, 1979) but did not have any effect

on insulin secretion or glucokinase activity from adult fa/fa rats (Chan, 1993; Chan
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et al., 1993; Chapter 3). The lack of glucokinase sensitivity to MH inhibition has also
been identified in other rodents like cp/cp rats (Timmers ef al., 1992) and ob/ob mice
(Hoshi and Shreeve, 1969) which have genetically transmitted obese syndromes.

In the initial dev:lopmental studies (Chapter 3) the time of onset for
measurable glucokinase insensitivity to MH was identified as 5 wk. In these studies,
the dependence on the presence of an intact HPA axis on the development of M
insensitivity was investigated by adrenalectomizing 5 wk old lean and fa/fa rats. The

presence or absence of the biochemical lesion was investigated 2 wk post surgery.
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4.2. Methods
4.2.1. Adrenalectomy.

To study the effect of the HPA axis on the development of pancreatic islets
in obese rats, 5 wk old rats of both fa/fa and Fa/? phenotypes were bilaterally
adrenalectomized. Thirty (14 lean and 16 obese) 4 wk old animals were obtained
from Charles River Laboratories. The animals of the same phenotype were hcused
4 animals per cage for 5 d prior to surgery, then divided in two groups 2 d before
surgery. Adrenalectomies were performed twice a week. The animals (two at a
time) were fasted overnight and then weighed. They were anaesthetized using a
mixture of sodium pentobarbital (65 mg/ml) and diazepam (5 mg/ml) in saline (0.9%)
i.p at a dose of 0.1 to 0.15 ml/100 g body weight. The hair was clipped on the ventral
abdomen, the skin cleaned and the abdominal cavity exposed by midline incision from
the umbilicus to the xiphoid cartilage. This approach is normally used in surgery of
companion animals during exploratory surgery (Scavelli ef al., 1986) and has been
used for ADX in rats (Castonguay et al., 1986). Both adrenal glands were removed
by ligating the adrenal vasculature then gently freeing the adrenal glands with the aid
of forceps. The abdomiral incision was closed in two steps: first the muscles were
sutured using absorbable suture material (4-0 Dexon), and then the skin was closed
using nonabsorbable suture (4-0 Nylon). The animals recovered from anaesthesia
before they were returaed to the rat housing area. The sham operated control rats
had the abdominal cavity opened and the adrenal glands teased but left in place.

The wound was then closed as described above. Surgery on the ADX and sham rats
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was done on the same day and those animals were put in the same cage. In addition
to the normal diet of ra: chow (see general methods for diet composition) and tap
water, they were given saline/glucose (0.9% NaCl, 40 mg/L glucose) tor drinking to
maintain sodium balance in the absence of mineralocorticoid.

After 15 d, before the pancreas was removed, the animals were weighed and
blood samples were collected in heparized tubes from the tail vein of free moving
conscious rats. Serum was coliected by centrifugation (1854 g at 4° C for 10 min} and
stored at - 20° C for corticosterone determination. Animals that survived the surgery
having no residual adrenal gland pieces and decreased serum corticosterone levels
were considered completely adrenalectomized and were included in further
experiments. The mortality rate was very low. Of 30 operations performed, only one
obese rat died during surgery. This was determined to be due to reaction to the
anaesthetic as the animal had seizures immediately after it was anaesthetized. The
rest of the animals recovered well. Only 28 animals were used in further
experiments. The only observed complication at the time of pancreas removal was

an occasronal adhesion of the liver to the left kidney.

4.22. Pancreatic islet preparation.

Pancreatic islet isolation, insulin releasc, and insulin measurement experiments
and statistical analysis were done as described in sections 2.2, 2.3 and 2.4 respectively.
26 animals were used in insulin release experiment (7 ADX, 7 sham-operated lean,

6 ADX and 6 sham-operated fa/fa rats, respectively)
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4.2.3. Corticosterone radioimmunoassay.

Corticosterone assay measuring the total serum corticosterone levels was
carried out according to the kit manufacturer’s manual (ICN Biomedical Inc.). The
assay employed a highly specific antiserum to corticosterone-3-carboxymethyloxime
(< 0.1% cross reactivity with related compounds) and corticosterone "1 as the

tracer. All 28 samples were assayed in one run.
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4.3. KResults
4.3.1. Effect of ADX on plasma corticosterone.

In sham operated rats there was no phenotype difference in the serum levels
of corticosterone. Adrenalectomy reduced the measurable hormone by over 85% in
both lean and fa/fa rats (Table 4). Corticosterone levels of 0.05 to 0.4 wg/ml (Shimizu
et al., 1983) and 0.02 to 0. 48 ug/ml (Bruckdorfer et al., 1974) are considered as basal
levels in rats, depending on the time of day. Shargill e/ al (1987) reported total
corticosterone levels of 0.64 = 0.055 ug/ml and 0.647 = 0.082 ug/ml in adult lean and
fa/fa rats respectively.

Some investigators have used a corticosterone concentration of 0.021 pg/mi
as an indicator of successtul ADX (Fletcher and McKenzie, 1988). In this study the
859 reduction in corticosterone concentration combined with absence of adrenal
tissue in the surviving rats was taken as a successful operation and all rats were used
in subsequent experiments.  Lack of total corticosterone clearance after
adrenalectomy depends on the amount of hormone in circulation at the time of
surgery and the amount of adipose tissue in the animal tissues. The latter will reduce
clearance of the hormone and 15 d may not be enough time for the body to rid itself
of the residual hormone. The high corticosterone levels observed in sham rats of
both phenotypes is probably due to stress during handling before collection of blood

(overnight fasting and clipping the tips of the tails).
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4.3.2. Pancreatic islet insulin content.

Islet insulin content was calculated as described in section  3.3.1.
Adrenalectomy did not have any significant eftect on the islet insulin content in cither
phenotype (p > 0.05). Zucker fa/fa ADX and sham rats had more than 2 fold
greater insulin content compared to the lean groups before and 2 wk post surgery.
Sham fa/fa rats tended to have higher pancreatic insulin content compared to ADX

fa/fa rats, although the difference was not significant (p > 0.05) (Table 5).
g g p )
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Table 4. Total serum corticosterone (pg/ml) levels in ADX and sham lean and obese

Zucker rats 2 weeks post surgery

Phenotype ADX Sham
lean 0.071 = 0.025 (7)  0.983 = 0.052 (7)°
obese 0.135 £ 0.040 (7)  0.910 = 0.133 (7)®

Data are means = SEM of the number of animals (n)
¥ = significant effect of ADX compared to sham of the same phenotype, p< 0.05,

unpaired t-test.
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Table 5. Effect of ADX on pancreatic islet insulin content (pmol/islet) of ta/ta and

lean rats.

Phenotype ADX Sham
lean 7.2 = 0.8 (7) 6.5 = 0.5 (7)
obese 14.7 + 2.8 (6)° 17.9 £ 5.5 (6)°

Data are means = SEM of number of animais used (n).

¥ = significantly different from lean rats, p < 0.05, unpaired t-test.
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4.3.3. Effect of ADX on weight gain in fa/fa rats.

The effect of ADX on weight pain is shown in Figure 14. Obese rats weighed
more than lean rats at 5 wk (before ADX) and at 7 wk (15 d post surgery). Multiple
comparison of both sham and ADX groups at 5 and 7wl of age showed a significant
effect due to both ADX and age. However within phenotype comparison showed
that while ADX did not affect the weight gain pattern in lean rats, it slowed weight
gain in fa/fa rats. There was no significant difference between weight of fa/fa rats at
5 wk (147.5 = 3.3 g vs 151.5 = 7.3 g, n = 6) for ADX and sham rats, respectively.
Two wk post surgery, ADX fa/fa rats weighed 11% less than sham fa/fa rats {219.5
+ 4.6 g and 243.7 = 9.2 g, respectively, n = 6). Adrenalectomy and sham lean rats
did not show any significant difference in weight before or 2 wk post surgery (Fizure

14).

43.4. Effect of ADX on regulation of glycolysis.

Glucose (15 mM)-induced insulin secretion was measured in the presence of
different concentrations of MH as described in section 2.2.2. The amount of insulin
released was affected by MH (F (5,126) = 14.28; p < 0.0001), phenotype (F(1,126)
= 7.50; p = 0.007), by ADX/sham (F(1,126) = 33.64; p < 0.0001) and phenotype
and ADX interaction (F(1,126) = 49.55; p < 0.0001). Further analysis of the data
by SNK showed that a MH concentration of 10° M or higher, significantly reduced
insulin secretion by pancreatic islets of both lean ADX, sham-operated lean (Figure

15) and fa/fa ADX (Figure 17) from their respective controls (p < 0.05).
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Adrenatectomy affected MH inhibition of glucose-induced insulin release only in fa/ta
rats. In isolated islets from sham-operated fa/fa rats different MH concentrations
used did not produce a significant reduction in glucose-induced insulin release (p
>0.05), (Figure 16). In isolated islets from ADX fa/fa rats MH inhibited insulin
secretion in a dose-dependent manner (21.8% to 53.2%) (Figure 17). The MH 10!
M concentration produced only a 5% reduction in insulin secretion by pancreatic
islets from sham operated fa/fa rats compared to 48% in sham operated lean rats.
The observed difference in the islets from fa/ta rats was caused by adrenalectomy
(Figure 17). Adrenalectomy increased the sensitivity of B-cell glucokinase to MH
inhibitory actions within 2 wk post operation in fa/fa rats but did not have any effect

in the lean rats.
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Figure 14. Effect of ADX on body weight gain in Zucker lean and fa/fa rats ADX
or sham-operated rats were weight ADX and 2 wk post surgery. Values represent
Mean + SEM of 7 lean and 6 fa/fa rats.

8 p< 0.05S ADX compared to sham-operated within phenotype.

“ p<0.05 comparison between phenotypes.
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Figure 15. Effect of ADX on glucokinase sensitivty to MH in lean rats. Insulin
secretion from isolated islets from ADX and Sham-operated lean rats was measured
in presence of 15 mM glucose and different concentrations of MH as described in
section 2.2.2. MH inhibited insulin release similarly in () ADX and (a) sham rats.
Values are means = SEM of 7 rats. ® p< 0.05 compared with the phenotype control
(0), SNK test after analysis of variance.
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Figure 16. Effect of ADX on glucokinase sensitivity to MH in%ibition in obese rats.
Insulin secretion of isolated islets of ADX and sham operated fa/fa rats w=s
measured in the presence of 15 mM glucose and graded concentrations of Mh as
described in the Methods section. Values are Means = SEM (n = 6 sham fa/fa rats
s, except for MH 3x 10° M with 5 rats, and n = 6 for ADX fa/fa rats m “p <005

compared with the phenotype control (0), SNK test after analysis of variance. °

p<
0.05 ADX compared to sham operated fa/fa rats, unpaired t-test.
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Figure 17. Effect of MH on 15 mM glucose in ADX fa/fa and ADX lean rats.
Glucose stimulated insulin release was measured in absence (0) and in presence of
various MH doses as described in the section 2.2.2. Insulin release is expressed as
% of the total pancreatic islet insulin content and points represent the Mean = SEM
for 7 ADX lean (a) and 6 ADX fa/fa (g) rats.

a p < 0.05 compared to control (0) within the group.

Differences between the phenotypes were not significant.
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4.4. Discussion.

The purpose of this study was to investigate the intfluence of the HPA axis on
development and persistence of pancreatic islet lesions. Although insulin secretion
is known to be reduced by ADX, the effects on specific pancreatic defects have not
been reported. In this study we investigated ADX eifects on the activity of
glucokinase in isolated islets from both lean and fa/fa rats. The sensitivity of
glucokinase to MH inhibition was reduced in intact 5 wk fa/ta rats (Figure 10;
Chapter 3) but by 15 d post ADX the glucokinase activity was inhibited similarly by
MH in both phenotypes (Figure 17). Glucose (15 mM) induced-insulin release was
significantly reduced by MH (10 M) in islets from both fa/fa and lean rats (p< 0.05).
This study clearly demonstrated that the function ef glucokinase is abnormally
modulated by the HPA axis in hyperinsulinemic obese rats.

Glucokinase (ATP: D-glucose 6-phosphotranferase, EC 2.7.1.2) is a low
affinity glucose phosphorylating enzyme found in liver cells, where it plays a
regulatory role in glucose uptake and release, and in pancreatic islet B-cells where
it acts as a primry glucose sensor in the regulation of glucose-induced insulin
secretion (Meglasson and Matschinsky, 1984; Lenzen and Panten, 1988; Matschinsky,
1990 ; Epstein et al., 1992; Magnuson, 1992). Differences in the regulation of this
enzyme in the two tissues have only recently been studied. Molecular genetic studies
show that there is only one glucokinase gene in man and rodents but tissue specific
promoters result in expression of two closely related active enzyme isoforms

(Magnuson and Shelton, 1989; Magnuson, 1990; Magnuson, 1992; Nishi ef al., 1992).
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Wisile the activities of both liver and pancreatic glucokinase isoforms are similar, gene
exnression of the isoforms is regulated differently (Bedoya er al., 1986; lynedjian ef
al., 1989b).

Glucokirase in the liver is positively influenced by insulin, biotin and
triiodothyronine and is inhibited by cAMP or any compound that will raise cellular
c¢AMP (Sibrowski and Sietz, 1984; Hoyppner and Seitz, 1989; lynedjian e/ al., 1989a;
Narkewicz et al., 1990, Chauhan and Dakshinamurti, 1991; Nouspikel and lynedjian,
1992). On the other hand pancreatic islet B-cell glucokinase expression and activity
is positively influenced by glucose and negatively regulated by exercise and starvation
(Bedoya et al., 1986; Liang et al., 1990; ; Koranyi ef al., 1991; Magnuson, 1992). The
onset of detectable glucokinase gene expression in liver and pancreatic islet B-cells
also differs in rodents. In the pancreatic islet B-cells, glucokinase mRNA (2.8 kbj has
been reported in 2 d old neonatal rodent pancreatic tissues (Tiedge and Lenzen,
1993) while the 4.4 kb mRNA species becomes abundant in the pancreatic tissue in
the second wk (10 - 16 d), the same time liver glucokinase mRNA expression is
reported (Tiedge and Lenzen, 1993; Jamdar and Greengard, 1970; Walker, 1974,
Iynedjian ef al., 1987). Liver glucokinase activity can be prematurely induced in
young rodents in response to carbohydrate feeding (Walker and Eaton, 1967 ; Girard
et al., 1992a). Carbohydrate feeding raises blood glucose which stimulates insulin
secretion from the pancreatic B-cells and then insulin regulates glucokinase mRNA
expression and glucokinase activity in the liver (Bedoya et al., 1986; Narkewicz et al.,

1990). The data obtained in the current study are evidence that glucokinase activity
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is regulated by the HPA axis but does not indicate whether glucocorticoids directly
modulate glucokinase or exert their effects via their influence on the anterior pituitary
or hypothalamic nuclei.

Glucocorticoids are essential in the development of hyperinsulinemia and
other metabolic defects of fa/fa rats because ADX reduces or abolishes many of these
defects, including hyperinsulinemia, and glucocorticoid replacement reverses ADX
effects (Freedman et al., 1985; Fletcher, 1986a; Freedman et al., 1986; Fletcher and
McKenzie, 1988). Results of studies investigating direct glucocorticoid action on
insulin secretion or biosynthesis and on pancreatic glucokinase activity are not
conclusive. However, glucocorticoids may increase pancreatic islet B-cell glucokinase
activity indirectly through regulating total body glucose metabolism by increasing
glucose production by the liver thruogh gluconeogenesis or by acting through the
HPA axis.

Direct actions of the synthetic glucocorticoid, dexamethasone, on rodent B-
cells or on insulin secreting cell lines in vitro include increased proinsulin mRNA and
glucokinase mRNA, but reduced insulin secretion in response to varying stimulants
including glucose (Chan and Lejeune, 1992; Fernandez-Meija and Davidson 1992;
Philippe er al., 1992). In vivo, glucocorticoids cause both enhanced biosynthesis and
secretion of insulin in the pancreatic B-cells (Koranyi et al., 1992; Ludvik ef al., 1993).
Insulin and ghicokinase gene expression have been reported to be regulated in a
similar manner in vivo and in vitro. Both proinsulin mRNA and glucokinase mRNA

are reduced by exercise (Koranyi ef al., 1991), fasting (Burch et al., 1981), and
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culturing pancreatic islets in low glucose concentrations (Liang ef al., 1990; 1992), but
increased by refeeding (Burch er al., 1981) and culturing islets in medium containing
high glucose concentrations (Liang e al., 1990; 1992). A study by Fiedorek and
Permutt (1989) showed that dexamethasone was not essential for insulin biosynthesis
in ADX rats if they received adequate sucrose replacement. This gave evidence that
the actions of glucocorticoids on insulin biosynthesis and secretion are partly through
regalation of glucose metabolism in normal animals. Effects of glucocorticoid
replacement on glucokinase synthesis and activity remains to be investigated in both
normal and obese animals. Dexamethasone was shown not to have any effect on
liver glucokinase mRNA expression but did enhance insulin induced glucokinase
mRNA (Narkewicz et al., 1990).

Developmental studies show that glucokinase mRNA is present in pancreatic
tissues of 2 d old pups, and in the liver of 16 d old rats (Tiedge and Lenzen, 1993).
Glucocorticoids are detected at very low levels in 6 - 12 d old rats. However, the
levels of corticosterone start to rise significantly from d 14 and reach a peak by d 24
(Henning, 1978). it is during this period, in 17 - 21 d old fa/fa rats, that enhanced
parasympathetic nervous system stimulation of glucose induced insulin secretion in
fa/fa rats was observed (Rohner-Jeanrenaud et al., 1983). Adrenalectomy performed
in 18 d old fa/fa rats abolished this parasympathetic nervous system effect in the fa/fa
pancreas but it could be restored by corticosterone replacement within 24 h (Fletcher
and McKenzie, 1988). Increased parasympathetic nervous system stimulation of

glucose-induced insulin release in the fa/ta pancreatic tissue was even observed in 5
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d old preobese pups (Atef et al., 1991). Although not supported by experimentation
to date, one could speculate that glucokinase activity is increased in fa/fa pups even
at this early stage since the 2.8 kb glucokinase mRNA is detectable in pancreatic
tissues of 2 d cld neonatal rodents (Tiedge and Lenzen, 1993). The increased
glucokinase activity is probably masked by the high fat diet during suckling.
Adrenalectomy or infusion of CRF into cerebral ventricles results in body
weight loss, reduced food intake, increased sympathetic nervous activity in the
periphery and reduced insulin secretion in fa/fa rats and other obese rodents (Brown
and Fisher, 1985; Arase ef al.,1988; Arase ef al.,1989a; 1989b; Holt and York, 1989;
Rohner-Jeanrenaud ef al., 1989). These observations have led to the hypothesis that
the actions of corticosterone in obesity are due to an inhibitory action on central
CRF, especially in the hypothalamic nuclei that are involved in the integration of
both endocrine and autonomic nervous system function in relation to energy balance.
(Bestetti ef al., 1990; Plotsky et al., 1992). It then follows that the biochemical defects
that develop in 5 wk old fa/fa rats might be under the control of an already
abnormally regulated HPA axis (Fletcher et al., 1986). Fiow increasing hypothalamic
CRF levels modulate peripheral events such as insulin secretion is not precisely
known. However, ADX appears to increase sympathetic outflow relative to
parasympathetic outflow (Holt and York, 1982; Freedman et al., 1985; York et al.,
1985; Holt and York, 1989) and it is believed that CRF influences this balance
independent of its effect on pituitary ACTH secretion (Holt ez al., 1988). Thus it is

tantalizing to speculate that a deficient sympathetic nervous system influence ou the
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developing fa/fa rat pancreas causes reversible changes in glucokinase function. This
idea is consistent with the data showing that exercise, which also alters sympathetic
outflow, can decrease glucokinase activity (Koranyi et al., 1992),

In this study, ADX did not return the body weight . fa/fa rats to the same
level as lean rats. These results agree with those of other investigators showing that
adrenalectomy performed at 5 wk or later does not completely normalize body weight
(Yukimura and Bray, 1978; Yukimura er al., 1978; Turkenkopt e al., 1991) but
reduces the rate of body fat accumulation after 15 d. Adrenalectomy fa/fa rats were
11% lighter than the sham operated fa/fa rats 2 wks post surgery while the weight of
ADX and sham lean rats was not different either at 5 wk or 2 wk post surgery (age
7 wk).

Adrenalectomy did not affect pancreatic islet insulin content in either lean or
fa/fa rats. These result are in agreement with those of Fiedorek and Permutt (1989)
in which ADX did not affect proinsulin mRNA levels in 20% sucrose fed or
dexamethasone injected ADX Sprague-Dawley rats, but was reduced in fasted ADX
or fed ADX with out sucrose supplement. In our study both ADX and sham rats had
unlimited access to saline/glucose (0.9% NaCL and 40 g/l glucose) solution
throughout the 15 d post surgery. There was a slight decrease (18%) in pancreatic
islet insulin content of the ADX fa/fa rats compared to the sham-operated fa/fa rats
which may be due to removal of corticosterone in ADX fa/fa rats. However, the
difference was not statistically significant (p > 0.05), we therefore reach the same

conclusion, that glucocorticoids are not essential for insulin synthesis if the animals

97




have adequate plasma glucose.

in conclusion, changes in pancreatic glucokinase activity likely contribute to
the development of hyperinsulinemia in the fa/fa rats. The development of this lesion
is dependent on the presence of an intact HPA axis. Adrenalectomy in this study
restored pancreatic islet glucokinase sensitivity to mannoheptulose inhibition in
isolated islets of fa/fa rats. However, these results are not conclusive until
corticosterone replacement experiments are carried out. Other ADX studies have
shown that glucocorticoid replacement restores metabolic and behavioral defects
abolished by bilateral adrenalectomy. These include increased parasympathetic
activity in fa/fa pancreas (Fletcher and MacKenzie, 1988), decreased sympathetic
activity in brown adipose tissues (Arase et al., 1988), increased food intake or
normalize feeding behavioral and insulin secretion (Yukimura et al., 1978; King et
al., 1983; Castonguay el al., 1986; Bray ef al., 1989) and suppression of hypophysial-
portal CRF levels (Plotsky ef al., 1990). Also further studies are required to define
precisely how the HPA axis influences glucokinase function in normal and obese

animals.
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5. GENERAL DISCUSSION.

The development of genetically transmitted obesity in Zucker fa/fa rats follows
a predetermined timetable, with different metabolic, behavioral and hormonal
abnormalities appearing at specific periods in the rat’s life. Glucose stimulated
insulin secretion is increased in fa/fa rats compared to lean rats at 3 wk of age, and
after weaning to a high carbohydrate diet other metabolic and behavioral changes are
manifested. Glucose induced insulin release by the pancreatic B-cells is regulated by
a balance of inputs from the autonomic nervous system and the rate of glucose
metabolism in the B-cell. Development of lesions involving the sympathetic nervous
system and glycolysis were investigated using isolated pancreatic islet cells, in order
to identify the time of onset of the lesions.

The inhibitory action of the sympathetic nervous system on glucose-stimufated
insulin secretion is mediated through a,-adrenoceptors. Using a,- and a-adrenergic
agonists and antagonists, a previously reported functional change in a,-adrenoceptors
(Chan and MacPhail, 1992) on the pancreatic islet B-cells was investigated using
isolated islets from adult and weanling, lean and fa/fa rats. Functional changes in a,-
adrenoceptors in fa/fa pancreatic islets were not detected under the conditions used
in this study. Glucose (15 mM)- induced insulin secretion was similarly inhibited by
guanabenz (an a,-adrenoceptor agonist) in adult and 5 wk iean and fa/fa rats and this
was equally antagonized by idazoxan (an a,adrenoceptor antagonist) in both
phenotypes. An a,- adrenergic agonist (phenylephrine) and antagonist (prazosin) did

not affect glucose induced insulin release in either phenciype. Thus, a prazosin-
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sensitive a,-adrenoceptor was not demonstrated and the earlier report (Chan and
MacPhail, 1992) was not confirmed.

The possible role of unbalanced autonomic nervous system activity (reduced
sympathetic and increased parasympathetic tone to the periphery, including the
pancreas) in the pathogenesis of hyperinsulinemia and the development of obesity in
fa/fa rats has been documented (Berthoud and Jeanrenaud, 1979; Rohner-Jeanrenaud
et al., 1983; Jeanrenaud, 1985; Greco et al., 1987; Bray et al., 1989). The results of
studies using electrical stimulation of hypothalamic nuclei indicate that sympathetic
nervous system innervation to the brown adipose tissue (BAT) and the pancreas is
intact (Levin et al., 1983a; 1984; Holt et al., 1987). This implies that the defect in
the ANS is centrally ncated. Although a,- adrenergic agonists used in a previous
study (Chan and MacPhail, 1992) and the current study are different, their actions
show that the sympathetic agonist regulation of the pancreatic islet B-cell secretory
activity is similar in both phenotypes. Whether the a,-adrenoceptor functional change
observed previously was due to the use of different glucose concentrations or
ditferent agonists needs to be further investigated.

Regulation of glycolysis in pancreatic islet B-cells was investigated using MH
as a probe for glucokinase activity in the pancreatic B-cell. MH competitively inhibits
glucokinase, a pancreatic islet B-cell glucose sensor. Isolated islets from adult,
weanling and suckling lean and fa/fa rats were used. Glucokinase sensitivity to MH
was completely lost in adult, and reduced in 5 i old fa/fa rat pancreatic islets. The

enzyme was responsive to MH inhibition in adult, 5 wk and 3 wk old lean rats and
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3 wk old preobese fa/fa rats. The reduction in enzyme activity correlated with
increasing weight in the rats. At 3 wk of age there was no difference in weight
between fa/fa and lean rats but by 5 wk fa/fa rats were heavier than the lean rats
(Zucker and Zucker, 1961; Bray, 1977; Chan er al., 1985; Bray er al., 1989). Other
biochemical abnormalities observed in 5 wk old fa/ fa rats include fasting
hyperinsulinemia (Bray and York, 1979; Chan er al., 1985), loss of the glucose
threshold for GIP stimulatory effects on the pancreas (Chan et al., 1985) and loss of
diurnal rhythm for corticosterone secretion (Fletcher er al,, 1986). All these
abnormalities become more severe with age. Functional changes in glucokinase may
contribute to the onset of fasting hyperinsulinemia and inappropriate GIP-stimulated
insulin secretion.

In the second part of the study, the role played by the presence of an intact
HPA axis on the pancreatic islet glucokinase response to MH inhibition was explored.
The data obtained support the hypothesis that the pancreatic islet glucokinase
abnormality of fa/fa rats is dependent on the presence of an intact HPA axis. Two
wk post surgery, MH inhibited glucose-induced insulin release similarly in ~ ADX
fa/fa rats and in ADX and sham lean rats. In contrast, MH did not produce any
significant reduction in glucose-induced insulin release from isolated islets of sham
fa/fa rats. Together with evidence from other studies, the data obtained in these
two experiments lead to a refinement of the initial hypothesis. It was previously
proposed that altered HPA axis activity causes functional changes in B-cell

glucokinase activity, which results in increased insulin secretion by fa/fa rats. It is
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conceivable these defects are masked by the pre-weaning high fat diet, leading to lack
of detectable MH insensitivity at 3 wk of age. As with several symptoms of obesity
it fa/fa rats, weaning to a high-carbohydrate diet exacerbates the condition, allowing
detection in changes of MH insensitivity by 5 wk of age. Furthermore, maturation
of the HPA axis appears to occur within a similar timeframe (see below), leading to
speculation that onset of pancreatic biochemical changes are dependent on primary
defects in the HPA axis of fa/fa rats.

it seems apparent that the period between 21-35 d of age is critical to the
development of many symptoms of obesity in fa/fa rats. Evidence in the literature
documents the development during this timeframe of elements critical to our
hypothesis: islet glucokinase, corticosterone secretion and insulin secretion. With
respect to glucokinase, developmental molecular studies have shown that active
pancreatic islet glucokinase mRNA (2.8 kb) is detectable in 2 d old pups while the
4.4 kb mRNA is not detected until d 16 (Tiedge and Lenzen, 1993). The possibility
exists that the activity of pancreatic islet glucokinase might be increased in pancreatic
islets of fa/fa rats at a young age. Parasympathetic nervous system stimulation
produced increased insulin secretion in response to glucose in 5 d old (Atef et al.,
1991), in 17 d old (Rohner-Jeanrenaud et al., 1983) and in 3 wk old fa/fa but not lean
rats (Turkenkopt et al., 1982). Whether there is a difference in the distribution of
glucokinase or the amount available between fa/fa rats and the lean rats has still to
be determined.

Heterogeneity has been reported among pancreatic B-cells where some of the

102




cells respond to low glucose concentrations while others need intermediate or high
concentrations to induce insulin biosynthesis and secretion (Pipeleers, 1992). 1t the
fa/fa rat B-cell population is composed of more of the low glucose responsive B-cells
then a left-shift in the glucose response curve and fasting hyperinsulinemia ta/fa rats
is expected. The low glucose sensitive cells are reported to have an increased
proportion of pale granules which apparently reflects the active process of hormone
synthesis and secretion (Orci, 1985; Kiekens ef al., 1992). This type of B-cells has
been observed in rabbits treated with cortisone (Bencosme and Martinez-Palormo,
1968), fa/fa rats (Shino et al., 1973), pregnant rats (Aerts and Van Assche, 1975) and
in insulinoma cells (Nakangama et al, 1971). Because glucokinase activity is
regulated by glucose in a similar manner to insulin, similar heterogeneity and
responsiveness might well apply to the glucokinase activity in the fa/fa rat B-cells.
Heterogeneity in glhucokinase expression among B-cells has been reported in Sprague-
Dawley rats (Jetton and Magnuson, 1992). This heterogeneous expression of
glucokinase and its dependence on corticosterone would be very interesting to
investigate in both Zucker lean and fa/fa rats.

Both protein bound and total corticosterone levels in rodents reach a peak at
the end of the third wk (Henning, 1978) which coincides with the onset of glucose
induced hyperinsulinemia and worsening of hyperphagia in fa/fa rats (Bray, 1977).
The onset of fasting hyperinsulinemia in 5 wk old fa/fa rats (Chan et al., 1985) and
changes in glucokinase function observed in this study seem to coincide with the loss

of normal diurnal rhythm for corticosterone secretion from the adrenal in fa/fa rats
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(Fletcher et al., 1986). Although neither bound nor free corticosterone in weanling
or adult fa/fa rats is different from the control (Shargill et al., 1987; Langley and
York, 1992), the presence of high morning corticosteroid levels means that fa/fa rat
tissues are exposed to high circulating corticosterone longer than lean rats
(Cunningham et al., 1986; Fletcher et al., 1986). This may cause altered feedback to
hypothalamic nuclei, and not suprisingly, lesions in the HPA axis consistent with a
hyperactive axis have been reported in fa/fa rats (Bestetti et al., 1990; Guillaume-
Gentil ef al., 1990). More recently the presence of increased glucocorticoid binding
activity in the hypothalamic nuclei and hippocampus of fa/fa rats was reported
(Langley and York, 1992), indicating that glucocorticoids act centrally in modulating
obesity in fa/fa rats. That ADX and chronic ICV infusion of CRF produce similar
effects in fa/fa rats by increasing sympathetic nervous system activity (Arase et al.,
1989a; Rohner-Jeanrenaud et al., 1989) is enough evidence that glucocorticoids act
centrally on a site from which CRF regulates ANS outflow to the periphery. This
particular central site is probably responsible for energy balance and activity of
various endocrine glands, including the endocrine pancreas. In future studies, it
would be of interest to study how ANS influence on the B-cells regulates glucokinase

function in normal and obese rats.
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6. SUMMARY AND CONCLUSIONS.

This study was carried out to determine the time of onset of pancreatic islet
lesicns that accompany development of hyperinsulinemia and obesity in ta/fa rats, and
the lesions’ dependence on an intact HPA axis. Functional changes in the a,-
adrenoceptors and abnormal regulation of glycolysis in the pancreatic islet B-cells of
fa/fa rats were investigated. If changes in adrenoceptor activity and/or glycolysis
regulation were observed in islet B-cells of fa/fa rats before the onset of
hyperinsulinemia or obesity, then the pancreas could be considered one of the main
sites for "fa" gene action. This means that other factors would then be modifying the
activity of an already abnormally regulated pancreatic activity.

Guanabenz, idazoxan, phenylephrine and prazosin were used to test the
inhibitory actions of catecholamine on glucose- induced insulin release from solated
pancreatic islets of 5 wk old and adult fa/fa and lean rats. Mannoheptulose was used
to investigate glucokinase activity in isolated islets from intact 3 wk old, 5 wk old and
intact and ADX adult rats of both phenotypes. Resuits from the developmental stud,
failed to reveal the presence a functional change in the a,-adrenoceptors in either 5
wk old or adult rats fa/fa rats. Further studies using a range of glucose
concentrations with different a,-adrenoceptor agonists may be warranted to rule out
the possible confounding effects of glucose concentration.

The glucokinase response to MH was reduced in islets from 5 wk old fa/fa rats
and completely lost in islets from adult fa/fa rats. Adrenalectomy performed in 5 wk

old lean rats had no effect on the regulation of pancreatic islet glucokinase, weight
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gain or pancreatic islet insulin content 2 wk post surgery. However, ADX normalized
the pancreatic islet glucokinase sensitivity to MH inhibition and reduced the rate of
body weight gain in fa/fa rats without affecting pancreatic islet insulin content.
Glucocorticoid actions on the activity of pancreatic islet glucokinase appear to be
mediated differently from actions on the pancreatic islet insulin content in rats. More
studies investigating the direct effects of glucocorticoids cn glucokinase expression
and activity in Zucker lean and fa/fa pancreatic B-cells are needed.

From the data obtained in this study, it is concluded that changes that occur
in pancreatic islet glucokinase activity in fa/fa rats are dependent on the presence of
an intact HPA axis. These changes contribute to the development and maintenance

of hyperinsulinemia in fa/fa rats.
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APPENDIX 1

Calculations for gamma counter

Radioimmunoassays

Insulin and corticosterone were measured using a Packard Riastar gamma counter.
The curve set up for insulin consisted of duplicate of total counts, and triplicates of
nonspecific binding, zero counts and the standards ranging from 37.5 - 1200 pMol.
For corticosterone, all standards were done in duplicate with the standards ranging

from 25 to 1000 ng/ml.

1.1  The spline curve fit.

The following curve fit parameters are printed after the fitting algorithm is
performed.
Iterations.
The maximum nuriiber of iterations is six. If a suitable curve is not produced after
six iterations, it is assumed that the data do not describe a typical RIA curve.
Smoothing Factor (Smoothed spline and MASS)
This factor is defined as

g(x;) ~y;
S, (--————-———Al =) 2
Vi
a y, = standard deviation (counting error + pipetting error) of response value yi
(response on y-axis)

X, = concentration value on x-axis.

g(x;) = cubic spline segment fur.ction.
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Root Mean Square Residuals (RMS) (smoothed spline and MASS)

Average deviation between the standard points and calculated curve, expressed

in CPM. (Residual error fitting process).

I gl
(g(x;-y;) ?)

RMSR = 5| 229

n

1.2. Noncurve specific statistics.

% error of CPM (% ERR)

The statistical error of each standard point and patient sample is reported in the
% ERR column of the print out, expressed as percentage of the average number of

counts.

% ERR = Sigma (CPM) _ X 100
Avg (CPM)

Where sigma (CPM) value used in the equation is the larger of A) or B) below.

A) Sigma (CPM)= Replicates standard deviation of CPM =

I g —
Y (CpM,-CPM)*?

I

B) Sigma (CPM) = Statistical Error =

Avg (CMP)
time (min)

VNo of replicate
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1.3. % NSB /Total

Nonspecific bound concentration (NSB) expressed as percentage of total

concentration (T).

% NSB
T

Where NSF = nonspecific free.

_NSB x 100 (for a bound assay)
T

T - NSF x 100

(for a free assay)
T
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APPENDIX 2.

2.1. Materials and sources

Materials

Sources

Animals

Acetic acid

Albumin fraction 5
Antibiotic/antimycotic solution
Bouin’s fluid '

Calf serum

Carbon decolorizing neutral
Collagenase Type XI
Corticosterone assay kit

4.0 Dexon

4.0 Dermalon

Dextran Industrial grade
Dextran Clinical grade
Dextran T70

Diazepam

Dimethyl sulfoxide
Dulbecco’s modified Eagle’s medium
Ethanol 95%

Gelatin

Glucose

L-Glutamine

Guanabenz

Hank’s Balanced salt solution
HEPES

ldazoxan

lodine *

Insulin (rat, standard)

Insulin antibody

Insulin (porcine, tracer)
Mannoheptulose

Nylon mesh screen nitex (800 pm)
Prazosin

(Somnotol) Sodium Pentobarbital
Perchloric acid

Phenylephrine

Charles River Laboratories, St Constant,
Quebec

Baxter

Boehringer

Sigma

BDH

Gibco

Fisher

Sigma

Immunocorp
Cyanamid Canada Inc
Cyanamid Canada Inc
Sigma

Sigma

Pharmacia

Sabex Inc, Quebec.
Sigma

Gibco

Consolidated Alcohol Ltd
Difco

Sigma

Gibco

Sigma

Gibco

Sigma

Sigma

Amersham (Canada)
Novo Biolabs

Dr. R.A Pederson, Vancouver, Canada
Novo Biolabs

Sigma

B&SH Thompson Bros
Sigma

MTC Pharmaceuticals
Mallinckrodt

Sigma
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Polyethylene tubing (50 and 10)
Sodium chloride

Sodium bicarbonate

Sodium iodide

Sodium phosphate diphasic

Fisher
Fisher
Fisher
Fisher
Fisher
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2.2. Adresses of material sources.

Amersham Canada Ltd, 1166 South Service Road West, Oakville, Ont, L6L 5T7
Canada.

Baxter Diagnostic Corporation, 2390 Argentia Road, Mississauga, Ont, L5SN 3P1
Canada.

Beckman Instruments Inc, Diagnostic System Group, 200 South Kraemer Blvd, Brea,
CA 92621 USA.

BDH, 10 Morris Drive, Ste 20, Dartmouth NS B3B 1K8 Canada.
Boehringer Mannheim, 11450 Cote De Liesse, Dorval, Quebec, H9P 1A9 Canada.

B& SH Thompson Bros, 8148 Devonshire Road, Town of Mt Royal PQ, HOP 1Al
Canada.

Charles River Laboratory, Canada, P.O. Box 300, St Constant, Quebec JSA 2G3
Canada.

Consolidated Alcohols Ltd, P.O. Box 372 Station A Toronto, Ont, M5W 1C8
Canada.

Cyanamid Canada Inc, P.O. Box 4000, IND, PK, Markham, Ont, L3R 8G7 Canada.
Difco Laboratories, P.O. Box 1058, Detroit, MI, USA.

Dr. R.A. Pederson, Dept of Physiology, University of British Colombia, Vancouver,
V6T IWS Canada.

Fisher Scientific, 8505 Devonshire Rd, Montreal, Quebec, H4P 214 Canada.
Gibco/BRL Canada Inc, 2270 A Industrial St, Burlington Ont, L7P 1 Al Canada.
Immunocorp 5800 Royalmount Ave, Montreal, Quebec, H4P 1K5 Canada.
Mallinckrodt Inc., 600 Delmar Ave, Pointe Claire, Quebec, HIR 4A8 Canada.
MTC, 5100 Timberlea Blvd, Mississauga, Ont, ..4W 254 Canada

Novo Biolabs, 1755 Steeles Ave West, Willowdale, Ont, M2R 3T4 Canada

Pharmacia Canada Ltd., 2044 St. Regis Blvd, Dorval, Quebec, H9P 1H6 Canada.
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Sabex Inc, Boucherville, Quebec, J4B, 7K8 Canada.

Sigma Chemical Co, P.O. Box 18817B, St. Louis, Missouri 63160 USA.
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APPENDIX 3. STATISTICAL ANALYSIS.

Anova, general linear mode) for unbalanced data was used to analyze data in
all groups treatments. Two sets of experiments were done, one to study the
development of defects in regulation of insulin secretion and one to investigate the
effects of adrenalectomy on glucose induced insulin release in response to
mannoheptulose. Effects of treatments, age, phenotype or adrenalectomy/sham-
operation were tested using two way analysis of variance (GLM). One example of
the statistical process is given below:

To test for the effect of agonists, 4 doses of guanabenz were used (10° M, 10°
M, 10" M and 10° M) in the presence of 15 mM glucose thus giving 5 different
treatment groups and 4 different animal groups (adult lean, adult fa/fa rats; 5 wk lean

and 5 wk fa/ta rats).

The equation for testing for interaction between treatment, age and phenotype is
Y=A+B+C
Where Y = data,
A = treatments
which were coded 1- 5, 1 = glucose response
2 to 5 = response in presence of guanabenz doses (10°
to 10°)
B = age coded as 1 = adults and 2 = 5 wk old rats.

C = phenotype coded as 1 = lean and 2 = obese.
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Total data points in all groups of animals and treatments make up the degrees of
freedom.

Treatment 1 (glucose) had n = 38: 8 lean adults, 9 fa/fa adult rats, 9 lean 5 wk and
12 fa/fa 5 wk rats.

Treatment 2 (guanabenz 10° M) had n = 35: 6 lean adult, 9 fa/fa adult rats, 9 lean
5 wk and 11 fa/fa 5 wk rats.

Treatment 3 (guanabenz 10® M) had n = 37: 8 for both lean and fa/fa adult rats and
9 for 5 wk lean and 12 fa/fa rats.

Treatment 4 (guanabenz 107 M) had n = 35: 7 lean, 9 fa/fa adult rats, 9 lean and
10 fa/fa 5 wk rats.

Treatment 5 (guanabenz 10° M) had n = 36: 7 lean, 8 fa/fa aduli rats, 9 lean and
12 fa/fa 5 wk rats.

Total n = 38 + 35 + 37 + 35 + 34 = 180.

Error = 180 - 20 = 160 (5 treatments and 4 groups of animals 4 x 5 = 20)

For treatments, degrees of freedom is 5 - 1 = 4

The degrees of freedom for treatment response = 4,160.

For the second study the model included adrenalactomy/sham-operated varizbles.
The equation was Y = A + B + C + D (Y, A, B and C are as above while D is for

adrenalectomized (coded 1) or sham-operation (coded 2)
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APPENDIX 4. Islet distribution according to diameter size (um) for individual 3 wk old rats
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Rat ID 0-50 51-100 | 101-150 | 151200 | 2201 | PHENO
18/1/93A 6 9 1 . - FA/?
18/1/93B 10 4 - - - FA/?
19/1/93A 6 2 2 . - FA/?
19/1/93B 6 2 2 - - FA/?
01/2/93A 6 7 1 - . FA/?
01/2/92B 5 3 1 . - FA/?
01/2/93C 3 1 . ] . ?
02/2/93A 8 1 5 - - ?
02/2/93B " 3 - . - FA/?
02/2/93C 12 9 . i ; FA/?
08/2/93A 1 6 ; . . ?
08/2/93B 1 7 1 1 - fa/fa
08/2/93C 16 4 i - - FA/?
08/2/93D 10 7 3 . - FA/?
08/2/93E 12 4 . - - FA/?
22/3/93A 9 s . ; - FA/?
| 223938 6 8 3 : 1 fajfa
05/4/93A 10 10 - . - FA/?
05/4/93B 7 7 - |3 1 fa/fa
05/4/93C 12 2 - - - FA/?
05/4/93D 4 1 6 1 1 fa/ta
| 0o/493A 15 11 . 1 - fa/fa
06/4/93B 17 19 - 2 - fa/fa
06/4/93C 6 12 2 2 - fa/ta
07/4/93A 15 16 4 2 . fa/fa
07/4/93B 13 12 6 2 1 ' fa/fa
07/4/93C 9 8 1 . . FA/?
PHENO = phenotype
Rat ID = rat identification .
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