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A B S T R A C T The effect of glucagon at various in-
fusion rates on plasma levels of somatostatin-like im-
munoreactivity (SLI) was examined in conscious nor-
mal and chronic alloxan diabetic dogs. In normal dogs
glucagon infused at 6, 36, and 120 ng/kg per min
did not affect the peripheral venous plasma SLI levels.
In diabetic dogs, however, peripheral venous plasma
SLI levels in inferior vena cava rose significantly from
a mean base-line value of 181±9 pg/ml to a peak value
of 279±38 pg/ml during the infusion of 120 pg/kg per
min of glucagon, which raised plasma immunoreactive
glucagon to >5,000 pg/ml. This glucagon-mediated
increase was completely abolished by coinfusion of 7
mU/kg per min of insulin, a rate that maintained the
ratio of insulin to glucagon at approximately the base-
line value.

In anesthetized normal dogs the concentration of
SLI in the venous effluent of the pancreas, the gastric
fundus and the antrum increased significantly with
each infusion rate of glucagon using including the low-
est rate of 4 ng/kg per min, which raised the plasma
level of glucagon to 395±19 pg/ml. This stimulatory
effect on SLI secretion was completely abolished by
insulin coinfusion at a rate designed to maintain the
insulin to glucagon ratio at approximately the base-
line value, but the effect of a high 90-ng/kg per min
infusion on pancreatic and gastric SLI release was not
suppressed by coinfusion of 10 mU/kg per min insulin.

These results suggest that glucagon stimulates
splanchnic D cells unless insulin secretion is propor-
tionally stimulated and suggests that the splanchnic D
cell is a common target upon which the two hormones
exert opposing actions. The loss of insulin inhibition
of glucagon-mediated somatostatin secretion may ac-
count for the hypersomatostatinemia of severe dia-
betes.
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INTRODUCTION

Insulin and glucagon reportedly influence somatostatin
secretion in vitro (1-5), but their influence on D cell
function has not been examined in vivo. The present
study was designed to evaluate the effects and inter-
actions of glucagon and insulin on splanchnic soma-
tostatin release in normal and diabetic dogs.

METHODS
In experiments requiring peripheral venous blood samples
only, conscious dogs were studied after an overnight fast.
Eight normal mongrel dogs (body wt 22-27 kg) and five
alloxan diabetic dogs (body wt 20-25 kg) were observed.
Diabetes had been induced at least 10 mo earlier by an in-
travenous injection of alloxan (75 mg/kg) and the dogs had
been treated with neutral protein Hayedorn insulin twice
daily until 3 d before the experiment, at which time all
insulin was discontinued. (The presence of severe insulin
deficiency was established in each of the dogs in the course
of subsequent experiments unrelated to the present work;
perfusion of these pancreases with 100 mg/dl glucose plus
10 mMarginine did not elicit a rise in insulin in any case.)
All of the dogs were in apparent good health at the time of
their experiment, as evidenced by a normal leukocyte count,
a normal hematocrit and a constant body weight.

For studies requiring blood samples from the pancreatic
and gastric veins, another group of 12 healthy mongrel dogs
(body wt 27-33 kg) were subjected to laparotomy under
Nembutal anesthesia. A silastic catheter was placed, as pre-
viously described (6), in the pancreaticoduodenal vein, in
a major short gastric vein draining the fundus of the stomach,
in the left gastroepiploic vein draining the antrum, and in
the inferior vena cava. After placement of the catheters, an
equilibration period of 1 h preceded each experiment.

Pork glucagon (Novo Research Laboratories, Copenhagen,
Denmark) and crystalline insulin (Eli Lilly & Co., India-
napolis, IN) diluted in 0.9% saline containing 0.3% bo-
vine serum albumin was used in these studies and admin-
istered via a crural vein using a Harvard peristaltic pump
(Harvard Apparatus Co., Inc., S. Natick, MA).

Plasma somatostatin-like immunoreactivity (SLI)l was

'Abbreviations used in this paper: IRG, immunoreactive
glucagon; IRI, immunoreactive insulin; SLI, somatostatin-
like immunoreactivity.
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measured by the previously reported modification (7) of the
radioimmunoassay of Arimura et al. (8) and Kronheim et al.
(9) using antiserum 80C raised in this laboratory. This assay
has been validated for measurements in unextracted canine
plasma (7). Plasma insulin (IRI) and glucagon (IRG) levels
were determined as previously described (10, 11) and glucose
concentrations were measured by the glucose oxidase method
using the Technicon Autoanalyzer (Technicon Instrument
Co., San Francisco, CA). Acute change in plasma SLI has
previously been shown to be entirely the result of change
in 1,600 D SLI (12).

For statistical analysis, the data was treated by analysis
of variance and by the Newman-Keuls procedure for mul-
tiple comparisons. A level <0.05 was considered significant.

RESULTS

Effect of glucagon infusion on plasma SLI in nor-
mal conscious dogs. Glucagon was infused intrave-
nously into six normal conscious dogs at a rate of 6,
36, and 120 ng/kg per min. Plasma glucagon concen-
tration rose from a mean base-line value of 72.1±1.1
pg/ml to the supraphysiologic levels of 391±14,
1,609±37, and 5,777±280 pg/ml, respectively. Al-

FIGURE 1 Mean (±SEM) plasma levels of IRG, glucose, IRI,
and SLI during the intravenous infusion of glucagon at var-
ious rates in six normal, conscious dogs. Encircled points
signify a statistically significant difference from mean of the
base-line value (P < 0.05).

though both plasma glucose and IRI levels rose sig-
nificantly, the SLI level did not change (Fig. 1).

Effect of glucagon infusion on plasma SLI in al-
loxan diabetic dogs. Because the glucagon-induced
rise in insulin, which has been reported to inhibit so-
matostatin secretion (3, 4, 13), might have inhibited
a D cell response, glucagon was infused at a rate of
6, 36, and 120 ng/kg in a group of insulin-deprived
alloxan diabetic dogs, whose pancreases were subse-
quently shown to be incapable of increased insulin
secretion. Plasma glucagon levels rose from the mean
base-line value of 128±3 to 405±4 pg/ml during in-
fusion of 6 ng/kg per min, 1,412±51 pg/ml during
infusion of 36 ng/kg per min and 5,924±229 pg/ml
during infusion of 120 ng/kg per min (Fig. 2). Plasma
glucose level also increased significantly 20 min after
the start of the glucagon infusion (6 ng/kg per min)
and rose gradually to a peak value of 303±17 mg/dl
at 30 min after the start of glucagon infusion.

Plasma SLI did not change during glucagon infusion
at 6 or 36 ng/kg per min but rose significantly during
the 120 ng/kg per min infusion from the mean base-
line value of 170±9 pg/ml to a peak value of 279±38
pg/ml at 30 min after the start of the glucagon infusion
(P < 0.05). SLI levels fell promptly upon cessation of
the glucagon infusion (Fig. 2).

Effect of insulin on the glucagon-induced rise of
plasma SLI levels in alloxan diabetic dogs. To de-

30 60
TIME (min )

FIGURE 2 Mean (±SEM) plasma concentrations of IRG, glu-
cose, and SLI during the intravenous infusion of glucagon
at a varying rate in 10 conscious, alloxan diabetic dogs. En-
circled points signify a statistically significant difference
from the mean of the base-line value (P < 0.05).
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termine if the response of SLI to the high rate glucagon
infusion in the diabetic dogs could be prevented by
insulin, the foregoing experiments were repeated in
the same dogs but insulin was coinf used with the same
amounts of glucagon in concentrations designed to
maintain the insulin-glucagon molar ratio in the in-
fusate near the physiologic base-line level of -2.9.
The insulin-glucagon ratios calculated in plasma from
the inferior vena cava during each rate of infusion
ranged from 2.3 to 3.8. Although the increase in
plasma glucagon level was similar to that observed in
the absence of insulin, the glucagon-induced rise in
plasma glucose was prevented. It is unlikely that glu-
cose, rather than glucagon, caused the rise in SLI since
glucose has a negligible effect on SLI (14), while glu-
cagon is a powerful stimulus of somatostatin (1).

Under these circumstances, the increase in plasma
SLI observed during the infusion of glucagon alone
did not occur (Fig. 3).

Effect of glucagon infusion on plasma SLI levels
in pancreatic and gastric veins of normal dogs. To
determine if, despite the absence of a glucagon-in-
duced rise in peripheral plasma SLI levels in normal
dogs, SLI increases in the venous effluent of the pan-
creas and stomach, glucagon was infused at a rate of
4, 24, and 80 ng/kg per min in anesthetized nondi-
abetic dogs with sampling catheters in the appropriate
splanchnic veins. The mean peripheral venous plasma

IRG levels during the infusion rose from a base-line
value of 115±1 to 395±19 pg/ml during the 4-ng/kg
per min glucagon infusion, to 1,947±45 pg/ml during
the 24-ng/kg per min infusion, and to 6,358±207 pg/
ml during the 80-ng/kg per min infusion. The changes
in plasma glucose were similar to those noted in con-
scious dogs. The mean base-line plasma IRI value of
anesthetized dogs was significantly higher than that
of conscious dogs (18.6±2.4 vs. 8.5±1.9 ttU/ml, P
<0.001) and rose during the glucagon infusion in a
somewhat more gradual pattern than in the conscious
animals. Peripheral venous SLI levels once again did
not change significantly during the glucagon infusion.

As shown in Fig. 4, SLI levels in the pancreatic ef-
fluent plasma rose significantly within 20 min after the
start of the 4-ng/kg per min glucagon infusion from
a base-line value of 275±29 to 397±59 pg/ml (P
< 0.05) and reached a peak value of 539±99 pg/ml
10 min after the start of 80 ng/kg per min of glucagon
infusion. Within 20 min after the end of infusion SLI
level had returned to the base-line level. Also, SLI lev-
els in the fundic vein increased significantly within 10
min after the start of the 4-ng/kg per min infusion
and reached a peak value at 10 min after the start of
the 80-ng/kg per min infusion. In the venous effluent
of the antrum, SLI first increased with the 24-ng/kg
per min infusion rate and reached a peak value at 10
min after the start of 80 ng/kg per min of glucagon
infusion.

FIGURE 3 Mean (±SEM) plasma IRG, glucose, and SLI levels
during the intravenous infusion of glucagon and insulin in
nine conscious, alloxan diabetic dogs.

FIGURE 4 Mean (±SEM) plasma SLI levels in the pancre-
aticoduodenal, short gastric (fundic), and gastroepiploic
(antral) veins during the intravenous infusion of glucagon
at varying rates in six normal, anesthetized dogs. Encircled
points signify a statistically significant difference from the
mean of the base-line values (P < 0.05).
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Effect of insulin on the glucagon-induced increase
in plasma SLI levels in pancreatic and gastric veins.
To determine if insulin increments proportional to the
glucagon increments would prevent the glucagon-
stimulated increase in plasma SLI level in the pan-
creatic and gastric veins, insulin was coinfused with
glucagon in anesthetized normal dogs to maintain a
constant insulin-glucagon ratio in a physiologic range.
IRG rose as in the absence of insulin and insulin rose
in a relatively parallel fashion (Fig. 5). Glucose levels
nevertheless rose significantly to a peak of 130 mg/dl.

Under these circumstances a significant rise in
plasma SLI concentration in the pancreaticoduodenal
and gastroepiploic veins during the 4- and 24-ng/kg
per min infusions did not occur (Fig. 6). At the highest
glucagon infusion rate (80 ng/kg per min) a significant
rise in SLI occurred in both the pancreatic and antral
effluent, but the magnitude of this increase was less
than during the infusion of glucagon alone (Fig. 5).
In the fundic vein, however, a significant increase was
observed at one point during the 24-ng/kg per min
infusion and the SLI rise during the 80-ng/kg per min
infusion appeared to be even greater than in the ab-
sence of insulin.

DISCUSSION
The present study demonstrates that glucagon in phys-
iologic and supraphysiologic concentrations stimulates
splanchnic SLI release in both normal dogs and alloxan
diabetic dogs. However, this is not reflected by a
change in the peripheral venous SLI levels of normal
dogs even when the levels of exogenous glucagon
>5,000 pg/ml. In diabetic dogs, however, peripheral
vein SLI rise significantly when glucagon levels are
increased above 5,000 pg/ml, a value that is occasion-
ally attained in severe diabetic ketoacidosis, renal fail-
ure, and shock.

Despite the lack of a rise in peripheral venous SLI
release in nondiabetic dogs at even the highest infusion
rate, SLI release from both pancreas and the gastric
fundus was enhanced by even the lowest rate glucagon
infusion, which raised glucagon levels to 395 pg/ml,
slightly above the physiologic range. (90 pg/ml is the
lowest concentration of exogenous glucagon that causes
a significant increase in SLI release from isolated, per-
fused normal dog pancreases [5].) Thus, it is most un-
likely that physiologic changes in glucagon can influ-
ence the peripheral venous level of SLI, but they might
be capable of enhancing pancreatic and gastric so-
matostatin secretion which might, therefore, exert lo-
cal actions. Also, locally high concentrations of glu-
cagon could influence adjacent D cells via paracrine
action.

The administration of insulin with the glucagon at
a rate that kept the insulin-glucagon molar ratio within

TIME (min)
FIGURE 5 Mean (±SEM) plasma IRG, glucose, and SLI levels
during intravenous glucagon and insulin infusion in six nor-
mal, anesthetized dogs. Encircled points signify a statistically
significant difference from the mean of the base-line values
(P < 0.05).

a physiologic range abolished or inhibited glucagon-
mediated stimulation of pancreatic and antral (but not
fundic) SLI secretion in the normal anesthetized dogs
and abolished the rise in peripheral vein SLI levels in
conscious diabetic dogs. Thusthe pancreatic and antral
D cell, like the hepatocyte and the adipocyte, appears
to be influenced in opposite biologic directions by the

-20 0 30 60 90 110
TIME (min)

FIGURE 6 Mean (±SEM) plasma SLI levels in pancreatico-
duodenal, short gastric (fundic), and gastroepiploic (antral)
veins during the intravenous administration of glucagon and
insulin in six normal, anesthetized dogs.
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two hormones, and its function may be, at least in part,
controlled by the relative concentration of each hor-
mone. In the normal islet the concentration of insulin
that perf uses D cells is probably extremely high, at
least in the rat (15); in that species the islet blood
probably passes first through the B cell-rich medulla
and last through the glucagon- and somatostatin-rich
cortex. By contrast, much of the glucagon entering the
circulating probably reaches adjacent D cells by re-
circulating (5). If this is true in the dog, the D cells
would normally be exposed to a very high insulin-glu-
cagon ratio, which should restrain somatostatin secre-
tion. This high insulin-low glucagon environment
would be lacking in the insulinopenic diabetic in
whom circulating glucagon levels are high (16) and
insulin secretion is virtually absent. This difference
may account for the hypersomatostatinemia previ-
ously reported in untreated alloxan diabetic dogs and
its correction by insulin infusion (15). In the present
studies the base-line SLI values of normal conscious
dogs averaged 139±8 pg/ml and that of conscious di-
abetic dogs 201±12 pg/ml (P < 0.01). Thus, like cer-
tain other diabetic abnormalities (16), diabetic hyper-
somatostatinemia may result from the lack of insulin
in the presence of glucagon.
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