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Pancreatic growth: interaction of exogenous
cholecystokinin, a protease inhibitor, and a
cholecystokinin receptor antagonist in mice
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SUMMARY The effects on pancreatic growth and plasma CCK concentration of chronic feeding of
camostate (400 mg/kg day for 10 days), a potent inhibitor of serine proteases including trypsin,
were assessed in the mouse. For comparison, the trophic effects ofchronic exogenous administration
of CCK octapeptide (sc injection of 1 jug/kg day every eight hours for 10 days) were also studied.
In addition, the effects of a proglumide-analogue CCK-receptor antagonist (CR1409) on the
stimulatory actions of camostate feeding and chronic administration of exogenous CCK were
studied. The effects of the combination of chronic camostate feeding and sc injections of CCK, the
effects of acute camostate feeding, and the effects of the CCK-receptor antagonist given without
camostate or CCK were also studied. The results show that chronic camostate feeding markedly
increased CCK plasma concentrations eight-fold over control values, and that acute camostate
feeding increased plasma CCK concentration to four fold of control values. Correspondingly,
chronic camostate feeding markedly increased pancreatic weight, protein and DNA content.
Exogenous CCK-8 also had qualitatively similar, but quantitatively less potent stimulatory effects.
The combination of camostate and CCK-8 resulted in an additive stimulatory effect. The trophic
actions of exogenous and endogenous CCK grossly increased chymotrypsinogen content, but left
amylase content unaffected. The CCK-receptor antagonist CR1409 completely abolished the trophic
effects of exogenous CCK and greatly inhibited the effects of chronic camostate feeding. The CCK
antagonist decreased pancreatic weight, DNA and protein content compared to control values
when given without any CCK or camostate. We conclude that the protease inhibitor camostate is
a very strong release effector ofCCK and exerts a powerful trophic effect on mouse pancreas which
is probably mediated by CCK. Furthermore, physiological increases of CCK during feeding of
regular chow appear to exert trophic effects on the exocrine pancreas.

It is well established that exogenous cholecystokinin
and cholecystokinin analogues, like caerulein, stimu-
late pancreatic growth in the experimental animal.' 2
It is also well known that feeding of trypsin inhibitors
markedly stimulates pancreatic growth.3-4 It has been
shown recently, that pancreaticobiliary diversion
also stimulates pancreatic growth.5-6 Both feeding of
trypsin inhibitors and pancreaticobiliary diversion
may stimulate pancreatic growth by the same mech-
anism of decreasing intraduodenal activity of pro-
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teases. The inhibition of intraduodenal proteolytic
enzymes by potent protease inhibitors, such as
camostate,7 or their diversion from the duodenum' is
thought to cause an increase in plasma CCK
concentration which is suggested to mediate pan-
creatic growth under these conditions.5 It has,
however, been speculated that other hormones like
enteroglucagon may contribute to pancreatic growth
after pancreaticobiliary diversion.8 Recent studies
have tried to establish the hormone responsible for
pancreatic growth after pancreaticobiliary diversion
or feeding of a protease inhibitor by administration of
proglumide, a specific CCK-inhibitor.6-9 The results
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showed that proglumide significantly inhibited pan-
creatic growth after pancreatico-biliary diversion and
camostate feeding.69 Proglumide also inhibited pan-
creatic growth because of exogenous administration
of CCK.10 In the previous studies, however, pro-
glumide could only partly block pancreatic growth
because of these stimuli. Furthermore, proglumide
itself appeared to exert a trophic effect which was
interpreted as a partial agonist activity of the CCK
antagonist given in very high doses in these
studies.t°0 The present study was designed to further
examine the hypothesis that CCK plays a central role
in regulation of pancreatic growth. Pancreatic growth
was monitored both after exogenous CCK-8 and after
chronic feeding of camostate which is a potent
inhibitor of serine proteases.7 These same conditions
were also studied with administration of a recently
described CCK-receptor antagonist CR1409 which
is at least 1000 more potent than proglumide
in vitro. 11-12 Further experiments studied pancreatic
growth after the combination of exogenous CCK and
feeding of camostate and with administration of the
CCK antagonist alone. In addition, plasma CCK
concentrations were monitored under these experi-
mental conditions.

Methods

MATERIALS
Camostate (FOY 305) was a generous gift from
Sanol-Schwarz (Monheim, FR Germany). The CCK-
receptor antagonist CR1409 D,L-4-(3,4-dichloro-
benzoyl-amino)-5-(di-n-pentyl-amino)-5-oxo-
pentaoic acid was a generous gift from Prof I Setnikar
(Rotta Laboratories, Milan, Italy). Cholecystokinin
octapeptide (CCK-8) was purchased from Squibb
(Princeton, NJ). The fluorescent compound Hoechst
33258 used for the DNA assay was purchased from
American Hoechst. All other chemicals were pur-
chased from Sigma Chemicals (St Louis, MO).

EXPERIMENTAL PROTOCOL
Male Swiss Webster mice (Simonson Laboratories,
Gilroy, CA), weighing 20-25 g, were used in this
study. All mice were fed regular laboratory chow ad
libitum before the experiments and had unlimited
access to water throughout the experiments.

In the first set of experiments, mice were randomly
assigned to seven different experimental groups with
24 mice being assigned to each group. The control
group was fed regular chow throughout the experi-
ments. In three groups camostate was mixed with
regular chow (2 g/kg). This mixture was fed ad
libitum to mice for 10 days to achieve a daily dose of
approximately 400 mg/kg camostate (ranging from
380 to 430 mg/kg for the different experimental

groups). One of the camostate fed groups received no
additional treatment; the second of the camostate fed
groups received sc injections of 10 mg/kg CR1409
every eight hours for the 10 days; the third of the
camostate fed groups received sc injections of 1 jug/
kg CCK-8 every eight hours for the 10 days. Mice in
additional three experimental groups were fed regular
chow. The first one of these groups received sc
injections of 10 mg/kg CR1409 every eight hours for
10 days; the second one received sc injections of 1 jug/
kg CCK-8 every eight hours for 10 days; and the third
one received both 10 mg/kg CR1409 and 1 ug/kg
CCK-8 every eight hours for 10 days with the
antagonist being given 15 minutes before CCK-8.
Mice were killed after 10 days with the corresponding
diets fed ad libitum and eight hours after the last
injection of CCK or antagonist. In the second set of
experiments three groups of 24 mice each were fasted
for 16 hours before the experiments (all mice in these
groups had been fed regular chow before fasting). The
first one of these groups served as a control, the
second one was acutely fed 400 mg/kg camostate
through an orogastric tube, and the third one received
instead of camostate the same volume of 0 9% saline
through the tube as a further control. Mice in these
groups were killed 30 minutes after administration of
camostate or saline.

BIOCHEMICAL DETERMINATIONS IN
PANCREATIC TISSUE
Mice were killed by decapitation and the pancreas
was quickly removed and weighed in all animals. The
pancreas of every second mouse (12 mice per group)
was then suspended in 3 ml ice cold 5 mM MgCl2
solution containing 0- I % Triton X-100, homogenised
using an electrically driven Teflon glass pestle at high
speed, and sonicated for 20 seconds. Protein con-
centration was determined using the Lowry method
with bovine serum albumin as a standard.13 DNA
concentration was determined with the fluorescent
Hoechst reagent 33258.14 Chymotrypsinogen cQncen-
tration was determined after activation with tryp-
sin.'5'-6 Amylase concentration was determined using
the Phadebas amylase assay (Pharmacia, Piscataway,
NJ).

MEASUREMENT OF PLASMA CCK
Trunk blood from decapitated mice was collected into
iced heparinised tubes. The amount of blood
obtained from each mouse ranged from 04-0-6 ml;
therefore blood samples from four mice of the same
experimental group were pooled for each single CCK
determination. Blood was then immediately centri-
fuged at 4 °C for recovery of plasma. Plasma CCK
was measured using a bioassay as previously described
for rat and human plasma."178 Briefly, CCK was

64

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gut.28.S

uppl.63 on 1 January 1987. D
ow

nloaded from
 

http://gut.bmj.com/


Mechanism of CCK's trophic action on exocrine pancreas

extracted from mouse plasma by adsorption on
octadecylsilylsilica (Sep-Pak) cartridges (Waters
Assoc, Milford, MA) and eluted with 1 ml 80%
ethanol and 0-2% trifluoroacetic acid (4: 1, v/v) into
incubation vials and dried under nitrogen. CCK in
these extracts was quantified by its ability to stimulate
amylase release from isolated rat pancreatic acini,
prepared by collagenase digestion of rat pancreas.
Values were compared with a standard curve of
CCK-8 and results were expressed as CCK-8 equi-
valents (pM). The assay was sensitive to CCK levels
as low as 1 pM and with the ability to concentrate
plasma up to four fold (by adsorbing 4 ml plasma
onto a single Sep-Pak and eluting it in 1 ml) plasma
CCK levels as low as 0-25 pM could be detected. In a
previous report19 we have verified that the amylase
stimulatory properties of mouse plasma extracts on
isolated pancreatic acini were indeed due to CCK, as
previously shown for rat and human plasma ex-
tracts.17-18

STATISTICAL ANALYSIS
Means of the biochemical determination in pancreatic
tissue and plasma CCK concentrations under the
different experimental conditions were compared with
the corresponding control values ofchow fed mice by
analysis of variance using Duncan's method.20-21
Mean plasma CCK concentrations after acute feeding
of camostate or saline were compared with mean
CCK concentrations in fasted mice by a two-tailed
Student's t test for unpaired value.

Results

EFFECTS ON PANCREATIC TISSUE
Chronic feeding of camostate markedly stimulated
pancreatic weight, protein content and DNA content
(Fig. 1). Chymotrypsinogen content was almost
doubled by camostate feeding, whereas amylase
content remained unchanged (Fig. 2). Injections of
CCK-8 also significantly increased pancreatic weight,
protein content, DNA content (Fig. 1) as well as
chymotrypsinogen content, but left amylase content
unaffected (Fig. 2), and thus had qualitatively similar,
but quantitatively smaller effects compared to camo-
state feeding. The combined administration of
CCK-8 and camostate was more effective than either
substance alone in increasing pancreatic weight,
protein content, DNA content (Fig. 1), as well as
chymotrypsinogen content, but still left amylase
content unchanged (Fig. 2). The effects of camostate
and CCK-8 were approximately additive. When the
CCK-antagonist CR1409 was given together with
CCK-8 (or more precisely shortly before each injec-
tion of CCK-8) pancreatic weight, protein and DNA
content, as well as chymotrypsinogen and amylase
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Fig. 1 Mean + SE ofpancreatic weight (n = 24), protein
content (n = 12), DNA content (n = 12), and ratio of
protein content/DNA content (n = 12). The different
experimental conditions are as indicated: 'Camostate' was
mixed with regular chow andfed to achieve a daily dose of
400 mg/kg for 10 days; no camostate (-) indicates that
regular chow was fed ad libitum; 'CCK-8' was given as sc
injections of I ug/kg every 8 hours for 10 days; the CCK-
receptor 'antagonist' was given as sc injections of 10 mg/kg
every eight hours. In mice, which received CCK-8 injections,
the antagonist was given 15 min before the injection of
CCK-8. The means of the data for the various conditions in
the experimental groups were statistically compared with
the corresponding mean data of the group which received no
camostate, CCK-8, or antagonist by analysis of variance
using Duncan's methods (26-27). Levels of significance are
as indicated: *P < s05, **P < 0-0 ***P < 0-001. 'NS'
indicates P > 0-05.

content remained unchanged compared to the chow
fed controls (Figs 1, 2), and thus the CCK antagonist
completely blocked all stimulatory effects of exo-
genous CCK-8. When the CCK antagonist was given

- _-
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Fig. 2 Mean+ SE (n = 12) ofpancreatic content of
chymotrypsinogen, pancreatic content of amylase, and of
the ratio of chymotrypsinogen content/amylase content. For
different experimental conditions and statistical analysis see

legend to Figure 1.

in addition to camostate feeding, pancreatic weight,
protein content, and chymotrypsinogen and amylase
content showed no statistically significant increase
compared with the chow fed control (increase of
weight and chymotrypsinogen was on the borderline
of statistical significance) (Figs 1, 2). Although DNA
content significantly increased in camostate fed mice
which received the CCK antagonist, the increase in
DNA was much less than observed in camostate-fed
mice which did not receive the CCK antagonist
(Fig. 1).
Chow fed mice which received chronic injection of

the CCK antagonist without CCK-8 or camostate
showed a significant decrease in pancreatic content of
protein, DNA, and chymotrypsinogen (Figs 1, 2).
Pancreatic weight also decreased, but this decrease
did not reach statistical significance (Fig. 1). Amylase
content again remained unchanged (Fig. 2).

Chronic camostate feeding and CCK-8 injections,
as well as the combination of both treatments
decreased the ratio of protein/DNA in pancreatic

tissue (the decrease of protein/DNA ratio in mice
receiving injections of CCK-8 was on the borderline
of statistical significance) (Fig. 1). The decrease of
protein/DNA ratio was reversed toward the control
ratio for chow fed mice when the CCK antagonist was
given in addition to camostate feeding or CCK-8
injections (Fig. 1). Thus, both exogenous CCK-8 and
camostate feeding appeared to result primarily in
hyperplasia of the pancreas rather than hypertrophy.

Chronic camostate feeding and injections of
CCK-8, as well as the combination of both treatments
significantly increased the ratio ofchymotrypsinogen/
amylase in the pancreas (Fig. 2). This increase was
reversed to values which were not significantly
different from values in chow fed controls by
additional administration of the CCK antagonist
(Fig. 2). On the other hand, administration of the
antagonist without camostate or CCK-8 significantly
decreased the ratio of chymotrypsinogen/amylase
(Fig. 2).

EFFECTS ON PLASMA CCK CONCENTRATION
Chronic feeding of camostate significantly increased
plasma CCK concentrations to almost eight times the
control values for chow fed mice (Fig. 3). Chronic
injections of CCK-8 in addition to camostate feeding
also resulted in an approximately 8-fold increase in
plasma CCK (Fig. 3). These plasma CCK levels are
an approximately 40-fold increase above levels in
fasted mice (compare corresponding data given in
Fig. 3, a,b). Previous experiments (data not given in
detail) have shown that a single sc injection of 2 sg/
kg b.w. CCK-8 results in a plasma CCK concen-
tration of about 40-50 pM measured 30 min after
the injection. After sc injection of CCK, however,
plasma CCK levels rapidly decrease toward previous
control values. Correspondingly, plasma CCK levels
measured eight hours after the last injections of
CCK-8 were indistinguishable from mice which
received no CCK-8 (Fig. 3). In chow fed mice which
received only the CCK antagonist, plasma CCK
concentrations eight hours after the last injection of
the antagonists remained unchanged compared to
chow fed mice which did not receive the antagonist
(Fig. 3). Camostate fed mice which received the
antagonist did not show a significant increase in
plasma CCK concentrations (although the actual
mean of CCK concentration was twice as high as the
chow fed control this increase did not reach statistical
significance) (Fig. 3). Thus, the CCK antagonist
appeared to inhibit the increase in plasma CCK due
to camostate feeding.
Acute feeding of camostate also significantly in-

creased plasma CCK concentrations 30 minutes after
administration of 400 mg/kg camostate through an
orogastric tube to more than four-fold the values of
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Fig. 3 Mean + SE ofplasma CCK concentration of a total
of six CCK determinations for each diferent experimental
group; bloodfrom four mice of the same experimental
group were pooledfor a single CCK determination (see
Methods) yielding a total of six CCK determinations for
each different experimental group of 24 mice. For the
experimental conditions indicated in the lower part of the
figure (b) see legend to Figure 1. The experimental
conditions given in the upper part of the Figure (a) are as

indicated: 'fed' indicates experiments with mice which had
been fed regular chow ad libitum, the same bar is also
shown as the most left bar in the lower part of the figure;
'fasted' indicates experiments with mice which had been
fastedfor 16 hours prior to the experiments and had been
fed regular chow prior to fasting; 'fasted cam' indicates
experiments in which a single bolus administration of 400
mg/kg camostate was given through an orogastric tube.
'fasted NaCl' indicates experiments in which, instead of
camostate, the same volume of 0 9% NaCl was

administered through an orogastric tube. Mice in the 'fasted
cam' and 'fasted NaCI' groups were sacrificed 30 minutes
after administration of camostate or NaCl. For statistical
analysis see legend to Figure 1.

fasted mice or values in mice which received, instead
of camostate, the same volume of saline through the
orogastric tube (Fig. 3).

Discussion

The results show that feeding of the protease inhibitor
camostate for 10 days exerts a marked stimulatory
effect on the growth of the mouse pancreas. The

present results also strongly indicate that an increase
in plasma CCK concentration is responsible for the
stimulatory effect of camostate on pancreatic growth.
Chronic camostate feeding did not only markedly
increase plasma CCK concentration to eight times of
control values of chow fed mice, but simultaneous
administration of a CCK inhibitor greatly reduced
the stimulatory effect of camostate. It is also re-
markable that plasma CCK levels in fasted mice
increased four-fold 30 minutes after a single dose of
camostate given by an orogastric tube. This shows
that the 'feedback' effect causing a CCK release in
response to inhibition of intraduodenal proteases,
previously described in the rat,5-7 exists in the mouse,
too.
Exogenous CCK-8 had qualitatively similar but

quantitatively smaller stimulatory effects on pan-
creatic growth compared with camostate feeding. The
relatively small effect of CCK-8 compared to camo-
state feeding is, however, to be expected in view of the
CCK plasma concentration measured under these
conditions. Other experiments had shown that sc
injections of 2 ,ug/kg CCK-8 resulted in plasma CCK
concentrations 30 minutes after the injection which
were in the range of those observed in the camostate
fed mice."' The plasma CCK concentration after a sc
injection of CCK-8, however, peaks after approxi-
mately 30 minutes and then rapidly decreases toward
previous control values.'9 Thus, the plasma CCK
concentration in camostate-fed mice integrated over
the entire study period of 10 days was probably
substantially higher than in chow fed mice which
received sc injections of CCK-8. Injections of the
CCK antagonist in addition to (or more precisely
shortly before each) injection of CCK-8 completely
blocked all stimulatory effects of CCK-8 on pan-
creatic growth. This blockade of CCK's action on
pancreatic growth shows that the recently described
proglumide analogue CR1409, characterised as a
CCK-receptor antagonist by in vitro studies in
membranes and cells, also acts as an antagonist
of the action of CCK in vivo in the whole animal.
Furthermore, CR1409 is effective in vivo at a much
lower dose (10 mg/kg) than is proglumide (100-
1000 mg/kg).69 10 In view of the very rapid, long-
lasting and marked stimulatory effects of camostate
on plasma CCK concentrations, it is not surprising
that the three daily sc injections of the CCK
antagonist were not sufficient to completely block
camostate's and thus probably CCK's stimulatory
actions on pancreatic growth. On the contrary, the
observation that the CCK antagonist injected only
every eight hours could greatly block the effect of
camostate, and thus probably the effect of CCK,
indicates the powerful potential of the recently
described CCK-receptor antagonist.
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In two recent reports about proglumide's inhibitory
action on CCK-stimulated pancreatic growth, proglu-
mide was reported to have a partial agonist activity
when given without any exogenous CCK or sub-
stances which may release endogenous CCK such as
trypsin inhibitor."' This is not true for the CCK
antagonist used here. The new antagonist CR1409,
given without exogenous CCK or substances which
may release endogenous CCK, did not show any
stimulation of pancreatic growth and, thus, no partial
agonist activity. On the contrary, when the CCK
antagonist was given without exogenous CCK or
camostate it exerted significant antitrophic effects on
the pancreas. This is direct evidence that the physio-
logical increases of CCK in response to feeding of
regular chow diet have a significant trophic effects on
the exocrine pancreas. This is in accordance with the
experimental and clinical observations that long term
parenteral nutrition results in a reversible pancreatic
atrophy.2223 The present results suggest that lack of
the physiological increases in CCK which occur in
response to oral food may be responsible for this
atrophy.

Surprisingly, the CCK antagonist CR1409 in-
hibited not only the effects of CCK, which was found
markedly increased during camostate feeding, but
also decreased the plasma CCK concentration seen in
response to camostate feeding. This may, at least in
part, be because of the effect of residual CCK
antagonist in plasma samples, obtained eight hours
after the last injection, interfering with the CCK
bioassay and producing artifactually decreased
values.
Most previous studies done in the rat showed that

CCK and CCK analogues, like caerulein, increase
both the absolute DNA content of the pancreas and
the ratio of protein/DNA, and thus exert both
hypertrophic and hyperplastic effects on the pan-
creas.12 In the present experiments in the mouse
camostate feeding and exogenous CCK appeared to
induce almost exclusively hyperplasia. The lack of
hypertrophy may, however, be because the mice were
kept on the diets ad lib. Thus, in particular in
camostate fed mice, there was still an ongoing
stimulation ofexocrine secretion resulting in depletion
of cellular protein at the time of death. It might be
that fasting the mice before death would result in a
greater increase in protein content and show hyper-
trophy. Similar to previous reports in the rat,"24
both exogenous CCK and even to a greater degree
feeding of the protease inhibitor markedly increased
the content of the proteolytic enzyme chymo-
trypsinogen, but left that of the starch splitting
enzyme amylase completely unaffected.

In summary, the present results give convincing
evidence that CCK plays an important and probably

central role in mediating pancreatic growth under
physiological conditions. The new CCK-antagonist
CR1409 appears to be a powerful tool to further
investigate other physiological actions of CCK.

Dr Niederau was supported by the Deutsche For-
schungsgemeinschaft (Ni 224/2-1). The authors
thank Dr B G6ke for helpful discussions.
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