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Role of receptors in mediating trophic stimuli in the
pancreas
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Pancreatic acinar cells synthesise and secrete a variety
of digestive enzymes as well as a NaCI-rich pancreatic
juice. Acinar cells are able to adapt to the changing
needs of the organism both by regulating the total
pancreatic mass as well as by altering the synthesis of
specific molecules. Adaptive regulation occurs with
the onset of oral feeding at birth, the regrowth that
follows surgical resection or destruction of the gland
during pancreatitis, and as a change in content of
specific digestive enzymes following a shift from one
diet to another.' Although not totally established, it is
generally assumed that these adaptive responses are
mediated by hormones or other regulatory molecules.
Early work has focused on secretagogues such as
cholecystokinin (CCK), acetylcholine and secretin.
Cholecystokinin when injected into rats has been
repeatedly shown to increase the mass and DNA and
protein content of the gland.' This makes teleological
sense in that a secretory stimulus should enhance the
synthesis of replacement digestive enzymes. Recently
other regulatory molecules with more subtle or no
secretory effects such as insulin, EGF, IGF, and
corticosteroids have been shown to induce adaptive
changes. While the different regulatory agents and
mechanism of action involved in mediating growth
are not well established these effectors are certain to
interact with cellular receptors, therefore, it is clearly
relevant to consider the properties of pancreatic
receptors and how they could be involved in the
initiation of a trophic response. Consideration of
second messengers mediating intracellular responses
will be mentioned when relevant but treated in less
detail as they are covered elsewhere2 as well as in this
volume.

Functional characterisation of acinar receptors

The function of regulatory molecules is limited to the
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transmission of information, therefore, a specific
receptor protein exists and initiates the response to
each regulatory molecule. Regulatory molecules of
distinct chemical structure generally act on distinct
receptors because the receptor is specific for a unique
portion of the regulatory molecule. Regulatory
molecules of similar structure -that is, CCK and
gastrin, insulin and IGF may act on unique receptors,
related receptors or the same receptor and this
distinction is frequently difficult to make. In any case,
regulatory molecules and their receptors can be
characterised by their biological effects and more
specifically by their mechanism of action. Regulatory
molecules acting on pancreatic acinar cells fall into
four general categories with regard to mechanisms of
action (Table). Some of these regulatory molecules
also affect pancreatic ducts where their biological
response is different but the mechanism of action is
probably similar.

In general the major regulators activating secretion
of digestive enzymes are mediated intracellularly by
calcium (Ca2+) and diacylglycerol (DAG) while the
major regulators of ductular fluid secretion are
mediated by cyclic AMP (cAMP).2 This division is
not absolute as cAMP mediated agents are well
known to potentiate digestive enzyme secretion from
acinar cells, while in some species such as the rat the
Ca2+-DAG mediated agents also stimulate copious
fluid secretion (although in this case the fluid may
originate from acinar cells rather than ducts). Note
that hormones and neurotransmitters are found in
both groups and do not separate on the basis of
mechanism of action. In addition some receptors
originally described as responding to amphibian
derived peptides are now known to be activated by
endogenous mammalian peptides. In these cases the
homologous mammalian peptide is listed first in the
Table as for example 'GRP, bombesin'. While most
of these regulators are excitatory, at least one
inhibitory regulator exists, somatostatin, which in the
pancreas, as in other target cells, is negatively coupled
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Table. Functional characterisation of regulatory molecules acting on pancreatic acinar cells

I Ca"+ - Diacylglcerol mediated 3 Tyrosine Kinase Activating
CCK, gastrin, caerulein insulin
muscarinic cholinergic IGF
GRP, neuromedin C, bombesin EGF
Substance P, physalaemin

2 Cyclic AMP mediated 4 Steroids
secretin glucocorticoids
VIP oestrogens
PHI
CGRP
somatostatin

to adenylate cyclase through a unique guanine
nucleotide binding protein (G1). Finally, it is worth
reiterating that while these agents have been mostly
studied as regards secretion some are also known to
increase cellular metabolism or protein synthesis and
CCK, secretin and possibly cholinergic agents and
bombesin affect cell growth in vivo.'3
The third class of regulators activate tyrosine

kinases and most of their effects are on acinar cell
metabolism and biosynthetic events, although they
also may act to potentiate digestive enzyme secre-
tion.4 In contrast with the first two groups of regula-
tory agents which, except for muscarinic cholinergic
receptors, are primarily localised in gut and brain, the
tyrosine kinase activating receptors are widely dis-
tributed on a number of cell types in the body. These
receptors have been extremely well studied in other
cells to the point that their gene and protein sequences
have been elucidated.56 In all cases the receptor
contains an extracellular glycosylated domain, a
hydrophobic transmembrane domain and an int-
racellular segment containing both tyrosine kinase
activity and a specific tyrosine phosphorylation site.
In general the properties of these receptors in the
pancreas appear similar to those on other, better
studied, cell types..
The fourth class of regulators for which the least is

known as regards pancreas specific functions, is the
steriod hormones. While evidence exists that members
of the first three classes interact initially with receptors
on the basolateral plasma membrane, steroid hor-
mones generally interact with specific intracellular
receptors. Pancreatic cytosolic receptors have been
described for glucocorticoids, oestrogens and andro-
gens.78 Most are similar to those in other tissues
although an atypical low affinity oestrogen binding
site requiring a peptide cofactor has been described.9
The physiological relevance of steriod receptors to
tissue specific pancreatic functions is less clear
although glucocorticoids probably regulate amylase
gene expression along with insulin.
A number of additional regulatory molecules may

affect pancreatic acinar cell function in vivo. Some act

to stimulate or potentiate secretion (neurotensin,
dopamine, adrenaline) while others are inhibitory
(pancreatic polypeptide, PYY, NPY). These agents,
however, have not been generally shown to act
directly on acinar cells nor have specific acinar cell
receptors been detected. Therefore, their site as well as
mechanism of action are unknown. Two possibilities
for an indirect mechanism of action are by influencing
either the release of pancreatic islet hormones or
altering neurotransmitter release from intrapancreatic
nerve endings. While there is at present little evidence
linking these agents with pancreatic adaptation, the
possibility should not be discounted.

Ligand binding characteristics of membrane receptors

While the presence of a specific receptor can be
inferred from studies of the actions of agonists and
antagonists, more direct information has been ob-
tained from ligand binding studies. Except for the
muscarinic cholinergic receptor where labelled an-
tagonists such as quinuclidinyl benzilate (QNB) or N-
methylscopolamine have been used, all pancreatic
acinar receptors have been characterised with radio-
labelled agonists. In most cases the peptides have
been labelled with radioiodine by oxidative labelling
of tyrosine residues. For some peptides, which lack an
appropriate tyrosine, a synthetic analog is used which
behaves similarly to the native peptide - for example,
Tyr4-bombesin.

Characterisation of pancreatic receptors by ligand
binding has been mainly carried out using isolated
acinar cells or acini or by use of crude or purified
cellular membrane fractions. In most cases studies
using intact cells are easier to relate to control of cell
function as receptor occupancy and stimulation of
function can be carried out under similar conditions.
On the other hand studies with isolated membranes
are more suited to biochemical characterisation of the
receptor as complicating events such as ligand
internalisation do not occur and the receptors can
more easily be exposed to unphysiological conditions.
The major types of information obtained from ligand
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binding studies include affinity, number of receptors
and specificity for agonists and antagonists. Most of
this information is obtained from competition inhi-
bition paradigms where binding of a small fixed
amount of labelled ligand is carried out in the
presence of increasing quantities of unlabelled ligand,
analogues or inhibitors. The data can then be fitted
graphically or by computer to derive binding con-
stants.
By the additional technique of autoradiography the

sites of ligand binding - that is, functional receptors,
can be determined. This can be carried out at the light
microscopic level either on embedded and sectioned
material or by binding directly to slide mounted
frozen and dried tissue sections. These techniques
yield the cellular site of binding and further sub-
cellular localization can be obtained by electron
microscopic autoradiography. This has allowed
demonstration that the initial site of peptide receptor
binding in acinar cells is the basolateral membrane
domain and also that at physiological temperatures
the bound hormone is subsequently internalised and
localised within specific intracellular compartments. 10
While internalisation is clearly involved in some cases
with degradation of the regulatory molecule the
possibility exists that internalised peptides could have
direct actions. Less precise but easier demonstration
of peptide hormone internalisation has been carried
out using acid washing or trypsinisation to selectively
remove exposed, surface bound ligand. These studies
showing internalisation in acinar cells have been
carried out with insulin, IGF II, EGF, CCK, and
somatostatin"1'2 and it seems likely that all peptide
regulators are internalised although to varying
extents.

These results showing ligand internalisation com-
plicate the interpretation of binding data obtained
using intact cells at physiological temperature. Thus
most of the data deriving number of functional
receptors per cell probably is inaccurate. Other factors
such as receptor internalisation also complicate this
issue. In the case ofCCK a single class of binding sites
is observed on isolated plasma membranes while an
additional class of higher affinity sites is observed on
intact cells13 which is dependent on physiologic
temperatures and cellular metabolic energy (J A
Williams, unpublished data). With other ligands, such
as insulin, similar affinities are observed for intact
cells and plasma membranes.

Molecular characterisation of membrane receptors

While ligand binding data provides functional in-
formation about the receptor, it alone can provide
little direct information about the physical composi-
tion of the receptor. Such information is provided by

covalent receptor labelling, purification and deter-
mination of protein and gene sequences, and by the
use of specific antireceptor antibodies. Information of
this type has recently been obtained for several
tyrosine kinase receptors and for some neurotrans-
mitter receptors. Little is yet known about the more
tissue specific gut peptides which act as regulators of
pancreatic function.
By use of bifunctional crosslinking agents or the

labelling of peptide regulators with a photoactive
group, proteins at or near the receptor binding site of
several tissue specific pancreatic receptors have been
characterised including those for CCK, VIP and
somatostatin.'0'4'5 Evaluation on polyacrylamide
gels reveals the size and disulfide bond linked subunit
composition while solubilisation in nonionic deter-
gents followed by endoglycosidase treatment or lectin
chromatography provides information as to the
carbohydrate content of the receptor. Such studies
have shown the aforementioned peptide receptors to
be glycoproteins with binding subunits ranging in size
from 55 to 80 kilodaltons. Tyrosine kinase receptors
on pancreas have been shown to be similar to better
characterised receptors on other tissues and generally
are larger and more complex than other types of
peptide hormone receptors.
More complete characterisation can be provided by

solubilisation and purification of functional receptor.
This requires solubilisation of the receptor with
retention of binding such that ligand binding can then
be used to follow purification. For tissue specific
pancreatic receptors this has been done for CCK
only.'6 Techniques used for other receptors such as
lectin chromatography and ligand affinity chromato-
graphy should then be feasible and have been carried
out for the CCK receptor (Williams et al, unpublished
data).
The molecular approaches which have been used

for EGF and insulin receptors can lead to a detailed
knowledge of receptor structure, and in conjunction
with the development and use of antireceptor anti-
bodies, to knowledge of receptor biosynthesis and
cellular localisation. This will ultimately be needed to
understand the role of various receptors in growth
and adaptation. Even in more amenable and better
studied cells such as fibroblasts, however, it is not yet
clear how these receptors induce growth. Further
information should come from site directed nucleotide
mutagenesis with production of altered cellular
receptors.

Regulation of membrane receptors

The number of cellular receptors for a particular
regulator is not fixed but can increase or decrease
because of altered rates of receptor synthesis or
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degradation. The most common form of such regu-
lation is 'down regulation' of a receptor by its ligand.
In this phenomenon, receptor occupancy leads to
internalisation and degradation with a subsequent
reduced ability of the cell to respond to the regulator
as a result of a decrease in functional receptor
number. Thus the response to prolonged stimulation
is limited. Such down regulation of acinar receptors
has been shown in vitro for insulin and acetyl-
choline. 1718

It has been observed recently that occupancy of a
specific receptor can also affect the binding properties
of another distinct class of receptors. On acinar cells,
CCK and other Ca2l-DAG mediated agents decrease
the binding of EGF, IGF-II and somatostatin." 219
Some of this effect is probably mediated by endo-
genous activation of protein kinase C and may well
involve receptor phosphorylation. 19 20 In contrast,
insulin increases the binding of IGF II to its recep-
tor.'2 The functional consequences of this hetero-
logous receptor regulation are not clear at present.
Two cases are known in which acinar cell CCK

receptors have been studied during periods of adapta-
tion. In the period immediately after birth the rat
pancreas responds poorly to CCK and only a few
CCK receptors are present.2' Over the next few weeks
CCK binding increases and concurrently the pancreas
develops its ability to respond to CCK. In the other
case, CCK receptor binding was studied in rat acini
after the animals were treated acutely or chronically
with CCK in a manner known to induce pancreatic
growth. No receptor down regulation was observed
and in fact when acini were prepared 2 h after
injection, CCK binding was increased.22 After one
week of chronic CCK injections, with attendant
pancreatic hypertrophy and hyperplasia, the number
of receptors per cell was normal although the total
number of receptors per pancreas was increased.23
These changes may be important in the adaptive
growth response as they allow sustained growth
which might be shut off if down regulation occurred.

Further insight into receptor regulation on acinar
cells clearly requires the application or development
of techniques to look directly at rates of receptor
synthesis, internalisation and degradation as opposed
to only following ligand binding.

Relation of receptors to the trophic response

While it appears obvious that pancreatic receptors are
involved in mediating the trophic or adaptive
response initiated by extracellular regulators little is
known concerning the detailed mechanisms. The first
major question is how do receptors initiate trophic
responses? This clearly involves an intracellular signal
which could be one of the same intracellular mes-

sengers that activates secretion such as Ca2l, DAG or
cAMP. This would imply, however, that all regulatory
agents acting through a common intracellular mecha-
nism such as Ca2+-DAG should regulate growth in a
similar manner. Recent studies in vitro using cultured
pancreatic acinar cells suggests this may not be
true.24 If we are forced to consider a receptor specific
mechanism this could indicate direct involvement of
either internalised ligand or receptor. Alternatively
some new as yet not understood mechanism of action
might exist perhaps mediated by a member of the
rapidly expanding class of guanine nucleotide binding
or G proteins.
The second major question is how do receptors

change during a trophic response? If growth is
initiated by a sustained increase in an extracellular
regulatory signal, how do the receptors for that and
other regulators adapt. As 'down-regulation' tends to
damp out a response, do receptors for trophic stimuli
not show this response? This may depend on whether
the sustained growth is driven by a sustained
extracellular regulatory signal or not. As the bio-
logical response is dependent on the receptor number
as well as the concentration of extracellular regulator
both homologous and heterologous regulation of
receptors may be important in the trophic response.

Further work on the structure, mechanism of
action and regulation of receptors is clearly necessary
to understand adaptive as well as the acute functional
response of the pancreas.
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