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ABSTRACT The effects of highly purified natural
porcine cholecystokinin (CCK) and synthetic caeru-
lein on the rate of flow of pancreatic juice, the rate
of output of amylase, and the rate of release of im-
munoreactive insulin (IRI) and immunoreactive gluca-
gon (IRG) were simultaneously investigated in the iso-
lated perfused rat pancreas.

The maximal flow rate of pancreatic juice was ob-
tained with concentrations of CCK ranging from 0.5
to 10 mU/ml, whereas amylase output was maximal at
CCK concentrations from 1 to 10 mU/ml. Caerulein at
concentrations of 0.05-1 ng/ml induced a similar
maximal flow rate and amylase secretion. Supramaxi-
mal stimulatory concentrations of these peptides re-
sulted in lower rates of release of fluid and amylase
than with the maximally effective concentrations.
Stimulation of IRI and IRG release was elicited only
with concentrations of peptides supramaximal for ef-
fects on the exocrine responses.

The demonstration of very similar discrepancies
between the doses of caerulein required to elicit maxi-
mal exocrine responses and those required to elicit
endocrine responses provide strong evidence that the
pattern of the effect of the porcine CCK is accounted
for by CCK itself.

Although caerulein had no influence on IRI response
when superimposed on 100 or 150 mg/100 ml glucose
stimulation, preperfusion of caerulein led to a signifi-
cant enhancement of IRI response to a subsequent
glucose stimulation in both phases. The augmentation
effect was completely separate from the direct
IRI-stimulating effect of caerulein, because the CCK-
like peptide requires no glucose for insulinotropic
action.

Received for publication 25 May 1978 and in revised form
13 November 1978.

478

J. Clin. Invest. © The American Society for Clinical Investigation, Inc.,

Because the concentrations of the peptides necessary
for stimulation of endocrine responses were inhibitory
in their effects on exocrine responses, it may be
inferred that it is unlikely that the endocrine ef-
fect is physiologically important, though the results of
caerulein for augmenting glucose-stimulated IRI re-
lease suggests a possible role for CCK in carbohydrate
metabolism.

INTRODUCTION

Earlier studies have shown that cholecystokinin
(CCK)! elevates blood levels of insulin and glucagon
in man and in animals (1-4), and stimulates the release
of both hormones from the isolated perfused pancreas
of the dog (5-7) and the rat (8). Recently, these effects
of the endocrine pancreas previously attributed to CCK
have been ascribed to contaminating gastric inhibitory
polypeptide (GIP) present in impure preparations of
CCK (9, 10). In fact, Dupré and Beck (11), and other
investigators (12-14) found no such effects of the
hormone when highly purified CCK was used. More re-
cently, however, synthetic COOH-terminal octapep-
tide of CCK has been shown to stimulate the release
of insulin and glucagon both in vivo (15) and in vitro
(6, 7). These conflicting results are probably caused by
the fact that pure natural preparation of the hormone
has not yet been studied in “physiological” doses. The
present studies were, therefore, designed to determine
the effects of CCK on the exocrine and endocrine
pancreas in the isolated perfused preparation of rat
pancreas with a highly purified natural porcine CCK as
a stimulating agent. Synthetic caerulein was also
studied as a stimulating agent because the COOH-

! Abbreviations used in this paper: CCK, cholecystokinin,
GIP, gastric inhibitory polypeptide; IRG, immunoreactive
glucagon; IRI, immunoreactive insulin.
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terminal pentapeptide of caerulein is identical with
that of mammalian gastrin and CCK, the molecule also
has a sulphated tryptophan residue at position seven
from the COOH-terminus, and it contains no con-
taminating peptides. Moreover, it has been proven
that the biological actions of the peptide closely
resemble those of porcine CCK (16-18). In this experi-
mental system, factors other than the direct effect of
hormonal stimulus on the pancreas, such as auto-
nomous nervous system or alteration of blood glucose
concentrations, could be eliminated while simul-
taneously determining pancreatic exocrine and endo-
crine function.

METHODS

Pancreases from male Wistar rats, weighing 250-280 g, ted ad
libitum were isolated and perfused according to the technique
of Kanno (19). The pancreas was perfused with Krebs-Ringer
bicarbonate solution with 4.3% dextran T-70 (Pharmacia Fine
Chemicals, Uppsala, Sweden), 0.25% bovine serum albumin
(fraction V, Armour Pharmaceutical Co., Phoenix, Ariz.), and
50 mg/100 ml glucose, gassed constantly with 95% O,, 5% CO,
mixture to achieve pH 7.4. Perfusate was administered into
superior mesenteric and celiac artery via a nonrecirculating open
circuit. Flow rate was kept at =2.0 ml/min by making minor
changes in arterial pressure with the aid of a micro-tubing
pump (type MP 101, Tokyo Rikakikai Co. Ltd., Tokyo,
Japan). The pancreas was performed for an equilibration
period of at least 40 min before samples were measured for
their hormone content. Total portal etffluent was collected in
chilled tubes at 60-s intervals for measurement of insulin
and glucagon concentrations.

Pure natural porcine CCK (1 mg:3,500 U, Gastro-Intestinal
Hormone [G.1.H.] Research Units, Karolinska Institute, Stock-
holm, Sweden) was applied by changing the medium
reservoir. The concentration of CCK is expressed in Ivy dog
units per milliliter solution (20). When the effect of CCK was
studied, a 20-min basal period was followed by a 20-min
stimulatory period and then a 20-min recovery period.

Pure natural porcine CCK contained no detectable gluca-
gon-like immunoreactivity, secretin, or vasoactive intestinal
polypeptide when assayed by radioimmunoassay, though the
contamination of GIP could not be tested because of the lack of
availability of reliable GIP assay system. Ipp et al. (6), how-
ever, recently reported that CCK from the G.I.H. Research
Units in Stockholm contained <2% immunoreactive GIP.

The relationships between the dose of caerulein (Kyowa
Hakko Kogyo, Ltd., Tokyo, Japan) and the rate of flow
of pancreatic juice, the rate of amylase output, and the
rate of immunoreactive insulin (IRI) and immunoreactive
glucagon (IRG) release were investigated under the same
conditions used in the experiments with pure natural porcine
CCK to exclude the possible contribution of GIP on IRI and
IRG release. The concentration of caerulein is expressed in
nanograms per milliliter.

To determine whether CCK-like peptide might require high
glucose levels, as does GIP, for insulinotropic action, an
infusion of caerulein at a concentration known to be effective
at 50 mg/100 ml glucose was administered in the absence of
glucose. In other experiments, a substimulatory concentra-
tion of caerulein for effects on endocrine responses was
superimposed on 100 and 150 mg/100 ml glucose stimulation.

IRI was measured by polyethylene glycol radioimmuno-
assay (21). IRG was determined by radioimmunoassay with a
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talc absorption technique (22) with antiserum 30K (purchased
from University of Texas Southwestern Medical School,
Dallas, Tex.). Rat insulin and porcine glucagon were used
as standards in IRI and IRG assay, respectively.

Flow rate of pancreatic juice and amylase output, and IRI
and IRG responses were measured simultaneously to evaluate
the effect of CCK and caerulein on exocrine and endo-
crine pancreas. For measurement of the pancreatic exocrine
secretions, a calibrated capillary tube was attached to the free
end of the pancreatic cannula, which was inserted into the
distal end of the common duct at a point shortly before its
entrance to duodenum and tied in place. The proximal end of
the bile duct was ligated. Every 10 min the capillary
tube was replaced and the flow rate of the pancreatic juice
was measured. The sample of juice was diluted with 5%
bovine serum albumin solution, and amylase activity was de-
termined by a chromogenic method with blue-dyed starch
polymer (23). Amylase output was expressed as Somogyi
units/10 min.

Data are represented as mean=SEM. Statistical analysis
was performed with the Student’s ¢t test. Differences with P
values of <0.05 were considered statistically significant.

RESULTS

The time-course of pancreatic juice flow and amylase
output in response to perfusion with different
concentrations of CCK is shown in Fig. 1. Maximal flow
rate was obtained with doses of CCK ranging from 0.5 to
10 mU/ml, whereas amylase output was maximal from 1
to 10 mU/ml. A further increase in the concentration of
CCK resulted in decreasing responses of both
pancreatic juice low and amylase output. Post-stimula-
tory rebound secretion of amylase and fluid occurred
after omission of 100 mU/ml or greater doses of CCK.

The results presented in Fig. 2 indicate that the
stimulation of IRI and IRG release was elicited only
with concentrations of CCK supramaximal for effects on
the exocrine responses. An infusion of CCK at a
maximally effective concentration for exocrine functions
(0.5-10 mU/ml) yielded no significant increase in IRI
and IRG output over preloading and control levels
(basal control levels: IRI <0.25 ng/ml; IRG, 65.8+10.7
pg/ml). The peak values of IRI and IRG in response to
100 mU/m] CCK were 6.0+ 1.3 ng/ml (preloading level:
<0.25 ng/ml) and 277.5+73.8 pg/ml (preloading level:
61.7+9.0 pg/ml), respectively.

The IRI and IRG responses to each dose of CCK were
over by 5 min despite the continued infusion of CCK for
20 min; the response began within 60 s of the initiation
of the stimulation, reached peak at 1-2 min, and
declined rapidly thereafter (Fig. 3).

Very similar discrepancies between the doses of
synthetic caerulein required to elicit maximal exocrine
responses and those required to elicit endocrine re-
sponses were observed. A maximal response in flow
rate and amylase output was obtained with doses of
caerulein ranging from 0.05 to 1 ng/ml. Further in-
crease of the perfused concentrations was followed by
lower rates of release of fluid and enzyme; pancreatic
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FiGURE 1 Time-course of pancreatic juice flow and amylase output in response to a 20-min per-
fusion with different concentrations of CCK. Each value represents the mean+SEM of eight

experiments.

exocrine responses to 1,000 ng/ml caerulein was as low
as the basal levels. On the other hand, the threshold
dose of caerulein capable of producing an ap-
preciable increase of IRI and IRG release was 1 ng/ml.
The endocrine responses were transitory and propor-
tional to the doses up to 100 ng/ml (Table I, Fig. 4).
The secretory responses of IRI and IRG to 10 ng/ml
caerulein in a glucose-free medium were almost identi-
cal to those induced by the same dose of caerulein
in the presence of 50 mg/100 ml glucose (Fig. 5).
Substimulatory concentrations of caerulein for ef-
fects on endocrine responses (0.1 ng/ml) were super-
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FIGURE 2 Relationship between concentration of CCK and
the peak flow rate of pancreatic juice, peak amylase output,
and the maximal IRI and IRG concentrations in the pancreatic
effluent. Each value represents the mean of eight experiments.
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imposed for 10 min on 50, 100, and 150 mg/100 ml
glucose stimulation. Neither the first nor the second
phase of IRI release was elicited by this dose of
caerulein. When the pancreas was exposed to caeru-
lein, and subsequently to glucose, the IRI responses to
glucose stimulation were significantly greater in both
phases than those to control infusion without preper-
fusion of caerulein (Fig. 6). The peak IRI value in re-
sponse to 100 mg/100 ml glucose with or without pre-
exposure to 0.1 ng/ml caerulein was 33.3+13.7 and 6.9
+1.7 ng/ml, respectively. Whereas the peak value in
the acute IRI response to 150 mg/100 ml glucose with
or without pre-exposure to 0.1 ng/ml caerulein was
59.0+8.0 and 38.3+10.4 ng/ml. The augmentation ef-
fect was more pronounced in the second phase of the
IRI response, whereas IRG concentrations in the per-
fusate were suppressed by these amounts of glucose.
Despite these changes of endocrine responses, fluid
and amylase releases in response to 0.1 ng/ml caerulein
were unaffected.

Perfused isolated rat pancreas was temporarily ex-
posed to medium with no added glucose followed by
restoration of glucose medium (100 mg/100 ml) to elicit
endogenous IRI or IRG release comparable to that in-
duced by high concentrations of CCK or caerulein.
1 mU/ml CCK, a maximal stimulatory concentration
for effects on exocrine responses, was infused simul-
taneously in both situations to evaluate the effect of
transitory increases in IRI or IRG concentrations on
CCK-induced pancreatic exocrine secretions. In spite
of the increased IRI or IRG levels in the perfusate, the
rate of flow and the rate of amylase output in response
to 1 mU/ml CCK in both situations were nearly the
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FIGURE 3 Effect of 100 mU/ml CCK on IRI and IRG release
in the pancreatic effluent and the flow rate of pancreatic juice
and amylase output. Each value represents the mean+SEM of
eight experiments.

same as those obtained in the presence of 50 mg/100 ml

glucose, where neither IRI nor IRG was elevated
(Fig. 7).

DISCUSSION

CCK s an established stimulator of exocrine pancreatic
function (24, 25) and has been reported by some to also

stimulate insulin and glucagon release (1-8). The inter-
pretation of the latter observations are unclear, how-
ever, because of the fact that most studies have used
impure CCK now known to contain GIP (9, 10) and be-
cause the plasma levels of CCK to which effects of exog-
enous CCK should be compared are unknown. The
present study was, therefore, designed to reinvestigate
the question with attention on both areas.

Highly purified porcine CCK is confirmed here to be
capable of, not only stimulating the flow rate of
pancreatic juice and amylase secretion, but also elicit-
ing IRI and IRG release from the isolated perfused rat
pancreas. However, discrepancies between the doses
of CCK eliciting exocrine and endocrine effects
were found.

It is important to exclude the possibility that the
stimulation of IRI and IRG release demonstrated with
highly purified CCK is caused in some part by GIP, be-
cause it has been reported that pure natural porcine
CCK obtainable from G.I.H. Laboratories in Stockholm
has contained 1-2% GIP by weight (6). The effective-
ness of GIP as a stimulant of IRI release in the per-
fused rat pancreas was observed mainly in the second
phase of secretion (about 10 min after the initiation
of stimulation (26), whereas the effect of CCK on IRI
and IRG secretions was transitory; the responses at any
doses were over by 5 min despite the prolonged in-
fusion of CCK. An initial rapid-rise phase of IRI release
as observed in the present investigation with CCK,
was obtained only with doses of GIP >5 ng/ml in the
presence of 8.9 mM (160 mg/100 ml) glucose (26). From
these observations it seems unlikely that GIP is in-
volved in endocrine responses of the pancreas to highly
purified natural porcine CCK. Moreover, the demon-
stration of very similar discrepancies between the
doses of caerulein required to elicit maximal exocrine

TABLE I
Relationship between Concentrations of Caerulein and the Peak Flow Rate of Pancreatic
Juice, Peak Amylase Output, and the Maximal IRI and IRG Concentrations
in the Pancreatic Effluent

Maximum pancreatic exocrine
secretion

Maximum pancreatic endocrine
secretion

Number of
Dose animals Pancreatic juice Amylase output IRI IRG
ng/ml rli10 min Somogyi units/ ng/ml peiml
10 min
Control 12 2.2+04 18.0+2.8 <0.25 104.9+11.1
0.01 10 3.5+0.9 45.2+10.4 <0.25 106.0+4.0
0.05 10 35.0+4.5 1,406.5+65.2 <0.25 123.0+12.0
0.1 10 44.7+x1.2 1,826.7+209.5 <0.25 112.9+12.2
1 12 34.1+3.3 2,017.7+73.2 1.5+0.2 324.7+24.7
10 18 8.5+0.9 298.4+35.0 13.9+3.2 629.8+118.9
100 8 5.9+1.5 54.1+9.8 19.8+3.2 897.8+138.7
1,000 8 2.4+0.3 14.7+2.8 21.9+28 821.6+197.2

Values are mean+SEM.
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FIGURE 4 Effect of 100 ng/ml caerulein on IRI and IRG re-
lease in the pancreatic efuent and the flow rate of pancre-
atic juice and amylase output. Each value represents the mean
+SEM of eight experiments.

responses and those required to elicit endocrine
responses provide strong evidence that the pattern of
effect of the porcine CCK is accounted for by CCK
itself.

IRI release could not be elicited by a small dose of
caerulein (0.1 ng/ml), independent of the perfusing glu-
cose concentrations. However, pre-exposure of the
pancreas to these doses of caerulein led to a significant
enhancement of IRI responses to a subsequent
glucose stimulation. The augmentation effect was com-
pletely separate from the direct IRI-stimulating effect
of caerulein, because caerulein requires no glucose for
insulinotropic action. Pre-perfused caerulein might
have made more IRI readily available to glucose stimu-
lation, either by enlarging the size of the glucose-
responsive pool or by increasing the islet sensitivity to
glucose, as has been noted with secretin (27).

These results of caerulein for augmenting glucose-
stimulated IRI release suggests a possible role for CCK
in carbohydrate metabolism, though the concentrations
of the peptides necessary for stimulation of endocrine
responses were inhibitory in their effects on exocrine
pancreas. Discrepancies between the doses of CCK or
caerulein eliciting exocrine and endocrine effects have
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raised the question as to whether or not the apparently
inhibitory effects of high concentrations of the peptides
on pancreatic exocrine responses are attributable to
effects of IRI and IRG release.

The inhibitory effect of glucagon on exocrine
pancreatic secretion is well known (28, 29), whereas
insulin has been demonstrated to potentiate the CCK-
induced amylase release from the isolated rat pancreas
(30). As the isolated pancreas is perfused with a
nonrecirculating medium at a constant flow rate of 2.0
ml/min, it is unlikely that the transient increase of IRG
concentration in the perfusate in response to supramaxi-
mal doses of CCK or caerulein is responsible for the
reduced pancreatic exocrine responses to a 20-min
stimulation with these peptides. Although the procedure
used does not simulate the condition of the experiments
with the test peptides, which elicit concurrent release
of IRI and IRG, neither IRI nor IRG inhibited the
exocrine responses to 1 mU/ml CCK. These results
suggest that the transient increase of IRI or IRG
concentrations may not be responsible for the reduced
flow rate of pancreatic juice and enzyme secretion with
supramaximal doses. It has been postulated that the
decrease in exocrine secretions observed with high
doses of CCK or caerulein indicates inhibition of
release of enzymes from the pancreas, in view of the
post-stimulatory rebound secretion of enzymes (31).

Recently, however, Ipp et al. (6, 7) have demon-
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0 at 10 min. After equilibration for 20 min, 10 ng/ml caeru-
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glucose. Each value represents the mean+SEM of five
experiments.
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strated that CCK and synthetic COOH-terminal octa-
peptide CCK elicit a biphasic somatostatin release by
the perfused canine pancreas. If the inhibitory effects
upon exocrine pancreas occur at physiological concen-
trations of somatostatin, it may be conceivable that the
elevated somatostatin concentration in the perfusate
reduces the effects of CCK on pancreatic exocrine
function.

None of the previous investigations has examined the
relationship between pancreatic exocrine and endo-
crine secretions as influenced by variable doses of
CCK. Studies presented here show that physiological
comparison to the exocrine pancreas is of importance
because its dose-response relation should be related to
levels of CCK perfusing the pancreas, which in any
case may be different from systemic levels. Because the
concentrations of the peptides necessary for stimula-
tion of endocrine responses were inhibitory in their
effect on exocrine responses, it may be inferred that it
is unlikely that the endocrine effect is physiologically
important, though a possible role for the peptides in
carbohydrate metabolism has been suggested.

The results of the present investigations lead to the
conclusion that CCK elicits IRI and IRG release from
the pancreas, in addition to stimulating the flow rate of
pancreatic juice and amylase secretion. However, it is
yet premature to assign any physiologic cytotropic
function to CCK until more accurate methods for its
assay become available.
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