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SMMARY

-

Studies were carried out on insulin secretion and glucose tolerance in

animal models of obesity and diabetes. The animal models used were the

- ob/ob mouse, a model of Type II (non-insulin dependent) diabetes and the BB

rat, a model of Type I (insulin-dependent) diabetes. The antibiotic

oxytetracycline (OTC) has been used in the past to study the nature of the

metabolic derangement in the obese-hyperglycemic syndrome. OTC is known to
result In a reduction of the severity of many of the metabolic

abnormalities shown by the ob/ob mouse. It was not known, however, whether

" the effects of oxytetracycline are pancreatic, extrapancreatic or both.

The first part of this thesis focuses on studies done to investigate
the extrapancreatic action of oxytetracycline further. The spontaneously
diabetic BB rat was used in these studies because the syndrome is
associated with very small and rare islets containing virtually no B;cells
and thus allows a study which is not confounded by the presence of a
functioning pancreas. Chronic OTC-treatment was found to alter the diabetic
status of the BB rat. The treatment led to lowered plasma glﬁcose levels in
the fed as well as in é%e fasted state. These results indicated that the
oxytetracycline treatment was effective in loweriné the “insulin
requirements as well as in improving the handling of glucose. The effects

of the drug were not secondary to the decreased food intake as a food-

restricted control group did not show the improvements in glycemia or

“glucose and insulin tolerance. These results are a further indication that

oxytetracycline enhances the response of peripheral tissues to insulin and
thus favors better control of glycemia. _

u"I‘he second part of this thesis deals with studies designed to
investigate the exaggerated insulin secretory response of the ob/ob mouse.

The effect of oxytetracycline treatment on the response of the obese mouse

xiv



to Gérious secreéagogues was investigated in vivo and in vitro. Lean mice
and their isolated islets responded to glucose,l glucagon and aminoph}lline
as expected from data already in the 1iterature. Obese mice had an
exaggerated insulin response to these stimuli whether appliedtigwgigg or in
vitro, but that response was decreased by prior treatment of the animal
'with OTC. In vivo and in vitro studies done in parallel on obese mice,
food-restricted to the intake of QTC-treated obese mice: indicated th%F
food-restriction did not diminish insulin secretion as much as OTC-
treatment., Furthermore, it did not result in a significant decrease in the
glycemic responses to glucose, glucagon or aminophylline. The'ijigiggjdata
support the previous conclusion that OTC-treatment increases the insulin
sensitivity of peripheral tissues. The in vitro data lead me to postulate
that the greatly reduced releasq,of-insulin by the islets of the OTC-
treated ob/ob mouse cculd result from a restoration of the sensitﬁvity of
the islets to the feedback inhibition by insulin.

zinc has been shown to have an important role in the process of

insulin storage aﬁdxsgc:etion. Previous studies had suggested a state of

relative zinc deficiency for the ob/ob mouse. Dietary zinc supplementation

of the obese mouse resulted in a signifiyant decrease in the in vitro

~

insulin secres}on in response to glucose and a significant increase in the

islet insulin content. The combination of zinc feeding and OTC tfeatment
was better than that of either treatment alone in corre;ting the
exaggerated reiease of insulin from the ob/cb mouse islets and in
increasing 'the insulin content of those islets. This suggestslthat zinc and
0TC have additive'effecﬁs on the improvément of the insulin sensitivity of
tissues.

The last part of this thesis was designed to investigate if the

exaggerated insulin'secretory response of the islets of the chese mouse to

Xv [
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secretagogues may be related to alterations in the Cazf-calmodulin system.
" Major differences were found between the effects of the Ca2+—calmodu1in
‘ inhibitor trifluoperazine (TFP) on islets of lean and obese mice. The lean
rnnuse islets were more resistant than the obese mouse islets to the
inhiyitpry effect of TFP on thé insulin-secretory response (28 mM
glucose). Furthermore, under certain experimental conditions, TFP had a
significant stimulatorx effect on basal insulin release (3 mM glucose)
'-which was most readily noticeable in islets of ob/cb mice. On a per islet
basis, "the islets of the obese nbuée were ‘found to céngain more calmodulin
than the islets of the lean mouse. Thus the greater inhibitory effect of
TFP on ob/ob vé:sus lean mouse islets is unlikély to be due to a depletion
of calmodulin in the former group. These results indicate qualitative as

‘well as quantitative differences in the insulin secretory process in lean

and eb/cb mice.

xvi



CHAPTER 1. INTRODOCTION
"La fixité du milieu intérieur est la condition de-la vie libre".
Claude Bernard, 1859.

During thé mid-nineteenth century, one of the most important
investigative contributions of Claude Bernard was the discovery- of ‘a
glucoregulatory system that maintains the constancy of glucose in the
"milieu intérieur" (Unger, 198l1). Since then, pr;éress has been made
toward the elucidation of the mechanisms governing this glucose constancy.

Glucose‘-homeostasis depends an many hormones to-increase the blood
glucose  concentration (glucagon, catecholamjnes, growth hormone,
glucocorticoids) but dépends a¥most entirely on one hormone, insulin, to
effect a decrease in blood glucose concentration (Lambert, 1976; Unger et
al, 1978). The fine tuning of the rate of insulin release is the result of
an interplay between substrates and hormones reaching the islets of
Langerhans via the circulation, and direct influences via the autonomic
nerve fibers ending in the pancreatic islets (Lambert, 1976; Unger et al,
1978).

In mammals, ocne of the most important controls over insulin release is
exerted by variations of the glucose concentration in the extracellular
fluid. Alterations in the sensitivity of the B-cells to glucose as well as
in the dynamics of glucose-stimulated insulin release may result in a
deterioration of the glucose tolerance_of the entire body leading to
diabetes mellitus.

This thesis is a report on studies done on the insulin secretion and
the glucose tolerance in experimental obesity and diabetes. The literature
review is divided into sections corresponding to the subject areas dealt

with in the study. A nomenclature and classification system for diabetes

mellitus is followed by a presentation of the characteristics of the two
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animal models of diabetes that were used in -this work, namely the
spontaneously diabetic BB raﬁ and the C57B1/6J obese (ob/ob) mouse. A
summary of the present ;nowledgerof the role of tﬁe pancreatic islets in
insulin biosynthesis ané—in insulin release is then presented. Finally the

literature on the antibiotic oxytetracycline is reviewed.

I. REVIEW OF LITERATURE

I. A. Diabetes Mellitus -

I. a. 1, quenclature and classification

Diabetes mellitus <can be generally defined as carbohydrate

intolerance. It has been classified into the following two main groups by

the Naticnal Diabetes Data Group (NDDG) of the N.I.H. (1979): Type I-
insulin-dependent. diabetes mellitus (IDDM) and Type II- non-insulin-
dependent diabetes mellitus (NIDDM). This separation into two broad
categories was made on the basis of several factors. As revieweq_by Irvine
(1877, 1986),. phenomena that are presquﬁin.IDDM but not in NIDCM are:

(1) circulating organ-specific islet cell antibodies;

(2) 2 high frequency of other organ-specific auto-antibodies (thyroid and
gastric);

(3) insulitis (or isletitis) which is a lymphocytic infilﬁration of the
pancreatic islets which leads to a marked decrease.in the number or even
total loss of B-cells;

(¢) evidence for cell-mediated immunity against pancréZ%ic islets;

(5) highef prevalence of certain HLA antigens (such as HLA-BS, HLA-B15,
W3, Dw4) than in the normal population. [The term HLA refers to :Human
Leucocyte system A. fHLA is the major histocompatibility complex in man; ig
is a genetic system of closely linked genes on the short arm of the 6th
chromosome] .

In diabetes in general (both in IDDM and NIDOM) the etiology is



con#id‘ered multifactorial i.e. ;oth gene;:ic and envirommental factors play
a recle and the genetic bhasis is tho;zght-; to be polygenic (Irvine, 1988).
Although a large body of information has been gathéred by physicians and
scientists, human diabetes mellitus is still a poorly urderstood disease.
Considering that both genetic and envirommental factors contribute to and
modify the pathogenesis of human diabeﬁes,'—researchers have been interested
in studying examples of spontaneous diabetes in laboratory animals where it
would be more feasible to distinguish bet‘weén the genetic and the
envirommental contributions (sucim as the effects of diet, drug‘s, toxins,
infectious agents etc).

I. A. 2. Diabetes mellitus in laboratory animals

Spontaneous diabetes among animals has been recognized for same time.
For example, Leblanc (1851) documented diabetes in a monkey. The disease
has iaeén well characterized in only a few species, mostl; rodents. Since
the report by Ingalls et al (1958) describing a mutation in the mouse
characterized by profound obesity, numerous articles have been published
describing the physiclogy and pathology of a number of spontanecus diabetic
syndrames occurring in laboratory rodents (Can\éron et al, 1972a; Like,
1977; Mordes and Rossini, 1981; Rossini et al, 1986). These small
laboratory rodents by virtue of their la::ge-number and low cost, have
yielded an enormous amount of data.

The major diabetic syndromes found in animal models has been
classified by Like (1977) into lethal and non lethal syndrames. .This
classification is based upon the hypothesis that the "ability of the
organism to produce new pancreatic B-cells determines whether the syndrame
will or will not be lethal. 1In the lethal category are animal models, such

s the BB rat, in which the diabetic syndrome is severe and significantly
/ieduces life expectancy; examination of the pancreatic islets of such

s
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animals reveals destruction of B—cells with transient and/or inadequate
replacement. In contrast, in the non-lethal grouwp, animals, éuch as the
ob/ob mouse, either experience a full life span with the disease or may in
fact eventually return to the normoglycemic state. The animals of the
latter’ group manifest significant B—cell proliferation in response to
diabetes and the resulting ihcreased number of functiqping B-cells is
usually associated with elevated levels of circulating IRI.

Diabetes-like syndromes can also be induced in laboratory rodents
using a variety of chemical Egents (e.g. streptozotocin and alloxan) and
other experimental procedures such as pancreatectomy, lesions to the
ventromedial nuclei of the hypothalarws, administration of contra-insulin
hormones or anti-insulin serum, and induction by viruses (Mordes and
Rossini, 1981i . | '

Though no syndrome in animals corresponds exactly to any of the forms
of diabetes\in man, the advantages afforded by ani;;i models continuel to
make them valuable research tools.

The following two sections will be focused on the two animal models
that were used in my werk : the spontanecusly diabetic BB rat and the
C57B1/6J obese (ob/cb) mouse.

I. B. The BEB Rat
I. B. l. Characterization and etiology

The spontaneously diabetic Wistar rat (the "BB"™ rat) (sometimes called
the "BB/W" rat) was first identified in 1975; at the . Bio-Breeding
Laboratories of Canada Ltd (Ottawa, Ontario). The BB rat is now recognized
as an important\\Pniual model in the study of Type I- diabetes. It is
characterized by an early age of onset (6¢-128 days), hyperglycemia (25¢-
736 mg/18¢ ml), hypoinsulinemia (@-1 ng/ml), marked glycosuria,

hyperketonemia, ketonuria, hyperglucagonemia, exaggerated plasma IRG
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response to injected arginine, increased plasma levels of free fatty acids
and branched-chain amino acids (Nakhocoda et al, 1977, 1978a, 1978b).
Within days of onset, many animals become severely ketoacidotic, dehydrated
and moribund unless insulin treatment is instituted.

Unique among the spontanecusly diabetic animals studied to date, the
BB rat is the only rodent model, apart from the Chinese hamster, in which
significant ketosis occurs without any sign of obesity. It is also the only
animal model to display an intense pancreatic insulitis. At the time of
onset of glycosuria (the earliest clinical manifestation of the syndrame},
the BB rat has reduced B-cell numbers, small islets and marked in%}}tration
of the islets with lymphocytes and macrophages (Nakhooda et al, 1977,
1978a, 1978b). 1In animals severely ill with acute diabetes, treated with
insulin, and killed within several weeks of the onset of symptoms, the
islets are small, reduced in number and contain only'A, D and PP ceils
(Nakhooda et al, 1977, 1978a, 1978b).

The genetics of the BB rat are not yet éefined. The syndrome occurs
with equal frequency in both sexes and the incidence of spontaneous
diabetes ranges from 3¢0% to 50% in outbred strains but may be increased to
9¢% with selective inbreeding (Seemayer et al, 198¢). Monogenic
contributions to the etiolééy of the diabetes remain to be elucidated.
Infection appears not to be a factor. BB rats have been raised in sterile
gnotobiotic environments which exclude both viral and bacterial pathogens.
Despite the absence of infectious organisms, dJdiabetes was oﬁserved in the
expected percentage of animals (Rossini et al, 1979). These experiments do .
not, however, exclude the possibility of a vertically transmitted,
unidentified virus (Cahill and McDevitt, 1981).

Evidence for a cell-mediated immﬁne pathogenesis in the BB rat was

provided by: (a) the finding of an intense mononuclear cell infiltrate in
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the islets durlng active B-cell 1oss (Nakhooda et al, 1977, 1978a, 1978b);
(b) the demonstratlon of passive transfer of insulitis by lymphocytes from
diabetic rats, 1n3e§§gd into nude mice (Nakhooda et al, 1983}); and (c) the
presence of lymphopenia beféfe and after development of diabetes (Jackson
et al, 198l1; Proussier et gl} 1981). The syndrome could be modified and
__possibiy prevented with aﬂéi-lynmﬁocyte serum (Like et al, 1979), by
neonatal thymectomy (Like et al, 1981) or by bone marrow transplantation
from normal rats (Saji et al, 1981). " An imﬁune etio‘ogy is also suggested
by the more recent findings of circulating autoantibodies reactive to islet
cell sg;face and spleen lymphocytes (Dryberg et al, 1982), amd to gastric
parletal cells, snnoth muscle and thyroid collozdal antigens (Elder et al,

-
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'1982).
I. B. 2. Canpé.riscn of tt:e.diébetic syndrome of the BB rat with uman
diabetes - |
The sudden onset of clinicalp disease,. ketoacidosi;, hyperglycemia,
insulitis with B-cell degraéulation and necrosis, insulinopenia and near
absence of pancreatic insulin are strikingly siﬁilar to the characteristics
of Type 1 diabetes mellitus. In contrast t$ human diabetes, owever,
plasma from BB rats was shown to contain islet cell surface antibodies buf
not islet cell cytoplasm antibodies (Dryberg et al, 1982). Both kinds of
antibodies aré present in the plasma of 68% of the human insulin-dependent
diabetic population (Irvine et al, 1577; Lernmark et al, 1978). Also in
contrast to reports in humans, thyroid microsomal or adrenocortical
autoantibodies were not detected in the BE rat but autoantibodies to
gastric parietal celis were found (Neufeld et al, 1980).
1. C.‘The Obese-Ryperglycemic Mouse
I. C. 1. Genetic development

'
]

In 1949 a few mice in the V strain at the Jackson Laboratory were



observed to be plump early in life and to become markedly obese (up to 9¢qg)
late in life. The obese mutation occurred in a noninbred stock and was
first described by Ingalls et al in 195¢ . Breeding experiments revealed
that the obesity syndrame (gene symbol ob) was caused by a single autosomal
recessive mutatiop-emr chromosame 6 (Ingalls et al, 1956). The ob mutation
has been transferred into the C57Bl/6J and CS57B1/KsJ strains for studies
involving the effect of inbred background. The mice used for the
experiments described in this thesis are of the C57Bl/6J strain which is
cammercially available from the Jackson Laboratory, Bar Harbor, Maine,

Several. other colonies of obese mice (ob/ob)} exist in which the cbese
metation is carried on different genetic backgrounds. The severity and the
developmental pattern of the wmetabolic disturbances vary among the
differeﬁt strains. This variable expression can occasionally lead to great
difficulty and confusion when trying to compare data reported in the
literature. Most of the earlier studies on the ob/cb mouse islet cell
metabolism were done using mice from the noninbred colony maintained at the
Department of Histolpgy, University of Uppsala, Sweden (Hellman, 197@).
Those mice{ although similar to the Jackson Laboratory C57Bl/6J obese mice
in most respects, are characterized by massive islets of Langerhans. The
obese mice bred at the University of Aston in Birmingham (Bailey et al,
1882) and those bred at the Imperiallcbilege, London, England fBeloff—Chain
et al, 1975a, 1975b) are descended fram mice cérrying the original Jackson
Laboratory mutation and introduced in local mixed colonies. Expression of
the ob gene on these backgrounds results iﬂ a more severe form of diabetes-
like syndrome than fhat produced on the C57Bl/6J background (Bailey et al,
1982). The obese mice u§e§ by Thurlby and Trayhurn (1978) Qere also
derived from the Aston strain background.

q

Whatever the genetic background is, the homozygous cbese mouse is



characterized by obesity, hyperphagia, non-ketotic hypergiycemia,
hyperinsulinemia, hyperglucagonemia and hypertrophic, hyperplastic islets
~0f Langerhans, but the severity and dufation of the symptoms vary. The
discussion in this thesis will be limited to the C57B1/6J ob/cb mouse,
unless specifically stated. ) g

I. C. 2, Time course for the manifestation of the .ob&se-hyperglycanic
syndrome

The earliest demonstrable defect in the ob/ob mouse is a decreased
thermogenesis detectable by a reduction in oxygen consumption (Boissoneault
et al, 1976; Fried and Antapol, 1966; Kaplan and Leveille, 1973; Mayer et
al, 1952), with a fall in core temperature at low envirommental temperature
demonstrable from 10 days of age (Trayhurn et al, 1977). This impaired
thermogeﬁesis may account for the increased fat cell size observed from day
14 to 2¢ and the increase in body weight (Joosten and van der Kroon, 1954a;
Kaplan et al, 1976). Hyperinsulinemia is manifest from 15 days of age
(Dubuc, 1976b; Godbole et al, 1986} together with increased lipogenesis
(Godbole et al, 198G). while insulin leveis rapidly‘increase,.there is a
gradual transition from hypoglycemia to hyperglycemia thing the 17-28 day
period (Dubuc, 1976b). Obesity as indicated either by increased body
weight, carcass fat, or Lee Index (Bergen et al, 1975; Dubuc, 1976b;

_Godbole et al, 1988; Joosten and van der Kroon, 1974a) is detectable by
days 17-21, although the animals are not visually detectable as "obese”
until 25-28 days or even later,

Afper weaning (21 days), three phééés in the development of the obese-
hyperglycemic syndrame can be differentiated. 1In the first, dynamic phase
(1-6 months of age), 'hyperinsulinemia and hyperphagia increase with the
progressive appearance of glucose intolerance, fasting hyperglycemia and

resistance to exogeneous insulin. Hyperglycemia reaches a peak level by 12



weeks of age (Garthwaite et al, 1986¢; Herberg et al, 197¢; Mayer et al,
1953b; Westman, 1968), corresponding to a body weight of approximately 48-
S56g. Elevated levels of circulating insulin reach a maximum by 6 months
(Herberg et 51, 1976; Westman, 1968). The dynamic phase is also
characterized by an increase in 1ipogenes:f's and fat cell hyperplasia, and
by a decrease in protein deposition. |

The intermediary or transitional phase, lwhen the animals weigh about
559, 1is characterized by rapidly c:hanéing glucose patterns i.‘e. an
extremely high serum gllucose level followed by an imprt‘aving glucose
toleran?e, and decreasing insuliﬂ levels {Herberg et al, 1974).

In the third phase, serum glucose and insulin levels spontaneously
decline and approach normal at about 16 months of age (Herberg et al, 1976;
Westman, 1968). The body weigl.'lt ofl the obese mice remains elevated until
they are 13-17 months old then it starts to decrease. A more receﬁt report,
though in agreement with Westman (1968) and Herberg et al {(1976) on the
plasma glucose brofile, claimed that the plasma insulin levels of the ob/ob
mouse remain elevated until 15 months of age. The discrepancies on the
plasma insulin profile between longitudinal studies (Garthwaite et al,
1986; Herberg et al, .1976; Westman, 1968) cannot be accounted for only by
the dissimilarity in time background strain of obese mice since, on the one
hand, Westman (1968) used the ob/ob mouse from the colony bred at the
University of Uppsala, Sweden, but on the other hand, both Herl?erg et al
(1978) and Garthwaite et al (1988) were using C57Bl/6J Jackson Laboratory
ob/cb mice. Also, though Westman (1968) used the ob/cb mouse in the fast:ad
state (12 h), Herberg et al (197¢) and Garthwaijce et al (1980) studied the
obese mic.e in the fed state..

For all the studies reported in this thesis on the ob/ob mouse, the

mice were used between 8-12 weeks of age i.e. in the dynaﬁic phase of
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6besity. at that age the ob/cb mouse has many metabolic and endocrine
abnormalities in common with those of type II diabetes. These similarities
include obesity, “elevated food intake, altered .b{:\sal insulin=-glucose
relationships and insulin resistance (Bray. and York, 1979).
I. é. 3. Energy balance and thermoregulation

Cbesity represents an imbalance between energy intake and energy
expenditure (either via physical activity or heat 1loss). A number of
investigators have reported an increase in food intake' by ob/ob mice
(Bailey et al, 1975; Bray and York, 1971; Fuller and Jacoby, 1955; Lin et
al, 1979; Maver et al, 1951). The hyperphagia alone cannot be entirely .
respensible for the exce.ss energy deposition in ob/ob mice since neither
energy restriction, exercise, nor ‘the maintenance of a normal body weight
through a combination of these two treatments, will prevent adiposity
(Chlouverakis, 1972; Coleman, 1982; Dubuc, 1976a; Hollifield and Parson,
1958). All reports agree, however, that there is a spontaneous reduction in
physical activity: of ob/ob mice both during the dynamic pos:,tweaning phase
of the obesity and during the more static adult phase (Clark and Gay, 1972;
Joosten and van der Kroon, 1976; Yen and Acteon, 1972).

Energy utilization (neasdr;ed by 'oxygen consm;xption and expressed on
the basis of surface-area) is decreased in adult ob/cb mice (Mayer et al,
1953b; McClintock and Lifsen, 1957) and has been linked with an impairment
in cold-induced thermogenesis (Da\;'is and Mayer, 1954; Trayhurn and James,
1978). In small mammals, the main thermogenic organ is the brown adipose
tissue (BAT) (Foster and Frydman, 1978, 1979; Thurlby and Trayhurn, 1980).
BAT mitochondria have been shov}n to possess a unique proton conductance
pathway that uncouples mitochondrial oxidation from ~ phosphorylation
resulting in heat production (Nicholls, 1979). In obese mice, defects}_'_in

the BAT mitochondria (Himms-Hagen and Desautels, 1978; _Hogan and Himms-
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Hagen, 1986) and in the activation of BAT metabolisruvby the sympathetic
nervous system (Knehans-and WS, 1982; Seydoux et al, 1982) have been
suggested to be involwed in the impaired thermogenesis,
i TN

The defect in thermogenesis 1is, however, only partial. OUnder
appropriate experimental conditions, obese mice can adapt to cold {Carlisle
and Dubuc, 1982; Coleman, 1982; Hogan and Himms-Hagen, 198¢; Knehans and
Romsos, 1982; Seydoux et'al, 1982; Trayhurn and James, 1978). Coleman
(1982) recently suggested that a failure of thermogenesis in~ the mutant
mice could not be solely responsible - for their increased metabolic
efficiency. He proposed that hyperinsulinemia, by increasing anabolic
processes and decreasing degradation wouid spare energy normally used for
tissue turnover and account for some of the increased metabolic efficiency.
I. C. 4. Lipid metabolism

In obese mice, the proportion of body fat to lean is higher when

campared with lean controls and increases with- age. Elevated fat content

may account for more than 90% of the increased weight of obese mice (Bates
et al, 1955) . Enhanced fatty acid synthesis in the liver and adipose
tissue has been demonstrated in both in vivo and in vitro experiments with
a number of different isotopes (Assimacopoulos et al, 1974; Assimacopoulos-
Jeannet and Jeanrenaud, 1976; Bégin—Heick'and Beick, 1976; Ellict et al,
1976; Hems et al, 1975; Loten et al, 1974). This phencmenon has beén
related to the increased activity of ail lipcgenic enzymes (such as acetyl-
Coa-carboxylase and fatty acid synthf.‘tase)'in the adipose tissue and lit;er
{(Assimacopoulos-Jeannet and Jeanrenaud, 1976; Bray and York, 1971; Fried
and Antapol, 1966; Martin et al, 1973; Salmon and Hems, 1973). The increase
in hepatic fatty acid synthesis and esterification (duve in part to an
augmentation in glycerokinase activity) along with a decrease in oxiaation

of  fatty acids to ketone bodies result in an intracellular accumulation of
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lipids and an augmentation of the secretion of triglfcex:ides as very low
density lipoprotein (Assimacopoulos—Jeannet and Jeanrenaud, 1976).- Despite
this increased secretion, plasma triacylglyeerol levels are not markedly
increased in ob/ob mice (Salmon ~and Hems, 1973) since there is a
campensatory increase in lipoprotein. lipase activity in adipose tissue,
heart and ékeletal muscles (De Gasquet and Pequignot, 11972; Enser, 1972;
Rath et al, 1974). The elevated levels of glycerokinase in aéipose tissue
of ob/cb mice (Koschinsky et al_, gJ.9‘1’J.) along with the decreased response of
that tissue to lipolytic agents (see Bégin-Heick, 1982 for review) fdrther
contribute to the eievated triglyceride deposition in the fat cells,

It bhas been suggested that the hyperlipogenesis of ob/ob mice could
result from their hyperinsulinemia (Assimacopoulos~Jeannet and Jeanrenaud,
1976; Bray and York, 1979; Loten et al, 1974). Treatment of obese micg™
with either str'eptozotocin or anti-insulin serum decreases both hepatic
and adipose tissue lipoéenesis to near normal valuves (Loten et al, 1974,
1976) and increases ketone body production to values found in lean mice
(Jeanrenaud et al, 1975). However, whether the plasm; insulin was
decreésed by anti-insulin serum or streptozotocin (Loten et al, 1974, 1976}
or by fasting (Bates et\gl, 1955), the percentage of f remained
approximately the same in treated and control obese mice. Thus the
increased hepatic and adipose tissue lipogenesis cannot be due entirely to
a secondary effect of the hyperinsulinemia (Bégin-Heick, 1982).

I. C. 5. Pathogenesis of the cbese-hyperglycemic syndrome
I. C. 5a. The pancreas: morphology and insulin secretion

The following literature review on the endocrine pancreas and insulin
secretion in the obese mouse will be restricted to reports -on the C57Bl/6J
Jackson Laboratory opese meuse as the islets of the obese mouse from the

Swedish colony, used in the studies of Hellerstroin and Hellman (1964) tand
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from the Birmingham strain , used by Findlay et al (1973), have been shown
to be markedly different fram the islets of the C57B1/6J ob/cb mouse. |

The presence of a pancreatic' abnormality in the obese mouse was first
recognized in morphological studies. Light-microscopic examination
revealed that the obese mouse pancreas is characterized by marked
hypertrophy and hyperplasia of the islets of Langerhans (Bleisch et . al,
1952; Gepts et al, 1966; Like, 1977; Wrenshall et al, 1955). Two month old
obese mice are reported to have about six times as much islet tissue as
noncbese mice, with the larger proportion of islet tissue being contgibuted-
by the large islets (Gepts et al, 1960). While hyperplasia of bota A and
B cells has been described in the pancreas of obese mice (Gepts et al,
196¢), the greatest increase occurs in the mumber of B-cells (Baetens et
al, 1976; Gepts et al, 1968). )

In young obese mice (4-16 weeks of age),vit was observed that the beta
cells were degranulated, hypertrophied and contained numerous mitotic
figures (Bleisch et al, 1952; Gepts et él, 196¢; Like, 1977; Wrenshall-et
al, 1955). Hyalinization, fibrosis, hydropic degeneration or- necrosis were
not observed (Bleisch et al, 1952). In contrast, the B-cells of old ob/cb
mice (more than 16 weeks of age%{ in which serum glucose and insulin levels
were decreasing , showed B—cell regqgﬁnlatioq'{Herberg et al, 197¢; Like,
3977). Measurement of pancreatic insulin confirmed these observatipns:
pancreatic insulin content was found to be lower in young obese mice but
higher in older mice when compared to age-matched lean control mice (Begin-
Heick et al, 1979; Like, 1977; Mahler and Szabo, 1971; Patel et al, 1976;
Stauffacher et al;, 1967). Ultrastructural studies have confirmed the light-
microscopic findings. Hence, B-cells of ob/ob mice with hyperglycemia and
increased "plasma insulin levels revealed secretory degranulation with

increased Trough endoplasmic reticulum and enlarged Golgi structures (Like,
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1977).
As expected.on the basis of nérphological findings, insulin secretion

in the ob/cb mouse differs markedly from that of the lean mice. In vivo

studies revealed thgﬁ obese mice, when administered a glucose 1load
_ s

intraperitoneally (I.P.) (Begin—H;ick et al, 1974; Cameron et al, 1972b;
Dubuc, 1976b; Herberg et al, 1974), intravenously (I.V.) (Begin-Heick et
. al, 1979; Cameron et al, 1972b; Genuth et al, 1971) or crally (Begin-Heick

et al, 1979; Genuth et al, 1971; Kreutner et al, 1975), show a much greater
absolute and éercent increases in plasma glucose, immediately after the
glucose load, and a severe and sus;ained hyperglycemia during the remainder
of the test, when compared to lean control mice. The glucose intolerance
of obese mice has been shown to reflect not only a deficiency in their
ability to dispose rapidly of added glucose, but also an abnormaliy large
glycemic response to the control procedures (anesthesia, blood sampling,‘
administration of saline instead of glucose) (Dubuc, 1976b; Genuth et al,
1971). When looking at corresponding plasma insulin levels during glucose
tolerance tests, some researchers have reported a marked and persistent
'elevation of plasma insulin in response to glucose; no delay in the insulin
secretory response was observed and the values of plasma insulin were much
greater tﬂan those seen in the lean control mice (Begin-Heick et al, 1979;
Cameron et al, 1973?; bubuc, 1976b). On the other hand, a lack of increase
of plasma insulin levels, fram an already elevated basal plasma insulin
value, was also reported after an I.V. glucose load (Genuth et al;, 1971}
and an I:P. glucose load (Herberg et al, 1970). The divergeht results
obtained by the various groups of researchers on the plasma insulin values
cannot be readily explained on the basis of anesthesia versus no

anesthesia, fed vs fasting state, or timing of blood sampling. Under all

circumstances, however, the concentration of insulin in the plasma of the
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obese mice was high in- comparison with that in lean mice (Begin-Heick et
al, 1979; Cameron et.al, 1972b; Dubuc, lS;Gb; Genuth et al, 1971; Herberg
et al, 197@). )

Investigations have been done on insulin secretion in vitro using
isolated pancreata or islet preparations. In 5 to 6 week o0ld obese mice,
insulin output by panc:eétic piéées, in response to glucose or glucose and
theophylline, was shown to be increased out of proportion to pancreatic
insulin contenﬁ-when compared to lean control miéé {Malaisse et al, 1568a).
The increased responsiveness of the secretory process to the stimulant
action of glucose was also demonstrated using collagenase-isolated islets
studied in static tube incubation (Lavine et al, 1977; Loreti et al, 1974)
and perifusion set-ups (Loreti et al, 1974; Rabinovitch et al, 1975).

Lavine et al (1977) reported that obese mouse islets <release
significant amounts of insulin at glucose concentrations that are
nonstimulatory for islets of lean control mice. The heightened response to
glucose of the islet insulin-secretory process could not be abolished by
food deprivation (48 h to 7 days) or by chronic food restriction for a
period of S5 weeks (Lavine et al, 1977). These findings confimed the
original observations of Mayer et al (1953b) that the altered islet
coamposition could not be remedied by food restriction. Rabinovitch et al
(1975) demonstrated that although the insulin response to 16.8 mM glucose
in obese mouse islets was exaggerated when compared to islets fram lean
mice, it still showed the normal biphasic pattern.

The pancreas of the C57B1/6J ob/cb mouse has also been shown to
respord in a unique mannef to agents, other than glucose, known to affect
the islet function. Manncheptulose, an inhibitor of insulin secretion,
appeared to be ineffective in suppressing the insulin release (Hoshi and

Shreeve, 1969). Caffeine, an insulin secretagogue, produced a significant
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degranulation of B-cells in ob/cb mice but had no effect in lean mice
" (Kuftinec and Mayer, 1964).
I. C. 5b, Byperinsulinemia and insuiin resistance

In cbese mice, piasma insulin-like activity and plasma immmoreactive
insulin (IRI) are iﬁcreased comparéd with the lean controls, both in the
fed and the fasted states (Christophe et al, 1959; Stauffacher et al,
1967). Plasma IRI concentrations are about 8 times the noermal value in
young obese mice (5-6 week old) and increase tc about 5€ times the normal
value- in 6 month old obese mice (Herberg et al, 197@; Garthwaite et al,
198@; Genuth, 1969). Plasma insulin concentrations in obese mice markedly "
Gecrease with fasting (Begin-Heick, 1982; Christophe et al, 1959; Cuendet
et al, 1973; Stauffacher et al, 1967) but approach nommal values oenly after
prolonged starvation (2 weeks) (Begin-Heick, 1982; Cuendet et al, 1973). "

The high plasma insulin levels in obese mice might suggest decreased
insulin degradation. ‘However, calculations made fraom the rate of
disappearaﬁce of radiocactively labeled insulin suggest that the turnover of
insulin is enhanced in ob/ob mice (Bray and York, 1979; Coore and Westman,
1979; Genuth, 1972).

The hypersecretion of insulin by the obese mouse is not a compensatory
ﬁechanism due to the production of an ineffective insulin since the excess
hormone has been shown to be structurally normal (Genuth, 1969; Stauffacher
et al, 1967): both pancreatic and plasma insulin of ob/ob and age matched
normal mice are comparablé with respect to the ratio of their biological
potency and immmoreactivity. ’

In the obese mouse, hyperinsulinemia is accompanied by hyperglycemia,
with blood glocose levels rising above 488-mg/dl in animals fed 2d libitum
(Westman, 1968). The presence of hyperinsulinemia,‘ together with

hyperglycemia, suggests that the obese mouse is ingensitive to the
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hypoglycemic effect of insulin. This s been demonstrated by the lack of
response of the gluconeogenic and glycogenic pathway to insulin both in
vivo (Kreutmer et al, 1975) and in vitro (Seidman et al, 1970) and
furthermore frt;.m results of glucose tolerance tests and fram investigation
of insulin sensitivity of muscle and adipose ti.ssue {Bray and York, 1979;
Assimacopoulos-Jeannet and Jeanrenaud, 1976). Stauffacher and Renold (1569)
observed that, in the obese mouse, the rm‘Jscle is more resistant than the
adipose tissue. During the dynamic phase of obesity, the lipid metabo;tism
of the liver remains ser;:sitive to insulin stimulation (Assimacopoulos-
Jeannet and Jeanrenaud, 1976; Loten et al, 1974), however, gluconeogenis
and ketone body production loose their sensitivity to insulin suppression
{Kreutner et al, 1975).

The basis of the insulin resistance in ob/cb mice is a;nplex (Bray and
York, 1979; Assimacopoulos-Jeannet and Jeanrenaud, .1976). The initial step
in the cellular action of insulin involves binding to specific menmbrane
receptors. Once insulin is bound to the receptors, the insuiin—recei)g:or
camplex becames effective in modulating a cascade of processes beyond the
" cell surface that ultimately result in the hormonal effects (Freychet,
1976). Decreased binding of insulin in ob/cb mice has been demonstrated in
marbranes of all target tissues of insulin i.e. adipose tissue (Freychet et
al, 1972), 1liver (Bégin-Heick et al, 1974; Kahn et al, 1973), and muscle
(Le Marchand-Brustel et al, 1978). The diminished pinding has been
attributed. to the loss of receptor sites rather than to any change in the
affinity of the receptors (Freychet et al, 1972; Kahn et al, 1973; le
Marchand-Brustel et al, 1978).

The generalized dec;ease of insulin-receptor concentration in tissues

from ob/ob mice accounts only partly for the observed decrease in insulin

sensitivity of these animals. It was demonstrated that tissues from ob/cb
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mice also show a decrease in responsiveness (Assimacopoulos~Jeannet and
Jeanrenaud, 1976; Le Marchand-Brustel et al, 1978). It was thus
hypoéhésized that the insulin resistance of the cb/ob mouse could be partly
related to intracellular alterations that modify the normal message of the
hormone at steps beyond the insulin-receptor interaction {Assimacopoulos-
Jeannet and Jeanrenaud, 1976). -

The insulin resistance of the ob/cb mouse is thought to be secondary
to the hyperinsulinemia and obesity. The elevated plasma insulin levels of
the ob/cb mouse were shown to be deq;eased by the following treatments:
long-term fasting or caloric restriction (Chlouverakis, 1972; Le Marchand
et al, 1977), alloxan {(Mahler and Szabo, 1971; Solomon et al, 1974),'
streptozotocin (Batchelor et al, 1975; ‘Le Marchand et al, 1977) and
oxytetracycline treatment (Bégin-Heick and Heick, 1976; Bégin-Heick et al,
1974}, Howev;r, fasting did not normalize the insulin-stimulated uptake of
glucose by soleus muscle of ob/ob mice (Le Marchand—Brﬁstel‘et al, 1978)
nor did it improve the stimulatory effect of insulin on adipose tissue or
liver metabolism {Le Marchand et al, 1977). Whereas alloxan treatment was
shown to ‘increase the insulin sensitivity of the diaphragm muscle of the
ob/ob mouse (Mahler and Szabo, 1971), streptozotocin did not result in any
increase in responsiveness of muscle or adipose tissue (Batchelor et al,
1975). Oxytetracycline, however, resulted in an inerease in the insulin
sensitivity of the diaphragm and in an increase in the binding of insulin
to liver membranes (Bégin-Heick and Heick, 1976; Bégin-Heick et al, 1974).
I. C. 5c. Possible causes of hyperinsulinemia

As stated earlier,  hyperinsulinemia dJevelops from 15 days of age
before any sign of hyperphagia (Dubuc, 1976b; Godbole et él, 198¢) . -
Moreover, food restriction (Dubuc, 1976a)'of the cbese mouse does not

normalize plasma insulin levels. So the high rate of insulin secretion in
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ob/cb mice is probably not due to hyperphagia. A primary deé.:rease in .
peripheral insulin sensitivity is also probably not the reason for the
rly;;erinsuline:nia_ since increased insulin secretion develops before the
insulin resistanée.

Maver et al suggested in 1953 that the high insulin secretion in obese
ﬁxic':e could be secondary -to an ;lncree;sed glucagon secretion. Plasma
glucagon has been reported as no & -:‘(Cuendet et al, 1975) or slightly
increased (Dubuc et al, 1977,/ Lavine et al 1975). éancreatic glucagon.
content has also been found to be increased (Cuendet et al, 1975; Patel et
al, 1976). Gepts and co-workers (1960) reported an increase in the number
of A-cells in the cbese mouse pancreas while Baetens et al (1976) reported
a slight decrease of both somatostatin- and glucagon-containing cells. So,
although an involvement of glucagon has been suggested in the pathogenesis
of the obese-hyperglycemic syndrome, a specific disturbance of glucagon
regulation c¢ould not gccount for the persistehce of hyperinsulinemia and
hyperglycemia.

Patel et al (1976) tried to link the hyperinsulinemia of tl?ge/\)b/ob
mouse . with their finding. of a decreased pancreatic tostatin
concentration in- 11-12 week old ob/cb mice. Somatostatin is knowp to have
potent inhibitory effect on insulin and glucagon sg_qr,egc?i) in human
subjects and in animals (Reichlin et al, 1976). Howeverg “the hypothesis of
Patel and co-workers (1976) is unlikely sincé it was stiown later on that
the total pancreat;ic content of scmatostatin. was increased in 2 month and 6
month  old mice when campared to age-matched lean controls (Dolais-Kitabgi
et al, 1979). '

The other islet peptide studied in the ob/cb mouse is pancreatic
polypeptide (PP). It was found by radioimtmoassay. and immunocytochemical

techniques that the pancreas of 5 month old ob/cb mice had a significantly
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greater level of PP than control glands (Gingerich et al, 1978). The
physiological importance of this observation has pﬁt been deterﬁined yet, A
clear-cut delineation of the relationéhip between the four pancreatic
polypeptides in the production of hyperinsulinemia in the ob/ob mouse
cannot be obtained from the various reports published to date.
Hypefinsulinemia may arise in ;?e ob/ch noﬁse from a progressive
failure of the autoregulation 6f insulin secretion by insulin, as suggested
» Dby Loreti. et al (1974). Wwhen rat insulin was add;d to the incubation
\\_xﬁﬂium, the. secretory activity of the lean mouse islets was almost
completely suppressed. The concentration of exogeneous insulin required to
inhibit insulin secretion in the islets of obese mice was much higher than

in the tissue of lean mice and increased with the age of the animals

g

far=iis

(Loreti_et al, 1974).
" The underlying mechanism of the insulin hypersecretion remains
unclear. Assimacopoulos-Jeannet and Jeanrenaud (1976) proposed that
- hypothalamic disorders of ob/ob mouse could, via neural, humoral or other
distorted control mechanisms, affect the normal regulation of the endocrine
pancreas and alter the functional relationship between thé;A, B and D-
cells. A primary etiology for the hypsrsecretion of insulin in ob/cb mice
has also been proposed to reside ih{%he'endocfine pancreas per se. The
oiiginal. findings by Strautz (1976) that'implantafion of islets isolated
: fftut lean mice into obese mice could ameliorate| the obese—hypérglycemic
syndrome were taken to suggest that the absencl of an 1islet factor is
. responsible for the development of the syndrane; However, more recently,
_ Andersson 8t al (1981), using a different islet transplantation technique
failed té confirm such a cénclusion., It is noteworthy to mention that both
Strautz (197¢)-and Andersson et al (1981) used obese mice at an age where

both hyperglycemia and insulin resisﬂmxfgwere already present. It was
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thus unlikely, as discusssed by Andersson et al (198l) that one could cure
the obese mouse by augmenting its cépacity to produce insulin by islet
transplantation since the ob/cb mice were already hyperinsuiinemié. .
I. C. 5d. Pituitary-thyroid system

SGTQ:-:‘ degree of thyroid malfunction in ob/ob mice would be consistent
with their low metabolic rate, dJecreased body temperature (Joosten and van
der Kroon, 1974b; 6htake et al, 1977), suscept—ibility o cold and
hypoactivity (Joosten and van der Kroon, 1976). While earlier reports
claimed that .the uptake of [1311] into the thyroid of ob/cb mice was normal
(Goldberg and Mayer, 1952; Wykes et al, 1958), subsequent reports claimed a

subnormal uptake (Joosten and van der Kroon, 1974b; Ohtake et al, 1977;

 York et al, 1978b). However, no abnormalities either in thyroid weight or

histology have been detected in ob/ob mice (Goldberg and Mayer, 1332;
Joosten and van der Kroon, 1974b; Wykes et al, 195?). Dirfect measurements-
of plasma thyroidal hormones (T and T ) by radioirmunoassay ha\[cf: shown
normal or slightly increased congentratgons (Herberg and Coleman, 1977;
Ohtake et al, léj’;"i; Yor}; et al, 1978b). S‘erum thyroid—stirmlatintj hormone

(TSH) is also nommal and, increases in a manner similar to that seen in
o

' lean mice, after exposure to 4 C (Ohtake et 21, 1977). The hypothalamic

concentration -of thyrotropin-releasing hormone (TRH) is the same in ob/ob
and lean mice (Nemeroff et al, 1978). These data, together with the
demonstration that thyroid metabolism in the ob/ob ‘mouse responds to
injectioh‘ of TSH and to inhiSitory feedback from exogeneous
triiodothyronine (Ohtake et al, 1977), suggest that the thyroid-pituitary
axis of the ob/ob mouse is essentially normal. The hyporﬁetabolim and
impaired thermogenesis of the ob/ob mouse is thus suggestive of some
impairment in tissue response to thyroid hormone (Chtake et al, 1977; York

—
et al, 1978a, 1978b), whichfis borne out by the observation that prolonged
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treatment with thyroid hormone increases heat production and redwces the

obesity (Joosten and van der Kroon; 1974b; Mayer et al, 1952; Ohtake et al, -

1977; van der Kroon et al, 198l; York et al, 1978a, 1978b).
Edelman and Ismail-Beigi (Bdelman and Ismail-Beigi, 1974; Ismail-Beigi
and Edelman, 1971) have presented- data to suggest that much of the
‘ calorigeni& response Lo thyroid hormones may result from the stimulation of

+ + . + o+
.the Na -K -ATPase activity in a number of tissues. The Na -K -ATPase

concentration has been reported to be decreased in skeletal muscle (Lin et _

al, 1978), liver and kianey {(York et al, 1978a) of ob/cb mice. It was thus
+

suggested (Bray and York, 1979) that a defect in the Na pump could explain’

the impaired themmogenesis of ob/ob mice (Joosten and van-der Kroon, 1974b;
Ohtake et al, 1977; Trayhurn et al, -1977) and could result in the
observed increase in caloric efficiency because less energy was expénded on
the maintenance of body tenpérature and of trahsnémbrane ionic balance.
I. C. 5e. Role of adrenals

fhe adrena1§ of adult ob/cb mice are hypertrophied (Hellerstrom et
al, 1962; Marshall et al, 1957). The hypertrophy is absent or minimal in
young animals but increases with age. The increased adrenal‘weight results

from a distinct hyperplasia of the cortex (Hellerstram et al, 1962). There

is also a direct relationship between body weight and adrenal cortex volume

(Hellerstrom et al, 1962). The initial elevation in serum corticostercne
is observed around day 17 (Dubuc, 1977) and increases with age (Garthwaite
et al, 198¢). The adrenal hyperactivity presumably results from excessive
ACTH secretion (Edwardson and Hough, 1975) but it may also reflect an
increased adrenal sensitivity to ACTH (Carstensen et al, 1961) as food-
restriction of the obese mouse was able to normalize pituitary ACTH content
(Edwardson and Hough, .1975) but did not result in any signifiéant decrease

in serum corticosterone levels (Dubuc, 1976a). The factors responsible for

22

.



the elevated pituitary content of immunoreactive ACTH (Edwardson and Hough,
1975) reméin undetermined, Similar pituitary responses to  crude
corticotropin-releasing factor (CRF) as well as similar hypothalamic CRF
activity have been found in obese and lean mice (E‘dwa.rdson and Hough,
1975). , - |
The hyperadrénocorticisn of the ob/ob mouse is thought not to
represent a primary genetic defect but to be secondary to the diabetes,
hyperinsulinemia and insulin . resistance (Bray and York, 1979). It would
appear to aggravate the ob/cb syndrome, Adrenalectamy lowers blood
glucose, restores insulin sensitivity and slows further weight gain in 2
month old obese mice (Solomon and Mayer, 1973; ;Yukimura and Bray, 1978).
These effects may be related to the reduced food intake in adrenalectomized
ob/ob mice (Yukimura and Bray, 1978).
I. C. 5£. The brain and hypothalamus
There are considerable data available to suggest that the genetid
defect of obese mice may be expressed as abnormal hy;‘)othalamic function,
" The hyperphagia (Mayer, 1953a), decre}sed activity (Mayer, **1953b),
hypogonadism (Batt et al, 1982; Ingalls et al, 1958; Swerdloff et al, 1976,
-1978), increased energy efficiency (Bray and York, 1979), and hy;pothermia
(Trayhurn et al, 1977) have been partly ascribed to altered functions of
the hypothalamic area. Investigations on hyperphagia in obese mice wst

' defects in satiety mechanisms. The ob/cb and lean mice differ in their

J% " response to manipulations of the palatibility of their diet. W‘i}ereas
normal mice are able to compensate for the dilution of their food with
cellulose, so that they continue to gain weight at a normal - rate, cbese
mice do not increase their food intake sufficiently and their body weight

levels off (Parson et al, 1954).
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The hypothesis that defect(s) in hypothalamic requlation of food
intake might be present in the ob/ocb mouse also gains support from
parabiosis experiments. Wwhen normal mice were parabiosed wifh ob/cb mice,

‘ocbese mice ate less and gained weight less rapidly than control obese mice

(Coleman, 1573). It was concluded by Coleman (1973) that the obese mouse

was unable to produce sufficient "satiety factor" to regulate its food

consumption, Candidates for the. putative satiety factor include
pancreatic polypeptide (Malaisse—Laéae et al, 1977) and cholecystokiﬁin
(Strauss and Yalow, 1979) among others but there are no convincing data as
vet,

Abnormalities in the structure of the central nervous system have been
described in obese mice (Bereiter and Jeanrenaud, 1979; van der Kroon and
Speijers, 1979).  Brain weight (Bereiter and Jeanrenaud, 1979; Garthwaite
et al, 1988) and pituitary protein (Garthwaite et al, 1980) were reported
to be lower in obese mice thén in lean aée—matched controls. The cross-
sectional area of neurons in most parts of the brain of obese mice were
reported to be significantly smaller than in lean mice (Bereiter and
Jeanrenaﬁd, 1979). Altera;ions-in hfpothalamic organization of cbese mice
have alsc been reported (Bereiter and Jeanrenaud, 1979). It was suggested
" that the generalized reduction in volume of neuxons may be the anatomic
basis for the hypothalamic defects (Bray and York, 1979). -

The concentration of norepinephrine (NE}, but not of dopamine, was
reported to be increased in the hypothalamus, ’teléncephalon, and brainstem
of both ad libitum-fed (Lorden et al, 1975) and food-restricted (Oltmans et
al, 1976) young cb/ob mice., No significant differ?nce in NE turnover was
observed, however, between the lean and the obese gn%@als (Lorden et al,

. N

1976). Using older animals (8 months old), Nemeroff ‘et al (1978) could

finé ne difference in hypothalamic levels of NE or dopamine. By 8 months
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of age, the ob/db mouse is no longer rapidly gaining weight, suggesting
that the findings in the younger animals may be more important.
I. C. 5g9. Growth hormone

Although growth hormone was suggested to be invelved in ther .
pathogenesis of the syndrome (Hellerstrom et al, 1978), this could not be
cenfirmed by measurements of immumnoreactive growth hormone levels, which
were found to be identical in cbese and lean mice (Roos et al, 1974). It
is clear from the demonstration that the obese-hyperglycemic syndrame c¢an
develop in hoamozygous obese mice that are also homozygous for the dwarf
gene and thus have no circulating growth hormone (Joosten et al, 1975),
-that the development of the obesity and insulin resistance is not dependent
on growth hormone. )

I. C. 5e. Reproductive system _

The sterility of both male and female obese mice has been recognized
since the appearance of the mutation (Ingalls et al, 1§SG). Barlier
studies on the histological and anatomical appearance of the gonads
suggested that a lack of gonadotropin Stimulation could be the basis of the
reproductive defects in ob/ob mice (Bray and York, 1971, 1979). This
hyoothesis has been investigated by Swerdloff et al (1976, 1978) and more
recently by Batt et al (1982). Pituitary concentration of LH was shown to
" be normal, but that of E:SH raised. Serum concentrations of LH and FSH were
shown to be:nozmal and low respé;ctively, both in m'a\le' (Batt et al, 1982;
Swerdloff et al, 1976) and female (Satt et al, 1982) obese mice, These
findihgs suggeist impaired FSH release in both sexeé.

The oontent and concentration of LH-RH in hypothalami of young adults
of both se;cés ‘was found t_S ‘be significantly' higher in obese animals’
.campared to lfl."heir lean littermates and this LH-RH was biologically active

‘(Batt et al, 1982). It was suggested that the impaired release of FSH in
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the obese’ mouse could be caused by an inadequacy in the mechanism of
release of LH-RH (Batt et al, 1982) probably associated with the animal's.
extreme sensitivity towards the negative feedback effect of gonadal
steroids_(Swerdloff et al, 1976). An insensitivity of the pituwitary gland
towards LH-RH (in its release of FSH) could not be excluded either (Batt
et él, 1982} .

The sterility of the obese mouse is thus a secondary aspect of the
syndrome. The gonadal ancmalies can be attributed to changes in pituitary
function that are secondary to the obesity and/or to a defect or defects in
the hypothalamus.

I1.D. The Pancreati® Islets

In mammals, the islets of Langerhans are distributed ﬁhrOughout the
exocrine pancreas, making up only 1 to 2% of the total volume of the
pancreatic tissue. The efficiency wiEh which the pancreatic islet organ
maintains the blood sugar homeostasis i;‘determined béth by the total islet
mass and the hormonal release of individual islet cells in response to
changes in the blood sugar concentration. The islet orgén is composed of

\endécrine cells, blood vessels, nervo;s eléhents and connective tissue
(Boquist, 1977). -

New formation of islet cells by mitotic division occurs in embryos and
neonates whereas the mitotic activity is low in most adult species
(Boquist, 1972). It waé reported that 5-26 B-cells/1,80¢ B-cells may divide
during 24 h in adult mice or rats. &t thi; rate the doubling time would be
46-200 cays (Hellerstrom, 1977; Hellman, 1959b; Logothetopoulos, 1972).
However, mitotic activity may be observed readily among the islet endocrine
cells in the adult period under pathological and experimental conditions.
An example is the considerable proliferative capacity of the islet cells of

the ob/cb mouse leading to B-cell hyperplasia (Bleisch et al, = 1952; Gepts
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et al, 196¢; Like, 1977; Wyenshéll et a1, 1955).
I.D. 1, Vascular supply and inmervation of the islets

The islets are markedly vascularized and possess a tortuous network of
anastomosing capillaries that. makes them ideally suited for a rapid
éél-ivery of their hommonal secretion into the bloodstream and alse a prompt
uptake of nutrients from the blood (Munger, 1977).

Pancreatic islets of all animals studied to date are well innervated
with camponents of the autcnamic nervous system (Munger, 1977). Stimulation
of the parasympathetic nérvous system (cholinergic) causes insulin
secretion whereas stimulation of the sympathetic .system {adrenergic)
inhibits insulin secretion; the opposite responses are found for glucagon
(Malaisse et al, 1967b).

I.D. 2. Endocrine cells

Histochemical, biochemical and immunoflworescence technicques have led
to the distinction of several endocrine cell types, based mainly upon the
structural appearance of their secretory granules,

It bhad been generally assumed, sore years ago, that the four
endocrine cell types (A,B,D and PP cells) were present throuéhout all the
islets in the pancreas of most mammalian species, with the B—cells béing
the most numerous. Application of ﬂnnunéfluo:escence techniques to more
numerous samples revealed two populations of islets having distinct
cellular content and topographical distribution (Orci et al, 1976). Islets
from the body ananaiIZ%f the pancréas (sometimes also refered to as dorsal
or splenic part qf the pancreas) were found to have a xim of glucagon-
centaining cells but few or no PP;contaihing cells, On the other hand,
islets from the lowen part of the head o: the pancreas (also called'ventral
or ducdenal pancreatic region) showed a well defined rim of PP—containing

cells but very few or no glucagon-containing cells. Such preferential

- e
v,

T

27



location of PPTcells in the head of the pancreas was also found in the
mouse (Orci et al, 1976). No difference in the distribution of B—cells or
D—cells was found (Orci et al, 1976).

The differences in the hormones stored by the two kinds of rat islets
have also been correlated with differences in secretion characteristics:
dorsal islets were found to secrete more insulin and more glucagon in the
presence of 16.7 mM glucose than did the ventral islets (Trimble and
Renold, 1981).

I.D. 2a. The B—cell

The B-cell has long been known to manufacture insulin and is by far
the best defined of the islet cell typ?s {Hellerstraom, 1977). B-cells are
characteristically  stained by aldehyde “fuchsin,  hematoxyline,
pseudoisocyanine, and toluidine blue O (Boquist, 1977). They constitute 60
to 86% of the normal mammalian pancreas (Hellman, 1959a) but may account
for over 90% in some conditions (e.g. the ob/ob syndroame) (Hellerstrom,
1977),. For this reason, the growth pattern of the pancreatic igslets is to a
large extent determined by the proliferation and loss of B-cells. The fine
structural appearance of the B-cells varies somewhat in different species
(Boquist, 1977). The main distinguishing structural feature of the B-cells
is the secretory granule, which shows considerable species variation in
morphological appearance. In rodent species, the secretory granules are
characteristically roundeé, whereas they are rectangular, sguare, hexagonal
and irregular or rounded in humans (Like, 1967). The structural variations
may be due to differences in the chemical or physical form of insulin
(Like, 1967). Between the numerous secretory granules, the cytoplasm of B-
cells contains the usual complement of organelles, including the Golgi
apparatus, rough aﬁd smooth endoplasmic reticulum, scattered mitochondria,

. ] .
microtubules and cytoplasmic microfilaments.
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I.D. 2b. The A-cell
ii The A cell 1is the source of pancreatic glucagon and these cells
comprise 1@ to 30% of the mammalian endocrine pancreas (Hellerstrom, 1977).
In the rat, mouse and hamster the A-cells are typically located on the
islet periphery whereas in man, they occur both on the islet periphery and
dispersed among the other islet cell types (Hellerstram, 1977).
I.D. 2¢, The D—cell

The D-cell contains somatostatin, a tetradecapeptide. The occurence in
these cells of a material cross-reacting with antibodies toward gastrin has
been claimed by some authors but has been denied by others (Hellefstiam,
1977). D-cells usually ccmpriselless than 1¢% of the islets of laboratory
animals but seem to be considerably more prevalent in human islets
(Hellerstrom, 1977). The D-cells are either diffusely distributed or in
most species localized to the periphery of the islets, occasionally
interposed between the peripheral A-cells and the central B-cells. In
humans and rodents, scmatostétin has been shown to exert an inhibiéory
effect on glucagon and insulin secretion (Reichlin et al, 1976).
I.D. 2d. The PP—cell |

The PP-cell is the source of pancreatic polypeptide, a protein
composed of 36 amino acid residues in a straight chain. In the islets, the
PP-cells are relatively rare but they occur also in the acinar parenchyma.
Although their precise biological significance remains to be clarified,
there is much evidence to suggest that they are true hormone-producing
cells (Hellerst?cm, 1977).
I.D. 2e. Other islet cells

The agranular celljl or nondifferentiated cells are regarded as
precursors of granulated islet cells rather than true endocrine elements

(Hellerstrom, 1977).
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I.D. 3. Insulin biosynthesis
I.D. 3a. Mechanism of insulin biosynthesis

In 1967, Steiner and Cyer (1967) demonstrated with human insulincma
slices and isolated rat islets that radioactive amino acids were
incorporated into a sinéle polypeptide chain, proinsulin (M4 9,68d), which
was convérted .into - insulin (M¥ 5,80609). The two chains of insulin are
synthesized from the amino terminus of the B chain through the so-called
connecting peptide (C peptide) to the carboxyl terminus of the A chain as a
single polypeptide chain,

More recently, mRNA isolated from islet tissue (Permutt, 1981; Yip et
al, 1975) was Eranslated in an mRNA-dependent, cell-free, protein-
synthesizing system. The estimated molecular weight of the major protein
synthesized was 12,060. This cell-free - product has been called
preproinsulin; it contains 23-25 amino acids.at the amino terminus of
proinsulin (Permutt, 1981).

Two different insulins are present in the pancreas of the rat (Clark
and Steiner, 1969) and the mouse (Mgzkussen; 1971). The'inifial translation
products, preproinsulins I and II, differ by only three amino acids in the
pre-region {Lamedico et al, 1979), two in the B chain (Clark and Steiner,
1969), and two in the C-peptide (Claxk and Steiner, 1969). Insulins I and
Il of the mouse have amino acid composition identical with those of the rat
(Markussen, 1971). In rats, insulin I/II was found to be present in a 63:40
ratio while in mice of the C57Bl/6J strain, the ratio varied fram 65:35 in
the lean mouse to 76:24 in the cb/cb mouse (Kakita et al, 1982). The
significance of these observations is still not known.

The first step in the production of insulin is thus the synthesis of
preproinsulin and proinsulin in the rough endoplasmic reticulum. From

there, the proinsulin is transported by an energy-requiring mechanism to
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the Golgi complex, eithér through direct intracistermal miwtiom or
through vesicles pinched off from the endoplasmic reticulum (Steiner et al,
1972; Yip et al, 1975).

The single-chain proinsulin molecule is converted to the double-chain
insulin molecule by the enzymatic removal of the connecting C-peptide
(Boquist, 1977). The enzymes responsible for the removal of the C-peptidé
are localized within the Golgi complex, and the conversion of proinsulin t6
insulin occurs in the Golgi area and continue$ in the B granules (Steiner
et al, 1972). The half-time for the conversion of proinsulin to insulin is
approximately 66 min (Stei;aer et ‘al, 1972).

In the Golgi: camplex, the newly-formed insulin is packaged into
secretory granules, and the individual granules pinch off .frcm the Golgi
membranes (Boquist, 1977). In addition to insuiin, the secretory granules
contain zinc and in most mammalian species insulin is stored as a zinc—
iﬁsulin complex (Blundell et al, 1972) (see below, Zinc and ;nsulin) . The é—
peptide from* proinsulin is also stored in the islets and secreted in

equivalent amounts to insulin (Steiner et al, 1972). The release of the

‘stored hormone occurs through emiocytosis, which is a fusion of the granule

marbrane with the plasma membrane after which the contents of the granule
are delivered extracellularly and dissolved. Before emiocytosis can occur,
however, the secretory granules must be transported to the cell membrane,
possibly through the interaction of the microtubular-microfilament system
of the B—cells (Hedeskov, 1986; Lacy, 1975). )
I1.D. 3b. Regulation of insulin biosynthesis |

Glucose is the major physiological stimulus for insulin biosynthesis
and secretion in the B-cells but the nechanism of glwose stimulation of
proinsulin synthesis is still uncertain. Studies on the mechamsm of

glucose stimulation of insulin biosynthesis were begun in 1970. Morris and
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Rorner (197¢) were the first to report a specific effect of glucose on
proinsulin synthesis relétive to that of total islet protein. Permutt and
Kipnis (1972) reported that the early effects. of _glﬁcose on insulin
biosynthesis were independent of new RNA synthesis. It was also found by
the latter authors that exposure of islets to 20 mM glucose for 2'h, in the
presence of actinomycin D, led to an inhibition of glucose-stimulated
insulin biosynéhesis. Using a protein-synthesizing wheat germ system to
quantitate proinsulin mRNA, Itch et al (1978) determined that during the
first 66 min of exposure of isolated islets to high glucose concentration
(36.7 mM), glucose regulates proinsulin synthesis by enhancing the
availability of total proinsulin mRNA rather than by increasing the amount
of proinsulin mRNA. Those findings were later confirmed by using a
proinsulin cDNA hybridization method to quantitate the proinsulin mRNA
(Itoh and Ckamoto, 1988). Takeg tpgé%her, these data (Itoh and Okamoto,
1589; Itoch et al, 1978; Permutt and Kipnis, 1972) suggest that the early
effects of glucose on preexisting mRNA is at a translational level and that

there is a delayed effect of glucose on stimulation of new érdihéulin MRNA.,

" In trying to find out how glucose initiates the insulin biosynthesis, -

the effects of compounds, other than glucose, were studied by a number of
investigators. For example, the rates of oxidation of purine
ribonuclecsides and D—ribose, in mouse and rat islets, was correlatéd with
their effectiveness as inducers of insulin secretion and proinsulin
biosynthesis (Jain and Logothetopoulos, 1977, 1978). - Manncheptulose was
shown to inhibit the glucose- ané mannose-induced biosynthesis and release
of ihsdlin by interfering with the metabolism of these sugars (Ashcroft,
iBSG). Although there is general agreement between the rate of netaboliém
of various compounds and the rate of insulin biosynthesis and felease which

they support, it was shown that the threshold for stimulation of insulin
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biosynthesis by glucose (Jain et al, 1975; Pipeleers et al, 1973) is
marginally lower than that for glucose-stimulated insulin release (Malaisse
et al, 1967a). Insulin release starts increasing when the glucose -
concentration is raised above 4mM (Malaissé et al, 1967a). Incorporation of
[3H]—leucine into proinsulin is maximally affected between @ and 4.5 m
gluwose (Jain et al, 1975; Pipeleers et al, 1973). Moreover, the
biosynthesis of insulin can be dissociated from its secretion. For example,
diazoxide, epinephrine’ and the absence of calcium ions were shown to
inhibit insulin release but to have no effect on insulin biosynthesis (Lin
and Haist, 1973).

I.D. 4. Insulin release

I.D. 4a. Kinetics of insuvlin release

/
The pancreatic B-cell responds to a rapid and sustained increase of

the glucose concentration in the extracellular fluid with a biphasic
pattern _qf insulin release, characterized by a short spike of release,
followed by a nadir and a slowly rising second phase (Wollheim and Sharp,
1981). This biphasic response, first observed in the effluent of the
perfused pancreas (Curry et al, 1968), is also seen in the portal vein in
humans (Lund et al, 19795).

‘Studies on insulin release in perfused, isolated rat islets showed
that the first phase of secretion reaches a maximum rate approximately 5
min after stimulation, and the second phase achieves a maximum level

approximately 3¢ min after stimulation with glucose (Lacy et al, 1972).

Data obtained by Grodsky (1972) with a perfused rat pancreas system showed

that at high glucose concentration, the total amount of insulin released in
the first.phase is less than 1-2% of pancreatic insulin content while the
second phase amounts to approximately 2% of total insulin content.

Several suggestions about the mechanisms underlying the biphasic
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nature of the insulin-secretory response have been proposed (cf Wollheim
and Shafp, 1981). Grodsky (1972) proposed that insul:in may be stored | in
campartments or poels with differing labilities to stimulfhti _ __&s. That
two-mol heterogeneous threshold model fo‘r beta cell response to gltﬁgse
was rejected by—Cerasi et al (1974) but subsequently supported and modified
by Guyton et al (1978). It has also been suggested that beta granules
aligned along microtubules may be\responsible for the first phase of

: insul::m secretion, whereas the late secretory phase mighE be dve to release
from granules initially free in the cytog}asm and which attach thanselve:
to microtubules {(Lacy, 1976). another sﬁggestion has been t beta
granules lo-cated w:.thm the microfilamentous cell web were responsible for
first-phase secretion and the later phase could correspond mebilization
of secretory granules aleng the microtubules (Malaisse et al, 1974). To
date, however, no adeguate direct evidence exists to account for
‘morphological compartmentation within the B-cell.' More 'recently, wollheim
and Sharp (1981) propoéed a model for glucose-induced biphasic insulin
release in which the rate of insulin release would be driven by.dqanges in
the concentration of‘cytosolic calcium.

wWhatever the exact mechanism, a single primary action of glucose on
the two 'phases seems indicated as the dosehresponsé curve for both the
first -and At.he second _phase of insulin release is the same sigmoidal
function of the extracellular glucose concentration (Grodsky, 19723.
I1.D. 4b. Factors influencing insulin secretion

It is now vgzll established that a wide v’ariety.. of agents, such as
circulating nutrients (carbohydrates, amino at;:ids, faé deriQed products),

hormones, neurotransmitters and pharmacological substances may directly

influence the release of insuli ov, 1980; Lambert, 1976). In

mamals, D-glucose to be the predominant factor controlling the B-
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cell fuﬁction and insuli;7$ecret10n (Hedeskov, 1986?‘Lambert, 1976); Agenfs
likg glucose which are capable of pramoting insulin release are designated:
initiators or primary Stimuliﬂ Agenté that are ineffective alone .but

’/increase the ' secretory response to an initiator are referred to as
;H\potentiators or secondary stimuli. Examples of initiators and potentiators
of insu}in release are listed in Table 1.

The regulation of a single process of Felease by such a variety of
factors implies that the B-cell is eqﬁipped with 2 number of distinct
sensor systems'ablé to identify each regulatory factor. In a féw_instagces,
it was proposed that thg sensor systeﬁ can be equated with receptor si
located at the piasma _membrane e.g. the Q}nding of glucagon. to its
receptor. However, the sensor,égﬂstem(s) involved in ‘the recognition of
nutrient secretagegues such as D;glu:ose of L-leucine, by the Q—CEll, have
been less easy to define. For several years, two contrasting theories were
considered (Ashcroft, -1989;-Hedeskov, 19é0; Malaisse et al, i979a, 1979b).
The first,-*often called the regulatory site hypothesis, postulated that
nutrients such as glucose initiéte the ﬁelease of insulin byxéﬁiivation of
a specific receptor, presumably a pro;ein located in'the B-cell mambrane,
to which giucose and other nutrients directly bind, thereby eliciting an
~urdefined series of events leading to insulin release. \The second theory,
or the substrate site thesis, postulated that, in order to stimulate
insulin release, glucose (or other nutrients) had to be-metbbolized in the
islet cells, the sezzgijry response being dééendent on the availability of
a metabolite or co-factor generated by the metabPlism of glu:mse.: This.
second or metabolic hypothesis was first described by Randle et al ﬁlBGB)
and has éained considerable ;upport fran a mumber of) obSé;éatioqs
indicating that the secretbry response to nutrients depends hig?z; on

their metabolism in the islet cells (Ashcroft, 198¢; Malaisse et al, 1979a,

-
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Table 1. Examples of initiators and potemtiators of insulin release.
fadapted from Ashcroft, 198¢; Hedeskov, 1980; Lambert, 1976].

-

Initiators ' Potentiators

D-glucose Fructose

Mannose Pyruvate

N-acetylglucosamine Lactate

Glyceraldehyde Gastrointestinal hormenes,
Dihydroxyacetone - (e.g. gastric inhibitory polypeptide
Inosine secretin, gastrin) .
Ribose {depends on species) Glucagon _

L~leucine Methylxanthines -
Arginine " Prostaglandins (in some cases)
Alpha-ketoisocaproic acid ' CAMP ‘
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1979b). For instance, findings on the anameric specificity of glucose
metabolism, on the stimulatory effect of glycogenolysis on insﬁlin release
in glycogen-loaded islets, and on the stimulatory action of compounds séme
of which are related to glucose (glyceraldehwyde, dihydroxyacetone, inosine)
and same not ({alpha-kePoisocaproate), éil support the substrate-site
hypothesis (Ashcroft, 1988; Hedeskov, 198@; Malaisse et al, 1979b).

In support of the substrate-site hYpothesis, ‘Malaisse and co-workers
(1979b) propesed a medel in. which giucose or any other nutrient
sicretagogue would)\\via its metabolism,.lead toc an increased generation of
H ions which in turn could affect the icnophoretic transport of K  and
Ca2+ across membranes in the B—cell. Another consequence of the metabolism
of nutrients would be an inc:ease.in the cﬁncentration of reduced pyridine
nucleotides which have been said to affect the affinityrof the ioncphoretic
system for Ca2+ (ashcroft, 198¢; Malaisse et al, 1979b). The remodeling of
cationic fluxes would thus lead to the accumuiation of Ca2+ at a critical
site of the B-cell. According to Malaisse et al (1979b), the process of
glucose—induéed insulin release can be viewed as a sequence of three major
events:  the recognition of glucese by the pancreatic B-cell, a suﬁseguent
remodeling of ionic fluxes (content, influx and efflux of Na+, K+; H+ and
Ca2+),. and the- eventual activation of the effector system
(;dcrotubules/microfi1anents) controlling the ‘exocytosis of sécretq;y
granules, |

More recently the stimulation of insulin release by the nonmetabolized
analog . of b—leucine-(2—aminobicyclo—[2,2,1]heptane—2—ca:boxylic-acid) was
also reconciliated with the substrate-site hypoEBesis {Sener and _Malaisse,
1986). 1t 'w;s found that the secretory response to that éﬁino acid analog
was primarily attributable to an acfivat%on of lg}péamate dehydrogenase,

resulting in a stimulation of the oxidative deamination of endogeneous L-‘
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glgtamate aq@ thus to an iﬁérease in catabolic fluxes (éener and Malaisse,
158¢). The 1attg; fiﬁding, along with other data pointing to the fact that
cértain nutrientisecretagqgges (such as D-glucose and L-leucine) can act in
the B-cell both 'gs substrates and enzyme activators (the enzyme being
considered the nutrient receptor), permitted the reconciliation of the
substrate-site and the regulatory site hypotheses for insulin reléase
{Malaisse et al, 19812.

1.D. -4c. Glucose metabolism and insulin release

Glucese is the major physiological initiator of insulin release. The
transport o¢f glucose through the B-cell memb;ane is a carrier-mediated
process with a capacity equal to the highest detected in cell membranes
(Hedeskov, .1986). The faEe—limiting step in glﬁcose metabolism is the
phqsphoryl;tion of glucose ‘ES\_?EE?OSE—B_phOSPhate (Ashcroft, . 198g;
Hedeskov, 1980).

The major pathway for glucose metabolism in the islets is glycolysis
(Serer and Malaisse, 1978). About 95% of the net uptake of -glucose is
accounted for by the formatién’of triose phosphates and more than 98% of
the triose phosphates are éormed via the glycolytic pathway (Sener and
Malaisse, 1978}.

Although islets are enzymatically equipped for the synthesis and‘
degradatién of élycogen, ‘the incorporation of glucose into glycogen does
not account for more than'G.zé of the tota£ rate of glucose utilization in
the presence of glucose 16.7mM (Hedeskov and Capito, 1974). Likewise, the
flux of glucose carbon through the pentose phosphate cycle constitutes only
2-4% of‘total glucese utilization, -

Approximately 25% of fgé'g;ucose utilized‘by the islets is oxidized in
the mitochondria via the tricarbgﬁylic acid cycle but no detailed study of

these metabolic events has yet been conducted in islet cells (Serer and.
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Malaisse, 1978).

-

The curves relating rates of insulin release and glucose qtiiization
by B4célls to the extracellular gluc;se concentration are similar; both aré
sigmoidal, with a threshold of around 5mM glucose, a Km of about 8mM
gldéose and a plateau at approximately 26mM glucose (Ashcroft, 198@). In
‘/Qat islets, tﬁé largest increase in insulin éecrétion occurs between 5 and
17 mM of glucose, which means that the B—cells are acutely sensitive to
small changes in the glucose concentration within the physiological range
{Hedeskov, 198¢).
I.D. 4d. Role of cAMP in insulin release

Islets of Langerhans possess all ‘the enzymes involved in _thé
generation, hydrolysis, and mode of action of cyclic AMP which have been
found in other mammalian cell types: adenylate cyclase, cyclic nucleotide
phosphodiesterase, protein kinases . (éyclic AMP-dependent) and
phosphoprotein phosphatases (Hedeskov, lSéG; Sharp, 1979; wollheim and
Sharp, 1981). | |

Iﬁ 1965, the report that glucagon increased the rate of insulin
secretioﬁ (Samols et al, 1965) suggested that cyclic AM? might be impértant .
in 1insulin release. Since that time, many reports have documented the
stimulation of\iqsulin release by agents such as glucagon, B-adrenergic
agonists, phosphodEESterase inhibitors, cholera‘;oxin‘énd exogeneous'cyclic

AMP or dibutyryl cyclic AMP which raise intracellular cyclic AMP levels

(cf Sharp, 1979; and Wollheim and Sharp, 1981, for review). It is

- .

recogﬁized now that factors which increase. the concentration of cyclic AMP
in the B-—cell enhance the rate of insulin release rate in response to
glﬁcose (Hedeskov, 1980; Sharp, 1979; Wollheim and Sharp, 1981). On the
other hand, at nonstiﬁulatory gluwose concentrations (ie. less than 4-5mM},

cyclic'AMP levels can be raised in islets of Langerhans without necessarily
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. glucose.

producing any effect on insulin release (Hedeskov, 1980; Sharp, 1979;
Wollheim and Sharp, 1981). Cyclic AMP is thus a potentiator of glucose-
induced insulin release. In addition, intracellular concentration of cyclic
AMP in islets can be modestly increased by stimulatory level of glucose
. (Hedeskov, 1988; Sharp, 1980; Wollheim and Sharp, 1981}. The méchanism by
which glucose increases intracellular cyclic AMP is not understood (see
below, involvement of Ca2+—calmodglin).
I.D. 4e, Effect of cycllc AMP on calcium handling by islets

Experimental data qpcumulated to date seem to ;ndlcate that ;zcllc AMP
stimulates insulin release by increasing the concentration of Ca in the
cytosol of the B-cells (Wollheim and Sharp, 1981).‘The action of cytl;c AMP
apparently does not depend on increased Ca2+ uptake nor'é; decreased Ca2+
efflux across the plasma membrane but rather is due to an action of cyclic'
AMP on intracellular storage sites (Wollhéim and Sharp, 1981)1 It is still
unclear whether the increase in cytosolic Ca2+ is a result of mobilization
of Ca2+ from cellular stores (secretory granules, mitochondria, endoplasmic
reticulum) or of inhibition of uptake into these stores. Phosphorylation of
islet pro£eins mediated by cyclic AMP has been suggested to be important in
the control of the movements of cellular calcium (Wollheim and Sharp,
1981). The glucose dependency of the action of cyclic AMP has been

explalned by Wollheim and Sharp (1981) as follows: cyclic AMP would have

2+
suff1C1ent effect to raise cytosol Ca and stimulate insulin release only
2+
when the rate of Ca efflux across the plasma membrane is reduced by
. pos <
Vi b

Cycllc AMP, aoart from its effect on the dlstrlbutzon of intracellular

7
Apa in the“B—cells, has also been attributed other functions e.g. 1ncrease.

in synthesis " of tupbulin in rat islets, phosphoryvlation of contractile

proteins of the microtubule-microfilamentous system and of other cell
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compenents (Hedeskov, 198@).
I.D. 4f. Glucose—induced increase in cyclic AMP levels
It now seems generally accepted that glucose can stimulate
accumilation of cyclic AMP in the islets (Hedeskov, 198¢; Sharp, 1979;
Wollheim and Sharp, 1981). This does not appear to be duve to¢ a direct
stimulation of the adenylate cyclase since only oné (Capito and Hedeskov,
'1977) out of eight published reports (cf Sharp, 1979) claimed that glucose
could stimulate adenylate cyclase in broken cell preparations of isleté and
_‘Ehe results of that single report have recently be;S}questioned by its own
authors (Thams et al, 1982}. l L\{//ﬂ . .
The effect of glucose on cyclic AMP levels, 1like that on insulin
release, depends ‘on the metabolism of glucose and on the presence of
extracellular calcium (Hedeskov, 1986; Sharp, 1979; Wollheim and Sharp,
1981). Calcium, by itself, is inhibitory to adenylate cyclase (Hedeskov,
198¢; Sharp, 1979; Wollbeim and Sharp, 1981) but it has been reported that
Cazﬁ—calmodulin stimulates rat islet adenylate cyclase activity (Sharp et
al, 198@8; vValverde et ai, 1979). Coggéquently, it was suggested that the
glucose-induced accumulation of cyclic AMP in isléts is a secondary result
of the rise in cytoéolic Ca2+, which, with calmodulin, -causes an increase
in the activity of adenylate cyclase (Sharp et al, 198@; Valverde et al,
1979). ﬁowever, it has also been demcnstrated, more recently, that Ca2+—
calmodulin does not affect mouse islet adenylate cyclase actiﬁity (Thams et
al, 1982). Thus there is ;iill no unequivocal explanatio; for the effect of
§lucose on islet cyclic AMP level. .
I.D. 49. Role of calcium in insplin release
It is now generally agreed that the common pathway through which all
secretagogues eventually affect the process of insulin release involves the

2+ .
participation of Ca {Hedeskov, 1988; Malaisse et al, 1981; Wollheim and
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Sharp, 198l1). By analogy with excitation-contraction coupling in muscle
Egl}s, it is thought that the acctmulation of ionized calcium at a critical
site of "the B-cell triggers the exocytosis of secretory granules by
activating a microtubular—microfilamentous'system (Hedeskov, 1986; Malaisse

et al, 1981; Wollheim and Sharp, 1981).

The cytosolic accumilation of Ca2+ may be due to a facilitation of
Ca2+ entry into the B-cell, a deerééggd rate of Ca2+ outflow from the B-
cell and/or an intracellular rediétribution of Ca2+ ions between the

cytosol and the other cellular pocls (Hedeskov, 1980; Wollbeim and Sharp,

1981). Distinct sensor systems may generate distinct messengers, which in
‘ 2+
turn may affect distinct Ca movements. Glucose has been shown to increase

the calcium content of islet cells by a combination of the three above
mentioned mechanisms (Hedeskov, 1989; Malaisse et al, 1979b; Wollbeim and

Sharp, 1981). However, sustained insulin release is evoked by glucose only
2+
in the presence of sufficient amounts of extracellular Ca , the threshold

concentration in vitro being approximately @.1 mM while the maximal effects
2+
of glucose occur with 1-5 mM Ca (Hedeskov, 198¢; Wollheim and Sharp,

1981) & -
2+
The crucial role of Ca in the mechanism of insulin release has
2+
further been demonstrated by the following findings: (a) high Ca

concentrations | (2-1@ mM), in the absence of any other secretagogue, can
elicit a short-lived release of insulin in wvitro; (b} certain calcium
ionophores can cause insulin release when extracellular Ca2+ is present at
normal concentratio;; even when glucose is absent from the medium
(Hedeskov, 198@; Wollheim and Sharp, 1981). |

The mechanism by which calcium stimulates insulin secretion is
unknown, In other Céz+—regulated processes, Ca2+ exerts a .controlling

influence by binding to specific proteins e.g. troponin C in the initiation

42



of muscle -contraction” (Cheung, 198¢; Wang and Waisman, 1979). Recently it
: 2+
has been suggested that the primary target for Ca within the B-cell " is
<

the calciur-dependent modulator protein, calmodulin (CaM) (Means and
Dedman, 198@b; Tomlinson et al, 1982).
I1.D. 4h. Calmodalin

Calmodulin belongs to a family of hamologous proteins that also
includes parvalbumin, troponin C, “rfyosin light chains, and mammalian
~_intestinal Ca2+—binding' protein (Brostrom and Wolf, 1981; ~Cheung, 1980;
Wang and Waisman, 1979). Calmodulin is a heat-stable C32+-bir;ding protein

first discovered independently by Cheung (1978) and by Xakiuchi et al
(i97G) » as an activator of brain cyclic nucleotide phosphodiesterase but

- 24
later found to confer sensitivity to Ca  to a number of other proteins (cf

Brostrom and Wolf, 1981; Cheung, 198¢; Means and Dedman, 1980a, 1980b;
Means et al, 1982; Wang and Waisman, 19;19 for review). Within cells_
calmoaulin ié found predominantly in the soluble fraction although some is
associated with membranes and'organelles {(Brostrom and wolf, 19814 Cheung,
1986; Wang and Waisman, 1979).

The multiplicity of effects of calmodulin (see Table 2), its
ubiquitous distribution and its highly conserved amino acid sequence among

eukaryotic cells have led to the view that calmodulin may represent the
Al 2+ M
~major intracellular Ca -receptor protein in non-muscle cells (Brostrom

and Wolf, 1981; Cheung, 1986; Means and Dedman, 1988a, 1988b; Means et al,

. —
1982; Wang and Waisman, 1979).

Some of the major physical and chemical properties of calmodulin are

listed in Table 3.
. 2+
The affinity constant of calmodulin for Ca  is approximately equal to
2+ _
the estimated intracellular free-Ca concenfration (ranging fram a resting
-7 . ,
value of approximately 18 M for most cells to maximal concentrations of
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about 14 M in highly stimulated cells) (Means and Dedman, 1988b).
2+ *
- The binding of Ca alters the conformation of calmodulin, increasing

its helical content and exposing hydrophobic regions. In this conformation,
2+
the calmodulin—Ca complex can bind to target enzymes and through an

unknown mechanism, alter their activities (Brostrom and wolf, 1981; Cheung,

Y
—
-

1988; Means and Dedman, 1980a; Wang and Waisman, 1979)._

To date, no alternative fuhction (i.e. enzymatic or structural) has
been* demonstrated for calmodulin except to bind Ca2+ (Means and Dedman,
198¢b). The épecificity of Cﬁ2+ action in given cell types is not effected
through calmodulin (since it is ubiquitous) but through the tissue-specific
distribution of calmodulin regulated proteins (cf Table 2) (Brostram and
Wolf, 1981; Means and Dedman, 1980¢b; Wang and Waisman, 1979). The
specificity of Ca2+ action can also result from the fact that various
calcium-binding proteins found within any cell type can exist in one of
several conform;tions- depending on the number of Ca ' ions bound per
nblecule‘ (Brostrom and Wolf, 1981; Means and Dedman, 198¢b; Wang and
Waisman, 1979}.
I.D. 4i., Determination of calmodulin levels

Because of its multifunctional roles, calm;dulin_can be assayed by the
activation of a number- of enzymes. For example, activation of Ca2+~ and
calmodulin—dependent—phoéphod;esterase_has been established as specific for
calmodulin and ¢an distinguish it from related proteins such as troponin C
and parvalbumin (Klee et al, 1986; Means et al, 1982). Radioimmunoassays
for calﬁgdul%n have alsc been developed (Chafouleas et al, 1979; MacManus
et al, 1981; Wallace and Cheung, 1979).

The immunoactivity of calmodulin in all tissues and cells is

considerably greater than the activity determined by the phosphodiesterase

activation assay, but the differences in calmodulin levels as determined by
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Table 2. Calmodulin-mediated processes.

([adapted from : Klee et al,
‘ 1982; Wang and Waiéum, 1979)

Cyclic nucleotide metabolism:

Protein phosphorylation :

-\

Contractile processes :

1989; Means and Dedman, 198@a; Means et al,

adenylate cyclase
guanylate cyclase .
phosphodiesterase : ‘

calcium=dependent

- protein kinases

myesin light chain
kinase

Microtubules/microfilaments functions

Glycogen metabolism : :
Calcium flux :
Secretion

Other enzyme systems

phosphorylase“ﬁcinase
(activation)

glycogen synthetase kinase
(inactivation)

2+ 2+

Ca -Mg ATPase:

2+

Ca transport

intestinal ion secretion
neurctransmitter release
ES
MAD kinase 7
tryptophan 5'-mongoxygenase
phospholipase A
2

Regulation of DNA synthesis (?)

-

Neoplastic transformation (?)
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R Table 3, Physical and chemical properti&s of calmodulin.
[adapted from: Brostram and Wolf, 1981; Cheung, 1988; Means and Dedman,
1988a; Means et; al, 1982; Tomlinson ét al, 1982].
- Resistance to denaturation by Poiling {(t; = 7 min atl 100 oc:),- 8M urea,
13 ;SDS, high salt concentration, acidic pH.
- Straight chain.polypeptide (148 amino acids)
- Molecular weight 16,760 ’
— Monomer
- High rétio of acidic to basic residues 2.7 | SN
- Iscelectric point, pH=4.G - .
- High ra,tio'/o/f phenylalaininé' to tyrosine (4:1)

- No cyteine or tryptophan content

- Characteristic U.V. absorption spectrum (peaks at 253, 259, 265,

268, 276 mm)
- Calcium binding, 4 sites; XK = 1-100 pM -
a ‘ .
- Lysine at position 115 is trimethylated g
2+ . .

~ Hydrophobicity increased by Ca

- Binds to phenothiazines and W compounds; calcium dependeng_
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the two assays are not constant from tissue to tissue (Means and Dedmén,
1980a; Means et al, 1982). This' could be becanse calmodulin binding
proteins [(either other calmodulin-requlated enzymes or oth‘ez calmodulin
binding” proteins with undetermined biological functions (cf Wang and
Waisman, 1979}] in cell extracts compete with phosphodiesterase-for Caz+-
dependent binding whereas inte::férence by calmodulin binding proteins is
prevented in the RIA by the addition of EGTA. Alternatively, there may be
structural modifications of calmodulin which prevent "its interaction with
sane enzymes but allow .association with others.
I.D. 4j. Regulation of calmodulin activity _
-Although the activity of calmodulin is generally controlled by changes
in the intracellular free Ca2+ céncentration, alterations in calmodulin .
levels can also represent an important regulatory mechanism that governs
specific Ca2+—mediated events ae.g. (a) transient rise in the calmodulin
content of eukaryotic cells is found before the initiation of DMA synthesis
in vitro and in wvivo; (b) a rise in iﬁtracellular content of calmodulin
/occurs upon transformation of cells to malignant cells (Means et al, 1982).
| | In other calmodulin dependent cellular events such as regulation of
protein secretion, "experimental evidence seems t;o indicate that total cell
contenf of calmodulin might not have to change; a- _subcellular’
redisuiﬁution of calmodulin might be sufficient to bring about a change in

cellular function (Means et al, 1982). -

-~ !
1.D. 4k. Interaction of drugs with calmodulin . e

_ Since the mid 197¢'s, a variety -of pharﬁxacological agents have been
shown to lz;ind calmodulin and inhibit its action (Weiss et al, 1982). The
rhenothiazine antipsychotics were the first érugs Jdemonstrated to be-

"""cal“'modulin inhibitc;rs (Weiss et al, 1982). Moreover, several other types of

antipsychotics and other classes of phammacological agents (e.g.
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butyrophenones,: naphthalenesulfonamides sr W compounds} have now been shown
to inhibit the actions of calmodui}g;§welss et al, 1982).

Among the most potent and betfer studied of these drugs is the
phenothiazine . tranquilizer trifluoperazine {TFP). The pK of
trifluopefazine is 8.1 and the binding of TFP to calmbdulin was foung‘EQ\;e
maximal _A.betwéen PH 5.0 and 8.0 (Weiss et al, 1982). Trifluoperazine is
thought to bind specificaily to the active conformation of calmodulin (i.e.

2+ ‘
Ca -qalmodulin), blocking the ability of calmodulin to modulate

2+

calmodulin—-dependent enzymes (Weiss and Levin, 1978). The specificity
TFP has been inferred by (a) its lack of Ca —dependent binding to‘Q;\\“\\

vériety, of proteins; (b) the fact that 1ts inhibitory effects are related -«
- to the presence of Ca2+ in concentrations that are required for . activation
- of calmodulin-sensitive enzymes; and (c) the fact that its inhibitory
- effects and that of other phenothi 1nés are correlated with their binding
affinities for calmodulin (hels; and Levin, 1978).
TFP, at concentrations less than 190 pM, was found to have no effect
ron élucose utilizatioq (Gagliardino et al, 1980; Henquin{ 1981); glucose
oxidation. (Sugden et al, 1579; Valverde et al, 1981) nox on the
incorporation” of 3H-léUcinef into proinsulin or total ;sle; protein
Gagliardino et al, 198¢). Trifluoperazine has also been shown to inhibit
insulin releaée sti;uléted by glucose, leucine, alpha-ketoisocaprﬁase,
glibenclamide, tolbutamide. and_glyperaldehyl liardino et al, 1952;
Henquin, 1981; Krausz et al, 1988). From thegé data and from studies on the
effect of TFP on Ca2+ movements in islet cells, two different hypotheses
have been formulaféd for the invo;vement of célﬁodulin in insulin releasé:
(2) Schubart et al (1988) reported that the net Cazf retention by islet N
cells 1is not affected by TFP: They then suggested that TFP blocks insulin

release at a site distal to the elevation of the calcium', concentration.

. S
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Because glucagon—stimlatéd insulin release was not inhibited by TFP, they
further suggested that cyclic AMP may regulate insulin release -by a
mechanism diétinct fram the increase in cytoéolic calcium. The hypothesis
was based mainly on the f£finding that vario;'s islét proteins ' are
phosphorylated in@ependentl'y by both Ca2+ and cyclic AMP-deperndent protein

m kigasee- (Gagliardino et al, '19813; Harrison and Ashcroft, 1982; Schubart et

~ al, 1988);

j (b) On the other hand, following"the de:m?nsttat.ion fhat TFP can interfere
' with the glucose~induced stimulation of Caz+ uptake and mobilization from
intracellular calcium strores, Wollheim and Sharp (1981) E;ropos_ed that
cyclic AMP and glucose could mobilize stored, -calcium by different
mechanisms and that calmodulin might not be involved in the ‘process of--
exoc.:ytosis per se. The latter hypothesi_s was also used to exp.lain‘the iack
of effect of TFP on the induction of insuli:n r:efL.eai-}eJ by 3—ij.sobutyl-l-
methylxanthine (IBMX) (Janjic et al, 1981; Wollheilm and\FShazp, 1981).
N * Therefore it is not clear how Ca2+, ;I;odulin;'adenylaj:e cyclase and
cyclic AMP interact in st—i\r_!_mlus—secretion coupling in Fhe B-cell. Figure 1
is a scflenatic representation of the possible mechanisms of insulin release

based on experimental data cited in this literature review.

~A :
1.D. 5. lzinc and insulin - . .
: : ] 2+
IE\ was found in the 193@'s that Zn facilitates the crystallization

of inmsulin in solution (Scott, 1934). In most mammalian species,
histochemical, electron microscopic and X-ray diffraction techniques have -
showz; zinc to be an integral part of the insulin crystal of the beta
granule (Maske, 1957; Okamoto and Kawanishi, 1966; WOlﬁers et al, '1979). . ~
The content and l@limtion of zinc in the B-cells correlate with the

functional state of the islet. For instance, stimulation of insulin

secretion by glucose or other secretagogues depletes the #slets of most of
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Fig. 1. Possible mechanisms in the contrecl of insulin release.

.

PrK: protein kinase. [adapted from Ashcroft, 1980; Hedeskov, 1980; Malaisse

et al, 1979b, 1981; Schubart et al, 198Q; Wollheim and Sharp, 1981].
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_ their zinc content (Maske, 1957; Wolters et al, 1979); prolonged treatment
with insulin causes a marked diminution of the number of B-cells with
degranulation and dJepletion of zinc (ﬁogothetomulos et al, lBgl); the
content of zirc in rat islets decreases after tolbutamide administration
(Wolters et al, 1979); the B-cells of zinc-deficient Chinese hamsters show
decreased anulation (Boquist and Lermmark, 1969) and zinc-deficient
animals have an impaired glucose tolerance (Boquist and Lermmark, 1969;
Huber and Gershoff , 1973). The amounts of zinc in B-cell-rich pancreatic
islets from the ob/ocb mouse of the Swedish colony were also positively
correlated to their content of immmoreactive insulin (Berglund and
Hellman, 1976). In species where insulin is not crystallized or aggregated
to hexamers in the presence of Zn2+, islet zinc content is low (2-3mg/166g
tissue) ‘(Havu et al, 1977a; Peterson et al, 1974; Zimmerman and Yip, 1974)
whereas® in species where insulin has a specific =zinc binding and
coo;dinating capacity, the zinc content is higher (18-12 mg/168 g tissue)
(Berglund and Hellman, 1976; Blundell et al, 1972; Havu et al, 1977b).

The méchanism whereby zinc plays a role in the synthesis, storéée , andé
secretion of insulin is not yet well established. The generally ac‘cepted

functions for zinc in the production of insulin by the zinc-rich B-cells

have been listed by Emdin et al (198@) as: (a) as

and the derived insulin hexamers; (b) solubility #f the zinc
hexamer; (c¢) precipitation and crystallization of the nascgnt insulin; and
(d) crystal formation, which is presumed to reduce the rate of proteolysis.
Moreover, a postsecretory 'Eole for a zinc-insulin complex "has been
suggested from the studies of Arquilla et al (1978): liver plésma
marbranes, when removed from mice pretreated with zinc or when treated with

zinc in vitro, showec an enhanced binding and decreased dJegradation of

insulin. -



_____

Zinc enters rat pancreatic islets by facilitated transport as well as
by diffusion and it accumilates beyond the level needed to make E@p—zinc—
insuiin hexamers (Figlewicz et al, 1980; Ludvigsen et al, 1979)5 islets’
from rodents contain 3-4 times more zinc than is necessary for the zinc-
insulin complex (Figlewicz et al, 1988; Havu et ;1, 1977b; Ludvigsen et al,
l1979). More&ver, studies of the subecellular distribution of zinc in islet
cells have revealed that a large part of the islet zinc is not associated
with the secretory granules (Figlewicz et al, 1980). It was thus suggested
that, within the pancreatic islets, zinc may be needed for metabolic
processes other than insulin crystallization (Figlewicz et al, 1980;
Ludvigsen et al, 1979).

I. E. Oxytetracycline
Oxytetracycline 1is an antibiotic elaborated by the actincmycete

Streptomyces rimosus. Introduced in 195¢, it belongs to a group of broad

spectrum antibiotics, the' tetracyclines. These drugs possess a wide rande
of bacteriostatic activity against Gram-positive and Gram-negative bacteria
"which overlaps that of many other antimicrobial drugs such as penicillin,
streptamycin and chloramphenicol (Sande and Mandell, 1988). They have been
in common ug;'for ‘the last 3¢ years for treatnent-of a variety §f bacterial
infections (Gale et al, 1972). The tetracyclines are derivatives of the
polycyclic napthacene carboxamide and are very much alike 1in their
chemical, antimicrobial, pharmaqological and therapeutic properties, which
permits their discussion as a class (Sande and Mandeli, 198G). [See Table 4
for Structurai fErmulas of the tetracyclines]. The.differences that exigt
between the tetracyclines are quantitative rather than qualitative and
arise largely from the different_ﬁates of absorption and excretion and the
different 'degrees of protein binding; for example, the extent of the

diffusion of oxytetracycline throughout the body is suggesfed by the fact
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Table 4. STRUCTURAL FORMULAS OF THE

TETRACYCLINES

O OH O

Tetracycline

53 . -

CONGENER SUBSTI’fUENT(S) POSITION(S)
* Chlortetracycline —Cl (7N
Oxytetracycline ~ —OH,—H (3)
Demecloéycline —OH,—H; —Cl (6; 7)
Methacycline —OH,—H; =CH, (55 6) -
Doxyclcline '—OH;—‘H;-—CH3,———H (5; 6)
Minocy\cline ; —H,—H; —N(CHJT, (67
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that it has{.the highest mean relative volume of distribution of the
tetracycline antibiotics (Sande and Mandell, 1988). All tetracyclines are

concentrated in the 1liver and excreted by way of the bile into the

- . : . . : e .
intestine from which they are partially reabsorbed; they are éxcreted in

the urine and the feces, the primary route for most being the kidneys. The
tetracyclines are stored piincipally in the reticuloendothelial cells of
the 1liver, spleen and bone marrow and in bone and in the dentine and the
enamel of unerupted teeth (Sande and Mandell, 198@)..

The antimicrobial action of the tetracyclines is thought to result
from their inhibitory action on bacterial protein synthesis. By
specifically binding to the 38S subunit of the ribosame (Gale et al, 1972),
they: prevent the enzymatié binding of aminoacyl-tRNA into the tibosaﬁal

aminoacyl acceptor or "A"™ site, thereby preventing codon-anticodon ‘

* interaction. The tetrécyclines are also known to inhibit mitochondrial

proteln synthesis in rapidly grow1nchissues-(oe Vries and Kroon, 1970-
Himms-Hagen, 1971) but have no dlrect_efigct on the enzymes already present
{De Vries and.Kroon,-.1970L. Iﬁhibi}i&E\Of cytoplasmic protein synthesis
has also been reported, but only a h higher concentrations (56 juq/ml
plasma} (Bogert and Kroen, (1981; De Jonge, 1973). It isfworth noting that
mamalian ce}ls lack the active transport system for the tetracyclines that
is found in bacteria (Sande and Mandell, 1988).
I.VE. 1. Chemistry

The tetracyclines. are crysfalline bases which are slightly soluble in
water at pH 7 but form soluble sodium salts and hydrochlorides (Sande and
Mendéll, 19893. Four proton dissociations have been observéd in the
tetracyciine molecule with pK 's 6f 3.3, 7.7, 9.7 and 16.7 (Coibion and

a

Laszlo, 1979). &t neutral pH, tetracyclines are anions. The molecular

structure of the tetracyclines (cf Table 4) reveals several enolic sites at
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_ which chelation with divalent cations'might be predicted to occur (Coibicn
and Laszlo, 1979).

Binding constants have been dJetermined for a mumber of divalent

2+ 2+ 2+ 2+ 24 2+
cations (Cu , Ni , 2n , Mg , Ca , Ba etc) , for some trivalent
3+ 3+
cations (Fe , La )} (Celotti and Fazakerley, 1977; Gulbis et al, 1976) and.
+ + o+ + +

also for monovalent cations such as Li , Na , K , Rb and Cs (Coibion and
Laszlo, 1979). The interaction of divalent cations with tetracyclines was

determined to be the strongest; consider the following dissociation

2+ 2+ -4 2+ -5
constants: for Mg and/orCa , 4X16 , for2zn , 1.6 X 10 (Gulbis et
+ -=2 + ~2
al, 1976) while for Na , K=7X16 and for K, K=9¢ X 18 (Coibion
: d d

and iaszlo, -1979). The affinity of tetracyc;ines for divalent cations is
of the same order as those of the common amino acids (Albert and Rees,
1956} . |

Tetracyclines have been found to have fluorescence characteristics
which are dependent not only on the level of divalent cations chelated to
them, but also on the ;roperties of the chemical microenviromment -
surrounding the tetracycline-divalent cation complex (Caswell and
Hutchison, 1971b). Tetracyciines have been shown to bind p%eferentially to
cations on membrane surfaces (Caswell and Hutchison, 1971a) and have been
used as a fluorescent probe to study the association of bdivalent cations
with mitochondria (Schuster and Olson, 1974), chloroplasts' (Girault and
Galmiche, 1978), mambrane preparations (Caswell and Hutchison, 197la;
Franklin, 1971) and islet cells  (Taljedal, 1978). Taljedal (1978)
sugggested that in the B cells; the Ca2+ pools which can be identified as
interacting with chloroE%;racycline are those of importance for insulin
secretion. Chlorotetracfcline due to its hydrophobic natFre has been shown

to enter living cells as indicated by fluorescence fram the 'mitochondria

"(ou Buy and Showacre, 1961). As far as\the pancreas is concerned, in vitro
/
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exposure to high concentrations of chlorotetracycline (58-188 uM) was shown
to stain intracellular organelles in both endocrine (Taljedal, 1978) and
exocrine (Chandler and Williams, 1978) pancreatic cells. On the other hand,
at low concentration (19 uaM) the plasma membrane was the predominant site
for Ca2+-chlorotetracycline deposition in islet cells (Taljedal, 1978).
I. E. 2. Oxytetracycline and the action of insulin

Oxytetracycline has been reported to have a variety of metabolic .
effects. It has been shown to influence carbohydra%i metabolism and the
action 6f insulin, In both humans (De Lollis and Privitera, 1954; Miller,
1966) and animai; (Hiatt and Bonorris, 1978; Hiatt et al, 1966} which
received either tolbutamide or exdgeneous insulin, OTC potentiated the
action of insulin. "In particular, chronic oxytetracycline treatment of the
ob/ob noﬁse has been shown by Begin-Heick et al (1974, 1976, 1979) to:
(1) produce significant decrease in body weight
(2) decrease the levels of serum IRI levels to within the range seen in
lean aﬁimals within 5 days following the beginning of treatment
{3) increase. the binding of insulin by the liver membranes after 5 days of
treatment - L
(4) decrease blood glucose levels within 7 days of treatment . :
(5) normalize glucdse and insulin tolerance
(6) decrease the weight and lipid content of the liver
{7) increase Ehe insulin sensitivity in the diaphragm .

14 3
(8) decrease the in vivo incorporation of C-glucose anéd H O into total
. 2
liver lipids .
14
(9) decrease the in vivo and the in vitro incorporation of C-glucose and
3 _— ; EAZIS4
H O into the adipose tissue
2 .
(16} result in a regranulation of the islet cells and an increase in the

insulin content of the ob/cb pancreas.

\
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These data were confirmed by the work of Dubuc and collaborators (Dubuc and
willis, 1978; Dubuc et al, 1978) who found in addition that OTC treatment
produced a stimulation of longitudinal growth as well as a decrease in the
adiposity of the ob/ob mouse., Following a study comparing the effect of
food-restriction and OTC-treatment in the ob/cb mouse, Dubuc et al (1978)
concluded that only OTC-treatment significantif-redumai adiposity (i.e. the
ratio of lean body mass to adipose tissue mass was, increased by CTC but was
not changed by‘food restriction). =
The mechanism whereby oxytetracycline produces some of these effects
is not known. The‘observations that OTC potentiates the effect of insulin
in pancreatectomized dogs (Hiatt and Bono:ris,\197ﬁ; Hiatt et al, 1966) and
on various insulin target tissues of the ob/ob mouse (Begin;Heicﬁ and
Heick, 1976; Begin-Heick et ai,‘ 1974) support the conclusion that the
effects of ' OTC are extrapancreatic. On the other hand, the insulin
potezfiating effect of OTC in human diébetics ‘treated with tolbutamide
(Miller, 1966) and the‘regranulation of the cbese mouse pancreas brought
about by chronic treatment with OTC tend to support the idea that OTC may

have an effect on the regulation of B-cell function,.
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I1. STATEMENT OF THE RESEARCH PROBLEM

The cbese mouse (ob/ob) ﬁas been used extensively as a model for the
study of Bb;sity,v hyperglycemia, hyperinsulinemia and tissue resistance to
insulin. In attempts to elucidate the nature of'the abnormal metabolic
processes which characterize this syndrome, pharmacological agents have -
been used +o alter the metabolism of the obese animals. One of these
agents is the antibiotic, oxytetracycline . Oxytetracycline was initially
reported as having an insulin potentiating effect in pancreatectomized dogs
receiving insulin re?laéemept therapy, and in humans who received
tolbutamide. It was then shown by two independent gréhps that
.administration of OIC tended to correct many cf the metabolic
abnormalities of the obesé nndse.

It was of interest nd out whether the effects of OTC were only
extrapancreatic (as‘could P¥ inferred from its action in pancreatectomized
animals) or whether it also had effects on the pancreatic B-cell (as
suggested by.the time course of its effect in the ob/éb mouse).>

It was also of interest to study furtﬁez the exaggerated E%;Fulin—
secretory response in the ob/obrmouse,in crder to try to understané the
nature of-the defect. )

In the spontaneously diabetié BB rat, B-cells are virtually absent.
This animal thu; offered a model in which the effects of OTC on the control
of glycemia coula‘be studied. Experiments were therefore designed to study
the  effect of Q?C'on the insulin requirements and on the handling of .
glucose by the BB rat.

Although the hyperinsulinemia and the exaggerated in vivo response of
insulin secretion in the obese mouse have been well documented, little work

has been done comparing the kinetics of insulin release in C57B1/6J ob/ob

mice and their lean controls. It was thus necessary at first to determine
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if the in vivo and in vitro response of the insulin secretory mechanisn"l to
known secretagogues was quantitatively and/or'quélitatively different from
that in the lean mouse. The effect of OTC treatment on the response to
secretagogues was ‘then examined. 'Ih:ese experiments were carried out in vivo
to assess the response of the animals to the secretagogues and in vitro to
examine the insulin secretory response of islets féplated fram the insulin
responsive tissues in order to dissect out effects of OTC which might be
specific to the insulin-secreting tissue.

As beneficial effects of OTC were observed in vivo and in vitro, I
sought to explain these effects. fAsttPe antibiotic is a strong cﬁelating
agent for divalent cations and since‘it has a great avidity for zinc, I
hypothesized that OTC may have interacted with zinc ions and thus, that
‘supplementation with zinc might reduce the insulin—secietory activity of
the islets of the ob/ob mouse. This hypothesis was based on the known
function of zinc in the formation of the insulin granule as well as on same
evidence by others in our laboratory that the obese mouse may be relatively
deficient in zinc.

Fipally, in order to elucidate further if the exaggerated insulin
_secretory response seen in the untreated ob/ob mouse is due to specific
defecfs in the beta cells, and considering the growing amount of evidence
.showing that calmodulin is‘in@nrtant for stimulus-secretion coupling in
pancreatic islets, the calmodulin system of the ob/ob mouse ‘islets was
evaluated by comparison with the'calmodulin systém of lean mouse islets and

rat islets. : o
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CHAPTER 2. HATERIBIS AND METHODS
I. Chemicals

;_'I'he following chemicals were obtained from J.T. Baker Chemical Co.:
magn.ésium .chloride, Z-Mmptoethanol, potassium chloride, sodium
bicarbonate, sodium chloride, sc?dium hyd;:oxide, Tris (Buffer), and zinc
carbonate. - h.-1

_? The following reagents were purchased from‘Fi‘sher Scientific Co.:
acej:ic acid, boric acid, calcium chld:ide, EDTA, hydrochlori¢ acid,
mag'r?esium sulfate, potassium phosphate (monobasic), sodium ‘phosphate_
(mbnobasic) r and soedium phosphate (dibasic).

Sigma Chemical Co. (St-Louis, Mo)  supplied the folq.owing:
aminopt;ylline, bovine serux;l albumin (fraction V RIA grade), calmodulin-
deficient phoéphodieﬁterase (lot iZF-ssma) , Cyclic aMp, EI;TA, lidocaine, -
merthiolalte (thimerosal), and snake vencm (Ophidphagus hannah) .

«

Cellagenase and hyalurc;nidase were obtained from Worthington
Biochemical Co.' L.td_ (Freehold, NJ)}; oxytetracycline _(Terramycin and
Liquamycin-LP) from Pf__:'.zer Co. (Montreal, Que.); trifluoperazine
(Stelazine) fram Snuth, Kline and French Laboratories (Montfeal, Que.);
‘purified rat testis calmodulin (lot# 62?381) from CAABCO Inc. (Houston,
Texas); rat insulin standard (25 U/mg) fr;tn Novo Research Laboratories
(Cop‘:anhagen, Demmark) ; protamine zinc insulin, crystalline zinc insulin and
glL}J_cagon for the in vivo tolefance tests’ f:;'om Connaught Laboratories
(Torento, Ont.); Freund's complete édjuvaﬁt from Difco Labotatories
(Detroit, Michigan); the purified ’guinea—pig y—globulin used to raise the
anti- (guinea—pig- y-globulin) (AGG) serum was fram Cappel Laboratories
{Cochranville, Pa); 'I‘e:s—*..uapeTM (glucose-enzymatic test strip) from ElLi
Lilly Co. (Toronto, Ont.):; anc'l'Ketc»stixTM (ketones enzymatic test strip)

from Ames (Toronto, Ont.).
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Glucagoﬁ for the in vitro experiments (9 pU insul-in/mg) (lot#:258-257—
12¢) and human insulir;. &;rere gifts from Lilly Research- Laboratcries
(Indianapolis, In). Guinea-pig anti-insulin serum (AIS) was kindly provided
by Dr. J. .Bzaaten {Department of Endocringlogy and Metabolism, civie
Hospital, Ottawa, Ont.). The antiserum used for the calmodulin
radioir:mméassays and [lzsIl-calmodulin were provided by Dr. J.P. MacManus
(D}.vision of Biological Sciences, National Research Council. of E:anada‘,
Ottawa, Ont.). T ' : 9 3 .

The 95% O /5% OO gas mixture was supplied by Liquid Carbonic .of
— 2 2
Canada (Ottawa, Ont.).

3 125 R .
Cyclic [8- H]AaMP, [ 'I]-labelled pork insulin (specific activity =

u

106 aCi/ug) -and Aquasol were purchased from New England Muclear Corporation
{Lachine, Que.). )
II. Animals

. Male C57B1/6J ob/ob mice and their lean controls (+/?) were obtained

from the Jackson Laboratories, Bar Harbor, Maine; U.S.A., at 7-8 weeks of -

‘gge.AThey were used in the various experinenté at 9-12 weeks of age.' Normal

- (nondiabetic) male Wistar. rats were obtained from Bio—Bréeding (Montreal,

ue.). Spontanéously diabetic (BB) male rats were a gift from Drs I. Hynie -
.and P. Thibert (Departme.nt of Health and Welfare, Ottawa, Ont.). They were
between 4 and 5 mo of age. All had well established diabetes of at least 8-
wk duration and all had been treated with insulin since the omset of ' the
disease according to the protocol described in Chapter 4.

The New Zealand white rabbits used to raise the AGG-precipitating
serum were purchased from D.J. Rabbit Ranch r..'gd -(Smith Falls, Ont.).

all animzls were kept in a temperature cgnjtrolled room at 24 + 1 oC
with 12 h light cyg:les and, wunless otherwise specified,. all animels had

free access to food and water.
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-1IT. Treatments .

- \‘\ Yhe mice were housed .in individual cages during the treat:‘nent periods.

They were assigned at random to the following experimental groups, (1) lean

control,. (2) lean Orc-treated (3) obese control, (4) obese OTC~treated,

. ~
(5) food-restricted obese mice; (6) Zn-supplemented obese}mice, and (7]

f .
k obese OTC-treated and Zn suppleménted.

III1. A. O@et:)aqnchne treatment
‘ Groups of lean and obese mice were-treated for 7 days Wlth a daily
intramuscu%’ar injection of oxytetracycline (Terramycin) suspended in olive
oil. All animals received the same daily dose of 108 mg/kg, in .2 ml,
calculated on the basis of the average body weight of the untreated lean .
.mice_. The control animals receiveq placebo injections which for most
‘experiments consisted of salin‘e. For the animals used for . the glucose
tolerance te_st '('cf Chapter 5), bhalf the obese control mice were .injected -
with saline_ and the other hallewith lidocaine at the concentration present -
in the Terz;antycin preparation. There was no significant di.ffere_nce between

the two sets of data, the results were therefore pooled. BAll injections _ e~

_were glven between 16 ¢ and 16:3F h.
III. B. Food restriction
.The focd restrictglon schedule consisted of feeding 'groups of obese~

. :mice- an  amount of food equivalent to th?;\re'rage amount consumed by the -

o drC—treated obese mouse. ’I‘hls has prev1ously been found to be equal to -
approx:.mately 4.8 g/day (Bégm—Helck et al, 1974). The weighed food was -
placed in the approprlate cages at the same time as r_he O‘I‘G 1n3ect10ns were
given (16.% h).

III. C. ch a:pplanentatmn -A

(=3

ch carbonatae was added to ground Purma chow to increasé the zinc

r

content from 36. 3 ppn'?;’ﬁo”l %G ppm. Thls level of zinc was chosen as it was

-
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%
reported that laboratory.animals can tolerate 1,0086-2,806 ppm zi*nc in the.
d.iet, approxﬁnately 180 times the reguired diet'ary levels (National
Rese;rch -com?cil, 1972) without showing any sign of toxicity (Sm1th and
. Larson, . 1946). . The diet was fed ad libitum for 4 weeks,‘ previous
experlments having shown the level of zin¢ in the plasma and some tissues
.of the ob/ob mouse to be 1ncreased w1thm that time {Bégin-Heick et al
1982). |
III. D. Zinc supplementation + o'lc—;:reatment _
_ Oxytetracycline (Terramycin) was administered as described above for
the last 7 days of the experiment.
Iv. Glucose inations
Plas® glucose was measured by a glucose oxidase method, using a
Beckman Glucecse analyzer (Beckman Instruments, E‘ullerton, California) .
After separation of the plasma By centrifugation, a 5 al portion of plasma
was diluted with 18 ul of distilled water prior to analysis. Incubation
"media used E::r the isolated panéreatic islets were checked by the same
method. - ' ‘ ' _ '
va Preparatiron of the AGG-Precipitating Serume, -
- AGE-p:e;::iéitat;ing serum was raised in rabbits according to a
modification ¢f the protoc.:o'l of Hales and Randle (1963y. A solution  of
) img/ml of purified guinea-:pig y—globulin, in #.9% NaCl, was emulsified it"l a
1:1 volume with complete Freund's adjuvant, using a- Polytron -_P—lG

hamogenizer (Brinkman Instruments, Toronto, Ont) (medium speed 59} .

Intramt}scular injections mto the hmd legs of rabbits were given on ‘a.

weekly basis for 3 period of a month, followed-by booster m;ect:.ons once
.. . . . .

monthly. ?;ntibody titer was maximal within 6 weeks following the beginning

of the immunizatiecn. M
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VI. Insulin Determinations

Insulin was measured by a double antibody radioimmunoassay. As a new

-
4

method was developed, it is described in detail in Chapter 3.
VII. In Vivo Response to Secretagogues |
Twelve hours before each test, at 21:6¢ h, food was removed from the

cages. At @9:09 h the following day, blood samples were taken from the tail

vein into heparinized capillary tubes, (@ time sample), test compounds were

injected intraperitonealy at the concentrations indicated in the legends to

the Figures and bloo% samples were withdrawn at 5, 15, 38, 68 & 96 minutes
/ H

following the inizption of ‘the test compound. The experiments were

performed without ahesthesia.

VIII. Islets
VIII. A, Preparation of islets

Fed mice were killed by decapitation between 9:08-10:69 h. Islets
‘were prepared by .a method based orf the collagenase method of Lacy and

Kostianovsky (1967). XA mid-line incision was made and the pancreas rapidly
‘ : o
covered with cold Krebs Ringer bicarbonate buffer pH 7.35, 4 C (cold KRB).

The buffer contained 3mM glucose and had the following ionic composition

: 2+ : 2+ + + - 2-

(in mMol/1): Ca , 2.1; Mg , 6.98; Na , 141; K , 4.88; Ci1 , 165.2; SO ;

- - : 4

$.98; H éo r 9.98; HCO , 44] . 1t was then removed, freed from the
2 4 -3 ’ .

spleen, fat and connective tissue, and minced into small pieces with

scissors. . The pancregs_pieéeé were washed twice with fresh cold buffer and
. o . ,
.twice with buffer at 37 C . The washed pieces were then placed into the

digestion buffer. Four to five pancreata were processed as a batch. For

~each’ pancreas, 10 ;;:tf collagenase and 5 mg of hyaluronidase were added to

0
8.5-0.8 ml) Krebs-Ringer bicarbonate buffer pH 7.35, 37 C (warm XRB) of the

same composition as that‘described above, except that the concentration of
- : ) . A r .0

HOO was 15 mMol/l. The slurry was shaken vigorously by hand at 37 C for
3 , >
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5-8 minutes. The reaction was stopped by the addition of 186 ml of cold
KEB. Islet.'gi were isolated from the digest and placed -in a common pool

- bafore selection for static tube incubation. Each tube received 4 or 5 well

preserved islets. The tubés were selected at random fér‘ different
treatments., .
' The-isolation of rat islets was done by the same procedure except that -
20 mg of collagenase and 18 mg of hyaldridonase were used for the digestion
of each pancreas.
| VIII. B. validation of the method
Various preparafions of the endocrine pancreas have been used for the

in vitro study of the factors which regulate insulin secretion. These
investigations were initiated by Anderson and fong in 1947, by means of the
perfused rat pancreas and were followed by studies using small pieces of
pancreas {Coore anq Randle, 1964; Malgissé et al, 1967a). Although these
preparations have proved useful to stud§ the.factofs which méy control
insulin - release, they are of limited value for elucidating the
‘relationship® between islet cell metabolism and-releaéé; becéuse of the |
large excess of acinar ‘tissue. Intact pancreatic: islets devoid of
surrounding exocrine éells were initia}ly obtained by freehand.
microdissection (Hellerstrom, 1964). The collagenése técﬁnique, originally
* described by Moskalewsky (1565) was improved Ey 'Lacy and Kostianovsky
- (1967) and is used widely today. The advantage of the collagenase digestion
procedure is that it is less laborious than tke microdissection technique
and thus constitutes é faiFyy.rapid.techﬁique for the isolation of a large
quantity of islets;'Ag the absolute increase in insulin release in response
to glucose was shogz to be the same in collagenase—fsolaﬁed is%éts and.—
microdissected isters (Hahn and M;chael,_ 1979; Lermmark, 1971), the

™~
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collagenase isolation method is in very wide use today. .
- Some of the diffiwﬁes associated with the isolation of islets of
Langerhans by the collagenase technique and the effects of several

experimental parameters on the insulin release fram such islets have been

B reviewed at length (Lermmark, 1971; Scharp et al, 198¢). The various stepe '

of the method of isolation of the pancreatic islets used for the studies

presented in this thesis, reflect consideration for factors that were shown
to affect islet cell viability and IRI release. ‘

(a2) Since it was reported -that the.ability_ to isolate islets in animals is
greatly reduced within minutes of the death of the animal (Schafp et al,
198¢), the pancreas was bathed with cold KRB ‘v;t‘:i'le still in situ in order

to slow-down all proteolytlc reactions and removed w1th the(‘ spleen still

-attached so as to afjord a "handle", thus avoiding direct mjury or

contamination of the pancreatic tissue.
(b} The primary problan\with collagenase is that it is an enzyme complex
produced by 'bact;eria and the relative concentration of the components

varies between batches. To provide uniformity, the same batch of enzyme was

. used for all the islet results presented in-this thesis. The end-point of

the diée;s;ion var:i.es not only between batches of collagenase but also
between .."stfa;ns, species and ages of donors (Scharp et al, 1982). The
hlgbest yleld:'of iglets fr:ee.of acinar tlssue, with the shortest time of
collagenase/hyalur.‘omdase digestion was obtained from the ob/ob‘muse This

could "be due to the connectlve tissue capsule that surrounds the ob/ob
islets and.fwhlch appears to he less prcmment in rat islets or in 1slets- of

- lean mice (Hellerstrcm, 1967 Lermmark, 1971).

(c) The presence of exocrine tissue fragments could éggntually lead to the
proteolytlc destructlon of the released insulin. After the collagenase

digestion of the pancreas, the liberated islets were hand picked twice- to

2
]
L
.
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insure complete removal of acimar tissue.
d) In order to aveid damage, the transfer of the individual 1slets was done
under the sterecmlcroscope, with a Lang-Levy plpet “with a larger opening

than the biggest 1slet and the 1slets were suspended m oxygenated buffer

jll times during the transfer procedure.
(e) BSA was added to the KRB buffer to pgotect insulin from ' proteolytic
destruction and edsorption to\ glass. ) ‘ .
(f) The islets were used immediately afted isolation rather 'than. after
_incubation in culture medium. Culturing of islets, even for relatively
short periods, has’been shown to produce differences in insulin content and
release (Andersson and Hellerstrom, ,1\972; Jain et al, 1978; Kostianovsky et
al, 1972; Rabinovitch et al, 197'8) r Glucose oxidation (Andersson and
Hellerstram, 1972), glucose-induced increase in cAMP levels (Rabinovitch et
al, 1978 Sharp , 1979), proinsulin biosynthesis (Jain et al, 1978) and
-adenylate cyclase activity (Lacy et al, 1976).
- (g) The islets were preincubated-at low glucose concentration (3 mM) in
order | te allow fading of possible insulin release in response to the
variable glycemia of 'the animals (especially since ti'ie ani_mals were used in
' the fed state) and also to.restore the sensitivity of the B-cells to the
secretagogues (Dbaf’]_:'and Henquin, 1978; Lerrmark, 19'71J._ .
- {h) COhtinueus gassing with' 0 /00 (95:5) dtning the preincubatioq and the

2 2
incubation periods ensured availability of oxygen as islet respiration has -

been shown to influence insulin release (Hellerstrom, 1967; Hutton and

Malaisse, 1988). RO 5
(i) 'The incﬁbation vessels were shaken during the preincubation/ a'n'é the
mcubat:.on periods so as to increase the dlffusz.on of released insulin and
counteract a possible feedback ‘inhibition of insulin release due to high

local concentrations of insulin {(Lerrmark, 1971). o
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(j) Every time a batcﬁ of islets was isolated, some islets were ‘incubated
at 3mM ng others at 20mM glucose in order to check the functional
viabili%y of the .islets.-' Shibata et al (197é) has reported that the
" charactefistic response to a glucose challenge is considered a reliable

index of islet viability.

-

In order to assess the validity of the islet isolation precedure, a
-4 .

. caanrison was established between the data obfained by myself and those
already in the literature on the stimulation of insulin secre@ by
secretagogues. Rat islets were used for these experiments, because there

’¥$”/;fé“1more data in the literature on rat than mouse islets$ and also because
TR _
= islets of normal mice have a very low insulin secret response. Wistar

Y

rat islets were therefore isolated and incubat

wi e secretagoguef
used later with mduse islets. The results of thoke experiments are given fh
Fig. 2. There was a 12 fold increase in insuliw release in going from 3 mM
glucose to 20 mM gl&ﬁose. Under,, similar expézimental conditions,
Rabinovitch et al’ (1978) had reported a 6 fold stimulation; Malaisse et al
{1976), an 11 fold stimulation; and Jain et al (1973), an 18 fold
stimulation. The addition of glucagon (5 sug/ml) or'aminophylline (2.5 mM)
- 'regulted in a significant increase in insulin secretion at 18 ané 20 mM
glucose, the stimulatory effect being greater with aminophylline las
expected) .

These data gave me confidence that the islet isolation procedure - was
valid and that the insulin secretion data obtained in mouse islets could be
trusted:\)_

‘Expressigh™of results =
'In dealing with sampfés from lean and obese mice, one is confronted by

difficulties .in the selection of a method for. the expmeséion of results.

. o .
The . islet populations in the two groups of animals differ in size,’ shape
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Fig. 2. The release of insulin by isolated rat islets. )
The islets were preincubated in 3 mM glucose as éescribed in the wmethod
section, 'They were incubated for 60 minutes at the glucose concentrations
indicated on the abscissa, in the absence (open bars) éﬁ'in the presence of

glucagon (5 ug/ml) (hatched bars) or aminophylline (2.5 nM) (shaded bars).

Insulin was measured as described in Chap. 3. The results were reported as -

percentage of insulin released per 6§ minutes (i.e. secreted IRI X 19e¢/
secreted IRI + islet.IRI), as described ¢n p.68. Results are gé.ven as the

means + SEM of 16-15 batches of islets (4 islets/batch).
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and.degree of granulation. In addition, whereas in -the lean mice the islet
cell population ié fairly homogenecus, in the cbese, within one pancfeas,
islets of different sizes and/or different éegrees of granulatign are
found. | _ |
Secretory Gata have been expressed in the past on a per islet basis
(Lacy and Kostianovsky, 1967), as a function-of islet DNA (Parman, 1975),
as a function of islet protein content (Sehlin, 1976), as a funcpion of
islet-dry weight (Gagerman, 198@; Hellman, 1975; Wolters and Konnijnendijk,
1980) or as a function of islet size, expmessgd as volume (Reaven et al,
1981) or surface area.(Jahr et al,- 1978). Measurements of islet DNA,
protéin content or islet ary welght require large amounts of islet tissue,
which is at a premium, and are associated with large random errors
(Gagerman, 198@6). 2 .correlatian could not always be established between
islet volume and islet insulin secretion (Hayek and Woodside, 1979; Reaven
et al, 198l). However, a significant correlation was reporped to exist

between islet insulin content and insulin release (Steinke et al, 1972).

Such a correlation had previously Been observed by Malaisse et al (1968b)-

while working with pieces of pancreas. Insulin release from isolated islets
was also réported as a function of insulin content by Garcia et al (1976),
Jain ét al (1975) and by Gold et al (1982). It was therefore decided to
express the insulin.secretion results as a percentage of insulin released
per 66 minutes, that is (sécreted IRI X 10@)/ (secreted IRI + islet IRI),
wherever comparisons between control and‘treated mice were reqdired.
QIII. C. lé_giggg response to secretagogues

The tubes contairing the islets wéte preincubated at 37OC for 45
minutes in a medium consisting of w;rm KRB containing 1 rmg/ml bovine serum

albumin- and 3ot glucoée. After,replacemeﬁt of the preincubation’ medium

with' fresh medium, the islets were incubated at the desired concentration

7% .. -



VIII. F. Preparation of islet extracts for calmodulin assay

of the secretagogues™ for a period of 66 minutes. Throughout the

_preincubatiori and incubation, the islets were maintained in an atmoépher.e

Q

of 95% O / 5% @ at 37 C. At the end of the incubation period, the medium

2 2 . .
was removed and frozen for subsequent determination of insulin. After

washing three times with fresh buffer, the islets were extracted with 1.8
mlL of cold acid/alcohol (64% ethanol, 31% water, 2% HC1l) for 48h at 4°C
(Davoren, 1962). After appropriate dilution, these extracts were used for
the determination of insulin. >
VIII. D. In vitro response to trifluoperazine

Batches of 4 islets-;/tube were preincubated for 45 min in wam KRB
contdining 1 mg/ml bovine serum albumin, 3 mM glucose and where indicated

20 aM trifluoperazine. The islets were then incubated with either 3 or 20mM

. glucose with TFP added at the concentrations indicated. Other experimental

details were as in section VIII. C.
VIII. E. Sizing of islets

Islets were sized on a dissecting microscope with the help of an
eyepiece micrometer. The volume Of t?he islets was estimated as in Jain and
Logothetopoulos (1977), by measuring the two transver_se.'dianéters and the

average height of the islet and assuming a disk-like shape [ V = 4/3Tfzbc,

. -

. where a, b, and c represent the xreasurengrit of each diameter divided by

twol. The rat islets were divided into three groups “on the basis of the
size of the longest diameter: (A) large size islets: .30mm and over, (B)
medium size islets: .19~.27mm, (C) small size j._slets: .15mm or less.

-

s The 1islet sonicates were prépared according to’ a mdiﬁication of the
method of Sugden et al (1979). The KRB buffer used for the isolation of
islets was removed by 5 washes with 16mM Tris—HC]: (pH 8.8), followed by
1.8 min spins at IBng: and removal‘of the supernatant., The islets were

. 71 / _
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finaliy suspen in @.5 ml of the Tris-HCl buffer and disrupted by three
55 pulses of sonication at position 6@ on a Sonic Dismembrator (Quigley
Rochester Inc., Ro:héster, N.Y.). The islet sonicates were then placed in
a boiling water bath for 3 min. The Soiled samples were centrifuged for
15s in én Eppendorf 3200 centrifuge, frozen in ethanol/dry ice and stored
at —2GOC until calmodulin determination was done (within one month).
Before assaying for calmodulin, .the islet sonicates were diluted so that
each islet corresponded to a final volume of 16 ml. '
IX, Calmodulin Assay
IX. A. Phosphodiesterase assay of calmodulin

Phosphodiesterase ' (PDE) assays were performed according to the two-

step assay of Thompson et al (1974) with the exception that the pH of the

anion . exchange resin was adjusted at 3.8 with acetic acid as described. . by, .~

Boudreau and Drummond (1975). Essentially FOE asséys were done in a final

volume of 49@nl containing 46mM Tris-HCL (pH 8.8), SmM MgCl , 3.75 mM 2-
Z 23

‘mercaptoethanol, @.Ilmg bovine serum albumin/ml, cyclic [ H]AMP (38.1

Ci/mmol, 20¢,000 cpm) and unlabeled cyclic AMP at a final concentration of

5uM. Basal activity was measured in presence of 1mM EGTA. Blank values
were determined either by substituting the gigj}.buffer for the'eniyme or
with a boiled enzyme preparation. . In either case the blanks were always
less than 2% of Eycli [3H]AMP added. fubes were incubated for 1l@min at
3BOC and the reaction was terﬁipated by Placing the fubes in a §£Silin§

in. After cooling on ice for 18min, 10@ul of a snake

water . bath for 2.

(Zﬁg/ml) were added to each tubé. The tuﬁes werg then
incubated for~fomin at 3GOC and the reaction g@é terminated by adding 1.¢ml
df a 1:3 slurry of AG 1x8 resin, 200-400 ne;b (Bio-Rad , ‘Mississggua,
Ont.). After equilibration for 1Smin at QOC, the tubes were centrifuged at

186xg fox 10min and 9.5ml aliquots of the sdpernatants'were added to lelh
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aAgquasel and counted. ,

. The activator;dependent phosphodiesterase activity was measured in the
presence of §.@5mM CaCl and appropriate amounts of purified calmodulin or
islet extra;:t; In all preriments the amount of enzyme caused hy'drolysis.
of less than 25% of the substrate.

IX. B, validation of the method

For the measurements of .PDE'activity, conditions were chosen suc;h that
the rate of £3H]—adehosme formation was proportional to the concentration
< °f PDE. The activity of a fixed amount of calmodulin-free PDE (1.65 X 19—3
- unitsl) . was .é:.timulated by the addition'of amounts of rat testisg ' calmodulin
ranging from 6-58 ng. A typical ac‘tivation curve is shown in Fig. 3. Half-
maximal activation required 5 ng calmodulin. The mean maximal activation ‘/"
was approximately 3 to 3 1/2 fold. In the absence of added Ca'2+ and with
EGTA present- to chelate traces of Ca2+ in the :eagent'_s,.' calmodulin did not
stimulate PDE.

¢

“The effects of increasing concentrations of trifluoperazine on the
activaticn oJ;E PDE by 5¢ ng calmodulin are shown in Fig. 4. 166 M TEP
lowered PDE activity to values seen in the absence of whmdﬁin_.

A curve of PDE aétivatioq by sonicates from rat islets is shown in
Fig. é. Activation o‘ccur:ued to’a maximm extent of approximately 3 fold
which is equivalent to the maximal activation achieved with authentic
calmodulin (cf Fig.3}. Similar curves were obfained with all categories of
islet sonicates under stgdy:. The activity of PDE ' stimulated by islet
extracts was maximally inhipi:te'd by 18 aM TEP. Islet calmodulin content °
was quantitated by | comparison with standard curves for PDE activation

" constructed using authentic calmodulin which were included in . each

efpérinent. ‘Islet calmodulin levels were calculated from the amou;it of

i . e
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. 2+ . ’
E‘ig. 3. The Ca -dependent activation of PDE by calmodulin.,

PDE act1v1ty was measured in the presence of varying amounts of czlmodulm.
Results are expressed as % stimulation c¢f the PDE activity in controls w1th

‘no added calmodulin (30 pwole/min) . The closed circles refer to assays

2+

conducted in the presence of.Ca (6.65 mM) and the open circles are values

: : 2%
cbtained in the absence of added Ca and the presence of EGTA {1 mM).
*
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Fig. 4. Effect of triflucperazine on calmodulin-activated PDE.

\l
"

Tr}g ‘activity of PDE stimulated by ¢ ng calmodulin was measured in the

o 2+ ,
presence of Ca  (0.@5 mM) and of varying concentrations of TFP. Results

are expressed as % stimulation of the EDE activity in ,controls with no

added calmodulin (28 pmole/min}. -
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Fig. 5. Activation of PDE by islet extracts.
The effect of varying amounts of islet extract, equivalent to the number of

islets shown, was tested on the activity of PDE. Results are éxpressed as %
p———— 2+ .,
stimulation of the PDE activity in presence of Ca and in absence of added

extract (35 pmole/min). The results are the mean values for 2 separate

-

preparations of extract from rat islets.
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islet extract required fo stimulate PDE in théqésnge where activation was
proporticnal to the amount of islet extract used.

IX. C. Radioimmmoassay of.calmoduiin _

. The radioimmunocassay of calmodulin was perforﬁéd as described by
MacManus et al (1981) &sing an antiserum raised in sheep against performic
acid oxidized (Van Eldik and Watterson, 1981) rat testis calmodulin
{(MacManus, '1979) and [1251]-calmodulip iodinated by the Bolton-Hunter
proceduré ‘(Chafouleas et al, 1982). The purified calmodulin used as
standard in the phosphodiesterase assay was also used as the standard for
the RIA. Esseﬂtially the radioimmunoassay was performed in a final volume
of 58¢ nl RIA buffer [75 mM NaCl, 1 mM EGTA, 125 mM Tris, 26 ug/ml bovine
serum albumin (pH 8.4)] containing 4@,060 cpm }251—1abeled CaM, 2 aug anti-
CaM, and standard amounts of CaM, or tissue extracts. The tubes were
incubated at room temperature for 2 h, and then ét 4°c for 28 h before
precipitation of the immune complex withll ml Pluronic F-38 (BASF, Rexdale,

‘Ont.) at a final concentration of 14% (w/v) following ‘centrifugation at

.

GGGB.R g for 3¢ min. The precipitates were counted in a Beckman Biogamma
counter. A )

A typical standard curve%‘is illustrated in Fig.6. Half maximal
displacement of the lzél-calmoduliﬁ'occufred at 19 ng calmodulin.
X. Statistical Analyses

Results are expressed as mean + SEM. For the in vivo experiments
n=number of animals, while for the in vitro experiments, n=number of
batches of islets. The day-to-day variation in the total amount of insulin
secreted. by different batches of islets studied under the same conditions
was assessed by calculation of the coefficient of variation. The day-to-day

variation was found to be less than 5%; the results could  therefore be

grouped. Other statistical tests were used where applicable: Student's ¢t
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_ Fig. 6. Calmodulin radioimmmoassay standard curve., .
The assay was conducted as described in the method section. .B représents
the radicactivity (cpm) precipitated when no standard calmodulin was added

to the antibody mixture. B represents the amount ‘of radiocactivity
. o |
_precipitated when known amounts of standard calmodulin were added.
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tests for paired and unpaired samples, linear regression analysis, analysis
S < .
of variance, and the Kolmogorov-~Smirnov two-sample one-tailed test, as

indicated ~in the legends to Tables and Figures.
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QMER 3. AN IMPROVED DOUBLE ANTIBODY
RADIOIMMONOASSAY FOR THE DETERMINATION OF INSULIN.

Since the pioneering work of Berson and Yalow, a number of
immunoassays for insulin have been developed (Yalow, 1986).. In spite of
these developmerits, there 1is no general agreement in the literature on
insulin immunoassay.procedures wﬁich would give "real® valies nor on the
problem in obtaining the values (Ashby and McKechnie, 1988; Grant, 1968,
1972; Henderson, 1976, 1971; Malvano et al, 1974; Orosz ét al, 1971;
Spellacy and Buhi,-fB?l; Thorell and Lanner, 1973; Yalow, 198¢) . Problems
encountered with methods currently in use include the inhibition of the
action of the précipitag}ng aptibody by human serum, leading to falsely
elevated results (Hales and Randle, 1963; Morgan and Lazarow, 1963). As
well, falsely lowered values may occur if the precipitation of the insulim
antiinsulin complex by anti—y—globuiin is too rapid (Grant, 1972).

Interacﬁion of antibodies with y-globulin (Grant; 1968; Kuzuya and
Saﬁols, 1964) or complement (Morgan et al, 1964a, 1964b) have been blamed
for these discrepancies. The addition of heparin (Soeldner and Slone, 1965)
or EDTA (Moréan et al, 1964a, 1964b) was, at one time, promoted as a
solution to the problem. Both substances were subsequently shown to
contribute to the error (Grant, 1972; Henderson, 1970). Tbe;e is general
agreement  that extended incubation periods minimize the inhibitory
interactions (Soeldner and Slone, 1965) but these extended times are
inconvenient and inefficienﬁ. In the clinical laboratory, methods other
than double antibody techniques are now widely used (Parker, 1981; Yoshioka
et al, 1979). They have the disadvantage of being verf costly for use as a
routine assay. Because of this, the method of Morgan and'Lazarow (1963) is

still widelX used in research (two hundred and forty citations between 1977

and 1980).7/ The method developed for this work allows the processing of

8@
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numercus samples at minimum cost and in relativély short time. This method
involves™ a technical modificatiog which fﬁproves the precision and
glim;£§tes the "inhibitory" effect of serum and of anticoagulants in the
géﬁglé;.tested.

A. Methods -

Guinea-pig AIS was diluted so as to give 5@% precipitation of
radicactivity when no standard insulin was added. The batch used forA the
present - study Fequired a final dilutien of 1:1,298,@@@.. A 1:96 final
"dilution of the AGS—precipitatiné serum was used in our method while it was
found that, to obtéin the same degree of precipitation, a 1:5 final
dilution was required in the method of Morgan and Lazarow (1963). Normai
' guinea-pig serum was used at a final diluticn of 1:886.. All solutions and
final dilutions were prepared uéing @.84 M sodium borate buffer (pH 8.9)
containingil% BSA (borate-BSA buffer).

Samples used to verify the technique
' After an overnigﬁt fast, venous blood samples (a.c. samples) were
taken frém 14 healthy volunteers in 3—cm3 Vacutainer tubes containing
either potassium EDTA (1.5 mg/ml blood}, 1lithium heparin (47.6 USP/ml
bloed), or’ no anticoagulant. Similar samples were obtained from the same
subjecﬁg 1.5h after a meal containing approximately 108 g carbohydrate
(p.c. samples).

Mice wdte killed by decapitation and the blood was collected into
heparinized test tubes. Alternately{ in some cases, blood was collected
from a tail vein inte a heparinized capillary tube (85 ul). The plasma was
used for the determination of insulin. A

Media consisting of Krebs-Ringer bicarbonaté buffer containing @.1%
BSA and the compounds used to modulate insulin secretion (glucose,

glucagon, aminophylline, and TEP) were also assaved.
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.Islet cells were extraﬁted using a standard methed (Davoren, 1§62).
These extracts were diluted 1:1¢ with the borate-BSA buffer before being
analyzed for their insulin content.

For recovery’ experimepts, 5¢ nl of plasma and serum or 16 aul of-
incubation and extraction media were assayed in the presence and in the
absence of the appropriate standard insulin in amounts varying be£wean 188
and 8¢9 pg. The volumes of the unknown samples chosen for these assays
represented upper limits of volumes used experimentally.

Assay procedures .

All assays Qere carried out in triplicate, carelbeing taken to ensure
that the blood samples were not hemolyzed. The two assay methods used were
the methoé of Morgan and Lazarow (1963) taken as the reference "method
(méthod R) and our method which combines features of the methods of Hales
and Randle (1963) and Morgan and Lazarow (1963) (method A). Table ; gives a
comparison between the procedures pf Hales and Randte (1963), Morgan and
Lazarow‘ {(1963) (method R}, and method A.

B. Results

For method A, all assays were done at 4OC in borate buffer (pH 8.49),
containing 1% BSA. This buffer was chosen over the sodium phosphate buffer
(PH 7.4) used by Hales and Randle (1963) since preliminary experiments had
demonstrated that the phosphate buffer did | not produce optimal.
precipiﬁation and thus the insulin bound to antibody could not be separated
by centfifugation, whereas with the use of borate buffer, centrifugation
could be used. Similar results have been reported by Soeldner and Slone
(1965).

For ‘method A, the antibodies were preprecipitated as suggested by

Hales and Randle (1963). 1In addition, normal GPS was added to absorb

nonspecific antibodies, thus obviating some of the problems encountered by

-
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Hales and Randle (1963) and others (Grant, 1968; Kuzuya and Samols, 1964;
Morgan et al, 1964a, 1964b). _As can be seen in Figs 7 and 8, with both
-human  and rat insulin standards the standard curve for method A had a
steeper  slope than , that of the method R, allowing more precise
neasurements: The whole range of the standard curve (€ to 3.2 ng) could be
used, while the curve obtained with method R was acceptable only in the
much narrower range of 8 and §.4 ng.

Because there exists much confusion in the literature about the
appropriate type of blood sample to use fo£ insulin determination (Grant,
1968, 1972; Henderson, 1974, 1971; Orosz et al, 1971;HSpe11acy and Buhi,
1971; Thorell and Lanner, 1973), a study was conducted to determine if any
differences éould be found between groups of samples treated in different
ways. The results of these analyses are given in Table 6. Using method'R,
no precipitation of the insulin-antibody complex waﬁ found when EDTA ‘was
used as the anticoagulant. This was true at low and high insulin levels.
With method A, no such effect of EDTA was encountered and both plasma
samples (lithium heparin and EDTA) behaved in exactly the.same way. There
were no significant differences between the treatments, With paired data
analysis, there was a significant difference (P<G.92) between serum and
plasma samples, serum samples giving consistently higher results than
élasma. The heparin plasma values in both the a.c. and p.c. samples were
correlated with the serum values. The correlation coefficient was 96% and
the fegression line was: plasma = 1.@lserum - ¢.2.

The addition of EDTA {(@.06l M) has beeﬁ suggé;ted as a means of
improving the precipitation of the insulﬂg-antibody complex (ﬁorgan et 51,
1964a, 1964b). The results presénted in Table 6 indicate, however, that in
method R, the use of EDTA actually decreased the values at low insulin

levels, whereas there was no significant difference at high insulin values.
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Using method 2, the addition of EDTA did not produce significant
differences in the insulin levels obta-ined in any of the groups. .

Studies were also con_ducted using method A to determine the recofry
of insulin when standard insulin plus a known volune of insulin—cantaining
plasma or serum were added. These expe;inents were done ysing samples of
human blood. The results presented in Fig. 9 show a highly significant
correlation (P<@.6@1) between the theoretical and the experimental results.

Similar results were cbtained using mouse plasma, islet cell extracts, and

islet incubation media (i=G.999, P< (.661).
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INSULIN {ng) "

F1G6.7 . Comparison of insulin assay curves using a human
insulin standard. The assays were conducted as described in
Materials and methods and in Tables. C, represents the
radioactivity (cpm) precipitated when no standard insulin is
added to the mixture of antibodies. C, represents the amount
of radioactivity (cpm) precipitated when known amounts of
standard insulin are added to the antibody mixture. B repre-
sents cpm bound to antibody and F represents total counts.
®—@, méthodR: @—-— —@, method A.
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F1G. 8 . Comparison of insulin assay curves uéing a rat
insulin standard. The assays were conducted as described in
Materials and methods, and in Table s. Symbols are as for
Fig. 7.
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- standard or sample. Results are expressed as means = SEM.

—

v

TABLE 6. Insulin levels measured by dlfferent methods in

'human subjects

Insulin (ng/mL)
Lithium-heparin = EDTA ’
Sample plasma plasma Serum
level ~
a.c. levels
Method o C ' )
R 0.51£0.07 * - 0.57+0.06
R + EDTA 0.38+0.07 * -0.36x0.07
A 0.49+0.05 0.43x£0.05 0.70%0.077
A + EDTA 0.54=0.03 . 0.58+0.05 0.68+0.05
p.c. levels & _
R 1.93£0.18 ¥ 1.92+0.16
R + EDTA 1.70+0.26 * 1.75%0.23
A 1.49+0.18 1.49£0.15 1.65%0.167
A + EDTA 1.51+0.17 1.63£0.15 1.69%0.17

NoTE: Blood samples were obtained from the same 14 human subjects after a
12-h fast and 1.5 h following a meal containing at least 100 g of carbohydrate.
The samples were obtained and treated as described in Materials and methods.

Method R refers to the method of Morgan and

w (1sem.Method A is.the |

method under study. EDTA when added to the assay mixture was present at a
final concentration of 0.01 mol-L~! and was added at the same time as the

*No radioactive precipitate was recovered under the conditions used.

TA significant difference (P < 0.02) between serum and plasrna samples on
the basis of paired r-tests.
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F1G. 9. Recovery of standard insﬁlin added to serum Er
plasmasamples. O, lithium-heparin plasma; B, EDTA plasma;

A, serum. Known amounts of standard human insulin were

added to serum or plasma samples which were analyzed alone
in parallel. The assays were done using method A. The results

were analyzed by linear regression. y = 0.016 + 1.04x,
r=0.99, P <0.001. )
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C. Discussion .

It has been shown previously (Redbard et al, 1971; Yalow, 1583) that
nonequilibrium methods of radioimmmoassay tend to improve the sensitivity
of these assays. This principle was used in thed_'.nsulin assay described in
this chapter (method A) which also offers severql advantages over methods
widely used in research (Hales and Randle, 1963; Morgan and Lazarow,
1963). The incubation time is relatively short and the insulin-antibody
precipitate can be easily separated by centrifugation at low speed, as long
as borate buffer rather than phosphate is_ﬁsed as the assay buffer. Insulin
levels can be measured precisely and.réiiably“frcm serém and also from
plasma samples obtained by the addition of either heparin or EDTA as
anticoagulants, The use of additional EDTA, which had previously been
recamended (Morgan et al, 1964a, 1964b), was found to be unnecessary.
While serum samples gave higher values, the relationship between the types
of samples is constant so that the use of either type of sample will give
consistent results. This is important, as the ability to use plasma is of
value when only small volumes oE blood are available. From the recovery
experiments; it is not possible to decide that one type of sample is
superior to .the other in giving the "true vaiué". Because of its high
degree of preciﬁipn, this assay is particular well sﬁited for limited

sample sizes as in infants or in small laboratory animals.
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CHAPTER 4. EFFECT OF OXYTETRACYCLINE TRE;EHEHT

O THE RESPONSE TO INSULIN IN THE SPONTANEOUSLY DIABETIC BB RAT.

In an efffort to study same of the factors contributing to the
syndrame of diabetes of the BB rat, I attempted to find out whether chronic
treatment of genetically diabetic rats with the antibiotic oxytetracycline
would result in i;nprovanent of their diabetic state. Oxytetracycline has
been found to affect glucose metabolism and the action of insulin. In both
humans and .animals that received either tolbutamide or excgeneocus -insulin,
oxytetracycline potentiated the action of insulin (Hiatt and Bonorris,
197¢; Hiatt et al, 1966; Miller, 1966). It was also found in other studies
(Begin-Heick and Heick, 1976; Begin-Heick et al, 1974, 1979; Dubuc and
Willis, 1978) that OTC administration resulted in a reduction of the
severity of many of the metabolic abnormalities shown by the ob/cb mouse.
In view of these findings, experiments were designed to further elucidate
the extrapancreatic‘ action of oxytetracycline by ;.studying its effect in
genetically diabetic rats.

A. Methods )
Care and maintenance of the diabetic animals

This was done in accordance with a protocol designed by the animal
Resources Division, Health and Welfare, Canada. Each day between 8:36 and

11:88 h, the diabetic animals were weighed and a fresh urine sémple was
™ ™

_tested for urinary ketones (Ketostix ) and glucose (Tes~-Tape .) levels.

Protamine-zinc insulin was then administered subcutaneously. The diabetes
ir; these animals is extremel{ brittle. The dosage of insulin is therefore
adjusted daily to achieve three goals: maintain'body weight, keep urine
free of ketones, and allow same glycosuria to prevent hypoglycemic
reactions. The rats were kept undef observation for at least 1 wk to

stabilize them prior to the experiments (pretreatment period). At the
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beginning of the pretreatment period, the rats were assigned randomly to
each group.
Experiment I
Diabetic and normél rats were divided into treated and control groups.
The treated groups received 166 mg/kyg oxytetracycline  (Terramycin)
intramuscularly. The treatments were given daily between 8:36 and 11:86 h.
On day 8 of treatment, a glucose tolerance test was done. The animals
were fasted 12 h overnight from 21:96 h on day 7. The following day, blood
samples were withdrawn from the tail vein (@ time) and the animals then
received glucose '(l g/kg body wt.) by intraperitoneal injection. Blood

samples were withdrawn at 3¢, 6@, and 120 min following the injection of

glucose.
Experiment II
. This was done using Liquamycin-LP (Rogar/STB) a preparation of

oxytetracycline for veterinary use. This allowed the injection of much
smaller volumes of the drug and céused less discomfort to the animals.
Other conditions we;e as in exéerinent I.

On day 7 of £zeatment, the diabetic rats received only one-half of the
insulin dose that they had received the previous day. Between 8:3¢ h and
9:08 h the following day, they were given crystalline zinc insulin (@.5U/kg
body wt.) by subcutaneous injectién after a blood sample had been withdrawn
from the tail vein (@ time sample). Samples were withdrawn at iS, 3@, 68,
and 12¢ min following the administration of insulin.

This protocol was adopted as prior experiments had shown (that
injection of the full dose of Protamine-zinc insulin, followed by a 12-h
overnight fast and the injection of the test dose of crystalline insulin
led to very rapid induction of hypoglycemia andrconvulsions particularly in

the oxytetracycline-treated animals.
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Experiment III-

This was designed to test whether the effects of oxytetracycllne might

not in part be due to the effect of the drug on food consumptlon.
Oxytetracycl}ne was administered as Liguamycin, as in experiment II. The
saline-treated group (controls) were fed preweighed amounts of food. The
cages were checked every morning to ensure that all the food had beén
coﬁsumed. The amounts of food given each day were based on food consumption
patterns of treated animals.ig experiments I and II. Analysis of variance
did not reveal any signific;nt differences in food intake between the
treated animals and the food restrfcted controls (cf. Table 7). On day 7 of
treatment, the animals were fasted 12 h overnight and a glucose tolerance
test was done the next morning as described for experiment I. No-groups of
nondiabetic animals were included in this experiment,

" In all three experiments, after the test performed on day 8 (glucose
and insuiin tolerance) the animals were fed and the various treatments
continued. On day lG,‘the animals were killed and the blood was collected.

Other methods were as described in Chapter 2.
B. Results
B. 1. Experimental gro&ps and drugs

The experiments described in this paper were done over a 2-yr period,
using different groups of diabetic rats as they were made available to me.
Two different forms of the drug were also used for treatment. To aliow
canparisens of the data, analyses of variance were performed to assess the
possible influence of these two variables of time and drug: (1) Variations
between groups: On the last day of the pretreatment period, no differences
were found among the three different experiments as to food consumption

(Table 7), body weight (Table 8}, and in;ulin dosage (Table 9). This

indicated that the groups of rats were comparable one with the other before

93



any treatment was administered. (2) Effect of oxytetracycline as Terramycin
vs. Liguamycin: In experiments I and II, there are no significant
differences in food consumption (Table 7), body weights (Table 8), or dose
of insulin (Table 9) at the end of the treatment between the animals

. \
(experiment 1II). In fact, of the three parameters studied in these two

treated with Terramycin (experiment I) and those treated with Li@mycir@
groups, only the amount of food consumed by the treated animals was
signigicantly different from the control and pretreatment values. The drug
treatment had similar effect on the food consumption of the normal rats.

B. 2. Insulin dosage ‘

These were administered according to the protocol described in
Methods. In experiments I and II, comparable insulin dosages were given to
the control and treated groups. This resulted in lower urinary gqlucose
output in the treated animals (@ to +1) than in the control animals (+2 to
+4). 1In experiment III, consequent to therrestriction of food, the control
animals required less insulin to maintain the urinary gqlucose output
between +2 and +4. To keep the urinary glucose within approximately the
same range in the treated rats, the doses of insulin had to be decreased
even furthgr'in that group.

B. 3. Glycemia

| In the diabetic animals, both forms of oxytetracycline decreased the
plasma glucose levels in the fasted and fed states (Tablé 16). The effect
of Liguamycin {experiments II and III) was greéter than of Terramycin in
the fed animals. In the normal fed rats, there was a small but significant
decrease in plasma glucose levels with the drug treatment. To differentiate
between the effect of the drug itself and its effect on food consumption, a

food-restricted contrel group was studied (experiment III).

Food restriction alone did not ameliorate the diabetic state to the
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same 'degree as the oxytetracycline treatment. Thus, the glycemia was higher
in the control group in both the fed and fasted state (Table 16). Figure 18
émnnarizes the relationship between plas%? glucose and amounts of insulin
administered in the animals used for experiment III. On the last day of the
preexperimental period (Fig. 10a), the mean plasma glucose values of the
two groups were not significanﬁly different frcm_each other. The mean dose
of insulin given to the two groups was alsc not significant%y different. On
the last day of the experimental period, the insulin dosage was reduced in
both groups but significantly more in the treated group. In spite of
smaller insEEin doses, the. treated group had a significantly reduced
glycemia, whereas the glycemia in the contipl group was at the samé level
as 1in the pretreatment period; In the fasted state (Fig. 18B), insulin
doses that were not significantly different in the two groups produced a
significently lower glycemia in the treated group. Only when the treated
rats were given no insulin were the mean plasma glucose levels equal in the
control and the treated groups (Fig. 1@C).
'B. 4. Effect of oxytetracycline treatment on glucose tolerance

The results of glucose tolerance are given in Figures 11 and 12. The
results given 1in Fig. 1l show a striking difference in the response to
glucose of the control and oxytetracycline—treated diabetic ;ats. In the
contrel diabetic rats, fasting glucose levels were predictably high and
rose to values around 460 mg/dl 3¢ min after the administration of glucose:
There was no significant decrease from that peak value during the 2-h of
the experiment.

In the case of the oxytetracycline-treated diabetic rats, there was

also a substantial increase provoked by the glucose load; however, the

decline of plasma glucose value was rapid. The rate constant from peak
-1
glucose value at 39 min to minimal glucose level at 126 min was 3.61 s

-
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for the oxytetracycline-treated, as opposed to 1.88 s for the control

diabetic animals (see Table 11) and the levels had returned to normal at
2h. It should be noted that there was a large difference between the plasma
glucose levels of the control and treated diabetic rats at all the times
studied. By compaﬁison, .both groups of normal rats responded gimilarly to
the glucose load. In this experiment (experiment I), Terramycin was used as
the source of oxytetracycline and the dosage of insulin throughout the
experimental period had been maintained at levels close o those given
during the pretreatment period. As a result of the vigorous insulin
treatment, the fasted plasma glucose of the treated grbup was significantly
lower than that of the controls. -

In experiment III, in spite of the drastic reduction in insulin dosage
ard the reduction in food intake of the control group,” the @-time plasma
glucose levels were still significantly different in the control and the
treated group (Fig. 12). In the congkol rats, the plasma glucose at 12¢0 min
was not significantly different from that at peak glucoie concentration. In
the treated rats, the glucose concentrations at 126 min were significantly
lower (P<@.05) than the peak concentrations. -

Both groups of diabetic rats weighed less at the end of expériﬁent
III, although the food-restricted rats lost significantly (P<8.05) more
weight than the drug-treated rats (41.4 + 3.5 g vs 28.2 + 05 g,
respectively). This decrease in body weight may be the result of the lower
amounts of insulin administered. -

B. 5. Effect of oxytetracycline treatment on insuliq‘tolerance

The results of the insulin tolerance test are given in Fig. 13, The
oxytetracycline treatment produced little change in the response of the
normal rats to insulin with the exception of the sample obtainéd at 129

min. Whereas at that time, plasma glucose was already going back to
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starting values in the normal controls, it remafned similar to the 6@-min
value in the normal rats that had been treated with oxytetracycline. In the
diabetic. rats, the glucose values were significantly lower in the
oxytetracycline-treated group than in the controls, at all the times
studied. The absolute values of plasma glucose were markedly different at @°
time between the control and treated diabetic rats and between both groups
of diabetic rats and normal rats. To obviate these differences, the rate
constanfs for disappearance of glucose between times @ and 36 min were

calculated. These were found to be significantly different in the control

than in the treated groups for both the normal and diabetic animals {Table

11). These data indicate that previous oxytetracycline treatment increased

the rate at whith glucose wagtaleared from the circulation following a

single injection of a small dose of insulin,
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TABLE 7 -
Food consumption in control and treated diabetic and
normal rats
Food consumed (g)
Diabetic Normal
Control Treated Control Treated
Experiment |
Before 31 1.8 32 14" — —
After 27 =27 1823t 27 x0.8° 17 = 1.9+
(5) (5) (3) (5)
Experiment i
Before 3225 26=* 1" 27 = 02" 27 £ 0.3"
After 26 + 1@ 1718t 2409 14 = 1.2¢
| (5) (5) (5) (5)
Experiment [l : -
Before 294 = 1.3+ 29 = 25" — —
After 18 = 0.5t 15+ 1.7t —_ -

(5)

(6)

The experiments were as described in METHODS. The terms “before”

and “after” refer to the food intake on the day immediately preceed-
ing the beginning of the treatment and on the last (10th) day of the
treatment period. Each value represents mean = SEM for the num-
ber of animals given in parentheses. Values not followed by. the

same superscript are significantly different (P < 0.05).
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TABLE 9

Insulin dosage administered to control and treated diabetic rats

Insulin (8/100 g body wt.)

Control Treated
Experiment |
Before 0.66 = 0.06™ 0.83 = 0.047
After 0.72 = 0.05* 0.79 = 0.08"
(10) (12)
Experiment II
Before 0.74 = 0.08" 0.85 = 0.09"
After 0.66 = 0.08" 0.82 = 0.11*
(8) (10)
Experiment Il
Before 0.88 = 0.06" 0.74 = 0.04"
After 0.38 = 0.05t 0.23 = 0.05%

- (5

(6)

The experiments were as described in METHODS. The terms “before”
and "after” represent the values obtained on the day immediately
prior to the beginning of the treatment period and on the last (10th)

~ day of the treatment period, respectively. Values given are means =

SEM for the numbers indicated in brackets. Values not followed by
ttpeﬁome superscript are significantly different (P < 0.05).
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Fig. 11. Change in glucose tolerance of diabetic
rats following oxytetracycline treatment. ,
Rats were treated with OIC for 7 days; they were then fasted oveﬁight from
"2'1:00 h to 9:00 h,“ as described in the method section under experiment I.
Alifter removal of a f-time sample, glucose ( g/kg body wt.) was injected
‘_ i’lntrapefitoneélly, and blood samples were removed at the times indicated.
The plasm‘a was separated by centrifugati-;n and the glucose was. measured, \\
E;a-ch point represents t& mean + SEM for the number of animals“given on ‘the
figure. Significant diffefences (P<@.@5) _betweex:z control and treated groups

are indicated by an%sterisk.
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Fig. 12. Canparison of glucose tolerance in control,
food-restricted contrel, and oxytetracycline-treated diabetic rats.
Circles represent the result of glucose tolerance tests from experiment
III. Triangles represent the values for the gluwcose toléfance test of
experiment I. Open symbols represent the values obtained in control rats;

closed symbols represent the values obtained in treated rats.
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'Fig, 13, Change in response to insulin in nommal

and diabetic rats following oxytetracycline treatment. : j

Rats were injected with OIC or saline for 7 days. On day 7, the diabetic'
rats were given one—hélf their normal insulin dose and they were given food
ad libitum. On day‘ 8, ‘the insulin tolerance test was performed as described

in the method section under experiment II. A significant difference (P<@.d5

or less) between control and treated groups is indicated by an asterisk.

BEach point represents the mean + SEM for five animals in all groups with

the exception of the diabetic control group, which included four animals.
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C. Discussion

Many lines of evidence indicate that the antibiotic oxytetracycline
potentiates the action of insulin. Previous studies (Bégin-Heick ana.Heick,
1976; Bégin-Heick et al, 1974, 1979) on the ob/ob mouse indicate that in
that animal model, chronic treatment with oxytetracycline is able to reduce
glycemia and insulinemia towards more ;ormal values and also to decrease
body fat and incorporation of 3H 0 into lipidsk(a measure of the capacity
to synthesize fatty acids gg_ggg;) in the liver and adipose tisswve. The
sensitivity of muscle to insulin and the number of insulin receptors in the
liver were found to be largely restored by the treatment. Oxytetracycline
treatment was also found to lead to regranulation of the B—cellsk and to
normalization of the insulin secretory response (Bégin-Heick et al, 1979).
Scmé of these results have since been confirmed by Dubuc and willis (1978).

Because the ob/ob mouse has functional, albeit abnormal, islets of
Langerhans, it'is difficult in this model to assess whether the effects of
oxytetracycline are pancreatic, extrapancreatic, or.both. In vitro systems
that involve the external addition of oxytetracycline are ruled out because
tetracyélines are strong chelating agents toward the divalent cations that
are necessary for many cellular functions {Albert and Rees, 1956; Weinberq,
1954).

The BB rat was used in this study because the syndrome is associated
with very small and rare islets containing virtually no B-cells dve to
widespread insulitis leading to B-cell destruction (Nakhooda et al, 1977,
1978) . In this model, oxytetracycline treatment also appéa:ed to potentiate
the effect of insulin, indicating that the antibiotic exerts some of its
effects by acting on the insulin responsive tissues at the periphery.
Plasma glucose levels were reduced significantly in both the fed and the

fasted state as a result of the treatment. This was so, even when the
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insulin dosage was reduced considerably and, as in experiment III, was
significantly lower than in the control group.

Aithough oxytetracycline treatment reduced food intake significantly
in the treated animals, reéuction of food intake alone can not be

\ggsg?nsible for the improvement of the diabetic status, since a food
restricted group did not show the same improvement as the oxytetracyclineQ‘
treated group. 1In fact, only by withholding insulin completely from the
oxytetracycline-treated rats was it possible t¢ produce comparable plasma
glucose levels in the food-restricted control and treated groups.

In experiments I and II, similar doses of insulin were administered to
all animals on the basis of their body weight. This led to difﬁerences in
urinary ‘glucose output between the control and the treated groups, the
former always having higher level. 1In experiment III, the insulin dosages
were adjusted so as to produce comparable glycosuria. This led to the
administration of lower dosages of insulin to:the oxytetracycline-treated
rats. N

The standard protocol for maintenance of ﬁhe diabetic animals (see
Metheds) is based con daily assessments of glycosuria. Comparisons of
glycosuria and glycemia indicated a poor correlation between the two
measurements, which accounts for some of the intragroup variation {(cf. Fig.
1¢).

<

Ideally, the glucose and insulin tolerance tests should have been
performed in groups of animals with the same starting glycemia. This could
have been achieved by either of three methods: (1) withholding insulin
completely from the oxytetracycline-treated rats (cf. Fig. 14), (2)
increasing the dose of insulin in the control rats, or (3) infusing glucose

into the oxytetracycline-treated rats. Each of these methods in its own way

would have caused further problems., 1If option (1) were used, the treated
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animals would have been in a catabelic state compared with the control. The
control animals are extremeiy preone to hypoglycemic shock; option {2) was

therefore ruled cut because the food-restricted animals lacked the .means to

compensate for too much insulin. - In addition to being technically _

difficult, option (3) ‘would have imposed an additional stress on the
animals., ) ——

The calculation of rate constants is a method routinely used to ass;ss
rates of disappearance' of sﬁbstrate, irrespecti%e of starting
concentrations. Calculation of such rate constants for the disappearance of
glucose (cf. Table 11) indicated a highly significant difference Eetween
the control and treated diabetic groups, a further indication that
oxytetracycline +treatment improves the handling of glucose and potentiates
the action of insulin. -

The exact mechanism whereby oxytetraéycline acts is not known. Hiatt
and Bonorris (1966, 1978), who are responsible for the first observation on
the insulin-potentiating effect of oxytetracycline, suggested that it may
act by blocking the glucose mobilizing effect of catecholamines. In this
regard, it is interesting to note that whereas the insulin tolerance curves
_ in the untreated normal and diabetic rats showed a tendency towaré
returning to gtarting levels between 608 and 120 min (cf. Fig. 13), in the
oxytetracycline-treated animals, the blood glucose values  remained
constant. In fact, in the normal animals the only significant difference
(P<B.05) between control and treated groups occurred at 12¢ min due to the
return of the control animals to the starting value (Fig. 13). It is now
widely accepted that the glucose mobilizing effects of catecholamines in
the liver are mediaéed by alpha-adrenergic receptors, which in turn promote
the uptake of Ca2+ by liver cells (Exton, 198¢). One of the possibilities

’

that thus presents itself is that oxytegkacycline may prevent this movemeant
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2+ , ..
of Ca , precluding the mobilization of glycogen via alpha-adrenergic

stimulation. |

Tetracyclines have been used as fluorescent probes to characterize the
association of divalent cations with biological membranes (Caswell and
Hutchison, 197la; Girault and Galmiche, 1978; Schuster and Olson, 1974‘). In'
islet cells, fluorescence probing with chlortetracycline has been used to
study the\ interaction of Ca2+ with the membrane (Taljedal, 1978). The
changes in fluorescence: are thought to be brought about by migration of the
tetracycli ivalent cation complexes within the membrane. A possibility,
which has alrpady been discussed (Begin-Heick .et al, 1979), is that

. o 2+

oxytetracycline may be able to form complexes with Zn  and insulin, ard
insulin present in such complexes may have increased affinity for its
receptor. 'I‘h_e formation of stoiochiametric dalortetl‘:.acycline, Zn2+, and
insulin complexes . has been shown to occur in vitro, and there is same
evidence that it may also occur in vivo (Prochazka et al, 1965). Thus, the

interaction of oxytetracycline and divalent cations at the membrane level

could form a basis for the insulin potentiating effect of the drug.

-
P
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CHAPTER 5. INS_ULIN SECRETION IN THE ob/ob MOUSE.
EFFECT OF OXYTETRACYCLINE TREATMENT.

The purpose of this study was to determine whether the insulin
secretory-gesponse to known secretagogues could be quantitatively or/and
qualitatively affected by oxytetracycline treatment. The effect of glucose,
glucagén and aminophylline was studied both'ig_zigg and in vitro. I also
sought to determine whether the secretory response of islet cellgﬁgg vitro
could be modified by previous treatment of the animal with oxytetfacycline.
Methods: These are described in detail in Chapters 2 and 3.

"A. Results
A, 1. In vivo experiments
Effect of glucose

Fig. 14 represents the response of lean and obese mice ;o the
intraperitoneal injection' of glucose and serves as a landmark for
evaluating the action of other secretagogues. As observed previously under
saﬁewhat different experimental conditions (Bégin-Heick, 1974, 1979), OTC
treatment partially restored the ability of the obese mouse to handle a
glucose load. At all times studied, the plasma glucose levels were
significantly lower (P at least <.65) in the OTC-treated than in the
control obese mice. The plasma glucose levels at @ time and at 5 minutes
were similar in the OTC-treated obese and in both groups of lean mice,
however, the levels continued to rise until the 3¢ minute point in the OTC-
treated obese, whereas the peak glucose levels were obtained at 15 minutes
in the lean. The OTC treatment decreased the levels of insulin in the obese
mouse to the levels observed in the lean controls. The insulin levels in

. the OIC-treated lean mouse were also decreased as compared to the control.

Furthermere, the insulin curves in both lean and obese OTC-treated mice did

not show a peak of insulin-secretion such as was found in the lean
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controls. The results in Fig. 14 indicate clearly that OTC did not produce
its effects by decreasing the food consumption of the obese mouse. Food
restriction did not produce a significanf decrease in insulin production.
Marked and sustained hyperglycemia was produced in response to a glucose

load in the food-restricted animals,

‘Effect of glucagon

In the obese mouse, the effect of previous OTC-treatment on the
response to an" acute injection of glucagon was striking: the glucose
production in response to glucagon was not significantly dJdifferent from
that which was found for the lean mouse.. In contrast, in thes cbese
control’ and obese food-restricted groups, the glucagon injection elici_ted
an exaggerated elevation of the blood glucose levels. In the OTC-treated
lean mice, there was no significant change in the blood glucose levels
throughout the experiment, i.e. no glucose peak was observed, so that the
plasma glucose concentration was significantly different fram the levels
observed in the lean control at 5 minutes (Fig. 15).

The effects on insulin levels were varied (Fig. lS).lBoth the lean and
obese Acontrol groups showed a peak value around 5 minutes and_ 2 return
towards @ time levels within the 90 minutes of the experiment. The return
to the # time level was, however, much more rapid in the lean mice. It
should be noted also that, although the changes were qualitatively similar
in the lean and obese mouse, the levels were at least ten times greater in
the obese mouse.

There were two distinct effects of OIC-treatment on  insulin
secretion. Firstly , the peak of secretion seen at 5 min in the controls
;»as virtually absent in the OTC-treated animals both lean and cbese.
Secondly, in the early part of the experiment, both the lean- and the

obese- treated mice had insulin levels which were signifi;:antly lower than
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their respective controls. Food restriction although (.or perhaps because)
it diminished insulin secretion led to increased blood glucose levels
throughout the duration of the test.

Effect of aminophylline “

The responses to aminophylline are shown on Fig. 16. In both @ntrol
and treated obese mice, an acute aminophylline injection produced a rapid
ard sustained elevation of the blood glucose levels. The blood glucose
levels were, however, significantly lower in the OTC-treated than in the
control obese mice at all times with the exception of the sample taken at
9¢ minutes. In the obese control mouse this sustained hyperglycemia
occurred in spite of sustained hyperinsulinemi’a,, whereas in the OTC-treated
obese mouse, the insulin levels, while stiﬁ( elevated compared to the
values seen in the lean mouse, were at least 5 times less than those seen
in the obese control mouse. In the lean mouse, the levels of glucose and
insulin were in proportion to each other, both being highet in the controls
than in the CTC-treated mice. In both the latter groups, the increases were
relatively modest in ccmpérison to those seen in the obese mice. Again in
this case, food restriction of the obese diminished the secretion of
insulin bﬁt not the production of glucose.

A. 2. Islet cell distribution -

Fig. 17 represents a profile of the numerical distribution, on the
basis of the largest diameter, of islets from different groups of mice. 1In
accordance with previous reports on rat and mouse islets (Gepts et al,
1966; Tejning, ‘1947); the islets were found to be asymmetrically
distributed with an increase in the islet number with decreasing size. The
largest proportion of islets in lean mice (contrel and OTC-treated) was
contributed by small islets (diameter 76-152 um) while islets of

intermediary size (diameter 152-229 um) were the most numerous in control
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obese ' mice. Due to the asymmetrical distribution of the islets, a r‘lon-
parametric statistical test [the Kolmogorov-Smirnov test, (Siegel, 1956)]
was used to evaluate if islets from one population -were significantly
larger or smaller than islets from another population. The lresults of the
statistical analysis are given in Table 12.

Treatment of the obese mouse with OTC resulted in a distribution
profile of the islets which resembled that seen with islets of lean mice.
Only >25% of the islets of OTC-treated obese mice had a diameter exceeding
152 am as opposed to 56% in islets of control obese mice. The isIeEs were,
however, still significantly largexr, on the average, than the islets of
lean mice (Table 12). —_—

Food restriction of the obese mouse resulted in a slight increase in
the number of smaller size islets. However, taken as a whole the islet
pop'llzlation was not significantly different from that of the obese control
mouse (Table 12).

A. 3. In itfﬂ experiments
Effect of glucose on insulin secretion

The results of these experiments are given in Fig. 18. Compared to the
tissue from the lean mice, the islets from the control obese mice secreted
exaggerated amounts of insulin at all the glucose concentrations studied.
Treatment of the obese mouse with OTC led to a significant de&ease of
insulin secretion. The insulin secretory activity of the Ofc—treated obese'
mouse islets was still significantly greater than that of the lean mouse.
Restricting the £ood intake of the cbese mouse to the levels consumed by
the OTC-treated obese mouse did not decrease insulin secretion as much as
did the OTC treatment.

Effect of glucagon

The addition of glucagon to the incubation medium at various glucose
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concentrations produced a modest stimulatory e?fect on the islets from the
control Jlean mice. At glu?ose concentrations of 16 mM and below, glucosé
alone - or glucose + glucagon had little effect on the islets from lean
mice previously treated with OTC. The stimulation produced by Eoth
secretagogues was significantly higher than that found in the control mouse
when the glucose concentration of the medium was 20 mM (Fig. 19}. In the
control obese mouse, the already exaggerated insulin secretion due to
glucose was boosted even further by the addition of glucagoh. In the QTC-
treated obese mouse, there was a modest increase caused by glucagon. Food
restriction of the obese mouse did not lead to any significant improvement
in the pattern of insulin release when glucagon was combined with 20 mM
glucose.
Effect of aminophylline

There were no significant differences in the response to aminophylline
of. the islets of lean contrel or lean OTC-treated miée. (Fig.2d). 1In the
iélets of the obese (control, food-restricted and OTC—£reated)
aminophylline stimulated the secretion of insulin maximally at 16 mM
glucose: While the addition of aminophylline significantly stimulated
insulin secESFion in the islets from the OTC-treated obese mouse, the
magnitude of the stimulation was much less in this group than in the obese

controls or food-restricted cbese controls.
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Fig.l4. Plasma glucose and IRT following
" a glucose load (lg/kg).
The mice were prepared and injected as described in Chapter 2. Top pahél,

plasma glucose, bottom 1, plasma IRI. Results are given as means

+5.E.M. n=8 in each group. iaticns: 1In-CTL=lean control; In-OTC=lean
OIC-treated; ob-CIL=obese control; ob-OTC=obese OTC-treated; ob-FR=obese

food-restricted.
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a1l animals received §.025mg of glucagon. Other details are as given in the

legend to Fig.l4.
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Fig. 15. Plasma glucose and IRI follo;ring

a glucagon injectibn.
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All animals received 3mg. of aminophylliné. Other details are as given in

Fig. 16. Plasma glucose and IRI following

an injection of aminophylline,

the legend to Fig. 14.
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Fig. 17, Effect'of oxytetracycline treatment
K on the islet cell distribution in lean and cbese mice.
The value given in ordinate is the-percentagf of the total mmber of islets
of the size indicated by the abscissa. The data were obtained by measuring
| the -largést diameter of a minimum of 100 islets of each kind. The islets
were sized as described in Chapter 2. Abbreviations are as given in the

1ggend‘to Fig. 14.
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Table 12, Statistical amalysis of the mumerical

distribution of the islets (effect of OIC treatment).

~ Islet populations under study P
ob CTL vs . In CTL < g.061
) InCIL _ vs In OTC NS
ob CTL vs ob OTC < @.801
ob CTL vs oﬁ FR NS
ob OIC vs 1n CTL < 8.02 :

The numerical distributions of the islets on the basis of their largest
diameter (Fig. 17f were compared by the Kolmogorov-Smirnov two-sample one-
tailed. test. The islets fram the population in the left colum are either
not significantly different (NS) or larger than the islets from the

corresponding population in the right column. Abbreviations are as given in

the legend to Fig. 14.
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The islets were preincubated in 3mM glucose as described in Chapter 2. They

were incubated for 6@ minutes at'the glucose concentrations

Fig. 18. The release of insulin

by isolated islets of Langerhans.

the abscissa. Insulin was measured as described in Chapter 3.

are expressed as percentage. of insulin released per 6@ minutes (i.e.
secreted IRI X 100/ secreted IRI + islet IRI),

Results are given as the means + S.E.M. of 15-20 batches of islets

(5 islets/hatch).
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Fig. 19. The effect of glucagon
on insulin secretion by isolated islets,
The release of insulin was measured in the presence (hatched bars) and in
the absence (open bars) of glucagon (5pg/ml). Other details are as given in

the legend to Fig. 18. *P< .@5, **P<.(@5, between glucose alone and glucose
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INSULIN SECRETED

Fig. 26. The effect of aminophylline

on insulin release by isolated islets. .
The release of insulin was measured in the presence (hatched bars) and in
the absence (open bars) of aminophylline (2.5 mM). Other details are as
given in the legend to Fig. 18 and Fig. 19. * p< .85, ** p< G35, bebtween

glucose alone and glucose + aminophylline.
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B. Discussion

The data presented in this Chapter support previous data (B&gin-Heick
et al, 1974, 1979) on the effect of oxytetracycline on glucose tolerance
in the obese mouse. The slightly more elevated plasma glucose values
obtained for the obese OTC-treated mouse in this study could be accounted
for by the fact that, in the previous studies (Bégin-Heick et al, 1974,
1979), the mice had been treated for 16 days as opposed to 7 days in the
present one. There was a remarkable correlation between the ig_gigg_and.ig
vitro pattern .of insulin secretion in response to glucose. The lack of
incfease in plasﬁa insulin levels beyond the § time value which I report
here was not surprising as the respective fasting plésma glucose levels (16
mM for the obese OTC-treated and 2§ mM for the obese control) were already
beyohd the concentration capable of evoking maximai responses in vitro
(compare Fig.l4 with Fig.18). The in vitro observations could also explain,

at least in part, the difference in the plasma insulin response to the I.P.

‘glucose load that was obtained by Cameron et al (1972b) and Herberg et al

(1978) for the C57B1/6J ob/ob mouse. The ob/ob mice used by Cameron et al
had a plasma glucose of less than 19 mM at time § of the tolerance test and
a significant increase in insulin secretion was observed after the glucose
load. The ob/cb mice used by Herberg et al [of corresponding age to the
ones used by Cameron et al] had a plasma glucose of 17 mM at the beginning
of the test and no increase in plasma insulin levels was observed after the
glucose load. The results obtained by Herberg et al are thus more
comparable to those which I show here.

In the light of the results obtained with glucose, which is the major

- physiological initiator of insulin release (Hedeskov, 1988), it was

important to see if OTC had a general effect on the insulin secretory

mechanism of the obese mouse. Two other secretagogues, glucagon and
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aminophiylline, which are well known potentiators of insulin release but

- a

differ in their mechanism of action, were also used.

Glucagon has been shown to potentiate insulin release through its
effect on the adenylate cyclase-cAMP system (Malaisse, 1973; Montague and
Howell, 1975} and not by a direct effect on C:a2+ transloéation. In tum,

. the insulinotropic action of cAMP pzodqced 13y glucagon o'z.é other factors is
thought to be due td a2 glucose independent translocation of calcium within
the B-cell fram an organelle-bound pool to a cytoplasmic pool (Siegel et
al, 1988). It was shown that this cAMP-induced translocation of calcium is
only able to promote sustained secretion of insulin when the B-cell is
simultaneously exposed to a suitable insulinotropic substrate (e.g.
glucose, 1eucine)\which itself favors calcium acccumulation in the cytosol
by inhibiting calcium efflux (Wollheim and Sharp, 1981). Thus the in vitro
studies with glucagen were done in presence of glucose. ° Correlations
between the in vivo and the in vitro findings could again be cbserved, In
the lean treated animals, the data from Fig.l5 show that following an
injection of glucagon the plasma glucose remained at about 1omM; the in
vitro data of Fig.l9 show that in the lean animals, glucose + glucagon had
little effect on insulin release ét glucose concentrations of 16 mM and
below, The lack of significant change in plasma g';lucose following the
glucagon injection, as seen in obese OTC-treated and lean OTC—treated nmice,
may be due to an increased sensitivity' of these animals to insulin.

Aminophylline, like other methylxanthines, is an inhibitor of cyclic
nucleotide phosphodiesterase and thus its administration should result in
increased intracellular cAMP levels {Robison et al, 1971). However the
xanthines are not restricted to a single mechanism of act‘ion (Robison et
al, 1971; Wells and Kramer, 1981). In the case of the pancreas, direct

.

action on calcium uptake by an islet microsomal fraction has been described
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(Sugden and ashcroft, 1978). | Caffeine and 3-isobutyl-l-methyl-xanthine
(IBMX) have been shown to result in an inhibition of islet mitochondrial
calcium  accumulation which could not be duplicated by (Suoden and
Ashcroft, 1978). Lﬁ

Intraperitoneal injection of aminophylline into the obese control
mouse led to the highest level of plasma glucose cbserved in these studies,
without any sign of decrease even after 99 minutes. These findings are in
}?eeping 'Qith reports on the extreme s:en.sitivity of the obese mouse to
caffeine, a single injection of which was reported to cause prolonged
elevation of blood glucose (Kuftinec and Mayer, 1964). The dose of
aminophylline used in the present studies (120 mg/kg), administered on the
basis of lean body wgight, was lower than that previously used by Cameron
et al (1972c) in Swiss mice (240mg/kg). When used in the ob/ob mouse, the
higher dose led to the death of all the mice duriﬁg ﬁhe test. Even with
the reduced dose, approximately 54% of the obese mice died within 48 hr
after the single injection. No experimental findings couid be ‘found in the
lirterature to explain the long temm glucotropic effect of caffeine and
aminophylline in the obese mouse.

The aminophylline tolerance test demonstrated that the decrease in
insulin release from the islets of the cbese OTC-treated mice was not
merely due to a lack of priming of the islets with high encugh glucdse
concentration: Fig.l6 shows that 90 minutes after injection, the plasma
insulin level of obese OTC-treated mice had not changed significantly from
basal value while the plasma glucose was then as high as in the obese
control mice. It seems rather that the islet cells of the obese mice
reached their maximum secretory capacity at much lower glucose
concentration. These in vive insulin results were in keeping with the in

vitre findings (compare Fig.1l6 and Fig.28): in the ob/ob mouse, maximal
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insulin release in vitro was seen with a combination of 1@ mM glucose +
aminophylline. Increasing the glucosézconcentzation in the medium further
did not potentiate the insulin secretory activity of aminpphylline in the
islets of the obese mouse as it did in the islets of the lean mouse.

OTC treatment of the oﬁese-mouse therefore resulted principally in a
more appropriate response of the insulin secretory mechanism to stimuli (in
vivo and in vitro) as well as a more appropriate ratic of glucose to

insulin {in vivo). These effects of OTC-treatment cannot be related to the

decreasé in food intake produced by OTC (Bégin-Heick and Heick, 1976;

Bégin-Heick et al, 1974, 1979; Dubuc and Willis, 1978) as food-restricted
obese mice had glycemic responses at least as high as those of untreated
obese mice, although their insulin secretion was somewhat diminished. It
has been shown that oxytetracycline increases the sensitivity to inmsulin in
a'numbe; of different systems (Bégin-Heick and Heick, - 1976; Bégin-Heick et
al, 1974; Dubuc and Willis, 1978; Hiatt and Bonorris, 197¢; Hiatt et al,
1966; Miller, 1966). This study supports the previous findings that OTC
treatment of the ob/ob’ mouse increases the insulin sensitivity of
peripheral tissues (Bégin-Heick and Heick, 1976; Bégin-Heick et al, 1974,
1979; Dubuc and Willis, 1978). The glucose curves obtained in vivo, for all

three secretagogues, was significantly lower (except at time 98 minutes

during the aminophylline tolerance test) in the cbese OTC-treated mouse

than in the obese control in spite of significantly decreased plasma .

insulin levels.

Autoregulation of insulin. secretion exists in the islets of the lean

mouse but this mechanism appears to be impaired in the obese mouse islets

(Loreti et al, 1974). Thus any agent capable of making the islets nore\

sensitive to the feedback action of insulin on insulin secretion would

« produce a diminished insulin secretory response. _OTC has already been
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shown to increése insulin-receptor activity in liver membranes of cbese
.mice (Bégin-Heick et al, 1974). There is already evidence for the presence
of insulin receptors on rat pancreatic islets and their cells (Verspohl and
Ammon, 1930; Verspohl et al, 1982). It is proposed that the greatly reduced
in vitro insulin release by the islets of the obese OTC-treated mouse éould
result from a restoration of the sensitivity to insulin of the obese mouse
islets brought about by CTC. The effect of OTC on islet cell sensitivity
to insulin could also explain the flat insulin curves obtaifed in vivo for
mg lean OTC-treated mouse.

It has already been proposed that the OTC effect appears to be
related to membrane function (Bé&gin-Heick et al, 1979) . The effects of
OTC could be due to its metal chelating properties (Albert and Rées, 1956;
Weinberg, 1954). In studies on islet cells (Taljedal, 1978) as well as of
other structures [chloroplast (Girault and Galmiche, 1978}, mitochondria
(Schuster and Olson, 1974), meqbrane preparations (Cas.vell and Hutchison,
1971; Franklin, 1971)] it has been reported that tetiacyclines interact
strongly with membranes and divalent cations. It has also been suggested
that in the B-cell, the (:a2+ pools which can be identified as interacting
with chloxtetracycline are those of importance for insulin secretion
(Taljedal, 1978). In the light of the knowledc_:{e accumulated to date on the
mechanism of insulin secretion evoked by glucose, glucagon -and -
aminophylline (see above) and  their relationship with calcium ions,
tetracyclines could alter the mvemer'lt and/or the distribution of Ca2+.
OTC could also be interacting with Zn2+ in the islet cell. ' 2Zinc is known
to play a prominent role in the' structure ‘and function of insuli-n as- well

as’ being important for the formation of granules within the B-cell - (Bmdin

et al, 1988).
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CHAPTER 6. EFFECT OF ZINC ON

INSULIN RELEASE IN THE ob/ob MOUSE.

A relative or absolute zinc deficiency has been suggested to play a-

role in the pathdogenesis of diabetes'mellitus in humans (Pidduck et al,
1970; Tarui, 1963). Zinc is known to enhance the binding of insulin to
hepatocyte membranes (Arquilla et al, 1978) and to have an additive effect

to that of insulin on lipogenesis in rat adipocytes (Coulston and Dandona,

198¢). Furthermore, zinc—deficient animals are less sensitive to insulin

(Quaterman et al, 1966), have an impaired glucose toleranéé (Boquist and
Lernmark, 1969; Huber and Gershoff, 1973) and have degranulated islets
(Boguist and Lexmmark, 1969). Insulin resistance, impaired éolezance to
glucose and degranulated islets are also characteristics of the 'ob/ob
mouse.

There were already indications in the literature that zinc metabolism
may be abnormal in.the obese mouse. Thus, the immme system, which is known
to xequire an adequate zinc status (Prasad, 1978), has been reported to be
defectiﬁe in this animal model (Chandra, 11980). significantly lowet zinc
levels were also foundé in the plasma and femur of the obeée mouse  (Bégine
Heick et al, 1982).

OTC is known to interact very strongly with divalenE cations,
particulariy zinc (Gulbis et al, 1976; Weinberg, - 1954), ~and it has been
shown to form stable complexes with zinc and insulin (Prochazka et al,
1965). In attempting to find an explanation for the nechanism‘of action of
OTC on the islet cell, I hypothesized that it may be interacéing with zinc
within the islet cells.

Because of the role played by zinc in the process of insulin storage

and secretion, the effect of dietary zinc supplementation on insulin

secretion by isolated islets was assessed. In view of the findings reported
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in Chapter 5, I also determmined the effect of combining zinc
supplementation with OTC-treatment.

Methods: These are described in detail in Chapters 2 and 3.

A. Results ~

A. 1. Insulin content and size of islets

The insulin cohtent of islets is given in Table 13. Data on islets
from lean mice (control and CIC-treated) and from food-restricted obese
mice are included for comparative purpcses. Zinc supplementaticn and food
restriction both led to a significant increase in the iﬁsulin content of
the obese mouse islets. Oxytetracycline treatment of the obese .mouse,
alone, or in combination with =zinc supplemen"tation resulted in a
significant- increase in insulin content when compared to control values;
the highest islet insulin content resGlted from a conbination of the two
treatments.

The numerical distribution of the islets on the basis of their largest
diameter is shown in Fig. 21 and the statistical analyses of these data are
given in Table 14. 2inc treatment of the cbese mouse did not lead to any /)
significant difference in the size distribution of the islets. The
canmbination of OTC-treatment and zinc supplementation resuited in a
distribution profile which was not significantly different f£rom that
resulting from OTC-treatment alone.

A. 2. In vitro glucose-induced insulin secretion

The results of these experiments are shown in Fig. 22, zinc
supplementation alone significantly diminished the abndr.mally high ~insulin
secretory response to glucose of the cb/ob mouse islets [at 10 }tﬁ, =24
@.gd1; at 15 M, P< @.925; and at 2¢ mM, P< @.65]. The secretion of insulin
was maximally stimulated at 15 mM glucose in the islets of the ziﬁnc—fed

obese mouse as was the case in the cbese controls. When zinc-supplemented

(( 13@



‘obese mice were also tregted with oxytet;acycline (ob Zn-0TC group), “the
effect of the two treatments together was_greéﬁer than that of either alone
in correcting the exaggerated secretion of insulin. The results obtained
Vith .éhe islets from the obese QTC-Zn group were the closest to those
obtained with the islets of lean mice (compare Fig. 18 with Fig. iéIL
although the insulin secretory activity was still significantly greater at

all the giucosg concentrations studied.

-~
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Table 13. Insulin content of isolated islets.

Group

In CTL

In OTC

\\,/ | ob CTL

ob OTC

ob Zn

ob Zn-0TC

ob FR

Insulin
(ng/5 islets)
160 + 16.7 a
158 + 8.2 a
79+ 8.5 b
430 +34 ¢
219+ 13 d
666 + 55 e
- 218+15 4

Insulin was measured as described in Chapter 3. The data are a

-

from a minimum of 25 determinations. Values followed by different letters

are significantly different from each other (P< #.65). Abbreviations:

OTC=obese OTC-treated; ob Zn=obese zinc-supplemented; ob Zn-OTC=cbese zinc-

CTL=lean control; 1n OTC=lean QTC-treated; ob CTL=¢obese . control;

éupplemented and OTC-treated; ob FR=cbese food-restricted.

A\
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Fig. 21. Efféc: of zinc and oxytetracycline
treatment on the islet cell disti:ibutior; in ob/cb mice.
'I;'ne value given in ordinate is the percentage of the total number of islets
of the size indicated by the abscissa. The data were obtained by measuring
the largest diameter of a minimum of 189 islets of each kind. The islets
were sized as described in Chapter 2. Abbreviations are as given:in the

legend to Table 13,
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Table 14. Statistical amalysis of the numerical distribution -

of the islets (effect of zinc and OTC treatment) N\

=
islet populations under study P
ob CTL ws ob zn NS
ob CTL vs  .ob OIC <3.001
ob CTL Vs ob Zn-0TC ‘ <8.985
ob OTC vs . ob Zn-0IC - NS
ob ZIn-0TC vs in CTL <@.@5

The numerical distribution of the islets on the basis of their largest
diameter (Fig. 21) was compared by the Kohnogofov—Smirnov two-sample one-
ﬁailéd test. The islets from the population in the left colum are either
* not significantly different (NS) or larger than the isiets from the
corresponding population in the right colum. Abbreviations are as given in

the legend-to Table 13.
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Fig. 22. Effect of zinc and oxytetracycline treatment on the

glucose-induced insulin release by isolated islets of ob/ob mice.

The islets were preincubated in 3 mM glucose as descrdlbed in Chapter 2.

They were incubated for 6¢ minutes at the glucose concentrations indicated

on the abscissa. Insulin was measured as described in Chapter 3. The

results are reported as percentage .of insulin released per 69 minutes {i.e.

secreted IRI X 160/ secreted IRI + islet IRI) as described in Chapter 2.

Results are éxﬁrgsséd as the means + SEM of 10-15 hkatches of islets 5

islets/batch). Abbreviations are as given in the legend to Table 13.
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B. Discussion.

In the studies described in this Chapte;, it was demonstrated that
dietary zinc supplementation of the‘ob/bb mouse resulted in a significant
diminution of the abnormally high insulin secretory response of the islets
to glucose. zing has been implicated as a regulator of insulin secretion.
The evidence 'in favor of this hypothesis is that zinc added in vitro
inhibits éﬂe release of insulin from isolated islets (Figlewicz et al,
1981; Ghafghazi et al, 1979, 1981) and this inhibition can be reversed by
increasing the calcium concentration of the incubation medium (Gahfghazi et
al, 1%8l). .The .§hysiological significance of these phenomena has been
questioned (Figlewicz et al, 1981), as the zinc concentration (66 M)
required to achieve:significant inhibition is far gieater than the levels
found in plasma (16-208 xM) (Larsson et al, 1976). However, as rightly
pointed out by Ghafghazi et al (1981), the intracellular zinc concentration
is not known and may be greater than plasma concentration. Zinc uptake by
islets in vitro is a very slow process but it results in zinc
concentrations which are 3¢ times greater than those in the external medium .
(Ludvigsen et al, 1979). High extracellular concentrations of zinc may
therefore be needed to produce significant changes in the intracelular
concentration over short incubations. - -

Zinc inhibition of calmodulin has been proposed as a molecular
mechanism to explain the diverse cellular inhibitory effects of zinc and
the antagqpis$yb5E;éen zinc and calcium in a variety of cell typgs (Brewex
et al, 1979). Other effects, such as stabilization of membrane proteins
(Bettger and 0'Dell, 1986; Chvapil, 1973) or effects on the microtubule
system (Larsson et'al, 1976} could also be envisaged.

In some experiments, the 4 wk dietary zinc supplementationlprogram of

the ob/ob mouse was coupled with a daily injection of*OTC during the last 7
L 4
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days of the feeding period. It resulted in an even greater decrease in the
glucose-stimulated insulin release than that observed after zinc
supplementation alone (cf Fig. 22). It was proposed in Chapter 5 that OTC
could improve the sensitivity to insulin of the ob/cb mouse islets. OTC has

already been shown to increase insulin-receptor activity in liver membranes

of obese mice (Begin-Heick et al, 1974). BAn enhancement of the ‘action of

insulin on . peripheral tissues has also been demonstrated to be brought
about by zinc (Arquilla et al, 1978; Couston and Dandona, 1980). @ is,

therefore, postuléted that =zinc and OTC could have additive effects in

decreasing the exaggerated insulin release of oB/ob mouse islets possibly

via an improvement of insg}in sensitivity of the tissues, including the B-

cell. ‘ »

It had been proposed by Ghafghazi and co-workers (1979) that the

inhibitory effect of zinc on glucose-induced insulin secretion may be a
regulatory mechanism. It is therefore conceivable that a defect in zinc
metabolism'cduld contribute to the defective regulation of insulin release

in the islets of the obese mouse.
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CHAPTER 7. CALMOOULIN Iﬂ‘ob{ob HIJSE ISLETS.

The o;aese mouse has hyperplastic islet cells which secrete insulin -in
an exaggerated manner when-cha-llenged either in vivo or in vitro. Imnsulin
secretion induced by many secretagogues, including glucose, glucagon and
aminophyllin;e, is ;chought to be ultimately due to an increase in the
cytosolic concentration of ionized calqium {(wollheim and Sharp, 198l). It
has . been éuggested that the primary intracellular target for Cazf within
the B—cell is the Ca2+—dependent regulator protein calxr:.adulin (Tomlinson et
al, 1982).

The pr;asence of calmodulin has been demonstrated in rat islets (Landt
et al, 1982; Sugden et zl, -1979; Valverde et lal s 1979) and more recently in
mouse islets (Thams et al, 1982). In rat islets, calmodulin modulates the
activity of cAMP phosphodiesterase (Sugden and Ashcroft, 1981), adenylate
cyclase (Sharp et al, 1989; Valverde et al, 1979), protein kinase (Landt et
al, 1982) and ATP dependent calcium transport via the Ca2++Mgz+—ATPase of
islet cel\J; mambranes (Kotagal et al, 1982)., There is also same evidence
that calmodulin has a role in the process of assembly and .disassembly of
microfilaments via the calcium-calmodulin dependent activation of myosin
light chain kinase (MacDonald and Kowluru, 1982). The inhibition of insulin
release frdn isélated islets by phenothiazines (Janjic et al, 198l; Krausz
et al, 198¢; Schubart et al, 198¢; Sugden et al, 1979; Valverde et al,
1981) which are considered to be specific ;.nhibitors of- Ca2+—cahmdulin, is
also an indication that calmodulin is important in stimalus-secretion
coupling. . In the present study I set out to determine if the
exaggerated glucose-stimulated insulin release in the ob/ob mouse is
related to the islet calmodulin system. }.-"'irstly, I studied the effect of

trifluoperazine on glucose-induced insulin secretion. Secondly I examined

the calmodulin levels of the obese mouse islets as detemmined by bioassay
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with cyclic nuclectide phosphodiesterase. The findings obtained with islets
isoi;ted from the ob/ob mouse pancreas were compared with corresponding
data obtained from lean mice and Wistar rats. i
Methods: These are as described in detail in Chapters 2 and 3.

A. Results _

A. 1. Effect of trifluoperazine on glocose-induced insulin release

Fig. 23 shows the effect of 2¢ uM TFP an insulin release in islets of

"lean and obese mice and rats. At low glucose concentration (3mM) , TFP, when . -

present only during the incubation period, caused a stimulation. (P<.@1l) of

the release of insulin in the islets of the ob/ob mouse but not in the rat
or lean uousé islets. fThe effect of TFP on glucose-stimulated insulin
secretion was evaluated by subtractiné the insulin released in the presence
of 3 mM glucose from that released at 280 mM glucose, giving the “net"
response to high glucose (cf Krausz et al, 1988). The data are given as éhe

right hand sets of bars in Fig. 23. The net response to high glucose was

inhibited by 72% in rat islets and by 49% in obese mouse islets when TEP

(26 M) was present in the incubation medium only. "In the lean mouse
islets, however, there was a small but significant (P<@.085) stimulation of
insulin release under this condition.

[

Since the-lean mouse islets appeared more resistant than raf islets or
g

obese mouse islets tb the inhibitory effect of 20 WM TEP on glucose—induced
insulin release, it was of interest to study the sensitivity of the ’lean
mouse islets to other concentrations of TFP. The é;ta of Fig. 24 show that
adding 1¢ wM TFP to the incubation medium of lean mouse islets resulted in
ne significant change in the basal insuliﬁ release but in a significant
increase in the nét response to high gluwose, similar to the results that

were obtained. with 2¢ uM TFP. At 56 uM TFP, however, there was a

significant inhibitory effect on the net response to 20 mM glucose. This
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was due to the fact that a significant increase in the basal insulin
release was also observed.
Wwhen TFP (20 uM) was present both in the preincubation and incubation

media, the basal insulin release was significantly increased in islets of

lean and obese mice as well as in rat islets. Under such experimental

condition, the net response to high glucose was maximally inhibited in all
three categories of islets,

From the.data of Figs. 23 and 24, it appeared that lé;n mousé islets
are less sensitive than obese mouse islets or rat islets to the inhibitory
action of TFP on glucose-induced insulin release. Since TEP binds to Ca2+-
calmodulin, a lesser effect of TFP could be explained by gre;ter levels of
calmodulin in the islets of lean versus obese mice. In order to verify this
point, the calmodulin level ;f islets of lean and obése mice and of rats
was deterﬁined.-

A. 2. Calmodulin content of mouse and rat islets

The calmodulin levels of rat islets were determined by PDE assay and
by radioimmunoassay. The results are presented in Table 15. The levels of
calmodulin obtained by RIA were on the average 4 times greater than those
found with the PDE assay. These observations on the relationship between
the results obtained with both assays are in full agreement with reports of
calmodulin levels from various other tissues (Chafouleas et al, 1979;
MacManus et al, '1981; Wallace and Cheung, 1979). Because all previously
reported resulgg’gg {slet calmodulin were obtained with the PDE assay, it
was decided to compare the calmodulin levels of lean mouse islets with
those of ob/ob mouse islets by making use of the PDE assay. The results are
found in Teble 16. The calmodulin level per islet was significantly- higher

(P<.05) in the obese mouse than in the lean mouse and corresponded

approximately to the average value found in medium size rat islets. As the
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cbese mouse islets and medium size rat islets had similar volumes (Table

16}, I verified if there was any relationship between calmodulin level and

islet volume, wusing rat islets as a benchmark. There was no significant
difference between the two mouse islet groups and the medium size rat islet
group when the calmodulin results were expressed on the bdsis of mean islet
volumé (Table 16). On the same basis, the large rat islets &m appeared to

have a lower calmodulin level while the small rat islets appeared to have

very high calmodulin levels. When the calmodulin results were expressed as

a function of the average insulin content of the islets (Table 16), the

physiologically nommal islets (i.e. lean mouse and rat islets) had similar

ratio while the islets from cbese mice had a significantly more elevated )

ratio, as would be expected, in viéw of the degranulation of the islets in

this group.
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Fig. 23. Effect of 26 uM trifluoperazine
on glucose-induced insulin release in rat and mouse islets.
The islets were preinéubated in 3 mM glucose as described in Chapter 2.
They weﬁe incubated for 68 minutes in 3 or 20 mM glucose. Trifluoperéiine
was either absent at all times (shaded bars), present during the incubation
period onl§ (open bars), or present duriné both the preincubation and the
.inEubation periods (hatched bars}. The net responée to high glucose with
and without trifluoperazine-(right—hand barg) was obtained by subtraction
of the insulin response in the presence of 3 mM glucose. Insulin was
measured ag'described in Chapter 3, Results are given as the means i_SEM of
18-15 batches of islets (4 islets/batch). 1In each group, bars which are
labelled with‘diffe;ent letters are significggtly different (P<.85) from

each other,
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Fig. 23. Effect of 20 uM txrifluoperazine

on glucose-induced insulin release in rat and mouse islets.
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Pig, 24. Effect of d;fﬁé;ent concentrations of trifluoperazine

E on the insulin secretory process in lean mice.
The islets were preincubated-in 3 oM glucose as described in Chapter 2.
They were incubated for 62 min in 3 (o==0) or 20 mM glucbse (o—e) . 'I'E‘P,
at concentrations indicated on the abscissa was present during the
incubation period only. The net response to high glucose ;ith or without
TFP was obtained by subtraEtion of the insulin response in the presence of
3 mM - glucose (a=——=2). Insulin was measured as described in Chapter 3.
Results are given as the means + SEM of 18-15 batches of islets (4

islets/batch) . Asterisks denote a significant effect of TEP.

INSULIN SECRETED ng/4 islets/60 min

]
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Table 15. Coamparison of phosphodiesterase and radioimmmoassay

for calmodulin determination in rat islets.

Size of islets | PDE Assay RIA

(ng calmodulin / islet)

/) '“i

A ' 3.82 + 8.34 18

- ~

B -  1.54 + 8.29 7.9

Cc. 1.13 X @.99 3.5
| 2

Rat islets were separated according to the size.of the longest diameter as
described in Chapter 2. A: .3¢mm and over; B: .19-.27 mm; C: .15mm or less.
‘The results of-the PDE assay are expressed as means + SEM for 2-3 different

i%reparations. . Each preparation was assayed at several dilutions. The

¢ RIA values are the average of two different /dilutions of one islet -
. - ' 2' N .
preparation. , _ 2
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B. Discussion
As so much work had been done w1th rat islets {(Janjic et al, 1981;
Kotagal et al, 1982; Krausz et al\\\l980' -Mac Donald and Kowluxru, 1982;
Schubart et_al, 1980; Sharp et al, 1989' Sugden and Ashcroft, 1981; Suéden
et gl, 1979; vValverde et al, 1979>\Ié:1), I initially decided to use rat
islets as a benchmark to study the calmodulin system of iean and cbese
mouse islets. I was able to reproduce the data reported in the literatuge
for the effect of TEP on insulin secretion and for calmodulin levels in rat
islets. This therefore gave me confidence that the difféggnces ;ﬁhéch I
found beéween lean and obese mouse islets and also between mouse islets and
rat islets weré due to physioiogical aberrations and species variations,
respectively. |
As reported in the literature for rat islets, TFP can result in -an
inhibitory (Janjic et al, 198l; Krausz et al, 1980; Schubart et al, 198¢;
Sugden et al, 1979; Valverde et al, 198l) or a stimulatory (Krausz et al,
1986; Sugden et al, 1979; Valverde et al, 198l1) effect on glucose-induced
. insulin secretion. Both effects of TFP were noted in mouse and rat islets.
as reviewed by Krausz et al . (198¢), Ca2+-calmodulin activates enzyme
systems in islet cells which, indiﬁidually, can stimulate or inhibit
insulin secretion (Krausz et al, 198¢). When TFP is presént, an inhibition
or a stimulation of insulin-release could result depending on which systems
are normally most affected by Ca2+—calmodulin. TFP could inhibit insulin-
secretion by preventing the Caz+—calmodulin stimulation of adenylate
cyclase and/or protein kinase. ©On the other hand, inhibition of
phosphodiesterase and/or Ca2+-ATPase by TFP could lead to.a stimulation of
insulin release. | ‘

In the present study, there were marked differences between the dé%a

obtained with lean mouse islets and those found with rat islets. The islets
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from lean mice were found to be much more resistant than rat islets to the
iphibitory effect of TFP on insulip secretion {cf Figs. 23 and 24).
Variations have been repdfted by others in the Pehaviéx;_ of mouse and rat
islets. For instance, certain metabolizable insulin se¢retagogues produce
Eifférent responses in the two ;species (Jain and Logothetopoulos, 1978). It
was also reported more recently that Ca2+-calmodulin does not stimulate
the adenylate cyclase activity of albino mouse islets (Thams et al, 1982)
while it does so in rat islets (Sharp et al, 198¢; Thams et 'al, 1982;
" valverde et al, 1979).

In comparing the results obtained with lean mouse islets versus obese
mouse islets, the former were found to be less sensitive than the latter to
the inhibitory effect ’of TEFP on glucose-induced insulin secretion., The
lesser i’nhibitory effect of TFP was not due to higher levels of calmodulin °
in lean versus obese mouse islets, as the calmodulin levél; were actually
higher in the obese than in the lean (1.85 vs 1.05 ng/islet). Thé
observation of highgr calmoduli& levels in islets of obese mice gains
support from the fact that eievated éalmodulin levels have been observed tin
several tissues of streptozotocin di?betic mice and in tissues of CS57Bl/Ks
diabetic mice {Morley et al, 1982). The pathophysiological signifiéance of
these findings remains to be el}‘}cidated.

The .calmodulin levels of rat islets which I found are in agreement
with values previously reported. For example, a value of 1.54 ng/is?let was
found for the medium (B) size rat islets (Table 15); assuming an
. intracellular volume of 2 nl/islet (Sener and Malaisse, i978) and a
molecular weight for calmodulin of 16,76¢ (Cohen et al, 1978), this
corresponds to approximately 45oM calmodulin as compared to reported values
of 36 aM (Sugden et al, 1979), SGAﬁ {(Valverde et al, 1979) and 16 uM

(Landt et al, 1982). The calmodulin levej. which I found for the lean mouse
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islets is higher than tha® recently reported by Thams et al (1982) for

albino mouse islets (1.¢5 ng/islet versus g.6 ng/islet).

It is not known whether it is the concéntration of calmodulin or its
intracellular distribution which is important in terms of metabolic
functions (Tomliﬁson et al, 1982). It should also be noted that the use of

a phammacological agent like -TFP to study the calcium-calmodulin system in
pancreaéic islets haé its limitations. -Whether the effects \of TEP on
insulin secretion can be entirely .aétributed to .its. binding to
intracellular calmodulin has been gquestioned recently. TFP has been
reported to inhibit Ca2+-phospholipid—dependent protein kinase in islets
(Yaney and Sharp, 1981). Moreover, phenothiazines have lipia solubilities
and detergént;émdperties which provide them with a wide range of effects on
merbranes and membranesassociated procesées (Brostrom and Wolf, 1981; Means
et al, 1982).

The results pres%ntéd in this Cﬁaptér indicate major species
differences in the interplay of the various factors which regulate insulin
secretion and also qualitative as well as quantitatibe differences in the
insulin secretory process in leén and obese mice. Whether the exaggerated

insulin release of the obese mouse islets is directly or indirectly related

to the calmodulin levels remains to be demonstrated.
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CHAPTER 8, OWCLUSION

Previous to the stﬁdies presented in this thesis, it was known that
OIC increases the sensitivity of humans and animals to insulin. This was
coﬁfinned here using the BB rat which, unlike pancreatectomized dogs, has
a spontaneous diabetes resulting from the destruction of the i‘slets,
similar to human Type I diabet_:e;s mellitus (cf Chap. 4).

I used the ob/cb mouse to establish if OTC also had an effect on the
endocrine pancreas. First, it was necessary to find out if there were
differences in the insulin secretory response of obese Vs %n mice. It had
been demonstrated previously by others that the insulin secretory response
to glucose was enhanced but that the biphasic nature of the response was
preserved in this animal. With the studies presented in Chap. 5, however, I

was able to show that the response to various secretagogues differed

between lean and cbese mice. Thus, in vitro, the insulin secré'tory response’

to secretagogues, iﬁcluding‘ glucose, was maximally stimulated at mxch lower
concentrationé in islets from the obese than fram the lean mouse. I have
also provided evidence that calmodulin levels are higher in the i—slets of
cbese mice and that the characteristics of the inhibition of insulin
secretion by TFP are different in the two groups {cf Chap. 7_5. These c_iata
show that the insulin secretory response differs not only in magnitude but
also in quality in-ob/cb vs lean contrel mice. )
Experiments done' on OTC-treated animals challenged with aminophylline
in vivo showed that.the insulin secretory response in these. animals -could
be diSso'ciated- fram the glycemia, Isolated islets from OTC-treated obese
mice, incubated i_n_-ﬂt_;g, had a secretory response Eo stimuli which was
significantly lo—w:_ar-‘than that found in untreafed cbese mice. These data
leé me to postulate that;. QTCdoes act on the endocrine pancreas as well as

on peripheral tissues, possibly via similar mechanism(s). It is envisaged

IR . 156 : <




that OIC treatment may improve the autoregulation of insulin secretion by

making the B-cell more sensitive to insulin.

In Chap. §,- I reported that supplementation of the diet with zinc is
able to reduce the exaggeratedlggsulin secretory response to glucose and
that a combination of OTC treatment and zinc supplementation was more
effective than either treatment alone, This lends credence to my original
hypothesis (p. 59) that OTC may be interécting.with zinc in cells and Ehus
influence insulin secretion. ”

Further experiments could be directed at:

(L) testing the hypothesis that OTC helps restore an effective
autoregulation of insulin‘secretion in ob/ob mouse islets., This could  be
done by comparing the concentration of exogeneous insulin required to
inhibit‘ the insulin secretion in islets of untreated .lean mice with' that
required in islets from cbese control and OTC-treated mice, and.by studying
the effect of OTC treatment on islet insulin receptor activity. ‘

- j42) elucidatipg the abnormal insulin secretory response'of'the ob/ob mouse
islets further. This could i;clude: \£3§>§h?anparison of the calcium
depéndency of the insulin secretory procéss in islets of lean and obese
mice, Marked differences were found between the calmodulin system of those
two types of islets (cf Chap. 7) énd the activation of enzyme systems by
calmodulin is known to be dependent on the calcium concentration. tb) a
study of the effect of in vitro exposure of ob/cb mouse islets to various

*zinc concentrations since it had been proposed by Ghafghazi et al (1979)
that the inhibitory effect of zinc on gluwose-induced insulin secretion in

rat islets may be a regulatory mechanism.
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