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Progress"report

The pancreas as a single organ: the
influence of the endocrine upon the
exocrine part of the gland

It is tacitly assumed that the endocrine and exocrine parts of the pancreas are
independent of each other, almost as though they were anatomically related
by some sort of celestial coincidence. What we hope to suggest in this paper is
that the two components are functionally related, and that the endocrine
gland exerts a profound effect upon the digestive activities of the organ.

Vascular anatomy of the pancreas
In 1882, Kuhne and Lea' noticed that the pancreas of the living rabbit
contained many discrete vascular regions, and they compared the vessels of
these regions with glomerular tufts. It was not until 1893 that Laguesse2
suggested that the vascular regions might be secreting something into the
blood which prevented the normal animal from becoming diabetic. He sug-
gested that the vascular areas be called the islets of Langerhans, in memory of
their discoverer.3

Subsequently, several authors have compared the morphology of endocrine
and exocrine vessels and have demonstrated that the capillaries of the islets
are wider and more densely arranged than are the exocrine capillaries sur-
rounding the islet.4-8 These authors, with one exception, noticed that capillary
connections existed between the vessels of the islets and the capillaries of the
exocrine gland. The presence of these capillary connections is central to the
theme of this review.
As islets receive their blood supply via short arterioles6 7 and as the capillar-

ies of the islets are often wider than those of the exocrine tissue, it is reason-
able to assume that the capillary pressure is higher in the islet vessels than in
the adjacent exocrine vessels. So where islet-exocrine connections exist the
direction of flow should be predominantly outwards. This centrifugal flow
has been demonstrated by cinematography in the pancreas of the living
rabbit.9 10 The frequency of these endocrine-exocrine connecting vessels
(Figure) has been shown by several authors, using a variety of injection
techniques.1'-'5 Two authors have suggested that the centrifugal flow from
endocrine to exocrine pancreas plays a significant role in the metabolic
activity of the exocrine pancreas.16 17 This review considers the evidence for
this relationship, which depends upon the presence of very high concentra-
tions of hormones in the capillaries leaving the islet under different metabolic
conditions.

Effect of insulin on exocrine function
Insulin increases the uptake and incorporation of glucose and amino acids
into most metabolically active tissues.'8 As the exocrine pancreas has a very
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The pancreas as a single organ

Figure A section (60 Fm) of cat pancreas that has been injected with Berlin blue via an
artery. An islet is in the centre of the picture, and many capilliary connections connect
the islet vasculature with that of the exocrine pancreas. The large vessel is probably an
arteriole supplying the islet whose diameter is about 150 l'm.

high rate of protein synthesis,19 it seems reasonable to suggest that the synthe-
sis of its protein might be controlled by the level of insulin in the capillaries
leaving the islets and supplying the exocrine tissue. Damage to the B cells by
alloxan profoundly diminishes the synthesis and release of amylase from the
exocrine pancreas of the rat.20 21 The synthesis and release of amylase can be
restored to normal by the injection of insulin. In the exocrine cells the in-
corporation of tritium-labelled leucine into amylase can be increased by
insulin and, by using actinomycin D, it was found that insulin stimulates the
synthesis of amylase messenger-RNA, and that streptozotocin (a more
specific anti-B-cell agent than alloxan) caused a marked diminution of amy-
lase activity in the exocrine pancreas.2' Interestingly, insulin seems to affect
only the amylase component of the zymogen granules. Thus there is an
increase in amylase content, but a decrease in chymotrypsinogen and lipase
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in the exocrine pancreas of the rat after the chronic rise in insulin levels
produced by glucose infusion. No change in the proteolytic activity of the
pancreatic juice was demonstrated after treatment with alloxan or streptozo-
tocin.22 It is relevant that the commonest abnormality in the pancreatic
juice of insulin-dependent diabetics is a low output of amylase.2324 It has also
been found that insulin-requiring diabetics, in response to a standard secre-
tin-pancreozymin test, secreted significantly less bicarbonate in their pan-
creatic juice than control subjects. It is generally believed that the influence of
insulin on amylase synthesis is not the result of hypoglycaemia induced by
insulin, though an interesting case for such a relationship has been made
out.25
The presence or absence of insulin is crucial when pancreozymin (CCK-

PZ) is used as a stimulus for amylase output. Thus pancreozymin-induced
amylase release is significantly reduced in streptozotocin-diabetic rats when
compared with controls; treatment of the diabetic rats with insulin for a
week increased the pancreozymin-induced amylase output so that it was
almost back to normal levels.26 Similarly, an estimate has been made of
total protein content in the pancreatic juice of the rat.27 Pancreozymin
caused protein release in fasting rats, an effect that was potentiated by
giving insulin an hour before the pancreozymin. However, when insulin
was accompanied by a glucose infusion, the potentiating effect of insulin on
the secretion of protein was not reduced. Thus the influence of insulin on
protein secretion was not secondary to the hypoglycaemic effect of the
hormone.27

There are two general points worth making about these experiments:
(1) they were all done on animals with an intact pancreatic circulation:
a functioning circulation seems essential to show these effects of insulin-
for example, insulin had no effect on amylase synthesis or release when
tested on isolated pieces of mouse pancreas ;28 (2) high doses of insulin are
needed to elicit a response. This is reasonable-partly because rats (the
commonest experimental animal) are known to be relatively insensitive to
ox insulin and, partly because, in life, very high concentrations of the hor-
mone are present in exocrine capillaries.

Other evidence that blood from the islets influences the rest of the gland
comes from human disease. Thus the exocrine pancreas of insulin-dependent
human diabetics is much smaller than normal.2930 Furthermore, when
diabetic patients are tested for exocrine pancreatic function, they show a
diminished response, and the response diminishes with the duration of the
disease.23 24 So it seems that insulin may be necessary both for the synthesis of
pancreatic enzymes and for maintaining the size of the exocrine part of the
gland.
An early intimation that exocrine pancreatic growth might be related

to endocrine tissue came from Henry Dale in 1904.31 He noticed, in the
toad, that more mitoses were present in the neighbourhood of islets than
elsewhere. The number of mitoses normally observed in the exocrine pancreas
is very low. It was therefore surprising that administration of alloxan to
the rat32 resulted in a marked increase of mitoses in the exocrine cells, the
phenomenon reaching a maximum at 17 hours and being over by 24 hours.
The initial effect of alloxan is to cause release of insulin from B cells, and it
seems reasonable that this release of insulin was responsible for the cell
divisions.
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The pancreas as a single organ

Another piece of evidence suggesting that islets stimulate exocrine growth
comes from experiments in which H3-thymidine incorporation into DNA
was followed in neonatal rats.33 The labelled nucleoside was injected into
rats in the first three days of life, and the presence of the label in the exocrine
cells in successive weeks was determined autoradiographically. It was found
that in the first few days after injection there was relatively more thymidine
in the peri-insular cells than in the distant ones; but after 1 1 days the distant
acini contained more label than the peri-insular acini. As the main reason
for the dilution of label is replication of DNA, it is likely that the cells of the
peri-insular acini divide more frequently than the distal ones.33 The most
obvious explanation for this is that there is a higher concentration of insulin
in those acini closest to islets. This subject is discussed again under 'the
halo phenomenon'.

Effect of glucagon on exocrine function
Pancreatic glucagon exerts an inhibitory effect on the secretion of the exo-
crine pancreas. In early experiments with glucagon, single injections of the
hormone were given to anaesthetised dogs that had been fasted for an un-
specified time. Pancreatic secretion was produced by infusing secretin,
and subsequent injections of glucagon inhibited this secretion, the effect
of a single injection of glucagon often lasting up to two hours.34 This inhibi-
tion might have been secondary to the hyperglycaemia that glucagon causes.
However, the injection of glucose alone did not modify the secretion of
pancreatic juice.34
When glucagon is injected into rats over a period of three weeks the

exocrine pancreas atrophies35-37 and the zymogen granules disappear. It
was found that 18 hours after the injection of 0.9 mg glucagon (in corn
oil) into rats the exocrine pancreas lost 90% of its zymogen granules.38
It is not clear from this work whether glucagon inhibits synthesis or stimu-
lates enzyme release, but subsequent experiments have suggested that it
does both. In conscious fasting dogs, infusion of glucagon inhibited enzyme
release, but made little difference to the volume or to the bicarbonate con-
centration of the juice.39 As this inhibitory effect of glucagon can be seen with
doses of the hormone as low as 0.2 ,ug/kg body weight, the authors suggest
that levels are 'physiological'.39 But, as in normal life glucagon reaching the
exocrine pancreas via the islet-exocrine connections is at a far higher con-
centration than that which would be produced by venous infusion of the
hormone, the concern over what levels are 'physiological' is misplaced. In
extending these experiments to fasting humans, it was shown that glucagon
decreased the protein content and the volume of pancreatic secretion, but not
the bicarbonate content.40 The earliest effect of a glucagon injection is often a
stimulation of exocrine secretion34 40 and this may be related to the degranula-
tion of the exocrine gland which is seen after protracted administration of
the hormone. Furthermore, there was no correlation between hypergly-
caemia and pancreatic secretion. However, working with conscious fasting
dogs, it was shown that glucagon caused a striking inhibition of both volume
and protein content of pancreatic juice; this effect could be mimicked by
infusing glucose, an observation which has not been confirmed.41
The effect of glucagon on the exocrine pancreas varies with the state of

nutrition of the animal. Thus, in the rat, glucagon decreased the volume
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and the content of bicarbonate and of protein in pancreatic juice when the
animal was fasting but when the glucagon was given to the fed animal it
produced an increase both in the volume and in the bicarbonate content of
pancreatic juice.42 This increase in volume and bicarbonate content (but
not in enzymes) is more reminiscent of the effect of secretin, and it has
not escaped the eye of many authors that the structure of glucagon is very
similar to that of secretin, 50% of the two peptides' amino acids being identi-
cal. Yet in most of the experiments noted the two hormones exert their
effect on two quite separate pancreatic secretory functions. Thus secretin
usually stimulates the secretion of bicarbonate and water (probably from t`he
centro-acinar and duct cells), while glucagon inhibits the synthesis and release
of protein by the acinar cells. So it is possible that glucagon acts in a stimula-
tory (secretin-like) way in the fed state and in an inhibitory way during fast-
ing. Glucagon was found to have a secretin-like effect on fed dogs and a
dose of 5-20 ,g/kg increased the flow of pancreatic juice without altering the
protein concentration.43 Bicarbonate secretion was not measured.
Glucagon would reach high concentrations in the blood leaving the islets

in two circumstances: (1) immediately after a protein-rich meal, and (2) dur-
ing starvation. How could these effects be integrated with what is known of
the influences of glucagon on the exocrine pancreas? A paper of great in-
genuity44 throws some light on this. When, in man, short (20 cm) segments of
duodenum were perfused with solutions of amino acids, CCK-PZ was
released, and trypsin was secreted by the exocrine pancreas. This secretion
was not accompanied by an increase of glucagon or of a-amino nitrogen in
the plasma. However, when the whole of the duodenum and jejunum were
perfused with the amino acids, CCK-PZ and trypsin production were actually
less than with the duodenal perfusion. Furthermore, plasma levels of gluca-
gon and of a-amino nitrogen were significantly raised. These authors propose
that the raised levels of glucagon (seen after the perfusion of the whole bowel
with amino acids) either inhibits the release of CCK-PZ, or interferes with
its effect on the exocrine pancreas. These findings in man are consistent with
the experiments described earlier in which glucagon was shown to inhibit
output by the gland.
Many of these observations on glucagon can be integrated into a homoeo-

static scheme-a scheme that would result in the economical metering-out
of digestive enzymes by the exocrine pancreas. Thus, when protein digestion
reached a certain level, plasma amino acids would rise, glucagon would be
released from the islets into the exocrine gland, and this, in turn, would
inhibit enzyme release from the gland. This would slow down the breakdown
of protein in the lumen of the gut and so diminish the absorption of amino
acids. We have already seen that glucagon inhibits both the synthesis and
release of zymogen granules. Thus, during fasting, when plasma levels of
pancreatic glucagon rise, the synthesis and release of zymogen granules
would be progressively diminished. This seems an admirable piece of
parsimony.

It has been suggested that over-secretion of glucagon plays a significant
role in human insulin-requiring ('juvenile') diabetes.45 As high concentra-
tions of glucagon cause the exocrine pancreas to atrophy, there might be
two reasons for the atrophy of the exocrine pancreas that is found in insulin-
requiring diabetics: (1) undersecretion of insulin, and (2) oversecretion of
glucagon.
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Influence of somatostatin on exocrine function
Somatostatin is a third hormone secreted by the islets of Langerhans.
Produced by A1 (D) cells, the hormone has been shown to have inhibitory
effects on many glands, including the adenohypophysis, the A2 and B cells
in islets, and several endocrine cells in the gut. We shall review its effects on
the exocrine pancreas.

Infusion of somatostatin into dogs inhibits secretin-induced bicarbonate
secretion, but somatostatin does not inhibit the enzyme release produced by
infusing CCK-PZ.46 (The reader may recall that the inhibitory effect of
glucagon on the exocrine pancreas is predominantly on the secretion of
enzymes brought about by CCK-PZ, which is different from the effect of
somatostatin). The inhibitory effect of somatostatin on the exocrine pan-
creas is so powerful that the infusion of 100 ,ug into dogs completely abolishes
the production of pancreatic juice in response to a meat meal.47 This abolition
occurs partly because somatostatin inhibits the actual release of secretin
and CCK-PZ from the small intestine.48

Somatostatin, like glucagon, constricts mesenteric vessels,49 so that
some of the inhibitory effects described might be due to vasoconstriction
in the exocrine pancreas. Recently, a group of patients has been described
with somatostatin-secreting tumours of the pancreas.50-53 Steatorrhoea is a
common feature of this syndrome, as might be expected, because of the
inhibitory influence of somatostatin on the exocrine function of the pancreas.
However, somatostatin also has many effects on the bowel, including inhibi-
tion of the release of secretin and CCK-PZ as well as the inhibition of
absorption of nutrients from the intestine. So inhibition of exocrine pancrea-
tic secretion may be only one of several possible causes of the steatorrhoea
which is associated with somatostatinomas.

Influence of pancreatic polypeptide on endocrine function
Pancreatic polypeptide (PP) is a recently described hormone secreted by
both endocrine and exocrine pancreas. It was first demonstrated in the
bird5455 and subsequently in the human.55 The hormone is released by a
very wide range of nutrients taken by mouth. It has no effect on endocrine
function, but is a powerful inhibitor of the exocrine gland-especially on the
secretion of bicarbonate and trypsin.
Without knowing more of the physiology of PP, this inhibition remains

an enigma. What can be the role of a hormone-whose release is stimulated
by food in the gut-that actually inhibits exocrine pancreatic secretion?

'Halo' phenomenon around islets
It was noticed by Jarotsky in 189957 that those exocrine cells adjacent to
islets stained more strongly than more distant exocrine cells, which gave
the appearance of a halo around each islet. In a study of exocrine cells, it
was found that the cells closest to the islets ('juxta-insular') were in fact
quantitatively different from those in the exocrine tissue further away from
the islets. For example, the mean area of the nuclei in juxta-insular cells was
50.640.8 pum2 (SEM) and nuclei far from islets 36.4±1.8 ,um2(. <0-001).3
It was proposed that the difference between the two classes of cells was a
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consequence of the high concentration of insulin in the capillaries leaving the
islets. In genetically obese hyperglycaemic mice (which have very large islets
and hyperinsulinaemia) the nuclear size of juxta-insular exocrine cells was
even larger (57.8 Lm2±2.2), although the nuclear size of the distant cells
was much the same as that in distant cells of normal mice. Similar measure-
ments in the rat pancreas confirmed these findings;58 the cells close to islets
contained more zymogen granules than distant cells. Injection of alloxan,
which rendered the rats diabetic, abolished the haloes (this can be seen in
spite of the partial destruction of the islets). This abolition was not a direct
effect of alloxan on the exocrine pancreas.58

It is interesting to note that there are two types of islets in birds, light
and dark, only one of which-the 'light' type-secretes insulin. This type is
surrounded by exocrine cells whose nuclei are significantly larger than the
nuclei of exocrine cells adjacent to the dark islets-that is, ones that do not
secrete insulin.1659 When sections of duck pancreas are stained for cholines-
terase there is a noticeable zone of cholinesterase-positive material round
the light, insulin-secreting islets, and none surrounding the dark islets which
do not secrete insulin (personal observations).

It is tempting to ascribe the halo phenomenon to the influence of a high
concentration of insulin in the vessels leaving the islet, and many of the obser-
vations which we have quoted support this idea. However, the concentration
of amylase, lipase, and chymotrypsinogen is higher in distant endocrine
cells than in cells adjacent to islets.60 This supports the general hypothesis
that the secretions of the islets influence the exocrine pancreas, although in
what seems an unexpected way. Another observation which supports the
islet-exocrine hypothesis is that the treatment of rats with streptozotocin
shows that there is an almost total loss of amylase in the exocrine cells both
close to, and far from, the islets.60 What is not clear is why in normal animals
enzymes are at lower concentrations in the exocrine cells near islets than in
the cells far from islets. It has been suggested that somatostatin and/or
glucagon leaving the islets inhibits both the synthesis and release of enzymes,
so producing the low concentrations of enzyme found around the islets.
We have mentioned this in the section on somatostatin.
The evidence we have cited suggests that the secretions of the islets of

Table Effect of islet hormones on exocrine pancreas

Islet hormone Effect on function of exocrine pancreas Nutritional status
ofanimals

Insulin Increases uptake of amino acids2' Fed
Increases synthesis of amylase (independently
from effect on amino acids)21 Fed

Increases cell division3122 Fed
Is necessary for normal release of bicarbonate24 Fed

Glucagon Inhibits synthesis of enzymes353837 Fasted
Inhibits release of enzymes39 40 Fasted
Stimulates release of bicarbonate42 Fed

Somatostatin Inhibits the production of pancreatic juice47 Fed

Pancreatic Inhibits release of enzymes Fed
polypeptide
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The pancreas as a single organ 165

Langerhans are essential for the proper functioning of the exocrine pancreas.
The Table summarises the way in which the known secretions of the exocrine
pancreas are modified by the secretions of the islets.
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Note added in proof
Since writing this paper we have found a few articles relevant to the
ideas proposed here. Thus Lifson, Kramlinger, Mayrand, and Lender
(Gastroenterology, 1980, 79: 466-73), using microsphere injections in the
living rabbit's pancreas, confirmed that blood flows from the islets to the
exocrine gland and estimated that 15-21 % of the pancreatic flow travelled
by this route. Saito, Williams, and Kanno (J Clin Invest, 1980, 65: 777-82)
using the isolated, perfused rat pancreas, showed that insulin increased both
the flow of pancreatic juice and amylase release. In the case of insulin-
requiring diabetics, Adrian, Barnes, and Bloom (Clin Chim Acta, 1979, 99:
213-6) found that that the plasma concentration of trypsin was about one
quarter of that in normal subjects.
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