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Progress report
The control of pancreatic secretion

The control of exocrine pancreatic secretion has been described in the
Handbook of Physiology by Preshawl and Harper2, and more recently by
Grossman3. In the present report emphasis will be placed on publications
during the last few years which have amplified or modified accepted concepts
of the control of secretion. For descriptive purposes the traditional division
of the control into cephalic, gastric, and intestinal is still the most convenient.

Cephalic Phase and Vagal Effect on Pancreatic Secretion

The cephalic phase, which Pavlov considered of little significance, was
reinvestigated by sham feeding of dogs by Preshaw, Cooke, and Grossman4,
and of man by Sarles and his colleagues5. The increased protein secretion
elicited by sham feeding in dogs was prevented by acidification of an in-
nervated antral pouch. The surgical preparation of the animals had probably
interrupted direct vagal pathways to the pancreas, and in these experiments
the psychic response depended on a vagal release of gastrin. In human subjects
the very brief latent period between stimulation by sight, smell, or taste of
food and the onset of pancreatic secretion suggests a direct vagal effect on the
pancreas.
As the stimuli for the cephalic phase operate for only a small part of the

total time of the pancreatic response to a meal it has been natural to think of
this phase as subserving a mobilization of enzyme stores and adjustment of
pancreatic blood supply preliminary to the main secretory response pro-
duced by acid and digestion products entering the intestine. This concept has
been supported by the view that vagal impulses, acting directly on the gland
or indirectly by release of gastrin, have little effect on secretion of water and
bicarbonate. In fact appreciable amounts of fluid and bicarbonate accom-
panied the enzyme secretion in Sarles' experiments. In contrast to the small or
absent volume response of the canine or feline pancreas, the pancreas of the
pig produces large amounts of water, bicarbonate, and enzymes in response to
vagal stimulation6. As the enzyme secretion was blocked by atropine, it was
presumably mediated by cholinergic fibres, but the vagal effect on water and
bicarbonate secretion in the pig and the cat7,8 is 'atropine-resistant'. Even in
the cat, in which vagal stimulation without a secretin background is usually
said to be without effect on volume flow, it has been shown that repeated
stimulation may produce a secretion, often quite small but on average
amounting to 20% of the maximal response to exogenous secretin8.

Gastric Phase of Secretion

To Pavlov the main pancreatic response to a meal was based on long reflexes
by visceral afferent fibres from the abdomen passing impulses to secretory
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The control ofpancreatic secretion

centres in the brain stem, which relayed stimulation back by the vagus
nerves to the pancreas. With the discovery of secretin and pancreozymin
hormonal control of the pancreas was emphasized, but interest in nervous
reflex regulation was rekindled when Harper, Kidd, and Scratcherd9 demon-
strated vago-vagal effects on the stomach intestine and pancreas. This,
coupled with the observation that antral extracts had a pancreozymin-like
action on the pancreas10, led to a re-examination of the effects of the stomach
on the pancreas. In cats it was shown that distension of the body or antrum
increased the output of pancreatic amylase. After vagal section distension of
the body had no effect on the pancreas but the response to antral distension
persisted11. The gastric phase of pancreatic secretion therefore involved a
vago-vagal reflex pathway for the response to stimulation of the body of the
stomach. Chemical and mechanical stimulation of the antrum produced a
humorally mediated increase in pancreatic enzyme secretion, but a possible
nervous reflex element could not be excluded. The effects of atropine and
cocaine on the response were consistent with the view that a local cholinergic
pathway was involved in the release of the antral stimulant. It has also been
shown that there is a gastric phase of pancreatic secretion in dogs12'13"14 and
man'5

In all species the gastric phase, like the cephalic phase, produces enzymes
rather than a secretion of water and bicarbonate. This is the type of pancreatic
response produced by gastrin and gastrin analogues, although there is
consideiable divergence in the literature about the ratio of gastric and pan-
creatic activities of the different substances16"7",8"19.

Intestinal Phase of Pancreatic Secretion

The major part of the pancreatic response during digestion is dependent on
the passage of acid and the digestion products of protein and fat along the
small intestine. In contrast to the neurohumoral basis of the cephalic and
gastric phases of secretion the intestinal phase has been regarded as hor-
monally mediated by secretin and pancreozymin, with a possible local nervous
involvement in the release of the hormones. The ability of an extrinsically
denervated intestine and pancreas to achieve a satisfactory response to
stimulation does not preclude an influence of the central nervous system in the
intact animal, and it is of interest that Andrews20 has recently recorded
afferent impulses in the mesenteric nerves of rabbits in response to intra-
duodenal infusions of acid. Vagotomy, it has been claimed, increases21'22,
decreases23'24, or has no effect on 25, the responses to secretin. The fact that
anticholinergic drugs have less inhibitory effect on the response to injected
secretin than on that to stimulants in the intestine supports the concept that
the release of the intestinal hormones involves a local cholinergic pathway26'27.
Local anaesthetics applied to the intestinal mucosa inhibit or reduce the
response of the pancreas to intestinal stimulants28'29'30, and hexamethonium
prevents the release of cholecystokinin, possibly by blocking afferent endings
in the mucosa31. It has been claimed32, and denied33, that perfusing the small
intestine with acetylcholine stimulates the pancreas.
For the last 20 years it has been accepted, from the results of Wang and

Grossman34, that a range of substances could stimulate secretion of both
secretin and pancreozymin, though the proportions of the hormones released
varied for the different stimuli. Hydrochloric acid, for example, was a power-
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ful excitant of secretin, but less effective for pancreozymin; with amino acids
and fatty acids this situation was reversed. For reasons which will be con-

sidered in detail later, Grossman has recently3 stated that the conclusions
drawn by Wang and Grossman were based on invalid assumptions.

Intestinal Acid and Pancreatic Secretion

Acidification of the intestine has been the standard technique of achieving
secretin release since the time of Bayliss and Starling. There have, however,
been doubts about the significance of acid in the response of the pancreas
during a meal, because the neutralizing effect of pancreatic juice reduces the
acidity of the intestinal contents below the threshold for secretin release
except in a short length beyond the pylorus. A valuable analysis of the
quantitative relationship between acid infusions into the small intestine and
bicarbonate secretion by the pancreas has been made by Grossman and his
colleagues3536,37. They showed that below pH3 bicarbonate secretion was

independent of the pH of the acid entering the intestine. Above this level of
pH there was a rapid decrease in bicarbonate secretion, with a response

threshold about pH 4.5. Below this pH threshold, for a segment of fixed
length, bicarbonate secretion was a function of the rate of entry of titratable
acid into the intestine, the end point of titration being pH 4.5. The response
was also a function of the length of small intestine acidified. Judged by the
response to acidification the gradient of decrease in releasable secretin from
the pylorus onwards is less steep than the gradient of extractable secretin.38
Grossman has stated that acid is the only agent which can release secretin3,

but has more recently modified this view to the extent that fatty acids may also
release small amounts of secretin38. If acid is the only or main releaser of
secretin and the pH of intestinal contents during digestion falls below the
threshold for secretin release for only some 20 to 30 cm beyond the pylorus,
it seems likely that the total amount of secretin released during digestion is
small, of the order of 0.5 clinical unit/kg-hr. To account for the large amount
of water and bicarbonate secreted by the pancreas during digestion Grossman
and his colleagues suggest that pancreozymin, released by amino acids and
fatty acids, greatly potentiates the effects of secretin. Gastrin and cholinergic
stimuli are also credited with a similar potentiating action.

This concept of interaction of secretin and pancreozymin effects on the
pancreas is part of a comprehensive hypothesis about the actions and inter-
actions of gastrointestinal hormones which has been elaborated by Gross-
man39,40. Itis suggested that each of the three fully characterized hormones-
gastrin, secretin, and cholecystokinin-pancreozymin-acts on all target organs

in the gastrointestinal tract. Some of the effects, eg, of secretin on gallbladder
contraction, are produced only by pharmacological doses of the hormone.
Pairs of hormones may interact by augmenting or inhibiting, competitively
or non-competitively, the primary action of one of the pair. The physiological
functions attributed to secretin are a powerful effect on water and bicarbonate
secretion and aweakeffect on enzyme secretion. Pancreozymin is credited with
some stimulant action on the volume and bicarbonate content of the juice in
addition to its main action on enzyme output. In addition, both hormones
inhibit the acid-stimulating effect of gastrin and may, with the assistance of
another unidentified hormone, account for the inhibition of gastric secretion
produced by a variety of agents in the small intestine.

310 A. A. Harper
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The control ofpancreatic secretion

Secretin and Pancreozymin Units

Before considering the evidence for this hypothesis it is necessary to deal with
the somewhat confused situation about secretin and pancreozymin units.
There are two preparations of the hormones currently available. Boots'
secretin and pancreozymin are relatively crude preparations, and their
potency is defined in Crick-Harper-Raper units41. Of the highly purified
preparations from the GIH laboratory in Stockholm, secretin is issued in
clinical units and pancreozymin is standardized on its cholecystokinin
activity in terms of Ivy dog units. Jorpes42 has stated that 1 Ivy dog unit of
cholecystokinin is equivalent to 4 Crick-Harper-Raper units of pancreo-
zymin and this relationship presumably holds for the earlier Swedish prepa-
ration, Cecekin. Confusion has arisen over the equivalence of secretin units
because, about 1967 or 1968, the potency of the clinical unit was suddenly
increased. Previously it had been equivalent to 2 Crick-Harper-Raper
secretin units, but in 1968 Stening, Vagne, and Grossman43 reported that 1
clinical unit equalled 8 or 9 Crick-Harper-Raper units. It is difficult in papers
published about this time to know whether the authors used the weaker or
more powerful secretin preparations. Following the final purification and
synthesis of secretin it has been shown that 1 ,ug secretin equals 3.4 clinical
units44.

Several estimates have been made of the dose required to produce a
maximal response from the gland. Banwell, Northam, and Cooke found that
in man a maximal enzyme secretion was achieved by infusion of 0.125-0.375
Crick-Harper-Raper units of pancreozymin/kg-min. In reports published
since the increase in the potency of the clinical unit of secretin it has been
claimed that in man a maximal bicarbonate secretion is produced by infusion
of highly purified secretion at a rate of 3 clinical units/kg-hr (Rune and
Worning45) or by 0.9 clinical unit/kg of pure secretin, either by rapid intra-
venous injection or infusion over an hour (Konturek"). In cats the doses
required to produce a maximal response are 2.0 units/kg by rapid intravenous
injection47, and by continuous infusion 3.2" or 4 041 units/kg-hr.

In recent years most investigators have used 'purified' rather than 'pure'
hormones, and the 'highly purified' Swedish pancreozymin preparation is in
fact 10% pure. In the small minority of papers in which the amount of
hormone admixture is stated the degree of contamination is surprisingly
high, eg (in Crick-Harper-Raper units), 100 units of Boots' secretin contained
25 units of pancreozymin30, and in a purified Swedish preparation of 300
units of pancreozymin there were 50 units of secretin51.

Release of Secretin and Pancreozymin

With the exception of one claim that intraduodenal acid is a more powerful
releasing agent for cholecystokinin than protein or fat digestion products31,
it is generally accepted that the main action of acid is to release secretin, and
that only when perfused in larger amounts does it significantly increase
enzyme secretion, presumably by releasing pancreozymin38. Individual amino
acids and mixtures of amino acids have been shown to be effective stimulants
of enzyme secretion in man5152. In dogs Meyer, Spingola, and Grossman53
have claimed that phenylalanine releases only pancreozymin. One of the
main pieces of evidence is the similarity between dose response curves for
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intraduodenal phenylalanine and exogenous purified pancreozymin. Since
this type of pancreozymin preparation is known to contain significant
amounts of secretin5' the logical conclusion would seem to be that phenyl-
alanine releases some secretin as well as larger amounts of pancreozymin, as
is now said to be the response produced by micellar preparations of fatty
acids38. Grossman's present view is that the range of releasers of secretin or
pancreozymin is less and their specificity greater than suggested by Wang and
Grossman34, whose conclusions were based on the erroneous assumption that
pancreozymin did not excite a secretion of water and bicarbonate by the
pancreas.

Mellanby's old hypothesis that bile was concerned with stimulation of
pancreatic secretion54 has been revived by Forell and his colleagues55 and by
Wormsley56, who have found in man that intraduodenal infusion of bile salts
stimulates secretion, particularly of enzymes. It has been claimed that in
anaesthetized dogs balloon distension of the proximal jejunum releases
pancreozymin57, but Sum, Schipper, and Preshaw33 found that distension of
the duodenum in conscious dogs, which increased gastric secretion, had no
effect on the pancreas.

Actions and Interactions of Secretin and Pancreozymin

In accord with Grossman's hypothesis of the interaction of gastrointestinal
hormones secretin should stimulate enzyme secretion and pancreozymin
secretion of water and bicarbonate, and each should augment the primary
pancreatic action of the other. These effects should be produced by injection
of hormones, or their endogenous release by the appropriate intestinal stimuli.

It has been reported by Wormsley58 that very large doses of Boots' secretin
increased trypsin output in man. In dogs Henriksen59 found no clear evidence
that synthetic secretin stimulated enzyme output, and Henriksen and Maller60
obtained a 50% increase above basal protein output with large doses of pure
natural secretin. Douglas and Duthie6' found that sectetin had no effect on
protein output in conscious dogs.

Brooks and his coworkers51 observed increased volume flow and bicarbo-
nate output in human subjects given the maximal tolerated dose of purified
pancreozymin by intravenous infusion or intrajejunal infusions of a mixture
of amino acids to release endogenous pancreozymin. They considered that
the contamination of the pancreozymin preparation by secretin was sufficient
to account for the volume and bicarbonate responses to intravenous pancreo-
zymin and that the similar effects produced by the amino acid mixture pointed
to a release of secretin by this stimulus. Meyer, Spingola, and Grossman53
used a similar type of pancreozymin preparation in dogs, with intraduodenal
phenylalanine, to release endogenous pancreozymin. They also observed
increases in bicarbonate output, and, since they maintain that phenylalanine
does not release secretin, they concluded that pancreozymin is a weak stimu-
lant ofbicarbonate secretion. An alternative explanation, along the lines of that
proposed by Brooks, seems possible. In dogs Henriksen62 found evidence
that pancreozymin affected the secretion of water and bicarbonate, and
Douglas and Duthie6l thought it increased the output of bicarbonate slightly.
Case, Harper, and Scratcherd63 found no evidence of stimulation of bicar-
bonate secretion by pancreozymin in cats.
From experiments on dogs to test whether secretin potentiates the action
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The control ofpancreatic secretion

of pancreozymin it has been concluded that secretin has no effect on
pancreozymin-stimulated protein output61, that it has some effect, which may
be more apparent than real64, and that the protein responses to injected
pancreozymin or intraduodenal phenylalanine are increased by secretin
but the data are inadequate to determine whether the increases indicate a
true potentiation53. Csendes, Isenberg, and Grossman65 have reported that
synthetic secretin increases the protein response to the C-terminal octa-
peptide of cholecystokinin-pancreozymin. There is more general agree-
ment that in cats7 and dogs50 53'61'62 pancreozymin augments the response
to secretin. In man supramaximal doses of pancreozymin potentiate the
bicarbonate response to small amounts of secretin66.

It has been suggested that the physiological actions of secretin and pancreo-
zymin include not only their pancreatic effects but also inhibition of gastrin-
stimulated acid secretion by the stomach. On this basis can be constructed
the attractive hypothesis that secretin and pancreozymin achieve the optimal
intestinal pH and enzyme concentration for digestion not only by stimulating
the pancreas but also by restraining the oxyntic cells. The inhibitory effects of
secretin and pancreozymin have been intensively studied in dogs, and the
literature has recently been reviewed by Johnson and Grossman67. In this
review is is stated (pp 123 and 125) that in dogs secretin and pancreozymin
are more powerful inhibitors of gastrin-stimulated acid secretion than they are
stimulants of pancreatic secretion, which is difficult to reconcile with the
observation (p 131) that amino acids in the canine duodenum provoke a
typical pancreozymin response from the pancreas but do not inhibit gastrin-
stimulated acid secretion. In man and the cat the evidence for inhibition of
gastric secretion by secretin and pancreozymin is much less convincing.
Brooks and Grossman68 achieved only moderate inhibition of acid secretion
by large infusions of pancreozymin and supramaximal dosage of secretin.
In cats it seems unlikely that this mechanism is of any physiological signifi-
cance since EmAs, Svensson, and Borg9 had to administer supramaximal
injections of pancreozymin or intestinal acid infusions greater than the
maximal gastric secretory capacity to achieve inhibition of acid secretion, and
Svensson and EmAs70, from the slight inhibitory effects produced by very
large injections of pancreozymin, concluded that it was unlikely that pancreo-
zymin exerts any inhibitory action on acid secretion in physiological con-
ditions.

In assessing the claims for physiological interactions between secretin and
pancreozymin and for an extension of their individual physiological functions,
one must bear in mind that most of the observations have been made with
partly purified preparations. Many of the effects attributed to one hormone
may be due to contamination with the other. Grossman71 has suggested as
one criterion of a physiological response that it should be produced at a dose
level not exceeding that required to produce the maximal 'primary' response
of the hormone, eg, secretion of water and bicarbonate by secretin. There
seems every justification for applying the more rigorous criterion that the
dose should not exceed the amount released during normal digestion. This is
difficult to determine accurately but Worning and Henriksen72 have estimated
that in dogs the mean pancreatic secretion after ingestion of a meal would be
produced by 06 Crick-Harper-Raper unit/kg of secretin and 0.1 Crick-
Harper-Raper unit/kg of pancreozymin. These are of course very much less
than the amounts required to produce a maximal pancreatic response.
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When these stricter criteria are applied to published claims there still
remains evidence for an inhibitory action of secretin and pancreozymin on
gastric secretion in the dog, but none for any physiological inhibition in cat
or man. The species difference may seem surprising, but Wormsley73 has
ingeniously suggested that the inhibitory mechanism may be of value in the
dog, which has a pancreatic alkaline capacity only one-third of its gastric acid
capacity74, but an unnecessary luxury in cat and man, who can match gastric
acid with pancreatic bicarbonate. Of the pancreatic effects there is no satis-
factory evidence that secretin in physiological doses stimulates enzyme output
or enhances the action of pancreozymin on enzyme secretion. The evidence
that pancreozymin by itself produces significant amounts of water and
bicarbonate is not wholly convincing, but there can be no doubt that it
potentiates the effects of secretin.

Mechanism of Potentiation of Secretin by Pancreozymin

Pancreozymin may, as suggested by Henriksen and Worning50, increase the
sensitivity of the bicarbonate-secreting cells to secretin. Alternatively, or in
addition, it may, by producing a vasodilatation of the pancreas, increase the
supply of circulating secretin to the glandular tissue. Most of the published
evidence75'76'77 supports the view that the first injection of secretin increases
the blood flow of a resting pancreas, but subsequent injections have very little
vascular effect although secretion is unimpaired. Vagal stimulation, and
injections of pancreozymin and gastrin, all of which potentiate the secretory
action of secretin, also increase pancreatic blood flow. Brown, Harper, and
Scratcherd7 suggested that the basal secretion of water and bicarbonate in the
dog might depend in part on an unknown blood-borne stimulant, the effect of
which could be potentiated by pancreatic vasodilatation. In accord with this
view is the observation by Hermon-Taylor78 that in the isolated canine
pancreas, perfused with the animal's own blood, there was a basal secretion.
This secretion was potentiated by pure gastrin II, which caused a vasodila-
tation in the gland.

Inhibition of Pancreatic Secretion

There has been little investigation of inhibition of pancreatic secretion.
Intestinal infusion of hypertonic glucose solutions inhibits the pancreatic
response to secretin in dogs79, and oral hypertonic glucose solutions depress
pancreatic secretion in man80. The mechanism of the inhibition is unknown.
Section of the splanchnic nerves81 or the administration of a beta-blocking
agent82 increase pancreatic secretion. Harper and Vass8' suggested that
stimulation of the splanchnic nerves might, in addition to its constrictor effect
on the pancreatic vessels, directly inhibit the glandular tissues, and it has
recently been shown that catechol amines inhibit pancreatic secretion even
when their constrictor effect has been abolished by alpha-receptor blockade83.
Glucagon has no effect on basal pancreatic secretion in man84, but against
a background of secretin and pancreozymin stimulation it produces in small
doses a well marked depression of flow and enzyme output in dogs85 and in
man88. The physiological significance of these observations is not yet clear.

A. A. HARPER
Department ofPhysiology, University of Newcastle upon Tyne
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