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Abstract

Alpha adrenergic blockade with phentolamine (10 jiM) reduces
the glucagon response to severe glucopenia (from 150 to 25
mg/dl) to 22% of the control values in the isolated perfused
rat pancreas. Propranolol (10 MM) had no significant effect.
Neither alpha nor beta adrenergic blockade reduced the mag-

nitude of glucopenic suppression of insulin secretion, but
phentolamine increased insulin levels before and during glu-
copenia. The pattern of somatostatin secretion in these exper-

iments resembled that of insulin. Depletion of norepinephrine
from sympathetic nerve endings by pretreatment with 6-hy-
droxydopamine lowered the pancreatic norepinephrine content
to less than 20% of control values and reduced the glucagon
response to glucopenia to 69% of the controls.

Combined alpha and beta adrenergic blockade during less
severe glucopenia (from 120 to 60 mg/dl) reduced the glucagon
response to 21% of controls. However, slight glucopenia (from
100 to 80 mg/dl), which elicited only 11% increase in glucagon
in the control experiments, was not altered significantly by
combined alpha and beta adrenergic blockade. Morphologic
studies of adrenergic nerve terminals labeled with V3Hlnore-
pinephrine revealed associations with alpha cells.

It is concluded that in the isolated rat pancreas adrenergic
mediation accounts for most of the glucagon but not insulin
response to glucopenia. It is controlled within the pancreas

itself, possibly through a direct enhancement by glucopenia of
norepinephrine release from nerve endings.

Introduction

Increased glucagon secretion normally constitutes an important
component of the vital defense against glucopenia (1, 2), but

the mechanism of this response is unclear. Adrenergic mediation

is suggested by the facts that infusion of catecholamines
(3-6), stimulation of the sympathetic nerves to the pancreas
(7-9) and stimulation of the ventral medial nucleus of the

hypothalamus (10) all increase glucagon secretion, and that

glucopenia stimulates glucagon and norepinephrine release

from the isolated canine pancreas (I 1). Nevertheless, in man

adrenergic blockade has not been found to reduce the glucagon
response to hypoglycemia (12).
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In this report we present evidence that in the rat the
glucagon response to glucopenia is to a large extent adrenergi-
cally mediated and that its control is via local intrapancreatic
control rather than through the central nervous system.

Methods

Perfusion experiments. The pancreata of male Long-Evans rats were
isolated and perfused using the system of Grodsky and Fanska (13).
After a 27-30-h fast, the rats were anesthetized with 50 mg/kg of
sodium pentobarbital injected intraperitoneally. 15 min later the
pancreas with an adjacent 5-cm portion of the duodenum was isolated
and transferred within 35-40 min to a thermostatically controlled
plexiglas perfusion chamber in which the celiac trunk and the portal
vein were cannulated. With the external surface temperature of the
pancreas maintained between 37.0 and 37.50C, nonrecirculating per-
fusion was begun at a constant flow rate of 3.6 ml/min using a Krebs-
Ringer bicarbonate buffer supplemented with 4.5% (wt/vol) of dextran-
T-70, 1% (wt/vol) of bovine serum albumin (A-5 128, Sigma Chemical
Co., St. Louis, MO), 10 mmol arginine, 5 mmol sodium pyruvate,
sodium fumarate, and sodium glutamate. The P02 was maintained
between 450 and 550 mm Hg by bubble oxygenator using a gas
mixture of 95% 02 and 5% CO2. The perfusate pH was maintained
between 7.35 and 7.45. In these experiments the glucose concentration
was either 150, 120, or 100 mg/dl for the first and last 10 min of the
perfusion and the concentration was 25, 60, or 80 mg/dl, respectively,
during the intervening 15 min of the 35-min experiments. In half of
the experiments 10 ,M phentolamine and/or 10 1M propanolol was
present in the perfusate throughout the entire experiment. A 10-min
equilibration period preceded each experiment.

In one group of perfusion experiments the pancreas was obtained
from rats pretreated with 50 or 75 mg/kg of 6-hydroxydopamine
administered intravenously on two occasions 48 h apart. Experiments
were conducted 3-5 d after the second injection.

Insulin was measured by the Herbert modification (14) of the
method of Yalow and Berson (15). Glucagon was measured by a

previously described method using antiserum 30K (16). Somatostatin
was measured by the method of Vasquez et al. (17).

Determination ofnorepinephrine content ofpancreas. Norepinephrine
content was determined by a modification of the method of Refshauge
et al. (18). After perfusion was complete, pancreata were weighed and
homogenized in 5 ml of 0.1 M HC104 containing dihydroxybenzylamine
(100 ng) as the internal standard and then centrifuged at 3,000 g for
15 min at 40C. The supernatant was transferred to clean test tubes
and 1 ml of 1.5 M Tris buffer, pH 8.6, was added to each tube so that
the final pH of the supernatant was between 7.5 and 8.0. The sample
was mixed and 75 mg of activated alumina was added to each tube.
After thorough mixing, the samples were centrifuged at 3,000 g for 15
min and the supernatant was discarded by decanting. The alumina
was resuspended in 2 ml of deionized distilled water and again
centrifuged at 3,000 g for 15 min. The water was removed and the
alumina resuspended in 100 Al of 0.4 M HCI04 by mixing for 40 s.

The sample was again centrifuged at 3,000 g for 15 min. The supernatant
was removed and frozen until assay (2-3 d). Catecholamines were

assayed by high pressure liquid chromatography. 10 Ml of the sample
containing catecholamines was injected onto a 25 X 4-cm reverse-
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phase column (chromasorb C-18, Waters Associates, Milford, MA).
The mobile phase used consisted of 0.1 M citric acid, 0.1 M Na2HPO4
(pH 3.0), 1 mM EDTA, 0.6 mM sodium octyl sulfate, 10% methanol
with a flow rate of 2 ml/min. Catecholamines were detected electro-
chemically using a glassy carbon electrode at oxidation potential of
0.55 V against a reference Ag/AgCl electrode. Norepinephrine concen-
trations were determined as the ratio of the area under the unknown
peak to the area of the internal standard peak and compared to a
standard curve.

All data were expressed as mean±SEM. Statistical differences were
determined by the Student t test for two groups.

Morphologic studies. A normal albino rat (body weight 100 g) was
injected intraperitoneally with 1.0 mCi [3H]norepinephrine (sp act
36.8 Ci/mmol; Amersham Ltd., Buckinghamshire, England). After I
h the animal was fixed by perfusion through the left ventricle with 1%
glutaraldehyde plus 1% paraformaldehyde in 0.1 M phosphate buffer
(pH 7.4). The splenic portion of the pancreas was dissected, postfixed
in osmium tetroxide and autoradiographed using Ilford L4 emulsion
(19). Exposure time was 4 wk. The emulsion was developed with
Microdol X (Eastman Kodak Co., Rochester, NY).

Results

Effect of alpha and beta adrenergic blockade on the glucagon,
insulin, and somatostatin response to hypoglycemia. In eight
control experiments, a decline in perfusate glucose concentra-
tion from 150 to 25 mg/dl elicited a rise in mean glucagon
levels to a peak more than three times the base-line levels
within 3 min after the start of the glucopenic period. Glucagon
levels remained elevated throughout the glucopenic period and
returned promptly to base-line levels when the glucose level
was restored to the initial value (Fig. 1 A; Table I). Alpha
adrenergic blockade with phentolamine (10 uM) reduced the
response to glucopenia to 22% of control values (Fig. 1 A and
Table I). Propanolol (10 MM) had no significant effect.

Glucopenia suppressed insulin secretion in the normal rat
pancreas from a mean baseline above 300 MU/ml to -20 ,U/
ml during the period of glucopenia (Fig. 1 B; Table II). Alpha
adrenergic blockade with phentolamine significantly increased
base-line insulin values but did not reduce the magnitude of
insulin suppression by glucopenia (Fig. 1 B). In fact, apparent
enhancement of glucopenic suppression of insulin secretion
was observed in the phentolamine perfusion experiments (Table
II), although the difference in baselines makes such an inter-
pretation questionable. However, even when maximally sup-
pressed, the minimal level of insulin secretion during adrenergic
blockade was five times that of control experiments. Propranolol
also caused a significant elevation in the base-line insulin
values but did not alter the magnitude of insulin suppression.
Interestingly, a significant increase in insulin was observed
during propranolol perfusion during glucopenia. The augmented
glucopenic suppression of insulin secretion in these experiments
would appear to be secondary to the striking elevation of the
baseline.

Somatostatin was also measured in these experiments to
determine if reduction in glucopenia-induced glucagon secretion
by phentolamine might be secondary to diminished suppression
of D-cell secretion. Phentolamine did not reduce the magnitude
of the suppression of somatostatin by glucopenia (Fig. 2). As
in the case of insulin, the base-line levels of somatostatin were
higher during phentolamine perfusion (Fig. 2) and the minimal
rate of somatostatin secretion during suppression remained
higher than that of the controls.
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Figure 1. (A) The effect of alpha- and beta-adrenergic blockade on
the glucagon response to severe glucopenia in the isolated rat pan-
creas. (B) The insulin response in the same experiments.

Effect of6-hydroxydopamine pretreatment with and without
alpha adrenergic blockade on the glucagon and insulin response
to glucopenia. To test further whether the glucagon response
to glucopenia is adrenergically mediated, pancreata of rats
pretreated with 6-hydroxydopamine were perfused at glucose
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Table I. Glucagon Response to Glucopenia* During Alpha and Beta Adrenergic
Blockade and Following 6-Hydroxydopamine Pretreatment in Isolated Pancreata ofRats

IRG

Basal secretion
rate Maximal secretion P valuet Change P value§

ng/min ng/min ng/min %

G150 - 25
Control (8) 2.90±0.40 9.41±0.77 6.51±0.47 - 100.0
Phentolamine (7) 2.52±0.18 3.96±0.28 <0.001 1.45±0.18 <0.001 22.3
Propranolol (6) 2.97±0.27 10.33±0.83 NS 7.35±0.61 NS 112.9
Phentolamine + Propranolol (8) 2.93±0.30 5.48±0.58 <0.01 2.56±0.34 <0.001 39.3
60H Dopamine (10) 2.28±0.17 6.77±0.39 <0.01 4.49±0.27 <0.01 69.0
60H Dopamine + Phentolamine (5) 1.90±0.19 2.76±0.17 <0.001 0.86±0.21 <0.001 13.2

G120 - 60
Control (8) 3.64±0.51 8.35±1.10 4.71±0.72 100.0
Phentolamine + Propranolol (9) 2.64±0.21 3.74±0.24 <0.001 1.10±0.06 <0.001 21.4

GlOO - 80
Control (5) 2.72±0.25 3.03±0.21 0.30±0.08 100.0
Phentolamine + Propranolol (6) 3.10±0.26 3.29±0.42 NS 0.19±0.22 NS 63.3

* 150-25-150 mg/dl. t Versus maximal secretion rate in control experiments. § Versus change in control experiments.

concentrations of 150-25-150 mg/dl. Their norepinephrine
content determined after perfusion averaged 91±11 ng/g wet
wt, significantly below that of control rats (555±45 ng/g; P
< 0.001). Their glucagon response to glucopenia (Fig. 3 A)
was reduced to 69% of controls (P < 0.01) (Fig. 3 A; Table I)
and was significantly greater than that induced in normal rat
pancreata by combined alpha and beta adrenergic blockade (P
< 0.001) (Fig. 3 A; Table I). Phentolamine perfusion of pan-
creata from the 6-hydroxydopamine-pretreated rats lowered
the glucagon response to 13% of controls but did not completely
abolish it (Fig. 3 A; Table I).
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Figure 2. The effect of alpha and beta adrenergic blockade on the
somatostatin (SLI) response to glucopenia in the isolated rat pan-
creas.

Pretreatment with 6-hydroxydopamine reduced the base-
line insulin levels but in contrast to the effects ofthe adrenergic
blockers did not prevent complete suppression by glucopenia
(Fig. 3 B; Table II). Phentolamine raised the base-line in 6-
hydroxydopamine-pretreated pancreata, as did combined
phentolamine-propranolol perfusion of normal pancreata, but
did not reduce glucopenic suppression of insulin secretion
(Table II; Fig. 3 B).

Effect of adrenergic blockade on the glucagon and insulin
response to less severe glucopenia. To determine if adrenergic
mechanisms are involved in the glucagon response to less
severe declines in glucose, pancreata were perfused at glucose
concentrations of 120-60-120 ng/dl and 100-80-100 mg/dl. In
the control experiments the decline from 120 to 60 mg/dc
elicited a doubling of glucagon secretion (Fig. 4 A). Combined
alpha and beta blockade reduced the glucagon response to
21% of the controls.

By contrast, a decline in glucose from 100 to 80 mg/dl
elicited a rise of only 11% in glucagon secretion in the control
experiments. This small change, which was not statistically
significant, was not influenced by combined alpha and beta
adrenergic blockade (Fig. 5 A).

Insulin levels during combined alpha and beta adrenergic
blockade were elevated both during the base-line period and
during glucopenic suppression but the magnitude of insulin
suppression during moderate or slight glucopenia was not
reduced (Figs. 4 B and 5 B).

Morphologic studies. To gain insight into the morphologic
relationships between adrenergic nerve endings and islet cells,
the adrenergic nerve terminals of a normal albino rat were
labeled with [13Hnorepinephrine and sections of 10 islets were
examined. 93 nerve terminals were in direct apposition with
endocrine cells; of the 93 terminals, 34 were in contact with
glucagon-containing cells (Fig. 6), 55 with insulin cells, 2 with
somatostatin cells, and 2 with PP cells. If these contacts are
related to the previously determined numbers of B and non-B
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Figure 3. (A) Comparison of the glucagon response of the rat pancreas isolated from normal rats and perfused with phentolamine plus
propranolol and from rats pretreated with 6-hydroxydopamine (6-OH-dopamine) and perfused with and without phentolamine. (B) The insulin
response in the same experiments.

cells in a rat splenic islet (20) one obtains a ratio of 55/2063
(=0.026) and 38/1063 (=0.035), respectively.

Discussion

Alpha adrenergic blockade and 6-hydroxydopamine pretreat-
ment significantly reduce the glucagon response to glucopenia
in the isolated rat pancreas. This demonstrates the existence
of an adrenergically mediated glucagon response to hypogly-
cemia in the rat, and indicates that glucagon release can be
regulated from within the pancreas rather than from regions
in the hypothalamus or elsewhere in the central nervous
system. Alpha adrenergic blockade reduced glucagon secretion
in response both to a profound reduction of glucose concen-

tration from 150 to 25 mg/dl and to a moderate reduction
from 120 to 60 mg/dl. However, it did not significantly alter
the small glucagon response to a change in glucose concentra-
tion from 100 to 80 mg/dl, suggesting that the alpha adrenergic
influence over glucagon secretion may not be important when
the decline in glucose concentration is small and within the
normal range of physiologic variation.

No comparable evidence of local intrapancreatic alpha
adrenergic control of the insulin response to glucopenia was
obtained. Base-line insulin levels were significantly increased
by phentolamine and to a lesser degree by propanolol infusion,
as earlier work had demonstrated (6, 21), but there was no
clear reduction in the magnitude of glucopenic suppression of
insulin secretion during adrenergic blockade.

Table II. Insulin Response to Glucopenia* During Alpha and Beta Adrenergic
Blockade and Following 6-Hydroxydopamine Pretreatment in Isolated Pancreata ofRats

IRI

Basal secretion
rate Minimal secretion P value4 Change P value§

Mm/min um/min um/min %

G150 - 25
Control (8) 1.32±0.09 0.12±0.02 - 1.20±0.08 100.0
Phentolamine (7) 2.01±0.07 0.59±0.03 <0.001 1.42±0.06 NS 118.3
Propranolol (6) 1.62±0.07 0.19±0.02 <0.05 1.43±0.06 NS 119.2
Phentolamine + Propranolol (8) 2.01±0.13 0.49±0.04 <0.001 1.52±0.09 <0.05 126.6
60H Dopamine (5) 0.90±0.08 0.09±0.02 NS 0.81±0.07 <0.01 67.5
60H Dopamine + Phentolamine (5) 1.64±0.13 0.62±0.09 <0.001 1.02±0.09 NS 85.0

G120 - 60
Control (8) 0.82±0.13 0.11±0.02 0.71±0.11 100.0
Phentolamine + Propranolol (9) 1.54±0.13 0.44±0.04 <0.00 1 1.10±0.10 <0.05 154.9

G100 - 80
Control (5) 0.36±0.05 0.15±0.03 0.21±0.03 100.0
Phentolamine + Propranolol (6) 1.22±0.09 0.74±0.04 <0.00 1 0.48±0.06 <0.01 228.6

* 150-25-150 mg/dl. t Versus minimal secretion rate in controls. § Versus change in controls.
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Figure 4. (A) The effect of combined phentolamine and propranolol
perfusion upon the glucagon response to moderate glucopenia. The
adrenergic blockers were perfused throughout the experiment. (B)
The insulin response in the same experiments.

Neither the site nor the mechanism of intrapancreatic
adrenergic control of glucagon secretion was determined in
these studies. Perhaps glucopenia provokes a local release of
norepinephrine from sympathetic nerve endings of the islets
and this provides the major stimulus to glucagon secretion
during severe and moderate glucopenia. Indeed, glucose de-
privation causes a significant increase in release of both
norepinephrine and glucagon in the isolated canine pancreas

0 5 10 15 20 25 30 34
MINUTES

Figure 5. (A) The effect of combined phentolamine-propranolol per-
fusion on the glucagon response to slight glucopenia. (B) The insulin
response in the same experiments.

(I 1). In addition, the demonstration of adrenergic nerve endings
in contact with glucagon-secreting cells, which confirms earlier
studies (22), provides an anatomical basis for a functional
relationship. However, there was no clearcut morphologic
evidence of preferential innervation of glucagon cells relative
to insulin cells to account for the more profound influence of
adrenergic blockade on glucagon secretion.

The persistance of 22% of the glucagon response to gluco-
penia despite adrenergic blockade was not explained by these
studies. Perhaps the adrenergic blockade was not complete or
non-adrenergic neurotransmitters played a role. Other mediating
factors such as a direct effect of glucopenia or higher levels of
insulin and/or somatostatin during the adrenergic blockade
might also explain the results. The magnitude of insulin and
somatostatin suppression was not diminished by adrenergic
blockade, but the absolute levels of both hormones were
higher.

Depletion of norepinephrine stores in sympathetic nerve
endings by pretreatment with 6-hydroxydopamine reduced
pancreatic norepinephrine content to 16% of the control rats,
while the glucagon response of such pancreata to glucopenia
was reduced to only 69% of controls. The apparent discrepancy
may reflect the fact that the islets constitute only a small
fraction of total pancreatic tissue receiving sympathetic inner-
vation. Alternatively, the sensitivity of A cells to residual
norepinephrine might have increased as a consequence of
depletion of the neurotransmitter.

424 A. Hisatomi, H. Maruyama, L. Orci, M. Vasko, and R. H. Unger

1497 bu n-q/oi yz

I&4, ",&64 131.1 .



A-cell

'A-~ ~ ~ ~

* 41a~~~iS A. Abe ,%............

...~"' .... .** ; ^ ~~~~~~~~~~~~~~~~~~~~. **......

* .. w S
*,:i ho .Amp ., '7.all

*. w@0g,'i. .. & ........ A.... ,. ~ ~ ~~~~~M4

* r.'. , :. ,, .dE..' Mae>::' ........!Jl,...i'~~Ik~ki

t... 41 * a

*
*'si--Ik M..

A 6.....a :..Acl

* owA2.:,*

f:

:.P.s

* dP

....
:.gt:.9

4!.A is..

. . 4r#... ~~~ ~ ~~~.0..

I.
::4

lz.: ..
'z. .:.1

Figure 6. Example of electron microscope autoradiography showing
several labeled nerve terminals (arrows) located at the periphery of a

cluster of glucagon-containing cells (A-cells) in a rat islet. The inset

Although in man (23) and in dogs (5) the glucagon
response to catecholamines appears to be mediated via beta
adrenergic receptor activation, in rats the alpha receptor appears
to be operative. Recent studies also suggest an alpha adrenergic
effect in dogs (24). The glucagon response to scorpion toxin,
a potent stimulus of norepinephrine release from nerve endings,
is blocked in the isolated rat pancreas by the alpha blockers
phentolamine and phenoxybenzamine (25), as is the glucagon
response to exercise (26). The 6-hydroxydopamine experiments
suggest that the phentolamine effects on glucagon secretion
represent true alpha adrenergic blockade rather than some

unidentified effect of the agent.
If these findings are applicable to other species, their

implications may be substantial. The demonstration of a

shows at higher magnification a labeled adrenergic nerve terminal
(asterisk) in direct contact with an A-cell. X 12,000; inset: X 21,000.

locally controlled glucopenia-responsive adrenergic system in
the pancreas would explain the failure of splanchnic nerve

section in the calf (27) and cervical cord transection in man

(28) to prevent the glucopenic glucagon response. The failure
of adrenergic blocking agents to reduce the glucagon response
to hypoglycemia in man might reflect the fact that an intra-
venous infusion of phentolamine in man at a rate of 5 IsM/
min would deliver to the islets a concentration far below the
l0-IAM concentration of phentolamine perfused directly into
the rat pancreata. Alternatively, species differences might explain
the discrepancy.

The current findings may also have certain physiologic
implications extending beyond the islets. Vasoconstriction of
mesenteric vessels during glucopenic perfusion of isolated
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segments of intestine has been reported previously (29) and
attributed to local norepinephrine release from nerve endings
induced by the glucopenia. This finding, together with the
present results, may indicate that local control of norepinephrine
release at target cells during hypoglycemia is a general phenom-
enon that could play a role in the vital response to glucopenia
of tissues throughout the body. The fact that hypoxia also
stimulates glucagon release via an alpha adrenergic mechanism
(30), raises the possibility that ATP depletion is responsible
for the release of stored norepinephrine in both circumstances.

At a clinical level if peripheral adrenergic control of
glucagon release during glucopenia exists in man, the loss of
an alpha cell response to hypoglycemia frequently observed in
type I diabetic patients without evidence of generalized auto-
nomic neuropathy (31-33) may be the result of a local change
in the sympathetic innervation ofA cells secondary to anatom-
ical alterations of the islets produced by the inflammatory and
destructive processes in the islets.
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