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ABSTRACT The effects of starvation and refeeding
and of obesity on pancreatic a,- and B-cell responses
to glucose or tolbutamide were studied with the
isolated rat or mouse pancreas perfused with an amino
acid mixture in the presence and absence of glucose.
It was observed that the physiological adaptation to a
regimen of fasting and realimentation and to obesity
differed greatly in the two types of endocrine cells.
Whereas B-cells of rats showed a dramatic reduction
of glucose- and tolbutamide-stimulated insulin release
during starvation that was reversed by refeeding, a,-
cells preserved their response to stimulators and in-
hibitors during this experimental manipulation. Amino
acid stimulation of glucagon release occurred equally
well with the pancreas from fed and starved rats and
was suppressed efficiently by glucose and tolbutamide
in both nutritional states. Surprisingly, the rate of on-
set of glucose suppression of a,-cells was significantly
higher in the fasted than in the fed state. This glucose
hypersensitivity was apparent 2 d after food depriva-
tion and had disappeared again on the 2nd d of re-
feeding. In the pancreas from animals starved for 3 d,
glucose and tolbutamide suppression of a,-cells took
place in the absence of demonstrable changes of
insulin release.

In the isolated perfused pancreas taken from the
hyperphagic obese hyperglycemic mouse (C57 Black/
6]; ob/ob), the observed rate of insulin secretion as a
result of a combined stimulus of amino acids and glu-
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cose and of glucagon release stimulated by amino
acids was about four times higher than achieved by
the pancreas of lean controls. However, glucose was
unable to suppress the a,-cells in the pancreas of
obese animals, in spite of the hypersecretion of the
B-cells, again in contrast to the ay-cells of controls
that were readily inhibited by glucose.

These data imply that the acute suppression of a,-
cells by glucose is largely independent of a con-
comitant surge of extracellular insulin levels and that
the adaptation of the islet organ to starvation leads to
decreased glucose sensitivity of B-cells, which con-
trasts with an improved glucose responsiveness of
a,-cells. However, hyperphagia, which is assumed to
be the primary abnormality in the ob/ob mouse, leads
to overproduction of insulin and glucagon by the pan-
creas while greatly reducing the a,-cell sensitivity
to glucose.

An attempt is made to incorporate these data on
starvation, refeeding, and obesity, as well as previous
results with experimental diabetes, in a comprehen-
sive picture describing a regulative principle under-
lying the glucose responsiveness of a,-cells.

INTRODUCTION

The pancreatic islet is considered a biological unit,
and it is hypothesized that the close anatomical asso-
ciation of a,- and B-cells and of other endocrine and
neuronal elements in this microscopic organ is essen-
tial for normal function of these cells individually (1).
In particular, it is a widely held view that the func-
tions of the glucagon-producing a,-cells and of the in-
sulin-producing B-cells of the islets of Langerhans are
interdependent in the sense that the two cell types
require continuous local paracrine communication be-
tween each other (2, 3). This concept is commonly
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illustrated by reports showing stimulation of B-cells
by glucagon and inhibition of a,-cells by insulin. The
hyperglucagonemia typical for diabetics is another
example consistent with this notion. Even though this
concept is attractive and seems plausible physio-
logically, it does not jibe with all experimental findings
(4). For example, it seems predictable from this con-
cept of islet tissue physiology that in vitro the diabetic
pancreas would hypersecrete glucagon and would be
nonsuppressible by glucose (1-3). However, the
pancreas of streptozotocin and alloxan diabetic ani-
mals perfused extracorporally and stimulated with
amino acids showed a,-cell secretory activity that
seemed paradoxically low in view of the pronounced
hyperglucagonemia that characterized the diabetic
pancreas donors (4). Even more surprising was the find-
ing that a,-cells of diabetics were efficiently sup-
pressed by 5 mM glucose in vitro, albeit less swiftly
than ay-cells of normals. In further pursuits of these
results, it was demonstrated that the diabetic a,-cell
can be modified by insulin treatment of the donor
animals (5). The rate and degree of glucose suppres-
sion of glucagon secretion in vitro was improved by
treatment of the diabetic donor animals, but the
response of the a,-cell to amino acid stimulation in vitro
remained abnormally low. In vitro treatment with as
much as 1 ug/ml of insulin for up to 1 h did not help
(5). It is noteworthy, however, that arginine-induced
glucagon secretion is normal or increased in the
isolated perfused rat pancreas when studied 1 h after
in vivo streptozotocin treatment, which indicates that
suppressed a,-cell function is not an absolute resultant
of the use of this agent (6). Corresponding studies
with genetically diabetic Chinese hamsters revealed
that the a,-cell response in vitro mirrored the ap-cell
hyperactivity inferred from the elevated serum gluca-
gon levels in vivo (7). Suppression of stimulated a,-
cells with glucose was shown to be blocked in an in
vitro perfusion system in another animal model of
diabetes mellitus, the obese hyperglycemic mouse
(C57 Black/6]) both of the ob/ob or db/db genotype
(8, 9). Therefore, questions arise about the significance
of the results obtained with tissues taken from animals
made diabetic by chemical agents like alloxan or
streptozotocin. One possible explanation for the dis-
crepancies might be that these agents damage the a,-
cells as well. There are indeed data consistent with an
impairment of a,-cell function by alloxan in vitro (10).
To expand our knowledge on a,-cell function in
diabetes-like states, we now studied the effect of
“starvation-diabetes” and of diabetes in obesity on a,-
cell responsiveness to stimulation by a physiological
amino acid mixture and to suppression of stimulated
glucagon release by glucose or in selected conditions
by tolbutamide with the isolated perfused pancreas.
The actual design of the experiment was based on the
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following considerations: (a) Excellent preservation of
the a,- and B-cells in the in vitro setting needs to be
achieved and the temporal resolution power of the ap-
proach should be of the order of 30-15s to allow
reliable kinetic release measurements. The isolated
perfused pancreas has been shown to be excellent in
both regards (7-13). (b) It is assumed that the hormone
levels measured in the perfusion fluid are indicative of
the hormone levels achieved in the extracellular fluid
of the islet tissue bathing a,- and B-cells. Because of
dilution of perfusate by tissues other than islets (exo-
crine, pancreas, stomach, spleen, and part of the duo-
denum) the perfusate level is probably at least two
orders of magnitude lower than the actual level bath-
ing the islet cells. Nevertheless, it can be reasonably
postulated that this B-cell response observed in the
perfusate should precede or at least coincide with a,-
cell response for insulin to qualify as the mediator of
glucose suppression of the a,-cell. (¢) In starvation,
basal insulin levels are maintained that might be
needed for supporting a,-cell function in vivo, thus
avoiding possible secondary impairment developing in
those cells in severe chronic diabetes. (d) It was
reasoned that the normal organization of the islet
tissue complex might be little affected by starvation and
that starvation might cause hyperglucagonemia in
vivo and glucose resistance of the as-cells in vitro if
glucose suppression of the a,-cells were to be de-
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TABLE I
Levels of Glucose, B-hydroxybutyrate, Glucagon, and Insulin in Plasma and the Contents of Glucagon and
Insulin in the Pancreas of Normal, Starved, and Refed Rats

Total hormone content
per pancreas

Plasma Plasma Plasma Plasma
Experimental conditions glucose* B-OHBY glucagon insulin Glucagon Insulin
mM uM peiml ng/ml ny ne
(a) Fed (group 1) 10.8+0.4 245+28 239+11 3.7+x0.6 — —
(b) Fed (group 2)§ 9.9+0.4 245+21 2078 3.6+0.4 6.5+0.2 49.0+2.5
(c) 1-d fasted 9.1+0.2 909+107 216+10 1.6+0.2 — —
(d) 2-d fasted 8.0=0.2 1,523+115 209=7 0.7+0.2 — —
(e) 3-d fasted (group 1) 7.8+0.3 1,530+222 225+5 0.3+0.1 — —
(f) 3-d fasted (group 2)§ 7.2+0.6 2,183+282 220+5 0.3+0.2 5.3+0.2 42.7+1.7
(g) 3-d fasted, 1-d refed 18.1x0.8 27140 310=5 1.0=0.1 4.8+0.3 44.0x39
Statistical treatment
avs.c <0.01 <0.001 NS <0.01
avs.d <0.001 <0.001 NS <0.001
avs.e <0.001 <0.001 NS <0.001
cvs.d <0.001 <0.001 NS <0.01
dvs.e NS' NS NS NS
bvs. f <0.01 <0.001 NS <0.001 NS NS
bvs. g <0.001 NS <0.001 NS NS NS
fvs. g <0.001 <0.001 <0.001 <0.001 NS NS

The values represent the means=SEM (n = 6 for each group).

* The plasma glucose levels as seen here are atypically high, which is probably a result of the stressful situation
of the animal during surgery. On repetition of the blood sugar assay with samples taken from the tip of the tail of
unanesthetized animals from a different group, the results were as follows (n = 6): fed, 5.0£0.2 mM; 1-d fasted,
3.87+0.2 mM; 2-d fasted, 3.87+0.2 mM; 3-d fasted 4.17+0.1 mM; 3-d fasted and 1-d refed, 7.03+0.2 mM.

{ B-OHB, B-hydroxybutyrate.

§ Experiments b and f were carried out in addition to those shown in groups a and ¢, respectively, to assess the
hormone stores of the pancreas, which was not possible with the perfused pancreas preparations of these

particular experiments.
"P = 0.05.

pendent upon the secretory response of the B-cells.
(e) It has recently been shown that tolbutamide is
able to suppress glucagon secretion and it has been
proposed that this effect was indirect, because of the
concomitant stimulation of insulin secretion (3). If this
were true, a,-cells should not be blocked by tolbuta-
mide, when the B-cells are nonresponsive as a result of
starvation. The use of tolbutamide was also attractive
because as a drug it contrasted well with the physio-
logical inhibitor glucose. (f) It is assumed that the islet
alterations that develop in the obese hyperglycemic
state in the mouse are a consequence of hyperphagia
and it is reasoned that mouse and rat behave similarly
(14). (g) Finally, it was felt that these experiments
might help delineate the overall role of the glucagon
system in fuel homeostasis during starvation, an im-
portant, still unsettled problem of physiology.

METHODS

Animals. Male Holtzman rats with original weight of
250-300 g were used in all experiments. All animals had

free access to water. The animals were either fed (Rat Chow,
Ralston Purina Co., St. Louis, Mo.); fasted for 1, 2, or 3d; or
were fasted for 3d and then refed for 1, 2, or 3d. Obese
hyperglycemic mice (C57 Black/6]J, ob/ob) from the Jackson
Laboratories, Bar Harbor, Me., were used. C57 Black mice
from a local supplier served as controls. The mice were all
in the fed state. The average weight of the obese animals was
65.4+1.9 g and that of the lean animals 22.1+2.5 g.

Perfusion system. The pancreas was isolated and perfused
by the procedure described by Grodsky et al. (11), with minor
modifications (12). The animals were anesthetized with pento-
barbital (3 mg/100 g body wt). The surgical preparation of
the animals and the composition of the perfusion medium
have been described (4, 11, 12). All experiments were
performed between 8:00 a.m. and 3:00 p.m. Animals were
sacrificed at times in accordance with a schedule for fasting
or refeeding (within =30 min). Six different perfusion condi-
tions were employed (Fig. 1). A total of 154 experiments
were performed.

Samples of perfusate (0.5 ml) were obtained at suitable
intervals from the cannula in the portal vein, cooled on ice,
and, after completing the experiment, frozen for storage at
—20°C until assayed. Samples from protocols II through
VI were collected in tubes that contained 500 kallikrein
inactivating units/ml of Trasylol (FBA Pharmaceuticals,
Inc.,, New York). Because glucagon, in contrast to insulin,
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TABLE II
Effect of Starvation on Concentration and Time Dependency
of Glucose-stimulated Insulin Release

Insulin release

First phase Second phase Total release
Experimental conditions tis—ta tao—tas tis—tys
ngl5 min ng/25 min ng/30 min

Glucose, 5 mM

(a) Fed 118+32 287+61 406+93

(b) 1-d fasted 25+7 92+29 118+35

(c) 2-d fasted 16+6 78+30 94+35

(d) 3-d fasted 7.5+1.5 30+10 38+12
Statistical treatment

avs.b <0.05 <0.05 <0.05

avs.c <0.05 <0.05 <0.05

avs.d <0.05 <0.01 <0.05
Glucose, 10 mM

(a) Fed 386+86 1,589+291  1,975+369

(b) 1-d fasted 159+44 895+231  1,054+269

(¢) 2-d fasted 142+26 930+192 1,072+214

(d) 3-d fasted 40+10 314+31 354+38
Statistical treatment

avs. b NS* NS NS

avs.c <0.05 NS NS

avs.d <0.01 <0.01 <0.01
Glucose, 20 mM

(a) Fed 509+114 2444+90 2,954 +472

(b) 1-d fasted 307+30 2,065+318 2,371+207

(c) 2-d fasted 233+28 1,898+318 2,122+345

(d) 3-d fasted 175+41 1,093+67 1,169+72
Statistical treatment

avs.b NS NS NS

avs.c NS NS NS

avs.d <0.05 <0.05 <0.05

The values represent the means +SEM of the integrated
secretion rates of insulin as obtained by calculating the areas
under the curves extending over the indicated time periods
(n = 4 for each condition).

* P = 0.05.

is degraded in the perfusate (unpublished data), it has been
found necessary to add Trasylol. This measure stabilized
the glucagon values. This precaution of adding Trasylol
was omitted in protocol I. The rates of insulin and glucagon
release were calculated by multiplying the concentration of
the respective samples by the flow rates, which were measured
at frequent intervals (3 ml/min in protocol I and 6 ml/min
in protocols II through VI). For performing the studies with
the isolated perfused pancreas of the mouse, the perfusion

apparatus was miniaturized appropriately and the perfu- -

sion flow rate was reduced to 1 ml/min. As the flow rate is
lowered, the temporal resolution of the system is reduced.
Therefore, measurements of initial rates of stimulation or
suppression seem to be less accurate than observed in the
rat pancreas. This was of little consequence in our study.
We studied 10 ob/ob mice and eight lean controls.

In vivo experiments. Blood samples were obtained from
all rats undergoing the perfusion experiment just before
removal of the pancreas from the heparinized animals (4).
The samples (2 ml) were drawn by puncturing the inferior
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vena cava. The blood was injected into tubes that contained
500 kallikrein inactivating units/ml Trasylol and 1.25 mg
EDTA/ml and was kept on ice for no longer than 30 min.
The plasma sample was used to determine glucose, B-
hydroxybutyrate, glucagon, and insulin, and all values were
corrected for dilution by Trasylol.

Analytical methods. Immunoreactive glucagon (4, 15) and
insulin (16) were measured by double antibody systems as
previously described. Glucose and g-hydroxybutyrate in
plasma were measured by enzymatic assays, either fluoro-
metrically (17) or spectrophotometrically (18).

RESULTS

In vivo symptoms of reversible “starvation dia-
betes.” The fasting-refeeding regimen used here led
to 20% weight loss within 3d of food deprivation.
During the period of realimentation, animals con-
sumed ~40 g of food daily. The weight loss was re-
gained within 2 d of refeeding, and after 3 d the body

e——Glucose, 5 MM —————=

INSULIN RELEASE, ng IRI/min

[0} 5 10 15 20 25 30 35
DURATION OF PERFUSION, min
FIGURE 2 Effect of starvation on kinetics of insulin release
by the perfused rat pancreas stimulated with low, medium,
and high glucose. The means of four perfusion experiments
are recorded in each group of animals. Protocol I (Fig. 1) was
used. SEM are similar to those shown in other figures (e.g.,
Fig. 3). Including the SEM would have obscured the
graph. The results of studies with low glucose after 3d of
fasting are not shown because insulin was virtually unde-
tectable. A statistical treatment of the data can be found in
Table II. Fed rats, ——; fasted 1d, —-—; fasted 2d, ----- ;

fasted 3 d, — — —. IRI, immunoreactive insulin.
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TABLE III
Effect of Starvation and Refeeding on B-Cell Stimulation
by Amino Acids and Glucose Combined

Insulin release

First phase Second phase Total release
Experimental conditions tao—tas tas—tas tao—tas
ngl5 min ng/10 min ng/l5 min
(a) Fed
1 —glucose 5.0=1.1 10.0+3.1 15.0+£3.2
2 +glucose 780+29 1,241+70 2,022+43
(b) 1-d fasted
1 —glucose 2.2+1.2 7.3+2.8 9.5+4.0
2 +glucose 341x71 518+115 859+183
(c) 2-d fasted
1 —glucose 3.4+1.0 8.6=1.9 9.7+2.0
2 +glucose 11022 233+53 342+72
(d) 3-d fasted
1 —glucose 2.0+0.5 5.9+0.3 8.0x1.5
2 +glucose 69+14 12519 193+29
(e) 3-d fasted, 1-d
refed, plus
glucose 260+38 478+94 741122
(f) 3-d fasted, 2-d
refed, plus
glucose 595+86 970+157  1,565+236
(g) 3-d fasted, 3-d
refed, plus
glucose 442+65 917+164  1,359+229
Statistical treatment
a,vs. b, <0.001 <0.001 <0.001
a, vs. Cy <0.001 <0.001 <0.001
a, vs.d, <0.001 <0.001 <0.001
dyvs. f <0.001 <0.001 <0.001
dyvs. g <0.001 <0.001 <0.001
a,vs.e <0.001 <0.001 <0.001
ayvs.f NS* NS NS
a,vs. g <0.01 NS <0.05

The concentration of the amino acid mixture was 10 mM.
The values represent the means+SEM of the integrated
secretion rates of insulin as obtained by calculating the areas
under the curves extending over the indicated time periods.
There are four experiments in each group.

*P = 0.05.

weight exceeded the starting values of the animal’s
weight by ~10%. The alterations of plasma glucose,
B-hydroxybutyrate, glucagon, and insulin levels and
the maintenance of the pancreatic glucagon and insulin
stores during the starvation-refeeding schedule
were for the most part as expected (Table I): blood
sugar and insulin fell, the ketone bodies increased
almost 10-fold, and there were no changes of the pan-
creatic insulin and glucagon stores. It is particularly
noteworthy that 3 d of food withdrawal had little ef-
fect on plasma levels of immunoreactive glucagon in
contrast to the pronounced drop of plasma insulin to
<10% of the levels found in the fed state.

The changes of plasma glucose, B-hydroxybutyrate,
and insulin values observed here during starvation
and refeeding agree with the results of other studies
(19-22). The relative constancy of pancreatic glucagon
and insulin stores has also been noted before (20,
23-25). The apparent lack of effect of starvation on
plasma glucagon levels as observed in our investiga-
tion is consistent with certain data published by
others (26). But they are in contrast with the results
of Unger et al. (27) and of Lawrence (28), who found
marked elevations of plasma glucagon during periods
of glucose deprivation. These discrepancies are not
easily reconciled but could be related to the analytical
difficulties inherent in measuring plasma levels of im-
munoreactive glucagon. It is emphasized that, for the
purpose of this discussion, it matters little whether
starvation caused an absolute hyperglucagonemia or
not. The glucagon:insulin ratio was certainly greatly
increased in accordance with the basic thesis of the
“double trouble” hypothesis (1).

At the end of 1d of refeeding after starvation, the
animals exhibited signs of starvation-diabetes: they
were hyperglycemic, had a relative insulin deficiency
in the plasma, and showed high plasma glucagon
levels. The insulinogenic index of animals fasted 3 d
and refed for 1 d was 0.10 ng in contrast to a value of
0.36 ng of insulin/umol of glucose in plasma found in
fed animals. The glucagon levels rose by 50% (much
less impressively than the threefold increase of insulin)
when the rats were refed for 1 d.

The mild hyperglycemia seen in refed animals is
compatible with data by Grey et al. (23), who studied
insulin secretion of fed and 48-h fasted rats after oral
glucose: In fed rats, the elevated plasma glucose re-
turned to base line promptly, whereas hyperglycemia
persisted in fasted animals.

In vitro studies of altered B-cell responsiveness
during starvation-refeeding in the rat. Decreased re-
sponsiveness of the B-cell to stimulation by glucose it-
self or to a combination of glucose and amino acids
was readily demonstrated with the isolated perfused
pancreas. The studies performed here with glucose as
the sole stimulus serve to reassess data in the litera-
ture on that subject (Table II, Fig. 2). The B-cell im-
pairment was most pronounced with levels of glucose
(5 mM) close to threshold for stimulation. It is note-
worthy that glucose deprivation for the 15 min of the
preperfusion period did not preclude a brisk first peak
response to a glucose stimulus just above threshold in
the pancreas of the fed animal. At an intermediate
glucose level (10 mM) the defect was also seen as
early as 1 d after fasting, but statistical significance was
achieved only after 2 d of food withdrawal. Both phases
of the typical release profile, observed with the isolated
perfused pancreas exposed to square wave of high glu-
cose were affected. With 20 mM glucose as stimulus, it
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FIGURE 3 The effect of starvation (A) and refeeding (B) on a,- and B-cell responses. The means
+SEM of experiments are given in each group. Protocol IV (Fig. 1) was used. In the panels that
show the insulin release profiles, only the data with glucose plus amino acids present are given
(n = 4).Insulin levels were negligible with amino acids alone and were notrecorded. In the panels
that show glucagon release profiles, the data of eight perfusions are pooled for the first 20 min of the
experiment, whereas, during the ensuing 15 min, means=SEM of four experiments each in the
absence and presence of 10 mM glucose are given. In the refeeding experiment, there were only
four perfusions and all had glucose present during the last 15 min. For a statistical treatment of all

the results see Table III.

took 3 d of starvation to alter the entire profile of release
sufficient to achieve statistical significance. Consider-
ing the kinetics of the profile (Fig. 2), there was a de-
crease of first phase release with high glucose ob-
servable even after 24 h of starvation, but steady-state
release during the second phase was altered only after
3 d of starvation. These apparent changes did not reach
statistical significance.

This portion of the in vitro study confirms numerous
findings of others that fasting reduces the sensitivity
of the B-cells to its main physiological stimulus glu-
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cose (19, 20, 23-25, 29-36). It also documents the
startling feature that the gB-cell responsiveness to the
physiological threshold dose of glucose (i.e., 5 mM) is
well maintained after a brief extracorporal perfusion
with a solution free of glucose.

The results obtained with an amino acid mixture and
glucose combined agreed in general with the results
obtained with glucose as the sole stimulus but dif-
fered in some important details (Table III, Figs. 3-5).
As shown previously, amino acids require glucose for
B-cell stimulation. With the pancreas from fed animals,
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there was no apparent delay of the g-cell response. The
effect of starvation on B-cell function became apparent
after 24 h and affected both phases of the profile.
Starvation reduced and delayed the first phase of the
combined stimulus of 10 mM amino acids and 10 mM
glucose. In the fed state, the maximum of the first
phase was reached within 1 min after the switch. With
starvation, the delay in the onset of the secretory
response increased from 1 min after 1 d to 3 min after
3 d of starvation. The magnitude of the second phase
response fell gradually with fasting. The B-cell re-
sponse was nearly normalized after 2 d of refeeding as
to onset, magnitude, and kinetics of the response.

Because it was expected that the effect of starvation
on B-cell might manifest itself more readily when low
glucose levels are used together with the glucose-
dependent amino acid stimulus, the concentration
dependency of glucose induced insulin release was
assessed in fed and 3-d fasted rats (Fig. 5). The glucose
threshold with the amino acid mixture present was ~3
mM, and a substantial monophasic B-cell response was
achieved with 4.5 mM glucose. Starvation completely
blocked insulin release as a result of these low sugar
levels combined with the amino acid mixture, similar to
the result when low sugar alone was used (cf. Fig. 2).

An exploratory dose-response study with tolbutamide
concentrations between 3 uM and 3 mM showed that
the B-cells of the pancreas perfused with an amino
acid mixture was extremely sensitive to tolbutamide.
At 30 uM the response was approximately one-half
maximal and was clearly monophasic, but at higher
concentrations (=90 uM) biphasic release patterns
were observed (Fig. 6). The effect of starvation was
assessed with 30 uM tolbutamide, and it was found that
after 3 d of food deprivation 8-cells did not respond at
all to this dose of the drug (Table IV).

Maintenance of as-cell in vitro responses to amino
acids and glucose during starvation and refeeding in
the rat. Glucagon release as a result of a maximal
stimulus with amino acids was maintained during the
starvation-refeeding regimen applied here (Table V,
Figs. 3-5). The data indicate that both phases are fully
preserved. Glucose suppression was also maintained
during starvation. There was even an indication that
a,-cells might become supersensitive to glucose during
fasting: in fed and realimented animals there was a
definite 30- 60-s delay before glucose inhibition of glu-
cagon secretion became apparent, but in animals fasted
2 or 3 d the release rate dropped precipitously when
glucose was introduced and inhibition was clearly
demonstrable in the first sample taken 30s after
the switch.

Suppression of amino acid-stimulated glucagon re-
lease by low glucose levels was very efficient (Fig. 5).
As little as 2 mM glucose reduced the rate by ~40% and
4.5 mM reduced it >80%. Starvation for 3 d had only
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FIGURE 4 Altered B-cell and preservation of a,-cell function
during starvation. The figure is a graphic representation of data
recorded in Tables III and V. Total insulin release was
measured over the entire period of glucose exposure (ty—
t3s), first-phase release was obtained from t,, to ¢,5 and second
phase release from t,5 to t35 of glucose exposure. The glucagon
release observed during amino acid exposure from t;5 to ¢,
was taken as a measure of stimulated glucagon release, that
from ty to t,5 was used as measure of acute suppression, and
delayed glucose suppression represents glucagon release from
tgs to t35.

little, if any, effect of a,-cell suppression by low glu-
cose (2, 3, or 4.5 mM).

These results generally agree with the finding of
Oliver et al. (26) obtained with isolated perifused
islets taken from starved rats. However, because of
the limited time resolution of the perifusion system
employed in that study and because these investigators
used only high glucose levels (16.7 mM), presumably
because the glucose responsiveness of isolated islets
was not optimal, there remained some uncertainty
whether subtle alterations of a,-cell function as a result
of starvation might have remained undiscovered. Our
data settle this question.

It was confirmed here that tolbutamide is a powerful
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FIGURE 5 Effect of starvation of a,- and B-cell responsiveness to low glucose levels. Protocol V
as sketched in Fig. 1 was used. There were four experiments in each group, i.e., a total of 24 perfu-
sions. Means of the results are recorded. A statistical treatment of the data seemed superfluous. For
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inhibitor of amino acid-stimulated glucagon release
(Fig. 6) (3, 37). Concentrations as low as 10 uM were
effective. It must be recalled, however, that the re-
sponse of the ay-cell to tolbutamide is complex, be-
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FIGURE 6 Effect of tolbutamide on a,- and B-cells of the
isolated perfused rat pancreas. The means of two perfusion
experiments at two drug levels each are shown. Protocol VI
(Fig. 1) was used. The results are representative of a more
complete dose-response study with 0.003-3.0 mM tol-
butamide (not shown). The threshold for a;- and B-cell action
was 0.01 mM, and maximal rates were obtained at 1.0 mM.
IRG, immunoreactive glucagon; IRI, immunoreactive insulin.
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cause stimulation can be observed in the absence of
amino acids (3, 37). For example, with protocol II (Fig.
1), we found that 30 uM tolbutamide infused alone
stimulated a;- and B-cells concomitantly (not shown).
Starvation for 3 d had little, if any, effect on the a,-
cell suppression by a submaximal dose of tolbutamide
(Table IV).

Glucose suppression of amino acid-stimulated
glucagon release in obese mice of the C57 Black/6]
strain (Fig. 7). 'To assess the possible impact of obesity
on the glucose responsiveness of a,-cells, perfusion ex-
periments were performed with the pancreas of

TABLE IV

Differential Effect of Starvation on a,- and B-Cell
Responsiveness to Tolbutamide

Insulin release Glucagon release

Time of

perfusate Starved Starved

sampling Fed rats rats Fed rats rats
min ngimin ng/min
15 2.1+0.1 ND* 25.9+2.7 26+3
20 1604 ND 31.9+3.0 28+2
20.5 105+12 ND 75+14 6.8+1.7
21 61x11 ND 3.8+0.5 6.4=13
22 214 ND 3.6+0.7 6.4+04
35 43+22 ND 6.2+06 9.8x1.1

Protocol III was used. The tolbutamide concentration was 30
p#M and was introduced at 20 min. The tolbutamide exposure
was extended to 35 min and the experiment was terminated
at that point. The means+*SEM of four experiments are
shown. The data of strategic time points of the release profile
are given. Compare these data with corresponding results
shown in Fig. 6.

* ND = not detectable.
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genetically obese hyperglycemic mice [C57 Black/6]
(ob/ob)] and of lean C57 Black mice. The data obtained
with the pancreas from fed lean mice were compatible
with results obtained with rats. However, with the
pancreas from fed obese hyperglycemic mice, several
striking observations were made: First, the B-cells

TABLE V
Preservation of ay-Cell Function in Starvation

Glucagon release

Experimental
conditions tis—tao too—ts; tys—tss tao—tas
ngl5 min ngl5 min ng/10 min ng/l5 min
(a) Fed
1 —glucose 122+ 12 13120 267x42 398=60
2 +glucose 42+9 12+6 59+14
(b) 1-d fasted
1 —glucose 103+ 14 108+21 194+38 302+58
2 +glucose 36+9 0 36+9
(¢) 2-d fasted
1 —glucose 102+ 10 12712 24424 371x36
2 +glucose 32+3 0 33+3
(d) 3-d fasted
1 —glucose 106+ 10 11114 194+27 305+40
2 +glucose 313 8+3 40+5
(¢) 3-d fasted,
1-d refed,
plus
glucose 79+17 30+4 111 42+4
(f) 3-d fasted,
2-d refed,
plus
glucose 98+20 40+4 101 51+4
(g) 3-d fasted,
2-d refed,
plus
glucose 103+22 39+7 12+1 51+8
Statistical
treatment
ay vs. by NS* NS NS
Ay VS. Cy NS NS NS
ay vs. d, NS NS NS
dyvs.e NS NS NS
dyvs. f NS NS NS
dyvs. g NS NS NS
a, vs. e <0.05 NS NS
a, vs. f NS NS NS
a; vs. g NS NS NS

Protocol IV was used. Amino acids (10 mM) were present
throughout. Results obtained in the presence and absence of
10 mM glucose are shown. Glucose was not included until
tzo. The values represent the means=SEM of the integrated
secretion rates of glucagon as obtained by calculating the
areas under the curves extending over the indicated time
periods. There were four experiments in each of the two
groups. From t;;—t, the pooled results of eight perfusions
are shown, since during this phase glucose was absent in
all experiments.

*P = 0.05.
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FIGURE 7 Islet cell responsiveness of the isolated perfused
pancreas of the obese hyperglycemic mouse. Means of 10
and 8 experiments are given in the groups of obese (solid line)
and control animals (broken line), respectively. Standard er-
rors were similar to those observed in other experiments (e.g.,
Fig. 3).

showed high basal activity in the absence of known
stimuli in the perfusate; second, the B-cells responded
to an amino acid mixture with a burst of increased
insulin release, even in the absence of glucose; third,
the B-cell response to the combined amino acid-
glucose stimulus was 3-4 times as big as that seen in
the lean controls; fourth, the a,-cell response to the
amino acid mixture was 2-3 times as big as the re-
sponse in the lean controls; and fifth, glucose, even at
20 mM, did not suppress amino acid-stimulated glu-
cagon release, in contrast to the results obtained
in controls.

These in vitro data confirm and extend findings of
others who investigated 8- and a,-cell function of obese
hyperglycemic mice with the isolated perfused pan-
creas (8, 9). The results are also consistent with the
amply documented fact that C57 Black/6] mice with
the ob/ob gene are characterized by high plasma levels
of glucose, insulin, and glucagon (38, 39).

DISCUSSION

Our results pertain to two aspects of islet physiology
and endocrine fuel homeostasis: («) the possible func-
tional role of postulated paracrine hormonal interac-
tions between a,- and B-cells during starvation, and
(b) the nature of the physiological adaptive processes
in a,- and B-cells during starvation, refeeding after
starvation, and in one particular form of obesity.
Insulin and glucagon as local hormones. Samols et
al. (2, 3) have postulated the existence of an intra-
islet feedback system now described by the term
paracrine (1) with insulin functioning as the trans-
mitter of glucose and drug-induced a,-cell inhibition
and glucagon serving as mediator of amino acid-in-
duced insulin release. This concept of paracrine regula-
tion of islet cell function has important implications
for the characteristics of the postulated peptide hor-
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mone receptors of islet cells. With ambient islet
hormone levels approaching the micromolar range, the
apparent K, values of the postulated receptors can be
expected to be much higher than those found in other
peripheral target tissues, e.g., adipose tissue (40). Sup-
port for the existence of such a paracrine system was
derived from data that showed inhibition of glucagon
secretion by exogenous insulin in vitro. However, in a
recent study by Weir et al. (41) it was found that as
much as 50 mU of insulin/ml of perfusate suppressed
glucagon secretion only slightly, and did so only
in 3 of 7 perfusion experiments with the isolated dog
pancreas. We have adopted a simpler working hypothe-
sis, which proposes that the action of nutrients on a,-
and B-cells might be direct, without excluding short-
term and long-term modulation of secretory respon-
siveness by endocrine and neural factors (4, 5, 10).
For example, as-cells may require the continuous
presence of basal insulin for maintenance of normal
responsiveness to glucose, but may be relatively in-
sensitive to the wide fluctuations of insulin levels that
acutely result from varied nutritional loads. Our data
seem to support this latter concept, because glucose
and tolbutamide suppression of stimulated glucagon
release occurred in-the absence of a detectable in-
crease in insulin secretion. Similar conclusions were
drawn from the results of previous in vitro studies with
the pancreas taken from acutely or chronically diabetic
animals. In these studies, glucose was capable of sup-
pressing glucagon release in the virtual absence of in-
sulin secretion (4, 5). Additional evidence comes from
extensive yet-to-be-published in vitro studies with 8-
hydroxybutyrate. B-Hydroxybutyrate, which is a
powerful insulin-releasing agent in the perfused pan-
creas, provided basal glucose (2.5-5.0 mM) is present,
does not enhance the a,-cell suppressive effect of glu-
cose in that range. It was also found that alloxan,
when added to the perfusate, blocked glucose-induced
insulin release of the isolated perfused rat pancreas
without preventing glucose suppression of the a,-
cells (10). Finally, it has been shown here that tol-
butamide inhibits stimulated glucagon release in the
isolated perfused pancreas taken from starved animals,
again in the absence of concomitant changes of in-
sulin release.

Even though it is tempting to argue that the as-
semblage of a;-, ax-, and B-cells in the islet organ
might be essential for the physiological regulation of
islet cell functions through local paracrine interac-
tions, the direct evidence for such a concept is meager
as examplified by this discussion. An experimental
design more sophisticated than used in our study may
be needed to find functional evidence for the postu-
lated cell-cell interaction among different pancreatic
islet cells. One should also not discount the possibility
that the association of different cell types in one endo-
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crine organ (the “islet organ”) may serve other
purposes in addition to, or instead of, providing an
opportunity for intercellular communication. For ex-
ample, the peculiar requirement for vascularization
and innervation for the different endocrine cell types
may be similar, and it would seem to be biologically
economical to consolidate such cells in one endocrine
organ.

Physiological adaptation of ay-cell responsiveness
to glucose. Most investigators share the view that
glucose suppressibility of glucagon-producing a,-cells
is directly proportional to B-cell activity. This concept
was developed because hyperglucagonemia is com-
monly observed in diabetes mellitus and because of
the beneficial effect of insulin therapy of diabetics,
which lowers plasma glucagon levels (42). Our in vitro
data suggest that pathophysiological phenomena,
which characterize the diabetic state, tend to obscure
certain physiological adaptive processes possibly
operative in a,-cells. It seems that the ap-cell is most
responsive to glucose in the state of subacute fuel
deprivation and hypoinsulinemia and least responsive
in the obese, most likely hyperalimented state ac-
companied by hyperinsulinemia. Our interpretation
rests on the assumption that it is the hyperphagia and
hyperalimentation that leads to islet cell hyperplasia
and glucose resistance of ap-cells in the ob/ob mouse.
There is good evidence for this (14). Our hypothesis
predicts that mice or rats made hyperphagic and fat-
tened by lesions in the ventromedial hypothalamus
produced electrolytically or by goldthioglucose should
show B-cell hyperplasia and glucose blindness of
ay-cells as seen in the ob/ob mouse. It also follows
from the above assumption that food restriction of the
ob/ob mouse should remedy the defect. Those predic-
tions are testable with our approach. In the normally
fed state, ap-cell suppression by glucose occupies an
intermediate position. The dysregulation of ay-cell
function, as observed in insulin-deficient diabetes mel-
litus, and the remedial affect, seen after insulin treat-
ment in this situation, can be incorporated in this con-
cept, if it is assumed that optimal glucose sensitivity of
ag-cells can only be maintained if a minimal require-
ment for insulin is fulfilled. This concept provides a
framework that incorporates all presently available data.

Our data and data in the literature dealing with the
question of glucose responsiveness of a,-cells can be
best explained if one assumes that these cells need
the maintenance of an optimal insulin level for maximal
glucose sensitivity and that deviations from this op-
timum to a situation with relative insulin deficiency or
insulin excess leads to glucose resistance. Given the
maintenance of basal insulin levels, it might be of little
consequence for the glucose responsiveness of a,-cells
whether glucose elicits an acute surge of insulin from
the B-cell or not. Glucose resistance of a,-cells may be
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a result of alteration of a glucoreceptor speculated to
exist on the a,-cell membrane (4, 13). In such a case
it needs to be assumed that too little or too much in-
sulin causes a glucoreceptor defect or deficiency.
Another equally attractive way of explaining the results
can be based on the hypothesis that proposes that
an event related to transmembranous glucose transport
and/or to glucose metabolism is responsible for a,-
cell suppression. In such a case it needs to be assumed
that too little or too much insulin might interfere with
glucose entry in the a,-cell or glucose degradation (40).
Because research dealing with the nature of glucose
metabolism of pancreatic a,-cells has just been ini-
tiated, it is not possible to decide which explanation
applies (5, 43). Our analysis must neglect the possible
role of somatostatin in glucose and tolbutamide in-
hibition of glucagon. It is conceivable that the glucose
and tolbutamide effects on a,-cells are indirect, mediated
through somatostatin. To our knowledge, there are no
data in support of such a supposition.

ACKNOWLEDGMENTS

The ob/ob mice were kindly provided by Dr. Lostroh and
Dr. Krahl of the Medical College of Virginia, Richmond, Va.

This study was supported by U. S. Public Health Service
Award AM 22122 and Diabetes Endocrinology Center grants
AM 17094 and AM 19525.

REFERENCES

1. Unger, R. H., and L. Orci. 1977. The role of glucagon in
the endogenous hyperglycemia of diabetes mellitus.
Annu. Rev. Med. 28: 119-130.

2. Samols, F., J. M. Tyler, and V. Marks. 1972. Glucagon-
insulin interrelationship. In Glucagon, Molecular
Physiology, Clinical and Therapeutic Implications. P. J.
Lefebvre and R. H. Unger, editors. Pergamon Press Ltd.,
Oxford. 151-173.

3. Samols, E., and J. Harrison. 1976. Intraislet negative in-
sulin-glucagon feedback. Metab. Clin. Exp. 25(Suppl. 1):
1443-1447.

4. Pagliara, A. S., S. N. Stillings, M. W. Haymond, B. A.
Hover, and F. M. Matschinsky. 1975. Insulin and glucose
as modulators of the amino acid-induced glucagon release
in the isolated pancreas of alloxan and streptozotocin
diabetic rats. J. Clin. Invest. 55: 244-255.

5. Matschinsky, F. M., A. S. Pagliara, B. A. Hover, C. S. Pace,
J. A. Ferrendelli, and A. D. Williams. 1976. Hormone
secretion and glucose metabolism in islets of Langerhans
of the isolated perfused pancreas from normal and strep-
tozotocin diabetic rats. J. Biol. Chem. 251: 6053-6061.

6. Weir, G. C., S. D. Knowlton, R. F. Atkins, U. X. McKen-
nan, and D. B. Martin. 1976. Glucagon secretion from
the perfused pancreas of streptozotocin-treated rat.
Diabetes. 25: 275-282.

7. Frankel, B. J., J. E. Gerich, R. Hagura, R. E. Fanska,
G. C. Gerritsen, and G. M. Grodsky. 1974. Abnormal
secretion of insulin and glucagon by the in vitro perfused
pancreas of the genetically diabetic Chinese hamster.
J. Clin. Invest. 53: 1637-1646.

8. Laube, H., R. D. Fussginger, V. Maier, and E. F. Pfeif-
fer. 1973. Hyperglucagonemia of isolated perfused pan-
creas of diabetic mice (ob/ob). Diabetologia. 9: 400-402.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

. Laube, H., R. D. Fussginger, and E. F. Pfeiffer. 1974.

Paradoxical glucagon release in obese hyperglycemic
mice. Horm. Metab. Res. 6: 426.

Pagliara, A. S., S. M. Stillings, W. S. Zawalich, A. D.
Williams, and F. M. Matschinsky. 1977. Glucose and
3-O-methylglucose protection against alloxan poisoning
of pancreatic alpha and beta cells. Diabetes. 26: 973-
979.

Grodsky, G. M., A. A. Bates, L. L. Bennet, C. Vcella,
N. B. McWilliams, and D. F. Smith. 1963. Effects of
carbohydrates on secretions of insulin from isolated rat
pancreas. Am. J. Physiol. 205: 638-644.

Landgraf, R., J. Kotler-Brajtburg, and F. M. Matschinsky.
1971. Kinetics of insulin release from the perfused rat
pancreas caused by glucose, glucosamine and galactose.
Proc. Natl. Acad. Sci. U. S. A. 68: 536-540.

Pagliara, A. S., S. N. Stillings, B. A. Hover, D. M. Martin,
and F. M. Matschinsky. 1974. Glucose modulation of
amino acid-induced glucagon and insulin release in the
isolated perfused rat pancreas. J. Clin. Invest. 54:
819-832.

Stauffacher, W., L. Orci, D. P. Cameron, I. Burr,and A. E.
Renold. 1971. Spontaneous hyperglycemia and/or obesity
in laboratory rodents: an example of the possible use-
fulness of animal disease model with both genetic and
environmental components. Recent. Prog. Horm. Res. 27:
41-95.

Leichter, S. B., A. S. Pagliara, M. H. Greider, S. Pohl,
J. Rosai, and D. M. Kipnis. 1975. Uncontrolled diabetes
mellitus and hyperglucagonemia associated with an
islet cell carcinoma. Am. J. Med. 58: 285-293.

Morgan, C. R., and A. Lazarow. 1963. Immunoassay of
insulin: two antibody system. Plasma insulin levels of
normal, subdiabetic, and diabetic rats. Diabetes. 12:
115-126.

Lowry, O. H., and J. V. Passonneau. 1972. A Flexible
System of Enzymatic Analysis. Academic Press, Inc.,
New York.

Bergmeyer, N. V. 1970. Methods of Enzymatic Analysis.
Verlag Chemie, International, Inc., New York. 2nd
edition.

Cahill, G. F., Jr., M. G. Herrera, A. P. Morgan, J. S.
Soeldner, J. Steinke, P. L. Levy, G. H. Reichard, Jr.,
and D. M. Kipnis. 1966. Hormone fuel interrelationships
during fasting. J. Clin. Invest. 45: 1751-1769.

Malaisse, W. J., F. Malaisse-Lagae, and P. H. Wright.
1976. Effect of fasting upon insulin secretion in the rat.
Am. ]. Physiol. 213: 834-848.

Kipnis, D. M., F. Hertelendy, and L. J. Machlin. 1968.
Studies of growth hormone secretion. Excerpta Med. Int.
Congr. Ser. 184: 601-609.

Beck, P., J. H. T. Koumans, C. A. Winterling, M. F.
Stein, W. H. Daughaday, and D. M. Kipnis. 1964, Studies
of insulin and growth hormone secretion in human
obesity. J. Lab. Clin. Med. 64: 654-667.

Grey, N. ]., S. Goldring, and D. M. Kipnis. 1970. The ef-
fect of fasting, diet, and actinomycin D on insulin secre-
tion in the rat. J. Clin. Invest. 49: 881-998.

Buchanan, K. D., J. E. Vance, and R. H. Williams. 1969.
Effects of starvation on insulin and glucagon release from
isolated islets of Langerhans of the rat. Metab. Clin.
Exp. 18: 155-162.

Bosboom, R. S., J. Zweens, and P. R. Bouman. 1973. Ef-
fect of feeding and fasting on the insulin secretory re-
sponse to glucose and sulfonylureas in intact rats and
isolated perfused rat pancreas. Diabetologia. 9: 243-450.
Oliver, J. R., V. Williams, and P. H. Wright. 1977. Ef-
fects of fasting on insulin and glucagon secretion by

Adaptations of a- and B-Cell Secretion 217



27.

28.

29.

30.

31.

32.
33.

34.

35.

218

isolated rat islets of Langerhans. Proc. Soc. Exp. Biol.
Med. 154: 210-214.

Unger, R. H., A. M. Eisentraut, and L. L. Madison. 1963.
The effect of total starvation upon the levels of circulating
glucagon and insulin in man. J. Clin. Invest. 42: 1931-
1939.

Lawrence, A. M. 1966. Radioimmunoassayble glucagon
levels in man: effect of starvation, hypoglycemia and
glucose administration. Proc. Natl. Acad. Sci. U. S. A.
55: 316-320.

Solomon, S. S., J. W. Ensinck, and R. H. Williams. 1968.
Effect of starvation on plasma immunoreactive insulin
and non-suppressible insulin-like activity in normal and
obese humans. Metab. Clin. Exp. 17: 528-534.

Vance, J. E., K. D. Buchanan, and R. H. Williams. 1968.
Effect of starvation and refeeding on serum immuno-
reactive glucagon and insulin levels. J. Lab. Clin. Med.
72: 290-297.

Lopez-Quijada, C., J. Gomes-Acebo, and E. Blazquez.
1969. Effect of starvation upon insulin secretion in the
rabbit. Acta Diabetol. Lat. 6: 820-835.

Genuth, S. M. 1966. Effects of prolonged fasting on in-
sulin secretion. Diabetes. 15: 798-806.

Matschinsky, F. M., J. E. Ellerman, J. Krzanowski, J.
Kotler-Brajtburg, R. Landgraf, and R. Fertel. 1971. The
dual function of glucose in islets of Langerhans. J.
Biol. Chem. 246: 1007-1011.

Idahl, L. A. 1973. Dynamics of pancreatic 8-cell response
to glucose. Diabetologia. 9: 403-412.

Voyles, N., R. A. Gutman, H. Selawry, G. Fink, J. C.
Penhos, and L. Recant. 1972. Interaction of various stimu-

36.

37.

38.

39.

40.

41.

42.

43.

lators and inhibitors on insulin secretion in vitro. Horm.
Metab. Res. 4: 65-73.

Fink, G., R. A. Gutman, J. C. Cresto, H. Selawry, R.
Lavine, and L. Recant. 1974. Glucose-induced insulin
release patterns: effect of starvation. Diabetologia. 10:
421-425.

Grodsky, G. M., G. H. Epstein, R. Fanska, and J. Karam.
1977. Pancreatic action of sulfonylurea. Fed. Proc. 36:
2714-2719.

Cuendet, G. S, E. G. Loten, D. P. Cameron, A. E. Renold,
and E. B. Marliss. 1975. Hormone-substrate responses to
total fasting in lean and obese mice. Am. J. Physiol.
228: 276-283.

Dubuc, P. U., P. W. Mobley, R. ]J. Mahler, and J. W.
Ensinck. 1977. Immunoreactive glucagon levels in hyper-
glycemia (ob/ob) mice. Diabetes. 26: 814-846.

Bar, R. S., L. C. Harrison, M. Muggeo, P. Gorden, R.
Kahn, and J. Roth. 1978. Regulation of insulin receptors
in normal and abnormal physiology in humans. Adv.
Intern. Med. 24: 23-52.

Weir, G. C., E. Samols, S. Loo, Y. C. Patel, and K. H.
Gabbay. 1979. Somatostatin and pancreatic polypeptide
secretion: effects of glucagon, insulin and arginine.
Diabetes. 28: 35-40.

Unger, R. H. 1976. Diabetes and the alpha cell (Banting
Memorial Lecture). Diabetes. 25: 136-151.
Matschinsky, F. M., A. S. Pagliara, S. N. Stillings, and
B. Hover. 1976. Glucose and ATP levels in pancreatic
islet tissue of normal and diabetic rats. J. Clin. Invest. 58:
1193-1200.

F. M. Matschinsky, C. Rujanavech, A. S. Pagliara, and W. T. Norfleet



