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ABsTRACT The effects of stimulation of the mixed
autonomic nerve to the dog pancreas has been studied
under conditions in which both pancreaticoduodenal vein
blood flow and insulin concentration were determined.
Stimulation resulted in increased insulin output, which
was blocked by prior administration of atropine. Blood
flow was reduced by stimulation in proportion to the rate
of stimulation. At 40 stimuli/s a maximum effect was
found at 1 min with a gradual return toward base line
despite continued application of the stimulus. Atropiniza-
tion had no effect on blood flow changes. Insulin re-
sponses to 0.1 g/kg glucose were reduced on the average
409, by simultaneous stimulation of the pancreatic nerve
at 40 cycles/s in atropinized animals. These studies es-
tablish this preparation as a reproducible model for the
direct examination of autonomic influences on endocrine
pancreatic function. From them it is concluded that the
nerve supply to the endocrine pancreas of the dog is
sufficient to inhibit insulin secretion by activation of the
sympathetic nerves and to stimulate insulin secretion by
activation of the parasympathetic nerves.

INTRODUCTION

Within the past 10 yr by use of electron microscopy and
special stains, it has been clear that both parasympathetic
and sympathetic nerve endings can be visualized quite
close to the hormone-producing cells of the endocrine
pancreas (1-3). The conditions under which these neu-
rons might be stimulated to secrete their contained chem-
ical transmitters have never been adequately defined. The
demonstration that the known transmitters themselves do
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affect insulin output suggests that if they were to be re-
leased, they would be expected to alter insulin secretion
directly and influence the islet cell response to other reg-
ulators of insulin secretion. Norepinephrine, the sympa-
thetic neurotransmitter, has been found to inhibit insu-
lin release by stimulation of the alpha adrenergic receptor
(4, 5). Thus it is not surprising that states of increased
sympathetic activity such as burns, myocardial infarction
and exercise are associated with inhibition of glucose-
stimulated insulin release (6-8). It is not clear, how-
ever, whether this inhibition was due to the direct effect
of neural stimulation of the pancreatic nerves or whether
this was an indirect effect of elevated levels of circulating
epinephrine and norepinephrine released from non-pan-
creatic nerve endings and the adrenal medulla.

There is also evidence that the parasympathetic sys-
tem regulates insulin output. Acetylcholine or its ana-
logues have been found to increase insulin release both
in vitro and in vivo (4, 9). Stimulation of the para-
sympathetic vagus nerve has been shown to release insu-
lin (10, 11). A parasympathetic vagal mechanism is also
probably responsible for the increased insulin secretion
and hypoglycemia induced by neural conditiening proce-
dures (12, 13) since it is blocked by vagotomy or atro-
pine (14). However, it is possible that the vagal stimu-
lation and conditioning experiments increase insulin
by an indirect rather than a direct mechanism since these
neural inputs might release one or another of the gastro-
intestinal factors which in turn stimulate insulin release
(15).

Therefore, in the present study we have attempted to
clarify further the question of direct neural control for
the endocrine pancreas. Dogs were studied in whom
pancreatic perivascular nerves were isolated, cut, and
stimulated under circumstances where pancreaticodu-
odenal insulin levels and pancreatic blood flow could be
measured simultaneously.
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METHODS

All dogs weighed 15 kg or more and were studied after an
overnight fast under anesthesia of pentobarbital and suc-
cinylcholine. After tracheostomy, ventilation was regulated
to maintain blood pH within the range 7.35-7.45 by the
addition of systemic bicarbonate or alteration of ventilation
parameters based upon simultaneously measured pH, Pco.
and Po.. An electric heating blanket was adjusted manually
to maintain rectal temperature between 37.5-39.5°C be-
cause we noticed in our initial experiments that body tem-
perature rapidly drops in nonheated dogs under these ex-
perimental conditions. In order to be able to measure pan-
creatic insulin output, laparotomy was performed and an
extracorporeal pancreatic blood circuit was made using a
modification of the method of Kanazawa, Kuzuya, and Ide
(16). First, the inferior pancreaticoduodenal vein was tied
and cannulated by a small polyethylene cannula. It was
infused with heparin at a rate of 40 U/min in a small vol-
ume to anticoagulate effluent pancreatic venous blood before
its entry into an extracorporeal circuit which was prepared
by cannulating the superior pancreaticoduodenal vein. This
larger cannula of teflon and Silastic returned its flow into
the portal vein through another Teflon cannula held in
place by a pure-string suture. Under these conditions,
approximately one-third to one-half of the pancreatic body
has a blood flow via the cannulated superior pancreatico-
duodenal vein and the extracorporeal circuit, while the re-
maining one-half to two-third of the pancreas drains
through the splenic and/or mesenteric veins into the portal
vein by a separate circuit. Flow was measured by collecting
timed blood samples after interruption of the extracorporeal
circuit and adjusting back pressure in the catheter to por-
tal venous pressure using the distal catheter as a manometer.
The pancreatic nerves were isolated along the course of
the superior pancreaticoduodenal artery just before their
entrance into the pancreatic substance. They usually coursed
as one group of several large nerve bundles inferior and
medial to the artery and another group contained within the
loose connective tissue surrounding this artery. Therefore,
the artery was stripped of its outer connective tissue con-
taining nerves and both these nerves and the nerves running
more medial and inferior to the artery were cut and tied
and then placed in a stimulating silver chloride electrode.
Stimulation of the isolated cut nerves was performed with
a constant current stimulator using pulses of 10 mA and
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Ficure 1 The effect of neural stimulation 40/s and glucose
on pancreaticoduodenal blood flow. Stimulation period indi-
cated by dashed lines.

1 ms duration. The voltage drop across the electrode was
monitored and remained nearly constant throughout each
experiment. Electrode resistance varied between experi-
ments from 900 to 3000 ©. Immunoreactive insulin was mea-
sured on heparinized plasma by a conventional double-anti-
body radioimmunoassay using porcine insulin as standard
(17). Plasma glucose was estimated by a glucose oxidase
method (18).

RESULTS

Stimulation generally resulted in a decrease in blood
flow, but the pattern depended on the rate of stimulation
and whether or not it was associated with glucose ad-
ministration. Up to approximately 5 stimuli/s blood
flow was depressed at 1 min 10-209% and remained
decreased for the entire 10 min. With higher stimulation
rates, the initial drop was larger but flow returned to
the control value by 10 min despite the continuous ap-
plication of the stimulus. At 100 stimuli/s a maximal
injtial effect was noted with an 809% reduction in flow

TaBLE I
The Effects of Neural Stimulation and Glucose on Pancreaticoduodenal Blood Flow (ml/min)

Stimulation Mean flow Mean flow
Control mean flow Control glucose Control stim <+ glucose

Dog no. prestim. 1-10 preglucose 1-10 prestim. 1-10

1 31.8 30.6 28.2 31.2 24.0 22.4

2 23.4 22.3 24.6 23.7 17.4 16.7

3 18.0 15.5 20.4 21.7 18.6 16.9

4 249 23.7 24.9 27.1 33.0 29.8

5 53.4 39.3 50.4 53.9 52.8 49.1

6 28.8 149 25.8 27.4 31.8 27.2

7 13.8 11.6 12.0 13.3 13.8 15.9

8 20.4 9.7 19.4 21.8 20.4 15.9
Mean 26.8 20.9 25.7 217.5 26.5 24.3
SD 12.3 10.1 11.1 119 12.6 114
P <0.05 <0.01 <0.05
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Ficure 2 The effect of nerve stimulation on insulin out-
put before and after atropine. The mean integrated insulin
output during the 10 min postatropine stimulation of 2.76
*+0.73 mU/min (SEM) was significantly less than the mean
output without atropine of 4.51+=1.06 mU/min by paired
statistical analysis.

at 1 min and return to control at 5 min. Thus higher
stimulation rates reduced blood flow more at 1 min but
were associated with a more rapid return to control flow
rates during stimulation. In most instances when the
stimulus was stopped there was a rebound hyperemia
which lasted from 10 to 25 min whether or not blood
flow had returned to control before the cessation of
stimulation or not. These findings are illustrated in eight
paired dog studies at 40 stimuli/s in Fig. 1 and details
of the data are given in Table I. When glucose was
given alone to these same animals there was a small,
but significant (P < 0.01) increase in flow from the 1st
to the 7th min. When 0.1 g/kg glucose was rapidly in-
fused after 1 min of neural stimulation, the effects of
glucose to increase flow partly offset the tendency of
stimulation to decrease flow. Thus although the 1 min
stimulation preglucose decrease in flow was similar and
significantly lower than glucose alone, both the 1st (P <
0.05) and 4th (P <0.1) min flows after glucose and
stimulation were less than the decrease observed with
stimulation alone (Fig. 1). Atropinization did not alter
these blood flow patterns.

Despite the reduction in flow, stimulation at 40/s when
applied alone usually resulted in a small immediate in-
crease in insulin output. This increment peaked between
2-5 min and returned to near base line despite con-
tinued stimulation for 10 min. In the six paired studies
shown in Fig. 2 this integrated 10 min increase was
significantly reduced (P < 0.05) by atropine pretreat-
ment (1.0 mg/15 kg intravenously 10-20 min before
the second stimulation), and was therefore ascribed to
parasympathetic stimulation.
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To study the effects of relatively pure sympathetic
stimulation, similar atropine pretreatment was given to
all subsequently studied animals. In those given stimula-
tion and glucose last an additional 0.5 mg/15 kg was
given intravenously 10-20 min before the stimulation.
In these studies glucose was used to induce insulin re-
lease since it had previously been found that the effects
of exogenous catecholamines on insulin secretion are
most easily detected during the acute insulin response
to glucose (19).

As shown in Figs. 3 and 4, insulin output in response
to 0.1 g/kg glucose pulse intravenously was reduced in
eight of nine dogs when the challenge was preceded by
1 min of stimulation at 40 cycles/s and continuation of
the stimulation for another 10 min. The depression of the
insulin response occurred whether the control glucose
pulse was given before (#» =4) or after (#=735) the ex-
perimental glucose pulse and nerve stimulation (P <
0.05). The total insulin release over 10 min was calcu-
lated by integration of the area under the 0~10 min re-
sponse curve since virtually all of the insulin released
from the pancreas by glucose was completed by 10 min.
The mean decrease was 40% and ranged from 25-75%.
In three other studies, 5 stimuli/s was compared with
40 simuli/s. Although the slower rate of stimulation
was associated with lesser effects on blood flow, the
inhibition of pancreatic insulin output by nerve stimula-
tion appeared to be similar (Fig. 4).

900+
8004
7004
0-10 %9
PANCREATIC
VEIN 500
INSULIN
OUTPUT 4004
(mu)
3004
2004
1004
— ¥
(o}

CONTROL STIM. CONTROL  CONTROL

STIM.

Figure 3 The effects of neural stimulation 40/s for 11
min on the integrated pancreaticoduodenal vein insulin out-
put to glucose in nine atropinized dogs. Glucose given after
1 min of stimulation. Four dogs were given glucose alone
first, and five dogs glucose alone after neural stimulation
and glucose. Mean data =SEM shown on the right. P < 0.05
by paired comparison.
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DISCUSSION

These studies indicate a direct effect of neural input
upon insulin secretion. Since there are definite flow
changes associated with mixed nerve stimulation it is
important to measure total insulin output rather than
concentration when evaluating neural effects at the
pancreatic level. Nevertheless, the regulatory effect of
nerve stimulation via alterations in pancreatic blood flow
was considered unlikely to be the sole explanation for
either the parasympathetic increase or the sympathetic
decrease in pancreatic insulin output observed. In the
case of sympathetic inhibition the magnitude of the blood
flow change induced by nerve stimulation at 40/s when
glucose is given is small (Fig. 1, Table I) when com-
pared with the effects of stimulation on insulin output
(Fig. 3). The glucose pulse, as noted, diminished the
effect of stimulation upon flow so that a flow effect
could, at best, account for a decrease of insulin output
of the order of 15%. Furthermore, the stimulation at 5/s
was just as effective as 40/s despite much lesser effects
on blood flow. Finally, as shown in Fig. 2, there was a
net increase in insulin output both total and minute-to-
minute resulting from stimulation alone in the non-
atropinized animals in the face of a clearcut, initial de-
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FiGure 4 A comparison of the effect of 5 stimuli/s with
40 stimuli/s on basal and glucose-stimulated insulin release
_in an atropine pretreated dog. This study demonstrates a
typical protocol for the experiments in Figs. 1-3.
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presson of blood flow, indicating that adequate perfu-
sion of responsive pancreatic islets persists during
nerve stimulation. Thus, neither the increase nor the
decrease in insulin output appears to be related to blood
flow. This conclusion is consistent with the known ef-
fects of catecholamines and acetylcholine in vitro (4)
and reports that pancreatic blood flow is not a critical
determinant of pancreatic insulin secretion in the dog
(20).

Although not shown here in detail, it should be men-
tioned that the effect of nerve stimulation upon the insu-
lin output response to glucose was less when evaluated
on the basis of arterial insulin concentration alone,
rather than in terms of pancreaticoduodenal vein insulin
output. This observation is hardly surprising, however,
since the systemic administration of glucose stimulates
the whole of the pancreas, whereas the direct nerve
stimulation used affected only that part of the pancreas
for which the flow and pancreatic venous insulin mea-
surements were made. Also, a rather large proportion
of the pancreaticoduodenal vein was used for chemical
and flow measurements during the crucial first 10 min
after glucose administration, the samples being obtained
at intervals of 1 min.

In conclusion, therefore, the findings described here
demonstrate that direct nervous stimulation of the pan-
creatic nerves can increase insulin output via the para-
sympathetic system and can decrease insulin output via
the sympathetic system. They provide support for infer-
ences previously derived from studies of the effects of
exogenously administered autonomic transmitters and
greatly increase the probability that autonomic trans-
mitters released directly from pancreatic nerve endings
do play a role in the physiologic control of insulin pro-
ducing beta cells. Of course, the present studies do not
as yet elaborate the circumstances under which autono-
mic nerves may in fact be stimulated under physiologic
conditions. However, the demonstration of the direct
neural responses shown here suggests that specific neural
effects must be seriously considered as the possible
mediating mechanim in the several physiologic states
in which modulation of insulin secretion has been at-
tributed to the functional state of the autonomic nervous
system (6-8, 12-14). The mechanism envisaged would
be more specific than the simple occurrence of a general
autonomic discharge or the release of catecholamines
from the adrenal medulla.

It should further be mentioned that, in keeping with
the known autonomic innervation of both A and B cells
of the islets of Langerhans (1-3), further analysis of
the present studies indicates that the output of pancre-
atic glucagon is also sensitive to nerve stimulation and
is reciprocal to the insulin responses reported here (21).
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