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ABSTRACT
b . — o
The glucoregulatory response to hypoglycem1a.in diabetjc dogs was
studied, Plasma glucose concentration was decreased in alloxan-diabetic,
pancreatectomized and méﬁﬁylpredniso1one (MP) treated dogs by an infusion of
either ph]of}zin (PHL) or 1qsu1in. The plasma concentrations of glucbse (PG),
free ‘fatty acids,Ahatecholamines {(in alloxan-diabetics only),. immunoreactive
glucagdn (IRG) and insulin (IRI) were followed. Hepatic ylucose production
(Ra) and the overall }ate of glucose disaﬁﬁearahce from the circulation were
calculated by tracer methods. |
Tnsulin deprived diabetic dogs did not raise their Ra when exposed to
either a phlorizin- or an 1nsu1in-1ndyced décrease in ﬁG. A PHL-induced drop
in PG did not causé a reproducible increaée of the already elevated plasma

IRG. However, PHL in the pancreatectomized dogs brought about an increase of

‘s

plasma IRG. Insulin caused'p1asma-IRG concentration to decrease in the
alloxan-diabetic dog§, while IRG was maintained constant in pancreatectomized
dogs. Plasma epinéphrine increased in the alloxan-diabetic dogs during-the

insulin fnfusion, Insulin decreased Ra in both groups of insulin deprived

diabetic doygs. '

A one week long insulin treatment restorgh ylucoreyulation in alloxan

- }
diabetic dogs subjected to a PHL infusion.

Mp treafment raised basal Ra to a diabetic levef, while PG and IRG were

maintained in the normal range, and .insulin was slightly elevated. Both

insulin- and PHL-induced drops of PG brought about an increase in Ra in the MP

treated dogs. A heighten sensitivity of the glucorequlatory mechanism was

o



observed in these animals. -

Conclusions: 1) The absence of a ylucoregulatory response to hypdglycemia in

insulin deprived diabetic dogs s due (a) to an insensitivity of the diabetic
fiver to glucagon and to epinephrine, (b} to the innfbition by insulin of
hépatic glucose production” and glucagon release, hypoylycemia is insulin-
induced. 2) Elevated plasma IRl and the effects of methylprednisolone fesults

in an enhanced seﬁsiti§1ty of the-glucoregulatory mechanism.
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'CHAPTER I

INTRODUCTION

I General Introduction

The rise in plasma glucagon concentration, in patients with
type I diabetes (IDDM) (Benson et al., i977; Drost et al., 1980;
" Hilsted et al., 1981; K]einbéum et al., 1983 and Sacca et al.,
1981), streptozotocin diabetic rats (Patel 1983b) and alloxan-
diabetic dogs (Braaten et al., 1974), when subjected to insulin-
induced hypoglycemia, is either decreased {Braaten et al., 1974)
or unchanged (Drost et al. 1980 and Sacca et al., 1979) or
incfeased, but substantially less thgn observed in nondiabetic
control subjects (Benson et al.,1977; Histed et al., 1981;
Kleinbaum et al., 1983 and Patel, 1983 a,b). Catecholamines are
reported to be released either in smaller amounts (Kleinbaum et
al., 1583 and Patel, 1983 a,b) or much later-(Sacca et al., 1979)
than in appropriate controls. Plasma glucose concentration is
decreased to a further extent, and eijther remain§ low or returns
to basal level slower than-in control. h

In the light of these seemingly paradoxical observations, one
may ask i1f the blunted glucagon response is due to

hyperinsulinemia or to diabetes. One may also ask whether the

blunted glucagon release and glucoregulatory responses were due to
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permanently altered metabolism inherent in diabetes, or to the

bihormonal abnormality observed in diabetes {i.e. high glucagon
and 1ow insulin concentration in the plasma) which could be

resoived by proper treatment. -

e o s p
.

11 Glucoregulation | 'f." ST

A1l tissues in the body. use glucose as an energy yielding
substrate. A few tissues such as the central nervous system
{CNS}, the renal medulla, and the erythrocytes, can use only
glucose as a source of energy. Other tissues also use .other
fuels, méin]y fatty acids and ketone bodies. The brain may
also use ketone bodies, however, in the fed state these
compounds are present in small amounts in the circulation.
Since survival depends on the proper functioning of the CNS,
which in turn is dependent on an adequate enérgy supply, it is
understandable that the plasma glucose concentration.is
requlated and maintained near a level which is adequate for

the CNS.

This may be {;\ustrated by the fact that if the glucose
concentration is decreased, for example by stren;oﬁs exercise,
it is soon returned to its pre-perturbation level as a result

lof changes in the rate of glucose appearance (Ra) and
disappearance (Rd) from the circulating glucose pool. For such

a system to work rapidly and efficiently it would have to be

made up of a glucose producer, a glucose store and a rapid



input output controlling device. The store and prodﬁcer is the

liver while the contro]]?hg‘device is a neuro-hormonal system
which acts on the liver and responds to changes in the
concenfration of plasma glucose.

Glucose is stored in the liver as glycogen - a branched

ipo]ymer of glucese - by a process know as glycogenesis. The

)

glucose residues are either linked by the a-1,4-glycosidic or
the a-1,6-glycosidic bond. The latter is responsible for
branching. As a first step in the process, glucose is
transformed to glucose-6-phosphate by the enzyme glucokinase.
Consequently glucose-6-phosphate is converted to glucose-1-
phosphate éy the reversible enzyme phosphoglucomutase. The
glucose-l-phosphate is then activated by combining with
uridine triphosph%te (UTP) producing uridine diphosphate
glucose (UDPG). It\is this activated mo1ecu1é which interacts
with the hydroxyl group of carbon 4 of glucose at the end of
the glycogen molecule, Qja the catalytic action of glycogen.
synthetase 1. This resuits in éhe addition of a new resjdue to
the polymer, Branchihg enzyme catalyses the formation ofuthe
«-1,6 bond between UDPG and glucose residues in the glycogen
chain.

Glucose-6-phosphate is an intermediate in several
pathways: glycolysis, glycogenesis, glycogenolysis
gluconeogenesis and the pentose phosphate shunt. Thus the rate

at which it 1is converted to glucose-l-phosphate is dependent
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on the flux along these other pathways. However, the most
important rate-limiting step in glycogene§is is glycogen
synthetase. The activity 6f this enzyme is cdntrolled by a
. cyclic adenosine 3',5‘-monophosbhate {c~-AMP) dependent

cascades C—AMP’dependent protein kinase phosphorylates

- glycogen synthetase I, giving rise to the phosphorylated
inactive "D" form. This leads to the reduction of the rate of
glycogen deposition.

Glycogenolysis 1is the process by wﬁich glycogen is broken
down to glucose. The breaking of the z-1,4-glycosidic bond is
catalysed by phosphorylase;a. The ¢-1,6 bond is broken by the
debranching enzyme. The latter releases glucose while the
former gives rise to glucose-l-phosphate which is converted to
glucose-6-phosphate by phosphoglucomutase. Glucose is the
product of the glucese-b6-phosphatase reaction.

The key enzyme of glycogenolysis is phophorylase-a. Its
activity is also dependent on the c-AMP cascade. 6;AM§
dependent protein kinase phosphorylates the inactive
phosphorylase-b kinase to produce the active enzyme. The
active phosphorylase-b kinase phosphorylates the inactive
phosphorylase-b, converting it to the active “a" form.
Phosphorylase phosphatase catalyses the reverse reaction, thus
inactivating phosphorylase-a.

An important characteristic of the ¢-AMP cascade is that

it activates phosphorylase-a and simultaneously inactivates



AV

glycogen synthetase.

Glucose may also be synthetized in the liver from sqaller
molecules. This process.is known as g]uconeogenesis.
Precursors such as lactate , pyruvate, glycerol and some Eminﬁ
acids can be converted to glucose. The path@ay involves the
same intermediates as g1y£o1ysis but different enzymes:
pyruvate ca:LoxyIése (PC), phosphoenolpyruvate carboxykinase
(PEbCK), fructose bisphosphata§e. {For references on
carbohydrate metabolism see Stryer, 1975 b,é,d; Mayer, 1979;
Lehninger, 1975 a,b). - '

Though all non-reversible enzymes are potentially rate-
limiting, it is believed that the flux through the so called
“reverse glycolysis" is dependent on the relative activities
of pyruvate kinase (conversion of PEP to pyruvate) and PEPCK.
We will see below that pyruvate kinasé activity can be rapidly

modified, suggesting that it is the true rate-]imifing step in

~ the pathway.

It is important to realize that glycogenesis,
glycogenolysis, g1utoneogenesis and glycolysis operate”
simultaneously, and that whether the liver is taking up or
releasing glucose depends on the relative magnitude of the
fluxes through these pathways. In other words, if more carbon
atoms go through glycolysis and glycogenesis than through

glycogenolysis and gluconeogenesis, net glucose uptake will be

cbserved.



These paghways are not only controlled by substrate
availability, but also by hprmona1 and neural signals which

change the activity of the rate-limiting enzymes. These are

regulatory steps activated™by homeostatic mechanisms and serve

the glucose requirements of the organism. Insulin, glucagon,
catecholamines, glucocorticoids and growth hormone (GH) are
the major hormones resonsible for the regulation of

carbohydzfte metabolism.

Hormonal Control of Carbohydrate Metabolism

1} Insulin

Insulin is synthetized in the beta-cells of the
islets of Langerhans. The first sj%thetic product is pre-
proinsulin (Permutt, 1981) which is made up of 107 amino
acids (in man)...This is converted to proinsulin (84 amino
acids) which is stored in thé early secretory granules.
Proinsulin is cleaved at two sites to give rise to
insulin and C-peptide (Steiner and Oyer, 1967). Insulin
is made up of the A and B chains, which are linked by two
disulfide bonds, and which were initially connected by
the 32 amino acids {in man) of the'C-peptide. The
vesicles, now containing insulin and C-peptide in
equimolar amounts, are associated with ﬁicrotubulés and -
microfilaments. The latter have calcium dependent

contractile properties, and these structures play an



important role in the'process of secretion {Orci et al.,
1973 and Orci et at., 1979). The fusion. of the plasma
membrane and the membrane of the secréfony granule occurs
as the latter is pulled to the plasma membrane. After
fusion Jf the membrane of the vesicle with the plasma
membrane, insulin and C-peptide are secreted in equimolar

amounts by’ exocytosis. .

Bqth the increase in the cbncentration of cytosolic
calcium and c-AMP are Tinked to insulin release (Charles
et al., 1975). Secretagogues cause a decrease in the
plasma membrane permeability to potassium, resulting in
the depolarization of the membrane. This in turn results
in the opening of voltage dependent Cal* channels
(Meissner, 1979). The increased Cat concentration
stimulates calmodulin activation of adenylate cyclase in
the beta-cell (Valverde et al., 1979). Increased c-AMP
concentration is believed to play an important role 1ﬁ
the reguiation of cellular calcium distribution (Hahm et
al., 1980). Prolonged elevated levels of free cytosalic

Calt results in the release of insulin {Wollheim et al.,

1975).

Insulin secretion is stimulated by metabolites such
as glucose and some amino acids, hormones such as
g]ucagon and gastric inhibitory peptide (GIP), and

nervous stimuli.



The most potent secretagogue is g]dcose. Glucose
stimulates both the secretion -and synthesis of insulin.
Two theories have been put forward to explain glucose-"
secretion coupling: 1) D-glucose {ntgracts with a
gpecific glucoreceptor which initiates events leading to
secretion (McDaniel and Lacy, 1981). 2) Some intermediate
of glucose metabolism is responsible for the mediation of
insulin release. The Tatter theory is supported by the
observation that non-metabolizable hexose analogues do
not release insulin, whereas D-glyceraldehyde (glycolysis
intermediate) not only does so, but also promotes irisulin
synthesis (Jain et al., 1975 and Ashcorft, 1981). The
response. of beta-cells to glucose is biphasic (Curry et
al., 1968). The first phase is a sudden increase in the
rate of secretion of insulin, wﬁjch peaks in minutes. The
rate reaches its nadir about 20 min later. The second
phase is a sustained increase in the secretion rate,
which lasts as long as ambignf glucose concentration is
elevated. Amino ac{ds such as alanine and leucine promote
insulin release but not its synthesis._Other amino acids
have little or no effect (Ashcroft, 1981).

Glucagon stimulates insulin release independently of
its hyperglycemic effect (Samols et al., 1965). GIP at or
above plasma Tevels observed postprandially stimulates

insulin secretion in the presence of glucose {Dupre et



“

al., 1973). Somatostatin inhibits insulin secretion
(Aiberti et al., 1973).

Stimulation of the p;rasympathetic nervous System
Teads to insulin secretion. Chdfinergic agents act
similarly. The stimulation of the sympathetic nervous
system results-in the_inhibitian of insulin release.
However g-adrenergic stimuli facilitate insulin
secretion, whereaslarad;energic stimuli are inhibitory
{Wood and Porte, 1974).

‘ In adipocytes and muscle cells insulin is known to
increase the perméabi]ity of the cell to hexoses, amino )
acids and 1ons'such as Kt and P043“ (Czech, 1980 and Hepp
et al., 1968). In the liver insulin inhibits both |
glycogenolysis and gluconeogenesis (Soling and Senfert,
1975). In both liYer and muscle it stimulates glycogen
depbsition (Cherington et al., 1982 and Shulman et a].;
'1978). The hormone promotes protein synthesis in muscle
and some other tissues {Wool, 1975). It inhibits _

' triglyceride hydrolysis—~and stimulates fatty acid
synthesis and fat deposition in édipocytes (Jungqs,

1975).

The biological -effects of insulin are dependent on
the binding of the molecule to a specific receptor on the
surface of the target cell. The maximal effect occurs

when approximately 10% of the receptors are occdpied.
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%hus 90% of the total avai]éble re;eptors are "spare
receptors" (Olefsky, 1981). The receptor is a
glycoprotein believed to be a tetramer made up.of two
farge a and two smaller B subuni;s'aréanged symmetrically
and connected by disulfide bonds with the following =
stoichiometry: (a-s-s-g)-s-s-{a-s-s-p) (Massague et al.,
1980 and Czech, 1981}.

The interaction of insulin and its receptor results
in the release, by proteolysis, of a small peptide of
membrane orfgin (Seals and Czech, 1980). This(teptide, or
membrane factor, activates pyruvate dehydrogenase as well
as inhibits c-AMP binding to protein kinase resulting in

" the observed decrease of protein kinase agtiviéy {Seals
and Czech, 1980 and Walkenback et al., 1978). The same
factor also activates glycogen synthetase phosphatase
{Larner et al., 1979), thus increases the rate of
g{ycogenesis. It is assumed that the membrane factor is
not a degradation product of insulin, since the binding
of other molecules such as concanavalin A or antibodies

to the receptor also cause the release of the peptide

-

(Czech, 1981).

i The binding of insulin to its receptor also changes

the permeability of the cell membrane to metabolites.
This effect, probably independent of the release of the

membrane factor, is due to a change in the local
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viscosity of the membrane. Thus‘1ocal membrane protein
redistribution due to insulin binding may result in a
localized increase in the fluidity of the membrane
leading to increased permeébility {Czech, 1980).

The long term effects of insulin involves the
control of gene expression by an, as of yet, unknown
mechanism. Hepatocytes exposed to insulin for 24 h
contain increased amoiunts of g]ucokﬁnase. This increase
does not occur in the presence of either transcription or
translation inhibitors (Katz et al., 1979). Direct
quantitative measurement of MRNA indicates that the
decrease in synthesis of PEPCK, observed when hepatocytes
are exposed to varying concentrations of insu1;n,
coincides with a decrease in the amount of mRNA coding

for the enzyme (Grahner et al., 1983).

2) Glucagon

Glucagon is a protein synthetized in the alpha-cells
of the islets of Langerhans. It consists of 29 aming
acids, and has a molecular weight of 3,500 daltons (Orci
et al., 1983). It is synthetized as a large molecular
&Bight precursor, pre-proglucagon, with a size'of 18,000
‘to 19,000 da]tons; This molecule subsequently undergoes

<L

several cleavages which lead to glucagon. Pulse chase

studies have revealed that pre-proglucagon gives rise to

L
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smaller glucagon immunoreactive proteins with moiecular
" size of 19, 18, 13, 4.5, 3.5 kilodaltons (Noe et al.,

1981). One o% the‘fragménts, made up of 100 amino acids
with a molecular we%ght of 12,000 daltons, has been |
identified as proglucagon and named glicentin (Unger and

Orci, 1981}. This process occurs in the secretory

granules. Glucagon is secreted by exocytosis, involving a

mechanism similar to that of insulin release (Carpantier

ét al., 1977). i

Vranic et‘£1. (1974) found, in pancreatectomized
fasting dogs, plasma concentration of IRG similar to that
obsefved in normal dogs. Fasting for 5 to 6;7 days
resulted in an increase in IRG secretion so that plasma
* concentration became 6 to 9 times normal. They concluded
that glucagon is secreted by other tissues than the
pancéeas,'and proposed the gastric mucosa as the site of
extrapancreatic g]ucagon-re]éase. A quérfer of the total’
amount of glucagon is released by the gastrosplanchnic
area in dogs (Muller et al., 1978). In humans
extrapancreatic glucagon is virtually non-existent (Bloom
et al., 1976). |

Glicentin is synthetized in the cells of the
iﬁtestinal mucosa, as well as in the alpha-cells. However
the former do not have tﬁe necessary enzymes to process

proglucagon to glucagon. Circulating glicentin does not

oo
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have the full biological activity of glucagon but
contributes to g1ucagon—1%ke immunoreactivity (GLI)
measured in plasma.

The most important stihulus for glucagon secretion
is hypoglycemia. The lower the glucose concentration the
more glucagon is released (Itoh et al., 1981). Gut
hormones such as GIP, vasoactive intestinal petide (VIP),
géstrin and pancreozymin (Itoh et al., 1981 and Montague,
1983} all stimulate tge secretion of glucagon.
Sympathetic and parasympathetic stimuiation enhgggs
glucagon secretion (Itoh et al., 1981 and Woods and
Porte, 1974). Glucagon release is also stihu]ated by
epinephrine (Gerich et al., 1976). Glucagon secretion is
inhibited by glucose at physiologfca] insu]in' |
concentration {Unger et al., 1972), by somatostatin
(Koerber et al., 1973) and by insulin at high giucagon
Tevels (Samols et al., 1969).

In vivo experiments on conscious dogs have shown
that exogenous {Cherrington et al., 1981) or endogenous
(Gauthier and Hetenyi, 1982) glucagon stimulates
glycogenolysis and gluconeogenesis. Studies using
perfused rat livers from fed or fasted animals
demonstrated that glucagon and c-AMP increase g]ucosé
production, decrease the amount of glycogen stored in the

liver and increase glucose synthesis to the same extent
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(Exton and Park, 1969). These observations support the
theory that the effect of glucagon is mediated by the
second messenger c-AMP. |

The biological effect_of glucagon is dEpéndent on
the binding of the horﬁone to its Specifié membrane
receptor. The molecular structure of the receptor is
unknown. However it has been postulated that it cons}sts
of a receptor region and a GTP binding region. When
glucagon binds to the receptor region, GTP activates the
receptor complex which in turn activates adenylate
cyclase, which is also a membrane ﬁrotein (Rodbell,
1980).

fhe raejd effect of c-AMP on the regulation of
glycogenesis and glycogenolysis has been discussed above.
The rapid effect of glucagon on gluconeogenesis involves
the inactivation of pyruvate kinase {PK) by
phosphorytation, via c-AMP dependent protein kinase (Riou
et al., 1976 and Riou et al., 1978). The inactivation of
PK favqrs a net g]Uconeogenic flux at the level of the
pyruvate substrate cycle. Glucagon and c-AMP cause a
rapid decrease in the activity of PFK and a rapid
increase in the activity of fructose bisphosphatase in
rat liver (Taunton et al., 1972). This also favours a net
g1uconeogen1é flux at the level of the fructose 6-

phosphate: fructose 1,6-bisphosphate substrate cycle. The

L ————— —
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activity of fructose bisphosphatase is known to increase
when the enzyme is phosphohy]ated, however it is not
known if c-AMP dependent p}otein kinase {s involved in
the phosphorylation (Pilkis et al., 1978). PFK, is also
activated by phosphorylation. Thus a cascade mechanism
which wouid involve the phosphorylation and consequent
activation of a phosphatase, with PFK as substrate, is
postulated (Pilkis et al.) 1978).

A slow effect of glucagon and c-AMP is to increase
the activity of PEPCK (Pilkis et al., 1978). Glucagon or
c-AMP injeétions into livers of fetal rat in utero résu1t
in the synthesis of PEPCK and mRNA coding for PEPCK prior
to parturition (Hanson et al., 1973 and Ruiz et al.,
1978). Similar observations were made in hepatocytes from
adult rats (Ilynedjian and Hanson; 1977). Glucagon also
accelerates the translation of pre-existing mRNA for the

enzyme {Schut, 1980).

3) Catecholamines

The éatecholamines epinephrine, norepinephrine and
dopamine are amino derivag?{Es of 1,2-dthydrobenzene
(Grodsky, 1979). Their synthesis begins with the
transformation.of thyrosine to dihydroxyphenylalanine
(DOPA), which is converted to dopamine which gives rise

to norepinephrine and finally epinephrine (Stryer,
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1975a). This process occurs in the adrenal medulla and in

the adrenergic neurons. Epinephrine and to a 1esseri

extent norepinephrine are secreted into ihe circulation ™

by the adrenal gland in response to Sympatheﬁic . 3

stimulation. Norepinephrine and dopamine are

neurotransmitters whichlare releésed by the presynaptic

terminals of adrenergic neurons (Ganong,*1979). Some

"1eak" into the circulation, raises the

norepinephrine/epinephrine ratio in systemic blood above:

that found in the adrenal eff]uént blood. Catecholamines

dré released in response to stresses such as

hypoglycemia, hyboxia, hypotension, emotional stress and

heavy excercise.

An elevated plasma epinephrine concentration results

in an increased rate of production, and a decreased rate

of utilization of glucose (Gerich et al., 1980), among

the other well known metabolic and cardiovascular

effects. Studies on perfused rat livers from fed or e
¥fasted animals show that epinephrine increases glucose

production, decreases the total amount ofxblycogen and

increases glucose synthesis (Exton and Park, 1969). It

also prevents insulin induced glucose uptake by muscie

(Sloan, et al. 1978). In the intact animal it” decreases

the rate of metabolic clearance of glucose. E1evated

epinephrine concentration above 400 pg.ml'1 are reported
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to decrease plasma concentration of insulin. (Clutter et
al., 1980 and Rizza et al., 1979).

The effects of catecholamines }re initiated by their
binding to one of two classes of feceptors known as a« and
B receptors. These are responsible for the a- and g~
adrenergic responses. The B-receptor is associated with
GTP binding and activation of adenylate cyclase (Orly and
Schramm, 1976). The activation of gluconeogenesis and
glycogenolysis by c-AMP has been discussed above.
Gluconeogenesis is also stimulated by a a-adrenergic
mechanjsm. A-adrenérgic agonists activate glucose
synthesis while c-AMP concentration is low (Pilkis et
al.; 1978). A cellular redistribution of Cal* is believed
to be involveq in fhis mechanism {Assimacopoulos-Jeannet
et al., 19?7): How this would stimulate glucose synthesis

15 unknown.

4} Glucocorticoids

Glucocorticoids are C21 (21 Eﬁ?bons) steroids. They
are synthetized in the adrenal cortex from their
precursor cholesterol. The three most potent
g]ucocorticpids are cortisol, cortisane and

corticosterone. Their secretion is under the control of

“adrenocorticotropic hormone (ACTH), secreted by the

anterior pituitary. The release of ACTH is regulated by

PRSP T P

ek R I bl
-



18

LY

corticotropic releasing hormone (CRH) which is
synthetized in the hypothalamus. ACTH interacts with
:%embrane receptors of the adrenal corgex cell, and
activates adenylaté cyclase. The increase in c-AMP
results in the secretion of adrenal corticoids.
G]ucocortico%ds suppress the release of both ACTH and CRH
(Jensen, 1980).

Glucocorticoids have both catabolic and anabolic
effects. The catabolic effects relate to péripheral
tissues, such as muscle, lymphoid tissue, bonnecfive
tissue, and adipose tissue; In all these, protein
degradation is increased in the presence of elevated
levels of glucocorticoids. These steroids will aiso
increase lipolysis and cause the release of fétty acids
and glycerol from adipocytes (Baxter and Farsham, 1972).
Therefore more gluconeogenic substrate becomes available
to the liver, thus in this way steroids promote hepafic
glucose output (Hetenyi et al., 1980b).

| Glucocorticoids do not have a direct regulatory role
in short term glucoregulation but by their "permissive"
effect on other hormones they modulate it. Continuous
glucocorticoid infusion has either no effect on the
glucose concentration and the rate of glucose production
or slightly decreases both (Eigler et al., 1979" and |

Ninomiya et al., 1965). If physiological infusions of
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“glucagon or epinephrine are given simultaneously with
cortisol, the response to these hormones is significantly
augmented (Eigler et al., 1979).

Long term exposure to elevated gluqotorticoid
concentrations increases the turnover rate of glucose in
dogs as well as increases plasma insulin, whi]e.p1asma
glucose concentration remains within the normal range
(Ninomiya et al., 1965 and Campbell and Rastogi, 1976).

Steroid hormones diffuse through cell membranes, and
interact with cytosolic protein receptors to form
‘receptor-hormone complexes. The receptors have high
specificity and high affinity for their hormone. The
complex, translocated to the nucleus, reacts with non-
histone proteins resulting inﬂth? initiation of
transcription of specific segments of DNA {(Q'Malley,
1976). The syﬁthesis of gluconeogenic and glycogenolytic
enzymes, stimulated by g]ucocorticéids, is believed to be
the basis of the permissive action of these hormones

{Schut, 1980; Chan et al., 1979 and Iynedjian et al.,
1978}.

5) *Growth hormone (GH)

Growth hormone is a single chain protein secreted by
the somatotropes of the anterior pituitary. Its release

is under the control of the hypothalamic somatotropin
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‘releasing factor and the somatotropin releasing

inhibitory factor (SRIF), also known as somatostatin .

(Jensen, 1980). Growth hormone in large doses {1 mg) has

; transient insulin-like effects (Merimee and Rakin, 1973},
but anti-insulin effects are obséﬁyed when GH 1is
chronically (lmg.kg‘l.day‘l) administered to dogs.
However glycogen content of the liver 1is reported to be
twice that of control {Biship et al., 1967). Insulin
concentration in the plasma rises but the.change in the
raté of glucose utilization is ‘much less than what would
be ;xpected, thus suggesting peripheral insulin
resistance (Hetenyi et al., 1983).‘

The infusion of glucose to normal humans, started 4
h after a physiological infusion of GH was started,
caused a-larger increase in plasma glucose than g]ucoée
given without prior GH infusion. The degree of the
suppression of hepatic glucose production by glucose was
less than in the control dogs, and the increase in
metabolic clearance was less (MacGorman and Rizza, 1980).
These observations suggest that at physjo1ogica1
concentration GH may play a permissive role in
glucoregulation. |

Hepatic Glucose Autoregulation

Autoreguiation is the ability of the liver to modify its
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glucose kinetics, in the absence of any hormonal changes, in
_ response to chénges in ambient glucose concentration.

" Studies on perfused rat livers 1nd1c$te that perfusion
with a solufion Eontaining no glucose brings about a net
glucose re]easelgnd glycogenolysis, while perfusion with a
solution bonta%ning 335 mg.d]‘1 of glucose causes a rapid net
glucose uptake and glycogen synthesis which are proportional
to the glucose concentration in the perfusate (Glinsmam et
al., 1969). Similarly, when the perfused dog 11ve? is exposed
to increasing giucose concentrat}on a net release of glucosg# )

is comverted to a net uptake (Bucolo et al., 1974).- "

Studies by Davidson et al. (1981), Liljenquist et al.,
(1979) and Shulmam et al., (1979) show that in the absence of
insulin hyperglycemia does not lead to glycogen synthesis even
though net hepatic glucose uptake is observed. It is possible
that insulin maintains the activity of the rate-limiting
~enzymes glycogen synthetase and glucokinase, such that
substrate availability would control the flux to glycogen.
Glucose may act as an allosteric effector. Long term
exposure of rat hepatocytes to elevated glucose concentrations
enhances glucokinase synthesis (Katz et al., 1979}. Glucose is
Tknown to increase the activity of phosphorylase phosphatas;;h
(Hers et al., 1970). This latter increase is associated with

glucose binding to phosphorylase-a which then becomes more

susceptible to the action of the phosphatase (Chan et al.,
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1979). This decreases the rate of glycogen breakdown.

Normal G1ucdregulétory Responses to Hypoglycemia

In normal healthy individuals plasma glucose

concentration is kept constant. In the poét-absorptive state

(i.e. when no absorption of nutrient from the intestinal tract

~takes place) it is about 95 to 115 mg.d1"1 in dogs and 80 to

lﬂo'mg.dl'l in humans. When events cause the level of glucose
to rise” or fall the organism puts into action mechanisms by
which g]ytemia is returned to its basal level. Glucose
counterregulation occurs when the net‘effect of thése
mechanisms counters the fall of plasma glucose concentration.
In dog, when p]ésma glﬁcose'concentration is lowered by
15 - 20%, the rate of glucose production (Ra) is increased so
as to return the level of glucose closer to normal (Gauthier
et al., 1980) {See appendix A for a summary of these
experiments). The rise in Ra was also demonstrated to be due
to an increased release of glucagon into the plasma. The
authors concluded that increased glucagon secretion is the
response to a moderate deérease of plasma glucose since the
increase in Ra can be prevented'when the release of glucagon
fs inhibited by goﬁatostatin. The séme investigators also
reported that during overt hypoglycemia. {glucose concentration
below 65 mg.dT”l), produced by an infusion of insulin, the

increase in glucose production is not abolished by
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somatostatin and is be]ievep to be mediated by catecholamines.
Direct measurments revea]ed;,in human subjects, Epat the
concéntration of epinephrine and norepinephrine do rise during
insulin 1nduced'hypoglycemia (Gerich et al., 1981). Recovery
from hypoglycemia is s]b@ed down when the increase in g]ucaiyn
secretion is abolished by somatostatin, However, a larger
increase in epinephriﬁe secretion causeé Ra to rise. When the
effect of catecholamines is blocked by phentdlamine and
propanolol, the recovery from insulin induced hypdglycemia is
at a normal rate. When somatostatin and the adrenergic
blockade are used simultaneously, recbveny does not occur

. (Rizza et al., 1979). When the same adrenergic b]ockades%s
used during moderate hypog]ycemia, the recovery is normal, It
is delayed, howevér, when glucagon release is also inhibited
(Cryer et al., 1981). This is consistent with the report that
the concentration of catecholamines remains constant while
that of glucagon increases in dogs exposed to a similar degree
of hypoglycemia (Gauthier et al., 1983).

. In overt hypoglycemia, increases in the plasma
concenération'of growth hormone (GH) and cortisol have been
reported. However, the 1nHib1tion of GH secretion by
somatostatin {with glucagon replacement} or the suppression of .
glucocorticoid secretion by adrena]ectomy; dq not delay the

return of plasma glucose to the basal level (Gerich et al.,

1980). Moderate hypoglycemia does not change the plasma
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cortisol céﬁeentration (Gaufhier et al., 1983).

Based on these obﬁervations it was proposed (Gauthier et
al., 1980) that the effect of glucagon is responsible for non-
. hypoglycemic glucose counterregulation, whereas both glucagon
and catecholamines are involved in the recovery from overt
hypoglycemia. Gauthier and Hetenyi (1982) demonstrated that
the hepatic effects of g]ﬁcagon released in response tb a
moderate hypoglycemic stimulus is a rapid increase in
glycogenolys{s,followed by a slower increase in
gluconeogenesis resu]tiqg.in'a sustained increase in Ra. This
report was consistent W%Fh the observation by Cherrington et
al. (1981}, who foﬁnd that a 4 fold increase in the level of
glucagon leads to increased rates of gluconeogenesis and
glycogenolysis resulting in a 3 fold increase in Ra.

An elegant study by Santiago et al. (1980) demonstrated
that the stimulus for counterregulation is a rapid qup iﬁ
plasma Q]ucose. They found that when plasma glucose
coﬁcentration is decreased from 200 to 100 mg.d]'1 or from 95
to 65 mg.dl’l, an increase in the concentration of glucagon,

epinephrine and norepinephrine is observed. The magnitude of

the response i5 greater when the fall is from 95 to 65 mg.d]"l.

The authors therefore postulated that the magnitude of the
response 1is related to the absolute glucose concentration but
that the rate of decrease is also a contributing factor in

eliciting a response, since Sacca et al. (1979) had reported

e et e
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that a slow change from 90 to 67 mg.d]'1 does not bring about

counterrequlation.

111 Chemically Induced Diabetes

The discoveny of Dunn et al. (1943) that alloxan produces
d1abetes mellitus in rabbits, promoted the use of cytotoxic
agents, more or less specifjc for beta-cells, for the experimental
induction of diabetes.

*

Effect of Alloxan on Plasma Glucose Concentrat{on

&:«

A single intravenous injection of a diabetogenic dose of
alloxan produces a‘triphasié change in plasma giucose. Between
1 and 4 h after the -injection an initial hyperglycemia is
observed. This is followed by a period of transient
hypéglycemia 6 to 12 h after the injection, which if too
severe may cause death (Rerup, 1970). A permanent
hypergiycemia follows, some 12 to 24 h postinjection
(Cooperstein and Watkins, 1981).

The first phase may be of pancfeatic origin. A modest
increase of pancreatic insulin content has been reported,
.suggesting that the secretion of insulin is initially

% inhibited (Dixit et al., 1962). Nevertheless a hepatic effect
is certain to contribute since the injection of alloxan
increases the release of epinephrine, which stimulates hepatic

glucose production. Indeed adrenalectomy abolishes or reduces
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the initial hyperglycemia (Boquist and Lorentzon, 1980).

The deep hypoglycemia in the second phase is due to an
_increase in p]agma concentration of insulin (Lundquist and
Rerup, 1967), due to its release from destroyed beta-cells.
There is good evidence that the fall in glucose concentration
is not due to the direct effect|of alloxan on the liver
(Xennedy and Lukens, 1944).

The permanent hyperglycemia is clearly the result of

insulinopenia.

Effect of Alloxan on the Beta-celw

Light microscopy has revealed a time sequence for the
destruction of beta-cells of the islets of Langerhans by
alloxan. This sequénce is'idénticai in the rabbit, rat, dog as
well as the toadfish (Coogerétein and Watkins, 1981). Five
minutes after the exposure to alloxan a decrease in the number
of nuclear and cytoplasmic granule$ is observed (Bailey et
al., 1944). After 10 to 60 min following alloxan treatment the
cytoplasm becomes vacuo]a?ed, the nuclei are pycnotic and the
cells have shrunk (Lazarus, et al., 1962). Afﬂer 3 h the beta-
cells are detached from one another. Nuclear karyolysis and
disintegration of the nuclear membrane is observed after 5 h
(Cooperstein and Watkins, 1981). Within 24 h the islets are
made up mostly of alpha-cells (Lukens, 1948). Electron

microscopy reveales that alloxan treatment causes the

J-'_‘(‘“\
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destruction of membrane bound organelles such as the
endoplasmic reticulum and mitochondria. The plasma membrane is
disruﬁted as well. (Cooperstein and Watkins, 1951; P*ci et
al.. 1972; Orci et al., 1976 and Grankvist et al., 1972). The
destruction of the beta-cell is permanent and noﬁ-reversible.

-

. Effects of Allpxan on Tissues Other than Beta-cells

1} Alpha-cgells

Ligh&smicroscopy studies show that alpha-cells survive
diabetogenic or even lethal doses of alloxan, whereas beta-
cells are destroyed. Though the alpha-cells are alive,
their morphology is somewhat a]tgred: they are swollen and

rounded showing increased granulation (Dunn et al., 1944).

2) Kidney '

Since the discovery of the diabetogenic effect of
alloxan was a result of “crush kidney" syndrome research
(McLetchie, 1982) it is obvious that alloxan does cause
kidney lesions. The glomeruli are usually normal whereas
the luminal side of the convoluted tubules are often the
site of vacuoliégz}Bh, necrosis and desquamation. These
lesions are most conspicuous ering the first four days -
after the alloxan injection, after which time they tend to

disappear. In late diabetes the kidneys are usually normal.

In rats these lesions occur when the dose is greater than
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40 mg.kg~l' (Lukens, 1948).

3) Liver

In dogs a very large dose of alloxan will cause
hepatic lesions such as central lobular necrosis, and fatty
infiltration. In some cases jaundice has been reported. Low
diabetogenic doses, in the rat, produce focal necrosis of
peripheral lobules (Lukens et al., 1948). One must be
cautious in interpreting these ‘findings, since diabetes in
itself will cause hepatic changes such as fatty
infiltration. Thus it is not clear which of these lesions

are the result of alloxan and which of diabetes.

IV Phlorizin and the Study_of Counterregulation

To ;eparate the é??ZE£s of moderate hypoglycemia per se from
those of hyperinsulinemia, we have used phlorizin in the
experiments to be reported. Phlorizin, a polyhydroxyphenol
glycoside, has a high affinity for D-glucose receptors, believed
to be part of the glucose transport system of the brush border of
the proximal kidney tubule (Silverman and Black, 1975). When -
infused intravenously to dog (6 ng. kg'l.min'l) D-glucose
reabsorption at the luminal surface is completely blocked

(Silverman et al., 1970). This results in persistent glycosuria

J

Ve
(Nash, 1927). "

A thousand times more phlorizin is necessary to inhibit the

e e i — i —
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canine hepatic D-g]ucose transport system (Goresky and Nadeau,
1974). For these reasons the glycoside ha; Been_used to increase
the rate of qlucose removal from the circulation, in the post-
absorpt%ve_(Gauthier et al., 1980) and 4 day fasted dog (Gauthier
and Hetenyi, 1982}, w{thout directly interfering with the release
of glucagon or hepatic glucose production. In dogs, during the
infusion of phlorizin, the concentration of glucose in the plasma
~is reduced by approximately 15%. This brings about an increqse in
the rate of glucose production mediated ﬁainly by the release of
glucagon {Kolodny et al., 1962 , Gauthier et al., 1980, Gauthier

and Hetenyi, 1982 , Gauthier et al., 1983) (See table 6, appendix A).

V The Aim of this Project:

The aim'of this project was to study the glucoregulatory
response to hypoglycemia in diabetic dogs. Special efforts were-
taken to differentiate between the response to moderate
hypoglycemia without hyperinsulinemia and hypoglycemia with
hyperinsulinemia. Six question were asked:

1) Is there an increase in the rate of hepatic glucose
production when plasma glucose is decreased by an infusion
of phlorizin?

2) Does such an increase occur when plasma glucose is
decreased by an infusion of insulin?

3) Is the plasma concentrations of glucagon and/or

rcatecholamines increased during either infusion?
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Since diabetes, in dogs,lcan be characterised by a.low plasma

insulin concentration, a high plasma glucagon concentration and a

\\Rﬁgh rate of hepatic glucbse production as well as an elevated

plasma glucose concentration, we asked the next three questions:

4)

Can a one week long insulin treatment, which maintains
normoglycemia in the post-absorptfve state, restore
counterrgulation in alloxan-diabetic dogs subjected to aM
phlorizin infusion?
If plasma glucagon conceﬁtration of diabetic dogs were kept
at a near normal (non-diabetic) level, as it is 1n
pancreatectomized dogs, would there be an increase in
hepatic glucose release in moderate and overt hypoglycem1a7
Do high rates of gluconeogenesis and hepatic giucose
production,” without the low diabetic IRI/IRG ratiﬁ prevent
—
counterregulation during moderate or overt hypoglycemia in

dogs?
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CHAPTER II

MATERIALS AND METHODS

[ The Animals

Normal healthy mongrel dogs, weighing from 6.1 kg to 18.9 kg,
and unselected for sex were used for these experfments. The
animals were vaccinated against distemper, adenovirus (type and
II), leptospirosis, parainfluenza, parvovirus and rabies. All the
dogs were monitored for intestinal parasites and treated
accordingly. They had access to food and water ad libitum. The
diet contained 43% protein, B.4% fat, 32% carbohydrate and 10.5%
fiber on a dry weight basis. Alloxan-diabetic dogs were fed, at
specific times of theékday, a palatable meal of canned dog food
containing 75% moisture and 40% protein, 16% fat and 38%
carbohydrate on a dry weight basis, which gave a caloric content
1.139 kcal.g'1 wet‘weight. These dogs had access to water ad

1ibitum. <

A - Chemical Induction of Diabetes

1) Inductian
Intitially a mixture of streptozotocin and alloxan
at sub-diabetogenic doses {Issekutz, 1974 } (30 mg.kg'1

strebtozotocin and 50 mg.kg'1 alloxan) was used. However,



32

,of.the three dogs treated in this fashion one needed a
second injection, one died in deep hypogiycemia, and only
one developed diabetes Sfter the first injection., Al}l
three were violently sick within the first 24 hours. Ne.
finally opted for an intravenous injection of a 13%
solution of alloxan monohydréte.in a 0.1 M acetate buffer
at pH 4.4 at a dose of 65 mg.kg’1 (0.5 ml.kgfl)._Out of
the ten dogs injected, eight became diahetic.
The dogs were fasted 18 to 20 hours before the
injection. A polyethylene catheter (Clay Adams PE 190)
‘was inserted, under Wécai lidocaine HC1 (10 mg.m1™1)
anaesthes%a, into the vena cava via a saphenous vein. The

animal was allowed to rest in a Pavlov stand for 50

minutes before the injection.

2)Maintenance

To avoid any untoward effects of the transient
hypoglycemia expected 6 - 12 hours. after the injection of
alloxan, the dogs were fed three times within the first
24 hours following the injection. After this initial
period the animals were fed twice>da11y with an initial
maintenance caloric intake of 110 kca].kg"1 per day. If
the animal lost weight, the amount .of food was increased.
One third of the animal's ration was given at 8:30 h,

half an hour before the insulin injection. The remaining

e -
ettt i et A
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2/3 were given between 12:00 and 13:00 h,

A1l diabetic dogs were housed in metabolic cages
suitable for urine éo]lectio Three daily samples, the
first nominally an overnight{ample, the second a morning
sample and the third an afternoon (17:00 h) sample, were
monitored for glucose. Urine G\ucose concentration was
estimated using Clinitest tablets (Ames). Blood samples
were drawn ever two days, in the morning {18 - 12 hours
post-absorptive), and plasma glucoée‘concentration was
measured with a Beckman Glucose Analyser 2. When
glycosuria greater than 150 g.d1"1 and glycemia greater
than 250 mg.d]"1 were observed, insu]in therapy was
started. The initial dose was 1 U.kg'1 per day given
subcutaneously as a mixed injection of crystalline zinc
insulin and protamine zinc-insulin (PZIl). The dose was
subsequently adjusted according to glycosur{a and
glycemia by daily ingrement of 2 U. Once the animal was
stabilized it was maintained on PZl only. The insulin was
usually administered 30 minutes after the morning meal so
that glucose absorption was not completed when the effect
of the fast acting insulin-peaked, approxﬁmate1y 3 hours
after injection. If the afternoon urine sample did not
have a glucose concentration lower than the morning
sample, the .dog was given a supplementary 5 to 10 U of

crystalline zinc insulin.



B~~ Pancreatectomy

1) Surgical procedure

34

A total pancreatectomy was performed, as described

by Markowitz (1959) on 4 healthy dogs. Special care was

taken to use nonabsorbable sutures (stainless steel) to

close the peritoneunm.

2) Maintenance

The resulting pancreafic'insufficiency was treated

by adding dry porcine panc}eatic enzyme concentrate to

the normal food.

Urine glucose concentration was monitored every

morning. Plasma glucose was measured every two days.

Insulin was injected as a mixture of crystalline zinc

<

jnsulin and PZI, starting 22 hours postoperatively and

every 24 hours thereafter. The initial dose of 1 U.kg

per day was increased by an increment of 2 U daily until

diabetes ‘was under control. The full dose was then

injected as ‘PZI alone.

C - Methylprednisolone Treatment

Normal nondiabetic dogs were treated with 3 mg.kg'1

methylprednisolone acetate {Depo-Medrol) i.m. for 4

consecytive days. On the sth day the first experiment was

carried out. A fifth methylprednisolone injection was given on

e b b
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the 6th day and the last experiment was carried out on the

following (i.e. 7tN) day.

D - Antibiotics .

Y
Following any procedure which involved a skin incision,

100,000 IU penicillin G benzathine, 100,000 IU penicillin
procain and 250 mg of dihydrostreptomycin per 10 kg body
we{ght (10 m1 Penlong S - Rogar/STB, Montreal, Que., Canada)
were administered i.m.. A second identical injection was given
two days later. If signs of infection (fever, festering of
wounds) were observed supplementary injections were given, and
wounds were treated with topical antibiotics (NeoSporin,

Calmic Medical, Kirkland, Ont., Canada).

II Procedures

A .- Cannulation -

A1l dogs used were in the post-absorptive state following
an 18 to 20 hour fast._On the day of the experiment, two
indwelling polyethylene catheters were inserted into the
cephalic and saphenous veins under local lidocain anaesthesia.
The cannulations were performed using a cut-down ligation
techinque. The cephalic catheter was a concentric double

barrelled cannula (PE 60 in a PE 205) for the simultaneous

unmixed infusion of [3-3H]-glucose and phlorizin or insulin.
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The tip of the sﬁphenous cannula was pqshed up to the inferior
vena'cavé and used for fhe iﬁjection of the [3-3H]=g]ucose
primer. and for blood sampling.

At the end of each experiment the saphenous cannula was
removed and the;vein was ligated. The wound was closed and
dressed with Nitrofurasone Soluble bressing (Armitage and
Carrol, Lpndon,'Ont., Canada). If more than two infusions were
~ to be carried out on a dog, the "nick" in the cephalic vein‘ :

was sutured with 6-0 vascular silk and blood flow was

reestablished. Otherwise the vessel was ligated.

.

e ] N .

B - Blood Samples

Blood samples of 2 to 6 ml were drawn from the vena cava,
and immediately transferred to pre-cooled heparinized plastic
tubes and kept on ice. The samﬁling cannula was flushed with

~—

an equivalent volume of 0.9% saline after each sampﬁing.

C - Preparétion of Blood Samples for Hormone and Metabolite

Determinations

Blood samples used for &he determination of gluco;e
concentration and spécific activity (SA), were centrifuged at
2,000 rpm (revolutions per minuEe ) (1,000 x g) for 10 min at
4° C no later than 30 min after withdrawal. Samples for the

determination of free fatty acids (FFA) concentration were

spun at 2,000 -rpm (1,000 x g) for 10 min at 4° C, 5 nin after

&
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they were drawn.,
Blood sampTeé of 3.25 ml were drawn for g]qiﬁgon and
insulin determinat{uns. The blood was immediafe]y tfqnsferréq
. to pre-cooled tubes, containing disgdium ethylenediamine- |
tetracetate (EDTA - 25 mg.m]'l) - 1;2 mg.m]‘1 blood - as an
anticoagulant, and the protease inhibitoé aprotanin (50,300
KIU.m*1) - 770 K1u.m~L blood. A micro-hematocrit was done on
h;ﬁghdiluted blood so as to ca]cu]até a correction factor for
the assays. The blood was centrifuged at 2,000 rpm (1,000 x:g)
for 10 min. The p]ésma was sepafated and tﬁo 0.8 ml aliquots
~were frozen at -20° C and later transferred to -YOg C.
| One mfﬁ]i]iter of blood for'caiecho1amine determination
‘was transferred to a polypropylene tube.contaf;ing 2.5 mg of
glutathione and 0.0% ml of efhy]enegiyéol-bis—(a—aminoethy&
ether) N,N,N',N‘-tetra~ac¢%ﬁc acid (EGTA - 100 mg.m]'l) Was
added as an anticoagulant and kept on .ice. The blood was
centrifuged{ no later than 30" min after withdrawal, at 2,500
rpm (1',_800 x g) for 30 mir'lt'a-t 4° C. An aliguot of 0.45 mI
p]asms waﬁ*deproteinjzed with 0.05 m] ;f 2 N perchloric acid
(PCA - HC104) on ice and centrifuged for 30 min at 16,000 rpm
(30,000 x g) at 4° C. The clear supernatant was decanted and
frozen at -20° C and later transferred to -70° C. .
Catecholamine, glucagon and insulin samp]eé were shipped

W

tp Toronto packed in dry ice. Cony



38

-

ITI Experimental Design

Three series of experiments were carried out. The first two
L e

T
dealing with glucoregulation in diabetic-dogs, the third with
glucoregulation in dogs with elevated rates of gluconeogenesis and

hepatic glucose production.

¢

A - The First Series - Alloxan-diabetic Dogs

On four animals three types of experiments were carried
out in radom order. Onxtwo other dogs, only Type I experiment
and in another,‘fypé'1114was performed, and one additional
animal .was subjected ,to two experiments (Type 1 and II). Thus
altogether 7 experfments of Type I, 5 of Type II, and 5 of
Type 111 were carried out.

Refore the injection of alToxan, 3 blood sample were
drawn ever 20 min over a 40 min period under the same physical
conditions as during the experiments. These samples were
processed as Qescribed above for insulin and glucagon
determinations. Experiménts were carried out at least 8 days
after the alloxan injection. The dogs were given one week to

recover between experiments.

1) Type I experiments

The dogs were in the diabetic state (72 hours after

the last insulin injection), with a plasma glucose

L)

concentration betweer 250 and 450 mg.d1'1. Following the
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priming injection of 25 uCi of [3-3H]—glucose, an
infusion of saline (0.025 ml.min‘l.kg'l) was given for
100 min with a Sage syringe pump model 335 (Sage

v

Instruments Inc., White Plains, N.Y.). This was followed
over the next ZOb minutes (i.e. until t = 3Q0 hin) by the
infusion of 0.05 mg..kg'l.min'1 phlorizin at the same flow
rate. During the whole length of the experiment a 0.25
pCi.min"1 [3—3H]—glucose infusion (0.155 ml.min"1) was
maintained with a Harvard Compact Infusor model 975

(Harvard Apparatus Company Inc., South Natik, MA).

2) Type 11 exﬁer{ments

The dogs were in the "treated-diabetic" étate {24
hours after the Tast injection of insulin). The plasma
g1ucosg concentration was between 65 and 105 mg.&1‘1 at
the time of the experiment. The sequence and dﬁration of -
the infusionsuwefe the same as during Type I exﬁeriments.
3) Type III experiments

The animals were in the diabetic state. The 1nit1a1_
'100 min infusion of saline was changed to an infusion of
7 mU.kg’l.min'1 insulin for 95 min. At t = 195 min, this
was changed again to—saline for 65 min {i.e: until

.t = 260 min).
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B - The Second Series - Pancreatectomized Dogs

Type 1 and Type IIl experiments were carried out on four

pancreatectomized dogs in random order.

C - The Third Series - Methylprednisolone Treated Dogs
Four methylprednisolone ﬁreated dogsuwere used, and each
was subject to 2 experiments. A Type IIl design was used for
both a phlorizin and an insd]in infusion using the above .
mentioned dose of 0.05 mg.kg~l.min™l apd 7 mU.kg'l.min'1

respectively.

IV Blood Samp]ing Scﬁedule

In the expEﬁiménts of Type.I and Type 11 design, 20 samples
were drawn at t = 15, 30, 50, 65, 80, 90, 100, 110, 120, 135, 150,
165, 180, 195, 210, 225, 240, 260, 280 and 300 min. In experiments
of Type 111 design, 18 samples were taken on an jdentica] schedule
but ending with the sample taken at t = 260 min. Glucose and .
radio-active glucose were determined in all samples. Free fatty
acids, insulin, glucagon and catecholamines were determined at t.=
65, 90, 100, 120, 150, 180, 210 and 260 min and also at t = 300
min in experiments o% Type I and Il ﬁes%gns. Catecholamines were
measured fdr Type 1 and III experiments of the first series only
(last 4 dogs). FFA determinétions were not carried out in the ﬁ

second series.

o
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¥V Determination of the Concentration of Metaboliftes and Hormgnes

in the Plasma

A - The Determination of the'Concentration of Plasma Glucose

gmg.d1'1! g

v

The concentration of plasma glucose was determined from a
0.01 ml plasma sample with the help bf a Beckman‘G1ucose
Analyser 2 (Beckman Instruments Inc., Fullerton, CA). The
principle underlying the determination is as follows: the
enzyme glucose oxidase &FC 1.1.3.4), catalyses the breakdown

of p-D-qlucose to gluconic acid and peroxide in the presence

of oxygen. N
g-D-glucose + 0, » gluconic acid + Hy0,

The maximum rate of oxygen consumption, as monitored by an
oxygen electrode is directly proportional to the amount of
glucose in a sample of fixed volume (Kardish et.al., 1968},

\

B - The Determination of the Concentration of [3-3H]-glucose

in the Plasma (C*, dpm.m1'1)

The concentration of 1abe]1éd glucose in each sample was
expressed as disintegration per minute per milliliter

.m174) of the isotope 34 which releases the high energy -
electron of p-radiation.

-

The third carbon of glucose gives rise to the first carbon

o

A



of lactate which is a carboxyl carbon (Stryer, 1975c), thus
[3-3H]-g1ucose does not give rise to tritiated three carbon
metabo1ites.‘1£ is, therefore, not necessary to isolate
glucose chemically so as to determine its radio-activity.
However, tritiated water 1is present . in the samples. To remove
tritiated water, the plasma is deproteinized with Ba(OH)2 and
7n$0q according to the method described by Somogyi (1945). A )
ml aliguot of dilute deproteinized plasma was evaporated in
vacuo at 80° ¢ until drynéss (Altsuler et al.., 1975). The
residue was reconstituted with 1 m1 of distilled water, 10 ml
of Scinti Verse I (Fisher quentific, Fair Lawn, NJ)
scintillation cocktail was added and the samples were counted
'in a Nuclear Chicago Mark Il.scintillation counter {Nuclear
éhicago Corﬁoration, Des Plain, IL.)}, set for 3H, for 20 min

at 4° C. Counting efficiency was determined using the internal

standard technique.

C - The Determination of the Concentration of Plasma Free

Fatty Acids {mEq.l‘l)

" A colaorimetric micromethod, based on the formation of
FFA-Cu soaps, as described by Laurell and Tibbling {1966) was
used. The chloroform-heptane (4:3 with 2% methanol) extraction
of Tong chain fatty acids from 0.05 ml of plasma was carried
out in the presence of silicic acid as a phospholipid trapping

ageht, to avoid possible contamination. A sodium chToride
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saturated solution of cupric nitrate and triethano]amine (TEA)
was used as a saponification reagent and 1,5-diQheancarbo-
hydrazide was used for the colorimetric determination of
copper. The absorbance at 550 nm of each'éample {in duplicate)
and standards were measufed on a Beckman DU-7 spectro-
photometer {Beckman Instruments Inc., Fullerton, CA).

Special care was taken so that no solvent was lost by
evaporation during the procedure, wﬁich might lead to falsely
elevated readings. '

D - The Determination of Immunoreactive Insulin (IRI}

Concentration in the Plasma (PU.m1‘1)

The dextran coated charcoal method, for the insulin
‘radioimmunoassay (IRAi, described by HeTbert et al.. (1968)
was used for the first and third series. This method is based
on the competitive binding principle. A homogenous population
of hormone (antigen) reacts on a one to one basis with a fixed
number of antibédies to form antigen-antibody complexes. If a
portion of the hormone in the sample is labelled {i.e.

“tagged" with 1257 ), the reaction can be written as £0llows:

A* + Abe—————A*-Ab

k_2 J
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where A is the antigen (hofmone), A* is the labelled antigen, Ab
'is the antibody, A-Ab is the antigen-antibody complex, A*-Ab
is the label)ed antigen-antibody complex, k{, ko are
association'raie constants and k_,, k_p are dissociation
constants. It is assumed that kq = k2 and that k_y = k_2.
Therefore labelled and unlabelled antigens compete for a fixed
number of antigen binding sites. Thus as the total amount of
unlabelled antigen in the sample increases, less labelled
antigen-anfibody complex is formed (Campfefe]d at “al, 1933).
The amount of A*-Ab is'measufed in a gamma counter, and 1s
related to the hormone concentration in the sample by the
means of a standard curve.

The IRI assay was graciously carried out by Dr. Mladen

Vranic and his group at the University of Toronto.

£ - The Determination of lmmunoreactive Glucagon (IRG)

Concentration in the Plasma

Two 1RA were used, the Faloona and Unger (1974) methodl
using the 30 K antibody, for the first and third series, and
the Heding (1971) method, using the K 5563 antibody (Novo
Research), for the second series. These two assays are based
on the samelprin;ip1e of competitive binding as the insulin
[RA, which was described above. The Faloona method was kindly
carried out in Toronto by Dr. Vranic's laboratory.

A kit for the determination of plasma pancreatic glucagon

—— — e s r—
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based on the Heding method was purchased from Novo Research
Institute, Denmark. Glucagon had to be extracted from the
sample with 1.8 ml of 96% ethanol per 1 ml plasma. The mixture
was shaken and centrifuged at 3,000'rpm (2,000 x g), the
supernétant evaporated to dryness ig_ggggg {10 mm Hg pressure)
and reconstituted in 1 ml of a phosphate-albumin buffer (pH
6.6 - 7.3). An aliquot of 0.1 ml of pgconstituted extract or
standard were incubated at 4° C for Ezﬁhours with 0.1 ml of
rabbit anti-(pork-glucagon) antiserum. The 1251—pork-g]ucagon was
added, and the mixture incubated for another 24 hours at 4° C.
The bound and unbolind hormone were separated by ethanol
precipitation of the antigen-antibody complex. The precipitate
was washed with 96% ethanol-buffer solution, centrifuged, the
washing discarded, and the pellet was counted, dissolved in
0.5 ml of 0.05 N NaOH, in a LKB 1282 Compugamma gamma counter *-
‘ (LKB Wallac - Waltac, Oy, Turku, Finland). The plasma
concentration was read from a curve plotting the fraction of
bound labelled glucagon a§;1n§t concentration. The
determination for standards was in triplicate, fBr unknowns in
duplicate. The results were corrected for dilution due to the

addition of preservatives to the blood sample.

F - The Determination of Plasma Norepinephrine, Epinephrine

and Dopamine Concentration (pg.m]'l)

The radioenzymatic assay described by Sole and Hussain
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(1977) was carried out by Dr. Vranic's group in Toronto. This
method simultaneously measures epinephrine, norepinephrihe'and
dopamine. Plasma samples (0.05 ml) we}e incubated with
catechol-0-methyl transferase and tritiated S-adenoxyl-
methionine. The catecholamines were converted to O-methylated
tritiated derivatives. These derivatives were isolated, .after
extraction, by one-way thin layer ‘chromatography. The |
tritiated derivatives were scraped off the plate.and coﬁnted.
The concentration of the three catecholamine is proportional

to the ratio of counts in the sample to that of the counts in

a known standard.

VI Calculations

A - Glucose Kinetics: Rate of Appearance and Disappearance of

Glucose

The rate of appearance of glucose (Ra} is equated to the
hepatic glucose production or output. The rate of
disappearance of glucose is equated to the rate of glucose
utilization plus glycosuria.

The primed infusion-method described by Oe Bodo (1964)
based on the principle of tracer dilution was used to evaluate
glucose kinetics using a one compartment model. Ra was

calculated using Steele's equation (Steele, 1959).
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LA

C1 + CZ ) SA2
4 t2 -t
1/2 (SA1 + SAZ)

- SAl . | "

1

R* - pV x
Ra =

where Ra is the rate gf appearance df glucose (mg.min’li, R*
is- the rate of infusion of labelled glucose (qmp.min'l), p is
the "pool fraction" - the rapidly mixing portion of the total
glucose p0011* taken to be 0.65 (Cowan and Hetenyi, 1971}, V
is the glucose distribution volume (ml), taken to be 220
ml.kg™! (Radziuk et al.., 1978), C, and C, are the plasma
ng1ucosé concentrations ﬂmg.d1'1) and SAy and SAp are the . \
specific activities (dpm.mg“l) of giucose at time t; and t,
(min), respectively. The rate of disappearance (Rd) is related

to Ra in the following way (Steele, 1959}

-

8
C2 - Clv
t

Rd=Ra-pVX—-'——-:T-—

1 2

where Rd is the rate of disappearance of glucose (mg.min‘l).
“In this study Ra and Rd are normalized for body weight and

have the units mg,min'l.kg'l.

B - Molar IRI/IRG Ratio

The radioimmunoassays give the concentration of insulin-
and glucagon in pU.m1'1 and pg.m1'l, respectively. The molar

ratio is then given by the formuia (Brekke et al., 1982):

1

IRI/IRG = _Einsulind (U.ml 7) . o5 33
(Glucagon] (pg.ml ")
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C - Statistical Analysis

, Means and standard errars of the mean (SEM) were
Ca]cu1ate9 for each measured and calculated quantity for each
time pointi The average value of each quantity for each phase
of an experiment were compared using a two-way analysis of
variance (factors are: phase and dog) (Snédecor, 1956).
Cﬁanges with time in a phase were also evaluated in the same
way (factors are: time and dog) followed by a Dunnett test JES
(Dunnett, 1955) or Tukey test (Roscoe, 1975 and Képpél, 1973),
for multiple comparisons of means, to determine significant
differences with Eéspect to control values. One sampie t-test
(Colton, 1974) were performed to determine significant
differences.of the relative value of the measured and -
calculated parameters when compared to control (100%).

The basal values for IRG and IRl concentrations and the
IRI/IRG ratio of the three experiments of the first series
were compared to normal nondiabetic controls usiﬁg a one-way
anlaysis of variance f$1lowed by a Duﬁnett test. Differences
in basal FFA concentration in this series were determined by
tHe'Scheffe-test for all possible comparisons (Roscoe, 1975).
The basal values for all parameters, measured or calculated,

of the second and third series, were compared by paired t-test

(Colton, 1974).
1
Basal values for different treatements, i.e. normal

{hormones only), alloxan-diabetes, treated diabetes,
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pancratectomy, and methylprednisclone, were>compared using a
one-way éna]ysis of variance and a Scheffe test. If individual
pairwise comparison showed no significant difference, and that
in our opinion it should, an unpaired t-test was carried out.
., One sample t-tests, paired and unpaired t-test, as well
as one-way and two-way analyses of variance were performed

with the help of packaged programmes run on a Wang 600

minicomputer.

VII Chemicals |

The [3—3H]—glu§?se was purchased from New England Nuclear
Canada {Lachine, Que., Canada). Alloxan monohydrate, phlorizin,
aprotinin, human albumin and thimerosal were obtained from Sigma
Chemical Company (St. Louis, MO). Injectable crystalline and
protamine zinc beef and pork insulins were supplied by.COnnaught
Laboratories Limited (Willowdale, Ont., Canada). Glutathione and
streptozotocin were purchased from Boehringer Mannheim Canada
(Dorval, Que., Canada). Methyliprednisolone acetate (Depo-Medro]f
was supplied by the-Upjohn Cé%pany of Canada (Don Mills, Ont.,
Canada). Procine pancreatic enzymes (Viokase7V) were purchased 3
from A-H Robins Canada Inc. (Montreal, gﬁé., Canada). Anti-(beéf(
insulin) antiserum and the 30 K antiserium were supplied by Dr.
Peter Wright (Indianapolis, IN) and Dr. Roger Unger {Dallas, TX}.
respectively. 1251 _yabelled pork insu]in, 1251 _1abelled glucagon

and the ‘glucagon IRA kit were obtained from the Novo Research



Institute (Copenhagen, Denmark). A1l chemicals were of the highest

grade of purity available.
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CHAPTER II1

RESULTS

& The Basal 8tates

Dogg wegé‘observed in five basal states: namely the normal
nondiabetic, the alloxan-diabetic, the a11qxaq—diabetic treated
with insulin (treated—diabetﬁé), the pancreatectomized-diabetic
and the‘mgthylprednisolone treated (MP:treatéd) states.

The p]asmﬁ concé&téation of IRG was determined in all five
states, that of IRl and the plasma IRI/IRG ratio for every state
except in pancreatectomized dogs. G]ucoée concentration, Ra, and
Rd were determined in all states except in normal dogs. -Basal FFA
chcentration was determined in treated‘and non-treated alloxan-

diabetic dogs as well as in dogs treated with methylprednisolone

(Table 1). . :

IRG concentration fh\&EE\glziza of 2lloxan diabetic.dogs was
significantly above that of norme®s’ (F = 19.400, p < 0.001). The
plasma IRG level in the other~™groups did not differ from normals

or each other. Accordingly alloxan-diabetic dogs had a higher IRG

level than the treated-diabetic, the pancreatectomized and the MP-

-

—

treated dogs (F = 8.367, p < 0,001, F = 6.053, p < 0.005 and F =
6.350, p < 0.005 respectively). '

The basal concentration of IRl in MP-treated dogs, . and



52.

9'L 7 89 -
058V |50 o
05 Gy | VOTEE

2’05 9L -
L 5 oLl le 7 b6E

€ 7 22 -
Ll 7 s8 5L 5 €6
© di XxaJoueq

_Tpaipms

[ne]
o
-1
—
-

-~
[
1
-
-

g0

(9]
<
=1

lZ 7 06
¢ roeL .

9§ 64

5119qe 10-poaTead]

=1

L7 UL

A

CUMOYS D4R WIS T Suedj

-

(depow) 9yl/ 1yl

A_-m;._-:_s.szv i

ﬁ--o;._-:_a.czv vy

ﬁ—,_.cuzv Vil

Ap-_:.mav as03Nn |y
:-:__.:_; 11

( tﬂa.agv 9yl

l

A9 0Weang



53

insulin treated diabetic-dogs was significantty above that.

observed in all other animgls. A5 expected, the alloxan-diabetic

-dogs had the 1qwest tration of ihsh]fn. The peripheral basal
"insulin of thé insulin treated diabetic dogs was‘sfgnificént]y
above that of normal anima1s‘(F = 3.664: p < 0.05).

Glucose concentration in.the plasma was highest in fhé
pancreatectomized group (394 + 31 mg.d]'l), however, this was not
significantly different from the basal value 'of the alloxan-
diabétic dogs (F = 1.485, n.s.). The lowest glucose level was
recofded in treated-diabetic animals and was significantly -lower
than that of either pancreatectomized or alloxan-diabetic dogs
(F = 18.354, p < 0.001 and F = 13.901, p < 0.001), however, it was
similar to that of the MP-treated subjects.

Alloxah diabetic dogs, with a mean plasma FFA concentration
of 2.2 £ 0.2 mEq.l‘l,-had a significantly highér concentration
than treated-diabetic dogs tF = 11,542, p < 0.001). The plasma FFA
level in MP-treated dogs was also significantly above (t = 2.545,
p < 0.05) that in insulin treated animals, but did not differ frbm
that 1n.diabéfic dogs (F = 2.088, n.s.).

Alloxan-diabetic dogs had the higest Ra, wbich was
significantly higher than that measured in pancreatectomized or
treated-diabetic animals (F = 4.292,rp < 0.025 and F = 3.462,

p < 0.05 respettively). The difference between the 1atte; two
groups was not significant (F = 0.033, n.s.). The Ra of the MP-

treated animal was similar to that of the alloxan-diabetic dog

B
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(F = 0.820, n.s.), however it was not significantly different from
that in the pancreatectomized and insulin.treated diabetic animals
(F = 1.315, n.s. and F = 1.019, n,s. respectively).

No sﬁgnificant diffeﬁeqce could be detected between the *basal
Rd in the. alloxan-diabetic and the MP-treated dogs, neitﬁer
_between the pancréateétomized and the treated-diabetiﬁ states. The

alloxan-diabetic dogs had a higher Rd than either the

pancreatettomfzed or the treated-diabetic dogs (F ='3.526, p < 0.05

and F = 6.886, p < 0.005). However, the MP-treated group had a
significantly higher Rd than the treated-diabetic group (t = 2.939,
p < 0.05) while tﬁey had a similar Rd to that of £he
pancreatectoﬁized.dogs. '

The basal IRI/IRG ratio was the lowest in a}1oxan-diabetic

dogs at a level of 0.45 + 0.13. The ratio 1in diabetic dogs was

wiln

Significantly less than in normals (t = 5.92, p < 0.001) or M-
treated andltreated-diabetic animals (F'= 4.991, p < 0.01 and

F = 14.093, p < 0.001 respectively). The highest ratio (8.1 £ 2.1)
was found in insulin treated alloxan diabetic animals. This was‘
statistically different from that observed in normals (t = 2.426,

p 6 0.05), but not in MP-treated animals (F = 1.149, n.s.).

Il The First Series - Alloxan Diabetic Dogs

A - Type I Experiments - Alloxan-diabetic Uogs: Responses

to the Infusion of Phlorizin

The results of Type | experiments are shown on Figure 1.

’
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*

Figure 1: Effects of an infusion of ph10r1z1n (50 pg.kg” l.min'l)
to 7 1nsu11n deprived alloxan-diabetic dogs on p]asma
cqncentration of glucagon (IRG), insulin (IRI), glucose, rate of

glucose appearance (Ra) and disappearance (Rd). Abscissa: time in

min. Left ordinates: variables in absolute units. Right ordinates:

variables expressed as a percentage of their control value.
Standard errors of the mean are shown as vertical bars. IRG: 100%

= 464 + 121 pg.m1~l, IRI: 100% = 5.5 & 0.5 sU.ml-, Plasma

-

\

glucose: 100% = 328 + 29 mg.d1~!, Ra:. 100% = 5.73 + .79 mg.min~l.kg"l,

Rd: 100% = 6.4 + 1.0 mg.min=!.kg~}.

\-
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In the control- {(basal) period, prior to the infusion of
phlorizin, the level of plasma glucose was 328 + 29 mg.d1-l.

During the infusion plasma glucose fell monotonically and

" reached 114 + 16 mg.d1=! by t = 300 min (t = 24.03, p < 0.0005).

The basal IRI concentrétion was 5.5 £ 0.5 QU.m]‘l,
significantly‘bglow 11 £ 1 pU.m1”! found in the same dog
before the injection of alloxan. During the infusion, plasma
[R1 decreased significantly by t = 180 min (t = 2.366, p < 0,05)
and stayed at this low level until the ena of the experiment. 7
The basal Ra was 5.73 t 0.79 mg.min’l.kg'1 significantly above
the range observed in normal dogs (Gauthier et al., 1980;
Gauthier ang Hetenyi, 1982; Gauthier et al., 1985fand Hetenyi
et al., 1983). During the infusion of phlorizin Ra decreased
to 4.7 + 0.5 mg.min~l kg™l (t = 2.704, p < 0.05) and remained
about Fhis level until the end of the experiment. The Rd
1ncrea§ed significantly from its basal level of 6.4 t 1.0

Likg! toa peak of 10.9 £ 0.8 mg.min~!.kg~! dyring the

mg.min~
first 10 minutes of the infusion (t = 4.234, p < 0.00%), then,
in parallel with £he fal]ing.concentration of plasma glucose,
waned to 5.08 + (.69 mg.min'l.kg'l, significantly below its
basal value (t = 2.861, p < 0.025) by the end of the
experiment,

Ratal plasma IRG was 464 + 121 pg.rn]"1 significantly
above 72 + 12 pg.ml™l (t = 4.159, p < 0.01), the level found

in the same dog before the injection of alloxan. During the

.



58.

"W'3°S 3 ueaw S|
3y} M0iaq ade

3A3|

leseq ayj 404
uiw gLz < 3 3¢ 9s0on(h ewseid JO SUOLJRUAIUIIUOD (LY

L

- |p-Bw uL asoon|b jo FLE.?_ Ul 9] 40 UOL]IBAIUIIUQY
- {9A@| [PSPQ UPAW 3yl HO |[BA4DIUL JDUBPLIUOD F| B4 JO UL} ATMO |

‘UMOYys ade

*|3A3| |PSEBQ UBAW 343 }O |BALIIUL

3JUIPLJUOD %GE 3y} 40 JLwi| Jaddn dYy3} sA0Oge B4R YS[JI}SE UE AqQ payJeW SUOLIBAFUBIUOCD JY] PBWSE|d
. Lot £vl 511 81 gel 6L £ 7 Sve £l 0ZL 12
¢l £61l1L 6L Zeor - ool (N b ¥ ELE Lt ¥ 256 Ll
L9l ¢ L pel 295 v1e Lv9 't 3068 91 F Sb§ bl
Lyl 6ot LGl gre 061 £9¢ ¢l ¥ 20v LL ¥ 90§ oL
36 x L0V oLt *lEL 0el *m_m L F L2888l ¥ 991 £
- - 6L 26yl 96 #6011 €7 0£2 2V 3 LES 2
mmowzﬁw OY1 2500119 941 8502Nn19H oY1 asaa3n|g 941 u:meLmaxu
upw pge = 3 08¢ = 1 oLe =1 40 |9A3| (eseq uesy

cruwgo_;a 40-u01snjul ay3 bupunp uUoOL3RAIUIDUGY

=wNwLo~;n

Fl:E..T

6y.61 gg JO uorsnyuL ue jo

sajnuLW g 35°l 9yl butdnp pue 34039q asoan (b pue 9y Jo uot3eaquasuon ewsejd syl

¢ alqel



T T R

59
\ : : ¥

Figure 2: Upper panel: Effect of an infusion of phldrizin (50
ug.kg‘l.minfl) tﬁ 5 4nsulin déprived (upper 1i%é) and 5 insulin
treated {(lower iine) alloxan-diabetic dogs on p1a§ma concentration
of free fatty acids (FFA). Lower panel: Effect of an infusion of
insulin (7 mU.kg‘l.min'l) to 5 insulin deprived alloxan-diabetic
dogs on the concentration of FFA. Abscissa: time in min. Ordinate:
Absolute concentration in mEq.]‘l. Standard errors 6f the mean are

shown as vertical bars.
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infusion*of phlorizin in three out of six experiments‘p1asma
IRG rose significantly above the ubper limit of the 95 %
confidence interval of the mean basal value for those
experim?nts. In the oéher three experiments plasma IRG diq not
change (Table 2). |

The basal plasma FFA concentration was 2.40 t 0.26 mEq.l“l-

No significant change was observed during the phlorizin
infusion (Figure 2). ‘

During the infusion no change in the 1ével of plasma
epinephrine was noted (Table 3). Plasma norepinephrine
concentration was slightly elevated by the end of the
expe?iment. Plasma dopamine concentration tended to decrease,
however, the decrease was significant only at t = 120 min
{i.e. 20 min after the commencement of the infusion).

The molar 1nsu1%ﬁ_to glucagon ratios are shown on Table
4. The basal ratio is about 11% of that obéerved in the same

dog prior to the alloxan injection. During the phlorizin

infusion the ratio was unchanged (F = 0.440, n.s.).

R - Type II Experiments - Insulin Treated Alloxan-diabetic

Dogs: Responses to the Infusion of Phlorizin

The results of Type I1 experiments are summarized on Figure
3. The basal level of piasma glucose was 90 t 20 mg.d1=1 and
did not change significant]y during the infusion of phlorizin.

Plasma IRl was significantly above the level found in the same
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Figure 3;: Effect of an infusion of phlorizin (50 pg.kg'l.min'y) to
5 insulin treated alloxan-diabetic dogs on plasma copcentration of
glucagon (IRG), insulin (IRI), glucose, rate of glucose appearance
(Ra) and Hisabpearance;(Rd). Abscissa: time in min. Left

ordinates: variables_in absolute units. Right ordinates: variables
expressed as a pe;centage of their control value. Standird errors
of the mean are.shown as vertical bars. IRG: 100% =59 t 5 pg.hI‘l,

IRI: 100% = 18155 + 3.0 pU.mi‘l; Plasma glucose: 100% = 90 + 20

L}

mg.d1-}, Ra: 100% = 3.55 + .36 mg.min~l.kg™l, Rd: 100% = 3.03 t .35

mg.min'l.kg‘l.

ey s il - 8 F
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dog before the injection of alloxan (F = 3.664, p < 0.05).
During the infusion of phlorizin the mean concentration of
plasma IRl decreased during the cburse of the experiment. The
minimal level was reached by t = 210 min (t = 2.141, p < 0.05),
further chan;;s were not'significant. Ra increased by 50 & 16%
(F = 43.55, p < 0.001) and Rd by 71-% 22% (F = 150f3,4p < 0.00{).-
The concentration of plasma IRG increased mbnotonica]]y fhom
59 £ 5 bg.m]‘l to 110 + 32 pg.ml'l by t = 300 min §F = 15.337,
p < 0.001):
The average basal level of FFA in the plasma of the
insulin treated deg in this'experiment was significantly lower
(q = 7.823, p < 0.001) than of the:Type I éxperiments a£_0.819
¢ 0.22 g1l . | n
In the insulin treated dogs the pésal IRI/IRG yatio.qu
1.84 times that found in tﬁe séme doqé 1ﬁ;£he‘norma1 st?te,
"and.did‘not changer during the phlorizin infusion (F = 0.180,

=

n.s.)e | ) i

C - Type 111 Experiments --Alloxan-diabetic Dogs: Responses to

J.v. Infused Insulin

The infusion of -insulin decreased the con;;néiation of
plasma g]ucose-fﬁom an averagq,af.338‘i 5 to 74 + 24'mg.d1'1
in 95 minutes (Figure 4). The mean initital level did not
dif%er'signﬁficantlg from that ogserved in Type [ experimedts

(t = 0.277, n.s.). When the infusion of insulin was changed to
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Figure 4: Effect of.an infusfon of insulin (7mU,kg“1.m1n'1) t075
| insulin depr%ve alloxan-diabetic dogs. on pPasmé concentration of
glucagon (IRG), insulin (IRI), glucose, rate of glucose appearance
(Ra} and digappearAnce {Rd). Abscissa: time in min. Left- T
ordinates: variables in absolute units. Right ordinates: variables
as a. percentage of their control value. Standard errors of the
mean are shown as vertical bars. IRG: 100% = 379 + 108 pg.mi~l,
IRI: iDO% = 5.9 ¢ 0.6 uU.m]‘l, Plasma glucose: 100% = 338 t 5
mg.d.l'l, Ra: 100% = 5.62 + .38 mg.min”h.kg™l, Rd: 100% = 6.16 .23

‘mg.min'l.kg'l. . ] P

*

el
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. J
saline, no significant rise in plasma glucose was observed
. .' .r

within 65 minutes ﬁF = 0.17, n.s.). Glucose production (Ra) was
reduced during the infusion of insulin from its basal 5.6 + 0.4
mg.win'l.kg'l to a minimum of 4.1 & 0.7 mg.min'l.kg'1 which was
redched between t = 120 and 135 min. Thé difference was
significant_(F = 5.92, p < 0.025). Rd rose during the infusion
of insulin to a maximum of 1t % l_mg.min‘l;kg‘1 (t = 4,046,
p < 0.025), but tended to decrease as the concentration of
glucose fell. By the end of the experiment Rd was below its
pre-{nfusion level (F = 40.31, p < 0.001) although the
concentration of plasma iasulin was still above its pre-
infusion level (F = 5.92, p < 0.025). ‘

The concentration of plasma IRG dropped from its initial
level of 379 + 108 pg.ml™} to 151 + 33 pg.mi~! within 20
minutes of the start of the insulin infusion (t = 8.635,

p < 0.0005). Similarly to plasma glucose, thé concentration of
IRG did not rise significantly within the 65 minutes after the
end of the infusion of insulin (F:=-i;564, n;s.);

The basal value of FFA concentration was not
significantly different than that for Type I experiments (q =
0.84, ﬁ.s.), however, it was significantly lower than for Type
11 expe}iments (g = 6.981, p < 0.01). The infusion of insulin
caused a 65 + 9% decrease by t = 120 min (t = 6.892, p < 0.0005),

from which no recovery was noted during the 65 minutes of a
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consecutive infusion of saline.

During the infusion of insulin the concentration of
epinephrine rose significantly (Table 3). No changes in the
cohcentratfon of norepinephrine and dopamine were abserved.

fhe‘jnsulin/glutagon ratio was increased by one order of
magnitude (Table 4) during the infusion period.

57 '

Second Series - Pancreatectomized Dogs

A /- Responses to the Infusion of Ph]orizin

The resu]té of these experiments are summarized on Figure
5. Basal glucagon (IRG) concentration was 103 + 13 pg.m]’l.
Basal plasha glucose level was 402 26 mg.d]'l.,The rate of
glucose production (Ra) and of disappearance (Rd) were 3.1 %
0.6 mg.min'l.kg'1 and 3.7 £+ 0.7 m{_].nﬁn'l.kg‘1 respectively.

During the infusion of phlorizin, the IRG cdncentration
increased (F = 9.801, p < 0.005), the absolute increase was
significant at t = 120 (p < 0.05), t = éGO (p < 0.01) and
t = 300 (p < '0.05) min while the retative increase was
significant as of t = 150 until the end of the infusion.
Glucose concentration dropped monotonicdlly during the whole
infusion period (F = 156;8, p < 0.001). Ra remained unchanged,
however, in two out of fou% experiments giucose production
increased to a Tevel above the upper limit of the 95%
confidence interval of the mean basal value for those

experiments. The increase was transient and was not maintained
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Figure 5: Effects of an infusion of pﬁidrizin {50 pg.kg'l.min'l)
to 4 pancreatectomized-dogs on the plasma concentration of
glucagon (IRG), glucose, rate of Q]ucose appearance (Ra) and
disappearance (Rd). Abscissa£ time in min. Left ordinates:
var%abTes in absolute units. Right ordinates: variable éxpressed
as a percentage of their cbntrol value., Standard errors of the

~ mean are gkown as vertical bars. IRG: 100% = 103 t 18 pg.m]'l,
Plasma glucose: 100% = 402 % 21 mg.d1™}, Ra: 100% = 3.1 + 0.6

'mg.min'l.kg"l, Rd: = 3.7 t 0.7 mg.min'l.kg'l.
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for more than 45 minutes. -During the period of increased Ra,
plasma glucose concentration tended’to level off. Rd increased
fransient1y (F = 15.721, p < 0.,001) reach%ng a maximum of 7.9
+ 0.9 mg.min'l.kg‘1 between t'= 120 and 135 min and returned

to basal by t = 195 min,

B = Responses to i.v. Infuséd Insulin

The results of these expefihents are sumﬁarized on Figuré_
6. Basal plasma concentration of IRG was 85 x 18 pg.m]‘l; of
glucose 385 t 45 mg.dlfi. Basal Ra and Rd were 3.5 + 0.5 )
mg.min‘l.kg‘1 and 3.9 ¢ 0.7 mg.min'l.kg‘1 respgctive1y.

During the infusion of insulin glucagon concentration
remained constant. Piasma glucose dropped (F = 68.1, p < 0.001)
and‘reached a minimum of 65 + 12 mg;d1“1 by the end of the
period. Ra decreased transient1; (F = 10.33, p < 0.005) and
returned to the pre-infusion tevel by the end of the insulin
infﬁsion. Rd increased (F = 23.79, p < p.OOl) and reached a
peak‘of 9.9 £ 0.7 mg.min~l.kg™t (p < 0.01) between t = 120
‘and 135 min, then returned to its basal level (4.9 t
1.0 mg.min"t.kg™!) by t = 195 min.

After the cessation of the infusion of insulin, thg
plasma concentration of IRG and glucose remained low (F =
0.087, n.s. and F = 1.337, n.s respectively) and no change in
Ra wa:}\obéerved (F = 0.415, n.s.). Rd decreased (F = 6.5d1,

p < 0.01) to reach g minimum of 2.2 + 0.3 mg.min'l.kg'¥ by the

N



74

Figure 6: Effect of an infusion of insulin (7mU.min~1.kg™t) to 4
pancréatectomized dogs -on the plasma.concentration of glucagbn
(IRG), glucose, rate of g]hcose appearance (Ra) and disappearance
(Rd). Abscissa: time in min. Left ordinates: variables in. absolute
units. Right ordinates: variables expressed as a percgntage of
their control value. Standard error§ of the mean are shown as
vertical bars. IRG: 100% = 85 * 18 pg.m]fl, Plasma clucose: 100% =
386 + 45 mg.d1'1, Ra: 100% = 3.5 :t. 5 mg.min'l.kg'l, Rd: 100% = 3.9

t .7'mg.mjn'1.kg'1. _ | < "

N
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end of the experiment. - \.

IV The Third Seriés - Methylprednisolone Treated Dogs

A - Responses to the Infusion of Phiorizin

The results of these experiments are summarized on Figure
7. The basal 1e§e1 of g1uéose in the plasma was 110 t 1 mg.dl'l,
that of FFA, IRIlaqd IRG: 1.50 + 0.14 mEq.]‘l, 18.0 + 0.8
pU.m}'l, and 79 t 12 pgiml'l respectively. The IRI/IRG molar
ratio was 5.68 + 0.91 (Table 5). The rate of glucose
prdduction (Ra) was 5.15 + 0.47 mg.min‘l.kg“l, whereas Rd was
found:to be 5.44 ¢t D.éS mg.min"l.kg‘l. |

During the infusion of phlorizin the concentfation of
glucose fell transiently for the first 10' to 15 minutes ofithe
infusion {p < 0.01 at t = 110 nim). After t = 120 min the mean
concentration was not different from basa]. No significant
change in the plasma FFA 1e§e1 was observed. Ra increased
significantly (F = 16.825 p < 0.001) .as calculated over the
entire length of the infusion. It is noteworthy, however, that
the 1ncreésé\5bcame evident only after t = 110 min. Rd rose
ﬁF = 27.25, p < 0.001) to -about the same degree, as Ra. There
was no significant change in the,concenfration of plasma IRI,
although a tendency to decrease during the final half hour of
the infusion was noticeable. Plasma IRG rose bj.about 25%. |
This was not significantly different from the p;é—infusjon‘

level (? =*2.099, n.s.). The IRI/IRG ratio was consequently
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Figure 7: Effects of an infusion of phlorizin (50 pg,kg'l.min‘l)
to 4 methy1predniso1oﬁe.treated dogs (3 mg.kg‘l.déyfl) on plasma
concentration of glucagon {IRG), insulin (IRI), free fatty agids
(FFA), glucose , rate of glucose appeérance-(Ra):anG disappearance
(Rd}. Abscissa: time in min. Lefl ordinates;.variab1es in asolute
units. Right ordinates: variables expressed as a ﬁércentage of:

their control value. Standard errors of the mean. are shown as:

vertical bars. IRI: 100%

79 + 12 pg.m~l, IRI: 100% = 17.9 £ 08
WU.m1~L, FFA; 100% = 1.5 £ :1 mEq.17Y, Plasma glucose: 100% = 110
£ 1 mg.d17l, Ra: 100% = 5.2 + .5 mg.min"l.kg"l, Rd: 100% = 5.4 ¢

g mg.m‘in'1 .kg'1 .

N : , -
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not statisticaly different. - ' - . fﬂr
After changing the infusion frem phlorizin tb satine at
t = 195 min, all the measured or caleulated values remained

unchanged.

B - Responses to i.v. Infused Insulin

r

. ot
The rssults of these experiments are shown on Figure 8.

The pasaT level of glucose (112 + 2 mg:d]'l),'FFA (1.71 + 0.28
- mEq.17L), IRT (26.3 £ 6.3 ZU.mi=1), IRG (91 # 11 pgiml~!) were®
not significantly different from their respective counterpanté;
_ (obsérved in the other experiment on thé same 5niha1). Zpée
basal Ra was 3.92 ¢ 0.43 mg.rnin'l.kg“1 and not significantly

smaller than in the parallel experiments, Rd was 4.12 + 0.35 mg.min~

1.kg'1 and marg%na]ly smaller (p < 0.05) than its counterpart.

The basal IRI/IRG ratio was 7.96 t 3.15 (Table 5) and was not
significantly different than jn the parallel experiment.

During the infusion of insulin thd concentration of
glucose dropped to a minimum of 58.6 t 3.4 mg.cﬂ’l by t = 165 =
min; A small recovery was noticeable during the final 15
minutes of the {nfusion. The concentration of FFA fell
significantly (F = 8.373, p < 0.005) but transiently and
regained its basal level by t = 150 min (t = 0.820, n.s.). Ra
and Rd both increased significantly as calculated over the
entire period of the infusion (F = 9.871, p < 0.005 and F =

19.98, p < 0,001 reépectively), but the increase in the former
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"Figure 8: Effects of an infusion of 1ﬁ§ulin (7mu.kgf1.hin71).to 4
methylprednisolone treated dogs (3mg.kg'1.day'1) on the plasma
concentration of glucagon (IRG), insu1jn (IR1), free &atty acids
(FFA), g]ucdse, rate of glucose appearance (Ra) and disappearance

. (Rd). l scissa: time in min. Left ordinates: variable in absolute

Q:ﬁ;;;;féiight ordinates: variables expressed %s a percentage of

' tﬁeir control value. Standard errors bf the meaﬁ are shown as
vertical bars. IRG: 100% = 91 & Il‘pg.ml'l, IRI: 100% = 26 £ 6
WU.m=1, FFA: 100% = 1.7 mEq.17), Plasma glucose: 100%.-= 112 & 2
mg.d1”l, Ra: 100% = 3.9 + .4 mg.min~l.kg™!, Rd: 100% = 4.1 £.3

mg.min'l.kg“l'
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_became evident only after t = 120 min. Thé31ncrease in plasma

IRG over the entire‘perﬁbd was significant (F_¥ 9,134, p < 0.001)

reaching its maximal level towards the end of the_inéﬁiin'

[t

infusion (142 '+.7 pg.m1™%, p < 0.01). Rlasma IRI4wa§ raised to

‘about eight times its basal level..The IRI/IRG ratiokipéreaseg :

to reach a mximum of 51.3 + 6.8. . Tl

After the cessation of the infusion the concentfqtion‘of

glucose in the plasma returned to its basal level within 45
minutes. There was no change in plasma FFA. Both rates (RE,
Rd) ‘returned to basal by the end of the experiment as did

plasma IRI, IRG and the IRI/IRG ratio.




-

CHAPTER IV

DISCUSSION

The Basal States.

L]

The glucose concentration of pancreatectom{}ed and alloxan-
diabetic dogs were similar and well above the normal range found
in nondiabetic animals. In" alloxan-diabetic dogs, hepatic glucose

production was significantly higher at a mean value of 5.5 + 0.4

1

mg.min'l;kg' . This value is comparable to those published for

diabetic dogs (Hetenyi et al., 1980a and Hetenyi et al., 1980b).

However, in the pancreatectomized dogs, the Ra was 3.8 + 0.4

mg.kg'l.min'l, only about 30 --40% above the range found in non-

diabetic animals (Hetenyi et al., 1983). This would appear to be

inconsistent with the diabetic state. However, the near normal

concentration df glucagon in the plasma .of pancreatectomized-dogs
may account for the less elevated Ra. Although hyperg]hcagonemid
has beén reported in pancreatectomized dogs {Vranic et al., 1974)
it is usually not observable until two days after surgery 1f
insulin treatment is withheld (Matsuyama and Foa, 1974). Our
animals were treated with protamine zinc insulin (very long
acting), and as indicated by the high level of plasma glucose, the\
circulating level of.insulin at the time of the experiment Was

inadequate to maintain normoglycemia. Even thoﬂgh insulin therapy
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was discontinued for 72 h, insulin was exbected to be present in.

" the circulation 24 h before the begjnning of the experiment. Its -
. .. . [ . -

inhibitory effect on gastric glucagon sgpreting cells (Lefebvre
and Luyckx, 1978) was absent fﬂ} only 24 h, which is not 1ong
enaugh for'hyperg1dcagonemia to develop.

The methy&prednisolone.t;Eated and the ﬁnsulih treated
diabefﬁc dogs had normq] glucose and IRG concentrations. They both
had equally elevated piasma insﬁ]in levels (22 + 3 and 18 £ 3
uU.ml'l respectively) and similar IRI/IRG ratios as well as
similarly elevated FFA concentration, however, the MP-treated
animals had a higher Ra than the treated-diabetic dogs. This can

be explained by the action of glucocorticoids on gluconeogenesis

(Hetenyi et al., 1980b)-

The Response of Glucagon Secreting Tissues of Diabetic Dogs to

Phlorizin- and Insulin-induced Hypoglycemia. o

»

During the infusion of phlorizin to alloxan-diabetic dogs, 
the increase in glucagon secretion, in response to rapidly
decreasing plasmalglucose, did not always occur. However, in
pancreatectomized animabe such an increase was reproducible, as
indicated by the increase of the plasqa'IRG concentration. The
former had an elevated basal glucagon concentration, whereas the
1at£er had a normal IRG concentration before the start of the
infusion. In the three alloxan-diabetic dogs that did show some

increase in glucagon secretion, the plasma concentration doubled

o AT it i gty G
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by the end of the experiment. The response of hancreatéctomizeg
dogs was a consistent increase in plasma concentrat1on of
approximately 60 pg. m]‘l The increase by about 40 to 60 pg m] -1
from~a comparabie base line was ob%grved in normal, nondiabetic
dogs, during similar phlorizin infusions (Gauth1erret al.,1980;
Gauthier and Hetenyi, 1982 and Gauthier. 8t al., 1983). The
infﬁsion of insulin inhjbiped g]ucagon‘release in alloxan-diabetic¢
dogs, confirming observations of Braaten et-al. (1974). The plasma
IRG remained constant in the pancreatectomized anima1s, thus
insulin prevented the increqse of glucagon that was noted during
the phlorizin infusion.

fﬁfhormal dogs “the éecretion of g]ﬁcaéon is curtailed by.
insulin secreted into the capillary nefﬁork within the islet -
ubstream from the alpha—ce]]l(Bonner-weir anq_Orci, 1982; Unge},
1983 and Samois et al., 1983). At an inadequately low level of
insulin the secretion of glucagon is elevated as it is in alloxan-
diabetic dogs. If <insulin is infused at a high rate, the high
level of %nsu]in'in systemic p]a;ma compensates for the lacking
intraislet effect %nd suppresses the sécretion of glucagon.
Consequently’, the concentration of glucagon in plasma decreases.
ITo the contrary, when she concentration of glucose is decreased
without insu]ih, as it is during the infusion of phlorizin, the
Jessened availability of glucose to the a]bha-cé]] qubinéd with a

drop in the already low level of insulin in the plasma will

increase glucagon secretioﬁ. Therefore, the already high level of

-

i _ /
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plasma glucagon will‘increase further. The extent of the response
is éxpetted to be correlated to the number of stifl active beta-
cells in the islets, and to the sensitivityqof the alpha-cells to
hypog]yc;mia (Table 2).’The normal primary effgft of an insulin
infusion on the alpha cell is td decrease the secretion of .
glucagon (Samols et al., 1969), uhgrehs the effect of hypoglycemia
Ieéds to the release of glucagon. gtué if the subsequent
concentration of glucose is sufficiently low, this latter effect
prevails over that of insulin (Gauthier et al., i980].
Interestiﬁgly when giucose drob; to a concentration which are
known to stimulate IRG release during an insulin jnfusion; such'a
release is not observed in the alloxan-diabetic-dog. Therefore we
have to assume that the éensitivity of the alpha-cell to
hypoglycemia has decreased, th1e that to insulin has not.

The results presented in this study suggest that gastric
.glpha—cells éﬁe 1ess—sensit1ve to prolanged in5u1in0peni$ tﬁan the
pancreatic alpha-cells since hyperglucagonemia did not appear in
the pancreatectomized dogs, whereas it did in the alloxan-diabetic
animals. Although insulin has been reported to inhibit gastric
glucagon secretion, this was not observed in our experimenfs on
pancreatectomized dogs. Blazquez et al., (1977} reported an
inhibitory effect in ;11oxan-diabetic dags, Qhen peripheral plasma
IRG concentration was in the 500 pg.m]'1 range. Pancreatic
glucagon secretion was found to De inhjbited by insulin only at

.

elevated plasma IRG concentration (greater than 30‘ pg.m]'l)
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(Samols et.al., 1969 qﬂp Samols et al., 1976). Our observatidns
support the hypothesis that this is also true for gastric. glucagon
secretion although the alpha-cel]s;may be less. sensitive to
insulin. Lefebvre and Luyckx {1978) reported fhat'at normal IRG
concentration, insulin diminighed gastric g{ucagon release duriﬁg
hypoglycemia but did not change‘the basal glucagon concentration.
This is consistent with our observation that the gxpegted increase
of glucégon in response to the decreasing plasma glucose was .
prevented by insulin in the pancreatectbmized dogs.

*[n summary: in diabetic dogs fnsu!in innibits or prevents
high rates of glucagon secretion. Phlorizin-ind;ced moderate
hypogiycemia at a high basal glucagon concentragion has a variable
effect on glucagon secretion, whereas at normal glucagqﬁ levels it

4

will consistently promote gastric gluéﬁgon secretion in )

. 1
pancreatectomized dogs. Finally, the sensitivity of the pancreatic
alpha-cell to hypoglycemia is decreased id a]logan-diabetﬁ%.

#

The Hepatic Response to Phlorizin- and Insulin-induced

Hypoglycemia.

The lack of increase in the rate of hepatic glucose
production, during phlorizin infusion to alloxan-diabetic dogs,

could be accounted for by our finding that neither the plasma
f

concentration of glucagon nor that of epinephrine increased, and
- » -

that hepatic auto-regulation is lost during prolonged

insulinopenia (Davidson et al., 1981). However the increment in
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plasma IRG noted in some animals, fa11ed to bring about an
increase in g]ucose product1on. Stevenson et al. (1983) found in
"diabetic dogs a decreasing response to measured increments in
plasma glucagon, with no furthér increment once the plasma level
of glucagon had reached 400 pg.m]‘l. Thus, the absence of response
can be accounted for by either no gfucoregu]a bry stimulus héving
been generated, or even if there was, the liver was insenstitive to
it.

Our observation that an increase in plasma glucagon of

apprgxﬂﬁéte]y 60 pg.ml'1 from a normal basal lgtel, which is known

to increase Ra by 50 - 80% in normal dogs {(Gauthier and Hetenyi,

1982 and Gauthier et a1 ., 1983), does not do so in

pancreatectom1zed dogs, suggests that the 1nsen9¢t1v1ty of " the

.

Tiver to glucagon may not only be related to elevated IRG

concentration, 1t is unclear at this point whether a pre- or post-

recep;or'defect is responsible for the decreased sensitivity,

— -

however, the latter is more probable. Epinephrine released during

the insulin infusion in amounts simitar to those which in normal
humans (Gerich et al., 1980; Rizza et al., 1979 and Bolli et al.,
1983), increase hepatic glucose production, had no efféctron Ra in
alloxan-diabetic doés. Since both glucagon and epinephfjpe release
c-AMP as second messenger, and since insulin treatment'restores
hepatic sensitivity to glucagon, it is likely that insulin 1; in

some way involved in the maintenance of the response at some post-

" receptor step.

£
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Quring the'i.v. fnquioﬁ'of insﬁ]in;Ré was decreased in both
alloxan-diabetic and panéreatéctomized dogs. This could be
expfained by the effect of insulin on the Tiver and the\absence of
a rise in the concentration of plasma g]ucaqon..The lack \of
response to the'increaéed epinephrine cqncen£ration in the
alloxan-diabetic animals was somewhat ﬁﬁexpected, and suggésts '
that the response was ﬁnadequaie to stimulate the liver, which
possibly also has a decreased sensitivity to catecholamine§ as
well as to glucagon. When gTucaéon secretion is inhibited by
somatostatin in humans, epinebhrine release is twice as much as in
control subjects (without somatostatin) during insulin-induced
hygpglycemia, and normoglycemia is restored just as rapidly (Rizza
et al., 1979). Also, a 40 fold increase in the concentration of
plasma ep%nephrine was found in normal dogs, during the infusion
of insulin, when the concentration of p]asha glucose was Towered
to between 40 and 50 MQ.d]‘l (Vranic et al., in press). Since 1in
ourigxperiments the 1éwest concentration of glucose reached was 69

+ 18 mdeI‘l, direct comparisons of epinephrine secretion rates

fained as indicated by the significant correlation (r=
0.86) between the lowest concentration in®lasma glucose reached
and the concentration of epinephrine in the sample.

\

Restoration of Non-hypoglycemic Glucose Counterregu]atfon.

A one week long treatment with insulin, sufficient to

-
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maintain normoglycemia in the post-absorptive state, restored the

response to phlorizin, and to.some extent improved non-
hypoglycemic glucose counterregulation in alloxan-diabetic dogs.
During the infusion of phlorizin the glucagon Foncentraﬁion
increased by approximate]} 50 pg}m1‘1. This increase resulted in a
60 +.13% increase in the rate of glucose production. In this
respb&t thé response to ph]orizincgas restored (see appendix A).
The fact that the glucose concentration in plasma remained
constant‘during the infusion of- phlorizin, despite a significant
increase in Rd, indicates an.increase in sensitivity of the
glucoregulatory mechanism, sincg;a 10 - 20% decrease «in plasma
glucose has ﬁeen consistently féﬁorted in nondiabetic animals
infused with phlorizin (Gauthié} et al., 1980; Gauthier and
Hetenyi, 1982 and Gauthier et al., 1983). It would appear that an
increase in the rate of glucose disappearancé stimulates glucagon
seEretion. Thus Rd would be a component of the derivative control
of the g1ucoregu1atonysﬁechanism. g

The small decreaserin plasma IRI observed during the
infusion most likely contributed to the rise in the rate.of
hepatic glucose release. This change inxﬁlasma IRI could be the
result of the response by the surviving beta-cells to the
increased removal of glucose, b&t especially in view of the lack
of any aﬁprecigble change\?n plasma glucose, it is.more probably

due to a faster metabolism of circulating exogenous insulin.

Such restoration of glucoregulation is not observed in



patients with insulin dependent diabetes mellitus (IbDM) on_
conventional therapy or treated Fith\continuous sﬁbcutanéous
insulin infusion (CSII) (Cryer aﬁﬁveébich, 1983; Unger and Orci,
1981; Unger; 1983 and éergensta] et al., 1983). Neither was it
observed in jnsulin treated streptozotocin-diabetic rats (Patel,
1983a). A study by Bolli et al. (1985) found that reéentiy
diagnosed (less than 12 months) patients under appropriate insulin
therapy respond as healthy controls to insulin-induced
hypdglyhemia, whereas. patients with long %tgnding diabetes do not.
The glucagon and epinephrine response'to hypoglycemia gradually
disappeared with duration of diabetes. In diébetic rats, a
sigﬁ{ficant negative correlation was found beﬁween the duration of
diabetes and the increase in plasma glucagon and epinephrinelin
insulin-induced hyboglycemia (Patel, 1983b).

'Since our dogs were diabetic for 8 to 24 days at the time.of.
the experiment we may only compare our results wfth those found in
recently diagnosed patients. Eyen‘then one must be cautious since:
(a) a species difference between man and dog is possible and (b)

our animals were not exposed to deep hypoglysemia. Also to-date no

studies have been published on long standing diabetics exposed to

noninsulin-induced moderate hypoglycemia. However, the abs of
changes- in plasma IRG observed in overt, insulin-i ad,
"

hypoglycemia in treated patients (Bolli et al., 1983) indicate

that the sensitivity of the alpha-cell to both insulin and*®

. \hypoglycemia may be curtailed. Thus the impaired glucoregulation
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that was observed in al]oxan-diaﬁetic dogs, may represent a very
éarly stage of dysfuﬁction, due to beta-cell fai]ure{ which js l
sti]1‘correctab1e by the restoratjon of the normal hormonal - t
milieu. The reporfed impairment of glucagon secretion in insulin %
‘treated rats and humans with long standing diabetes would bé-a i
second step: an acquired irreversible defect‘bf the

glucoregulatory, system involving not only the alpha-cell, since

epinephrine release is also impaired {Bolli et al., 1983). This

defect may relate to an altered "glucose sensor" rather than to

~ disrupted cell function, since other abnormalities of the diabetic

alpha-cell, such as hypersecretion and exaggerated response to

arginine, are restored to normé] by insulin treatment in long

standing diabetics (Gerich et al., 1975). w

Is there‘a Set Point of Plasma Glucose in Diabetes?

The absence of an iﬁcrgase in hepatic glucose production
during the phlorizin-induced decrease of plasma glucose
concentration indicates, that the elevated level of §1ycemia in SE
. diabetic dogs does not represent the set-point of some regulated
system, .This %s ihdged expéﬁted, since the increase in glucagon
secretion is variable, hepatic autoregulation is abolished and the
glucose supply to fhe brain - the main sensor of overt ' "
hypoglycemia - is amply covered by the higﬁ level of plasma

‘glucose. This raises the question of the adequacy of glucose

supply to the tissues, which in the virtual absence of insulin,
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have to use less glucose at a lower level of glycemia. An '
increased rate of'peripherai glucose utilizqtion was sholn to
lead to an increase in hepatic glucose'production in rats (Achou
and Hetényi, 1974). This was not observed "in our expgrimeﬁts.
Since nd_increase in plasma FFA has.been observed during the
infusibh of phlorizin, Qe tentatively conclude that internal
energy %tores of the cell {glycogen, fat) and the a1ready elevated
plésma FFA concentration were sqfficient to provide fueI for-the

duration of the experiment.

The Regulatory Response to Hypoglycemic Stimuli in Methyl-

prednisolone Treated Dogs.

The counterregulatory response to a falling concentration of
plasma glucose in MP-treated dogs is characterized by an increased
sensitivity of the liver to glucagon. This has already been
described by Issekutz .and Borkow (1972) who foﬁnd a 20 fold
incrsase in sensitivity to glucagon in MP-treated dogs.The )
sens{tivity to epinephrine qu dibutyryl-cyclic AMP was also
raised by a factor of 12 (Iﬁsekuti and Borkow, 1973).
| In our experimenfs the increment in Ra during the phlorizin-
induced increase in the rate of glucose disappearance was of the
same magnitude but occured at a much lower level of p]asma.
glucagon than in untreated animals: in comparison to a maximum 2

fold increase in plasma glucagon in,normal animals, the maximum

increment was only 24 t+ 10% (19 f 9 pg.m1'1). In all the
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experiments the éopcentration of IRG at the end of the infusion
period was higher than b;sa] level. Because of intefanima]
variations and in view of the limits of the pretféiqn of the
radioimmunoassay, the increment, although consistent, was not -
statisticaly significént. Nevertheless this small increase in"A
plasma IRG was suff{cient to raise Ra and restore normog]yéemial
within 20 minutes. This indicates that it is the change {n
concentration of plasma glucose, however small or transient it may
be, that regulates the re]easg of glucagon. Once normoglyéemia has
been restored, the stimulus for an increased secretion of glucagon
is expected to disappear temporarily, to be reactivated*by the

next small drop in plasma glucose, producing another small burst
of glucagon release. Thu; the heightened seﬁsitivity of the liver
to glucagon créafes a sensitive feedback loop operating between
p]asﬁa glucose and IRG concentration. With the experimehtd1 design
used, taking glucagon samples every 30 min and averaging Ra ovéf
periods of 15 min, the expected oscillation can not be.shown,
particularly not if they arevof different frequencies in” different
dogs.

The heightened sensitivity of the regu]aton& response to
hypoglycemia is evidenced also by the Eapid rate of recovery. The
return of plasma glucose to the Basa] level, from about the same
Tow level of glucose of 40 to 50 hg.d]'l, took about 100 min in

the normal dogs (Gauthier et al., 1980)', whereas in MP-treated

animals a significaﬁt overshoot was obas:ved 45I:}ﬂ after the

\
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infusion of insulin wés digcontinued (Figure 8).

The way MP‘tFeatement'enhances thé effett of glucagon is not
comp]éte]y understood. In adrenalectomized rats glucagon is showﬁ
‘qot to stimulate gluconeogenesis, aithough it raises thé
cohcentration of c-AMP"in the liver (Newsholme ?nd Start, 1973).
Treatement with dexamethasohe restores the gluconeogenic activffy
of glucagon. It was concluded that corticosteroids influence the
reaction between gluconeogenic enzymes and c-AMP. In rat
hepatocyteé the activity of PEPCK was stiﬁu]ated by glucagon and .
could be increased further synergisticaily by cortisol (Schudt
et al., 1980}.

Furthermore, the activity of the'glycogenolytic‘eniyme
phosphorylase kinase as well as the concentration of phosphorylase
"‘Weﬁéﬁ}aﬁhd to be decreased in hepatocytes of adrenalectomized rats
(Chan et al., 1979 and Schaeffer ef al., 1969). In these animals
neither epinephrine nor c-AMP raised the level of glucose in the
plasma. Treatment with hydrocortisone rgstored both the normal
level of hepatic phosphorylase and_thé gljﬁemic response. It is’
thus conceivable that treatment with methylprednisolone increases
’.the synthesis anﬁ activity of phosphoryfase and phosphorylase
kinase, and in this way potentiates the effect of'glucago; on
g]ycogenolysis,lan explanation favoured by Issekutz and Borkow
(1972). | |

Another potential factor in the mechanism of increased

glucagon sensitivity is the resistance to insulin in
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hypercorticism evident both at the level of the liver and the

-—

periphery (Rizza et al., 1982). The insulin resistance is due to.

a post-receptor defect. Thus it is likely that an increase in
plasma IRG in MP-treated dogs will have a larger effect than in
normal dogs since the antagonistic effect of insulin is

diminished.

Comparison Between MethyTpredniso]one Treated and Diabetic Dogs.

"~ In methylprednisolone treated dogs both Ra and
gluconeogenesis are at a rate much above normal (Ninomiya et al.,
1964 , Issekutz and Borkow, 1972 and Hetenyi et al., 1980).rBoth
rates are at levels observed in uncontro11éd diabetes. The
difference in the response to phlorizin proves that a high Ra is
not in itseff a limiting factor for the glucoregulatory response
since Ra was increased when MP-treated animals were expoéed to
moderate as well as to deep’hypoglycemic stimuli,

Hepatic glucose production is the result of both
glycogenolysis and gluconeogenesis, and a'counterregu1atory
response consists of a rapid transient increase in the rate of
glycogen breakdown followed by a slow increase in the rate of
glucose synthesis (Cherrington et al., 1981 and Gauthier and
Hetenyi, 1982). Nevertheless, the MP-treated and the alloxan-
diabetic dog differ in two major ways with re:gect to glucose
outp&t. First, the concentration of glycogen in the tiver cell of
MP-treated animals is considerably higher than in the diabetic
dogs. Thus MP-treated dogs have a large store of rapidly

mobilizable glucose, whereas diabetic dogs have not. Secondly, the
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-fraction of gldcose outpuf'due to _gluconeogenesis, -as estimated by
the inéﬁrporation of 14c-atoms from labelled alanine into glucose,
is by 53% larger in MP-treated than in diabetic dogs. This is due
to an increased delivery of ;Lbstrate to the liver as opposed to
diabetes @here a larger fraﬁtion'of_substrate arriviné at the
| liver is turned into glucose (Hetenyi et al., 1980b).\The fact
that the elevated rage 0f'g1uconeog§nesis in MP-treated and
diabetic dogs is due to different mechanisms (substrate supply Vs
enzyme activation), and that glycogen reserves_a]so differ,
expiains why the latter can not rapidly counterregulate .in
fesponse to decreasing glycemia while the former can, even if they
both have simi]arly'elevated rates of glucose .production.
Surprisingly bﬁth MP-treated «fil the insulin treated-diabetic
anima]é showed a highly sensitive counterreguiatory response. Both
had an e]evéted IRI/IRG ratio with high insulin and normal
glucagon. Both maintainéd a constant glucose concentration near to
the basé] level during most of the phlorizin infusion in spite of
a difference in Eheir basal répg of glucose pfoduction and hepatic
sensitivity to glucagon: in diabetic animals the peripheral
glucagon, concentration rose higher to achieve the same effect on
Ra. However, both animals responded equally quickly to the
increased rate of'glucose remové]. It is bossibie that the
elevated IRI concentration in the treated-diabetic dog may favour
a higher than normal rate of glycogenesis by mhinfaining the
activity of glucokinase and glycogen synthetase (Katz et al., 1979

and Davidsan ?t al., 1981}. Thus, as in the case of the MP-treated

“



-

L]

dog the hepatocyte glycogen concentration wouzd ‘be elevated,
permitting a rapid response to glycogenolytic stimﬁ]i.

. .
Summérx

The results of these experiments revealed that insulin
deprived diabetfc dogs do not raise the rate of hepatic glucose
production when exposed to.%nsﬁli;-iﬁduced hypoglycemia or to a
bhlorizin-induced decrease in the concentration of plasma glucose.
In the case of insulin-induced hypoglycemia this is due to both
the inhibitory effect of insulin on glucagon secretion and its
direct effect on hepatic glucose production. During the _infusidn
of phlorizin, the absence of a reguiatory response is due to the
non-systematic increase of glucagon reiease and to the —
insensitivity of the diabetic liver to glucagon. The former is
assocjated with é disrﬁpted intraislet hormonal milieu, and the
Jatter may be the result of hyperglucagonemia and/or prolonged
insulinogsnia. The glucoregulatory response can be restored by
adequate insulin therapy: The high rate of glucose production with
an elevated gluconecgenic flux does not, in itself, curtail a

further increase in Ra in response to decreasing glycemia. The

increased sensitivity of the glucoregulatory mechanism of the MP- .

treated animals is related on one hand to the increased hepatic
sensitivity to glucagon, and on the other hand, as in the insulin
treated diabetic dogs, to an increased rate of glycogen synthesis

in the liver, due to elevated plasma insulin concentration and

IRI/IRG ratio.
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(- - APPENDIX A

Glucoregqulatory Responses to Hypoglycemia

and Hyperinslinemia in Normal Dogs

Theé, following tables are a summary of figures published by

Gauthier et a].,'i980, Gauthier and Hetenyi, 1982 and Gauthier %E_f\
al., 1983, The numberé under the headings "Phlorizin" and

"Insulin" refer to fhé maximum or minimum values of the paﬁameters

during the respective infusions.
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Plasma concentration of glucose, glucagon and the rate

of glutose productfon of post-absorptive dogs durding

the infusion of 50 pg.kg'l.min phlgrizin
At
Experi&ent' Basal Phlorizin % Change
. A=

Glucose ; A 10749 ~92 -16%
(mg.d171) | B 11242 ~96 -16%
C . 105.60.7 ~92 -12%
Glucagon A ~70 ~130 i +85%
(pg.m1~1) B 724 ~115 +59%
N C 8419 ~140. +67%
Ra A 2.9+0.5 ) +712%
(mg.min~t.kg 1) B 03,2101 ~5 +56%
c 2.7+0.7 ~5 +85%

Experiment A : from Gauthier et al., 1980
B : from Gauthier and Hetenyi, 1982
"C : from Gauthier et al., 1983

~ : Appoximately

e grplin, —— o _ o,

b b i
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Table f

Plasma concentration of glucose, glucagon and the rate

of glucose prodﬁction of post-absorptive dogs during

the infusion of 7 mU.|<g'1.m1'n"1 insulin

Experiment Basal : Insulin % Change
Glucose D 11018 _ ~50 -55%
(mg.d1~1) E 10847 ~50 -54%
\-‘
Glucagon D ~65 ~175 +169%
(pg.mi~l) E ®.100 ~275 +175%
Ra D 3,140.4 . ~6 +92%
e .
(mg.min~t.kg™}) E 3.040.6 ~5.5 +84%

R
Experiments D, E‘§ from Gauthier et al., 1980

~ : Approximately
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APPENDIX B

Miltiple Comparisons in the

Analysis of Variance

The null hypothesis H, of the analysis of Qariance is: The
means of all the samples being compared are equal. The alternative
hypothesis Hy is: At least one sample has a mean which is
sign{fic&at$y different from the rest. If the F ratio of the
anaTysii of varjance is greater than the set critical value, the
null hypothesis is réjected and the alternative hypothesis is
taken to be true. The anaiysis does not indicate which sample or
samples are different. StatjsticaT tests for multiple pairwise
comparison must be carried out to determine which samples arg
di%ferent. These tests use the overall variance of all the data
used in the analysis of variance. The use of this variance ensures
that the level of significance of all the pair wise comparisons is
the same as that of the overal null hypothesis of the analysis of
variance. Tukey's Honestly Significant Difference, thé Scheffe
test and the Dunnett test were used in this study (Rosco, 1975,
Dunnett, 1955 and Keppel, 1973). '

[\

1) Tukey's Honestly Significant Difference: This test is

used for making all possible pairwise comparisons among

means of samples of equal size. It uses a studentiz&d range

4

L)
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stastisic. The test statistic is:

where
M and Mp: means of the samples compared
n: sample size

MSg: Mean square of the error component of
thg analysis of va}iance (the denominator of
the F ratio)
The critical value of q depends on k the total.ndmber of

samples compared in the analysis of variance and the degree

(

2) The Scheffe Test is used for making all possible pairwise

of freedom (d.f.) of MSg..

2

comparisons among means of samples of unequal size. The test

statistic!is:

2
Fe (Ml - Mz)
MSe (2 + =) (k= 1)
1 2

with d.f. k - 1, a

where
M; and My: means of the samples compared
ny and np: sample.size of samples compared

MSg: mean square of the error component of the

analysis of variance.
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.

k: total number of samples in the analysis of
- variance

~

a; d.f. of MSE

- 3) The Dunnett Test is used to compare one control sample to

all the others. The test statistic "t" has a Dunnett t
distribution (Dunnett, 1955) which is dependent on the total
number k of samples compared in the analysis of variance.

Dunnett's t is calculated as follows:

- 1 1
./MS (__+—]
E n1 n2

with d.f. = a

My 2 mééﬁ”qf control sample
Mot mean:bf the sample compared to control
WK size of control sample
no: size of compared sample
MSp: mean square of the error component of the
analysis of variance

a: d.f. of MSg





