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Somatostatin, a peptide isolated originally 
from the hypothalamus, is known to inhibit 
the secretion of insulin and glucagon (1). 
Since this effect can be demonstrated in vitro, 
it has been concluded that somatostatin acts 
directly upon the pancreatic A- and B-cells 
(2, 3). Further, immunocytochemical studies 
have shown the presence of somatostatin-like 
material within islet D-cells suggesting that it 
plays a role in the local regulation of endo- 
crine pancreatic function (4,s). Recent inves- 
tigations by this laboratory showed that al- 
pha-adrenergic blockade with phentolamine 
markedly reduced the inhibitory action of 
somatostatin upon insulin and glucagon 
release from the pancreas of dogs (6-8). 
Those observations raise the possibility that 
somatostatin also affects islet function indi- 
rectly by interacting with neural signals to the 
endocrine pancreas. In the present study, so- 
matostatin was infused at various doses and 
at different anatomic sites into anesthetized 
dogs to determine whether an inhibitory ac- 
tion of this peptide upon insulin and glucagon 
secretion could be found via specific routes 
using a dose that was not effective when given 
directly into the pancreas. Our results indi- 
cate that somatostatin may inhibit the release 
of insulin and glucagon by indirect as well as 
direct mechanisms. 

Material and methods. The surgical proce- 
dure used in these experiments has been de- 
scribed previously (9). Briefly, mongrel dogs 
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(25-35 kg) were anesthetized with morphine 
sulfate and sodium pentobarbital following 
an overnight fast. A midline laparotomy was 
performed, and the blood flow of the superior 
pancreaticoduodenal vein (PDV) was 
shunted through an extracorporeal flow-me- 
ter circuit before reaching the portal vein. 
Blood samples were collected from this circuit 
for the determination of plasma glucose, im- 
munoreactive insulin (IRI), and immuno- 
reactive glucagon (IRG) using methods re- 
ported previously (9, 10). Measurement of 
PDV blood flow and hematocrit in addition 
to plasma hormone concentrations in the 
PDV enabled the calculation of IRI and IRG 
output from the pancreas (9). Throughout 
these experiments, rectal temperature was 
maintained (38.5 f 0.5") by using an auto- 
regulated thermal blanket. Tracheal intuba- 
tion and artificial respiration permitted main- 
tenance of arterial blood gases within the 
normal range (pO2 80-90; pC02 30-40; pH 

Dihydrosomatastatin (a gift from Dr. 
Roger Guillemin, Salk Institute) was infused 
into the superior pancreatic artery at rates of 
0.17, 1.7, or 17 pg for 3 min. In other experi- 
ments, somatostatin was administered at a 
rate of 1.7 pg/min for 30 min into either the 
hepatic portal vein or a femoral vein. Blood 
samples were collected at -30, -15, -5, and 
0 min prior to the infusions, at +5, +lo, +20, 
and +30 min during somatostatin infusion, 
and thereafter at +35, +40, +50, and +I0 
min. 

Statistical evaluation of the data was per- 
formed by correlation analysis and Student's 
paired t test for IRI and IRG outputs, and 
analysis of variance for plasma glucose and 
PDV blood flow. 

Results. Regardless of the site of infusion, 
somatostatin produced a decline of IRI 
(range, 2 17-2 1,874 pU/min) and IRG (range, 

7.37-7.0). 
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1509-24,577 pg/min) output that was corre- 
lated linearly with the basal secretory rates of 
these hormones ( r  = 0.88 and 0.79, respec- 
tively, both P c 0.001, n = 20). Because of 
this consistent relationship, IRI and IRG out- 
put during all somatostatin infusions were 
calculated as the percent change (%A) of the 
basal rates of secretion. Figure 1 shows the 
temporal responses of plasma glucose levels 
and the outputs of IRI and IRG during an 
infusion of somatostatin (1.7 pg/min for 30 
min) via the pancreatic artery. 

The dose-response relationship between 
log increases of somatostatin dose infused via 
the pancreatic artery and the %A of IRI and 
IRG outputs are summarized in Fig. 2. At a 
rate of 0.17 pg/min (n = 5) somatostatin did 

Somatostat  in 
I .7 pg/min 

Time (min.) 
FIG. I .  The effects of somatostatin (1.7 @min for 

30 min) upon plasma glucose level, IRI, and IRG outputs 
during an infusion via the pancreatic artery of dogs. 
Data are shown as mean f SEM. 
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FIG. 2. Relationship between log dose of somato- 
statin and the %A of basal IRI and IRG output. Soma- 
tostatin infused via pancreatic artery. Values represent 
the mean of the 10, 20, and 30 min %A of each dog. 
Mean k SEM of each data point is given in text. 

not reliably alter the basal output of either 
hormone. When the infusion rate was in- 
creased to 1.7 pg/min (n = 4), IRI output 
decreased markedly (%A = -76 * 9, mean 
f SEM, P c 0.01) as did IRG output (%A = 
-53 k 8, P < 0.01). Increase of the somato- 
statin infusion rate to 17 pg/min (n = 3) 
resulted in an inhibition of the outputs of IRI 
(%A = -85 f 3, P < 0.001) and IRG (%A = 
-57 k 12, P < 0.05) that was not significantly 
different from that observed during the pre- 
ceding dose of somatostatin. Thus, it would 
appear that the inhibition of both IRI and 
IRG outputs was approaching maximum us- 
ing an infusion of somatostatin at 1.7 pg/min. 

To evaluate further its inhibitory action 
upon the endocrine pancreas, somatostatin 
was infused into either the pancreatic artery, 
the hepatic portal vein, or a femoral vein at 
a rate of 1.7 pg/min for 30 min. Figure 3 
summarizes the findings of this study. As 
indicated above, an infusion of somatostatin 
at 1.7 pg/min via the pancreatic artery pro- 
duced a significant inhibition of both IRI and 
IRG outputs. This infusion also decreased 
the level of plasma glucose (P < 0.05). When 
infused into the hepatic portal vein, this dose 
of somatostatin elicited a significant decrease 
of IRI output (%A = -46 k 12, n = 4, P < 
0.05) while the apparent decline of IRG from 
basal levels was not significant (%A = -20 * 12). Plasma glucose levels also decreased 
(P < 0.05). An identical infusion into a fem- 
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FIG. 3. Comparison of the effects upon IRI and IRG 
outputs and plasma glucose of infusions of somatostatin 
(1.7 pg/min for 30 min) administered via pancreatic 
artery, portal vein, or femoral vein. Data are shown as 
mean f SEM. 

oral vein ( n  = 4) elicited a decrease of IRI 
output (%A = -44 f 11, P < 0.02) and a 
comparable decrease of IRG output (%A = 
-45 f 5, P < 0.001). Although there was a 
slight decline of plasma glucose levels during 
this somatostatin infusion, the trend was not 
stat is t icall y significant . No st at ist icall y signif- 
icant alterations of PDV blood flow were 
observed during any infusion of somatostatin. 

Discussion. Numerous investigations using 
in vitro preparations have shown that soma- 
tostatin is a potent inhibitor of insulin and 
glucagon secretion (1-3, 1 1). Those reports 
have led, therefore, to the widely accepted 
concept that this peptide acts directly upon 
the pancreatic endocrine cells. Similar con- 
clusions have been drawn from the effect of 
somatostatin in vivo due to its rapid inhibition 
of pancreatic endocrine function (12-14). In 
this study, infusions of somatostatin into the 
pancreatic artery of anesthetized dogs 
promptly decreased both IRI and IRG out- 
puts, an effect that was reversed rapidly at 
the termination of the infusions. Thus, our 
present results are in basic agreement with 
the conclusion that somatostatin affects the 
islet A- and B-cells directly. Nevertheless, our 
observation of decrements of IRI and IRG 
outputs when somatostatin was given via a 
femoral vein or the hepatic portal vein sug- 
gest that, in addition to a direct effect upon 
the endocrine pancreas, somatostatin may in- 
hibit islet hormone release through an indi- 
rect mechanism as well. 

Blood flow to the canine pancreas is ap- 
proximately 2% of total cardiac output (15). 
Therefore, we expected that when somato- 

statin at a dose of 1.7 pg/min was infused via 
a femoral vein or the hepatic portal vein, only 
2% of that amount would reach the pancreas 
(i.e., approximately 0.034 pg/min). Since a 
dose of 0.17 pg/min given directly into the 
pancreatic artery had failed to decrease IRI 
and IRG outputs significantly, no inhibitory 
effect was expected following infusions of 
somatostatin at 1.7 pg/min via the other sites. 
However, when the above mentioned dose of 
somatostatin was given into a femoral vein, 
both IRI and IRG outputs were inhibited 
significantly. An identical infusion into the 
hepatic portal vein also elicited a significant 
decrement of IRI output that was comparable 
to the effect observed when somatostatin was 
administered via a femoral vein. Therefore, 
peripheral and portal infusions of somato- 
statin were more potent inhibitors of insulin 
secretion than could be explained by reason- 
able blood flow calculations. It is difficult to 
draw conclusions regarding the intraportal 
action of somatostatin on IRG output, since 
the effects of this infusion were to produce a 
decrease of glucagon secretion that was nei- 
ther significantly different from basal levels 
nor significantly different from the decrease 
observed by infusions of somatostatin into a 
femoral vein. 

The unexpected inhibition of IRI and IRG 
outputs during peripheral infusions of soma- 
tostatin and the effect of this peptide on IRI 
output when administered intraportally do 
not seem consistent with potential artifacts 
such as a somatostatin-mediated decrease of 
pancreatic blood flow or the reflux of this 
peptide into the pancreas. Although it has 
been reported that administration of soma- 
tostatin to humans reduced splanchnic blood 
flow (16, 17) leading to a potential decrease 
of islet hormone output, no statistically sig- 
nificant change of pancreaticoduodenal vein 
blood flow was observed during the admin- 
istration of this peptide to dogs. Reflux of 
somatostatin into the pancreas during infu- 
sions into the hepatic portal vein seem un- 
likely, since the monitored blood flow was 
always in the other direction. Further, this 
type of artifact cannot explain the effective- 
ness of somatostatin when given via a femoral 
vein. Thus, because the concentration of so- 
matostatin reaching the pancreas during in- 
fusions into a femoral vein or the hepatic 
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portal vein is presumably far less than that 
required to elicit a direct inhibitory effect, it 
seems reasonable to postulate that this pep- 
tide also alters islet hormone secretion by as 
yet unknown mechanisms. 

Although the precise nature of this pre- 
sumed indirect effect of somatostatin upon 
the endocrine pancreas is unclear, several 
explanations could account for the inhibition 
observed during this study. It is possible that, 
during a peripheral infusion, dihydrosoma- 
tostatin is converted to a more potent form. 
Preliminary work in this laboratory suggests 
that, when administered via a femoral vein, 
cyclic somatostatin is a more potent inhibitor 
of insulin secretion than dihydrosomatosta- 
tin, but that both forms of somatostatin exert 
comparable inhibitory effects upon glucagon 
secretion. However, previous studies by oth- 
ers show that dihydrosomatostatin and the 
oxidized or cyclic somatostatin are equipotent 
as inhibitors of insulin and glucagon release 
both in vivo and in vitro (1 8, 19). Conversion 
to an analog of somatostatin seems extremely 
unlikely due to the chemical changes re- 
quired. Further, somatostatin analogs gener- 
ally exhibit less biologic activity than the 
native peptide in terms of their inhibition of 
insulin and glucagon secretion (20, 21). An- 
other factor that argues against a change of 
peptide form is the rapid metabolic clearance 
of somatostatin from the general circulation 
(22). 

As alternative explanations for the pre- 
sumed indirect action of somatostatin upon 
IRI and IRG output, we hypothesize that this 
effect may be related to a decrease of endog- 
enous stimulatory signals for islet hormone 
release or to the initiation of an inhibitory 
neural-pancreatic reflex. Several studies have 
shown recently that somatostatin suppresses 
the circulating levels of gastrointestinal hor- 
mones including gastrin (l), secretin (23), and 
gastric inhibitory polypeptide (24). Since sev- 
eral intestinal hormones are known to poten- 
tiate the release of insulin and glucagon (25, 
26), it seems reasonable to postulate that the 
present results may have been due to a de- 
crease of circulating gut factors leading to a 
suppression of islet hormone secretion. Re- 
cent reports (27, 28) have also suggested that 
somatostatin release from the pancreatic islets 
and gastric antrum may be regulated, in part, 

by autonomic neural signals. Previously, we 
observed that phentolamine, an a-adrenergic 
blocker, markedly reduces the effectiveness 
of somatostatin as an inhibitor of hormone 
secretion from the pancreas of dogs (6-8). 
Those findings, therefore, suggest that soma- 
tostatin interacts with autonomic neural sig- 
nals to the islets. In view of the extensive data 
concerning neural control of the endocrine 
pancreas (25, 29, 30) and the fact that soma- 
tostatin exists within certain central and pe- 
ripheral neurons (4, 31), it is additionally 
possible that somatostatin acts upon a center 
within the central nervous system that, in 
turn, inhibits the release of islet hormones. At 
present, these hypotheses seem most consist- 
ent with our experimental findings. 

Summary. The inhibitory action of soma- 
tostatin upon the endocrine pancreas of dogs 
was studied as a function of dose and site of 
administration. Hormone output was mea- 
sured directly in the pancreaticoduodenal 
vein. Infusions of somatostatin into the pan- 
creatic artery show that a predictable dose- 
response relationship exists for this controller 
of islet function. The high relative potency of 
somatostatin when administered via a femo- 
ral vein or the hepatic portal vein suggests 
that indirect mechanisms of action are re- 
sponsible, in part, for the effect of this peptide 
upon insulin and glucagon output from the 
pancreas in vivo. It is postulated that, in its 
indirect effects, somatostatin may inhibit islet 
hormone secretion by decreasing the circulat- 
ing levels of several gastrointestinal hormones 
known to potentiate insulin and glucagon 
release, or it may elicit an inhibitory neural- 
pancreatic reflex. 
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