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The pancreatic gland has an enormous potential for growth and regeneration, mainly
in rodents. These processes remain mostly under the control of the GI hormone
cholecystokinin (CCK). The human pancreas however does not show proliferative
properties after partial pancreatectomy, but research in this field has been scarce.
Recent studies indicate that CCK might not be the expected trophic agent since its
two receptors CCKA and CCKB were not found on human exocrine pancreas.
Therefore, if human pancreas grows and regenerates, it has to be under the influence
of some unknown trophic factors. Neuropeptides receiving much attention lately as
regulators of pancreatic functions could be among the searched trophic agents. This
presentation focusses on neuropeptides growth potential: GRP-Bombesin, GABA,
PP, PYY, Neurotensin, SP, VIP, PACAP, CGRP and galanin. Some neuropeptides
have moderate effects on pancreatic enzymes and electrolytes secretion: SP, VIP,
PACAP. However, their trophic effects remain unexplored except for GRP-bombesin
and PACAP. PACAP preferentially exhibits its mitogenic and proliferative effects on
the pancreatic acinar cells AR4-2J via tyrosine kinase, phospholipase D and
ornithine decarboxylase activation but not through adenylate cyclase. The growth
promoting action of GRP-bombesin is well documented on rodent's pancreas.
However, recent studies indicate that this neuropeptide is potentially trophic for
larger mammals' pancreas. Indeed, investigators recently documented that bombesin
induced pancreatic regeneration in the pig after partial pancreatectomy through
mitogen-activated protein kinases activation as do CCK-8 and caerulein on rat
pancreas. Have we found the magic pancreatic trophic factor in large mammals?
Further investigations will tell.
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INTRODUCTION

Control of pancreas growth has been investigated since the end of the 60s and
the beginning of the 70s (1, 2). From these studies, there is general agreement in
rodents that cholecystokinin (CCK) and its analogues, CCK-8 or caerulein, are
the most potent trophic factors of this gland as established from in vivo treatments
(3) or endogenous CCK release (4). In larger animals, there are indications that
the pig pancreas can regenerate after pancreatectomy (5, 6) and that the human
pancreas enlarged after camostate feeding (7) but does not seem to regenerate
after partial pancreatectomy (8). Beside CCK, numerous factors have been
implicated in the control of pancreatic fluid and enzymes secretion and among
them multiple neuropeptides such as bombesin (GRP), neurotensin, substance P,
VIP, PACAP, PP and PYY. However, their involvement in the process of pancreas
growth and regeneration received little attention over the years.

The main objectives of this review are 1) to summarize our knowledges on the
effects of CCK on pancreas growth and regeneration at the organ and cellular
levels; 2) to document the role played by specific neuropeptides in such processes
and 3) to determine if these peptides' actions are directly mediated, physiological
and comparable to those of CCK, the ultimate trophic agent in rodents.

EFFECTS OF CCK ON PANCREAS GROWTH AND REGENERATION AT
THE ORGAN LEVEL

In this review, growth of the pancreatic gland represents increased weight and
total DNA content, thus hyperplasia. Growth can occur following hormone
treatments or during regeneration in response to partial destruction following
pancreatitis or pancreatectomy.

EXOGENOUS AND ENDOGENOUS CCK

Normal pancreas growth

In response to a four day treatment of exogenous caerulein, a CCK analogue,
the pancreatic gland increased its wet weight by 56% and its DNA content by
32%. This increase in total DNA represents hyperplasia as documented by an
increase in the number of acinar cells per acinus (9). The pancreatic acinar cells
were the most sensitive to treatment as they increased their labeling index from 6
to 27% while those of the interstitial, endothelial and ductal cells were increased
to 12 to 16%, to 9% and to 9%, respectively, from basal values of 3 to 6%.
Interestingly, the endocrine cell population did not respond (10).

CCK interplays through two different receptors, the CCKA and CCKB subtypes
(11), and this hormone's plasma levels can be increased following pancreatic juice
diversion (4) or by feeding rats a high protein diet (12). Indeed, such increases in
plasma CCK observed under these two experimental conditions resulted in
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pancreas growth through occupation of the CCKA receptors since it was prevented
by the administration of the specific CCKA receptor antagonist L-364,718 (4, 13).
In further support of CCKA receptor occupation as responsible for CCK-induced
pancreas growth in rodents, a rat treatment with JMV-180, a high-affinity CCK
receptor agonist, resulted in pancreas growth comparable to that induced by
caerulein (14). The implication of CCK as a preponderant factor in the control of
pancreas growth in larger mammals is quite doubtful since its receptor subtypes
could not be found on the different cell types of their exocrine pancreas in the
following species: human, pig, calf and horse (15).

REGENERATION OF THE PANCREAS

The capability of the pancreas to regenerate has been investigated using two
different models, one of partial destruction following acute pancreatitis and the
other of resection as partial pancreatectomy (16, 17).

After 50% losses of pancreatic mass and DNA content following caerulein-
induced pancreatitis, it took 20 days of feeding a 50% protein diet, 10 days of
feeding a 20% protein diet supplemented with 1% SBTI and 5 days of
exogenous caerulein to bring pancreatic weights and DNA contents of these
animals to control values (16). Under these conditions of induced-pancreatitis,
overexpression of the CCKA receptor mRNA was also observed during the
destruction and regeneration periods accelerated by caerulein (18).
Spontaneous regeneration of the pancreatic gland seems to involve endogenous
CCK because it was prevented by the CCKA receptor antagonist L-364,718
(19). Furthermore, plasma CCK levels remained significantly elevated for up to
11 days in rats with arginine-induced acute pancreatitis; this observation
supports the involvement of this hormone in the regeneration process as the
labeling index of the acinar cells remained significantly elevated and paralleled
the increments in plasma CCK (20).

Whether partial pancreatectomy was performed at the level of 50, 70 or 90%,
the pancreas remnant continued to grow for the next 56 days to reach a plateau.
Regeneration as evaluated by weight gain over the sham operated animals were
21, 32 and 78% following 50, 70 and 90% resection, respectively. Although the
pancreatic labeling index in the resected animals reached a peak of 6.4%
compared to 0.98% in the control on day 3 and remained elevated for the next 3
days, this indication of greater cellular proliferation was not enough to increase
significantly total DNA contents in remnant pancreas to control levels (17). In
another study, pancreatic weight of the remnant, its DNA and protein contents
were significantly increased 45 days after 60% pancreatectomy when compared
to values at day 1 after resection. CCK is believed to be involved since its plasma
levels constantly increased up to 45 days after resection, regeneration is
accelerated in response to CCK-8 administration and prevented following
treatment with the CCK antagonist CR 1409 (21).
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EFFECTS OF CCK ON PANCREAS GROWTH AND REGENERATION AT
THE CELLULAR LEVEL

Normal pancreas

Regulation of cell growth is mediated by a series of signaling pathways
precisely coordinated by different families of cell surface receptors. One of these
is the sequential stimulation of several cytoplasmic protein kinases, collectively
known as the mitogen activated protein kinases (MAPK) signaling cascade which
consists of three protein kinases acting in series, a MEK kinase (MEKK), a dual-
specificity MAP kinase kinase (MAPKK or MEK) and a MAP kinase (MAPK).

In pancreatic acini, CCK can activate MAPK in a concentration and time
dependent manner by a mechanism involving protein kinase C and tyrosine
kinase activity (22) along with previous activation of MEK and Ras (23). This
MAPK cascade can be stimulated by occupation of both CCKA and CCKB

receptors in pancreatic AR42J cells known to bear both CCK receptor subtypes
(24). Furthermore, the observation that infused JMV-180, a high-affinity CCK
receptor agonist, can sustain pancreatic tyrosine kinase activity for up to 4 hours
(14) supports the possibility that this can lead to long-term MAPKs activation;
active tyrosine-kinase was previously shown to be an important player in the
MAPK cascade activation (22). The possibility that tyrosine-kinases could be
involved in the mitogenic response of caerulein was suggested from the
observation that caerulein enhanced pancreatic tyrosine kinase activity and that
SMS 201-995, a known inhibitor of CCK-induced pancreatic growth (25), also
inhibited tyrosine kinase activation (26). An interrelationship seems to exist in the
activation of pancreatic tyrosine kinase, phospholipase D and PTdinositol3-
kinase since all three enzymes were concomitantly activated following in vivo
and in vitro caerulein stimulation and also in response to endogenous CCK
release by pancreatic juice diversion. The parallel activation of these three
enzymes by caerulein was also inhibited by the somatostatin analog SMS 201-
995 (26). No one has yet confirmed in vitro or in vivo an existing link between
CCK receptor occupation, tyrosine kinase, phospholipase D, PTdinositol3-kinase
and MAPK activations with growth of the pancreatic acinar cells.

Polyamines are important cations implicated in a variety of fundamental
intracellular processes and cell proliferation is among them. Their biosynthesis is
regulated by changes in intracellular activity of ornithine decarboxylase (ODC)
considered the first and rate-limiting enzyme in this pathway (27). The
implication of ODC in the control of pancreatic growth came from the
demonstration that caerulein-induced thymidine incorporation into DNA and
increased DNA content were strongly inhibited by α-difluoromethylornithine
(DFMO), a specific ODC inhibitor (28), an effect reversed by putrescine, the
product of ODC activity from ornithine (29). It was later established that
caerulein increased ODC activity 6 and 12 hours after the beginning of a 2 day
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treatment; ODC activation was transient since back to control values at 24 hours
(30). It has not yet been established if endogenous CCK can activate pancreatic
ODC and thus be part of the intracellular processes leading to pancreatic growth.

REGENERATION OF THE PANCREAS

During the destruction and regeneration processes activated by caerulein-
induced pancreatitis, parallel and sustained increases in tyrosine kinase and PLD
activities were observed from 6 to 48 h during pancreatitis induction as well as at
the end of 3 day resting period following the 2 day pancreatitis induction. A
return to control values occurred during the regeneration period in the untreated
caerulein-pancreatitis groups. On the contrary, both enzyme activities exhibited
significant increases in the pancreatitis rats after their first day of caerulein
treatment associated with pancreas regeneration; PLD activity remained elevated
for 3 more days of caerulein treatment, whereas tyrosine kinase activity returned
to control values. These data support a role for these two enzymes early during
processes of pancreas destruction and regeneration (31). Among other
intracellular reactions activated in the course of pancreatitis induction and
regeneration which follows, ODC mRNA expression and activity were positively
affected. Indeed, ODC mRNA showed bursts of expression during the first 3h of
pancreatitis induction followed by major increases during the 3 day resting period
before caerulein induced regeneration which also presented increases in ODC
mRNA with however no effect of caerulein itself. Changes in ODC activity
followed the same pattern as it mRNA induction during pancreatitis induction,
resting and regeneration periods but with a significant increase in activity after
24h in the regeneration process stimulated by caerulein. The ras oncogene
functions downstream of various growth factor receptors and acts as a molecular
switch in signal transduction (33). An early increase of two fold above control
values in its mRNA expression was observed 2h after pancreatitis induction
followed by a return to control values for the next 22 h. This ras mRNA induction
preceeded by 4h increases in tyrosine kinase and PLD activities observed at 6h
under similar conditions (31). Ki ras mRNA expression was also increased by 2
to 5 fold during the resting period; however, its maximal induction reaching 12.5
fold above control values was reached during the regeneration period 24 h after
the beginning of the caerulein trophic treatment (32). Unfortunately, the
hydrolyzing potential of ras on its bound GTP was not investigated in these
studies; this information would have enabled us to establish correlations between
all these enzymes' activation and thus give indications of any sequence of events.

When most investigations on the roles of the cell cycle regulators such as
cyclins, Cdks, and CKIs were performed on embryonic cells or in vitro systems
using artificially synchronized dividing cells, the regenerative pancreas after
partial pancreatectomy offers the possibility of analyzing the cell cycle dynamic
controls in naturally synchronized cells present in their natural native
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environment. After 90% pancreatectomy, remnants exhibited sustained p42/p44
MAPK activation within 8 h for up to 12 days. Cyclins D1 and E exhibited
maximal expression after 2 and 6 days, coinciding with maximal
hyperphosphorylation of pRb and Cdk2 activity. Expression of p15 vanished
after 12h , p27 disappeared gradually, whereas p21 increased early. The p27
complexed with Cdx2 dissociated after 2 days with p21 associated in a reverse
fashion. These data clearly describe the dynamic existing between some cell
cycle stimulatory and inhibitory regulatory proteins in normal rat regenerating
pancreatic gland without any exogenous hormone stimulation (34). Under
similar experimental conditions, tyrosine kinase and PLD exhibited maximal
activations 3 days after pancreatectomy (26, 35) along with decreased
phosphatase activity (35).

EFFECTS OF GI NEUROPEPTIDES ON PANCREAS GROWTH AND
REGENERATION AT THE ORGAN LEVEL

The mammalian pancreas is richly supplied by nerves immunoreactive for
different bioactive peptides affecting exocrine and endocrine pancreatic functions
(36). As examples, the relative density of CGRP, SP/TX, GRP, VIP and NPY has
been well described in the different structures of the cat pancreas (37). Some of
these important neuropeptides have well documented stimulatory effects on
exocrine and endocrine pancreatic secretions; however, their role in the positive
or negative control of pancreas growth and regeneration are not so convincing
because of the relatively few studies devoted to these specific actions. In this
review, I will report on data related to substance P (SP), vasoactive intestinal
polypeptide (VIP), neurotensin (NT), pituitary adenylate cyclase-activating
polypeptide (PACAP), gastrin-releasing peptide (GRP), peptide YY (PYY),
calcitonin gene-related peptide (CGRP) and their effects on pancreas growth and
regeneration.

NORMAL PANCREAS GROWTH

Substance P: In the pancreas, there are scattered SP immunoreactive fibers
that tend to run along blood vessels and around ganglion cells (38). Its
physiologic effects seem species specific with increased pancreatic amylase
release and calcium efflux in the guinea pig and no response on pancreatic
enzyme secretion in the rat (39). We have no indication so far that SP was
investigated as a pancreatic trophic factor.

Neurotensin: Nerves containing NT were identified in the muscle layers of the
gut (40) and in the pancreas nerves (41); it was suggested that this neuropeptide
could act in the pancreas via intra-pancreatic CCK-ergic neurons from the
observation that the CCKA receptor antagonist L-364718 significantly reduced
pancreatic protein output in response to I.V. neurotensin (42). When compared to
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caerulein, chronic administration of NT caused comparable hyperplasia of the
pancreatic gland at a dose 100 times higher; however, it had minimal effect on
total protein and enzymes contents and for these reasons, it was considered as a
weak agonist for growth of the pancreas (43). Even though NT is considered such
a weak growth factor, the presence of NT receptors on human ductal pancreatic
adenocarcinomas along with their absence from endocrine pancreatic cancer and
from pancreatic acini, ducts and islets of normal and chronic pancreatitis patients
makes these receptors markers of choice to identify most ductal pancreatic
adenocarcinomas, an observation with great clinical relevance (44). Indeed, the
growth promoting action of NT has previously been observed in colon and
pancreatic cancer cell lines (45). It remains however to be determined whether
these cancer cells synthesize NT as the pancreatic cancer cells MIAPaCa2 does
for gastrin which has an autocrine growth effect on these cells (46). From these
data, it seems that the major research interest on NT should be focused on its
receptors which may serve as targets for highly specific therapeutic tools
involving neurotensin analogues or antagonists such as SR48692 (47).

Vasoactive intestinal peptide: The parasympathetic innervation of the
pancreas does include VIP-immunoreactive fibers which terminate around acinar
cells, ducts and blood vessels (48). This type of innervation explains the
hydrolatic action of VIP in many species although less potent than secretin in
some including rat, dog and man, because it is considered as a partial agonist (49).
VIP did not stimulate pancreatic growth when given alone for a week in rats.
However, it potentiated the effects of caerulein on pancreatic DNA content (50).
This potentiation of the growth effects of caerulein by VIP is comparable to that
of secretin and indicates that combinations consisting of a peptide with secretin-
like action as VIP and a peptide with CCK-like effect as caerulein potentiate both
secretion and growth of the pancreas (3). Also of interest is the observation that
a great majority of human tumors, including 65% of the pancreas carcinomas,
predominantly possess the VPAC1 receptor (51) and VIP stimulates growth of
these cells (52).

Pituitary adenylate cyclase - activating polypeptide: PACAP-like
immunoreactivity was observed in both exocrine and endocrine parts of rat and
mouse pancreas (53, 54) and its biological effects can occur through occupation
of three receptor subtypes: VPAC1, VPAC2 and PAC1. It was established that
PACAP amylase-stimulating activity was mediated by the type 2 receptors. Few
type 1 PACAP receptors were detected in normal exocrine pancreas whereas the
cancerous AR42J cells of rat pancreas origin contain this high affinity type 1
receptor (55). Like other neuropeptides, the trophic effects of PACAP was so far
demonstrated uniquely on the pancreatic cancer cells AR42J; its effects are time
and concentration-dependent with a maximal response in the nM range. The
observation that VIP exhibited no growth effect on these cells points to the
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specificity and selectivity of PACAP (56). The VIP/PACAP receptor subtypes
were also observed on many human tumor cells including those of the pancreas;
to our knowledge, growth studies were never performed to clearly identify the
most efficient trophic factor, VIP or PACAP, on these different human cancerous
cell populations to establish patterns of the neuropeptides involved and their
receptor subtypes (57).

Gastrin releasing peptide: GRP is the mammalian counterpart of bombesin,
this 14 amino acid peptide discovered in extracts of the skin of Bombina bombina
(58). Pancreatic nerve fibers and cell bodies are both stained by antisera to
bombesin and GRP (59, 60). With these fibers closely associated with acini and
exocrine ducts, GRP was shown to be involved in the regulation of exocrine
secretion through specific receptors on the acinar cells (61).

The observation that GRP can induce the liberation of the gastrointestinal
hormones; CCK and gastrin, known to influence pancreatic growth and secretion,
most often led investigators to believe that the neurohormone could interfere
indirectly on pancreatic physiology (62). In a comparative study, both bombesin
and GRP exhibited comparable growth-promoting effects on rat pancreas (63).
The direct trophic effect of bombesin was established in rat after a chronic
treatment of 15 days duration. In this study, endogenous gastrin did not seem to
interfere since antrectomized rats with decreased plasma gastrin responded to
bombesin as those with their stomach; endogenous CCK did not seem to be a
factor neither because bombesin, given with proglumide, a CCK receptor
antagonist, presented a trophic response comparable to bombesin alone (64).
Finally, with a more specific CCKA receptor antagonist, L-364,718, it was
possible to establish that low doses of bombesin had direct effects on pancreatic
growth, whereas the antagonist significantly reduced the response to bombesin
given at higher doses, doses able to release endogenous CCK (65). Contrary to
CCK which does not have its specific receptors on the exocrine pancreas of larger
mammals (15), bombesin was able to accelerate pancreas regeneration in the pig
after partial pancreatectomy (6). To our knowledge, this last observation came
from the only study in which any neuropeptide has been tested as potential
growth factors to speed up pancreas regeneration in any species. Finally, it has
been shown in the rat that specific GRP receptors were 6 fold more abundant on
malignant pancreatic cancer cells than on normal cells (66). This selective
receptor higher expression in pancreatic cancer cells of acinar origin could
eventually be looked at among specific markers from pancreatic cancer detection
as those of neurotensin (44) and VIP (51) on adenocarcinoma. Such investigation
however would not be applicable to pancreatic human cancer since it was recently
demonstrated that no measurable bombesin receptors were found in the tumor
tissue of ductal pancreatic carcinoma. However, the GRP receptors were
identified in the pancreatic exocrine parenchyma in 17 out of 20 cases of chronic
pancreatitis (67). It is yet too early to include GRP receptor search in our arsenal
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of tests for pancreatic adenocarcinoma detection especially with the knowledge
that we are dealing with four different bombesin receptor subtypes: the GRP
receptor with high affinity for GRP (68), the neuromedin B receptor with high
affinity for neuromedin B (69), BB3 receptor with high affinity for [D-Trp6,
βala11, Phe13, Nle14]-bombesin 6-14 (70) and BB4 receptor (71). More research is
needed at the present time to determine which subtypes of GRP receptor are
expressed in normal and cancerous pancreatic cells and more specifically on
which cell type can we detect any particular receptor subtype.

As described above, some neuropeptides have positive trophic effects on the
pancreas. On the other hand, the list of these peptides as potential inhibitors of
pancreas proliferation is not exhaustive but some neuropeptides could be
involved.

Pancreatic polypeptide family: By immunohistochemistry, pancreatic
polypeptide (PP) was not only observed in PP pancreatic cells but also in the
nervous system (72). Although PP is recognized as a physiological inhibitor of
pancreatic secretion in dogs (73) and human (74), its potential as a trophic
inhibitor seems negative as it did not influence CCK-induced pancreatic growth
(75) and had no effect when given alone (50). The PP structurally related peptide
PYY is also associated with inhibition of pancreatic fluid and protein secretion
when endogenously release by pancreatic juice diversion (76). PYY had no effect
on pancreatic growth after its infusion for 4 days but its addition to caerulein
significantly reduced proliferation (77). The previous demonstration that the rat
pancreatic acinar cells do not possess PYY receptors suggests that PYY
regulation of induced-pancreatic growth could be mediated by indirect
mechanisms (78).

Calcitonin gene related peptide: CGRP-positive fibers were identified in the
rat pancreas; they originate from spinal afferent neurons and supply blood
vessels, islets and inter and intralobular spaces (79, 80). The neuropeptide
inhibited CCK-stimulated pancreatic secretion, an action to a large extent
mediated by somatostatin; indeed, a monoclonal antibody to somatostatin
reduced the inhibitory effect of CGRP by 80% (81). If CGRP can eventually be
demonstrated as an inhibitor of pancreas growth, it is plausible that its effect
would also be mediated through the release of somatostatin as for secretion.

EFFECTS OF GI NEUROPEPTIDES ON PANCREAS GROWTH AND
REGENERATION AT THE CELLULAR LEVEL

Normal Pancreas and pancreatic cell lines

As observed in the above section, investigations on the proliferative potential
of some neuropeptides on the pancreas are quite limited. The mechanisms by

135



which these neuropeptides activate intracellular reactions leading to cell cycle
progression are even more restricted.

In pancreatic tumoral AR42J cells, it was clearly shown that their proliferation
induced by PACAP was totally independent of its cAMP production but
dependent on a pertussis toxin-sensitive GTP-binding protein probably associated
with phospholipase C activation, which was not established. However, ODC
activity was increased by PACAP in a dose-dependent manner (56). In these same
cells, it was later demonstrated that PACAP can induce concomitant activation of
tyrosine kinase and PLD; furthermore, the observation that inhibition of these two
enzymes inhibited PACAP-induced growth of these cells strongly suggested that
they are intimately involved in the overall process of PACAP-induced
proliferation (82).

One of the mechanisms by which GRP/Bombesin could induce pancreas
growth might involve ODC activation. Indeed, a single injection of bombesin to
rats led to significant increases in pancreatic putrescine contents, the product of
ODC activity, as early as 2h post-injection for as long as 24 h. The observation
that this ODC activation was not inhibited by CR1409, a CCK receptor
antagonist, pleads for a direct effect of the neuropeptide (83).

REGENERATION OF THE PANCREAS

After the demonstration that the pig pancreas can regenerate in response to
bombesin after partial pancreatectomy, proliferation of the remnant pancreatic
gland was associated with upregulation of p46Shc/p52Shc and MAP kinase
expression and activity in whole pancreatic extracts after a month of bombesin
treatment (6). Comparable activation of some of these enzymes was also observed
after 90% pancreatectomy in the rat without hormonal or neurohormonal
treatment (34). To our knowledge, this is the only study described in larger
mammals which investigated reactions in the pancreas associated with cell cycle
activation.

FUTURE DIRECTIONS

Although investigations on the control of pancreas growth in rats and larger
mammals are not "glamour" anymore, this literature review presented some data
which indicate that some specific GI neuropeptides and their receptors might
have great potential as growth factors or markers of pancreatic cancer cells. We
suggest that focus and emphasis be directed toward growth and regeneration of
the human pancreas to improve pancreatic insufficiency observed in cystic
fibrosis and chronic pancreatitis patients. We sincerely believe that such studies
should be performed on the pig because its pancreas regenerated after
pancreatectomy (5) and this regeneration was significantly increased by a
bombesin treatment (6). We should proceed under the hypothesis that GRP could
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be the most potent pancreatic trophic factor of the larger mammals as CCK is
widely accepted as that of rodents' pancreas.
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