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Summary. The release of pancreatic polypeptide
(PP) by gut hormones, acetyl choline and adrenaline
was investigated in an isolated perfused pancreas
preparation. PP was potently released by 1 nmol/I

caerulein (186 * 12%, p < 0.001) and gastric

inhibitory peptide (GIP) (211 % 31%, p < 0.005) as
well as by 1 umol/] acetyl choline (1097 + 59%, p <
0.001). A significant two-fold release of PP was also
evoked by 1 nmol/l vasoactive intestinal peptide
(VIP) (129 = 38%, p < 0.02 and gastrin (108 +
25% p <0.01). Insulin release, induced by high glu-
cose concentration was enhanced by both GIP (210
+ 38%, p < (0.01) and VIP (48 = 5%, p < 0.001).
In addition GIP enhanced the release of glucagon by
179 = 18% (p < 0.001) at 1.4 mmol/I glucose and by
127 + 24% (p < 0.005) at 8.3 mmol/l glucose. Thus
no simple inter-relationship appears to exist between
the control of the three circulating islet hormones.
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It is now clear that the pancreatic islets form a com-
plex endocrine unit. They contain three types of cell,
A, B and PP cell, which undoubtedly secrete their
product into the circulation and other less numerous
cell types producing, for example, somatostatin
which are thought to act mainly locally. In addition
there is a complex innervation which includes the
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three neural elements, sympathetic, parasympathetic
and peptidergic (eg VIPergic). The release of the
individual hormones, insulin and glucagon, from the
islets has been extensively studied but there has been
little attempt so far to investigate the degree of inte-
gration of control, in particular between the three
pancreatic hormones whose main actions appear to
be via the circulation.

Gastrointestinal hormones have been shown to
be potent releasers of pancreatic polypeptide (PP) in
man and probably play a major role in the rise of this
hormone after a meal [1, 2]. The aim of this study
was to cstablish whether the observed effect of gut
hormones on the PP cell was direct or indirect, and
also to investigate the relative potencies of the vari-
ous gut hormones in the release of PP.

We have used an isolated perfused canine pan-
creas preparation which has previously been useful in
the investigation of the direct release of glucagon and
insulin by some gastrointestinal hormones [3] and
also other substances [4, 5]. Thus, in addition to new
information on PP release, the direct effects of the
new gut hormones, gastric inhibitory peptide (GIP),
VIP, bombesin and PP on the release of insulin and
glucagon has been compared with that of gastrin, se-
cretin and cholecystokinin, which have already been
reported [3].

Methods

The pancreas donors were overnight fasted male mongrel dogs
weighing 18-25 kg. The operative procedure for isolation of the
pancreas and the perfusion system have been described in detail
elsewhcre [6]. The coeliac artery, the splenic artery and the portal
vein were catheterised and the pancreas perfused, without recircu-
lation, with an oxygenated synthetic medium which consisted of
Krebs Ringer buffer pH 7.4 adjusted to the electrolyte concentra-
tions of dog plasma with 40 g/l dextran, bovine serum albumin at
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Table 1. The mean basal and peak PP concentrations in pmol/l in
the efflux perfusate of the isolated dog pancreas during perfusion
with hormones and neurotransmitters

Mean PP concentration pmol/l

Perfused Number of Zero Peak P
substance preparations

Caerulein 5 22.8+39 644+ 27 <0.001
Gastrin 6 17744 355+ 43 <0.05
Glucagon 4 18.3+2.1 183+ 1.3 NS
Secretin 5 16.2+2.2 23.0+ 40 NS
GIP 6 13.3x4.1 43.5% 44 <0.005
VIP ‘ 6 20.5+4.1 448+ 74 <0.05
Bombesin 2 10.0 12.0

Acetyl choline 6 18.5+4.6 223 =11 <0.001
Adrenaline 6 20.8t44 277+ 52 NS

Table 2. Mean efflux insulin and glucagon concentration both at
low and high glucose concentrations in the isolated perfused dog
pancreas

Glucose Insulin Glucagon
mmol/l pmol/1 pmol/i
1.4 382+ 115 154435
8.3 4846 *907 52+12

Table 3. Percentage change in glucagon and insulin secretion from
the isolated perfused dog pancreas. As no increase in insulin secre-
tion occurred at low glucose concentrations with any stimulus this
column has been omitted. (NT = not tested)

Percentage change

Glucagon Insulin Glucagon
Perfusate Low glucose  High glucose  High glucose
(1.4 mmol/1) (8.3 mmol/) (8.3 mmol/l)
Caerulein 662100 154+14 115+21
p<0.01 p<0.005 p<0.02
(n=4) (n=4) (n=4)
Gastrin 193428 49+6 145+15
p<0.005 © p<0.005 p<0.001
(n=5) (n=5) (n=5)
Secretin —59+5 22972 —62+3
p<0.001 p<0.05 p<0.001
(n=4) (n=4) (n=4)
GIP 179+18 210+38 127424
p<0.001 p<0.01 p=<0.005
(n=4) (n=5) (n=5)
VIP 9043 48+5 6+10
NS p<0.001 NS
(n=4) (n=5) (n=5)
Acetyl choline  NT 130+20 431+19
p<0.01 p<0.001
(n=4) (n=4)
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0.35 mmol/1 and glutamate, fumarate and pyruvate, each at a con-
centration of 0.5 mmol/l. The perfusion flow rate was 18-20 ml/
min (approximately 0.25 ml/min/g of pancreas wet weight) and
the perfusion pressure was 30-40 mmHg. Both parameters were
constant during the perfusion experiment. The oxygen uptake of
the isolated pancreas was 0.005 ml/min/g [5]. Each perfusion
experiment was carried out with hourly alternations with glucose
concentrations of 1.4 and 8.3 mmol/l respectively.

The pure peptide hormones, human gastrin (synthetic human
gastrin I, ICI Ltd), caerulein — an analogue of cholecystokinin
(synthetic “Caeruletide”, Farmitalia Ltd), porcine pancreatic
glucagon, (Novo Ltd), bovine pancreatic polypeptide (BPP) (Eli
Lilly Ltd) porcine GIP (Prof.J. Brown, Vancouver University),
porcine VIP (Prof.S.L Said, Dallas University) and bombesin
(synthetic, Farmitalia Ltd) were added to the perfusate in random
order at concentration of 1 nmol/l. Acetyl choline was perfused at
a concentration of 1 ymol/l and adrenaline at 11 nmol/l. When
investigating the effect of inhibitors on the release of the pancre-
atic hormones synthetic cyclic ovine somatostatin was added to the
perfusate at 60 nmol/l and atropine at 25 pmol/l. The pancreas
preparations were perfused with each substance for ten minutes
with a recovery period of at least 20 min before the next test
substance. Samples were taken every minute from the influx and
the efflux perfusate. Even though there is no evidence that pro-
teolytic enzymes escapé into the venous drainage from the per-
fused pancreas [4] a proteolytic enzyme inhibitor, aprotinin
(Trasylol, Bayer Ltd) was added to the tubes in which the efflux
samples were collected to give a final concentration of 400 KI
units/ml. PP, glucagon and insulin were all measured in the perfu-
sate by specific and sensitive radioimmunoassays using antisera
raised to the pure peptides [3, 7, 8, 9]. The assays were capable of
detecting changes of PP concentration of 5 pmol/l, glucagon 3
pmol/l and insulin 12 pmol/l with 95% confidence. For each sys-
tem the intra-assay and interassay variation were less than 10%
and 20% respectively.

Results

The release of PP by the gut peptide hormones can
be seen in Figure 1 and the mean zero and peak of
each stimulus is summarised in Table 1. The basal
and stimulated PP concentrations were not altered by
the different glucose concentrations used; for exam-
ple at 8.3 mmol/l glucose concentration basal PP was
23.0 = 5.8 pmol/l, and the peak after caerulein 66.0
+ 2.3, while at 1.4 mmol/l glucose concentration
basal PP was 22.5 + 5.5 and caerulein peak 62.0
4.0 (both measured in the same 4 preparations).
Results for PP stimulation therefore represent the
concentrations after the first application of the
stimulus in each pancreas preparation regardless of
glucose concentration. Caerulein and GIP caused a
highly significant release of PP from all preparations
and the release elicited by gastrin or VIP was also
significant. Secretin and glucagon, however, did not
release PP at the dose used in this in vitro prepara-
tion. Acetyl choline is extremely potent in its capacity
to release PP (Fig.2); the data shown represent
experiments cartied out with a dose of 1 umol/l
acetyl choline. However, in a single experiment, a
dose of 10 pmol/I gave a response which was 50% of
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Fig. 1. The effect of 10 min perfusion of gut peptide hormones (1 nmol/1) on efflux pancreatic polypeptide concentrations from the isolated
perfused canine pancreas. The number of experiments for each hormone is given in Table 1

Fig. 2. The effect of 10 min perfusion of acetyl choline (1 wmol/1), adrenaline (11 nmol/1) and bombesin (1 nmol/l) on efflux pancreatic
polypeptide concentrations from the isolated perfused canine pancreas. The number of experiments for each stimulus is given in Table 1

Fig. 3. The effect of GIP and VIP on the secretion of insulin and glucagon during perfusion with a glucose concentration of 1.4 and 8.3
mmol/l. The effect is depicted as change in percent from zero. GIP ®——@®, VIP 0o—0. Glucose concentration 1.4 nmol/ln = 4. Glucose

concentration 8.3 nmol/In = 5

maximum. No significant rise in PP concentration
occurred when adrenaline was perfused (Fig.2).
Bombesin was perfused in only two preparations and
no effect on PP was observed (Fig. 2). Atropine com-
pletely abolished the release of PP elicited by acetyl
choline by (% inhibition 97.3 = 1.7, n = 4), but had
no effect on caerulein-induced PP release in two pre-
parations. Somatostatin inhibited the release of PP
evoked by acetyl choline by 61.3 + 9.8% (n = 4)
and completely blocked the release of PP induced by
caerulein in two preparations.

Throughout the experiments changes in the infu-
sate glucose concentration induced the expected
changes [3] in insulin and glucagon, as seen in Table
2. The high glucose concentration stimulated insulin
secretion whilst suppressing that of glucagon. The
low glucose concentration had the opposite effects.
The effect of acetyl choline, gastrin, secretin, caeru-

lein, GIP and VIP is summarised in Table 3. Acetyl
choline is an extremely potent stimulator of insulin
and glucagon [10] as well as PP secretion in this vitro
preparation. It has previously been reported [3] that
insulin secretion is enhanced by gastrin, secretin and
cholecystokinin. In this study similar effects were
noted at high glucose concentrations, but not at low,
with gastrin, secretin and caerulein. Similarly gluca-
gon was released, as expected, by gastrin and caeru-
lein, the effects being greater at low glucose concen-
tration than at high.

The effect of GIP and VIP on insulin and gluca-
gon secretion is summarised in Figure 3. GIP releases
insulin at high glucose concentration. It also pro-
duced a release of glucagon, but this effect was more
significant at low glucose concentration. VIP has a
stimulatory effect on glucagon at low glucose con-
centration and slightly enhanced insulin release at



416

high glucose concentrations. Bombesin and BPP
were each perfused in only two preparations and in
these no effect on either insulin or glucagon release
was seen.

Discussion

It is now well established that PP circulates in plasma
and there is a rapid and substantial rise after a meal
[2, 9, 11]. As PP is found almost exclusively in the
pancreas, it has been proposed that an entero-PP axis
[1], analogous to the well-established entero-insular
axis, is responsible for release of this hormone fol-
lowing intestinal stimulation by food. The entero-PP
axis appears to be mediated partly through the vagal
innervation and partly through circulating gut hor-
mones. Circulating nutrients appear to have little
effect and this is confirmed in this study by the ab-
sence of any glucose effect on PP release from the
isolated pancreas. The experiments reported here
have demonstrated at the tissue level that circulating
hormones and acetyl choline can release PP directly
and thus are possible physiological components of
the entero-PP axis. The release by acetyl choline is in
agreement with preliminary findings reported by
other workers [12], as is the minor effect of cate-
cholamines on PP release [13]. As expected, the PP
release by acetyl choline is totally blocked by
atropine. Somatostatin reduced the PP response to
the high dose of acetyl choline used in the experi-
ments and effectively blocked the PP release induced
by caerulein; this is expected from previous work in
man [14]. In one series of experiments (unpublished
observations) VIP (1 nmol/l) was given 20 min after
acetyl choline (1 umol/I) and the PP release was ten-
fold higher than with VIP alone. The apparent
synergism observed between acetyl choline and VIP
is of great interest and may be presumed to reflect
the in vivo situation where some degree of continu-
ous vagal tone is probable.

In spite of the anatomical grouping of the A, B
and PP cells in the islets of Langerhans the release of
PP does not appear to be integrated with the release
of insulin and glucagon. This is perhaps not surprising
as in some species, eg dog, many of the PP cells lie
outside the islets, eg between the acinar cells and in
duct walls [15]. PP is mainly influenced by circulating
hormones, acetyl choline and peptidergic neurotrans-
mitters whilst insulin and glucagon release is, in addi-
tion, powerfully affected by metabolites and cate-
cholamines. These experiments demonstrate directly
how the observed influence of the gut on the hor-
mones of the endocrine pancreas can be accounted
for by an integrated combination of metabolite, hor-
monal and nervous control.
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It has recently been established that, in addition
to the well recognised adrenergic and cholinergic
nerve fibres, a third component of the autonomic
nervous system exists [16]. This is the peptidergic
system, which may be anatomically identical, in part,
with the previously described system to which the
term “‘purinergic’’ has been applied. Thus the islets of
Langerhans are richly innervated with, for example,
VIP-containing nerve fibres [17, 18]. It is impossible
at present to evaluate the possible concentration of
peptide neurotransmitter which may be present at
the target cell. Our finding of the effectiveness of low
concentrations of VIP in releasing PP, glucagon and
also insulin, however, adds considerable emphasis to
its possible role in the physiological control mecha-
nisms of the endocrine pancreas.
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