. \

I*l National | ibrary

of Canada du Canada

Biblotheque natonale

Canadian Theses Service  Service des theses canadiennes,

Ottawa Canada \
K1A ONJ3

&

: NOTICE S
: \

The quahty afthis mucroform s heavily dependentupon the
quahty of the onginal thesis submutted tor microhiming
Every etfort has been made to ensure the tuighest qualty of
reproduction possibie

It pages are missing, contact the university wihich granted
the degree

¢
Some pages may have indistinct print especially if the
original pages were typed with a poor typewriter nbbon or
if the university sent us an inferior photocopy

[ ]

PreviQusly copynghted matenais (journal articles. pub
lished tests, etc ) are not filmed

Reproduction in full or in part of'this microformis governed
by the Canadian Copyright Act, RSC 1970.¢ C 30

NL-339 (. 88/04)

AVIS

[ 4

La qualite de cette mucrotorme depond grandement de 1y
Quahte de fathese coggne o rebimage: Noos o
tout tat pour as ures une qualite cape tcare de e,
tion v

L 4
SHomangue des o pages vewbles comman e e
Funiversite quia contere ke geade

La gqualte dimpression de certames pages poeat becen
desirer, surtout stles pages ongmates ont ete dactylogra
phices A Faide dun ruban use oo <a lamvecate nogs 4t
parvenir une photocopie de qualite inteneare

Les documents qui tont deja Fobjet dun drot dhautear
(articles de revue tests publies eto ) ne sont pas
microtilmes

L a reproduction, méme partielle de cette mmucrolonme vt

sourmise a la Lo canadienne sur le drat daateur SRC,
1970. ¢ C 30

Canadii



1

v
THE UNIVERSITY OF ALBERTA

ENDOCRINE GLUCORFGULATORY RESPONSE TO EXFERCISE IN

-

DEPANCREATIZED [SLET CELL AUTOGRAFTED DOGS

BY

ANDREW J . PORTIS

A THESIS

»

SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH

IN PARTIAL FULFIIMENT OF THE REQUIREMENTS FOR THE DEGREE

OF MASJER OF SCIENCE

’ ¢ (/«v-

SPEPARTMENT OF PHYSICAL EDUCATION AND SPORT STUDIES

v

' EDMONTON, ALBERTA

. FALL, 1987



Permission has been granted
to the National Library of
Canada to microfilm this
thesis and to lend or sell
copies of the film.

The author (c%pyright owner)
has reserved other
publication rights, and
neither the thesis nor
extensive extracts from it
may be printed or otherwise
reproduced without his/her
written permission.

"d'auteur) se

L'autorisation a &été accordée
d [la BibliotHéque nationale
du Canada de microfilmer
cette thése et de préter ou
de vendre des exemplaires du
film. v

\\
L'auteur (titulaire du droit
réserve le
autres droits de publication;
ni la 'thése ni de 1longs
extraits de celle-ci ne
doivent étre imprimés ou
autrement reproduits sans son
autorisation écrite.

ISBN  0-315-41014



THE UNIVERSITY OF ALBERTA

RELEASE FORM

NAME OF AUTHOR: Andrew J. Portis {

TPMLE OF THESIS: Endocrine glucoregulatory response to exercise in

depancreatized islet cell autografted dogs

DEGREFE Master of Science

A
YEAR THIS DEGREE GRANTED: 1987/

Permission is hereby granted to THE UNIVERSITY OF ALBERTA LIBRARY
to reproduce single copies of this thesis and to lend or sell such
copies for private, scholarly or scientific research purposes only.

The author reserves other publication rights, and neither the
thesis nor extensive extracts from it may be printed or otherwise

reproduced without the author’s written permission.

._/
e
L A ™
‘ LT e
;o A -
‘ 43 ergreen Ave

Lohdon, Ontario

Canada, N6J 1lA6

October 2, 1987



THE UNIVERSITY OF ALBERTA

Y

FACULTY OF GRADUATE STUDIES AND RESEARCH

The undersigned certity that they have read, and recommend
to the Faculty of_ Graduate Studies and Research for acceptance
a thesis entitled ENDOCRINE GLUCOREGULATORY RESPONSE TO EXERCISE
DEPANCREATIZED ISLET CELL AUTOGRAFTED DOGS

submitted by ANDREW J. PORTIS

in partial fulfilment of the requirements for the depree of

MASTER OF SCIENCE.

, Supe™isor
/ -
L7737,
<~ ; 7
/////
' .

. S

- — I' /’ .

S v i //

. . ) /

IN



ABSTRACT

Exercise in normal dogs is characterized by a dynamic vegulation of

insulin and glucagon secretion and the maintenance of relative
cuglycemia. This study examines the glucoregulatory response to
exercise in totally pancreatectomized dogs, who wete rendered

.

normoglycemic in excess of one year féllowing*the splenic reflux of
aut@grafted Tsolated islets of Langerhans. Venous blood was Collgcted
at 19 minute intervals during a 30 minute baseliner;eriod followed by a
60 minute run (100m/min, 12X grade). Heart rate and norepinephrine
responses to exercise were equivalent in contrdl (n=6) and transplanted
(n=6) dogs. Absolute glucose concentrations were eﬂuivalent during

L4

exercise in control and transplant dogs, although the transplanted dogs
Rl
A4 .

exhibited a slower post-exercise recovery. Mean (*SEM) endgexercise
levels éf plasma glucagon, epinephrine, and lactate were higher in
transplants (405484 pg/ml, 673+183 pg/ml, 3.1+0.86 mmol) than controls
(272440 pg/ml, 288460 pg/ml, 2.520.32 mmol). Insulin levels were
suppressed until the end of exercise in coné¥01 dogs while transplanted
4’dogs exhibited a mid-exercise surge above baseline in both insulin and
c-peps}dd levels. A strong correlation (r=0.81, p<0.001) between
glucagon and epinephrine iﬁ the transplanted dogs suggests that the
exaggerated glucagon response to exercise ‘was due to circulating B8
adrenergic stimulation of the‘autografted A cells in absence of direct
neural control. The unusual insulin response observed in the
transplanted dogs may have been a result of stimulation of the B cells
by glucagon, or a loss of direct central control secondary to

K

denervation. . Alﬁernatively, the exaggerated responses in both insulin



and glucagon may have arisen secondarilv to splenic contraction. o

normal component of the canine hemodynamic exevcise response. thiough

either direct physical ejection or fjndirectly through environmental

changes following splenic contracture. The excessive counterregulatory

response observed in the transplanted dogs was not correlated with
»

decreases in plasma glucose, suggesting an alteration in glucoregulatory

control in the long-term islet cell autografted dogs.

-
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I INTRODUCTION

R
Transplantation of isolated 1islets of Langerhans holds great
potential as a therapy tfor diabetes mellitus. To. date the great

majority of the rresearcﬁ in this aréa has been devoted to overcoming
technical barriers to tragsplantacion in humans, such as 1isolation
yield, gratt placement, and immunological aspects of transplantation
f
(Gray and Morris 198/). These studies have achieved great strides a
have brought islet cell transplantation to the brink of clinical trials.
The transplantation df isolated 1islet «cells has been observed to
»

maintain depancreatized dogs insuliq independent and normoglycemic for
prolonged periods (Kneteman et al 1986, Warnock et al 1987). Howdyer,
largely becauseA studies in this area have been so strongly directed
towards immediate clinical application, a full examination of
physiological.impact of 1isolation and transplantation of islet cells,
with inherént denervation, has not been addressed.

The islets of Langerhans play an essential role in the control of
carbohydrate metabolism,. Within the islets are four different
populations of endocrine cells, referred to as A, ~B, D, and F cells
which secrete glucagon, insulin, somatostatin, ahd pancreatic
polypeptide, respectively. Of this group, the A and B cells have

- - —
received the greatest attention because of the well recognized
physiological role played by their secretory products, while the D and F
cells are only beginniné to be understgbd. In spite of.th{s attention,
the contfoi of A ;ﬁd B cell secrefioﬁ} duevto iCS multifacto?ial nature,'

»

is poérly‘undersgood.

P

~
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Theé control of insulin and glucagon secretion can be considered to

be mediated at two levels (Pipeleers 1986). At the level of the
N
individual A or B cell there are well defined responses to changes in

’

metabolite concentrations (Pipeleers et al 1985a, b). These metabolic
. !

stimuli have been refel@ to as "nutrient signals" (Pipeleers 1986) and

the response is mediated by the individual islet cell. The individual

islet cell .is also subject to regulation from outside of the islet cell.

These "neurohormonal signals" are qualitatively‘ different from the

nutrient signals. Wh&&e the nutrient signals stimulate the islet cells,

the response is mediated at the level of the islet. 1In contrast, the

neurohormonal signals can be considered to dictate a response and the -

islet more or less passively complies.

At rest, the nutrient signals are -—generally .considered to be
adequate to control circulating glucose levels (Woods et al 1986).
While the 1islets are quite capable of regulating their secretion to
&aintain euglycemia, they cannot anticipate imminent changes in
substrate concentration and are  not sensitive to glucose flux. The
cephalic phase of the insulin response to feeding occurs before blood
. glucose levels are effected and is thought to play a role in preparation
for‘the absorption of nutrients (Woods et al 1986). During stress
states where an elevated glucose flux is required, the neurohormonal
signals are believed to be important in controlling islet cell secfgtion
inde’gdent of nutrient signals (Halter et al 1984).

Exercise is a physiologic stress state which requires a very' high

glucose flux, approximately three times higher than basal (Wasserman and

Vranic 1986). Because of the high flux, any disparity between the rates

of glucose production and utilization will have a magnified impact on

1=
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blood plucose levels The plucoregulatory  demand is such that  contiol
must be exerted betore blood plucose concentrations change Theaye 15 a
well detined dislet  cell response to exercise which is  genecrally
considered to be achieved thiough neurohormonal control of the  islets

In rats (Luvckx and Letebvre 1974 Harvev et al 1974) dops (Vranic ot
al 1976, Wasserman et al 1984), —and humans (Cochran et 2l 1966 Wahten

y . - N . - . . - N \‘

et al 1971, Bottpen et al 1972) insulin  secretion is inhibited and
L4 . - . .

plucagon secretion is elevated while blood glucgse levels remain
telatively constant The changes in insulin and glucagon secretion have
been prevented by a and f adrenergic blockade, respectively, suggesting
a major role tor the svmpathoadrenal syvstem in mediating these responses

Y

(lLavekx and lLefebvre 19/4, Harvev et al 1974, Galbo et al 1976, Galbo et
al 1977, Simonson et al 1984). Until recently, it was generally
accepted that a decrease in 1insulin secretion and an increase in
glucagon secretion <could only be achieved by adrenergic mechanisms
However. in the past few years a number of neuropeptideg have been
localized to nerve fibers within the islets and have been observed to
inhibit insulin secretion (Dunning et al 1986, Peftersson et al 1986,
1987, Tateémoto et al 1986) . Ihe discovery of a role for neuropeptides
(Ahren et ’al 1986) and the recent re-evaluation of adrenergic
s& imulation (Schuitt and Pipeleers 1986, Ahren ef al 1987a, b) has
forced researchers to reconsider previous theories regarding neural
control of the endocrine pancreas.

: . -

An aspect of experimental islet cell trensplantation which has to
date been overlooked is the impact of transplantation on neurohormonal

control of the islets of Langerhans. To examine th}s issue, this study

examines the endocrine response to exercise in depancreatized islet cell



autopratted dops Stnce this  response occurs  in normal  dogs {n o the

-7
absence ot Latpe  chanpes  in blood  plucose  concentration, it i
anticipated that  exercise mav be  used as a probe ot neutr ohormonal
vepulation  of  the  praft Although reinnervation ot islet cell
awtogratts has been reported (Madureira et al 1989) . it is uncertain

whether the trapggplanted islets would recover their tull phvsiolopic
complement  of  cholinetpic, adrenergic and peptidergic {nnervation
While the exercise induced changes in islet cell secretion are generally
believed to be under- central control and regulated by neurohorwmonal
mechanisms | no studies have speciticallv  addressed this issue It the
islet response to exercise is solely mediated by adrenergic mechanisms,
then the impact ot dgnetvation mav be limited because circulating
epinephrine should be able to substitute for neurally released
norepinephrine However, the effects of splanchnic nerve stimulatien on
islet secretion could not be reproduced by norepinephrine intfusion,
suggesting that there may be a peptidergic role in what was previously
considered tv be an adrenergic phenomenon (Ahren et al 1987a. b).

A second, and perhaps more important, objective of this study is tq
carry out preliminary observations of the capacity of islet «cell
autografted dogs to maintain glucoregulatory control during exercise.
There qp currently a great deal of confusion in the literature regarding
the essentiality of the pancreatic response to exercise for
glucoregulatory control. Several stu¢{25 ‘have observed that a
perturbation in the insulin (Kawamori and Vranic 1977, Felig and Wahren
1979, Issekutz 1980, Martin et al 1981) or glucagon (Issekutz and Vranic

b 4
1980, Wasserman et al 1984) response to exercise results in departures

from euglycemia. However, recent obsFrvations by Cryer and co-workers



(Hoelvzer 1986a, b, Tuttle et al 198/) during exercise in humans strongly
v -
‘/

sugpest that the pancreatic and sympathoadrenal responses to exercise

are redundant . The glucoregulatory responde of the transplanted dogs
will depend not  only upon  the capacity ot the autogratted islets to
tespond correctly to neurohormonal stimuli, but will require a response
from the entire glucoregulatory svstem.

This study will yield important intormation regarding the potential
ot islet cell transplantation to truly "normalize" diabetic recipients.
The capability of islet c¢ell transplant recipients to control
carbohydrate metabolism during stress states may limit the benefits of

' r
the procedure. Islet cell transplantation has the potential to relieve
diabetics of their insulin dependency and prevent the complications
P
associated with «c¢hronic poor control of blood glucose. However, if
these same diabetics are unable to assume normal lifestyles because they
are unable to respond to stress, they may be better off without the
t‘ransplant_ Therefore, the objectdves of this study are to examine not
only the secretory response of long-term autografted islets but, in

addition, the capability of autograft recipientgs to maintain

glucoregulatory control in the face of physiologic stress.



I1 METHODS

ANIMALS

Twelve adult mate  and temale dogs ot varving breeds and  crosses
were studied.  Control dogs  (weight 21.9t0.83 kg, n-6) were obtained
’zippx()ximately one month before the experiment and autogratted dops
(weipht 21 .80 /72 kg, n=6) were examined a winimur of one  year
post-transplant. All dogs were maintained on a diet of meat (360p Dr
Ballard’s) and burger bits (600g Pow R Pac) with the transplants
receiving coated pancreatic enzyme supplements (Cotazym, Organon Corp.)
All dogs were allowed unrestricted light exercise twice daily and water
ad libitum As well, al.l animals were under veterinary supervision
Pancreatic fragments containing islets of Langerhans were isolated and
retluxed into the splenic vein following total pancreatectomy as
detailed previously (Warnock et al 1983). Briefly, pancreatic fragment
isolation was performed through a modification of the Horiguchi and
Merrel (1981) procedure where the pancreas was perfused with collagenase
via the pancreatic duct, minced, mechanically dissociated, and filtered

through a 400 g screen. The resulting pancreatic fragment containing

suspension was refluxed into the superior and inferior terminal polar

splenic veins.

PRE-EXPERIMENTAL PROCEDURES
All dogs' were progressively familiarized with the treadmill
(Quinton Instr.) over a two week period preceding the experiment without

use of noxious stimuli, as indicated in figure la. At the end of the



familiarization period, all dogs were subjected to a progressive
intensity exercise test . moditied ftrom Urdway et al (1983), which was
designed to measure  maximal heart rate responses to  exercise, as
indicated in tigure 1b Heart rate was monitored telemetrically (Fortin
corp) and continuously displayed on a digital cardiotachometer (Quinton
Instr ) and recorded from an ECG trace. Criteria for stopping the test
were no  further increases in  heart rate to increases in exercise
intensity, or alternately, physical inability of the dog to continue.
Twenty-tour hours prior to the experiment, a catheter was plaved
percutaneously in the external jugular vein under halothane anaesthesia.
The catheter was advanced to place the tip near fhe right atrium and the
exposed portion was sheathed in silastic tubing to prevent kinking. The

3

catheter was then heparin locked and the area dressed.

EXPERIMENTAL PROCEDURES )

The experimental protocol adhered to is presented in Flgure 2. All
dogs were fasted for 18 hours p%ior to the experiment. At the
initiation of the experiment, the dead space 1in the catheter was
withdrawn and a saline infusion (.75 ml/min) was initiated after the dog
was placed in the treadmill cage to maintain catheter patency. After a
30 minute pre-exercise period to establish baselines, the dogs were
exercised for 60 minutes at a treadmill speed of 100 m/min on a 12%
grade, and then were aobserved through 30 minutes of recovery. Blood was
sampled at 15 minute intervals during rest, exercise, and recovery.

During sampling, the saline infusion was shunted off and the deadspace

in the line, approximately 4 ml, was drawn and discarded. An 11 ml blood



sample was then drawn, the line flushed with saline (approx. 4.5 wl),

and the saline infusion continued.

Al

BLOOD ANALYSIS

The sampled blood was separated into three tubes and centr i\hxg,v(l
- - - ’ N
immediately. For measurement of catecholamines, 5 wl of blood was

placed in a tube containing EGTA and ggathione. For analysis of
&

. . . e
plasma glucose, lactate, and immunoreactive insulin, 4 ml of blodd was

%

placed.in a heparinized (143 USP wunits) ﬁhbe. For measurement ot

immunoreactive glucagon and c¢-peptide, 2 ml of blood was placed in a
. »

tube containing EDTA (0.05 ml 7.5% sol’'n) and Trasylol (10Q0 KIU).

After centrifugatign the plasma was separated into appropriate tubes for
$ .

storage and placed on ice, with the exception of the <catecholamine

sample which was placed on dry ice wuntil th; completion of the

experiment. Upon completion of the experiment all tubes were stored at

-80°C until analysis. (

Plasma glucose concentrations were measured on a‘Beckman glucose
analyser using the glucose oxidase method. The enzymatic reduction of
NAD by plasma lactate was measured spectrophotomgtrf&ally. Epinephrine
and norepinephrine concentrattons were determined by reverse phase high
performance liquid chromatography (Hjem&ahl et Fl 1979), after alumina
extraction (Arkon and Sayre 1962). Insulin was measured by a double

\
antibody disequilibrium modification to the radioimmunoassay method of
Morgan and Lazarow (1963) with a minimum limit of sensitivity of 1 uU/ml
fcourtesy of R. Gingerich). C-peptide was determined by double ancibody
radioimmunoassay (Polonsky et al 1983) with a minimum limit of

-

sensitivity of 0.05 pmol/ml (courtesy of K. Polonsky). Glucagon was



measured by double antibody radioimmunoassag. Variability on all

hormone assays was approximately 10 percent.

STATISTICAL PROCEDURES
¢

Delta scores were calculated by subtracting the mean of the
baseline period for each dog from observed values. Statistical main -
effects were analysed by repeated measure ANOVA with a Greenhouse-Geiser
adjustment for missing data points. ‘Paired and unpaired T-tests were
used, where appropriate, to determine significance. Correlations were
calculated by Pearson product correlation. The 0.05 level was selected

for statistical significance. All values are expressed as mean t SEM

unless otherwise indicated.



A Day 1. 15 min., 75m/min., VO‘% grade

Day 2. 30 min., 100 m/min., 4% grade
Day 3. 30 min,, 160 m/min., 8% grade
Day 4. :’30 min., 100m/min., 12% grade

Day 5. 45 min., 100m/min., 12% grade
Day 6. 60 min., 100m/min., 12% grade
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Fig. 1

a) Treadmill famiiarization program b} Progressive intensity esercise teo!
Test was stopped when plateau was observed in heart rate response 19
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IITI RESULTS

HEMODYNAMIC RESPONSE TO EXERCISE

The heart rate response to exercise is shown in figure 3. In\ both
control and transplant Idogs_ heart rate was significantly elevated
(p<0.05) from the onset of exercise to 1S5 minutes of recovery. No
significant differences were observed between groups at any time. As

well, there was no significant difference in the maximal exercise
induced heart rates for control (241t8.7) and transplant (?&6;6.7).

The hematocrit response to exercise is shown in figures 4a and b.
Hematocrit was significantly elevated over pre-exercise values at 15,
45, and 60 minutes in controls and 15-60 minutes in transplants. When
expressed as absolute values there were no significant differences
between groups; however, when the data was expressed as delta scores,
the transplants exhibited siénificantly (p<0.05) higher responses than
controls at 30, 45, and 60 minutes. Hematocrit and epinephrine were

significantly correlated in both controls (r=0.66, p<001) and

transplants (r=0.56, p<0.001) (see Fig.5).

ISLET HORMONE RESPONSE TO EXERCISE

The insulin respénse to exercise is displayed in figures 6a and b.
Novsignificant differences were observed between groups or from baseline
in either group during exercise wusing either absolute or delta scores.
As can be obser;ed in figure 6b, the jinsulin response to exercise 1nvthe

two groups was markedly dissimilar, if not statistically significant.

Both controls and transplants exhibited an initial decreaée, significant

A 12 ~



(p<0.05) in transplants in 1insulin levels which was maintained in the
controls, but only transient in transplants where the initial decrease
was followed by an elevation at 30 and 45 min. In recovery, insulin was
significantly (p<0.05) lower  than pre-exercise levels in both control
and transplanted dogs.

Absolute and delta c-peptide responses to exercise are displayed in

figures 7a and b. When expressed as absolute values, controls were
consistently higher than transplants, although no significant
differences were observed between groups. As well, no significant

differences from baseline were observed for controls while transplants
were significantly different from baseline at 30 min of recovery. As
illustrated in figures 6b and.7b, c-peptide and insulin followed similar
trends and significant (p<0.001) correlations were observed in both
control (r=-0.87) and transplanted (r=0.69) dogs (see Fig.S).

Absolute and delta glucagon responses to exercise are displayed in

figures 9a and b. Controls exhibited significantly (p<0.05) elevated

glucagon levels at 30, 45, 60, 75, and 90 minuteé, while transplarts
ékhibitedréignificantly elevated giucagon levels at 45, 60, and 75
minutes. Although mean delta gluca;on levels in transplants were
consistently twofold higher than gontrols, no significant difﬁérences
were observed between groups. In transplénts, glucagon was very
strongly correlated with epinephrine (r=0.81, p<0.001) (see Fig. 10)
andvhematocrit (r=0.77, p<0.001) (see Fig. 11), wﬁile no significant

’

correlations were observed in controls.

PLASMA GLUCOSE RESPONSE TO EXERCISE

Figures 12a and b show the effects of exercise on plasma glucose
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concentration. Plasm glucose fell . significantly (p<0.05) fromJ
j>

pré-exercise levels a the onset of exercise in both control and
transplant dogs. Plasma glucose levels remained significantly depressed
until 30 minutes post-exercise in controls and did not return Jo

baseline in the transplants. As illustrated in figufe 12a, the absolute
plasma glucose levels were very ~similar in control and transplants
during exercise and no significant differences were observed between the
two groups at any time ‘point. WHen the data was expressed as delta
scores, as 1illustrated in figure 12b, transplanted dogs exhibited

consistently lower glucose levels than controls and these differences

were significant (p<0.05) at 15 and 30 min of recovery.

SYMPATHOADRENAL RESPONSE TO EXERCISE

Epinephrine responses to exercise are displayed in figures 13a and

b. Epinephrine was significantly (p<0.05) elevated from baseline 1in.

controls at 30 and 60 minutes and in transplants at 15, 30, and. 60

minutes. Although no significant differences were observed between

———

groups at any time point, mean delta epinephrine in transplanted dogs ¢

"was fivefold greater than controls at 45 and 60 minutes. Norepinephrine
responses to exercise aré illustrated in figures l4a -and b.
Norepinephrine was significantly (p<0.05) elevated in controi§ from 15
" through 60 minutes and 15, 45, and 60 minutes in transplants. No
significant differences were observed between groups at any time péint

with data expressed as absolute or delta scores.

PLASMA LACTATE RESPONSE TO EXERCISE

Lactate responses to exercise are -shown in figures 15a and b.

14



Plasma lactate was significantly elevated from baseline in controls at
«
30 to 75 minutes and in transplants at 45 to 75 minutes. No significant

‘
differences were observed between groups at any time point, although

mean values for transplants were consistently higher than controls.
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IV DISCUSSION y

This study was designed to observe the impact of transplantation of

isolated islets of Langerhans on the glucoregulatcry hormone response to

exercise in depancreatized dogs. It has been previously shown that the
isolated and transplanted islet cells respond adequately, 1if not
optimally, to changes in glucose concentration during oral and

intravenous glucose tolerance tests (Rajotte et al 1984, Warnock et al
1987). However, the capacity of the transplanted islet cells to respond
to neurqhormonal control has not been previously addressed. Because of
the well characterized pancreatic endocrine response which occurs in the
absence of large changes in glucose levels (Cochran et al 1966, Bottger
et al 1972, Vranic et al 1976, Wasserman et al 1984), exercise was
selected as a model where neurohormonal responses could be examined
without the complication of nutrient stimuli.

On most factors examined in this s&ﬁdy, the transplanted dogs
displayed greater variability than the controls. Largely because .of
this variability, statistical significance was rarely achieved between
groups, although the means were apparently quite different. While
hormonal measures are characteristically quite variable, as can be
observed in insulin and c-pgptide in the controls at rest, the
variability in the ccunterregulatory responses in the transplanted dogs
was unusually iarge and it 1is essential that this wvariability be
accounted for. While \the 1islet cell autografted dog has been a
consistently reproducible, almost routine, model in this lab, there is

~

still a considerable sougce of wvariability in the transplaq;gcion
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procedure. The number of 1islets a dog receives is dependent upon the
yield from the islet cell isolation, which is variable between dogs .
This variation in islet cell mass is further compounded by a wvariable
degree of revascularization and function of the grafted islets.
Reinnervation of autografted 1islets has been reported well within the
post-transplant period of the dogs in this study (Madureira et al 1985).
[t is conceivable that the autografts may have become reinnervated in
Y
the dogs observed in this study. However, there is no certainty that
reinnervation, if 1t occurred, approximated the full physiological
| 3
complemenit of cholinergic, adrenergic, and peptidergic innervation. As
well, there is no certainty that all dogs underwent a similar extent or
nature of reinnervation.

We are confident, however, that the variability between dogs was
not a product of differences in exercise capacity. Heart rate responses
to the imposed exercise intensity were consistent between control and

- 8.4
transplants and are consistent with those previously observed for
exercise of this intensity (Ordway et al 1984). As well, the maximal
heart rates observed from the progressive intensity test were also
™
consistent between groups and with the literature. The equality of the
relative intensity of. the imposed exercise is further supported by the
norepinephrine levels, which can be interpreted as an indicator of
hemodynamic stress during exercise (Christensen and Galbo 1983), which
. ‘\
were similar between groups and consistent with the 1literature
‘%

(Wasserman et al 1984).

While not significantly different, due to the large variability,

the insulin and glucagon responses to exercise were qualitatively

different between transplants and controls. The mean glucagon response
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in the transplanted dops, wan  consistently twotold preater than  that
observed in contirols The mean  insulin response was initially  similar
in control and transplanted dogs but midway through the exercise bout
. - N . - . o .
the transplants exhibited an increase in insulin concentration while the
transplants  remained  suppressed These  responses  are undoubtedly
qualitatively different. but  the problems of whyv, these ditterences
occurted and whether theyv had an impact on the glucoregulatory status ot

the transplanted dogs arise

ISLET GELL RESPONSE TO‘ EXERCISE

The elevated glucagon response to exercise in the transplanted dogs
o
an largely be attributed to the effects of epinepprine, A vervy strong
correlation was observed between epinephrine ;;rxd glucagon levels in the
transplants (r=0.81, p<0.001) which was not observed in the controls.
“he glucagon response to exercise has previously been prevented by 4
adrenergic blockade (Lefebvre and Luyckx 1974, Galbo et al 1976, 19]73
Simonson et al 1984) but was not affected by adrenalectomy (Jarholt and
Holst 1979 Hoelzer et al 1986b), suggesting that the response can be
il

mediated through syhpathetic neural mechanisms. A correlatipn Ug?yween
epinephrine and glucagon was not observed 1in the controls, and has not
been cited in the literature, which suggests that the normal pancreas
does not merely respond to the increased adrenergic drive. associated
with exercise, but is under specific central coordination, distinct from
that ggulating epinephrine, in response to an integra;ion of the
glucorégulatory status of the exercising animal. If thi% is indeed the

case, then the autografted islets cannot be considered to be responding

under direct hypothalamic control but, instead, were mere!§ driven by



cireulating epinephrine levels While ‘.(hk“;t‘ results do not support the
case of - phvsiologic  plucoregulation by autopratted islets,  they  do
provide evidence that the transplanted A cells are tunctional  because,
while normal basal plucapon levels have been Ul»sy(‘l\'vd in  depancreaticed
dogs (Dol et al 1976) trom eXtrapancreatl ic sources, it has been observed
that extrapancreatic glm"uy\nn did not respond to exercise (Vranic ot al
1976)

The unexpected insulin response to exercise in the transplanted
dops is  difticult to explain.  The control response to exercise was

basically consistent with previous studies (Vranic et al 1976, Wasserman

et al 1984) . but the basal insulin levels in both control and

transplants were lower than those previouslv observed This mav be due
to ditferences in diet in other labs, or to sampling dittercences between
arterial and venous blood. We are confident in our results as they were
veritied externally (courte'sv ot R Gingerich, Washington University,
St. Louis) and were strongly correlated with «¢-peptide levels in both
control (r=0.87, p<0.001) and transplant (r=0 69, p<0 001) groups If
expressed as percentage change, the control group results are consistent
with the literature, but perhaps because of the low initial values these
changes were not significant.

Insulin secretion has not previously been observed to 1increase
during exercise in dogs. Because the initial insulin response was
similar in both control and transplant dogs and the groups differed
subsequently, it is tempting to suggest .that there may be a two phase
control of insulin secretion where early in exercise insulin levels are

suppressed by a given mechanism, but prolonged suppression is mediated

by a different mechanism. The initial phase of insulin suppression may



be mediated through adrenerpic  mechanisms which can be  interchangeably
diiven by circulating or neural  sources The continued Su\ppx'ossion of
s

insulin secretion may be mvdiutt*d\ by alternate mechanisms, possibly
neuropeptyderygic, of which there are several potential ettectors, such
as  palanin  (Dunning et al 1986 , McDonald et al 1985, 1986) ,
pancreastatin (Tatemoto et al 1986), calcitonin geng,related polypeptide
(Pettersson ¢t al 1986) and neuropeptide Y (Pettersson et al 198/) The
results observed in this study could be explained by such a biphasic
mechanism of insulin suppression Despite denervation and regardless ot
potential reinnervation, the transplanted islets are still subject to
adrenergic stimulation via c¢irculating epinephrine. The inability of
the tragsplan(ed dogs to continue suppression of insulin levels may be
secondary to the loss of peptidergic innervation. Present knowledge
regarding the normal physiology of the peptidergic role in islet
regulation is insufficient to discuss the potential for peptidergic
reinnervation of the autografted islets or peptidergic stimulation
through non-synaptic sources.

[t is unlikely that g adrenergic stimulation (Samols and Weir 1979,
Miller 1981) of the B cells was responsible for the increase in 1insulin

L 4
levels during exercise in the transplanted dogs because of the recent
observations in purified B cells which//indicated that the B cells were
unresponsive to B adrenergic stimulation (Schuitt and Pipeleers 1986).
’
In light of these recent observations it appears that the previously
observed B adrenergic stimulation of B cell secretion may‘have been an
1

artifact of B adrenergic stimulation of the A cells, which resulted in

an increase in glucagon levels which then stimulated insulin secretion.

Similarly, in this study, it is possible that the increase in insulin



levels observed in the transplanted dogs during exercise mav have been
an indirect response to A adrencrgic stimulation of the autogratted A
cells.  However, in the transplanted dogs, iusulin and glucagon were
weakly correlated (v=0.31, p=0 013) and c-peptide and glucagon were not
significantly correlated (p~0.09)

It is also possible that the elevated insulin levels occurred
secondarily to splenic contraction. The normal exercise response {n
dogs includes an a adrenergically mediated splenic contraction, which is
thought to play a role in increasing the oxygen carrying capacity of the
blood through an increase in hematocrit (Longhurst et al 1986) Because
the autograft was placed 1in the spleen, it 1is possible that B cell
secretion did not actually increase, but that insulin was "wrung out" of
the spleen with the red-cells. If this were the case, insulin and
glucagon levels should show a similar response to the nonspecific
effects of splenic contraction because they are originating from the
same islets. However, insulin was weakly correlated with hematocFit
(r=0.35, p=0.005) and no correlation was observed for c-peptide
(p>0.05). It 1is interesting that in the transplanted dogs glucagon
levels were similarly correlated wigh both epinephrine (r-0.81, p<0.001])

and hematocrit (r=0.77, p<0.001).

It is possible that insulin and gluq&éon were not squeezed out of
the spleen upon exercise induced contraction, but that the autografted A
and B cells responded to changes in regional blood flow or secondarily
to metabolic changes in the adjacent splenic tissue coincident with
contracture. If the unusual insulin and glucagon responses observed 1in

the transplanted dogs are the result of local environmental factors, as

opposed to general splenic gcontraction, there is no reason to believe



that these factors might not have different effects on A and B cells.
As well, these effects might result from regional contracture, which
might not be detected in hematocrit changes and and might not affect all
islets in all dogs. Unfortunately, the mechanism underlying the
differential response of insulin and glucagon secretion in transplanted

dogs can only be speculated from this data.

GLUCOREGULATORY RESPONSE TO EXERCISE

It is difficult to state, from the present d;ta, whether the
unusual responses in insulin and glucagon had an effect on
glucoregulatory status during exercise in the transplanted dogs .
Absolute glucose levels fell significantly (p<0.05) in both-tontrol and
transplanted dogs. A general decrease 1in plasma glucose is consistent
with previous observations (Vranic et al 1976, Wasserman et al 1984),
although the fall was not statistically significant in these studies.
The mean data suggests the following scenario, which is consistent with
current literature. In this schema, the elevated insulin response
inhibits hepatic glucose production (Kawamori et al 1977, Felig and
Wahren 1979), which results in hypoglycemic stress which results in an
elevated epinephriné response (Wasserman et al 1984, Wolfe et al 1986)
whicb then stimulates muscle glycogenolysis and lactate production
(Issekutz 1984). As well, the elevated epineprine levels stimulate
greatef glucagon release (Miller 1981, Schuitt and Pipeleers 1986) which
in turn further stimulate 1insulin release and the spiral continues.
While the mean data appears to strongly support'this interpretation, the

raw data does not indicate that the wunusual insulin response is the

primary defect.



While glucose kinetics were not examined in this studv. some
indications of the glucoregulatory status of the transplanted dogs mav
be surmised from other variables. The mean epinephrine response was
markedly higher in the transplants than in controls, although this
difference was not significant, presumably because of the lavge
variability in the transplanted dogs. Epinephrine is considered to
respond to hypoglycemic stress (Christensen and Galbo 1983, Ungar and
PEillips 1983) and has been previously observed to be greatly elevated
in dogs (Wasserman et al i98&) and humans (Wolfe et al 1986) during
hypoglycemic exercise. The high epinephrine levels observed 1in the
transplanted dogs suggest that, as a group, they experienced a degrae of
glucoregulatory distress during exercise. Epinephrine has previously
been observed to increase hepatic glucose production and inhibit glucose
utilization in exercising dogs (Wasserman et al 1984, Issekutz 1989).
[t would then follow that the transplanted dogs experienced difficulty
in matching glucose production to glucose utilization and, in an attempt
to maintain relative normoglycemia, relied wupon an increase in
epinephrine to decrease muscle glucose utilization and increase hepatic
glucose production so that the two processes might be matched. However,
in the transplanted dogs, decreases in glucose were not strongly
correlated with increases in epinephrine as one might expect if
hypoglycemia were the stimulant for the elevated epinephrine. Regarding
this point, a degree of caution must be observed as epinephrine peaks,
with a half life of approximately 30 secopds in circulation, may have
occurred within the 15 minute sampling interval and been missed.

The epinephrine induced decrease in muscle glucose wutilization

during exercise is believed to be achieved in part by a stimulation of



muscle glycogenolysis (Issekutz et al 1978, 1984). The increase in
muscle glycogenolysis is believed to decrease muscle glucose
utillization, not only by providing an alternate metabolic substrate to
plasma glucose, but also by increasing the intracellular pool of
glucose-6-phosphate, which is believed to strongly inhibit hexokinase
and consequently decrease muscle uptake of blood glucose (Issekutz
1980). It has previously been observed that epinephrine causes an
increase in lactate production from muscle glycogen during exercise in
dogs (Issekutz 1984). This is in agreement with the consistently higher
plasma lactate levels observed in the transplanted dogs. Plasma lactate
and epinephrine levels were correlatéd to a \similar extent in control
and transplanted dogs. Although not «conclusive in 1isolation, the
elevated mean plasma lactate in the transplanted dogs, relative to
controls, provides additional support for the interpretation from the
epinephrine observations t(hat the transplanted dogs, as a group,
experienced a degree of hypoglycemic distress during exercise. However,
also in keeping with the epinephrine observations, lactate levels in the
transplanted dogs were weakly correlated with plasma glucose
concentrations (p>0.05). Caution 1in interpreting this statistical
oBserva;ion is warranted because there is a delay between adrenergic

stimulation, metabolic production of lactate and its appearance in the

blood.

It is extremely difficult from the present data to conclude whether
the the unusual responses in insulin and glucagon had an impact‘on the
glucoregulatory status of the transplanted dogs. It is doubtful that

elevated insulin secretion in the transplants caused an inhibition of

hepatic glucose production triggering a ,compensatory epinephrine



response, because there was no correlation between insulin and

epinephrine levels. Similarly, it is possible that the elévated glucagon

levels might also have been without effect. Preséntly there s
considerable confusion regarding the importance of the pancreatic
response to exercise. Supporting a central role for insulin and
glucagon in the glucoregulatory response to exercise are the

»

observations that hyperinsulinemia, through inhibition of hepatic

glucose production (Kawamori and Vranic 1977, Felig and Wahren 1979,
Wolfe et al 19&6), and hypoinsulinemia, through overstimulated hepatic
glucose production (Issekutz 1980), both have an impact on glucose
kinetics and result 1in departures from normoglycemia. Similarly,
hypoglucagonemia during exercise has been observed to markedly decrease
hepatic glucose production and result in hypoglycemia (Issekutz and
Vranic 1980, Wasserman et al 1984). However, the recent’ studies from
Cryer and co-workers in humans, where the glucoregulatory response to

exercise was examined duri maintenance of fixed insulin and glucagon

levels and/or combined a and g adrenergic blockade, strongly suggested

that the pancreatic an sympathoadrenal responses were redundant

(Hoelzer et al 1986a, b, Luttle et al 1987). It is possible that there

may be species specific differe s in the nature of the glucoregulatory

~

response to exercise whi not yet been elucidated.

While‘po firm conclusions can be stated without glucqse kinetics
data, it appears, from the raw data, that within the transplanted group
there was a range of glucoregulatory sensitivity, whefeby some dogs were
sensitive to  the relatively mild Thypoglycemia and responded

appropriately, while other dogs were apparently insensitive to their

glucoregulatory distress. Although the islet cell autografted dogs are
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consistently normoglycemic at rest, they also consistently exhibit
poorer glucose tolerance than normal dogs (Warnock et al 1983, Rajotte
et al 1984, Warnock et al 198/). The dimin&fhed glucose tolerance has
been attributed to a number of tactors including decreased islet cell
mass, thel ectopic location of the islets, and to islet denervation
(Sutherland et al 1984). The insufficient glucose conttol in the
transplanted dogs may wunderlie the delayed return to normoglycemia
observed after exercise. Such a deterioration of glucoregulatory
control would not be inconsistent with a prolonged period of diminished,
though adequate, control of blood glucose levels.

The primary defect in the transplanted dogs which underlies the
unusual metabolic response to exercise appears to be related to the
diminished glucose tolerance, which may be a symptom of a larger
problem. Homeostatic control of any physiological process requires the
following three basic features. There must be an efferent mechanism by
which control can be exerted over the process in question. There must
also be an afferent mechanism so that the efferent activity may be
graded in relation to requirement. Finally, there must be an
integrative centre where the afferent and efferent mechanisms are
coordinated. It is possible that changes in glucoregulatory capaci®y of
the transplantéd islets, relative to an intact pancreas, result in a
loss in efferent potency, which may in turn limit glucose toierance in
autografted dogs. Over an extended period, the decrement in glucose
toleraﬁce may effect the ;fferent pathways (central and peripheral
glucoreceptors) which may in turn effect the integrative center

(ventromedial and ventrolateral regions of the hypothalamus) so that the

homeostatic capabilities of the system are muted. ‘'Variance between dogs



may be related to the degreé or n?éhre of central glucoregulatory
changes. It is quite possible that two or mbre sub-populations mav bhe
represented within the group of autografted dogs examined iy this study
which could not be identified because of the size of the present sample

Although the preliminary nature of this study precludes strong,
conclusions, the major contribution to the present body of knowledge is
as a guide for further research. It appears that the 1isolated and
autografted islets of Langerhans are no longer under direct central
control. Whether this had a direct impact on glucose kinetics during
exercise in the transplanted dogs 1is uncertain from this study. While
the transplanted dogs maintained plasma glucose at similar absolute
levels to control dogs, they displayed wunusual and variabbe
conterregulat%ry responses which did not correlate wifh observable

hypoglycemic distress suggesting that they may have undergone a

fundamental glucoregulatory change post-transplant. /

It is important to emphasize that these observations should not be
interpreted to suggest that islet cell transplantation should be
discarded as a therapy. As with any medical treatment there are side
effects which must be examined in light of the benefit of the treatment.
The potential of islet cell transplantation for improving and
lengthening the lives of insulin dependent diabetics 1is so great that
active research should continue. The value of studies such as this,

lies in the attainment of greater knowledge about the physiological

—_ -

implications of islet cell transplantation so that potential reciplents
may make a more infdrmed decision. As well with greater understanding
of the side effects associated with islet cell transplantation steps may

be taken to avoid or minimize them.



V  SUMMARY AND RECOMMENDATIONS

This study was designed to examine two closely related but distinct
questions. Firstly, whether autografted islets of Langerhans could
respond to neurohormonal stimuli. Secondly, whether depancreatized dogs

who were rendered normoglycemic by islet cell transplantation could

maintain normoglycemia during exercise. In this study, physiologic, it
not statistical, differences were observed between autografted and
control dogs on both counts. These differences raise important

questions regarding the potential for islet cell transplantation to

truly "normalize" diabetic recibients.

ISLET HORMONBv

The mean glucagon response to exercise in the transplanted dogs was
markedly greater than that observed in controls. The elevated glucagon
response in the transplanted dogs may have been the result of a
functional deficit related to islet cell isolation or to environmental
factors related to transplahtacion. More specifically, the strong
statistical correlation observed between glucagon and epinephrine in the
transplanted dogs, suggests that central control of glucagon secretion
was disrupted. This disruption may have been the result of denervation
inherent to islet cell isolation, or it may have been due to a decrement
in central glucoregulatory\ capacity secondary to prolonged sluggish
control of plasma glucose levels. Alternatively, the élevated glucagon
response may have been the result of transplanting the islet cells to
the spleen. Splenic contraction, characteristic of the normal canine

hemodynamic response to exercise, may have "wrung" glucagon out of the
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spleen with the red blood cells. It is also possible that envivoumental
changes within the spleen, secondary to contracture, may have had a
stimulatory effect upon the transplanted A cells.

The mean insulin response to exercise was initially similar in
coutrol and transplant dogs but, while the transplanted dogs exhibited a
sustained suppression of insulin levels, the transplanted dogs exhibited
an increase in insulin secretion over basal levels. This increase In
insulin secretion, which has not been previously observed, differs
qualitatively from the elevated glucagon respénse in the transplanted
dogs . While the mean glucagon response was merely excessive in
magnitude, the mean insulin response was opposite in direction, relative
to control dogs.

There are several explanations for the unusual insulin response in
the transplanted dogs. As with the glucagon response, they may have
been the product of islet isolation or of environmental factors related
to transplantation. The denervation inherent to 1islet isolation may
have disrupted direct central control of 1insulin secretion. It is
possible that there is a role for both adrenergic and peptidergic
mechanisms in the exercise induced inhibition of B cell secretion.
While the autografted B cells continue to be subject to adrenergic
stimuli through circulating epinephrine, despite the loss of neurally

released norepinephrine with denervation, they are probably no longer
subject to neuropeptidergic regulation. This deficit of peptidergic
stimuli may explain the mid-exercise surge 1in insulin secretion.
Alternatively, the increased insulin secretion in the transplanted dogs

may have been due to placement of the isolated islets in\the spleen.

Similarly tg glucagon, insulin may have been "wrung" out~of the spleen



upon contraction or theiR cells may have been effected by environmental
, AN
changes within the spleen, secondary to contracture. As well, the
\\ )
insulin response may have been the result of stimulation of the B cells
by the elevated glucagon levels.

There are several experimental approaches which could be used to
further investigate the observed phenomena. The effects of denervation
on the islet hormone response to exercise could be further explored in a
denervated pancreas model. As a surgical proce8ure, selective
denervation of the pancreas would not differ greatly from the methods
currently used to harvest a pancreas' for islet cell isolation. Because

N
the pancreatic innervation arrives with the \vesculature, denervation
could be accomplished by cutting the minor vessels and removing the
nerve containing adventitia from the major vessels by a combination of
dissection and ethanol painting (Kline et al 1980). Penervation could

be confirmed by the absence of cephalic phases in insuliﬁ and pancreatic

A »

polypeptide responses to oral glucose. B \
N3
To examine the role of splenic contractioﬁ\ in the present
N -
observations, an alternate transplantation site  could be used.

Potential sites include the liver and kidney capsule. While tﬁb liver
has not previously been a successful site because of portai hypeftension
subsequent to transplantation (Miller et al 1983), there is optimiém
that recent advances *in islet cell 1isolation, which have resulted in a
greater purity of yield, may make it possible to avoid this SKOblem.
The kidney could also be used as a transplantation site, but bfcause
insulin would be secreted into peripheral, as opposed to the physiologic

portal circulation, "~glucoregulatory implications might complicate

observations.
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GLUCOREGULATORY RESPONSES  TO EXERCISE

The autografted dogs displayed physiologic, if not statistical,
differences in plasma glucose, epinephrine and lactate respon;es
relative to controls. Without glucose kinetics data che primg{?(’defecc
cannot be conclusively identified from these studies. fé;wever, the

. s
present data suggest that a diffuse glucoregulacor;‘ sluggishness,
characteristic of the transplanted dogs, which resulted in a range of
glucoregulatory sensitivity may have been a central factor.

To propeqlx&téxamine this issue several experimental approaches
could be pursued. The present study should be replicated with measures
of hepatic glucose production and metabolic clearance of glucdse. Aside
from the obyious requirement for these measures, there would be a second
benefit by increasing the sample size whereby the variance in the
transplanted group might be clarifiéd. Sub-populations within the
group, if they exist, might be identified with a greater sample size.

A second aﬁproach to studying the apparent glucoregulatory probiems
in the transplanted dogs is to dispense with the exercise model and
design experiménts to specifically address this 1issue. One of many
appropriate approaches would be to..study recovery from hypoglycemia in
resting dogs, a counterreguiatéry response  which involves ‘both
pancreatic and sympatboadrenal mechanisms. Cryer and co-workers
(Clarke et al 1979, Gerich et al 1979) have- previogsly addressed
counterregulatory responses to insulin-induced hyp;glycemig in humans.
The basic procedures involved would not be unlike those pre;ently used
in this 1lab for intravenous glﬁcose tolerance tests, with the only

difference being infusing insulin (0.05 U/kg) 1instead of glucose.

Optimally, glucose kinetics should be measured during this experiment

YA



but it 15 not imperative A yood approach might  be to commence

depalat program where  the transplanted  dogs ate subjected to
. -

hypoglveemic recovery™ test  on  a  similar  interval to oral  plucose

tolerance testing. If this were done. a post operative protile ot the

rlucoregulatory capacity ot the transplanted dogs could be tollowed [o

supplement this, a tull examination ot the glucose kinetic response to

hyvpoglycemia could be pertormed on a smaller number ot dogs
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APPENDIX 1

REVIEW OF LITERATURE

A. ACUTE HORMONAL GLUCOREGULATORS

The regulation of blood glucose concentration within narrow limits
receives a very high priority. At rest brain glucose consumption
accounts for approximately one half of the postabsorptive hepatic
glucose production (Huang et al 1980). . Because neural function is
impaired when blood glucose falls below 40 mg/dl (Sokal et al 1964), it
is essential that hypoglycemia be prevented. 1f blooé giﬁcose levels
are chronically elevated, it may lead to the complications associated
with poorly controlled diabetes (Rossini 1976).

Blood glucose concentration is controlled at several levels but is
considered to be coordinated by the ventromedial and ventrolateral
regions of the hypothalamus (Frohman 1983, Oomura and Yoshimatsu 1984,
Woods et al 1986). The control of blood glucose concentration can be
considered to be a balance Between glucose utilization and glucose
appearance or production. Because of the intermittent nature of
feeding, it is essential that there bg‘a steady source of glucose to
replenish blood glucose as it is depleted. The liver is responsible for
glucose production throﬁgﬁ both glycogenolysis or ‘1uc6heogenesis. To
maintain normoglycemia, it 1is essential that th; progesses of glucose
production be matched to glucose utilization. ’ n practice, the
challenge to the glucoregulatory system is to match 'glucose production,

. \ .
which is quite variable, to glucose utilization, which is in essence a
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product of metabolic demand and is determined by the activity of the-

periphery.

There are three major regulators, insulin, glucagon, and the
sympathoadrenal system, which play a role in acute control of blood
glucose metabolism. Insulin, which 1is released by the B cells of the
pancreas, increases glucose utilization and decreases glucose
production. Glucagon, which is released by the A-cells of the pancreas,
exerts its effects primarily on the liver by stimulating glucose
production. The sympathoadrenal system (SAS), comprised of the
sympathetic nervous system (SNS) and the adrenal medulla, is capable of
increasing glucose production and decreasing glucose utilization.
During post-absorptive resting conditions, insulin and glucagon are the
primary glucoregulators and are coordinated through feedback confrol
from blood glucose concentration while the SAS plays an undefined role
in supplementing glucagon. Other hormones which have effects on glucose
metabolism, such as cortisol, growth hormoﬂe, angioteksin etc.; are not

considered in this review because their effects are' exerted over an

extended period and are not as potent (Woods et al 1986)"

Insulin

Insulin is a polypeptide hormone produced by the B cells\of the
islets of Langerhans\ of the pancreas. , The mature insulin molecule
consists of two polypeptide chains, referred to asAthe A and B chains,
which are attached by a pair of disulfide bridges. These two chains

arise from a single polypeptide through the post-translationa1 removal
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ot 0 peptide trom the centre This removed peptide 1s  secreted  in

cquimolar amount: with matre insulin and is referrved to as  conmecting

or ¢ peptide Because ot this  equimolar release . ¢ peptide has  been
used as  an indicator ot insulin secretion (Polonsky et al  14986)
Insulin has a halft lite in circulation ot approximatelv 5 minutes In

the dopg, both the liver and kidney extract approximately 50% ot the
insulin which passes through these tissues and individually they c¢lear
@
avproximatelv 92% and 2/2 ot the total insulin secreted-by the B cells
(Polonsky et 1983a) Because insulin clearance by both the 11vei’ and
kidnev was obser¥ed to he saturable at high insalin concentrations. it
has been sugg(-sto‘d that a receptor dependent mechanism 1is {nvolved
C-peptide in the dog is clear'e'ost entirely by the kidnev and has a
halt“lite of approximately 5 minutes (l%lonsky et al 1983b) Human
c-peptide has a considerably 1o’ngEY ‘clearance time ot approximately 30
minutes (Faber et al 19/9), which has been attributed to the tact that
human ¢-peptide is vonsiderably\ larger, 33 residues, than dog c-peptide,
‘?3 residues (Polonsky et al 1986).

Insulin has been referred to as a hormone of abundance because its
secretion rises when there 1is an excess of circulating metabolic
substrates. Insulin’s actions are directed towards reducing th; level
of these substrates back to post-absorptive levels and faciliééting
their storage. More specificélly, insulin stimulates the cellular
uptake of glucose, free fatty acids and amino acids frém the blood.
Once these substrates are taken up, insulin facilitates the{r storage by

¥

enhancing the synthesis of glycogen, triglycerides, and protein.

Insulin exerts its effects by suppressidg the formation of cyclic AMP.
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Insulin is nnigue, with respect (o its ettects tn glucose untake and o

*
deticiency rvesults in diabetes mellitus

Insulin seeretion is regulated by the integration of nutiient  and
4
nearo-hormonal sipnals (Pipeleers 1986 198/) The nutrvient signal s

mediated locally at the level of the B cell while the neuro hormonal
signal constitutes a distal control mechanism Increases in circulating,
levels of  glucose o1 amino acids will cause  an increase in  insulin
secretion The islet cell response to circulating substrates is
believed to be adequate to control plasma glucose levels at rest
The integration ot neuro-hormonal mechanisms in rvgulut/ion ot B
cell secretion is onlv beginning to be understood but a variety of
hormones and neurotransmitters have been identified ‘t o have eftects on
the B cell Hormonally, the other pancreatic hormones have an etfect on
insulin secretion and are believed to play a role in paracrine
regulation of insulin secretion, although this has yet to be proven
(Samols et al 1986) Increases in glucagon and somatostatin will elicit
increases and decreases, respectively, in the rate of insulin secretion
(Pipeleers et al 1985). Epinephrine causes a decrease 1in insulin
secretion (Pipeleers 1985, 1986) which is believed to underlie stress
hyperglycemia (Halter et al 1984).
Electrical stimulation of the vagus nerve, which is the source of
parasympathetié innervation to the islets, causes an increase in insulin
secretion (Woods and Porte 1974, Miller 1981, Ahren et al 1986).
Parasympathetic stimulation of the islets is thought to play a role in
L

digestive and absorptive periods. The parasympathetic neurotransmitter,
>

acetylcholine, is believed to exert its aétion directly on the B cell

because the effects of vagal stimulation could be obviated by atropine,

\Q .
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a muscarinic receptor blocker, (Ahren and Taborsky 1986) and replicated
by acetylcholine infusion (Iverson 1973)

Electrical stimulation of the splanchnic nerve, the main route of
sympathetic innervation to the islets, has been observed to inhibit
insulin secretion (Woods and Porte 1974, Miller 1981, Ahren et al 1986)
Through the use ot specific adrenergic blockade in the isolated perfused
pancreas, it was concluded that insulin secretion was inhibited by an a,
mechanism, while B, stimulation was capable of ephancing insulin
secretlon (Samols and Weir 19/79) Until recently this double receptor
adrenergic control of insulin secretion was accepted (Miller 1981, Smith
and Davis 1983), however, this concept has been challenge}i Ahren et al
(1987) were unable to replicate the inhibition of insulin secretion
observed during splanchnic nérve stimulation by intusing norepinephrine
and concluded that splanchnic nerve stimulation might act through the
release ot neuropeptides and might not be adrenergically mediated.
Schuitt and Pipeleers (1986) investigated the effects of selective
adrenergic agonists and antagonists in pure B cells and observed that
insulin secretion was inhibited by a, receptor stimulation, and that 8
stimulation had no effect on insulin secretion which suggests that the
previously observed elevation of insulin secretion might have been an
indirect effect mediated via 8 adrenergic induced glucagon secretion.

Recently a new class of neurotransmitters has bagn discovered which
is reshaping classical autonomic neurophysiology. It now appears that
in addition to sympathetic and parasympathetic nervous systems, there is
third type of autonomic innervation referred to as peptidergic. Several

neuropeptides have been identified within nerve fibers in the islets of

Langerhans and have been demonstrated to effect insulin secretion (Ahren



et al 1986) Among these .  vasoactive intestinal peptide (VIP) (Bishop
et al 1980) , cholecvstokinin  (CCK) (Rehteld et al 1980, and
gastrin-releasing polypeptide (CGRP) (Moghimzadeh et al 1983) have been
observed to increase insulin secretion Galanin (McDonald et al 1984,
Dunning et al 1986), pancreastatin (Tatemoto et al 1986) . neuropept fde X
(NFY) (Pettersson et al 198/), and calcitonin gene related polypeptide
(CGRP) (Pettersson et al 1986) have all been observed to inhibit insulin
secretion. Of this group galanin bears further mention as it has been
suggested to have a potency equivalent to somatostatin (Dunning «t al
1986) and has been observed to cause hyperglycemia in dogs (McbDonald et
al 1986,-1987) and man (Bauer et al 1986). It should be noted that,
while this list only includes neuropeptides which presently have been
localized to the pancreas and have déﬁonstrated effects, it cannot be
considered to be final as there are neuropeptides being discovered with

increasing frequency and it is only a matter of time betore additional
~

insulin regulatory neuropeptides are identified.

Glucagon

Glucagon is a 29 residue polypeptide hormone synthesized and

secreted principally by the A cells of the 1islets of Langerhans.

Glucagon is also secreted by A cells found in the fundus of the stomach

(Orci et al 1983). There is /a family of peptides secreted in the
gastro-intestinal tract whi bear a strong immunologic similarity tc
glucagon and are referred to as enteroglucagons (Holst 1983). These

enteroglucagons are secreted by L cells in the small intestine and



include glicentin: oxyntomodulin, and glucagon related peptide.
Recently it was observed that glucagon and the enteroglucagons are coded
for on the same gene and are translated from identical RNA, but the
di%feroncos occur during post-translational modification (Mojsov et al
1986) .

In the dog, glucagon has a half life of about five minutes and 1is
principally cleared by the liver and the kidney (Jaspan et al 1981).
The liver extracts about 251 of the glucagon passing through it or 28%
ot the total glucagon secreted, while the kidney extracts about 43% of
the glucagon it sees or about 28% of the total glucagon secreted
(Polonsky et al 1983a). In both the liver and kidney the clearance of
glucagon was not saturable at high concentrations and was therefore
suggested to be at least partially receptor independent. Recently it
was observed that the liver is capable of rapidly }rimming off three
amino terminal residues, which are suggested to be essential for
biological activity (Hagopian and Tager 1987). It was proposed tpat
this metabolized glucagon might not be distinguished from. native
glucagon by immunoassay techniques and that the actual amount of
glucagon cleared by the liver may as high as 42X, a level similar to
that for hepatic insulin clearance.

Glucagon's effects appéar to be limited to the liver and are in
direct opposition. to those "pf insulin. Glucagon stimulates
glycogenolysis (Hems and Whitton 1980) and gluconeqgenesis
(Klaus-FriedmaA.1984) through a cyclic AMP dependent gechanism, causing
an increase in glucose production. The effects of extrapancreatic

glucagon and enteroglucagons appear normally to be limited to the

gastrointestinal tract, although, following total pancreatectomy, normal
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circulating glucagon 'evels (Vranic et al 1976, Holst et 41 1983b) with
identical biological potency (Doi et al 1979) of pancreatic glucagon
have been observed due to secretion of glucagon from the A cells of the
stomach .

Glucagon secretion is subject to the same two signal regulation as
insulin secretion (Pipeleers 1986). The extrapancreatic glucagon and
enteroglucagons appear to be regulated through digestive stimuli and
there is 1little apparent innervation or response to circulating
epinephrine (lLeftebvre and Luyckx 1983) Locally, a drop in blood glucose
or an increase in circulating amino acids, especially argtnine, alanine,
or glutamine, will cause an increase 1in pancreatic glucagon secretion
(Pipeleers et al 1989).

As with the B <cell, present understanding of neuro-hormonal
regulation of A cells is limited. Both insulin and somatostatin are
capable ;f inhibiting glucagon secretion and have been suggested to
participate inaracrine regulation of glucagon secretion (Samols et‘ al
1986). Because blood circulating through the 1islets of Langerhans

encounters the B cells before reaching the A cells (Bonner-Weir and Orci

1982), the insulin induced inhibition of glucagon secretion has been

suggested to play a strong role in modulating glucagon secretion..

Furthermore, the withdrawl of this insulin induced inhibition, as occurs
in diabetes, has been suggested to underlie diabetic hyperglucagonemia
(Unger and Orci 1983). Exogenous somatostatin has been considered as a
pharmacological method of reducing the diabetic hyp;rglﬁcagonemia
£
(Luyckx 1983). Epinephrine has ‘been observed to increase glucagon

secretion and has been suggested to play a role in mediating stress

‘ hyperglycemia (Halter et al 1984).
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Vagus nerve stimulation has been observed to increase glucagon
secretion (Woods and Porte 1974, Miller 1981, Palmer and Porte 1983,
Ahren et al 1986). Contrary to earlier observations (Iverson 1973),
Ahren and Taborsky (1986) were wunable to inhibit the vagally induced
increase in glucagon secretion with atropine but were able to completely
inhibit it with hexamethonium, a ganglionic blocker. These results
suggested that the A cells responded to neuropeptides released through
vagal stimulation of intra-pancreatic ganélia_

Electrical stimulation of the splanchnic nerve has been observed to
increase glucagon secretion (Woods and Porte 19741 Miller 1981, Palmer
and Porte 1983, Ahren et al 1986). Through the use of receptor specific
adrenergic agonists and antagonists, it was observed that both a, and B,
stimulation resulted in increases of glucagon secretion (Samols and Weir
1979). As with adrenergic regulation of the B cell, this was undisputed
until quite recently when Ahren et al (1987) found that norepinephrine
infused into the 1isolated perfused canine pancreas only partially
reproduced the effects on-glucagon secretion that were observed with
splanchnic nerve stimulation. They concluded that the remainder was
;robably due to neuropeptides. When Pipeleers and Schuitt (1986)
examined the response of pure A cells to ‘selective adrenergic
stimula@ion, they observed that f, stimulation caused an increase in
glucagog‘sécretion and that a, stimulation had no effect. These

2

observations suggest that the increased secretion of glucagon after a,

stimulation is an indirect effect resulting from the reduced inhibitory

influence of insulin.

As with insulin secretion, there are a number of neuropeptides

which have.been observed to influence the A cell (Ahren et al 1986).
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Among these VIP (Bishop et al 1980), CCK (Rehfeld et al 1980). and CRP

(Mohgimzadeh et al 1983) elevate glucagon secretion coincident with

their stimulatory effect on insulin secretion suggesting a
parasympathetic nature to their action. As yet there have been no
demonstrated effects of NPY and CGRP on glucagon secretion. Galanin has

been observed to increase glucagon levels in the pancreatic vein but
this increase was only subtly observable arterially (Dunning et al
1986) However, other groups have concluded that galanin does not cxert
an effect on glucagon ,sécretion (Bauer et. al 1986, Manabe et al 1986,

Mcdonald et al 1986). . P

P

The Sympathoadrenal System

/

Together the sympathetic nervous system (SNS) and the adrenal

medulla copprise ® the sympathoadrenal system (SAS). These components
must be considered together because their effects are exerted by
interaction with a and/or S adrenergic receptors on target cells. Both
norepinephrine, released synaptically from the SNS, and epinephrine,
released into circulation from the agrenal medulla, are capable of

.

stimulating a and 8 receptgfs and thereby eliciting identical effects.
The specificity of origin exists because the enzyme wﬁich converts
norepinephrine to epinephrine 1is found only in the adrenal medulla
(Ungar 1983). The catecholamiges have a vefy brief lifetimé in
circulation, approximately 20 seconds (Callingham and Barrand 1979). Of

the norepinephrine released by a sympathetic nerve terminal, the

majority will be re-uptaken by the neuron, and the remainder inactivated

} A .
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on the post-synaptic membrane, or will diffuse out of the synaptic cleft
into circulation. Once in the circulation, norepinephrine can be cleared
by the liver and excreted in the bile or cleared by the kidney and
secreted in the urine. The clearance of epinephrine occurs through
similar mechanisms but is not subject to re-uptake an& probably does not
encounter the same degree of enzymatic inactivation, legving clearance
by the kidney avd liver as the major route of catabolism.

Epinephrine and norepinephrine both stimulate a and § adrenergic
receptors. Because a and f adrenoreceptors elicit a wide raﬂge of
responses throughout the body, for the purposes of this review only
those pertinent to glucoregulation will be discussed. At the liver both
a and g stimulation appear to be potent in causing an increase in
glycogenolysis and gluconeogenesis (Hems and théton 1980) . B
stimulation is thought to evoke these responses by the same cAMP

)
dependent pathways as glucagon (Exton et al 1979) but the mechanism of

[y

action of a stimulation is not well understood. At the muscle, acting

entirely through g adrenergic mechanisms, sympathetic stimulation causes

a decrease in glucose uptake, and an increase in glycogenolysis, lactate
pr;}uction and f-oxidation of fats (Issekutz 1980b, Woods et al 1986).
In adipgse tissue, also acting through B adrenoreceptors, stiﬁulation
results in an increase 1in lipolysis which elevates {ﬁ:rculating free
fatty acidnlevels (Woods et al 1986). In the‘ pancreas a adrenergic

stimulation has been observed to cause a decrease in 1insulin and

§bmatostatin and an increase in glucagon secretion, while 8 adrenergic

stimulation has” been observed to result in an incredse in the secretion

of all three hormones (Samols and Weir 1979, Miller «t al 1981). 1t is

important to note that, although epinephrine and/norepinephrine are both
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capable of eliciting any of the above responses, the SNS can

specifically stimulate a discrete response whereas epinephrine elicits a

general response. During exercise., epinephrine is generally secreted
in response to glycemic and hypoxic stress while norepinephrine
secretion is more closely correlated with hemodynamic parameters, such

as control of heart rate and control of peripheral circulation through
vasoconstriction (Galbo et al 19813) . The secretion of both
norepinephrine and epinephrine is apparently under direct CNS control.
This is, of course, obvious for norepinephrine, as it is the peripheral
mechanism for expressing activity of the gympachetic nervous system.
Similarly, epinephrine secretion from the adrenal medulla does nof
respond to local factors but appears instead to be under hypothalamic

qégcrol (Ungar and Phillips 1983, Axelrod and Resine 1984).
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?. INTEGRATION OF GLUCOREGULATORY CONTROL MECHANISMS DURING EXERCISE

Exercise provides a unique challenge to the glucoregulatory system.
It has been observed that the rate of glucose wutilization by the
musculature increases 3 fold during exercise in dogs (Vranic et al 19/6)
and humans (Wahren et al 1971). The remarkable aspect to
glucoregulation during exercise 1is that this 1increase in glucose
utilization is precisely temporally matched by an equal increase in
glucose.production by the liver. The net effect is that the flux of
glucose from liver to muscle triples, but circulating glucose
concentration remains relatively constant. During exercise, because of
the increasedkglucose flux, it is essential that the glucose production
must not be exceeded by glucose utilization because hypoglycemia would
occur very quickly. The exact mechanism by which glucose production and
utilization are so tightly coupled remains a mystery but the roles of
the acute glucoregulators have been investigated. Sympathoadrenal
activity and the secretion of insulin and glucagon all undergo changes
durigg exerciTe but it 1is noteworthy that the capacity of these
regulators to exert fine gsntrol in coupling glucose production and
utilization ?as been questioned (Newsholme 1979). However, a well
characterized response to exercise is observed and, if perturbed, may
effect glucose kinetics. The general theory for their action during
exercise is that a drop in. insulin sensitizes the liver to the
diabetogenic actions of glucagon and the SA$, and peripheral 8
adrenergic stimulation promotes glycogenolysis in muscle, suppresses

muscle glucose uptake, and mobilizes free fatty acids as an alternate
. A

substrate. While there are few who would dispute this basic mechanism,

v
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there is confusion concerning precise roles played and their integration

especially regarding the apparent redundancy of the SAS and pancreatic

.S S —
. .

responses at the liver and, as such, the research in this area will be

considered in some detail. This review of acute glucoregulation during

exercise will attempt to discuss the essentiality of the various

responses.

Experimental Approaches to Exercise Glucoregulation

)

To 1investigate the integration of the three major acute
glucoregulatorg, insulin, glucagon, and the SAS, the obvious approach is
to manipulate the components individually. There are three major
problems encountered in the study of this response. \Firstly, as will be
discussed in more detail later, the SAS effects the secretion of the
pancreatic hormones and insulin and glucagon influence each other’s
secre{;on. hese are direct effects and may be difficult to discern
from indirect effects mediated through changes in blood glucose, which
is a powerful modula;or of all three regulators. The result is that it
is very difficult to perturb the normal responses and retrieve
meaningful 1nfo$tion about the integration of the system. Another
problem stems from the fact that the biological actions of these three
major glucoregulators overlap in some cases and are directly
antagonistic in others, so that even if é specific perturbation were
achieved it is still difficult to Iinterpret. Finally, because thé

glucoregulatory response to exercise involves the coordination of ‘

central and peripheral factors, an in vivo model is required. There are

|
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a multitude of problems associated with investigating whole body
responses which make interpretation of observations difficult.

Most of the research has been carried out in three models. While
rats are economical and fairly well characterized, because of a low
blood volume and difficulty in drawing blood, researchers have largely
been limited to a pre- post experimental design. The rat has proved to
be a good modzl for examining the extent of glycogenolysis, in both
liver and muscle which are more difficult to examine in larger
organisms. Humans have understandably received considerable attention,
but there are several problems associated with this model. Although
blood is accessible to. serial sampling, due to ethical constraints it
must be obtained péripherally. The same limitations concern infusion of
drugs and there is evidence which indicates that the route of delivery
with respect to the liver plays an important role in determining the
effect of these agents. The dog 1is an excellent model for examining
glucoregulatory integration, as it 1is large enough for serial blood
sampling and is not squect to ' the same ethical constraints as humans.

’

This has allowed acute surgical intervention, including pancreatectomy,

adrenalectomy, catheterization of the hepatic portal vein and artery. -

An additional advantage of the dog model over humans is that it is much

easier to control for external factors, such as diet, training, and

cooperation. A lhbgree of caution is warranted when comparing
%b§grvations obtained from different species, as the research in this

area has not yet reached the point where any animal model can truly be

——eonsidered well characterized. ' 3 — .

The study of glucoregulation has been greatly facilitated by the

~

development of several experimental techniques. A primary requirement
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for the study of glucoregulation was a method to observe glucose

production and utilization. Two general approaches have been used to
measure these processes: The simplest and most direct method is to
measure arterial-venous differences across the liver or muscle. A

second and more powerful me#hod is the use of radioactive tracers to

study substrate kinetics (Hetenyi et al 1983, Wasserman and Vranic

1986) . Briefly, this technique involves infusing a radiolabeled

substrate at a known rate and measuring the specific activity of sampled
- - : : {l‘

blood. By expressing the measured radiocactivity in difvérent ways (i.e.

relative to infusion rate, sample volume, or substrate concentration)

-

the rate of appearance, rate of dissappearance, and metabolic clearance

of the substrate in question can be calculated. A number of substrates
Y g

have been examined by this technique 1including glucose, lactate, free

fatty acids. The use of these various tracers has been principally

employed in dogs and humans and has been invaluable to the study of

A
. A
substrate kinetics at rest and exercise.

Several experimental designs have been,%irployed to perturb the
normal glucoregulatory system. Somatostatin hﬁs.been widely used to
control or suppré@g the seqretion of insulin and glucagon by the
endocrine pgncreasfﬁ Somatosﬁécin, which is secreted by the D celis of
the islets of Langerhans, ﬁhe gut, and also in the«CNS, 1is a potent
inhibitor of both insul?n and glucagon sec?etion and has been suggested
to play a ¥ole in their physiologic control as will be discussed in more
detail later. Whgn,infused in sufficient concentrations, somatostatin
suppresses insulin and glucagon secretion and doe; not directly effect

carbohydrate metabolism (Byrne et al®1977). Somatostatin has been

infused alone or in conjunction with insulin and/or glucagon to study

-
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ctfects on plucose kinetic. The infusion of somatosta®n and exopenous

insulin and plucagon, rteterted to as  an "islet  clamp™ | has made it
. . . i ¢

possible to control insulin and  pglucaygon levels This has  been  an

important contriburion because it has  allowed researchers to studv  the

cttects of various treatments  on giucose i(invti(‘s without complication
by changes in insulin and glucagon Mannoheptulose  whieh is a specitic
inhibitor of insulin secretion, has been used to d(*pxos‘s tnsulin levels
without vtf.m‘( on glucagon secretion }’am‘x‘eaatevtomy has also been
emploved to  eliminate the :fm‘l'etion ot pancreatic hormones Basal
glucagon ‘vvels-ar()-n()t ettedted by pancreatectomy because of _g[ucay,on
secret ion trom the stomach, while insulin secretion 1is abolished. A
final method .Of controlling insulin levels invo}lves simply intusing
insulin per}pherallv ‘or p(gt’allv or injecting long;-acting éunsulin
subcutaneously.
n

I+ is understandably more difficult to experimadntally contiol the

sympathoadrenal aspect of g\pcoregu%ﬁ(ion,‘ Beeause of the disperse

nature of the SAS, the most frequently used approach involves blocking a

B

adrenoreceptors with phentolamine or g adrenoreceptors with propranolol.

Because of the central role af a adrenergic mediated peripheral
: . . : N .

vasoconstriction in the general response to exercise, g adrenergic

blockade has been wused widely 1in exercise studies while a adrenergic

- ’
.

blockalle has only rarely been attempted. Infusion with either a or B

adrenergic blockers ‘causes a marked elevation of circulating epinephrine

‘andy norepinephrine (Galbo et al® 1976,1977): ‘which may+ lead to

s .
misinterpretation of "observations {f both blockers are not used .in
. L
v
concert. The use of a and B adrenergic blockers 1is also complicated
s N '~l f

. .
hecause a adrenoreceptors are suggested to be invplved in the inhibition



‘

!

ot insulin secretion during  exercise and both o and # adirenoveceptors,
could potentially be  involved in the elevation of glucapon  secretion
(Millev et al 1981, Palmer and Porte 1983 Theretore a  1easonable

possibility exists  ghat the observed etfects of a ot g adrenergic

blockade mav  arise indirectly Other  approaches  to  the study  of
I . M .

svmpathoadrenal involvement in plucoregulation include infusing

epinephrine and adrenocdemedulation Recently Civer and co-workets

(Hoelzer et al 1986 a,b) have combined an islet c¢lamp with o and g
a2
adrenergic blockade during exercise and this design appears to  have

great potential

Role ¢f Insulin
Extra-Hepatic Effects

There is considerable confusion regarding the extra-hepatic role of
9

‘insulin during exercise (Wasserman and Vranic 1986, Hollosy 1986) /
Insulin’s most widely known effect is, of courte. the facilitaljion ot
glucose uptake in the periphery. Paradoxically, during the geriod where
glucose uptake by muscle increases greatly, the circulating insulin
concentration drops markedly (Cochran et al 1966, Vran{c and Wrenshall
1969, Vranic et al 1976). Kawamori and Vranic (1977) found thaf, |{f
depancreatized dogs were given subcutaneous long-acting insulin prior to
exercise, the dogs became ghypoglycemic after the enhanced mebilization
of the injected insulin resulted in ﬁarked, though transient,

t : ;
hyperinsulinemia. Utilizing a tracer methodology they were able to



conclude that the glucose uptake by the muscle followed the normal
qmnr;(-\k theretore the observed hypoglveemia vesulted from a  decrease
in hepatic glucose production Issekutz (1980) used mannoheptulose to
cause the exercise-induced decrease in insulin secretion to tall still
lower and  observed no impact on metabolic c¢learance of glucose, and
.

concluded that insulin’s role in exercise was limited to the liver and
that the exercise induced elevation ot glucose uptake was a result of
metabolic demand. However, Vranic and co-workers (1976) observed that
depancreatized dogs, from which insulinjad been withdrawn for 48 hours,
were incapable of increasing the metabolic clearance rate of glucose
during exercise Unfortunateily, this observation is complicated by the
fact that the plasma glucose concentration in these dogs rose to
approximately 300 mg/dl and the actual rate of glucose utilization was
comparable to the controls, which has cast doubts upon its physiological
significance. Equally problematic, with regard to physiological
signiticance, is the observation that exercise during sustained marked
hyperinsulinemia, approximately 115 wU/ml, slightly increased glucose
clearance across exercising musculature above exercise alone (Felig et
al 1981). These experimental results appear to indicate that there is
at\\gast some degree of insulin independence to the exercise-induced
increase in the rate of glucose utilization.

Several explanations have been suggested to explain this paradox.
Because blood flow to muscle is greatly enhanced by activity, it . has
been postulatgd that the muscle "sees" more insulin during® exercise
despite the drop in actual concentration (Vranic et al 1976). 1t has
also been suggested that the exercising muscudature binds insulin with

higher affinity, thereby adapting to decreases in insulin concentration



(Berger et al 1978, Kalant et al 19/8). 1t is now well known that
muscle contraction; whether neurally or electrically initiated. is

capable of causing an increase in glucose permeability independent of |

and additive to, insulin (Holloszy et al [986) This increase  in
plucose permeability is also independent of the torce, o1 energy
requirement, of contraction. which suggests that it does not arise

through alteration ot concentration gradients evoked by an increasce in
I3 - I3 . . ’
glucose metabolism and cannot be expected to participate in meeting the
metabolic demand of the working muscle with any degree of precision. It
1
has also been suggested that the intramuscular glzfose—6~phosphntv
concentration may play a role in coupling glucose transport with
metapolic demand in active muscle (Newsholme 1979, Issekutz 1984).
Because there are no acceptable answers to this problem at present, it
may be best to accept that there is a presently undefined interaction
v .
between metabolic demand, circulating insulin concentration, and.

contraction induced glucose permeability which allows the exercising

muscle to increase glucose utilization.

Hepatic Effects

"It has been suggested that the decrea

in insulin secretion, which
} . )

.

occurs with the onset of exercise, plays an)\ important role in

sensitizing the 1liver to ®he influence of glucagon and SAS activity

t )

(Wasserman and ¥ranic . 1986). Cherrington et al (1978) observed in
resting conscivus dogs that hepatic glucose production doubled during

somatostatin infusion, which inhibited both 1insulin and glucagon

1 4

secretion, if basal glucagon levels were maintained through infusion.
' : o . -



This increase in glucose production was due to both glycogenolysis and
gluconeogenesis, although glycogenolysis was })red()minanr . These
observagions were confirmed by Lickley et al (1979) who noted similar
effects of relative hypoinsulinemia on hepatic glucose production, but

found that if relative hyperinsulinemia was evoked by infusing insulin

with somatostatin instead of glucagon, there was no significant
difterence compared to somatostatin alone with respect to glucouse
production. Sacca et al (1979) observed that intravenous insulin

inic tion resulted in hypoglycemia through stimulation of glucose uptake
1
and suppression of glucose production. The results of these studies are
I . . - 2 - z 2
in accord with insulin’s direct antagonism to glucagon at the liver.
Several researchers have perturbed the normal B cell response to

exercise in an attempt to furtheér elucidate insulin’s role in exercise
, ,
glucoregulation. 1t has been observed in exePeising dogs that if
insulin secretion 1is specifically suppressed below normal exercise
levels by infusion of mannoheptulose, hepatic glucose prpduction rises
threefold above normal exercise levels, indicating that insulin may play
more than a passive role in the control of glycemia (Issekutz 1980).
Several groups have investigafed the glucoregulatory -response to
gxerzase in the absence of a decrease in insulin achieved via insuli; or
islet clamp orﬂxby cre;ting a hyperinsulinemic state by infusing
exogenous insulin. When depancreatized dogs exerciséd after recéivingr
subcutaneous injections of long-acting insulin they became hypoglycenmic
‘Kawamori ahd Vranic 1977). At the initiation of exercise, circulating'
impunoreactive insulin (IRI) was greatly eleyated, reaching over 100
.

m 1, presumably due to an increase in the mobilization of the

subcutaneous insulin. An analysis of the glucose kinetics revealed that

[ ¥ : .



the primary defect underlying the hvpoglycemia was a marked diminution
of the normal exercise induced increment in hepatic glucose production.
In normal humans, when exercise induced <changes in pancreatic hormone
secretion were prevented by a basal'glucose infusion, splanchnic glucose
production still occurred despite the "clamping” of insulin and glucagon
(Felig and Wahren 19/9). [f, however, this protocol was repeated with
concurrent insulin infusion, a hyperinsulinemic state occurred with
plasma IRI reaching 100 uU/ml (fivefold greater than basal IR1) and
splanchnic glurcse production did not increase in response to exercise,
When plasma glucosg was rigorously clamped during low intensity exércise
(heart rate = 180 bpm) 1in humans, it was observ;d thats Fhfre wié
fivefold greater requirement og exogenous glucose when IRI levels were
maintained at 20 pU/ml (Martin et al 1981). Unfortuna;zly_ this study
does not indicate whéther the incréase in glucose demand arose from a
decrease in glucose production or an increase in glucose wutilization.
In a different study (Wolfe et al 1986), where insulin'was clamped at a

.

similar level, in humans exercising at a similar- low intensity,
N
hypoglycemia occurred and was due to a disproportionate increase In

glucose utilization. flowever, these observations may be a product of
the very low exercise intensities employed, which may not constitute a

sufficient stimulus for complete blood flow shunting allowing insulin to
>

exert its hypoglycemic actions on relatively inactive muscle.

N

, In summary, there is evidence that insulin plays an important role

during exercise. - It appears that the decrement 1in insulin secretion

@

does not impair glucose uptake by the exercising musculgture. Hepatic
glucose production appears ta be potently modulated by insulin. While

hypoihsulinemia per se potentiates the response of ,the liver td.glucagon

)
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ard sywpathoadrenal activity, Issekutz’'s (1980) observations strongly
suggest that the degree of hypoinsulinemia may have a regulatory as
opposed to merely permissive capacity. However, the recent studies of
Cryer and associates (Hoelzer et al 1986a, b, Tuttle 'er al 198/)
suggests that the pancreatic response to.exercise is redundant with the
SAS at the liver, indicating that insulin does not play a crucial role
during exercise, as will be discussed 1in detail later. While the
insulin response to exercise may be redundant,':he above mentioned
research provides ample evidence that a serious perturbation of the

normal insulin response may directly effect glucose kinetics.

Role of Glucagon and the Sympathoadrenal System in Exercise

)]

Extra-Hepatic Effects . )

The SAS has <considerable impact on extrahepatic aspects of
glucoregulatfon, while glucagon’'s effects are believed to be confined to

-, . 4
the liver. In Testing dogs, epinephrine infusion has been observed to

.,
1

re;ult iﬁ increased muscle glycogenolysis and lactate production, while
decreasing metabolic clearance of plasma glucose and decreasing the
percentage of lactate originating from plasmé glﬁcose (Issek;tz 1985).
Attempting to control for indirect effacts of epinephrine mediated
Vtﬁrough’bffegts on g&e pancreatic hormones, Gray et al (1980) infused
epinephrine +in the présence and absence of somaéostatin and observed

that epinephrine elevated circulating free .fatty acid levéls_ and

decreased the metabolic clearance of plasma glucose independentiy of

«
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glucagon. Cherrington et al (1984) infused epinephrine in the presence
and absence of a somatostatin-mediated islet clamp and observed similar
effects on the metabolic <clearance of plasma glucose and increases in
circulating lactate and alanine levels while pancreatic hormone levels
were held constant. Sacca et al (1979) observed that an epinephrine
intusion was capable of obviating insulin induced increases in glucose
uptake .

During exercise the role of the SAS was initially explored through

: .
the administration of 8 blockers. It was observed in exercising dogs
that #8 blockade decreased the rate of mobilization of free tfatty acids
A

and increased the metabolic clqifance of plasma glucose and the
percentage of lactate produced from plasma glucose (lIssekutz 19/78). In
later work, Isdekutz (1984) observed that B blockade increased the
metabolic clearance of lactate and decreased the rate of lactate
production and circulating concentrations. In studies on:rats, Winder
and co-workers have observed that adrenalectomy reduces musc}e
glycogenolysié during moderate (Winder et al 1986) and intense exercise

- -
(Marker et al 1986) and that during moderaffe exercise the extent of
muscle glycogenolysis was dependent on the magnitude of epinephrine
infusion (Arnall et al 1986). '

o+ ’
This body of reseatrch has provided convipcing evidence of the
’ )

important-role played by g adrenergic stimulatien in mobilizatio®W and

¢

& .
utilization of extra-hepatic substrates during rest and exercise. The

obsegyations of Winder and co:workeré (Winder et al 1986, Marker et al

Y1986, Arnall et al 1986) are interestihg in that they identify

epinephrine as being’esseﬁtial to muscle glycogenolysis. Whiggi the
LR

muscles per se do not receive a great deal of SN§ innervation, the blood

A
N -
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vessels permeating them do and it has been suggested that the spatial
arrangement between muscle tissue and vasculature is intimate enough
that SNS stimulation of the vasculature 'may "spill over™ to the muscles
(Woods et al  1986) This would be i contradiction to Winder's
observations and it would be interesting to see this
explored in dogs or humans.

v

Hepatic Effects

Both glucagon and the SAS are capable of elevating hepdtic glucose
production at rest. However, it is important to nmnote that on a molar
basis, glucagon 1is approximately ten times as potent as epinephrine

(Sokal et ~al 1964). As previously nmnoted, relative hyperglucagonemia
appears to be an adequate stimulant of hepatic élucose production in the
resting dog (Cherrington et al 1978, Li§klex et al 1979). At  rest
epinephrine infusion has been observed.to elevate the rate of hepatic
glucose production in dogs (Issekutz et al 1985) and humans (Cryer et al
1980). Concurrent infusion of epinephrine and somatostatin indicated
that this elevation was not mediated indirectly through enhanced
glucagon s%cretion (Cray et al 1980). QThese observations were confifmed
in a later study thch employed an islet «c¢lamp to maintain pancreatic
hormones at basal 1eveis (Cherrington et al 1984) . This study went on
tol indicate that the ihcreased'rate‘ of hepaticv glucose 'prodggtion

. a t .
resulted from elevations of both glycogenolysis and gluconeogenesis,

although glycogendlysis dominated. Cherrington and co—wor‘.‘s concluded
- . . .

that in contrast to the stimulation of glycogenolysis, ‘the
glugoneogenesis was not actually stimulated but was simply responding to

- . R
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an increased supply of gluconeogenic substrates from the peripherv.
While both glucagon and epinephrine are capable of elevating plasma
£ o
glucose levels, 1if infused together their hyperglycemic effect is
greater than the sum of their individual actions, thus indicating a
degree of synergism (Eigler et al "1979). As well, - both glucagon Yand
epinephrine have been observed to overcome insulin induced suppression
ot hepatic glucose production (Sacca et al 19/9). .
During exercise a steady rise {n immunoreactive glucagon (IRG) is a
common observation in dogs.J(Vranic et al 1976, Wasserman et a{ 1984) ,
rats (Luyckx ;nd Letebvre 1974), and hymans (Bottger et al 19/72).
Vranic et al (1976) noted that depancreatized dogs which had normal
basal IRG originating from <extrapancreatic sources, and which received
normal insulin’ via intraportal infusion, were Capabler of increasing

their hepatic glucose production despite the absence of an exercise

a
I

induced increment in}IRC( The thclusions from this study were that the
regulation of'extrapéncréacic glucagon secretion differs from pancreatic
glucagon and that an increase tn IRG may not be essential for hepatic
glucose production. _ If glucagon éecretioq was suppressed  during
exercise by somatostatin infusion, dogs became hypoglycemic due to an

inadequate rate of hepatic glucose production (Issekutz and W%ranic

1980). The _exercise: respbnse could be normalized 1if glucagon was

co-infused with the somatostatin., In exercising rats, it was observed.

i
«

that the {nf;sion of antigen.sfripped anti-glucagon antibodies to the
porfﬁl circulatién decreased the extent of hepatic glycogenolysis
(Richter et al 1981). ' ' .

NormaL exe(cise' inA humans (Galbo et al 1976, 1977) and dogs

(Wasserman et al 1984) induces a steady elevation in circulating levels

. ’ l‘ . .
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of both epinephrine and norepinephrine. During exercise in dogs,
Issekutz (1978, 1984) observed that hepatic glucose. production was
preserved during g blockadéA The mechanism by which hepatic glucose
proQuction'was maintained during g blockade was not established by these
studies but itA was suggested thal, in the absence of A8 stimulation,
hypoinsulinemia, a adrenergic mechanisms, and metabolic factors may have

been capable of supporting hepatic glucose production. However, because

of the increase in metabolic clearance of plasma glucose during 8

»

/
blockade, the rate g of glucose wutilization greatly increased  and
hypoglycemia resulted. 1t is important to note that, in the absence of

>
B adrenergic stimulation, hepatic glucose production was incapable of

meeting demand. - In a later study Issekutz (1985) obseyved that

epinephrine infusion during exercise resulted in a hyperglycemia due to

a ) . -

a decrease in glucose utilization because glucose production did not
- /

' - - . .
rise. The absence of an elevation of hepatic glucose production was
- 4

attributed W{o the inhibitory effect eof hyperglycemia on® hepatic

glycogenolysis. However, when resting dogs were infused with similar

doses of epinephrine, a greater degree of hyperglycemia was observed,

although the rate of glucose production was not as high (Gray et al

: t
1980) which may indicate that there 1is some 1limit to the extent of

epinephrine stimuiated glucose production or t%at the action’ of
"épinephrine on the liver may be modulated by exerci§e. }n‘ntudies in
exercisiqg rats,“wheré it- wa§'possib1e'to measuré the extent of iiver
glycogenolysis, it was observed that adrenalectomy had no -“impact on
liver glycogeﬂolysis (w1nder et’a 1986, Marker et al 1989) and' that
infused epinephrine was also without effect (Arnall et al 19§6). The

absence of effect of epinephrine infusion and adrgnaiectomy strongly



# \

suggest that the SNS component of  the SAS is active in stimulating
hepatic glycogenolysis.
3]

L

In summary, <circulating levels of glucagon, norepinephrine, and

epinephrine all rise in response o exercise. The question of which
€ - .

one, or ones, are responsible for the elevation of hepatic glucose

~

- production during exercise remains, although all are capable of the task

. - .
® ‘as. . While hypoglucagonemia decreases hepatic glucose production,
. . . \ .
basal' levels appear to be sufficient for glucose production to proceed
& <

unimpaired. There ;is no apparent effect of epinephrine or 8 blockade,
although one exists at rest. As will be referred to in detail in the

next section, combined a -8 blockade is also without effect on glucose
A .
. skinetics during exercise (Hoelzer et al 1986a, b). The omnly conclusion

which can be drawn is that glucose production can be elevated by all of
the above in a redundant manner, such that ié the exercise induced

incremeéc of one is prevented in 1isolation, the others can make up the
- ~ » .

différence. From a physiological perspective, it is undergtandable that
the maintenance of such a crucial substrate as glucose should be subject

to redundant control.

¥ .

-

Redundancy of Pancreatic and Sympathgtic Responses to Exercise

Several studies have suggested that there 1is a considerable
. \ , .
2 » .
redundancy between the action of glucgg&n and the SAS in“the prevention

. . \ . . P ‘ . .‘
of hypoglyéemié; In human studies, Cryer and co-workers (1984) examined
the return to..normoglycemia from ‘insulin induced hypoglycemia and

. . o .

glucose inddced hypéfélycemia. It was obsérved that glucagoﬁ{

A



suppression, adrenalectomy, and combined «a B adrenergic blockade had
little effect individually, but if glucagon suppression was combined
with sympathetic perturbation the recovery from hypoglycemia wds
prolonged and the recovery from hyperglycemia resulted in marked rebound
hypoglycemia thus indicating a redundant but essential role for glucagon
and the SAS in resting glucoregulation.

As previosly mentioned, if glucagon seqreéi?n was suppressed during
exercise bf‘%omatostatin infusion, dogs Becamg hypogL%pemic due to an

- :

inadequate rate. of hepatic glucose production (IssekutZ and Vranic

1980) . The marked decrease in the metabolic clearance of glucagon and

.-

increases in lactate and free fatty. acid levels were consistent with an

increase in sympathoadrenal activity, which bunfoktunately was not
méasured_ The overlap‘ in biological effect Bétweeg glucagon and
. sympathoadrenal activity at .the liver and peripheral effects of g8
-édréAerg;k stimulation ’were well established by this time and the
authors suggested that a catecholamine response probably played a role
i; their observations. Wasserman et al (1984) built on the work of
Issekutz and Vranic (1§805 and added measures of catecholamines to the
previous study. They observed similar responses in glicose kinetics,
1§ctate, and freei fatty acids and noted a fourfold ‘increase in

- epinephrine over tontrol exercise. If glucose was infused along with

somatostatin so that the rate of totgi glucose appearance was equivalent
. \

-

to control exercise, epinephrine and 1;Q§ifi//;esponsés returned to’

control levels indicating that they . were a respoﬁse to hypoglycemia.

They concluded that in the presence of hypoinsulinemia IRG was,

responsible for 70X of the increase in hepatic glucose producﬁion‘ and

that the maximal cateéholamine contributton was 251. A problem with
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this study 1is that glucagon levels were suppressed well below basal
secretion and. there is evidence (Vranic et al 1976) to suggest that

basal glucagon levels r'nay# adequate to stimulate hepaftic glucoéé.
® “ .
: . : ¢ . N )
production during exercise in dogs. 1It' {s important to note that the
E 2 .

. .- &
dose of somatostatin infused (0.5 pg/kg-min) did not suppress insulin

-

secretion below the normal exercise induced decrementt which makes this
~

b -

study particularly interesting because glucagon secretion was apparently
. .

perturbed in 1isolation. This study strongly suggests that glucagon
plays'an important role in the elevation of hepatic glucose production
: 0

duﬁingfexercise and identifies epinephrine’s role in responding to

hypoglycemic emergencies. Recently Wasserman and co-workers (1987) have

R g . [ . - "' .
reporged a npovel experimental approach wherein both insulin and glucagon ~
§
were clamped during exercise in dogs. Although a full report of Hthiir

. * ¢
observations is not yet available the insulin clamp appeags to have

¢ o :
‘greatly diminished hepatic glucose production and gluconeogenesis. From
these observations they concluded that the normal ?ancreatic response to
exercise is essential for hepatic glucose- prodaction during exercise,

Until the full report is made, .it would appear to be unwise to base

conclusions on these observations although .they should be rec

'Recently, an excellent experimental design has been 4 Wed - by
- - & s ',4
Cryer and co-workers (Hoelzer et 41 1986a,b) in which the. glucose

4
- .

kinetics and hormonal responseg to  ®exercise in humans were observed in

the presence of an islet gfémp and/or combfirkd a and B adrenergic -

blockade (Hoelzer et al l986a)i br adrenalectomy (Hoelzer et al 1986b) .

When the islet clamp was employed in isolation, ther was no impact, on

1

'glurosq kinetics or catechplamine responses"(Hoelzer‘et al 1986a) . The

combined a and 8 adféﬁergic blockade resulted in an initial transient

N .»



! \‘ - | : : :
Increase in the rate of glucose utilization, whichresulted in a lowered
» :
plasma glucose which was maintained until the end of exercise When the
* -

islet clamp and adrenergic blockade were concurrently imposed, a marked

A : <
decrease occurred in glucose production while - glucose utilization was

unaftected resulting in hypoglycemia. Adrenalectomiced patients

. 4 R

displayed a normal exercise response and the islet blockade was without

etfect (Hoelzer et al 1986b). Very recently, this same group has
L

’
observed that, it the insulin response is prevented and glucagon is free

A Y
to change, the glucose kinetics were similar {rrespective of adrenergic
blockade These observations suggest that a eStrong role in the

gPucoregulatory response to exercise is playe& by neural control ot the

liver and it 14 redundant with pancreatic hormone effects.
Cy ]

It 1s interesting that the isolated islet clamp had no apparent
effects in x1orrr;al and adrenalectomized humans These observations are
in opposition to those of Wasserman and co-workers (198/7), who firmly
concluded that the normal pancreatic response to exercise was essential
for glucose kinetics to proceed unimpaired during exercise in dogs
This contradiction may be due to species differences between humans and
dogs. A study which clamped the pancreatic hormones at similar levels,
during exercise in humans, observed a marked rise in epinephrine levels
and hypoglycemia (Wolfe et al 1986) . In this study, however,
hypoglycemia resulted from elevated glucose utilization, not suppression
of glucose production. This may have occurred because the intensity of
the exercise was very low with the heart rate maintained at about 110
bpm, which may have allowed greater impact of insulin on inactive

[}

tissues. It is important to emphasize that the marked rise in

epinephrine observed by Wasserman (1984) was a response to hypoglycemia



and not a direct effect» of the glucagon suppression Wolte and
co workers (1986) probably observed a sinilar effect. It then follows

that some mechanism was responsible for maintaining normoglycemia in

Cryer’s islet clamp studies It may be possible that bas&l glucagon
levels were sufficient when augmented by hepatic innervation to
stimulate glucose production. It 1{s possible that elevated neural

stimulation of the liver might be masked by the normal norepinephrine
‘ . Lo . .
response to exercise  However, it is also possible that the’islet clamp

was not actually achieved. During the islet clamp, insulin and glucagon

» .
were infused via a peripheral vein which may have resulted in relative

’
hypoinsulinemia at the liver. [t would be interesting to see these

studies repeated in the dog, where the islet clamp could more
(4

confidently be achieved.

- «
Both a and B adrenergic blockade, individually or in concert, cause
’ circulating levels of catecholamines to markedly increase (Galbo et al

1976, 1%@7, Simonson et al 1984), as they did in these studies (Hoelzer

et al 1986a, b), and may increase to the extent that the blockade is
A}

overcome. There are several observations from this study that are

\

incompatible with complete adrenergic blockade. Firstly, insufin levels
follow;d their normal course when it has been shown that the exercise
induced decrement in insulin can be obviated by a adrenergic blockade
(Luyckx and Lefebvre 1974, Galbo et al 1977, Jarhult and Holst 1979,
Simonsoﬁ et al 1984). Glucagon levels actually exceeded the normal
exercise-induced increment when previous studies have 1indicated that
glucagon suppression occurs with a (Harvey et al 1974) or B (Luyckx and
Lefebvre 1974,V Simonson et al 1984) or combined a and §8 gdreneSE:c

blockade (Simonson et al 1984). Finally, plasma lactate levels followed
AN

88



&%, ' "

-~

the’ ndrmal course, although Issekutz (1978, 1984) has shown that lactate
production is dependent upon 8  adrenergic stimulation. While rthese
obsegvations strongly suggest that the adrenergic blockade was not

s

successful | the suppression of free fatty acid levels, depression et

-

heart rate and blood pressure, and the subjective increased difffculty
13

of the exercise all suggest that at least some degree of adrenergic

blockade was achieved. '

In summary, it would appear that there is a degree of redundancy in
‘the‘roles played by the pancreat{c and SAS responses during exercise in
the control of hepatic glucose production. However, because of the
SAS’'s important effect on periéheral substrate mobilization and
metabolism, it can be considered to be the primgry Vdefence against
hypoglycemia. This should not be interpreted as an indication that,
during normal exercise, the pancreatic response is impotent. While it
appears that, if clamped at "basal"” 1eveis, the glucoregulatory response
to exercise is wunimpaired in humané, it is important to recall that
glucose kinetic; can be disrup;ed via hyperinsulinemia (Kéwaqori et al
-1977, Felig and Wahren 1979, Wasserman et al 1987) or hypoglucagonemia
(Issékutz and Vranic 1980, Wasserman et al 1984). At this point in time
it is difficult to reach a conclusion regarding the individual roles of
the SN3 and epinephrine. The adrenalectomy studies are conflicting in
that during exercise in adrenalectomiéed rats, muscle glycogenolysis was
totally dependent wupon epinephrine (Arnall et al 1986, Marker et al
1986, Winder et al 1986), while in the humans there was no apparent

- i

impact of adrenalectomy on lactate or free fatty acid levels (Hoelzer et

al 1986a, b). Once again it 1is difficult to draw any firm conclusions
. . . N



because of the very real possibility of species differences bdtween rats
- . .
and man.
‘ i .
The integration of glucoregulatory mechanisms has been

v

schematically summarized in figures 16 Ey 19. Glucoregulation can be
~
considered to be a balance between glucose utilization and glucose
production. Glucose utilization can be considered to be the difference
between the energy requirement of the periphery and the extent to which
this requirement is met by fuels other than blood glucose, such as, Wree
fatty acids and intramuscular fat and glycogen depots. Glucose
production can be considered to be a product of the balance between the
impact of inhibitory (insulin) and stimulatory (glucagon and the SAS)
\
mechanisms at the liver. During post-absorptive rest (see Fig. 16),"
normoglycemia appears to be maintained by the islets of Langerhans via
feedback from plasma glucose concentrations, with only basal activity of
the SAS.
- * rd
During normal exercise (see Fig. 17), normoglycemia is maintained
by the matching of glucose wutilization and glucose production. It
appears that the hypothalamus becomes more sensitive to plasma glucose
levels or to glucose balance, or some integration of both, and
coordinates the SAS and pagcreatic responses. The increased ensrgy
demand of the active musculature is partially met by an increase in
glucose utilization. The remainder of the energy requirement is met by
elevated muscle glycogé;olysis and free fatty acid mobilization mediated
by # adrenergic stimulation. Glucose broduction is elevated by a
) .

decrease in insulin secretion and an increase 1in glucagon secretion.

This pancreatic response 1is probably augmented by a and § adrenergic

1 -
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=y )
stimulation of the liver by both epinephrine from the adrenal medulla
and norepinephrine from the sympathetic nervous system.

If, for a variety of reasons including hyperinsulinemia or
hypoglucagonemia, this normal response is disrupted and glucose
production is incapable of matching glucose demand, hypoglycemia will
ensue (see Fig. 18). Wasserman and co-workers (1984) have sugpested
that the set-point glucose concentratiOn for the onset ot the
epinephrine response to hypoglycemia during exercise, about 80 mg/dl, is
elevated relative to rest, about 60 mg/&l‘ During a state of high
substrate flux, as is obsgrved with glucose during exe-cise, any
inequality of production and utilization witll have a greatly magnified
impact relative to basal flux. This has been suggested to be the reason
underlying the heightened sensitivity to Hypoglycemia during exercise.

The response to exercise-induced hypoglycemia is schematically  depicted

in figure 19 The hypothalamus strongly stimulates the adrenal medulla

and the resulting rise in «circulating epinephrine decreases glucose
utilization and increases glucose éroduction. Glucose utilization |is
suppressed via f adrenergic stimulated muscle glycogenolysis and free
fatty acid mobilization. At the liver, epinephrine enhances glucose
production directly through adrenergic stimulation, and indirectly
through stimulation of glucagon release. It is important to nété that
in recovery from hypoglycemia glucose production must not merely meet

utilization, it must exceed it.

()1
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C. ISLET CELL TRANSPLANTATION -

A Transplantation of the pancreas has been considered as a therapy
for diabetes since the glucoregulatory role of the pancreas was first
identified. Whole or segmeqfal pancreas tramsplantation has been
attempted with limited success (Sutherland et al 1984) . Many of the
! :

problems with pancreas transplantation are due to the grafting of
exocrine tissue in addition to the islet «cells. The gfafted exocrine
tissue still produces digestive enzymes which may digest islet cells.
Because the exocrine portion of the pancreas makes uno beneficial
contribution to the function or survival of the graft, researchers have
attempted to transplant only the islets of Langerhans, which constitute
only about 1% of the total pancreatic tissue.

The initial problem in islet cell transplantation was the isolation
of the islet cells from the remainder of the pancreatic tissue. Because

'

the islets are relatively few in number amd disperse in location within
the pancreas, the isolation of viablé islets in high yiefﬁ is still a
major obstatle to transplantation. A major breakthrough was achieved

when Moskalewski (1965) used collagenas to isolate 1islet cells from

chopped guinea pig pancreas. This method prqyided a basis for Lacy and

Kostinovsky (1967), who improved wupon it by disrupting the exocrine

tissue through  intraductal distension followed by mincing and
-

collagenase digestion. They were then able to isolate approximately 300

islets per rat from the remaining pancreatic tissue through sucrose

gradient centrifugation. While layered ficoll has been substituted for

sucrose in the centrifugation step (Scharp et al 1973) and further
»
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isolation has been achieved by hand-picking in the final stage (Finke et
al 1979), the technique of Lacy and Kostianovsky forms the basis ot

modern islet cell isolation.

With phe availability of isolated islets, the technical aspects of

transplantation could now be investigated. Because of the avatlability
of inbred strains, initial experiments were conducted in rodents.
Because multiple donors were required for a single recipient, syngeneic
rodents were &ssential for the early work as they avoided the

complication of immunological problems. The first attempt at islet cell
transplantation in rodents used outbred diabetic rats and achiey;d
temporary amelioration before rejectioh occurred (Younoszai 1970).
N :
Ballinger and Lacy (1972) were the first to observe sustained /function
of grafted islets after transplanting 400-600 islets intraperitoneally.
b

Normalization of blood glucose was observed after intraperitoneal
transplantation of a greater number of 1islets in rats (Reckard et al
1973). .

. After successful islet ceyl transplantation was observed to be
possible researchers now had to deal with two further issues - How many
islets are required and where should they be placed. Kemp et al (1973)
‘observ;d that intraportal placement of the graf;ed islets was more
efficient than intraperitoneal transplantation. The portal system has
since become the preferred site for transplantation in rats, although
virtually-ever} other site has been atteméted (Sutherland et al 1984‘.
With regard to  the. number of islets . required for successful
transplantation, with increasing islet number the latent period between

- v

transplantation and diabetic amelioration and glucose tolerance improve

G

(Vialettes et mul 1979). When transplantation was successful, diabetic g



rats were generally‘ normalized with the npﬂable exception of small
differences in glucose tolerance Jaich has been attributed to the
relocation”of the islets (Pipeleers et al 1978), denervation (Berthoud
et al 1980), disruption of the enteroinsular axis (Siegal et al 1980a,
b), or to diminished islet mass (Scharp et al 1982). Work in the rodenﬁ
model is continuing, examining the potential of fetal and neonatal islet
transplantation as well as investigéting the immunological aspects of
_transplantation.
The rodent studies have suggested that there is great potential for
clinical 1islet cell %ransplantation_ When researchers began to

investigate islet transplantation in large animal models they were

confronted with two major problems. Because syngeneic multiple donor
transplantation was no longer possible, they were forced to wuse an
autografted model to avoid immunogenic complications. The second

préblem was encountered in the large animal pancreas which is more
fibrous and compact than the rodént pancreas, which decreased yield
(Scharp et al 1980). The initial attempts at "islet"” transplantation
avoided the problem of low islet yield by eiimipatiﬁg the purification
step and grafting pancreatic dispersibns. . Mirkovitch and Campiche
(1976) ameliorated diabetes in d;pancreatized dogs by intraspienic
autogfafts of a collagenase treated pancreatic dispersion. Kretschmer et
al (1977) observed similar results. While the dogs exhibited fasting
normoglycemfﬁ, the k value durihg glucose tolerance tests yaé subnormai.
Although optimal results were not obsérvgd with the dispersed pancreas
model, it was possible to examine some of the technical asbects of

transplantation that had been previously addressed in rodents in a large

animal model.

98
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Qnly recently Mave investigators been able to isolate a sufficient
number of islets to attempt islet cell transplantation in dogs.

Horaguchi and Merrel (1981) used a ductal perfusion of collagenase to

increase the islet yi , and observed three of five dogs receiving

islers into tﬁe liver and two of two dogs receiving islets to the spleen
were rendéred normoglycem}c. Warnock et al (1983) were able to rendes
totally pancreatectomized dogs normoglycemic throughysplenic reflux of
isolated pancreatic fragments using a modification of the Horaguchi and
Merrel technique. However, the recipients exhibited diminished k values
to intravenous glucose tolerance tests. Using similar me thods, 1slet$
are ﬁow being isolated from human cadaver;c pancreases' (Rajotte et al
1987) with the isolated islets being> cryopre;efved and "banked"
(Kneteman and~lRajotte 1986) in preparation 'for transplanﬁation in
“humans. Current research is directed at increasing isolation yield and

solving immunologic obstacles with successful clinical 1islet cell

transplantation as the ultimate goal.
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APPENDIX 2
RAW DATA
CONTROL. DOGS

DOGH TIME HR  HCT  IRI CP IRG PG EPI NE LAC
CIO9 30 7P 4000 3 3 0 .05 172 82 1 83 0 990
I 72 40 0 5 8 0075 172 82 52 117 0 828

0 0 00 0.0 0 000 0 0 0 0 0

15 132 43 0 2 6 0 050 185 68 63 125 1 027

30 138 43 0 3.0 0.050 193 71 199 417 1.107

45 132 46 0 2 7 0.050 229 69 136 267 1 18/

60 150 0.0 5.5 0.050 300 73 136 642 1.119

79 90 43.0 6.8 0.143 221 78 163 325 1.135

90 96 41 O 4 9 0.079 244 7S 73 317 0. 943

G209 230 102 47 0 13.9 0.208 140 95 0O 426 0.903
215 126 45.0 13.3 0.233 132 107 0 333 0.891

0 132 45 0 7 2 0132 144 99 0 434 0 943

15 186 46 0 3 1 0.059 159 84 0O 582 1.187

30 186 47 0 4 2 0 086 189 91 0 709 1.301

49 186 47 0 S 4 0.084 230 87 0 678 1.473

60 180 50 0 5.5 0.1a4 247 91 0O 757 2.397

79 162 45 0 3.8 0 098 160 96 0 441 2 M™hS

90 168 42 5 S 4 0. 114 159 108 0O 205 1.438

G183 230 102 460 6 4 0 119 165 91 208 129 1.105
15 108 46 0 8 6 0.159 169 91 104 678 0. 735

0 90 46 0 8 2 0.152 184 94 254 218 1.042

15 174 47.0 12 7 02649 177 91 381 485 1. 529

30 180 48 0 8 0 0 182 208 86 427 428 2 625

45 180 49 0 7 8 0. 226 299 84 462 1398 2 854

60 180 49 .0 12 6 0.276 426 83 265 453 2 888

75 114 46 O 3.5 0.102 223 71 192 377 1.929

90 96 4% 0 3.9 0.000 0 88 67 234 1 119

a6y 30 96 48 0 4.0 0.062 100 99 127 503 1.019
15 72 46.0 7.0 0.088 77 100 253 646 O 845

0 78 465 8.0 0.138 83 96 563 513 1.059

15 186 47.5 4.7 0.086 93 90 380 626 0.810

30 192 46.0 6.3 0.101 124 89 338 851 1.450

45 204 6465 4.9 0.101 146 86 436 1385 2.237

60 198 48 0 4.5 0.088 146 89 506 1262 2.899.

75 102 47.5 2.8 0.056 147 89 253 779 2.043

90 84 45.5 2.5 0.056 112 94 492 708 1.438

Goll -30 84 49 0 6.5 0.087 100 87 283 236 0.862
-15 84 48.5 945 0.108 102 84 397 295 0.868

0 96 49.0 15.7 0.271 131 91 176 967 0.972

15 168 49.5 4.5 0.103 125 82 307 303 1.153

30 180 48.0 4.6 0.088 140 81 500 670 1.495

45 192 49.0 5.5 0.124 163 87 220 626 1.826

60 198 50.5 10.5 0.229 197 91 293+ 221 3.345

75 120 47.0 3.7 0.113 155 77 308 267 3.306

90 96 46.5 4.0 0,116 138 81 345 254 2.180

G403 -30 96 43.0 4.3 0.081 103 84 31 323 0.91¢4
-15 102 40.5 6.0 0.081 113 86 42 344 1.077

0O 78 41.0 7.3 0.106 108 86 63 323 0.990'

15 0 44.5 5.0 0.124 177 77 115 438 1.495

» 0 45.5 9.0 0.222 202 79 147 488 1.758

49 0 45.5 6.2 0.218 244 77 0 0 2.275

60 0 46.0 7.0 0.188 314 72 241 696 2.249

75 0 43.0 3.4 0.083 153 62 63 1112 1.495

90 0 41.0 4.2 0.082 137 84 147 660 0.879
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