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Foreword

Cholecystokinin (CCK) was the third peptide to be described among the
large variety of gastrointestinal hormones known today. It was originally
extracted from the intestinal mucosa and shown to exert distinct stimulatory
effects on gallbladder contraction and on pancreatic enzyme secretion. At
the time of its detection, the situation appeared simple and straightforward —
CCK and secretin were the hormonal regulators of pancreatic secretion and
gallbladder contraction. A new hormonal concept replaced Pavlow’s neuro-
regulatory scheme of exocrine pancreatic secretion. But things turned out to
be much more complex. In fact, CCK has fooled biochemists, physiologists,
and clinicians up to the present day. Not only have at least five physiolog-
ically important molecular forms been described, but CCK peptides have
also been localized outside the gastrointestinal mucosa in the nerves of the
gastrointestinal tract as well as in the peripheral and central nervous system.
Thus, CCK, besides being a hormone, acts as neurotransmitter and might
have a role as a neuroendocrine and paracrine substance as well. Moreover,
measurement of CCK in plasma has posed serious technical problems and
still remains cumbersome due to the heterogeneity of molecular forms and
the close similarity of its carboxy-terminal end with that of gastrin. Dif-
ficulties with the synthesis of the larger forms of CCK33 have further
complicated research. In this complex situation, the development and avail-
ability of specific and highly potent CCK receptor antagonists represents
a real breakthrough. Using these antagonists, it has become possible to
study the physiology and pathophysiology of CCK in the reverse way.
Astonishingly enough, unexpected observations have been reported, such
as the acceleration of colonic transit time and gastric emptying by CCK
antagonists, while other functions of CCK, such as the stimulatory action
on the gallbladder and pancreatic secretion, have been shown to be of
physiological relevance. Interesting pharmacodynamic actions have been
observed, such as the improvement of constipation in an elderly nursing
home population and alleviation of biliary pain, which render the CCK
receptor blockers clinically attractive.

The editors of this book, both experts in the field of gastrointestinal
physiology, have accepted the challenge to collect the most up-to-date
information on CCK research, especially focusing on the use of receptor
blockers. A great number of leading scientists have accepted the invitation
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to contribute to this impressive compilation of data on CCK. The infor-
mation presented will interest biochemists, physiologists, pharmacologists,
and clinicians in equal measure. Again, with accumulation of knowledge it
becomes obvious that there is an increasing demand for further research.

NikLaus E. Gyr
Medical Department
Kantonsspital Liestal
University of Basel
Switzerland



Preface

Appreciating the fact that many peptides from the gastrointestinal tract
function as hormones and/or neurotransmitters has important implications.
A good example is cholecystokinin (CCK), a peptide from the-small intes-
tinal mucosa and the nervous system with multiple functions on gastro-
intestinal secretions and motility. CCK causes the gallbladder to contract
and the pancreas to secrete enzymes which, in turn, facilitate digestion.
Because of the importance of regulatory peptides for body function, drugs
that mimick or block their effects on receptors are important scientific
tools, but may also be putative therapeutic agents. Developing compounds
which can affect peptide systems has, however, been difficult. Recently,
CCK has been used as a model for the development of different classes
of CCK receptor antagonists. Several compounds have been synthesized and
characterized in various animal models. Two emerged from these studies
and have become available for testing in humans: loxiglumide (previously
designated CR1505) and devazepide (also known as MK329 or L-364718).
The development of these compounds is a landmark for several reasons.
Most importantly the work demonstrates that peptide receptors can be
influenced by orally active, nonpeptidal drugs. In principal, this strategy
should be possible with other peptides and it could be speculated that
peptide antagonists will have the same impact in gastroenterological research
and therapy as did the introduction of H, antagonists.

This book is devoted to the development and characterization of the
CCK antagonists loxiglumide and devazepide. We have attempted to cover
the advances in a number of areas. The first two parts of the book cover
the biological characterization of CCK and chemistry of the new CCK
antagonists. The following part is devoted to the physiological application of
these new compounds, whereas in the last section we have tried to cover
most of the areas of clinical importance. Whether the currently available
CCK antagonists represent a new class of therapeutic drugs is speculation as
they may not be sufficiently selective to be useful in clinical practice. There
is, however, no doubt that further development is aimed at finding a dose or
a compound that can selectively block a specific action.
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We would like to thank all of the authors for the time they spent in
preparing these articles. We hope that this volume will provide essential
information on the role of CCK in health and disease and help to stimulate
further research.

Ulm and Basel GuiDO ADLER
CHRISTOPH BEGLINGER
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Part I: Biology of CCK



Biochemistry of CCK

G.J. Dockray and A. VARRO!

Introduction

The isolation of cholecystokinin (CCK) from porcine duodenum by Mutt
and Jorpes [22] in the late 1960s provided the foundation for the very
considerable advances in our understanding of the biochemistry of this
substance that have taken place over the last 20 years. It also marked the
culmination of what can now been seen as the pioneering phase in the devel-
opment of our ideas of the hormonal regulation of digestion in the small
intestine. Mutt and Jorpes demonstrated that the purified peptide stimulated
both gall bladder contraction and pancreatic enzyme secretion and so left no
doubt that these must be two properties of the same molecule, and not due
to independent actions of separate hormones (CCK and pancreozymin) as
had hitherto been supposed. They also made the important observation that
the C-terminal tryptic peptide of CCK (CCKS) possessed both biological
activities [22]. Four major biochemical developments have followed from
the work of this period. First, it soon became clear that CCK was part of the
same chemical family as the gastric hormone gastrin, and the amphibian
peptide caerulein. Second, it became possible to develop antibodies to
CCK, or synthetic fragments of it, that could be used for radioimmunoassay
and immunohistochemistry. Third, CCK assays have in turn revealed new
molecular forms, and have facilitated the discovery of CCK in previously
unexpected places, notably the central nervous system. Fourth, with the
later development of recombinant DNA techniques, the way became open
for the elucidation of cDNA and gene sequences, and for studies of the
control of CCK expression. Each of these topics will be considered here.

The CCK Family

The sequence of the C-terminal tryptic fragment of CCK described by Mutt
and Jorpes was immediately seen to resemble that of gastrin, which had

'MRC Secretory Control Research Group, Department of Physiology, University of
Liverpool, Liverpool, UK.

G. Adler and C. Beglinger (Eds.)
CCK Antagonists in Gastroenterology
© Springer-Verlag Berlin Heidelberg 1991
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*

CCK - Arg - Asp - Tyr - Met - Gly - Trp - Met - Asp - Phe - NH,
*
G17 - Glu - Glu - Ala - Tyr - Gly - Trp - Met - Asp - Phe - NH,
*
Caerulein - GIn - Asn - Tyr - Thr - Gly - Trp - Met - Asp - Phe - NH,
*
Chicken Gastrin - His - Phe - Tyr - Pro - Asp - Trp - Met - Asp - Phe - NH,

Fig.. 1. Amino acid sequence of C-terminal nonapeptide of CCK and related
peptides. The common C-terminal tetrapeptide is identified in bold type. Note the
position of the tyrosine residue which determines specificity at different receptor
types (see text). The tyrosine (indicated by*) is normally sulphated (although in
gastrin about 50% of naturally occurring peptide is in the unsulphated form)

been reported somewhat earlier. Soon after, the amphibian skin peptide
caerulein was characterized as a member of the same group [see 7]. The
important common structural feature of these peptides is the C-terminal
tetrapeptide Trp-Met-Asp-Phe-NH, (Fig. 1); this is preceded by a tyrosine-
containing sequence in the configuration Tyr-X-Trp-(gastrin) or Tyr-X-X-
Trp-(CCK/caerulein). The tyrosine is interesting because it occurs in the
sulphated state. Virtually all naturally occurring CCK in brain and gut, and
caerulein in amphibian skin, is in the sulphated form, but usually only about
50% of gastrin from normal antral mucosa is sulphated. The high affinity of
CCK for gall bladder and pancreatic acinar cell receptors is conferred by a
sulphated tyrosine at position 7 from the C-terminal. Desulphation, or
shifting the tyrosine from this position, markedly reduces activity at these
targets and produces a gastrin-like spectrum of actions (i.e. high potency for
stimulation of acid secretion, low potency on gall bladder and pancreas).
Recent studies on chicken gastrin provide an interesting exception to these
generalizations [4]. Chicken gastrin, as its name suggests, stimulates gastric
acid secretion (in birds and mammals) with high potency, but has low
potency for stimulation of the pancreas and gall bladder. Its sequence,
however, is CCK-like. It seems that, in this case, there is a Pro residue in
the sequence Tyr-Pro-X-Trp-that serves the purpose of shifting the orienta-
tion of the side chain of the sulphated tyrosine residue relative to the C-
terminal thereby changing selectivity for different receptor subtypes.

Molecular Forms of CCK

Mutt and Jorpes characterized CCK as a peptide of 33 residues (CCK33),
and later a variant of 39 residues (CCK39) extended at the N-terminus
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was described [21]. Although CCK8 was quite widely used as a con-
venient synthetic analogue from about 1970 onwards, it was not imme-
diately realized that this fragment might exist naturally in its own right.
Chromatographic and radioimmunoassay studies first suggested that CCK
might occur in brain as CCK8 [5,6,20,24], and this was verified by isolation
and sequencing [8]. Subsequently, many different forms of CCK have been
chemically characterized by isolation from either brain or gut. In man and
pig the major forms are the peptides of 8, 33, 39 and 58 residues [9,14,28].
In rat intestine, CCK22 appears to be a relatively important form [12]. The
smallest form to be chemically characterized is the C-terminal pentapeptide
(gastrin or CCKS5) [26], but as this has relatively low affinity for CCK
receptors, its significance is not known. In addition to the major peptides a
number of other forms have been chemically identified, e.g. CCK25, 18
and 7, but the significance of these forms is also unknown at present [23].
The different forms are produced by alternative processing of the CCK
precursor, and their relative abundance varies between tissues, probably as
a consequence of different patterns of post-translational processing (see
below). The smaller forms are relatively acidic and are well extracted in
boiling water, but the larger forms carry a net positive charge and are best
extracted in acid.

The CCK Gene

Deschenes et al. [2] cloned DNA complimentary to the CCK mRNA from
rat medullary thyroid carcinoma cell lines. The cDNA sequence indicated
a single copy of CCK, a characteristic signal sequence and an overall pre-
cursor size of 115 residues (Fig. 2). Subsequently, homologous cDNA
sequences for human, mouse and pig preproCCK have been elucidated
[15,16,18]. The homology between these sequences is particularly striking in
the CCKS8 region, and in the immediate C- and N-terminal regions to it. The
first genomic sequence was reported by Deschenes et al. [3] for material
cloned from a rat liver genomic library using probes derived from the rat
cDNA previously obtained by them. They identified three exons separated
by two relatively large (approximately 1 and 5 kbp) introns. The first exon
corresponds to the 5’ untranslated region, the second, to the signal sequence
and the third, to most of the CCK33 region and the remaining C-terminal
part of proCCK. The second and third exons of the human gene are
similarly organized [27]. The transcription start site was identified 29 bp 3’
to a TATA-like sequence. A promoter region has been found within —144
bp of the transcription start site, although it has still to be characterized in
detail. The available evidence suggests that there is a single gene which is
expressed from the same start site in both CNS neurons and gut endocrine
cells [15,16]. Recent studies suggest that transcription in gut endocrine cells
is controlled by the luminal environment of the small intestine [19]. In
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Fig. 2. Schematic representation of the CCK gene, CCK mRNA, and preproCCK
showing their interrelationships and the relevant major biologically active products
(CCK 8,33,39 and 58). Shaded boxes indicate nucleotide sequences that corre-
sponded to the translated regions in preproCCK; open boxes indicate untranslated
sequences, and the stippled region is the signal peptide

particular, trypsin inhibitors, which are known to act as CCK releasers, also
increased rat small intestinal CCK mRNA, probably by increasing gene
expression, although the cellular mechanisms mediating this effect are still
not understood. Humoral factors are also important, and for example the
levels of CCK mRNA in rat intestine have been reported to be depressed by
somatostatin [17].

Post-Translational Processing

The conversion of preproCCK to its active products involves at least five
different steps. Not all have been worked out in detail, but it is possible
to deduce some of them by analogy with other well-studied peptides and
from examination of naturally occurring fragments and forms. The first
step involves removal of the signal sequence (probably residues 1-20 of
preproCCK), and occurs in the endoplasmic reticulum. Thereafter proCCK
enters the Golgi where tyrosine sulphation occurs. In addition to the tyro-
sine in the C-terminus of CCK, there are three other tyrosines in proCCK.
One in the N-terminus of CCK39, and two in the extreme C-terminal region
of the precursor. In three cases the tyrosine residue is preceded by one or
more acidic residues, which is a consensus sequence for sulphation; all these
tyrosines are virtually fully sulphated [13,29]. In the fourth case (the N-
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terminus of CCK39) the tyrosine is not preceded by acidic residues and is
unsulphated.

The three remaining steps in CCK processing involve cleavage by endo-
peptidase and carboxypeptidase B-like enzymes and finally C-terminal
amidation. The endopeptidase cleavage of proCCK is interesting in that in
many instances, e.g. the N-terminal side of CCKS, 33, 39 and 58, the chain
is cleaved at single Arg residues. In contrast, the cleavage at the C-terminus
of the active forms occurs at a pair of arginines. Whether or not there are
two different endopeptides involved remains uncertain. In any event, it is
clear that after endopeptidase cleavage the remaining C-terminal arginine
residues are removed by a carboxypeptidase B-like enzyme. The N-terminal
fragments generated by cleavage to yield CCKS8 have been characterized [1,
11]. The intermediates generated immediately prior to C-terminal amidation
of the active forms, i.e. Gly-extended CCK, have also been characterized
[25].

There seems to be general agreement that differences in the patterns of
forms of CCK are found in brain and gut [6,10,24]. These are attributable to
variation in post-translational processing pathways. In neurons CCKS8 is a
major product, and in endocrine cells the larger forms predominate. The
affinity of different peptides for known CCK receptors is probably very
similar. However, smaller peptides like CCK8 may be more readily cleared
than larger forms on passage through the liver. For this reason CCKS8
released from gut endocrine cells may make only a minor contribution to the
total CCK activity in the systemic circulation.

Acknowledgements. The help of Christine Carter in the preparation of the manu-
script is gratefully acknowledged.
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The Morphological Localization of Cholecystokinin
and Its Binding Sites
in the Diffuse Neuroendocrine System

A.E. BisHop, Y.D. ZHA0, D.R. SPRINGALL, and J.M. PoLak’

Introduction

Cholecystokinin (CCK) clearly belongs to the group of substances known as
brain-gut peptides; it functions both as a neuropeptide and a gut hormone.
A major hindrance to the investigation of CCK localization has been the
fact that its C-terminal pentapeptide is identical to that of another major gut
peptide, gastrin. These amino acids are responsible for the biological activity
of the peptides, with differential specificity of action being conferred by
the adjacent residues. This common sequence led to much controversy
concerning the activities and localizations of CCK and gastrin but the devel-
opment of antibodies specific for defined regions of each peptide has helped
to resolve many of the complications.

This chapter describes the localization of the various molecular forms of
CCK and its mRNA in the cells of the diffuse neuroendocrine system and
the morphological analysis of its target sites.

Technology

The cytological techniques employed for the morphological study of CCK
and other peptides include:

1. Immunocytochemistry, used at both light and electron microscopical
levels to establish the distribution of the peptide and its receptors.

2. In situ hybridization, for demonstration of peptide gene expression.

3. In vitro autoradiography, for examination of peptide receptors with
respect to histology.

Localization of Peptides: Immunocytochemistry

Light Microscopy

Immunocytochemistry has been the major means of identifying the cells of
origin of peptides. There was a considerable time interval between the
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discovery of gut hormones and the advent of reliable immunohistochemical
methods. The slow progress was due to several factors. Primarily, extraction
of peptides was difficult, both because of their rapid degradation and the
diffuse nature of gut endocrine cells, and so there was a lack of appropriate
antibodies. However, these problems were overcome, and today a wide
range of antisera is available to whole sequences or fragments of natural
and synthetic bioactive peptides and their precursors or variants. Several
techniques are available for the immunocytochemistry of peptides [see 39].
These include methods which result in permanent stains, for example the
unlabelled antibody enzyme [56] and avidin biotin complex [20] methods,
and fluorescent labelling techniques [6]. The choice of method is usually
open to individual preference but, in general, permanent stains are used in
diagnostic histopathology whilst fluorescent techniques are preferred for
immunocytochemistry of nerves as they render the morphology of fibres
easier to discern.

Electron Microscopy

As with light microscopy, several methods have been developed for the
immunocytochemistry of peptides at the ultrastructural level. Initially, elec-
tron microscopic profiles of peptide-producing cells were determined using
the semithin-thin technique, which compares light microscopical immu-
nostains with electron microscopy of the same cells in serial sections [40].
The major advance in this field was the use of the peroxidase-antiperoxidase
method, as osmication renders diaminobenzidine electron-dense. Thus, it
became possible to localize peptides to individual secretory granules in cells.
However, the peroxidase-antiperoxidase method is limited; for example, the
final reaction product can spread and obscure the cell ultrastructure. Also, a
single cell can contain a heterogeneous population of granules, or co-storage
of peptides can occur in a single granule. To study such occurrences, mul-
tiple simultaneous immunostains are needed, and they cannot be achieved
with the peroxidase-antiperoxidase technique. The use of gold-labelled
antisera removes these limitations. Colloidal gold is electron-dense, and
a number of methods take advantage of this fact. These include the im-
munogold staining (IGS) technique, a simple, two-step method [9], and both
the protein A gold [50] and the gold-labelled antigen detection (GLAD)
[26] techniques. Multiple immunostains can be made using colloidal gold
particles of different sizes.

Localization of Peptide Gene Expression: In Situ Hybridization'

Immunocytochemistry localizes the final peptide product of enocrine cells,
while in situ hybridization allows analysis of mRNA species directing
peptide synthesis. Thus, using this method, information can be derived on
the site, rate and control of peptide gene expression. In situ hybridization
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uses the capacity of complementary nucleic acid sequences to hybridize
within a cell. Single or double stranded DNA or RNA probes can be used
and are mostly radiolabelled and/or biotinylated to allow visualization of
hybridization sites in tissue preparations [see 38].

Localization and Characterization of Peptide Binding Sites

The extensive literature on peptide binding sites mainly describes work on
isolated cell or membrane preparations. Such an approach gives only limited
information on the exact distribution of target cells and their anatomical
relationships with other tissue structures; moreover, it is possible that re-
ceptor characteristics can be altered by the process of cell or membrane
isolation. Morphological methods can be used to provide more detailed
information on receptor distributions. Specific receptors can be immu-
nostained using anti-idiotypic antibodies [13], but this method does not
allow full analysis of receptor kinetics. The use of divalent ligand which
binds to receptors and then is visualized using electron immunocytochemistry
[25] is also limited in that no quantitative data can be derived; but it remains
useful for tissues where only low numbers of active receptors are present
and a very sensitive means of detection is needed.

In vitro autoradiography [62] has been used with great success for the
localization and full kinetic characterization of peptide receptors, combined
with histological analysis. Basically, the method involves incubation of a
histological preparation with a radiolabelled peptide. Autoradiography is
used to identify ligand binding sites. Autoradiographs can be generated on
film or on emulsion-coated coverslips. The latter has the advantage of allow-
ing comparison of the distribution of target cells with the general histology
of the tissue preparation. The kinetics of the receptors can be studied using
computerized image analysis of optical density in autoradiographs [see 43].

Cellular Localization of CCK

Brain-Gut Axis

The several forms of CCK which have been desribed in mammals show
some evidence of differential distributions. In the gut, the major forms of
CCK are CCK-33 (the original form identified by the arduous work of Mutt
and Jorpes [33]) and the N-terminally extended molecules CCK-39 and
CCK-58. In nervous tissue, the biologically active C-terminal octapeptide of
CCK is the main form [11,46]. Molecular cloning has shown that both brain
and gut contain a 114 amino acid precursor form of CCK [17] but the
mechanisms underlying the differences in post-translational processing of
this molecule in neuronal and endocrine cells have yet to be defined. Tetrin,
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Fig. 1. A Scattered CCK cells immunostained in the villi and crypts of human
duodenum using the peroxidase anti-peroxidase method. The section was counter-
stained with haematoxylin. B High-power micrograph of a CCK-immunoreactive
cell in the human duodenum showing its characteristic flask shape and lumenal
connection
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the common C-terminal tetrapeptide amine of CCK and gastrin, has also
been described as a separate entity and appears to be produced by both the
gastrointestinal and nervous systems [28,45].

Endocrine Cells

The first localization of CCK to gut endocrine cells was reported in the mid-
1970s [5,41]. The cells were immunostained using antibodies to natural
CCK-33 in duodenum (Fig. 1) and jejunum of man, dog and pig. Electron
microscopy [41] identified the CCK-immunoreactive cells as the I cells of
the modified Wiesbaden classification [55] (Fig. 2). However, these initial
studies were not wholly satisfactory as some cross-reaction of the anti-CCK
sera with G cells was observed. This problem of cross-reactivity was re-
solved when the central 9-20 dodecapeptide sequence of CCK was syn-
thesized and antibodies to it became available. Subsequent light [42] and
electron [3] microscopical studies made with these antibodies successfully
confirmed the original circumstantial evidence that the I cell produces CCK.
Conversely, the production of gastrin by an intestinal cell type completely
separate from I cells was demonstrated using a series of antibodies to
distinct regions of the gastrin-34 molecule [4].

More recently, in situ hybridization has been used to study the cells
producing gastrin and CCK in the human gut. Using biotinylated DNA

Fig. 2. Electron micrograph of a CCK (or I) cell. Typical electron-dense granules of
250 nm diameter can be seen
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probes it was possible to show that cells with CCK mRNA are confined to
the small intestine and do not contain gastrin mRNA [61].

Nerves

The first suggestion of a neural origin for a CCK-related peptide came
in 1975 when Vanderhaegen and co-workers described the exstence of a
brain peptide which reacted with antibodies raised to gastrin. Subsequent
investigations revealed that CCK is present in very high concentrations in
several regions of the brain, particularly the cerebral cortex, hippocampus,
amygdala and hypothalamus [10,32,46,48] (Fig. 3). CCK-immunoreactive
nerve cell bodies and fibres are abundant in all areas shown to have a high
CCK concentration [21,29,31,36]. CCK-like immunoreactivity has been
found to co-exist in the brain with other transmitters; it is present in
dopaminergic neurons of the ventral mesencephalon of several mammals
including man, and in the serotoninergic neurons of the medulla oblongata
of rat, and it is co-stored with gamma-aminobutyric acid (GABA) in cortex
and hippocampus of cat, monkey and rat [see 19].

Abundant CCK immunoreactivity has also been found in the dorsal
horn of the spinal cord, in fibres corresponding to the central branches of
primary sensory neurons [7,15,23] (Fig. 4) and the peptide is colocalized
with substance P in cells of the dorsal root ganglia [7]. CCK immunoreac-
tivity has been reported in large cell bodies in the ventral spinal cord but this

Fig. 3. CCK-immunoreactive neurons and nerve terminals in the pyramidal cell layer
of rat hippocampus
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Fig. 4A
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Fig. 4. A The distribution of CCK-immunoreactive fibres and cell bodies in (from
top to bottom) cervical, thoracic, lumbar and sacral segments of rat spinal cord.
B CCK-immunoreactive fibres in the dorsal spinal cord of the L, segment of the rat
spinal cord 14 days following application of capsaicin to one sciatic nerve (1,2).
There is a marked loss of immunoreactivity from the ipsilateral side (I) compared
with the intact (2) side of the spinal cord. This provides evidence that a major
component of CCK immunoreactivity in the spinal cord derives from primary sen-
sory neurones located in the dorsal root ganglia. A similar loss of substance P
immunoreactivity occurs in the L, dorsal spinal cord after local application of
capsaicin to one sciatic nerve: ipislateral (3) contralateral dorsal horn (4). Note
similar distributions of CCK and substance P immunoreactivities in the spinal cord
and in the dorsal root ganglia immunoreactivities for these two peptides often occur
in the same subpopulation of neurones. CCK-immunoreactive fibres and multipolar,
magnocellular cell bodies in lamina X, the area around the central canal in rat spinal
cord (5). CCK-immunoreactive fibres concentrated around preganglionic neurones in
the intermediolateral cell column of the rat thoracic spinal cord (6)

finding has been shown recently to be the result of cross-reactivity between
antisera to CCK and calcitonin gene-related peptide in the cells [60]. Cell
bodies located around the central canal represent authentic CCK-producing
cells.

A neuronal localization of gastrointestinal CCK was first revealed in
1979 [29,46]. As in brain, the CCK-8 form predominates in gut nerves, and
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the concentration of CCK immunoreactivity in the myenteric plexus and
longitudinal muscle of guinea pig jejunum has been reported to be about
15% of that in the mucosa [10]. The most detailed studies of the distribution
of CCK-immunoreactive gut nerves have been made in the rat and guinea
pig [30,53]. Some CCK nerves in the gut are supplied by afferent vagal
fibres. Intrinsic neurons lie in the submucous plexus from where they project
to the mucosa and the myenteric plexus. The latter neurons project in
several direction: along the myenteric plexus in an anal direction to other
ganglia, to the Submucous plexus, to the mucosa and to preverteabral
ganglia. Early studies [53] showed that, in the proximal colon of guinea pig,
CCK immunoreactivity is co-localized with somatostatin in neuronal cell
bodies of the submucous plexus. More recently, it has been demonstrated
that CCK in the submucosa occurs in nerves which also contain not only
somatostatin but also neuropeptide Y, calcitonin gene-related peptide and
choline acetyltransferase, which synthesizes acetylcholine. Some neurons
showing this pattern of transmitter co-localization can be found in the
myenteric plexus, where they show a Dogiel Type III morphology. CCK
also occurs in this plexus in neurons with the appearance of Dogiel Type I
cells, and these also contain vasoactive intestinal polypeptide, dynorphin,
enkephalin and gastrin-releasing peptide.

Other Localizations

Although in most mammals CCK is produced in gut, by both endocrine cells
and nerves, and in the CNS, cell types in other organs have been reported to
produce it. Nerves containing immunoreactivity for the common C-terminal
tetrapeptide of CCK and gastrin have been described in the pancreatic
islets of pig, cat and hamster [47]. These nerves were also found in pan-
creatic ganglia, surrounding non-immunoreactive neuronal cell bodies.
The CCK-immunoreactive nerves in islets showed a beaded appearance,
suggestive of axon terminals. These findings, along with the observation
that CCK-4 is a more potent stimulator of insulin release than larger gastrin
and CCK molecules [44], were taken to suggest that the peptide mediates
neural control of islet hormone secretion. The parafollicular cells of the rat
thyroid were found, at light and electron microscopical levels to contain
immunoreactivity for the C-terminal tetrapeptide of CCK/gastrin [1,27],
although antibodies to other regions of the CCK molecule did not immu-
nostain cells. Likewise, a CCK-like peptide has been localized to A-cells of
the human and rat pancreas [16], cells which are notorious for causing non-
specific adherence of antibodies.

CCK can sometimes be found outside the brain-gut axis in nerves which
appear to be sensory in nature. For example, a CCK-like peptide is present
in ocular nerves originating from the trigeminal ganglion [2,24]. An unusual
localization of CCK is in monkey spermatozoa, where immunoreactivity
is found in the acrosome [34,35]. In addition, low concentrations of CCK
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have been detected in feline nasal mucosa and lung [37] and, although
the endocrine cell or nerve of origin has not yet been identified, CCK
octapeptide has been shown to cause contractile responses in guinea pig
trachea and human bronchus [57].

In Vitro Autoradiography of CCK Binding Sites

Numerous studies have been made using isolated cell or membrane pre-
parations on the interaction of CCK with receptors in the brain, and pancreas
(see Miller this volume, for review). However, information on the anatom-
ical distribution of these receptors in intact tissues is limited. In addition, it
is possible that the process of cell/membrane isolation may affect peptide
binding characteristics. We now describe previous reports on the use of in
vitro autoradiography to map CCK binding sites and give the previously
unpublished results of a study of CCK receptors in guinea pig lung.

Gut and Pancreas

As part of its satiety effect, CCK inhibits gastric emptying at physiological
doses [14]. The exact sites where the peptide mediates this action in rat gut
have been revealed by in vitro autoradiography using '*°I-labelled CCK-33
[54]. Sections of all areas of rat gut were incubated with the radiolabelled
peptide but the localization of receptors was restricted to the circular muscle
of the pyloric sphincter. The relative affinity of these receptors for gastrin
was not established. CCK is known to contract pyloric sphincter [18] and,
thus, it appears that a direct effect of CCK on the muscle delays gastric
emptying. Examination of CCK-33 binding sites using a similar approach in
the developing rat upper gastrointestinal tract showed that the pyloric CCK
binding occurred from the earliest stage examined (day 17 of gestation) [49].
Additional binding of radiolabelled CCK-33 was seen in the mucosa and
antral muscle but this disappeared during post-natal development.

The advantages of using in vitro autoradiography were highlighted in a
recent study which compares CCK receptors on gall bladder muscle with
those on pancreatic acinar cells. Although much work has been done on
pancreatic acinar cells, the problems of obtaining adequate material from
small animals meant that binding studies on gall bladder were limited to
bovine membrane preparations. With in vitro autoradiography, using '*°I-
labelled CCK-8, it was possible to localize and characterize CCK receptors
in guinea pig gall bladder and pancreatic acini under identical conditions
[59]. The results showed that CCK receptors were present on the smooth
muscle of the gall bladder and spread diffusely on pancreatic acinar cells,
and that binding sites in both tissues have similar affinites for various
agonists and antagonists.
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Two studies have used combined electron and light microscopy and
autoradiography to examine in detail the distribution of CCK-receptors in
endocrine and exocrine components of the rat pancreas. Saturable CCK
binding sites were identified in islet cells of isolated pancreas perfused
with *I-labelled Bolton Hunter-CCK-33 [52]. Binding was also seen to
acinar cells and ducts. In islets, the densest binding was seen to B (insulin-
producing) cells, which accounted for 69% of the total specific binding.
In the other study [51], only acinar cells were examined, and electron
microscope autoradiographs localized binding of the same ligand to the
basolateral plasmalemma of the cells. It was estimated that each acinar
cell possessed between 5000 and 10000 CCK binding sites. In vitro auto-
radiography of '*I-labelled CCK-33 in the developing rat pancreas failed to

demonstrate binding until between 3 and 10 days of post-natal development
[49].

Brain

In view of the difficulty of obtaining homogenates of specific brain nuclei, in
vitro autoradiography has been a major aid to the anatomical study of
central receptors. Thus, many studies have used this technique to localize
and characterize CCK binding sites in the brain. CCK receptors are widely
distributed in the CNS, with the highest densities of binding being found in
cortical, olfactory, visual and limbic systems [see 12,22]. In the cortex,
binding sites show a laminar distribution, with the densest binding being
seen in layers II-IV and VI. CCK-immunoreactive neurons are also found
in layers II and III, where cortical association neurons occur, suggesting
that CCK acts in the processing of cortical-cortical information. In vitro
autoradiography shows that, within the olfactory and visual systems, the
receptors occur on axons and may mediate pre-synaptic modification of the
sensory input to the CNS. In the limbic system, CCK receptors appear to act
in the modulation of emotions and are concentrated in mammillary nuclei,
the hippocampus and the amygdala.

Lung

The work described in this section was carried out in collaboration with
Dr. M.K. Church, Clinical Pharmacology Group, Southampton General
Hospital, Southampton, UK. Recent studies have questioned the role of
CCK-8 in the physiology of trachea in both normal and sensitized guinea
pigs [57]. CCK is a potent constrictor of the trachea in normal guinea pigs,
and the effect is significantly enhanced in animals that have been sensitized
to ovalbumin. The precise localization of binding sites in the respiratory
tract of guinea pig is uncertain; thus binding sites were localized in tissue
sections from guinea pig respiratory tract using in vitro autoradiography to
determine the sites of action of CCK. The results were compared with the
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morphology of the tissues demonstrated by various histological techniques,
including haematoxylin and eosin staining, toluidine blue staining and elec-
tron microscopy, in order to identify the labelled cell type. Guinea pigs
with acute respiratory infection were compared with normal controls. The
trachea and lungs were dissected out of all animals and unfixed cryostat
sections were incubated with '*I-labelled CCK-8 in the absence or presence

Fig. SA-D. ®I-labelled CCK-8 binding to guinea pig trachea and lung. A Cryostat
section (10 um) of guinea pig trachea incubated with '*-labelled CCK-8 alone and
exposed to Hyperfilm-*H. B Specific binding is observed on the epithelium and
submucosa that is inhibited competitively in the presence of unlabelled peptide. C
Section of guinea pig lung showing binding of *I-labelled CCK-8 to scattered
regions of lung parenchyma. D The labelling is also inhibited in the presence of
excess unlabelled peptide. Bar = 1mm



22 A E. BisHor et al.

of excess unlabelled CCK-8 (nonsulphated form). Autoradiographs were
generated either on film or by dipping the slides in photographic emuision.
The characteristics of the CCK-8 binding sites were determined using com-
puterized image analysis of the generated autoradiographs (IBAS, Kontron).
The inflammatory response in the animals with respiratory infections con-
sisted of eosinophilic cell infiltration in the trachea and lung. The eosinophil

Fig. 6A-D. Emulsion-dipped sections of guinea pig trachea showing (A) localization
of binding sites to scattered cells in the epithelium (arrows in A and B). B Serial
section showing that the labelling is inhibited by co-incubation with an excess of
unlabelled CCK-8. C Haematoxylin and eosin-stained section of guinea pig trachea.
Scattered eosinophilic cells are seen in the epithelium (arrow). (Bar 50 um). Inset
electron micrograph shows cytoplasmic granules (arrows) with dense, crystalloid
cores characteristic of eosinophils. D Localization of *I-labelled CCK binding sites
to scattered cells (arrows) in bronchioles
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migration was observed in epithelium and basement membrane of the
epithelium and surrounding connective tissues of the trachea, bronchi, and
bronchioles. This was also seen in the alveoli and pulmonary vascular bed.

Examination of autoradiographs of normal guinea pig lung showed no
evidence of *’I-labelled CCK-8 binding sites. In infected lung, labelling was
seen over the epithelium, submucosa and connective tissues around cartilage
and small blood vessels of trachea, the airway septa and bronchioles of lung
(Fig. 5). Analysis of the autoradiographs showed that the binding of 12°I-
labelled CCK-8 to tissue sections was rapid and saturable with an ICsq of 0.5
X 1077 for trachea and lung. Scatchard analysis showed the affinity of
binding sites with a maximum binding capacity (Bay) of 53.3 amol/mm? and
a binding constant (Ky) of 44.2 nM. Microscopical examination of emulsion-
dipped slides of respiratory tract showed the silver grains clustering on the
eosinophilic cells located on the epithelial basement membrane, submucosa
and small blood vessels around trachea and bronchi (Fig. 6). Ultrastructural
analysis of these cells showed that they possessed specific granules contain-
ing dense crystalloid structures parallel to the long axis of the granules and
were thus identified as eosinophils. The binding obtained could only be dis-
placed by CCK-8 in a nonsulphated form. These results suggest that CCK-8
binding sites may be involved in the regulation of synthesis and release of
eosinophil products which cause epithelial damage and bronchoconstriction
in the lung. CCK-8 may thus play a crucial role in the pathogenesis of
various respiratory tract diseases.

Conclusions

In the 15 years since CCK was first localized to a specific cell type, mor-
phological techniques have provided crucial information on the distribution
and sites of action of the various molecular forms of this peptide. The
advent of new technology, in the form of molecular biological methods, will
no doubt continue to maintain the important role of histology in CCK
research.
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Heterogeneity of CCK Receptors:
Classification and Characterization*

L.J. MiLLER!

Receptors which recognize cholecystokinin (CCK) peptides are particularly
interesting and notable, both for their similarities and for their differences.
There appear to be a family of such receptors which will likely be homol-
ogous, yet possess exquisite differences in their structural specficities.

Targets of CCK

There are a large number of cell types which are targets for this family
of hormones (CCK and gastrin). These are much more widespread than
the classical targets for CCK, the pancreatic acinar cell and gallbladder
muscularis smooth muscle cell, and for gastrin, the parietal cell. Additional
potential targets include the brain, spinal cord, peripheral neural structures
including many areas of the enteric plexuses, smooth muscle along the gut
from esophagus to colon, endocrine cells along the gut and pancreas, chief
cells, and various tumors such as small cell carcinomas and carcinoids.

CCK Receptor Classification

If one were to accept all the observations from all the laboratories working
on all these tissues from multiple species, noting absolute and relative
potencies for biological activities, binding affinities of a series of agonists
and antagonists, and biochemical characterization, there would be literally
tens of different receptor types, or at least subtypes, for these hormones.
Experience tells us that there are good reasons for apparent and even real
differences in some of these paramenters, while still dealing with a single
type of receptor. We believe that, at this time, we should approach this
categorization cautiously. The most conservative such classification would
suggest the presence of two or three major types of receptors for CCK and
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gastrin. There are clearly distinguishable type A and B CCK receptors, and
possibly a distinct gastrin receptor, which has many features in common with
the B receptor.

The type A receptor is characterized by a basic minimal requirement
for the C-terminal heptapeptide, including the tyrosine sulfate [8]. Further
shortening of the peptide ligand shifts biological activity and binding curves
several orders of magnitude to the right. It is typical for these receptors to
have relative affinities for CCK-8 which are approximately 500 times that for
desulfated CCK-8, and 10000 times that for CCK-4. This type of specificity
is observed in receptors on the pancreatic acinar cell and islets, the gall-
bladder muscularis smooth muscle, pyloric smooth muscle, neurons in the
lower esophageal sphincter and myenteric plexus, and certain brain nuclei
including the interpeduncular nucleus, the area postrema, and the nucleus
tractus solitarius. )

The type B receptor is characterized by a basic minimal requirement for
the C-terminal tetrapeptide [8]. It is typical for these receptors to have
relative affinities for CCK-8 which are approximately ten times that for
desulfated CCK-8, gastrin, and even CCK-4. This is clearly much less
selective than the type A receptor. The typical target is the predominant
brain receptor, widely distributed through the cerebral cortex. This type of
specificity is also observed on some small cell carcinoma lines and on gastric
and enteric smooth muscle from some species, while that in other species
appears more like a gastrin receptor [16,17].

The typical gastrin receptor also has a basic minimal requirement for the
C-terminal tetrapeptide [8]. It differs, however, in that it recognizes gastrin
and CCK essentially identically. Here, too, the affinities for desulfated
CCK peptides and for CCK-4 are lower than those for CCK-8 and gastrin.
Desulfated CCK-8 has an afinity approximately 100 times less than CCK-8,
and CCK-4 has an affinity approximately 600 times less than CCK-8. The
classical target is the gastric parietal cell, but some gastric and enteric
smooth muscle cells appear to have the same specificity. In addition, some
cells with typical type A CCK receptors appear to have gastrin receptors as
well [34]. This seems to be peculiar to some species. The methodology to
adequately distinguish one type receptor from another, particularly when
they are present in divergent numbers of sites, is just beginning to evolve.

Conformation of Ligands Recognized by CCK Receptors

Since most linear peptides are quite flexible, able to assume a large num-
ber of configurations, linear structure-activity data provide little about
the recognition requircments of a particular receptor. Much more useful
are conformationally restricted compounds, which might take the form of
peptides with unnatural amino acids or cyclization or cross-bridges, and
might be non-peptide molecules. There are now examples of both kinds of
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molecules which are capable of interacting with CCK receptors [3,5,7,25,
28]. Most of the agonists in this group are relatively selective for the type B
receptor. These would seem to limit the peptides’ ability to linearize — all
would favor some kind of a bend in the peptide. In fact, several of the
predicted structures using computer modeling would be consistent with this.
It has been postulated that the peptide is folded while interacting with the
type B receptor, and somewhat elongated while interacting with the type A
receptor.

A selective type A CCK receptor agonist has recently been reported
[12]. Replacement of the aspartate in position 32 of CCK with its N-methyl
derivative makes this molecule 700 times more selective for type A receptors
than type B receptors, while maintaining potency equal to that of native
CCK-8. Unfortunately, this modification would not be expected to yield a
conformationally restricted product, and therefore provides little insight into
the structural requirements for activation of the type A receptor.

CCK-Receptor Antagonists

Notable insights have come from the much more rigid, non-peptide mol-
ecules which are antagonists. It would be particularly interesting if it were
possible to modify one of these to yield a selective agonist, however, to date
this has not been reported. The story of the development of antagonists for
this family of hormones is quite extraordinary, and makes a particularly
strong case for rational drug design. Since this is the focus of much of this
volume, we will provide only a brief overview. Many compounds have
been shown to antagonize CCK action. These may be grouped into several
classes.

The first class described represents derivatives of cyclic nucleotides
[23]. These are extremely weak antagonists, with Bt2cGMP being the
most potent, having a K; of 0.1mM. The mechanism of action of these
has never been clear. The second class includes amino acid derivatives,
like proglumide, benzotript, and carbobenzoxy amino acids [8,15]. An
extensive structure-activity series based on proglumide has been studied.
One of the derivatives (lorglumide) has a K; of 0.1 M. The third class of
antagonists represent C-terminal analogues of CCK, incorporating deletions
and C-terminal modifications [8,15]. At a number of different receptors, it
has been possible to uncouple binding from activation. The idea is to
remove a group critical for biological activity while maintaining a reasonable
binding affinity. This is true of CCK-27-32-amide, with a K; of 2uM.
Another interesting analogue of CCK replaces the phenylalanine amide with
a phenethyl ester, yielding a compound with a different shape of dose-
response curve from that of native hormone [6].

Finally, a most interesting class of compounds represents benzodiazepine
derivatives [5]. As part of a screening program of natural products, a
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fermentation product from Aspergillus alliaceus was found to have CCK-
antagonistic properties. The active compound was purified and charac-
terized, and named asperlicin. This was viewed as a 1,4-benzodiazepine with
a large 3-substituent derived from tryptophan and leucine and a quinazolone
fused to the 1,2 positions. At the time of discovery, this was the first
antagonist to show selectivity for the CCK receptors from different tissues,
thus confirming the presence of receptor subtypes. Through impressive
insight, that group has been able to focus on the important component parts
of this molecule to maintain activity, and, as a result of this, to develop a
series of totally synthetic non-peptide CCK-receptor antagonists [2,5].

The benzodiazepine moiety in these molecules seems to represent only a
vehicle for the placement of appropriate functional groups. A series of
related antagonists has recently been built upon a benzolactam structure,
which uses analogous functional groups [18]. Both of these structure-activity
series have been helpful to identify the critical components for interaction
with CCK receptors. In addition to the selectivity for type A CCK receptors
of the antagonists first developed, there are now also members of these
series of compounds which selectively antagonize type B CCK receptors
[13].

CCK Receptor Characterization

Several of the CCK receptors described above have been characterized
pharmacologically based on biological activity, functionally based on binding
activity, morphologically to determine cellular and subcellular localization,
and biochemically. Clearly resources are in place for the cDNAs for these
receptors to be cloned and sequenced. It will be fascinating to finally be able
to understand the structural basis for the varied specificities observed at
these receptors.

Biochemical Characterization of CCK Receptors

The biochemical characterization of receptors for CCK has provided notable
insight into the issue of homology and heterogeneity. This work has been
quite difficult due to the absence of a target particularly rich in receptors.
The most useful source for these receptors has been the healthy pancreatic
acinar cell, with approximately 5000 copies per cell [26]. A powerful tech-
nique for the characterization of sparse receptors is affinity labeling. In this,
receptors are identified on the basis of their specific binding to a high-affinity
radiolabeled probe, usually based on a native ligand for that receptor. An
important feature of such a probe is the ability to chemically attach it in
place. In simple affinity labeling, a bifunctional chemical cross-linker is
utilized, choosing it so that one end is appropriately reactive to bind to the
ligand probe and the other end is reactive with nucleophilic groups likely to
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be on the receptor. Another alternative is the specialized case of photo-
affinity labeling in which a photoreactive moiety is chosen for attachment to
or inclusion within the ligand probe, such that upon photolysis a highly
reactive intermediate is generated which can then react to form a covalent
bond with adjacent molecules. After cross-linking, the membrane proteins
are solubilized, separated on a sodium dodecyl sulfate-(SDS)-polyacrylamide
gel, and the labeled proteins are visualized by autoradiography.

The obvious initial choice for a probe for affinity labeling the CCK
receptor, given the requirements for high-affinity binding, high specific
radioactivity, and ability to be cross-linked in place, is Bolton-Hunter-labeled
CCK-33. Indeed, that was the first probe used to affinity label a pancreatic
membrane protein of M, = 80000 [26]. This was confirmed by a number of
groups using the same probe (variably described as between M, = 76000
and M, = 95000) [4,14,29,33].

To attempt to confirm the identification of that molecule as the recep-
tor, affinity labeling was attempted using shorter probes, in which the site of
cross-linking might be closer to the receptor-binding domain [19,21,22].
A series of such probes was developed and applied to this question. Of
note, the M, = 80000 protein previously labeled by CCK-33-based probes
was not the most prominent band specifically labeled using these probes.
Instead, these probes labeled a band that migrated at M, = 85000 — 95 000.
Carbohydrate characterization was performed to be certain that the two
glycoproteins were not the same protein which was differentially glycosylated
[20]. Indeed, the protein cores of these proteins were different, with the M;
= 80000 protein labeled by CCK-33 having a core of M; = 65000 [27] and
the M; = 85000 — 95000 protein labeled by short probes having a core
protein of M, = 42000 [20]. Protease peptide mapping of these core proteins
similarly demonstrated differences [10].

To gain insight into the identity of the hormone-binding subunit of
this receptor, another type of affinity-labeling probe was developed. This
represented probes with sites of covalent attachment located within the
theoretical receptor-binding domain, called ““intrinsic” probes [9,24]. To
accomplish this, a photolabile residue was incorporated into that domain,
such that receptor binding would not be disturbed excessively. Three probes
of this type have been reported [9,24]. Positioning nitro or azido derivatives
of phenylalanine in the position of Phe-33, or a nitrotryptophan in the
position of Trp-30, provided probes that were photolabile and had high
receptor binding affinities. Of note, all three “intrinsic”’ probes labeled the
same M, = 85000 — 95000 protein previously labeled by the “short” probes
[9,19,20,24]. Deglycosylation and peptide mapping studies confirmed this.
Thus, the evidence is reasonably strong that this represents the hormone-
binding subunit of the receptor.

Analogous studies have been performed with type A CCK receptors on
gallbladder muscularis smooth muscle from cow and man [30,32]. It is of
interest that the apparent size of the bovine gallbladder receptor is smaller
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(M, = 70000 — 85000) than the rat pancreatic receptor (M, = 85000 —
95 000). Further, the human gallbladder receptor (M, = 85000 — 95000) is a
different apparent size than the bovine receptor on the same target tissue,
but it is the same apparent size as the rat pancreatic receptor. Comparison
of deglycosylation and protease peptide mapping data from each of these
CCK targets has revealed that each of the two gallbladder receptors are
differentially glycosylated, with protein cores which are similar in size and
which map similarly to each other [31]. The gallbladder receptor protein
cores appear to be slightly different from that of the rat pancreatic receptor
[20,31]. This suggests that there is a family of proteins which represent type
A CCK receptors, and that there are species and organ differences in
glycosylation, and species and possibly organ differences in protein cores.

The type A CCK receptor on the CHP212 human neuroblastoma cell
line [1] has recently further supported this hypothesis [11]. This provided an
opportunity to study another human target and to compare it to the human
gallbladder receptor. Of interest, it was differentially glycosylated, but had a
protein core indistinguishable from that of the human gallbladder receptor.
Thus, the protein cores of type A CCK receptors from different tissues of a
single species appear to be well conserved.

The affinity labeling data available to date support the presence of a
family of related receptor molecules which represent type A CCK receptors
from different targets and different species. As similar data for type B
receptors become available, and as the genes encoding these molecules are
cloned and sequenced, it will be extremely interesting to define their struc-
tural similarities as well as their heterogeneity.

References

1. Barrett RW, Steffey ME, Wolfram CA (1989) Type-A cholecystokinin receptors
in CHP212 neuroblastoma cells: evidence for association with G protein and
activation of phosphoinositide hydrolysis. Mol Pharmacol 35:394—400

2. Chang RS, Chen TB, Bock MG, Freidinger RM, Chen R, Rosegay A, Lotti VJ
(1989) Characterization of the binding of [*H]JL-365260: a new potent and selec-
tive brain cholecystokinin (CCK-B) and gastrin receptor antagonist radioligand.
Mol Pharmacol 35:803-808

3. Durieux C, Corringer PJ, Bergeron F, Roques BP (1989) [*H]pBC 264, first
highly potent and very selective radioligand for CCK-B receptors. Eur J
Pharmacol 168:269-270

4. Fourmy D, Lopez P, Poirot S, Jimenez J, Dufresne M, Moroder L, Powers SP,
Vaysse N (1989) A new probe for affinity labelling pancreatic cholecystokinin
receptor with minor modification of its structure. Eur J Biochem 185:397-403

5. Freidinger RM (1989) Cholecystokinin and gastrin antagonists. Med Res Rev
9:271-290

6. Gaisano HY, Klueppelberg UG, Pinon DI, Pfenning MA, Powers SP, Miller LJ
(1989) Novel tool for the study of cholecystokinin-stimulated pancreatic enzyme
secretion. J Clin Invest 83:321-325

7. Hruby VJ, Fang S, Knapp R, Kazmierski W, Lui GK, Yamamura HI (1990)
Cholecystokinin analogs with high affinity and selectivity for brain versus



Heterogeneity of CCK Receptors 33

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

peripheral membrane receptors. In: Rivier JE, Marshall GR (eds) Peptides:
chemistry, structure and biology. ESCOM, Leiden, pp 53-55

Jensen RT, Wank SA, Rowley WH, Sato S, Gardner JD (1989) Interaction of
CCK with pancreatic acinar cells. Trends Pharmacol Sci 10:418-423
Klueppelberg UG, Gaisano HY, Powers SP, Miller LJ (1989) Use of a
nitrotryptophan-containing peptide for photoaffinity labeling the pancreatic
cholecystokinin receptor. Biochemistry 28:3463—3468

Klueppelberg UG, Powers SP, Miller LJ (1989) Protease peptide mapping of
affinity-labeled rat pancreatic cholecystokinin-binding proteins. Biochemistry
28:7124-7129

Klueppelberg UG, Molero X, Barrett RW, Miller LJ (1990) Biochemical
characterization of the cholecystokinin receptor on CHP212 human neuro-
blastoma cells. Mol Pharmacol (in press)

Lin CW, Holladay MW, Witte DG, Miller TR, Wolfram CAW, Bianchi BR,
Bennett MJ, Nadzan AM (1990) A71378: CCK agonist with high potency and
selectivity for CCK- A receptors. Am J Physiol 258:G648— G651

Lotti VJ, Chang RS (1989) A new potent and selective non-peptide gastrin
antagonist and brain cholecystokinin receptor (CCK-B) ligand: 1.-365260. Eur J
Pharmacol 162:273-280

Madison LD, Rosenzweig SA, Jamieson JD (1984) Use of the heterobifunctional
cross-linker m-maleimidobenzoyl N-hydroxysuccinimide ester to affinity label
cholecystokinin binding proteins on rat pancreatic plasma membranes. J Biol
Chem 259:14818-14823

Maton PN, Jensen RT, Gardner JD (1986) Cholecystokinin antagonists. Horm
Metab Res 18:2-9

Menozzi D, Gardner JD, Jensen RT, Maton PN (1989) Properties of receptors
for gastrin and CCK on gastric smooth muscle cells. Am J Physiol 257:G73-G79
Miller LJ (1984) Characterization of cholecystokinin receptors on human gastric
smooth muscle tumors. Am J Physiol 247:G402-G410

Parsons WH, Patchett AA, Holloway MK, Smith GM, Davidson JL, Lotti VJ,
Chang RSL (1989) Cholecystokinin antagonists. Synthesis and biological evalua-
tion of 3-substituted benzolactams. J Med Chem 32:1681—1685

Pearson RK, Miller LJ (1987) Affinity labeling of a novel cholecystokinin-
binding protein in rat pancreatic plasmalemma using new short probes for the
receptor. J Biol Chem 262:869-876

Pearson RK, Miller LJ, Hadac EM, Powers SP (1987) Analysis of the
carbohydrate composition of the pancreatic plasmalemmal glycoprotein affinity
labeled by short probes for the cholecystokinin receptor. J Biol Chem 262:
13850-13856

Pearson RK, Miller LJ, Powers SP, Hadac EM (1987) Biochemical characteriza-
tion of the pancreatic cholecystokinin receptor using monofunctional photo-
activatable probes. Pancreas 2:79-84

Pearson RK, Powers SP, Hadac EM, Gaisano H, Miller LJ (1987) Establish-
ment of a new short, protease-resistant, affinity labeling reagent for the
cholecystokinin receptor. Biochem Biophys Res Commun 147:346—353

Peikin SR, Costenbader CL, Gardner JD (1979) Actions of derivatives of
cyclic nucleotides on dispersed acini from guinea pig pancreas. Discovery of a
competitive antagonist of the action of cholecystokinin. J Biol Chem 254:
5321-5327

Powers SP, Fourmy D, Gaisano H, Miller LJ (1988) Intrinsic photoaffinity
labeling probes for cholecystokinin (CCK)-gastrin family receptors D-Tyr-Gly-
[N1e28:31 pNO,-Phe33)CCK-26-33). J Biol Chem 263:5295-5300

Rodriguez M, Lignon MF, Galas MC, Amblard M, Martinez J (1990) Highly
selective cyclic cholecystokinin analogs for central receptors. In: Rivier JE,
Marshall GR (eds) Peptides: chemistry, structure and biology. ESCOM, Leiden,
pp 108-110



34

26.

27.

28.

29.

30.

31.
32.

33.

34.

L.J. MiLLEr: Heterogeneity of CCK Receptors

Rosenzweig SA, Miller LJ, Jamieson JD (1983) Identification and localization of
cholecystokinin-binding sites on rat pancreatic plasma membranes and acinar
cells: a biochemical and autoradiographic study. J Cell Biol 96:1288—1297
Rosenzweig SA, Madison LD, Jamieson JD (1984) Analysis of cholecystokinin-
binding proteins using endo-beta-N-acetylglucosaminidase F. J Cell Biol 99:
1110-1116

Roy P, Charpentier B, Durieux C, Dor A, Roques BP (1990) Conformational
behavior of cyclic CCK-related peptides determined by 400-MHz 'H-NMR:
relationships with affinity and selectivity for brain receptors. Biopolymers 28:
69-79

Sakamoto C, Goldfine ID, Williams JA (1984) Pancreatic CCK receptors:
characterization of covalently labeled subunits. Biochem Biophys Res Commun
118:623-628

Schjoldager B, Molero X, Miller LJ (1989) Functional and biochemical charac-
terization of the human gallbladder muscularis cholecystokinin receptor.
Gastroenterology 96:1119-1125

Schjoldager B, Molero X, Miller LJ (1990) Gallbladder CCK receptors: species
differences in glycosylation of similar protein cores. Regul Pept 28:265-272
Shaw MJ, Hadac EM, Miller LJ (1987) Preparation of enriched plasma mem-
branes from bovine gallbladder muscularis for characterization of cholecystokinin
receptors. J Biol Chem 262:14313-14318

Svoboda M, Lambert M, Furnelle J, Christophe J (1982) Specific photoaffinity
crosslinking of ['*I|cholecystokinin to pancreatic plasma membranes. Evidence
for a disulfide-linked M, 76 000 peptide in cholecystokinin receptors. Regul Pept
4:163-172

Yu D-H, Huang SC, Wank SA, Mantey S, Gardner JD, Jensen RT (1990)
Pancreatic receptors for cholecystokinin: evidence fot three receptor classes. Am
J Physiol 258:G86—G95



Biological Actions of CCK in the Gastrointestinal Tract

T.E. SoLomoN!

CCK was first described over 60 years ago as a putative hormone that
caused gallbladder contraction in response to fat in the intestine [1]. Thirty-
five years later, it was shown that CCK was chemically identical with
pancreozymin [2], another putative hormone thought to cause pancreatic
enzyme secretion in response to fat and protein in the intestine [3]. In the
years since the discoveries of these two major actions, CCK has been found
to have many additional effects in the gastrointestinal tract and other organ
systems. Early progress consisted mainly of describing the effects of increas-
ingly pure preparations of CCK (including synthetic forms) and determining
responses of many target organs. These approaches provided a wealth of
data on the potential effects of CCK and continue to do so today, but they
do not define which of these many responses of the gastrointestinal tract to
exogenous stimulation are in fact regulated by endogenous CCK. Table 1
summarizes many of the reported actions of exogenous CCK.

The last 15 years have seen an explosion of new information about
this peptide, generated by methodological advances in peptide chemistry,
measurement of CCK in blood and tissue, and the development of specific
antagonists of CCK receptors. These new tools make it possible to define
the quantitative role of CCK in gastrointestinal function with increasing
certainty. At present, strong evidence supports CCK as a major regulator
of its two classical target actions, gallbladder contraction and exocrine
pancreatic secretion. CCK also appears to be important in regulating post-
prandial release of pancreatic polypeptide (PP). It is still controversial as
to whether CCK plays a major role in regulating gastric emptying, insulin
secretion, or gastric secretion. Other effects of CCK on gut motility, exo-
crine and endocrine secretion, cell growth and differentiation, and other
responses have not been studied in sufficient detail to allow evaluation of
their importance.

CCK is synthesized and released by specific populations of endocrine
cells and neurons in the gastrointestinal tract, implying that CCK may act
through endocrine and paracrine pathways and as a neurotransmitter to
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Table 1. Actions of exogenous CCK on gastro-
intestinal function

Target organ or function Effect

Billiary tract
Bile secretion
Gallbladder motility
Sphincter of Oddi motility -

++

Exocrine pancreas
Enzyme secretion
Bicarbonate secretion
Cell growth, enzyme synthesis

++ +

Endocrine pancreas
Insulin secretion
Pancreatic polypeptide secretion

++

Stomach
Acid secretion
Pepsinogen secretion
Somatostatin secretion
Emptying

I ++ +

+indicates stimulation, —indicates inhibition. In
addition, CCK administration affects motility of the
esophagus, small intestine, and colon; mucosal
growth; endocrine secretion of numerous peptides;
and neuronal activity in the gut among many other
responses.

regulate various gut functions. However, there is little information about
any mechanism of action for CCK other than the classical endocrine path-
way because of difficulties in studying paracrine and neurocrine mechanisms
in the intact, conscious (i.e., unanesthetized) organism. Progress is being
made in this area, and the near future should bring useful new findings
about these other potential pathways.

Several guidelines can be used to evaluate the importance of CCK in
endocrine regulation of a particular function of the gastrointestinal tract.
These criteria are described below, and examples are given of the experi-
mental approaches taken to satisfy each criterion. More detailed summaries
of the effects of CCK on specific target organs are found in other chapters in
this book.

First, CCK concentrations in the arterial supply of the responding organ
should increase in concert with the response. Ingestion of food is a well-
established stimulant of CCK release, and is, in fact, the only physiological
event known to increase plasma CCK. Thus, a very broad interpretation of
this criterion is that any physiologic response to a meal is potentially regulated
by circulating CCK. The plasma CCK response to food ingestion is caused
by the entry of protein, fat, and their digestion products into the upper small
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intestine [4]. While the intraluminal and cellular events that cause and
modulate CCK release from intestinal endocrine cells are still being defined,
it is a fact that plasma CCK increases in response to certain nutrients in the
intestinal lumen. Thus, if CCK is thought to mediate a physiologic response,
it should be reproduced by intestinal perfusion with these substances. It is
reasonable to expect correlation between the magnitude of the physiologic
response and the level of plasma CCK, which implies that temporal correla-
tion will also be seen. However, strong quantitative or temporal correlation
between plasma CCK levels and the physiologic response is not proof of
causality. Neither does the lack of such correlation disprove a regulatory
role for CCK, as there may be other inhibitory or stimulatory factors that
interact with CCK to obscure these correlations. In studies on the relation-
ship between food ingestion or intestinal perfusion with nutrients, plasma
CCK changes, and a physiologic response, it is most enlightening if the meal
is similar in amount, nutrient composition, and consistency to those eaten by
real people in the real world (or by real dogs, rats, pigs, etc.) and if the
concentrations, chemical forms, and load (amount per unit time) of intestinal
perfusates are similar to those measured after a meal.

Second, exogenous infusion of CCK in doses reproducing plasma con-
centrations of the same molecular forms released by a meal or intestinal per-
fusion with nutrients should initiate part or all of the physiologic response.
Administration of several doses of CCK usually provides a better picture of
the relative potencies of exogenous versus endogenous CCK. However, this
“copying criterion” is not as simple to fulfill as was once thought. It appears
that multiple molecular forms of CCK exist in plasma [5,6]; CCK-58, the
largest form characterized so far, appears to be the major component in
humans and dogs. This CCK form has not been available in sufficient
quantities to perform in vivo studies, and evidence suggests that use of other
CCK forms may not be an adequate approach to this criterion. It has been
reported recently that CCK-58 often has lower cross-reactivity in CCK
radioimmunoassays as well as lower bioactivity in an in vitro bioassay system
than do shorter mocular forms [7,8]. These observations suggest that most
or all previous studies using radioimmunoassay or bioassay have resulted in
underestimation of the true plasma concentrations of endogenous CCK.
On the other hand, CCK-58 may indeed by inherently less bioactive than
other forms [8]; thus, copying artifactually low endogenous plasma CCK
levels by giving CCK forms of artifactually high bioactivity (compared to
CCK-58) tends to offset these differences. When coupled with the possibility
that the usual methods for collecting blood samples may produce almost
instantaneous degradation of CCK-58 and variable conversion to more
immunoreactive and bioactive shorter forms [5,6], it is highly likely that the
available estimates of relative potencies of endogenous and exogenous CCK
are tenuous at best. Until a reliable, relatively simple, and quantitative
method for measuring all molecular forms of CCK in plasma becomes
available, studies comparing responses to exogenous and endogenous CCK
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must be interpreted cautiously. Another consideration is that this criterion
holds only when CCK is the sole or at least the predominant factor involved
in regulation of a given response. Exogenous infusion of CCK in fasted
subjects does not reproduce all of the regulatory events that occur post-
prandially. It is possible that these other meal-induced factors act additively
or synergistically with CCK to increase its effectiveness or that inhibitory
factors decrease the effectiveness of endogenous CCK. In both cases,
exogenous infusion of CCK alone could lead to erroneous estimates of the
importance of endogenous CCK. Other guidelines can be derived from this
criterion. For example, a useful rule is that a physiologic response initiated
by very low doses of exogenous CCK is likely to be regulated by endo-
genous CCK. A corollary is that the CCK dose- or concentration-response
pattern of a potential target should be similar to that of a “known” CCK
target such as gallbladder contraction or pancreatic enzyme secretion.

Third, preventing the release of intestinal CCK in response to a meal
or other stimuli should also prevent or lower the physiologic response.
CCK release could theoretically be prevented by administering a selective
inhibitor of its secretion, but no such agent has been found. Selective
removal of CCK-secreting endocrine cells is another theoretical possibility
but one impossible to accomplish at present without effects on other regula-
tory cells.

Fourth, specific blockade of the binding of CCK to its receptor should
lessen or abolish the physiologic response to endogenous stimulants thought
to act through CCK. Immunoabsorption (administration of specific, high
affinity anti-CCK antibodies) is one approach to this, but specific CCK-A
receptor blockers are by far more commonly used. However, some caution
is required in interpreting the results of studies with such antagonists in vivo,
because many potential CCK targets may be blocked at one time, leading to
indirect changes in organ function. For example, administration of CCK
receptor antagonists may increase the rate of gastric emptying and alter the
pattern of delivery of nutrients to the small intestine. While this might
change the magnitude of some other secretory or motor response that
depends on intestinal nutrient load, it would not be due to a direct effect
of the CCK antagonist on the organ response being studied. Thus it is
important to consider all the potential effects of a CCK antagonist in vivo
and to measure or control as many as possible before making strong con-
clusions about the role of CCK in regulation of a particular function. This
and other possible “nonspecific effects” of specific receptor antagonists are
reasons to remember that a compound that is a potent, specific receptor
antagonists when used in in vitro systems may not necessarily be as selective
in the intact organism. Although it is not proof that the antagonist is indeed
acting specifically, it is useful to demonstrate the typical pattern of competi-
tive inhibition for each in vivo response system that is studied. A high level
of suspicion is warranted when a CCK antagonist that produces competitive
kinetics for inhibition of CCK in vitro is shown to produce noncompetitive
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kinetics for inhibition of the same response in vivo [9]. It is unlikely that any
effects of such an antagonist on in vivo responses to food or intestinal
nutrients can be ascribed to specific antagonism of endogenous CCK on the
target organ.

A fifth criterion is that receptors for CCK are present on the presumed
target tissue and that their sensitivity and specificity are appropriate for the
action of CCK as a major regulator of that target. If such receptors are not
present, it is possible that CCK acts indirectly by releasing other factors or
by causing changes in other target responses that alter the response being
studied. Conversely, the presence of specific CCK receptors on a target does
not rule out an important role for such indirect effects of CCK.

Examples of experiments testing some of these criteria will be given for
several actions of CCK. As a first approach, it is interesting to compare the
effects of exogenous CCK and intestinal nutrients that release CCK on
various potential targets. Many studies have shown that exogenous CCK (at
least at some doses under some conditions) stimulates pancreatic enzyme
secretion, gallbladder contraction, release of PP and insulin, and inhibits
gastric emptying. The effects of intestinal fatty acids and amino acids should
be similar. Intestinal perfusion with long chain fatty acids increases plasma
CCK levels [4,10], stimulates pancreatic enzyme secretion [4] and gallbladder
contraction [10], and inhibits gastric emptying [11]. Effects of intestinal fatty
acids on PP release are variable, while insulin secretion after intestinal fatty
acids has not been well characterized. The only amino acids that have been
shown to release CCK during intestinal perfusion are phenylalanine in man
[12] and tryptophan in dog [13]; other amino acids have not been studied,
although methionine, valine, and tryptophan are also effective stimulants of
pancreatic secretion in man [14] and both tryptophan and phenylalanine are
effective in the dog [15]. Intestinal phenylalanine also causes gallbladder
contraction and insulin secretion in man [12]. Intestinal tryptophan inhibits
gastric emptying in dog but phenylalanine does not [16]. Thus, although
the patterns of target responses to exogenous CCK and intestinal releasers
of CCK are generally similar, there are gaps and contradictions in our
knowledge. More information about the effects of specific amino acids on
CCK release and comparison of their potencies for CCK release and target
organ responses, for example, would be helpful in quantitating the role of
CCK in their actions.

There are few direct comparisons of dose-response effects of exogenous
CCK on two or more potential CCK target responses in the same subjects
under similar experimental conditions. Most of these have shown that pan-
creatic enzyme secretion and gallbladder contraction have similar sensitivities
to low doses of CCK-8 and CCK-33 [17-20]. One group of investigators has
reported that similar low doses of CCK-8 contructed the gallbladder [10],
slowed gastric emptying [21], and augmented insulin responses to intra-
venous amino acids [22] in different groups of subjects. Others have reported
that low CCK-8 doses strongly contracted the gallbladder but had only slight
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effects on intestinal or colonic motility [23] and strongly stimulated both
pancreatic enzyme secretion and PP release [20]. These types of studies
indicate that the primary actions of CCK, based on administration of low
doses of exogenous peptide, may include stimulation of gallbladder contrac-
tion, pancreatic enzyme secretion, PP release, insulin release by amino
acids, and inhibition of gastric emptying. Based on technical ease and
sensitivity to exogenous CCK, gallbladder contraction appears to be the
physiologic response best suited to such comparative studies. Estimation
of gallbladder contraction by sonographic methods is relatively simple,
accurate, and sensitive (although it requires expensive equipment), and the
gallbladder responds to very low doses of CCK [24].

There have been several studies that compare various gastrointestinal
responses to exogenous and endogenous CCK at plasma levels measured
after a meal or intestinal nutrients. In man, pancreatic enzyme responses are
nearly identical when compared as a function of plasma CCK levels after
endogenous release and exogenous infusion [20,25], but in dogs there is less
response to exogenous CCK [4]. No explanation exists for this difference.
Similar plasma CCK levels after endogenous release and exogenous admin-
istration also appear to cause equal degrees of gallbladder contraction [10]
and inhibition of gastric emptying [21,26] in man. Administration of CCK-8
to fasting subjects at doses causing plasma CCK increases similar or slightly
more than after a meal has no effect on fasting plasma insulin or glucagon,
or on insulin responses to intravenous glucose [12,22]. PP levels are sig-
nificantly increased, however, under the same conditions [20]. One group
reported that physiologic doses of CCK-8 augmented the insulin and glucagon
responses to intravenous arginine and the insulin responses to large amounts
of mixed amino acids [22], but others could not reproduce these results [27].
Stimulatory effects of intraduodenal phenylalanine on insulin secretion do
not appear to be mediated by CCK, but rather by the effects of absorbed
phenylalanine itself [12]. Postprandial CCK levels may actually reduce the
insulin response to orally ingested glucose by inhibiting gastric emptying and
the rate of glucose delivery to the small intestine [11]. Overall, these types
of studies indicate that the levels of CCK released by a meal or intestinal
nutrients are a major factor regulating pancreatic enzyme secretion, PP
secretion, gallbladder contraction, and gastric emptying. The role of endo-
genous CCK in regulating postprandial insulin secretion is less clear; it
probably does not act directly on beta cells during normal meals, but it may
lower insulin secretion by slowing the rate of delivery of nutrients by its
inhibitory effects on gastric emptying.

The effects of CCK receptor antagonists have provided the most clear-
cut data on the quantitative role of CCK in regulation of these target
responses. This exciting area of research is still evolving, but there is already
a substantial body of information that clarifies our concepts of the physio-
logical role of CCK in gastrointestinal function. The CCK receptor antag-
onist loxiglumide abolishes gallbladder contraction in response to a meal
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in humans [28,29]. However, under similar experimental conditions,
loxiglumide reduces pancreatic enzyme secretion only 40%-60% in re-
sponse to intraduodenal nutrient perfusion [20] and even less in response to
oral food ingestion (C. Beglinger, personal communication). This difference
between gallbladder contraction and pancreatic enzyme secretion may be
due to a greater dependence of the latter on cholinergic mechanisms (G.
Adler and C. Beglinger, personal communication). The situation appears to
differ in rats because the CCK antagonist 1.-364 718 (MK-329) abolishes
pancreatic enzyme secretion after liquid meals [30] or intestinal perfusion
with nutrients [31]. Loxiglumide and L-364718 also strongly inhibit PP
secretion in response to food in man [32,33] and dog [34]. Effects of these
antagonists on gastric emptying are less clear; one group found a reduction
in emptying of relatively large markers with loxiglumide [28], but another
found no effect on liquid meal emptying with doses of L-364 718 that strongly
reduced gallbladder contraction [35]. Finally, it has been reported that L-
364718 did not alter postprandial insulin or glucagon secretion in humans,
although PP levels were reduced [33]. These types of studies, considered
with the results of other experiments discussed above, clearly establish a
prominent role for CCK in regulating meal-induced gallbladder contraction,
pancreatic enzyme secretion, and PP secretion.

After 60 years, it is now possible to make definite statements about the
quantitative importance of CCK as a regulator of gastrointestinal function.
The next few years will be exciting ones for those interested in the physiology
of CCK. It should also be possible now to dissect the role, if any, of CCK in
various gastrointestinal diseases, either as a primary cause or a secondary
mediator of pathophysiologic changes.
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Molecular Forms of CCK Present in the Brain

Cholecystokinin (CCK), a gastrointestinal hormone [37], mediates digestive
functions and feeding behaviors. Vanderhaeghen et al. [67] demonstrated
the presence of gastrin-like immunoreactivity in mammalian brain, and
subsequent studies indicate that the majority of this immunoreactivity could
be attributed to CCK. Although a large peptide containing 58 amino acid
(CCKS58) is the major circulating form of CCK in humans and dogs [21,23],
the predominant molecular form of CCK in the brain is CCKg (CCKy4_33,
the eight amino acids at the C terminus of CCK), which contains a sulfated
tyrosine residue [14,54]. However, the unsulfated form (CCKgys) has been
detected, in addition to CCK, [54]. Overall, CCKj; is only present in the
brain in small (2% —5% of CCK immunoreactivity) amounts [54].

Pharmacological Characterization and Localization
of Central CCK Receptors

In 1980, radioligand binding studies demonstrated the existence of binding
sites for CCK in the brain using '*’I-labeled Bolton-Hunter-CCK [36,58],
and that there was a distinct difference between CCK receptors in the brain
compared to the periphery regarding their pharmacological profiles [36,58].
It has been shown that the brain and pancreatic CCK receptors represent
structurally distinct entities [59]. Subsequently, it was suggested that CCK
receptors localized primarily in the gastrointestinal tract be designated as
CCK, (alimentary) receptors, whereas those in the central nervous system
be referred to as CCKg [46]. CCK 4 receptors have a high affinity for CCKgg,
which is three to four orders of magnitude more potent than CCKgys and
CCK, in displacing '*’I-labeled CCKj; binding in the pancreas [36,58].
Binding studies, using the CCK, receptor radioligand 3H-devazepide, indi-
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cate that CCK, receptors are located predominantly in the periphery, al-
though CCK, receptors are found in discrete brain regions such as the
medial nucleus tractus solitarius, interpeduncular nucleus, area postrema,
and anterior nucleus accumbens [32,46]. In contrast, CCKg receptors dis-
play no or only a 10-fold difference in affinity for CCKgs, CCKgys and
CCK4 [36]. The highest concentrations of CCKp receptors are found in the
brain in discrete areas such as the cerebral cortex, nucleus accumbens,
amygdala, hippocampus and olfactory bulbs [31]. The brain CCKg receptors
more closely resemble gastrin receptors than pancreatic CCK 4 receptors.
Studies in peripheral tissues indicate that CCK, receptors are positively
coupled to phosphoinositide hydrolysis [26]. However, the second messenger
system coupled to CCKp receptors remains to be elucidated, although it has
been suggested that CCKp receptors may be linked to adenylate cyclase via
an inhibitory G protein [65]. Wennogle et al. [71] have reported that central
CCK receptors may be linked to nucleotide regulatory proteins. However,
the isolation and reconstitution of the appropriate components must be
achieved to support the linkage of CCK receptors to nucleotide regulatory
proteins.

CCK, Receptor Agonists and Antagonists

The first CCK antagonist to be developed was dibutyryl cyclic guanosine
monophosphate (cGMP) [53], which competitively antagonized CCK-induced
secretion from guinea pig pancreatic acini, However, this compound is a
relatively weak CCK antagonist, with an ICsy value of 100 pM to inhibit
the binding of !*I-labeled CCK to pancreatic acini [2]. Proglumide, a
glutaramic acid derivative, and benzotript, a derivative of tryptophan,
inhibited CCK binding in rat pancreatic acini, but both were slightly less
potent than dibutyrl cGMP [27,29]. Makovec et al. [43] reported the syn-
thesis of lorglumide (CR-1409), a 4-benzamido-N, N-dialkyl-glutaramic acid
derivative, which was three to four orders of magnitude more potent than
proglumide in inhibiting the binding of '*’I-labeled CCK to rat pancreatic
acini. Furthermore, this compound displayed low affinity for CCKp receptors
[75]. Chang et al. [8] reported the isolation of the compound asperlicin, a 5-
phenyl-l-benzodiazepine derivative, from a strain of Aspergillus iliaceus,
which demonstrated high affinity for CCK receptors [8]. This compound
did not display partial agonists properties and had low affinity for CCKg
receptors [8]. However, this compound displayed poor bioavailability,
thereby limiting its possible therapeutic effectiveness. This limitation was
overcome by the development of devazepide (L.-364718), which displayed
good bioavailability [7]. This compound also displayed a high affinity and
selectivity for CCK 4 receptors.

A recent study has reported the synthesis and characterization of a
novel series of tetrapeptide derivatives that display agonistic action at CCKx
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receptors [62]. One derivative, A 71623, potently stimulates amylase secre-
tion and this effect is blocked by the CCK 4 receptor antagonist devazepide.
Furthermore, this compound has a high selectivity for CCK, compared to
CCKgp receptors.

The Development of Compounds Selective
for CCKg/Gastrin Receptors

Over the last 4-5 years, a number of peptide and nonpeptide compounds
have been developed based on the rationale that the presence of distinct
binding sites for CCK in the brain and periphery indicates that it must
adopt different biological conformations [57]. Subsequent chemical studies
demonstrated that CCKy exists in folded conformations characterized by
both N- and C-terminal turns. A series of derivatives, mimicking this folding,
were synthesized, possessing a cyclized structure between the NH, group of
D-Lys® residue and the alpha-carboxyl group of (L or p) Asp®® or (L or D)
Glu® [9]. These derivatives display a 1000- to 2000-fold greater affinity for
CCKg than for CCK, receptors. The combination of cyclization and the
replacement of Met and Gly with N-isoleucine produces a compound that
has a 4500-fold higher affinity for CCKg receptors compared to CCKp,
receptors [9]. The most selective CCKp receptor compounds synthesized to
date are cyclic CCK analogues of the C-terminal hepta- and hexapeptides of
CCK in which position 28 and 31 have been replaced by lysine residues and
whose side chains are connected by a succinic moiety [56]. Overall, cycliza-
tion and modification of the C-terminal of CCKg produces a conformation
that is unfavorable for peripheral CCK 4 receptors but can interact favorably
with central CCKp receptors. Although the compounds mentioned above
display high affinity and selectivity for CCKg receptors, their classification as
agonists or antagonists is uncertain in most cases since only binding data was
obtained. However, the stimulation of cell firing in hippocampal slices [3,4]
by CCKgs, which is mediated by CCKg receptors, may serve as a useful
bioassay. Thus, the compound BC 264, (retro-inverso bond at Nle-Gly and
N-Me-Nle?!) is 50 times more potent than CCKgys in stimulating the firing
of rat CA hippocampal neurones [12]. Furthermore, the stereotaxic injection
of BC 264 into the ventral tegmental area potentiates dopamine-induced
hypolocomotion, which is possibly mediated by CCKg receptors [10]. These
results suggest that BC 264 is a potent and selective CCKp receptor agonist.

Recently, two nonpeptide derivatives for CCK receptors have been
synthesized. L-365260, a benzodiazepine derivative, displays a 100-fold
higher affinity for cortical than for pancreatic receptors [22,42]. L-365260
has been characterized as a highly potent and selective antagonist for gastrin
receptors, compared with CCK4 receptors [42]. Hughes et al. [35] have
reported that two nonpeptide derivatives, PD 134308 and PD 135158, have
a 1600- and 500-fold higher affinity for CCKp receptors, respectively. The
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Table 1. Selective CCK agonists and antagonists for CCK, and CCKp receptors

CCKa CCKg
Selective agonists A 71378 {41] BC 264 [12]
A 71623 [62] CCKgys [36]
CCK, [36]
Selective antagonists Lorglumide [43] L 365260 [22]
Devazepide [7] PD 134308 [35]

L 365031 [32]
A 64718 [48]

compound PD 134308 potently blocks the effect of CCKgg on ventromedial
hypothalamic neurons, an effect mediated by CCKp receptor [35]. In addition
to L-365260 and PD 134308, it has also been demonstrated that dipeptoid
derivatives of CCK, particularly those containing an a-methyl-Trp moiety,
exhibit a 500- to 2500-fold higher affinity for CCKg than for CCK 4 receptors;
they are potentially selective CCKg receptor antagonists [34]. The specific
agonists and antagonists for CCK4 and CCKg receptors are summarized in
Table 1.

Species and Molecular Heterogeneity of Central CCK Receptors

Recent radioligand binding studies indicate that there are species differences
regarding CCK receptors [20,61,73]. Furthermore, it has been shown that
subtypes of CCKp may be present in the guinea pig brain [20]. Durieux
et al. [19] have reported that using [°’H] Boc (diNleyg 31) CCKy7-33, two
different sites were present in cortical tissue. These sites displayed dif-
ferential sensitivity to sodium, had disparate K and B, values and
radioligand binding was altered differentially by CCKg, CCK,, and various
CCK-related compounds at these sites. These findings may explain some of
the biphasic behavioral response observed after microinjection of CCKg
into the brain [11,74]. However, until the detection of specific genes or
DNA sequences that code for these subtypes is demonstrated, the absolute
acceptance of the presence of CCK subtypes in the brain should be viewed
with caution.

CCK Receptors and Satiety

Gibbs et al. [28] first reported that exogenous CCK decreases food intake in
rats. Subsequently, this finding has been extended to a large number of
animal species including humans. In addition, CCK elicits the sequence
of behavior that characterized the onset of postprandial satiety [63]. The
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inhibitory action of CCK on food intake could be mediated by its action on
brain feeding centers [13] or by a peripheral action mediated by abdominal
vagal afferents [64]. The discovery of selective antagonists has opened doors
for further examining the respective roles of these receptor types in mediat-
ing CCK-induced satiety.

The selective CCK4 receptor antagonists lorglumide and devazepide
[16,55,60], but not the CCKp receptor antagonist L-365260, dose depen-
dently blocked or reversed CCK-induced inhibition of food intake. In addi-
tion, it has been shown that both devazepide [55,60] and L-365260 [17]
increase food intake and postpone the onset of satiety in satiated rats.
L-365260 was two orders of magnitude more potent than devazepide in
preventing satiety [17]. These finding suggest that whereas CCKg receptors
are involved in mediating CCK receptor antagonists-induced food intake,
CCKa receptors are responsible for exogenous CCK-induced inhibition of
feeding.

CCK and Dopamine Interactions

In 1980, using the technique of immunohistocytochemistry, it was shown
that CCK coexists with dopamine (DA) in a subset of midbrain DA neurons
primarily in the ventral tegmental area (VTA or A10), which projects to
various limbic structures [33]. Since the DA hypothesis of schizophrenia
postulates hyperactive DA neurotransmission as an etiological factor in
schizophrenic symptomatology [44], the coexistence of CCK with DA sug-
gests that CCK may have a role in pathophysiology of schizophrenia and in
the therapeutic action of antipsychotic drugs. Accordingly, over the past
decade, numerous studies have been conducted regarding the interaction
of CCK and DA using electrophysiological, behavioral and biochemical
approachesin in vitro and in vivo preparations in a variety of animals.
Overall, ample evidence indicates that CCK and DA closely interacts at
both presynaptic DA/CCK terminals and postsynaptic DA/CCK target
neurons (see [69] for review). However, due to the lack of potent and
selective CCK receptor antagonists, the results of the initial studies have
proved somewhat mixed or inconclusive regarding the nature of the CCK-
DA interaction (see [66,69] for review).

Recent studies, using more specific CCK antagonists, have aided in
the interpretation of the CCK-DA interaction in the CNS. For example,
Wang et al. [70] demonstrated that CCK receptors located in the nucleus
accumbens resemble type A because the CCK receptor-mediated responses
are highly sulfate dependent and blocked by selective CCK, receptor
antagonist lorglumide. Vickroy et al. [68] have reported that the increase in
DA release from the rat nucleus accumbens is antagonized by the selective
CCK, antagonist A 65186. Jiang et al. [38} have shown that the micro-
injection of lorglumide into the medial nucleus accumbens, but not in the
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caudate putamen or lateral nucleus accumbens, reverses the depolarization
inactivation of A10 DA cells produced by the chronic administration of
haloperidol in rats. Recently, it has been reported that the i.v. administration
of CCK, antagonist devazepide, but not the CCKg antagonist L-365260
(2 pg/kg), reverses the chronic haloperidol- and chronic clozapine-induced
decrease in the number of spontaneously active A10 DA cells [45]. These
results suggest that CCK receptors in the nucleus accumbens have an import-
ant role in mediating or maintaining the therapeutic action of antipsychotic
drugs. In addition, it is suggested that CCK, agonists may be effective
antipsychotic agents.

CCK and CCK Analogues as Neuroleptics

Early studies with CCK and various analogues in the treatment of schizo-
phrenia showed some positive results [47,49]. In contrast to the results
obtained from open clinical trials, subsequent double-blind studies have
shown largely negative results (see [69] for review). However, failure to
observe a therapeutic effect for CCKgg or cerulein could simply be due
to insufficient amounts of these peptides passing the blood-brain barrier.
Therefore, the development of enzyme-resistant, selective CCK receptor
agonists that readily cross the blood-brain barrier may prove useful in
determining the utility of CCK in the treatment of schizophrenia.

CCK and Anxiety

Currently, only a few studies have been published regarding CCK and
its possible role in anxiety. Cerulein administration has an anxiogenic-like
effect on the exploratory behavior of mice in the elevated plus-maze test
[30]. Bradwejn and De Montigny [5,6] have shown that the CCKgs-induced
activation of hippocampal neurons is antagonized by the acute administration
of benzodiazepines, which may be related to their anxiolytic action. Thus,
it is predicted that CCK receptor antagonists may be effective anxiolytic
agents. A recent report, using the CCKg receptor antagonist PD 134308,
provides support for this concept [35]. The systemic administration of PD
134308 (0.001-30mg/kg) was effective in tests indicative of anxiolytic
activity in rats, mice, and marmosets. This compound was also effective
in preventing withdrawal anxiogenesis from chronic diazepam administra-
tion. Furthermore, PD 134308 did not produce ataxia or sedation and
there was no development of tolerance to its anxiolytic action. Although
further studies with other CCKp receptor antagonists must be conducted,
these results suggest that CCKp antagonists may be efficacious in the
pharmacotherapy of anxiety.
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Involvement of CCK in Analgesia

The systemic administration of CCK produces a biphasic effect of pain
threshold in rodent. Whereas doses over 50pug/kg elicit analgesia and
sedation [1,32,39], lower doses (5-20pg/kg) antagonize morphine and
B-endorphin-induced analgesia [15,25,50]. It has been shown that CCK
may antagonize the physiological effects of opiates [24,25]. Initial studies
using the nonselective and weak CCK receptor antagonists proglumide and
benzotript have shown that these compounds potentiate B-endorphin and
morphine analgesia [40,52]. Currently, the mechanism of action by which
CCK and CCK receptor antagonists modulate opiate-induced analgesia is
unknown. However, it has been hypothesized that CCK and opiates may
interact with neurons in the spinal cord and periaqueductal gray area, as
both are known to be involved in the transmission of nociceptive stimuli [1].
In addition, both contain a high concentration of opioid peptides and CCK
as well as a high density of CCK and opioid receptors.

The development of selective CCK receptor antagonists has allowed for
the characterization of the CCK receptor subtypes involved in the mediation
of CCK’s action on opioid-induced analgesia. Hill and Woodruff [31] have
shown that the primate and rat spinal cord primarily contain CCK, and
CCKg receptors, respectively. Consistent with this finding, it has been
reported that L.-365260 enhances morphine analgesia and blocks tolerance
to morphine after systemic administration in rodents [18] and this com-
pound is 5 and 40 times more potent than the CCK4 receptor antagonists
devazepide and L-365031, respectively, in potentiating morphine analgesia.
Like L-365260, PD 134308 has also been shown to significantly potentiate
the antinocipeptive effect of morphine as well as its depressive effect on the
flexor reflex in the rat [72]. However, in the squirrel monkey, the systemic
administration of either the CCKg receptor antagonist 1.-365260 or the
CCK, receptor antagonist devazepide potentiates morphine-induced
analgesia [S1]. Thus, the sites and mechanisms of CCK receptor-mediated
effect on opioid annalgesia remain to be elucidated. Again, the development
of selective CCK 4 and CCKg agonists that penetrate the blood-brain barrier
would prove useful in the further elucidation of the role of CCK, and
CCKgp receptors in opioid-induced analgesia.

Conclusions

In conclusion, since the detection of CCK in the CNS, numerous reports
have been published regarding the pharmacology and physiology of CCK
receptors. At the present time, data from animal studies suggest that CCK
receptor antagonists might prove useful in the pharmacotherapy of pain,
appetite, and anxiety disorders. However, in order to substantiate this
claim, data from double-blind, placebo-controlled trials in humans must be
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obtained. Although the role of CCK in the symptomatology of schizophrenia
remains to be elucidated, initial studies in rats suggest that CCK, receptor
agonists may prove potentially useful in treating schizophrenia. At any rate,
the development of enzyme-resistant agonists that cross the blood-brain
barrier and are CCK receptor subtype selective would further facilitate
research in this area. Without any doubt, CCK may mediate additional
physiological processes in the CNS and ongoing studies may yield new and
exciting information.

Acknowledgement. We thank Joyce Shepherd for the manuscript preparation.
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Vagally Mediated Actions of CCK

G.J. Dockray!

Introduction

The possibility that the vagus nerve might mediate some of the actions
of CCK was first suggested by Smith et al. [27]. They showed that the
inhibition of food intake by i.p. CCK was reduced in rats after selective
lesioning of the gastric branches of the vagus. There are three possible
mechanisms that might account for these findings: first, CCK might act
directly on vagal afferents; second, it might act indirectly via changes in
smooth muscle tone or some other variable that influences afferent dis-
charge; third, it could act by a mechanism that requires a passive input
provided by the intact vagus. These possibilities are by no means mutually
exclusive; there is now, however, a compelling body of evidence to support
the first possibility, namely that CCK exerts direct actions on vagal afferents.
This mechanism probably accounts for the satiety effect exerted by i.p.
CCK, but it is also likely to be physiologically important in mediating the
action of CCK on inhibition of gastric emptying [3,4]. The relevant evidence
will be reviewed here, together with the significance of this pathway for the
physiology of circulating CCK.

The Evidence that CCK Acts on Vagal Fibres

Two types of experimental approach (autoradiography and electrophysiology)
have provided evidence for the idea that CCK acts on the vagus. Zarbin et
al. [31] first showed that following ligation of the cervical vagus in the rat
there is an accumulation of CCK binding sites on the central side of the
ligature. This indicates that CCK binding sites are transported down the
vagus towards the periphery. Moran et al. [18] subsequently showed that
this pathway could be traced to sub-diaphragmatic vagal fibres including
those that serve the stomach. They also made the important observation
that these sites had a specificity resembling that of the pancreatic or gall

1MRC Secretory Control Research Group, Department of Physiology, University of
Liverpool, Liverpool, UK.
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bladder type of receptor (CCK-A) and distinct from the major CNS recep-
tor type (CCK-B). It seems likely that afferent neurons with their cell
bodies in the nodose ganglia synthesize CCK-A-type receptors that are then
transported intra-axonally to both peripheral and central terminals. The
central terminals of the afferents are found in the nucleus tractus solitarius
(NTS) and numerous CCK-A receptors have been localized here by auto-
radiography [10]. At present the function of the NTS receptors is unclear.
There is, however, clear electrophysiological evidence to suggest that CCK
acts at the peripheral terminals of vagal afferents.

In order to examine the possible mechanisms by which circulating CCK
might influence neuronal activity in the dorsomedial medulla, Raybould et
al. [21] made recordings of extracellular unit activity in NTS and related
structures in urethane-anaesthetized rats. It was found that neurons in
the dorsomedial medulla that responded to passive gastric distension also
responded to i.v. injections of CCK. These cells are therefore on the
pathway by which signals of gastric volume are transmitted to the brain.
Two types of response occurred: about 60% of the cells identified were
excited by gastric distension and 40% were inhibited. The responses to
CCK were always in the same direction as those to gastric distension. This
observation suggests that CCK and gastric distension might be activating a
common pathway. The site of action of CCK was localized to the splanchnic
bed, because close-arterial injections of CCK to the coeliac artery produced
the same responses as intravenous injection of CCK, except that the range
of doses required for an effect was approximately 100 times lower. It was
thought unlikely that CCK acted via changes in gastric motility, because the
motility response to CCK is a fall in intragastric pressure (which is itself
probably a consequence of activation of vago-vagal reflexes; see below),
whereas passive distension of the stomach produced an increase in intra-
gastric pressure. The responses to both CCK and gastric distension were
blocked by vagotomy, but not by coeliac ganglionectomy, or by antrectomy
[23]. The conclusions drawn from recording dorsomedial medullary neuron
discharges have subsequently been confirmed by recordings from single
vagal fibres [1]. Thus, in the rat, CCK and gastric distension appear to excite
a single population of vagal afferent fibres. There are no primary afferent
fibres that are inhibited by CCK, so that the medullary neurons that are
depressed by CCK and gastric distension are presumably at least one in-
hibitory synapse downstream of the first order interneurone.

Vagally Dependent Actions of CCK

The original finding of Smith et al. [27] that the satiety effect of i.p. CCK
was blocked by gastric vagotomy has been confirmed several times [16,19],
and has been extended by showing that intact vagal afferent rather than
efferent fibres are required for the action of CCK [28]. In addition, a
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number of other central effects evoked by exogenous CCK and related
peptides have been reported to be abolished by vagotomy. These include
enhancement of memory retention in mice, release of prolactin, release
of oxytocin, inhibition of somatic reflexes, stimulation of dopaminergic
neurons and release of dopamine in rats [5,9,11-13,25]. At least some of
these actions can also be produced by passive gastric distension, e.g. inhibj-
tion of food intake and stimulation of oxytocin neurons [25].

It has been recognized for many years that stimulation of gastric
mechanoreceptors by gastric distension activates vago-vagal reflexes. Two
reflex responses are well known; one is the inhibition of gastric motility
that occurs following gastric distension; this is the basis for the receptive
relaxation which occurs early in digestion. The other is the stimulation of
gastric acid secretion. If CCK and gastric distension activate a common
afferent pathway one might anticipate that CCK would reproduce these
reflexes. It has been difficult to determine whether CCK influences acid
secretion by this route, since it plainly influences acid secretion at several
other sites, e.g. direct stimulation of parietal cells, but also inhibition via
release of somatostatin, and more work will be needed to discriminate
between the possible mechanisms of action in intact animals. There is
now, however, good evidence that CCK works via the vagus to modify
gastric motility. Injection of CCK in anaesthetized rats produces a prompt
relaxation of the body of the stomach [22]. In part the effects seen in the
anaesthetized rat can be attributed to release of noradrenaline, but more
importantly these effects are also strongly inhibited by vagotomy. The
importance of vagal afferents for this and other vagally mediated actions of
CCK is demonstrated by the fact that local application to the vagus of the
sensory neurotoxin capsaicin inhibits the effect of CCK [17,20,29]. It is
worth noting that the action of CCK on gastric motility in vivo is different to
that in vitro. CCK is a direct stimulant of gastric smooth muscle in vitro; the
relaxation in vivo presumably reflects the fact that the reflex inhibition
mentioned above overrides the direct excitatory effects.

Physiological Role of Vagal CCK Receptors

The primary physiological role of circulating CCK can be considered as
the integration of upper gastrointestinal function to regulate protein and
fat digestion in the small intestine. On the one hand this is achieved by
stimulation (mostly by direct action) of pancreatic secretion and gall bladder
contraction and on the other hand by inhibition of gastric emptying and of
food intake. In this way CCK acts to ensure that the delivery of pancreatic
enzymes and bile salts to the small intestine is matched to the delivery of
nutrients from the stomach. There is now good evidence from the use of
CCK antagonists that in at least some circumstances, the satiety effect is a
physiological one [24]. Similarly, the use of CCK antagonists has extended
the findings from several other experimental approaches which indicate that
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regulation of gastric emptying by CCK is a physiological effect [2,8,14,15].
There are several factors that regulate rates of gastric emptying, i.e. changes
in pressure in the body of the stomach and duodenum and resistance to
flow across the pylorus, and there is evidence that CCK influences each of
them [7,26,30]. The vagally mediated effects of CCK are probably only of
relevance for control of pressure in the body of the stomach. In the present
context it is therefore relevant to ask what importance can be attached to
the latter component of the action of CCK, and whether CCK released from
gut endocrine cells (as opposed say to CNS or peripheral neurons) is capable
of influencing gastric emptying by this route.

Protein and the protease inhibitor FOY-305 (which acts as a specific
releaser of CCK from intestinal endocrine cells) inhibit gastric emptying in
the rat by mechanisms sensitive to the CCK-A antagonist 1.-364 718, and
both require access to at least the distal duodenum in order to exert these
effects [7,8]. This provides direct evidence, then, that CCK released from
intestinal endocrine cells controls gastric emptying. The effects of both
peptone and FOY-305 are inhibited by previous treatment of rats with
capsaicin which lesions small diameter afferents, supporting the idea that
CCK activates a visceral reflex. The possibility that CCK acts locally in the
small intestine on afferent terminals (vagal or splanchnic) in the immediate
vicinity of the CCK cell can be excluded: both vagal and splanchnic afferents
serving the small intestine pass though the coeliac ganglion, and removal of
the coeliac ganglion does not impair the action of CCK-releasing meals
on gastric emptying. Coeliac ganglionectomy does, however, impair the
action of hyperosmolal solutions in delaying gastric emptying, indicating that
different meal types regulate upper gastrointestinal tract motility in different
ways. Pyloroplasty does not change the rate of emptying of CCK-releasing
solutions so that the pylorus is not an important target for CCK in this
context. As a whole then, these data support the idea that CCK controls
gastric emptying by a vagal reflex that regulates pressure in the body of
the stomach. There are two possible efferent mechanisms by which CCK-
evoked reflexes might control pressure in the body of the stomach. First,
reflex inhibition of a tonically active cholinergic excitatory pathway (the
preganglionic cell could correspond to the population of medullary neurons
inhibited by gastric distension), and second, by stimulation of a vagal effer-
ent inhibitory pathway. The final transmitter involved in the latter case is
probably vasoactive intestinal polypeptide (VIP), since it has been shown
recently that VIP antibodies depress the effect of peptone in inhibiting
gastric emptying in the rat [6].

Overview
The evidence reviewed above supports the idea that CCK is able to act on

vagal gastric afferents to exert a number of effects. At least two, inhibi-
tion of gastric emptying and of food intake, appear to be physiologically
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Fig. 1. Schematic representation of the action of CCK on vagal afferents. CCK-A-
type receptors on gastric vagal mechanoreceptor afferents are proposed to stimulate
afferent discharge with at least two consequences of potential physiological import-
ance: inhibition of food intake, and inhibition of gastric motility leading to delayed
gastric emptying. The latter effect may be a consequence of reflex inhibition, (©)
of tonically active cholinergic excitatory pathways, and reflex stimulation (@) of a
VIP-mediated inhibition of gastric motility. Ach, acetylcholine; VIP, vasoactive
intestinal polypeptide

important. The particular importance of this site of action lies in the fact
that it allows integration of at least two visceral signals namely the presence
of nutrient in small intestine (represented by plasma CCK) and the volume
of gastric contents (represented by intragastric pressure), with CNS and
other autonomic information (Fig. 1). Thus, by acting on the vagus, CCK
can be seen as part of the mechanism by which information on nutrient
status in the lumen of the small intestine is conveyed to the brain in order to
modulate both behaviour and the autonomic control of the digestive tract.
In the future it will be worthwhile examining the possibility (a) that other
gut peptides act by similar mechanisms, and (b) that the vago-vagal actions
of CCK influence other gastrointestinal functions.

Acknowledgement. The help of Christine Carter in preparing this manuscript is
gratefully acknowledged.
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Part II: Chemistry of CCK Antagonists



Pentanoic Acid Derivatives

L.C. Rovatt!

Introduction

During the 1960s at Rotta Research Laboratorium, Rovati [1] developed a
gastrin receptor antagonist named proglumide, i.e., pL-4-benzamido-N, N-
dipropyl-glutaramic acid. Proglumide has been used for several years for the
treatment of peptic ulcer.

The similarities between gastrin and cholecystokinin (CCK), the two
peptides sharing the same COOH-terminal pentapeptide amide, were
such that it was foreseeable that proglumide would also be able to antag-
onize the interaction of CCK with its receptors. Actually, Hahne et al.
[2] demonstrated that proglumide was able to competitively antagonize
CCK-stimulated amylase secretion from guinea pig dispersed pancreatic
acini, in close correlation with its ability to inhibit binding of '*’I-labeled
CCK to its receptors on the same preparation.

Since the potency of proglumide was only in the millimolar range, we
tried to develop new molecular entities that could be more potent and
specific antagonists of CCK, especially for the separation of the activity on
the CCK receptor from that on the gastrin receptor.

Synthesis and Characterization

The successful elaboration that led to compounds such as CR 1409
(lorglumide) and CR 1505 (loxiglumide), consisted in chemical manipula-
tions of the structure of proglumide, as summarized in Fig. 1.

About 200 4-benzamido-5-oxo-pentanoic acid derivatives were syn-
thesized [3]. Their biological activity was screened through their capacity to
antagonize the contraction of isolated guinea pig gallbladder longitudinal
strips, induced by a fixed concentration of 5 ng/ml of CCK-8. It soon became
apparent that all three substitutions (R;, R, and R; in Fig. 1) were equally
important for the CCK-antagonistic activity.

IDepartment of Clinical Pharmacology, Rotta Research Laboratorium, 20052
Monza (Milano), Italy
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COOH
0 3 R,
NH
0
N—R,
/
Rj
Compound R, R, R
Proglumide H propyl propyt
Lorglumide 3.4-dichloro pentyl pentyl
Loxiglumide 3,4-dichloro pentyl methoxypropyl

Fig. 1. Chemical structure of proglumide, lorglumide and loxiglumide. Molecular
weights for the three compounds are 334.42, 459.41 and 461.38, respectively

Regarding the substitutions on the amide group (R, and R3), the activity
was optimized by the dipentyl group, while longer or shorter side chains
produced a 100-fold decrease of anti-CCK activity. Likewise, the low activity
exhibited by secondary and cyclic amides supported the hypothesis that both
the two alkylic chains of the 4-benzamido-5-oxo-pentanoic acid derivatives
could bind to two complementary hydrophobic pockets of the receptor
surface with suitable dimensions (about 5 A) for these lipophilic groups.

Regarding the substitutions on the aromatic ring (R;) of 5-
(dipentylamino)-pentanoic acid derivatives, the best results in this series
were obtained with the 3,4-dichloro group: the resulting compound (CR
1409, lorglumide) showed an ICsy of 0.06 ug/ml (compared to 340 pg/ml
for proglumide) on the above reported gallbladder contraction model,
and caused a concentration-dependent rightward shift of the cumulative
concentration-response curves to the agonist, without decreasing the max-
imum effect [4]. The Schild plot in the latter experiment was linear and
the slope did not significantly differ from unity, suggesting a competitive
antagonism, with a pA, value of 7.19.

The steric effect of this chemical substitution seemed to be important,
because, for example, the same substitution in position two (instead of
three) of the aromatic ring, as well as the introduction of bulky groups such
as 4-propyl, produced a strong reduction of activity. The electronic effect
seemed to be less crucial, since other electron-withdrawing groups, such as
nitro or cyano, or electron-donor groups, such as amino or methoxy, were
less biologically effective.

Unfortunately, lorglumide has a relatively poor local tolerability when
parenterally given in concentrated solutions: in fact it has the chemical
structure of a tensioactive substance, carrying a carboxylic group attached to
a lipophilic moiety, that can disrupt the double layered phospholipid surface
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of the cell membrane in a concentration-dependent fashion. The substitution
of one of the two pentyl groups with the 3-methoxypropyl group, i.e., a
more hydrophilic group, led to the synthesis of a new molecule (CR 1505,
loxiglumide), which is much safer in this respect. Conversely, loxiglumide
has pharmacological properties that are not substantially different from
those exhibited by the parent compound, lorglumide, and loxiglumide’s ICs,
on the guinea pig gallbladder strip model was 0.47 pg/ml, with a pA, value
of 6.3 in the concentration-response curves to the agonist [5].

Binding studies demonstrated that both lorglumide and loxiglumide are
selective ligands for the “peripheral” type CCK receptors present on rat
pancreatic acini (ICsy 1.3 X 1077 and 3.3 x 10~ mol/l, for lorglumide and
loxiglumide, respectively) and have an affinity for “cerebral” type CCK
receptors present on mouse cerebral cortex membrane at least two orders of
magnitude lower [5,6]. A similarly lower affinity was reported for gastrin
receptors [7].

The analysis of the spatial structure of loxiglumide and lorglumide by X-
ray crystallography and of the structure-activity relationships of the series
further suggest the possible model for the site of the peripheral CCK-
receptor to which the pentanoic acid derivatives bind. This site could consist
of three hydrophobic pockets, large enough in size to receive bulky groups
such as pentyl-, or aryl- and carrying a positively charged group which could
bind the carboxylic radical.

Lorglumide and loxiglumide specificity of action was further tested on
isolated tissue preparations and neither interactions with other mediators
nor intrinsic activities were found. [4,5,7]. Thereafter, we fully characterized
the two compounds in animal pharmacodynamic experiments. In view of
the possible clinical activity of the CCK antagonists, studies were mainly
conducted on biliary and gastrointestinal motility [8—11], satiety [12] and
experimental pancreatitis [13,14]. These and other aspects of CCK physi-
ology were then carefully studied by other authors and are dealt with in
other chapters of this book.

It is important to note that both lorglumide and loxiglumide are a
racemic mixture. In order to establish whether their CCK-antagonistic
properties were stereospecific, we synthesized their two enantiomers, start-
ing from D- or L-glutamic acid and using a stereoconservative method of
synthesis. The p-enantiomers of both compounds were found to be between
five and ten times more potent than their L-enantiomers, depending on
the experimental model used. The difference in activity between the two
enantiomers confirms the hypothesis that the peripheral CCK receptors are
more sensitive to steric effects than to electronic effects or to hydrophobicity.

Pharmacokinetics of Loxiglumide

Because of its favorable pharmacological and toxicological profile, loxiglumide
was chosen for further development in humans. Its pharmacokinetic pattern
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and tolerance were studied after single intravenous and oral administration
[15], or repeated oral doses [16] in healthy volunteers.

Loxiglumide can be easily assayed in plasma and urine by a HPLC
method. After either intravenous infusion or single oral administration, the
plasma levels of loxiglumide fit with a two-compartment open model. The
absolute bioavailability from the gastrointestinal tract is over 95%, and the
compound is rapidly absorbed, appearing in blood only 15min after oral
administration and reaching the peak concentrations at between about 30
and 90min after oral ingestion of an aqueous solution or a tablet formula-
tion, respectively. The tablet formulation used has an over 80% relative
bioavailability.

The elimination half-life of loxiglumide is about 6h.

The urinary excretion of loxiglumide and its metabolites accounts for
about 20% of the administered dose, so this is not the major excretory
route: probably these substances are largely excreted by the biliary route
and it is also likely that they have an enterohepatic recirculation.

After repeated oral doses there is a small accumulation of loxiglumide in
plasma which is compatible with this administration course, and the steady
state is reached after about 48h. There is no retention of loxiglumide or
related substances in the human body.

Loxiglumide was always well tolerated, except for the possible occur-
rence of episodes of loose stools in some subjects, probably due to the
accelerating effects of the compound on colonic transit [17].

Conclusions

The new pentanoic acid derivatives are potent, selective, competitive and
reversible antagonists of the peripheral CCK receptor.

Loxiglumide is currently used in humans in order to investigate new
insights in digestive physiology and pathophysiology. Such studies are favored
by the possibility of using constant intravenous infusions.

Furthermore, the existence of readily bioavailable oral formulations and
the good tolerability of the compound render possible its use in the search
for possible therapeutic indications.

Acknowledgements. The author wishes to thank Dr. F. Makovec for helpful dis-
cussions and advice.
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Introduction

Benzodiazepine derivative CCK antagonists originated from the discovery
at Merck, by receptor-based screening, of a novel benzodiazepine-like
fermentation product from Aspergillus alliaceus [1], asperlicin. Its lack of
oral activity and the need for greater potency stimulated the design of
improved antagonists. On the basis of structural relationships between
asperlicin and the molecules diazepam and p-tryptophan, an indolylmethyl
benzodiazepine was designed and synthesized [2]. This simpler compound
proved to be comparable in potency and selectivity to asperlicin as a CCK
antagonist. Structure-activity studies based on this lead produced a series of
compounds with marked increases in potency and selectivity [3,4]. One
optimized antagonist, devazepide (MK-329 or L-364 718, Fig. 1) [5], binds to
the CCK-A (peripheral) receptor with an affinity comparable to CCK-8
(ICso 0.08nM) and shows greater than 1000-fold selectivity over the CCK-B
receptor [6].

Benzodiazepine derivatives that are selective ligands of gastrin and
CCK-B receptors have also been designed [7]. Several key structural modi-
fications of devazepide-type structures resulted in a series of 3-arylurea-1,4-
benzodiazepines typified by L-365260 (Fig. 1). This antagonist has high
affinity for gastrin and CCK-B receptors (ICso 1nM), which is over 100-fold
greater than its CCK-A receptor affinity [8]. Pentagastrin-stimulated acid
secretion is potently and competitively inhibited by L-365260 [8].

Devazepide and L-365260 are readily synthesized on a kilogram scale
using similar processes [9,10]. The two compounds derive from opposite
enantiomers of 3-aminobenzodiazepine and are hydrophobic molecules with
very low water solubility.

Devazepide has been shown to be a competitive antagonist in vitro and
is active at low dose levels by several routes of administration in a number
of animal species [11]. In agreement with receptor binding studies, much
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higher concentrations (uM) are required to inhibit gastrin-stimulated acid
secretion. No effects on processes mediated by motilin, secretin, acety-
Icholine, or histamine were observed. No agonist activity has been observed
in any of these studies at concentrations in the micromolar range, and the
compound efficiently penetrates the blood-brain barrier [12].

Toxicity

MK-329 administered orally or i.p. to mice and hamsters has low acute
toxicity; by either route the lethal dose for 50% of a group (LDsg) is
approximately 1000 mg/kg. Subacute toxicity studies with oral dosing of up
to 40mg/kg per day in hamsters and up to 45mg/kg per day in rhesus
monkeys for 14 weeks showed that the no-effect dose was 20 and 15 mg/kg
per day, respectively. In monkeys, a dose-dependent decrease in total serum
cholesterol was observed at the two highest doses (30% at 45mg/kg per
day and 21% at 15mg/kg per day), but no alterations occurred in total
triglycerides and only minor effects on HDL cholesterol were noted.
A study in baboons (45 mg/kg per day) failed to demonstrate a similar effect
on plasma cholesterol concentrations.
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Devazepide was administered orally to rats at doses of up to 100 mg/kg
per day for 1 year. At a 6-month interim necropsy, changes were confined to
increases in hepatic, adrenal, thyroid, and ovarian weight with a no-effect
dose of 10 mg/kg per day except for thyroid (2mg/kg per day) and ovarian
weight changes; a no-effect level for the latter change was not established.
At oral doses of up to 100mg/kg per day in baboons, the only treatment-
related physical sign was pale feces. A 6-month interim necropsy showed
a nondose-dependent increase (50%-70%) in mean bile volume. Slight
increases in serum bile acids and ALT and a slight decrease in serum chol-
esterol were noted. At 12 months small cholesterol-containing gallstones,
1-2mm in diameter, were noted with a maximum nondose-dependent
incidence of 2%.

MK-329 was evaluated for mutagenic potential in a microbial mutage-
nesis test system using mutant strains of Salmonella typhimurium and
Escherichia coli. with and without a microsomal enzyme activation system
prepared from the rat liver. MK-329 was not detectably mutagenic in these-
assays.

Studies in rats and rabbits assessed the effects of MK-329 on reproduc-
tive performance, including mating and fertility, as well as the embryonal/
fetal toxicity and teratogenic potential of the compound. These studies
have shown no contraindication to clinical trials in women of childbearing
potential.

Pharmacokinetics and Bioavailability

There was substantial species and intersubject variation in the pharma-
cokinetic parameters after oral dosing. At a dose of 5mg/kg po, the dog
showed a mean oral bioavailability of 20.3 £ 8.6% with t;,, = 28.2 = 12.3h,
Thax = 1.3 £ 1.3h, and C,,,x = 135 = 46 ng/ml; the monkey showed an oral
bioavailability of 5.5 * 6.6%, t;, = 5.1 £ 2.7h, Ty« = 0.9 = 0.3h, and
Cmax = 38 = 41 ng/ml (means + S.D.).

MK-329 undergoes first-pass metabolism. Analysis of metabolites in the
bile in monkeys revealed that some possessed CCK-receptor binding activity
(10%-20%, as compared to parent compound). No active metabolites were
found in dog bile.

After i.v. administration to dogs of *C-labeled MK-329, 83% of the
radioactivity was recovered in the feces and 10% in the urine within 144h;
orally, 85% was recovered in the feces and 5% in the urine. Radioactivity in
the feces was derived from biliary excretion; only trace amounts of parent
compound were detectable in the bile.

In rats, after 4 weeks of oral doses of up to 500 mg/kg per day, mean
plasma drug levels measured 24 h after the last dose increased two- to six-
fold compared to those measured after a single dose. These increases were
not dose proportional, suggesting possible saturation during absorption or
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saturation of the enzymes of the metabolic pathway and/or a possible
induction of metabolizing processes. In baboons dosed orally with 3, 30,
90, and 270mg/kg per day, there was a dose-proportional response in
both AUC and C,,,, following the 3 and 30 mg/kg per day dosing, but these
parameters were disproportionately lower at higher doses. The apparent t;),
was approximately 4h and the T,,, occurred at 1-2h.

Equilibrium dialysis revealed MK-329 to be highly bound (>97%) to
plasma proteins, using pooled dog, hamster, and human plasma over a wide
range of concentrations (200—50000 ng/ml).

In man, plasma devazepide levels were assayed utilizing a radio-receptor
assay. Peak plasma levels occurred 2—4h after an oral dose with marked
interindividual variability. Limited data show an approximately proportional
increase in mean plasma levels over an oral dose range of 0.5-10mg and an
elimination half-life on the order of 6 to 12h.

Animal and Human Studies

The development of potent specific CCK antagonists such as devazepide
provides the opportunity to study the physiologic role of CCK in the gastro-
intestinal system and to explore the potential therapeutic utility of this
agent. Direct empirical trials in humans are the only way to resolve the
contribution of CCK in the pathogenesis of gastrointestinal disorders.

Biliary System

The most clearly established role for CCK is the stimulation of gallbladder
contraction [13-15]. Intravenous devazepide effectively antagonized the
effect of CCK on gallbladder contraction in cats (EDsq = 210pg/kg) [11]
and guinea pigs (0.1 mg/kg) [6]. To explore the role of CCK on gallbladder
emptying in humans and to determine the effect of orally administered
devazepide, two series of experiments were carried out. In a double-blind,
four-period crossover study, eight subjects received single doses of placebo
or 0.5, 2, or 10mg devazepide, followed by an intravenous infusion of CCK-
8 (30pmol/kgmin). In subjects receiving placebo, the 2-h CCK infusion
decreased gallbladder volume, determined ultrasonographically, by an aver-
age of 43%. Doses of devazepide of 10mg and 2mg significantly reduced
gallbladder emptying by approximately, 100% and 36 = 6.1%, respectively,
but the 0.5mg dose did not modify the response to CCK [16]. Gallbladder
contraction was also measured after a mixed meal (614 kcal breakfast; 66.8 g
carbohydrate, 29.4¢ fat, and 20 g protein) in a two-period crossover study
in which subjects received either 10mg devazepide or placebo 2h before
eating. Gallbladder contraction was completely inhibited by devazepide
[16]. Similarly, single, oral 10mg doses of devazepide have been shown to
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inhibit CCK-8-stimulated biliary output [17] and meal-stimulated biliary
output [18]. Dosing for up to 10days with 1-5mg bid devazepide orally
resulted in persistent significant inhibition of meal-induced gallbladder
emptying, indicating no tachyphylaxis [19]. These results demonstrate that
devazepide is a potent, orally active CCK antagonist in humans and that
CCK is a major regulator of post-prandial gallbladder contraction.

Pancreas

Exogenous CCK has been shown to stimulate pancreatic exocrine secretion
in a dose-dependent manner in man [20,21] but the relative contribution of
CCK versus other humoral (secretin) and neural (cholinergic) influences has
not been defined. In animals, devazepide effectively blocks CCK-8-stimulated
and blunts meal-stimulated pancreatic exocrine output [11,22-26]. In man,
single oral doses of 10mg of devazepide have been shown to effectively
antagonize CCK-8-induced pancreatic exocrine secretion [17] and to slightly
decrease postprandial trypsin output during the first 45 min following meal
ingestion [18]. In three of four patients with chronic pancreatitis, a single
10 mg oral dose of devazepide suppressed meal-stimulated output of amylase
(74%), lipase (81%) and trypsin (82%) and suppressed output of amylase
(68%), lipase (82%), and trypsin (80%) in two patients perfused with
phenylalanine (10nM) intraduodenally [27]. CCK blockade with devazepide
may be of use in treating the pain associated with chronic pancreatitis,
although this remains to be studied.

Evidence supports negative feedback regulation of pancreatic enzyme
secretion by intraduodenal trypsin and bile acids in animals and humans
[28,29]. Interestingly, administration of devazepide to healthy volunteers
resulted in a marked increase in postprandial CCK levels measured by RIA
[16,18,27]. These results support the concept of negative feedback regula-
tion of CCK secretion in humans. Devazepide did not alter CCK-8 clearance
[16], supporting the role of increased CCK secretion as the mechanism for
the observed potentiation of postprandial CCK concentrations after oral
devazepide.

CCK is also a physiologically important regulator of growth of the
exocrine pancreas, based on studies in rodents [30—32]. Indirect elevation of
endogenous CCK levels by chronically feeding rats the protease inhibitor
camostate results in pancreatic hypertrophy and hyperplasia which is blocked
by devazepide [33]. A similar trophic effect of CCK on growth of pancreatic
carcinoma has also been suggested. Cerulein (a structural analogue of CCK)
and secretin stimulated growth of hamster pancreatic cancer cells (H-2-T)
transplanted in cheek pouches of Syrian golden hamsters [34]. Growth of
five human pancreatic cancer cell lines (SW-1990, PANC-1, MIA PaCa-2,
BxPC-3, and RWP-2) in serum-free medium was increased 32%-45%
in vitro by incubation with CCK-9 [35]. The presence of CCK receptors
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has been demonstrated in the human pancreatic cancer cell line SKI, but
not CAV; and growth of only the former was stimulated by cerulein and
inhibited by proglumide (a weak CCK antagonist) [36]. Growth of implants
of the CCK receptor positive human pancreatic cancer cell line SKI in
athymic nude mice was significantly inhibited by asperlicin [37]. Signifi-
cant reduction in growth of the CCK receptor positive human pancreatic
adenocarcinoma cell line PGER and SW-1990 xenografted to nude mice
resulted from administration of devazepide [38,39]. A pilot trial in patients
with pancreatic adenocarcinoma treated with devazepide for up to 12 weeks
at doses up to 10 mg bid did not demonstrate any measurable regression of
disease [40].

The role of CCK in the regulation of pancreatic endocrine function has
been investigated [41]. CCK receptor blockade with devazepide, 10mg,
does not alter plasma insulin, glucagon, or glucose response to a mixed
meal. However, the finding that CCK receptor blockade selectivity atten-
uates the postprandial increase in plasma PP concentrations supports a
physiological role for CCK in regulating PP secretion.

Stomach

In animals, infustion of CCK-8 delays gastric emptying, and devazepide is
capable of reversing this CCK-induced delay [11,32,42]. Devazepide has
accelerated gastric emptying of meals in animals [43-45]. As opposed to the
results in animals, in patient studies a single, oral, 10 mg dose of devazepide
did not accelerate the gastric emptying of liquids or solids in a dual-labeled
“typical” meal, despite total inhibition of meal-stimulated gallbladder con-
traction [16]. In contrast, in another study a meal with a solid food marker
(1106 KJ, fat 45%, protein 17%, carbohydrate 38%) emptied significantly
faster during the initial 25 min after 10 mg devazepide, but the time for 50%
emptying did not differ from placebo [17].

Bowel Motility

CCK may play an important role in the humoral control of intestinal motility
[46,47]. In dogs, devazepide did not alter motor or secretory components of
the migrating myoelectric complexes (MMC) but did reduce the postprandial
spike activity without restoring the fasted pattern [48]. In man, CCK-8
increases small bowel motility [49] as well as colonic motor and myoelectric
response [46]. However, a CCK-8 infusion that produced physiologic post-
prandial CCK levels as measured by RIA did not lead to an increase in
motor and myoelectric response of a magnitude typical of the normal post-
prandial gastrocolic response (W.J. Snape personal communication). In
healthy subjects, 10mg of devazepide produced no changes in the MMC
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pattern during fasting nor postprandially in either the gastric antrum or
duodenum (P. Cantor, personal communication). An exploratory study of
the effect of devazepide on postprandial colonic motility and spike activity
in patients with irritable bowel is in progress.

Adverse Experience Profile

Devazepide has been generally well tolerated with toxicity primarily
manifest as gastrointestinal side effects, particularly cramps or discomfort,
and loose stools or frank diarrhea. The frequency and severity of these
symptoms appears dose related at doses of 25 mg or above, but not at doses
under 10mg, where the frequency of such symptoms was nearly equivalent
to placebo. Headache was more frequent at doses of 25mg or above. Mild
fecal fat elevations were seen in two subjects in the period 24—48 h following
a 50-mg dose. A slight decrease in serum cholesterol was noted, but without
a clear dose relationship, and it was not observed after 10d of dosing with
up to S5mg bid.

Summary

Devazepide is a potent, nonpeptidal, peripheral (type A) CCK antagonist
essentially devoid of agonist activity. Baboons develop cholesterol gallstones
at 1 year, probably reflecting gallbladder stasis. In man, devazepide blocks
gallbladder contraction induced by exogenous or endogenous (postprandial)
CCK. In normal subjects, devazepide inhibits CCK-8-stimulated pancreatic
secretion but has little or no effect on meal-stimulated pancreatic secretion,
gastric emptying, or upper gut motility. In patients with chronic pancreatitis,
a more pronounced effect may be seen on pancreatic output. Devazepide
administration augments postprandial CCK levels, supporting a proposed
feedback inhibition of CCK release. Even at high doses, no effect of CCK
blockade on pancreatic adenocarcinoma has been seen. Devazepide is
helping to elucidate the physiologic role of CCK in man, but preliminary
studies suggest that CCK receptor blockade will produce limited advances
for the therapy of gastrointestinal disorders.
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Introduction

During investigations into the structure activity relationships of chole-
cystokinin (CCK), it soon became apparent that the C-terminal portion of
the CCK molecule, more particularly the C-terminal phenylalanine residue,
was of crucial importance for the complete biological activity of CCK
analogues, both in the peripheral system and in the CNS. Suppression of the
C-terminal phenylalanine residue, e.g., Z-CCK-27-32-NH, [Z-Tyr(SOs;H)-
Met-Gly-Trp-Met-Asp-NH,], led to CCK antagonists both in the peripheral
system [1] and in the CNS [2,3]. We report here on the modulations in
activity which resulted from suppression of the C-terminal primary amide
function of CCK, and on its pharmacological consequences.

Compound JMV180 and Analogues
Effects on Amylase Secretion

Earlier studies of the binding of labeled CCK to pancreatic acini of different
species indicated two different classes of CCK binding sites with high and
low affinity for CCK [4-7]. The dose-response curve for CCK-stimulated
enzyme secretion is biphasic. With increasing concentrations of CCK the
dose-response curve for enzyme secretion increases, reaches a maximum,
and then decreases at higher concentrations. It has been proposed that
the occupancy of high-affinity binding sites by low concentrations of CCK
(usually less than 100 pM) correlates with stimulation of amylase secretion,
and that occupancy of high affinity binding sites by higher CCK concentra-
tions (usually greater than 100 pM) correlates with the inhibition of amylase
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secretion [4,6]. Recently, we have synthesized a new series of analogues of
the C-terminal heptapeptide of CCK, in which the C-terminal primary
amide function has been suppressed [8]. These analogues, although less
potent than CCK, showed the unique property of possessing the same
efficacy for amylase release from rat pancreatic acini as CCK-8, but with-
out any inhibition of amylase release at supramaximal concentrations [9,
10]. Among these analogues, Boc-Tyr(SO;H)-Nle-Gly-Trp-Nle-Asp-2-
phenylethyl ester, named JMV180, was found the most potent and used in
subsequent studies. It appears to interact with both low- and high-affinity
binding sites, and functions as an agonist at the high-affinity CCK receptor,
and as an antagonist at the low-affinity CCK receptor. However, in terms
of binding, JMV180 is less effective than CCK-8 in discriminating be-
tween high-affinity CCK receptors and low-affinity CCK receptors [11-14].
Occupation of the low-affinity CCK binding site by compound JMV180
is accompanied by no change in stimulated amylase secretion, whereas
occupation of the low-affinity CCK binding sites by CCK-8 is accompanied
by a progressive inhibition of enzyme secretion. Compound JMV180 is
able to reverse the inhibition of stimulated enzyme secretion caused by
supramaximal concentrations of CCK-8 (concentrations of CCK-8 that
occupy low-affinity CCK binding sites) and can cause a parallel rightward
shift in the downstroke of the dose-response curve for CCK-8 stimulated
enzyme secretion, indicating that this inhibition is competitive in nature
[9,11] (Fig. 1).

Previously, it has been demonstrated that by first incubating dispersed
pancreatic acini with CCK-8 and then washing the cells to remove CCK-8 a
reduction was obtained in the subsequent stimulation of amylase secretion
caused by CCK-8 and by all secretagogues that mobilize cellular calcium
[15]. Using compound JMV180, which acts as an antagonist at the low
affinity CCK binding site, Menozzi et al. [16] have suggested that CCK-8
causes desensitization of enzyme secretion by interacting with low-affinity
CCK receptors.

An N-terminal extended molecule of compound JMV180 useful for
labeling of sequence D-Tyr-Gly-Asp-Tyr(SOs;H)-Nle-Gly-Trp-Nle-Asp-2-
phenylethyl ester showed the same interesting properties as compound
JMV180 and confirmed the important role of the C-terminal primary amide
function for full biological activity of CCK analogues on pancreatic acini
[13].

The inhibitory effects of compound JMV180 at the low affinity CCK
receptor can not only be explained by a competitive inhibition at the low-
affinity binding site, but also by reducing the number of receptors in the
low-affinity configuration. It has been postulated that there exists one type
of CCK receptor molecule that can be converted between states showing a
high- or a low-affinity for CCK under different conditions, these two states
existing in reversible equilibrium. In normal conditions, most receptors are
in the low-affinity configuration. CCK-8 would bind to both receptor states,
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Fig. 1. Effects of compound JMV180 on amylase release from rat pancreatic acini
stimulated by Boc-[Nle? Nle*']-CCK-7. Acini_were incubated for 30min at 37°C
with various concentrations of Boc-[Nle?® Nle*!]-CCK-7 plus indicated concentra-
tions of compound JMV180: (m) OpM, (O) 0.1mM, (A) 1uM, (A) 5uM, ()
10 uM. Results are expressed as a percentage of maximal stimulation obtained with
Boc-[Nle?® N1e*!]-CCK-7 (40 + 5% of the total amylase contained in the acini)
minus the basal amylase secretion (10 £ 2% of the total amylase contained in the

acini). In each experiment, each value was determined in duplicate and results given
are means from at least five separate experiments

which would gradually become saturated as the concentration of CCK-8 is
increased. By contrast, compound JMV180 would bind only to high-affinity
binding sites. As the concentration of compound JMV180 increased, low-
affinity binding sites would gradually convert into high-affinity binding sites
as a result of the equilibrium between the two forms. Thus, compound
JMV180 might act as a competitive inhibitor at the low-affinity binding site
not by occupying the binding site, but by reducing the available number of
these sites [12]. Recently, Molero et al. [14] reported that two affinity states
of the CCK receptor exist in intact cells and membranes from bovine
gallbladder, with the interconversion of these states, probably mediated by a
G protein. Compound JMV180 showed equal affinity for both sites whereas
CCK-8 interacted with the two sites with different affinities. However,
further work is clearly needed to establish the precise biochemical differ-
ences between high- and low-affinity CCK binding sites [12,13].

By contrast, in mouse pancreatic acini, compound JMV180 interacts
with, and occupies, high- and low-affinity CCK receptors with different
affinities and acts as an agonist on both sites, thereby showing at supra-
maximal concentrations inhibition of amylase secretion and protein synthesis
[12]. These results confirm species differences in CCK receptors which have
already been reported.
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These unique properties of JIMV180 make its use particularly helpful in
distinguishing actions mediated by occupation of high-affinity binding sites
from actions mediated by occupation of low-affinity binding sites.

Inhibition of amino acid incorporation into proteins at supramaximal
concentrations of CCK-8 is believed to be correlated to low-affinity CCK
receptor [4]. In contrast to the CCK-8 biphasic effects on [*H]leucine incor-
poration into proteins in rat acini, compound JMV180 increased [*H]leucine
incorporation but did not cause any decrease at high concentrations [12].
However, as with amylase secretion, JMV180 and analogues inhibited
[*H]leucine uptake in mouse pancreatic acini similar to the effects of CCK-8
[12].

Effects on Intracellular Mediators

Compound JMV180 is unique in that it can distinguish high-from low-
affinity CCK receptors on the basis of its biological activity. It has been
used to determine the relationships between occupation of each class of
CCK binding sites and the accompanying changes in intracellular Ca®",
phospholipid hydrolysis, and enzyme secretion and was compared to CCK-
8.

Effects on Ca®*

It is known that the stimulatory effect of CCK-8 on amylase secretion is
mediated by the mobilization of intracellular Ca®*, i.e., CCK-8 promotes
phosphatidylinositol 4,5-biphosphate (PIP,) hydrolysis [17,18] to produce
both 1,2-diacylglycerol (DAG) and 1,4,5-inositol triphosphate (1,4,5-1P),
the latter causing Ca’* release from intracellular stores [19,20]. It has been
proposed that DAG and Ca®* mobilization, in activating protein kinase C,
acts in a synergistic fashion in the stimulation of amylase secretion [20-23].

In terms of causing mobilization of Ca**, compound JMV180 is only
50% —60% as efficacious as CCK-8 or its potent analogue Boc-[Nle?® Nle!]-
CCK-7 [24-26] (Fig. 2). Compound JMV180 is also able to inhibit the
mobilization of Ca®* caused by a maximal effective dose of CCK-8, sug-
gesting that CCK-8 and compound JMV180 interact with the same class of
CCK receptors to promote intracellular Ca®>* mobilization [25]. It has been
suggested that compound JMV180 produces mobilization of intracellular
Ca’* by interacting with the low-affinity CCK receptor [25]. From the
studies of Matozaki et al. [12] it appears that both the actions of CCK-8 and
compound JMV180 were dependent on an increase in Ca®*, since these
actions could be blocked by the Ca®* chelator BAPTA loaded into acini.
By using microspectrofluorometry of Fura-2 in individual acinar cells, low
concentrations of CCK-8 that produce the upstroke in the dose-response
curve of amylase secretion and compound JMV180 induced Ca®* oscilla-
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Fig. 2. Effects of CCK-8 (&), Boc-[Nle*,Nle*')-CCK-7 (m), and Boc-Tyr(SO;H)-
Nle-Gly-Trp-Nle-Asp-2-phenylethyl ester (compound JMV180) (0) on [Ca**}; in
isolated rat pancreatic acini. Acini were pre-loaded with Fura-2 in the presence of
1.5mM Ca®". Fluorescence was measured before and after addition of secretagogues
in a 2ml cell suspension aliquot, using a Perkin Elmer spectrofluorimeter set at

350nm for excitation and 505nm for emission. Results are the means (XSEM) of
four to five separate experiments

tions [12,27]. By contrast, higher concentrations of CCK-8 (more than
100 pM) cause a large transient increase of intracellular Ca?* followed by a
small sustained increase of intracellular Ca?* without oscillations. These
results clearly indicated that low concentrations of CCK-8, or compound
JMV180, induced Ca** oscillations probably responsible for amylase secre-
tion, and have effects on intracellular Ca?* different from those of high
concentrations of CCK-8 [12].

Effects on Phospholipid Hydrolysis

The effects of compound JMV180 on phospholipid hydrolysis were examined
and compared with those of CCK-8 and Boc-[Nle*® Nle*!']-CCK-7 [12,24,
28-30]. Compound JMV180 was almost ineffective in enhancing [*H]inositol
phosphate accumulation in rat pancreatic acini. Only a very small amount of
[PH]inositol phosphate accumulation was observed even at high concentra-
tions. By contrast, high concentrations of CCK-8 or of the related analogue
Boc-[Nle?® Nle*']-CCK-7 produced a large increase in [°H] inositol phos-
phate production, consistent with concentrations producing a transient
large increase of intracellular Ca®* and inhibition of amylase secretion [24].
Interestingly, compound JMV180 was also able to inhibit CCK-8 induced
inositol phosphate accumulation, suggesting that the action of CCK-8 on
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inositol phosphate generation may be mediated by occupation of the low-
affinity CCK binding site, and confirming that compound JMV180 acts as an
antagonist at this binding site. Although is has been demonstrated that
a guanine nucleotide-binding protein is involved in CCK-simulated PIP,
hydrolysis to produce inositol phosphate in pancreatic acinar cells, the
recent observation that the N-terminal extended form of compound JMV180
initiates a novel cascade not involving a guanine nucleotide-binding protein
is consistent with these findings [13]. These results suggest that the mech-
anism for induction of Ca®* oscillations, and subsequent amylase secretion,
may be different from that for IPs-induced large transient Ca®* mobilization
and subsequent amylase inhibition.

Effects on 1,2-Diacylglycerol

It has been demonstrated recently that the action of high concentrations of
CCK-8 (10nM) on isolated rat pancreatic acini resulted in a biphasic increase
of DAG, consisting in an early peak at 5 s, coming from the hydrolysis of
PIP,, and a second, larger, gradual increase that was maximal by 15min
and coming from phosphatidylcholine hydrolysis, the latter contributing to
the sustained generation of DAG and hence the maintained activation of
protein kinase C. By comparison, a submaximal dose of CCK-8 (30pM)
for amylase secretion induced a monophasic increase of DAG sustained
to 60 min, without an early peak [31]. Compound JMV180 caused a dose-
dependent, monophasic and sustained stimulation of DAG without any
early increase, in accordance with the limited effect of compound JMV180
on IP; production [26]. Compound JMV180 stimulates the release of
[*H]choline metabolites, predominantly phosphorylcholine, indicating that
phosphatidylcholine hydrolysis might be involved in DAG production by rat
pancreatic acini, as the result of stimulation by compound JMV180. Since
compound JMV180 is believed to act as an agonist at the high-affinity CCK
binding sites and as an antagonist at the low-affinity CCK binding sites,
these results suggest that high-affinity CCK binding sites are correlated with
phosphatidylcholine hydrolysis and subsequent DAG formation whereas
low-affinity CCK binding sites are correlated with PIP, hydrolysis leading to
both IP; formation and an early peak of DAG and a large transient in
intracellular Ca** [26].

Effects on Adenylate Cyclase Activity

The second messenger system(s) by which CCK exerts its varied effects
on pancreatic acini remain incompletely defined. CCK-8 is also known to
induce in a dose-dependent manner cellular cyclic adenosine monophosphate
(cAMP) accumulation. It has been proposed that CCK-8 activation of
adenylate cyclase is mediated through low-affinity CCK receptors [32]. This
assumption has been confirmed by the findings that neither compound
JMV180 nor its N-terminal extended analogue was able to promote cellular
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cAMP accumulation, and they further antagonize the effects of CCK-8
[24,33].

Other Biological Effects

Effects on Pancreatitis

Recently, compound JMV180 has enabled studies that may identify the cell
biology and pathological events mediated by high- and low-affinity CCK
receptors. Saluja and colleagues reported that cerulein but not compound
JMV180 can induce edematous pancreatitis in rats, and that it prevents
cerulein-induced pancreatitis. These authors concluded that cerulein-induced
pancreatitis is dependent on the inhibition of secretion that results from low-
affinity receptor occupancy and that other methods of inhibiting secretion
(e.g., somatostatin) may not be sufficient to induce pancreatitis [34]. These
authors also demonstrated that compound JMV180 fails to protect against
pancreatitis induced by methods that do not involve CCK.

These findings are of great interest for those interested in the search for
CCK analogues selective for the peripheral CCK receptor (CCK-A type).
CCK analogues, selective agonists for the CCK-A receptor, should be useful
as satieting agents, but their ability to induce pancreatitis has to be taken
into account. In this respect, compounds acting at the peripheral CCK
receptor as antagonists at the low-affinity CCK binding site might be of
great value in determining which CCK binding site(s) (high-affinity, low-
affinity or both) is(are) involved in the control of food intake, and should
direct thinking in this area.

In the mouse, high doses (10-50 mg/kg per hour, i.p.) of the compound
JMV180 which acts as an agonist at the low-affinity CCK binding site, are
able to induce acute pancreatitis [35]. These results strongly support the
hypothesis that cerulein-induced pancreatitis results from occupation of the
low-affinity CCK receptor by an agonist.

However, one should be concerned about the low potency of com-
pound JMV180 in in vivo studies, probably due to the poor 2-phenylethyl
ester stability. In in vivo studies on pancreatic secretion in the rat, the 2-
phenylethylamide derivative [e.g., Boc-Tyr(SO;H)-Nle-Gly-Trp-Nle-Asp-
2-phenylethylamide, JMV170] was found more potent than compound
JMV180 although it was less potent in in vitro studies [36—38].

Effects on Food Intake

It is known that CCK-8 is involved in the control of food intake, having a
satieting effect. Compound JMV180 (10 ug/kg) was found about four times
less potent in inhibiting food intake after intracerebioventricular injection in
the rat than its 2-phenylethylamide analogue (compound JMV170). None of
them affected food intake after i.p. administration, whatever the dose or
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time after injection [39,40]. The effects of JMV180 and analogues on food
intake seem to be different from those of CCK-8 which has been found
more active after i.p. injection. This contrast may also reflect differences in
the CCK-8 and analogues degradation.

Effects on the Gastrin Receptor

Compound JMV180 and analogues lacking the C-terminal amide function
have been shown to function as gastrin antagonists. They were able to
inhibit binding of labeled gastrin to a rabbit (or rat) gastric mucosal cell
preparation and to antagonize gastrin-stimulated acid secretion in the
anesthetized rat [41, Martinez and Bali, unpublished results].

Effects on Smooth Muscle

Compound JMV180 and analogues were also found to inhibit the effects
of gastrin and CCK on isolated smooth muscle cells from rabbit antrum
[Martinez and Bali, unpublished results]. A 2-phenylethylamide analogue of
CCK-7 (e.g., Suc-Tyr(SO;H)-Met-Gly-Trp-Met-Asp-2-Phenylethylamide,
410) was shown to inhibit CCK-8 induced contractile responses of guinea
pig gallbladder, ileum and muscle strips [42,43]. However, the N-terminal
extended analogue of compound JMV180 was found as efficacious as CCK
on gallbladder, although, as in pancreas, without expressing the supra-
maximal inhibition of activity typical of CCK [14].

Conclusions

These studies showed the importance of the C-terminal amide function
for the expression of the entire biological activity of CCK, although this
functional group appeared not to be crucial for binding to CCK receptors.
However, if suppression of the C-terminal amide function led to CCK
analogues that act as agonists at the high-affinity CCK binding sites and as
antagonists at the low-affinity binding sites, the remaining biological activity
can be modulated by modifications affecting the tryptophan residue or
the peptide bonds surrounding the tryptophan. In JMV180 or analogues,
replacing the tryptophan by a p-tryptophan produced full and potent CCK
antagonists [e.g., Boc-Tyr(SO;H)-Nle-Gly-DTrp-Nle-Asp-2-phenylethyl
ester JMV179] [44], while modifying the peptide bonds surrounding the
tryptophan residue produced partial CCK agonists [45].

Compound JMV180 is unique in that it can discriminate between high-
affinity CCK receptors and low-affinity CCK receptors in pancreatic acini, in
terms of biological activity. This compound acts as an agonist at the high-
affinity CCK binding site and as an antagonist at the low-affinity CCK
binding sites. This particular property has been of great help in more
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precisely defining the intracellular events and biological activities associated
with both CCK binding sites.

The present results further support the concept that occupancy of

specific affinity states of the CCK receptors are correlated with different
biological actions. Although it seems more likely that high- and low-affinity
CCK receptors are a unique protein that can be converted between states
showing a high- or a low-affinity for CCK under different conditions, further
work is clearly needed to determine the biochemical differences in the CCK
receptor in the high- versus low-affinity state.
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Introduction

Since the original observation in 1979 [48] that dibutyryl cyclic GMP
(Bt,cGMP) functions as a weak, but specific, cholecystokinin (CCK) recep-
tor antagonist, five different classes of CCK receptor antagonists have been
described in various in vitro studies (Tables 1, 2) [30,31]. Members of at
least two of these classes [i.e., amino acid derivatives such as lorglumide
(CR 1409) or loxiglumide (CR 1505) and substituted benzodiazepine ana-
logues such as L-364718 (MK-329), 1L-365260 or A-65186 have sufficient
potency and specificity to be generally useful for in vivo studies that explore
the importance of CCK-related peptides in various physiological processes.
It is likely that additional useful CCK receptor antagonists which may
further distinguish CCK receptor subtypes or have higher potency, will
be developed, probably from one of the five different classes currently
described. In this chapter the results of in vitro studies with each of the
different classes of CCK receptor antagonists are reviewed.

General: CCK Receptor Subtypes

In the initial studies defining the action of various CCK receptor antag-
onists, the fact that more than one type of CCK receptor existed was not
generally considered. It is now clear that there are at least two, and perhaps
three, different types of CCK receptors [10,30,31,46]. Because the CCK
receptor antagonists can have different affinities for the different types of
receptors, it is important, when considering the in vitro results, to define
first the type of CCK receptor being investigated. Numerous older func-
tional studies demonstrated that the naturally occurring peptides, CCK and
gastrin, had markedly different biologic actions [32] even though they were
structurally similar in having an identical pentapeptide amide at the bio-
logically active COOH-terminus of the molecule [32]. The presence of a

! Digestive Diseases Branch, National Institutes of Diabetes and Digestive and
Kidney Diseases, National Institutes of Health, Bethesda, MD 20892, USA.

G. Adler and C. Beglinger (Eds.)
CCK Antagonists in Gastroenterology
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Table 1. Classes of CCK receptor antagonists

Antagonist class Most potent Other potent members
members
I.  Cyclic nucleotide Bt,cGMP 0% BtcGMP (1 mM) [1,24]
analogues (0.1mM)
[1,24,52]
II. Amino acid CR 1409 CR 1505 (0.33 uM) [53]°
derivatives (0.1-0.2uM)* Phenoxyacetyl proglumide (5 pM) [27]

[30,39,47,71] Benzotript (0.3mM) [17,25]
CBZ-cystine (0.1 mM) [43]
III. COOH-terminal BOC-[p-Trp*’, CBZ-CCK-27-32-NH, (2.7 uM) [62]

CCK analogues Nile31] BOC-CCK-31-33 (0.4 mM) [26]
CCK-27-32-
Phenylethyl
ester
(0.05uM)
(34]
IV. p-Amino acid [p-Pro* p-
substituted Trp”-%-10]-SP-
substance 4-11 (5uM)
P(SP)-4-11 [72]
analogues
V. Asperlicin and L-364718 Asperlicin (2.1 uM)® [5,70]
substituted (0.08-2nM)® L-365260 (0.5 uM)> [3,19,36]
benzodiazepines [4,19,36,37,71] A-65186 (5nM)° [33]

Numbers in parentheses refer to K; for CCK, receptors on pancreas.

*CR 1409 = p,1-4-(3,4-dichlorobenzoylamino)-5-(dipentylamino)-5-oxo-pentanoic
acid is also called lorglumide, proglumide analogue 10, and compound B in various
studies. CR 1505 = p,1-4-(3,4-dichlorobenzoylamino)-5-(N-3-methoxy-propylpentila-
mino)-5-oxo-pentanoic acid is also called loxiglumide [28,39-41,53].

®L-364718 = MK-329 = [3S(-)-N-(2,3-dihydro-1-methyl-2-oxo-5-phenyl-1 H-1,
4-benzodiazepin-3-yl)-1 H-indole-2-carboxide; L-365260 = 3R(+)-(N-2,3-dihydro-1-
methyl-2-oxo-5-phenyl-1 H-1,4-benzodiazepin-3-yl)-N’'-(3-methylphenyl) urea); As-
perlicin = [25-(20,98,9(R*),9aB)]-6,7-dihydro-7-[[2,3,9,9a-tetrahydro-9-hydroxy-2-
(2-methyl propyl)-3-oxo-1H-imidazo[1,2-a| indol-9-yl]methyl]guinazolino[3,2-a]1,4
benzodiazepine-5,13-dione [3,4,5].

©A-65186 = (N-[3’-quinolinoylcarbonyl]-p-Glu-N*,N*-di-n-pentylamide) [33].

sulfate moiety in CCK in the 7th position from the COOH-terminus was
essential in determining the ability of a CCK-related peptide to have high
affinity for producing CCK-related actions [9,20,32,54]. Gastrin occurs
naturally both with and without a sulfate moiety in the tyrosine in the 6th
position from the COOH-terminus [32]. Gastrin’s actions, such as stimula-
tion of gastric acid secretion, were minimally affected by the presence of the
sulfate and both forms had a very low potency for causing CCK-related
actions such as stimulating pancreatic enzyme secretion or gallbladder
contraction [9,18,32].

Both binding studies and studies of biological activity with agonists and
antagonists demonstrate that there are CCK, and CCKg receptors [10,30,
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Table 2. Proposed general classification of CCK receptors (modified from [30])

Type Common name Characteristic Location (reference)
I CCKa 1. CCK-8 =500 X more Pancreatic acini [24,37,71]
potent des(SO3)CCK-8  Gallbladder muscle
= 10000 x CCK-4, [54,58,63,67]
gastrin® Pancreatic islets [65]
[24,30,56,67,71] Rat anterior pituitary cells
. High affinity for [51]
antagonist L.-364 718, Inhibitory neurons in LES
A-65186, CR 1409; low [50]
affinity for L-365260 Area postrema and other
[4,19,33,36,37,71]° CNS areas [10,46]
. High affinity for selective  Pyloric sphincter [60]
agonist A-71378; low AR4-2] tumor cells [57]
affinity for A-72962,
cyclic cmpd II [7,35]¢
II. CCKg/gastrin . CCK-8 = gastrin Cerebral cortex [18,22,55]

> CCK+4,
des(SO3)CCK-8
[6,22,40,55,70,71]*

. High affinity for

GI smooth muscle [2,44]
Parietal cells [61]
Gastric chief cells [64]
Gastric glands [6,49,61]

Pancreatic acinar cells
[12,70,71]

AR4-2J tumor cells [57]

Some human small cell lung
cancer cell lines [69]

antagonist L-365 260;
low affinity for
1-364 718 or CR 1409
[3,4,19,36,71]°

3. High affinity for selective
agonist A-72962, cyclic
cmpd II; low affinity for
A-71378 [7,35]°

LES, lower esophageal sphincter

2 CCK-4 and CCK-8 refer to the COOH-terminal tetra- and octapeptide of CCK.
bStructures for selective antagonists L-364 718, A-65 186, CR 1409 and L-365 260 are
shown in Table 1.

¢Structures for selective agonists A-71378, A-72 962 and cyclic cmpd II are shown in
Table 3.

31,46] (Table 1). CCK4 receptors are characterized by having a high affinity
only for CCK analogues that possess a sulfate in the 7th position from the
COOH-terminus. In studies measuring both the ability of various CCK-
related agonists to stimulate enzyme secretion from pancreatic acini or
inhibit binding of radiolabeled CCK to pancreatic acinar cells or membranes
[16,24,56], CCK-8 is 500 times more potent that desulfated CCK-8, and
10000 times more potent than gastrin-17-1 or CCK-4 (Table 2). Recently,
selective agonists for CCK 4 receptors, such as A-71378 (Tables 2, 3), have
been described that may be used increasingly to classify the type of CCK
receptor mediating a particular response [35]. CCK 4 receptors occur also on
gallbladder muscle [54,58,63,67], rat anterior pituitary cells [51], inhibitory
neurons of the lower esophageal sphincter (LES) [50], AR4-2J pancreatic
tumor cells [57], islets of Langerhans [65], pyloric sphincter [60], myenteric
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Table 3. Comparison of the affinities of various CCK receptor antagonists and
agonists for CCK and CCKg/gastrin receptors. Type of CCK receptors

CCKa K; (M) CCKp/gastrin
Ki (uM)
Antagonist
Bt,cGMP 100 [1,24,67] 350-1700
[18,22,44,66,70,71]
CR 1409 (Lorglumide)® 0.15 [28,39,47,67,71] 30-300 [6,40,70]
CBZ-CCK-27-32-NH, 2.7162,70] 3.3[66,70,71]
BOC-[p-Trp*® Nle3!]- 0.05 [34] 0.5[34]
CCK-27-32-Phenylethyl
ester
L-364718 (MK-329)° 0.0008-0.002 [4,19,37,67,71] 0.24-0.5[4,71]
A-65186° 0.005 [33] 3.6 [33]
L-365260° 0.28 [3,19,36] 0.002 [3,19,36]
Agonist
CCK-8¢ 0.001 [24,56,63,67] 0.4 [18,22,55]
Gastrin-17-1 2.5120,70,71] 0.0015 [20,70,71]
CCK-4¢ 29.1[70,71] 0.1-0.65
[6,38,70,71]
(pancrease, gastric
cells)
0.05-0.1 [22,40]
cerebral cortex
A-71378* 0.0004 [35] 0.3 [35]
A-T72962% 0.11 [35] 0.0002 [35]
Cyclic cmpd II° 1.5[7] 0.00092 [7]

“A-71318 = [des amino, Nle?"! N-Methyl-Asp®?JCCK-7 [35]; A-72962 = [des
amino, Nle?®, N-Methyl Leu*']CCK-7[35].

®Cyclic cmpd II = BOC-8-p-Glu-Tyr(SO3H)-Ahx-pLys-Trp-Ahx-Asp-Phe-NH,,
Ahx = 2-amino hexanoic acid [7].

“CR 1409, L-364718, A-65186, L-365260 (see Table 1 for structure).

4CCK-4 and CCK-8 refer to the COOH-terminal tetra- and octapeptide of CCK.

plexus [21], and the area postrema and other areas of the brain [10,46]
(Table 1). CCKg receptors have approximately equal affinities for CCK,
gastrin-17-1 (nonsulfated), and gastrin-17-II (sulfated), and, compared to
CCK, receptors, relatively high affinities for des(SO;)CCK-8 and CCK-4
(Table 2). Recently, highly selective agonists for CCKg receptors such as A-
72962 [35] or cyclic cmpd II [7] (Tables 2, 3) have been described that may
be increasingly used to classify the CCKg receptors. Previously [31] we
proposed that there are three functionally distinct classes of CCK receptors:
CCK 4 receptors, CCKg receptors and gastrin receptors [30]. Because the
functional characteristics of gastrin receptors are only marginally different
from those of CCKp receptors, it seems to us to be appropriate to group
these receptors, for the purposes of this review, into a single type referred to
as ‘“CCKpg/gastrin receptors.” It should be realized that development of
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selective agonists or antagonists for CCKpg receptors, or gastrin receptors, or
determination of the receptor amino acid sequences, will be necessary to
confirm or deny the existence of three classes of CCK receptors. CCKp/
gastrin receptors are widely distributed in the CNS and are present on
parietal cells, gastric chief cells, gastric glands, gastrointestinal smooth
muscle, pancreatic acinar cells, AR4-2J pancreatic tumor cells, and some
human small cell lung cancer cell lines [2,6,8,19,38,44,57,61,69,70] (Table
2).

In the initial in vitro characterization of the ability of various substances
to function as CCK 5 receptor antagonists, the functional and binding studies
were usually done using pancreatic acini or membranes. In vitro charac-
terization of the abilities of various substances to function as CCKg receptor
antagonists has been complicated by the fact that the biologic function of the
CCKg/gastrin receptors in the CNS is in general unknown. Therefore, in
vitro affinity for CCKg/gastrin receptors was usually assessed by binding
studies to cerebral cortical membranes, gastric glands or gastric mucosal
membranes, and functional studies on the ability of the substances to inhibit
gastrin-stimulated acid secretion in vitro or in vivo.

CCK-Receptor Antagonists In Vitro: General Features

The five different classes of inhibitors (Table 1) of the action of CCK in
vitro show several common features. Each class functions as a full antagonist
and there is no partial agonist activity in most species. Each class inhibits
CCK-stimulated amylase secretion, CCK-stimulated mobilization of cellular
calcium, and the binding of »I-BH-CCK to pancreatic CCK receptors
(Fig. 1). For each class the inhibition is reversible and occurs whether the
antagonist is added prior to, or after, the addition of the agonist. The
inhibitory action of each class, except the D-amino acid substituted sub-
stance P-4-11 analogues, is specific for the CCK receptor. In particular,
for each class of CCK receptor antagonist in pancreatic acinar cells, the
antagonist inhibits the stimulation by CCK-related peptides [28], but has no
effect on stimulation by carbachol, bombesin, substance P, or VIP, which
interact with distinct receptors, or the calcium ionophore A23 187, which has
a postreceptor mechanism of action [15,23,28,37,62]. For each class of
antagonist the inhibition is competitive in nature, similar to that shown in
Fig. 2 for CR 1409 [28]. Increasing concentrations of the antagonist causes a
parallel rightward shift of the dose-response curve for the ability of CCK-8
to stimulate amylase release with no change in the maximal release (Fig. 2,
left), and a Schild plot of the data demonstrated a slope not significantly
different from unity for CR 1409 (Fig. 2, right). Furthermore, for each class
of antagonist there was a very close correlation for the dose-response curves
for the ability of the antagonist to inhibit the binding of '*I-BH-CCK to the
pancreatic CCK 4 receptors and to inhibit CCK-stimulated amylase release
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Fig. 1. Comparison of the abilities of various classes of CCK receptor antagonists to
inhibit CCK-8-stimulated amylase release (left panel) and binding of '*’I-BH-CCK-8
(right panel) to CCK 4 receptors on guinea pig pancreatic acini. (Data from [70,71])

(Fig. 1) or calcium mobilization [15,16,37,67,71]. Each CCK receptor
antagonist also interacts with both CCK, and CCKg/gastrin receptors;
however, some have more selectivity for one type than the others (Table 3).

CCK-Receptor Antagonists In Vitro:
Results with Specific Classes

Cyclic Nucleotide Derivatives

Dibutyryl guanosine 3’, 5'-cyclic monophosphate (Bt,cGMP) is the most
potent member of this class and was the first CCK receptor antagonist
described [48]. Since this report Bt,cGMP was found to be a specific in-
hibitor of the action of CCK in a number of tissues including gallbladder
muscle, gastric smooth muscle, gastric chief and parietal cells and the
myenteric plexus [15]. Subsequent studies in pancreatic acinar cells exam-
ining the interaction of CCK with CCK4 receptors demonstrated that the
unsubstituted cyclic nucleotide had no inhibitory action; however, other
substituted cyclic nucleotides of cAMP, cIMP or cGMP also functioned as
CCK 4 receptor antagonists [1,52]. The dibutyryl moiety was not essential
for antagonism as 8-bromo-derivatives also caused inhibition; however, of
15 different cyclic analogues tested, Bt,cGMP was the most potent [1,52].
Even though Bt,cGMP was specific in action and useful in certain in vitro
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Fig. 2. Effect of increasing concentrations of the CCK receptor antagonist, CR 1409
(lorglumide), on CCK-8-stimulated amylase release (left panel), and a Schild plot
(right panel) of the results. (Data from [28].) Numbers in parenthesis in the left panel
are the concentration of CR 1409 (lorglumide) present. In the right panel, results
from five experiments are shown and the best fit line determined by linear regression

studies, because of its low potency (K; = 0.1mM, Tables 1, 3) the cyclic
nucleotides were not useful generally for in vivo experiments.

Subsequent studies have demonstrated that Bt,cGMP also interacts with
CCKg receptors (Fig. 3, Table 3). Bt,cGMP was reported to have a 10- to
100-fold lower affinity for the CNS CCKg/gastrin receptor and to be 10-fold
less potent for CCKpg/gastrin receptors in the GI tract than for CCK4
receptors on pancreatic acini [4,6,66,70]. Although the mechanism of the
ability of Bt,cGMP to function as a CCK receptor antagonist has been
debated [14,15], at least two studies demonstrated inhibition of binding of
15I-BH-CCK or '®I-gastrin to antibodies that recognized the C-terminal of
CCK, suggesting that the Bt,cGMP might have a similar structural con-
figuration to CCK [1,52].

Amino Acid Derivatives

In 1981, Hahne et al. [17] reported that proglumide (pL-4-benzamido-N,
N-di-n-propylglutaramic acid) as well as benzotript (N-p-chlorobenzoyl-L-
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Fig. 3. Comparison of the abilities of various classes of CCK receptor antagonists to
inhibit binding of '*I-labeled gastrin-17-1 to CCKg/gastrin receptors (left panel) or
151.BH-labeled-CCK-8 to pancreatic CCK,? receptors (right panel). Guinea pig
pancreatic acini were incubated with 150 pM ZSI-gastrin-U-I or 50pM '»I-BH-CCK-
8 plus 0.1puM gastrin, conditions under which '*I-gastrin-17-I only binds to CCKg/
gastrin receptors and '*I-BH-CCK-8 to CCK 4 receptors. (Data from [70,71])

tryptophan) functioned as CCK4 receptor antagonists. Benzotript was 1.5
times more potent than proglumide and proglumide was fivefold (K; =
0.4mM) less potent than Bt,cGMP (Table 1). Proglumide in vitro has sub-
sequently been shown to antagonize the action of CCK on gastric muscle,
ileal muscle, gallbladder muscle, satiety, and in the CNS [15]. Structure-
function studies of benzotript-related peptides demonstrated that the in-
hibitory activity was not limited to the benzoyl derivative of tryptophan,
with numerous other acyl derivatives of L-tryptophan able to function as
CCK receptor antagonists [25]. The inhibitory ability was not restricted to
tryptophan analogues and most CBZ-substituted amino acids function as
CCK antagonists with CBZ-cystine (K; = 0.1 mM) being the most potent
and approximately equally potent to Bt,cGMP (K; = 0.1mM) (Table 1)
[43]. The sterospecificity of the amino acid moiety was not important [25]
but the hydrophobicity of the amino acid side chain was important in
determining potency [43].

Whereas derivatives of tryptophan or other CBZ-amino acids were not
more potent than Bt,cGMP, relatively minor modifications of either the
dialkyl amide or the benzoyl moieties of proglumide gave rise to several
compounds that were more potent at inhibiting the action of CCK on
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CCK, receptors on pancreatic acini or gallbladder muscle [13,27,28,39-41].
Replacement of the benzoyl moiety with either a phenoxyacetyl group or p-
chloro-phenoxyacetyl group [27] resulted in a 75-fold increase in potency
(Tables 1, 4). A large number of proglumide analogues have been tested for
their abilities to interact with CCK, receptors on gallbladder muscle or
pancreatic acinar cells. CR 1409 (lorglumide), the di-n-pentyl 3,4-dichloro
analogue of proglumide, was one of the most potent proglumide derivatives,
having a K; of 0.1-0.3 pM in guinea pig, rat and mouse pancreas, and
in each species was 1500-4000 times more potent than proglumide [28,
39-41,47] (Tables 1, 4). Structure-function studies demonstrated that for
both the pancreatic and gallbladder CCK 4 receptors, alterations in both the
di-n-alkyl group and substitutions on the benzoyl moiety of proglumide are
equally important determinants of affinity for the CCK receptor (Table 4).
Specifically, for the di-n-alkyl groups there was an optimum chain length
with relative potencies of di-n-pentyl > di-n-hexyl > di-n-butyl > di-n-
propyl. For the benzoyl moiety, adding two electron withdrawing groups
increased potency more than adding a single electron withdrawing group or
adding electron donating groups [28,39-41].

Studies have reported that proglumide and its derivatives also interact
with CCKg/gastrin receptors, with the relative affinities compared to those
for CCK, receptors differing for the different proglumide derivatives. For
the CNS CCKg/gastrin receptor, proglumide had a similar affinity to that for
pancreatic CCK 5 receptors [66], CR 1409 (lorglumide) (Table 3) had a 400-
fold higher affinity for CCK, receptors on pancreatic acini than for the
CCKpg/gastrin receptors in the CNS, whereas CR 1392 had a 1660-fold
higher, and CR 1372 a 39-fold higher, affinity for the CCK, receptor [40].
For CCKpg/gastrin receptors in the GI tract, proglumide varied from being
equivalent to ten-fold less potent than for that of CCK4 receptors [4,6,38,
61,70]. In contrast, CR 1409 was greater than 10000 times more potent
at inhibiting the ability of CCK to cause gallbladder contraction (CCK,
receptors) than inhibiting pentagastrin-stimulated acid output (CCKg/gastrin
receptors), whereas the proglumide analogues CR 1392 and CR 1372 were
333- and 95-times, respectively, less potent for inhibiting acid secretion than
gallbladder contraction [39-41]. In contrast to proglumide, which interacts
with approximately equally low affinity with each class of CCK receptors,
CR 1409 and analogue CR 1392 are much more selective for CCK, re-
ceptors, each having a greater than 300-fold higher affinity for CCK, than
either CCKg/gastrin receptors in the CNS or the GI tract (Table 3).

COOH-terminal Analogues of CCK: In Vitro Studies

This class of CCK receptor antagonists was first described in studies on
pancreatic acini in 1983 when it was reported that both CCK fragments
containing the last one, two or three amino acids of the COOH-terminus
(phenylalanine amide, CCK-32-33, CCK-31-33) [26], as well as an analogue
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containing a partial sequence of the COOH-terminus of CCK (CBZ-CCK-
27-32-NH,) [62], functioned as specific CCK receptor antagonists. Structure-
function studies of the COOH-terminal fragments of CCK demonstrated
that the addition of a butyloxycarbonyl (BOC) moiety increased the affinity
as much as 75-fold for the CCK4 receptor; however, the most potent CCK
fragment described, BOC-CCK-31-33, had an affinity that was approximately
equal to proglumide (Table 1, K; — 0.4 mM) [26]. Structure-function studies
were also carried out, determining the affinity of partial sequences of the
COOH-terminal region of CCK for the CCK, receptor. AC-CCK-26-30-
NH, was the minimal partial sequence with inhibitory activity. Adding acyl
groups to the amino terminus did not increase potency. Removing the
COOH-terminal amide decreased potency tenfold. The importance of the
sulfate ester depended on the length of the partial CCK sequence [15,16].
Specifically, for the CCK4 receptor, for longer partial sequences such as
AC-CCK-26-32-NH,, removing the sulfate ester caused a tenfold decrease
in potency, whereas for shorter sequences such as AC-CCK-26-30-NH,,
removing the sulfate ester had no effect on potency [15]. Recently, it
has been demonstrated that BOC-Tyr(SO;)-Met-Gly-D-Trp-Nle-Asp-2-
phenylethyl ester (BOC-[p-Trp*,Nle']-CCK-27-32-phenylethy ester)
(Table 1) functions as a specific CCK, receptor antagonist in rat and guinea
pig pancreas [34]. At present, this analogue is one of the most potent
members of the COOH-terminal CCK analogue class of antagonists (Table
1).

COOH-terminal CCK analogues have been shown also to interact with
CCKpg/gastrin receptors. Some members of this class of antagonists appear
to have very little selectivity for one type of CCK receptor with the affinity
of a given analogue for the various receptors generally not varying by more
than tenfold. Specifically, CBZ-CCK-27-32-NH, has been shown to have
equal affinity for CCK, receptors and CCKg/gastrin receptors in the CNS
or GI tract (K; = 3pM) [4,6,66,70]. One analogue, [p-Trp*’,Nle®']-CCK-
27-32- phenylethyl ester, has been shown to have a 50-fold higher affinity for
CCK,4 receptors (K; = 0.05uM, Table 1) than CCKg/gastrin receptors in
the CNS [34]. Gastrin and CCK have the same COOH-terminal pentapeptide,
and the COOH-terminal tetrapeptide of CCK (CCK-4) possesses the full
range of biological activity of gastrin at CCKg/gastrin receptors, whereas it
has a greater than 10000-fold lower affinity and is only a partial agonist at
CCK4 receptors [16,24,32,70,71]. A number of des Met analogues of CCK-
4 have been shown to be potent antagonists of the action of gastrin at
CCKpg/gastrin receptors [42].

p-Amino Acid Substituted Substance P-4-11 Analogues

Various p-amino acid substituted substance P (SP)-4-11 analogues that func-
tion as substance P receptor antagonist and bombesin receptor antagonists
also inhibit the action of CCK on CCK, receptors [29,72]. [D-Pro*p-
Trp”?'°]SP-4-11 and [p-Pro*,p-Trp’?]SP-4-11, but not the SP receptor
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antagonists [D-Arg!,p-Trp”°,Leu!'|SP (spantide), each inhibit the action of
CCK-8 by functioning as CCK receptor antagonists [29,72]. Each SP-4-11
analogue inhibited binding of *I-BH-CCK-8 to CCK, receptors on pan-
creatic acini over the same range as that in which it inhibited biologic
activity; the inhibition was competitive in nature and the Schild plot had a
slope not different from unity, also suggesting inhibition was mediated
by occupying the CCK, receptor [72]. These analogues also inhibit SP
and bombesin-stimulated amylase release by occupying SP and bombesin
receptors [29,72]; however, their action was specific for these three recep-
tors (CCK4, bombesin and SP), because they did not inhibit the action of
other secretagogues [29,72]. The basis for the broad inhibitory action of
these peptides is not known, nor whether they also function as CCKg/
gastrin receptor antagonists. The low affinity of this group of CCK receptor
antagonists and their relative lack of specificity make it unlikely that this
class of antagonists will be useful for in vivo studies.

Substituted Benzodiazepines and Related Compounds

Asperlicin, originally isolated from the fungus, Aspergillus alliaceus, was
described in 1985 as functioning as a specific CCK, receptor antagonist
inhibiting the action of CCK on pancreas, gallbladder and ileum [5]. Sub-
sequent structure-function studies of asperlicin, as well as studies which
involved combining the 1,4-benzodiazepine ring found in asperlicin with
L-tryptophan, an important amino acid in the COOH-terminal of CCK,
led to a number of substituted 1,4-benzodiazepine derivatives with high
affinities for CCK 4 receptors [11]. L-364 718, a 3-(acylamino) benzodiazepine
analogue (Table 1), was one of the most potent analogues found [11]. L-
364718 (MK-329) is currently the most potent antagonist generally used to
characterize CCK4 receptors, and is reported to cause half-maximal inhibi-
tion of '*’I-BH-CCK-8 binding to rat pancreas at 0.08-0.5nM, bovine
gallbladder at 0.05nM, and guinea pig pancreatic acini at 3nM (Table 1)
[4,37,71]. L-364 718, A-65186 and asperlicin are highly selective for CCK
receptors [3,4,5,19] having at least a 500-fold greater affinity for CCK4
receptors than CCKp/gastrin receptors.

Recently, a new series of benzodiazepine analogues has been described,
one of which (the 3-(benzoylamino) benzodiazepine analogue, L-365260),
has high selectivity for CCKg/gastrin receptors in the CNS or GI tract [3]. L-
365260 has a 140- to 280-fold higher affinity for CCKp/gastrin receptors than
CCK, receptors, and functions in the nanomolar range [3,19,30,36].

Selectivity of CCK Receptor Antagonists

All five classes of CCK receptor antagonists will interact with each class of
CCK receptor antagonist if sufficiently high concentrations are used. Table 3
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summarizes the ability of the most potent members of the various classes of
receptor antagonists to interact with CCK, and CCKg/gastrin receptors.
L-364 718 has the greatest affinity for CCK 5 receptors on various tissues —
an affinity approximately 5-fold higher than that of A-65186, 50-fold higher
than BOC-[D-Trp*’,Nle*'|CCK-27-32-phenylethyl ester, 150-fold higher
than CR 1409, 100-280—fold higher than L-365260, 2700-fold higher than
CBZ-CCK-27-32-NH,, and 100000-fold greater than Bt,cGMP (Tables 1, 3;
Fig. 3) [4,19,31,34,37,71]. Of the various antagonists, L.-365260 has the
highest affinity (K; = 1-7nM) for CCKg/gastrin receptors in the CNS or GI
tract (Table 3) [3,19,36]. Comparison of the abilities of the various antag-
onists to interact with CCK 4 receptors or CCKp/gastrin receptors on guinea
pig pancreatic acini are shown in Fig. 3. L-365260 has an approximately 100-
fold higher affinity for both CCKg/gastrin receptors in the CNS or GI tract
than L-364 718 or BOC-[p-Trp*’,Nle*!|CCK-27-32-phenylethyl ester, a 700-
fold higher affinity than carbobenzoxy-CCK-27-32-NH,, an 1800-fold higher
affinity than A-65186, a 6000-fold higher affinity than CR 1409, and a
160 000-fold greater affinity than Bt,cGMP (Table 3) [3,19,30,34,36,70,71].

In comparing the relative affinities of the different types of CCK recep-
tor antagonists for the two different classes of CCK receptors, a number of
points can be made. L-364718, A-65186 and CR 1409 (lorglumide) have a
high selectivity for CCK 5 receptors (Table 3). L-364 718 has a 120- to 3300-
fold, A-65186 a 720-fold, and CR 1409 (lorglumide) a 120- to 2307-fold
higher affinity for CCK4 receptors than for CCKg/gastrin receptors [5,6,
36,40,71]. In contrast, Bt,cGMP and BOC-[p-Trp*’, Nie*']-CCK-27-32-
phenylethyl ester have only an eight- to tenfold higher affinity for CCK,
receptors (Table 3). The affinities of these potent and selective antagonists,
L-364 718, A-65186, and L-365260, for CCK, receptors and CCKg/gastrin
receptors, respectively, were comparable to that of the naturally occurring
agonists, gastrin or CCK-8, respectively. Specifically, the K4 of L-364 718 for
the pancreatic CCK 4 receptor was in the nanomolar range and varied from
equipotent to sevenfold less potent than CCK-8 [4,6,19,36,37,71]. Similarly,
the K4 of L-365260 for the CCKpg/gastrin receptors was in the nanomolar
range, and was two- to fourfold less than gastrin in different studies [3,19,
31,36]. Because of their selectivity and high affinity relative to the presumed
endogenous agonist, it is likely that L-365260, A-65186, and L-364 718 will
prove useful in distinguishing different types of CCK receptors even when
present on the same cell. Recently, a number of cells have been shown to
possess both CCKpg/gastrin and CCK, receptors, including pancreatic acini,
guinea pig chief cells and the pancreatic AR4-2J tumor cell line [7,8,57,71].
Because the various peptides of the gastrin/CCK family can interact with
both types of CCK receptors, in tissues possessing both types of receptors it
may be difficult to determine which effect of a given peptide in this family is
due to occupation of which receptor. It is likely that similar situations exist
in vivo, with both CCK, and CCKg/gastrin receptors existing on neuronal
elements or on the effector, such as muscle tissue.
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Some results suggest that there may be different subtypes of CCK,
receptors. Various CCK analogues, such as Suc-[Trp*]-CCK-7, have differ-
ent potencies for stimulating gallbladder contraction and pancreatic enzyme
release [68]. Similarly, a recent study reported that the ability of some
analogues of proglumide to inhibit CCK-stimulated pancreatic amylase
release differed from those reported previously by another group for the
ability of the same proglumide analogues to inhibit gallbladder contraction
mediated by CCK, receptors [30]. Furthermore, recent studies characteriz-
ing CCK, receptors by chemical cross-linking techniques demonstrate that
the size of the bovine gallbladder CCK receptor was M,-70 000—85 000 which
differed from that in rat pancreas which was M-85000-95000 [59]. In
addition, CCK4 receptors on pancreatic acini differ from CCK4 receptors
on gallbladder muscle in that in all species examined [16,56,71] more than
one binding site are found, whereas in the gallbladder muscle only a single
binding site is described [63,67]. Each of these results raised the possibility
that the CCK,4 receptors on gallbladder or pancreas might represent dif-
ferent subtypes of the CCK, receptor. These comparisons, however, are
limited because data from different species were compared under different
experimental conditions. However, the results suggesting differences in
subtypes of CCK 4 receptors on pancreatic and gallbladder are supported by
studies comparing results characterizing CCK, receptors on rat anterior
pituitary cells and rat pancreatic acini [51]. For stimulation of pancreatic
secretion, desulfated CCK-8 was 1000-fold, and gastrin 3000-fold, less
potent than CCK-8, whereas for adrenocorticotropic hormone (ACTH)
release from anterior pituitary cells, des(SO3;)CCK-8 was 10000-fold and
gastrin-17-1 30 000-fold, less potent than CCK-8 [51].

Recently, the abilities of various agonists and antagonists to interact
with CCK4 receptors on guinea pig pancreas and gallbladder were inves-
tigated using identical binding conditions [67]. The ability of various CCK
receptor agonists and antagonists to inhibit binding of '*I-BH-CCK-8 to
pancreatic tissue sections using this method was shown not to be significantly
different from that for inhibition of binding to pancreatic acini [67]. The
abilities of some of the compounds to inhibit '*I-BH-CCK-8 binding to
gallbladder and pancreas tissue sections are shown in Fig. 4 (for antagonists)
and Table 4 (for antagonists and agonists). As is evident, the abilities of
agonists or antagonists to inhibit binding to each tissue agree closely. For
both gallbladder and pancreas, 1.-364718 was the most potent, being 150
times more potent than CR 1409, 400 times more potent than asperlicin,
700 times more potent than CBZ-CCK-27-32-NH, and 65100 times more
potent than Bt,cGMP (Table 4). Comparison of the ability of 11 different
proglumide analogues to inhibit binding of radiolabeled CCK-8 to gall-
bladder and pancreas tissue sections also demonstrated no significant dif-
ferences between the potencies for inhibiting binding to either tissue [67]
(Table 4). For the agonists, the potencies of each for inhibiting binding of
125 BH-CCK-8 to gallbladder and pancreas tissue sections were also nearly
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Fig. 4. Comparison of the abilities of various classes of CCK receptor antagonists to
inhibit binding of '»I-BH-CCK-8 to CCK receptors on guinea pig gallbladder (left
panel) or pancreas (right panel) tissue sections. (Data from [67])

identical (Table 4). CCK-8 was the most potent for inhibiting binding to
both gallbladder and pancreas tissue sections, with des(SO3;)CCK-8 being
300-fold less potent and gastrin 2500-fold less potent than CCK-8 (Table 4).
These results demonstrate that CCK, receptors on pancreatic receptors
cannot be distinguished pharmacologically by currently available agonists or
antagonists, and provide no functional evidence that they represent different
subtypes of CCK, receptors.

Finally, pancreatic acini studies of binding of '*I-BH-CCK-8 as well as
CCK-8-stimulated enzyme secretion (for review see [16]) indicate that there
are high and low affinity CCK, receptors on pancreatic acini. All CCK
receptor antagonists described to date have the same apparent affinity for
the high affinity as for the low affinity binding sites of the pancreatic CCK 4
receptors [19,71].
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Effects of CCK Receptor Antagonists
on Rat Pancreatic Secretion

Several peptide and nonpeptide compounds which have recently been
described as CCK receptor antagonists in vitro [4-6,17,46] also act as
specific antagonists of CCK’s action on exocrine pancreatic secretion of
protein and enzymes in vivo. The antagonists display the same rank order of
potency in antagonizing CCK’s action on the pancreas in vivo as that which
they show in antagonizing CCK’s action and binding in vitro [4-6,17,46]
(Fig. 1). However, in particular, the most potent antagonists CR 1409 and
L-364718 were 10—33 times less potent in vivo than in vitro. The effects of
antagonists on the pancreatic CCK receptor are similar to those recently
reported for antagonism of CCK’s action on gastric emptying [17] where a
similar difference between in vitro and in vivo potencies had been reported
for CR 1409 and L-364718. The reason for the lower in vivo potencies of
both peptide and nonpeptide antagonists in relation to their in vitro potencies
is unknown. It has been speculated that proglumide (and probably other
substances with low in vitro potencies) may be metabolized in vivo to more
potent entities [17]. However, very potent antagonists such as CR 1409 or L-
364718 may just as well be metabolized in vivo to less active entities.
Although CCK antagonists possess different potencies in antagonizing bind-
ing of CCK to peripheral and central CCK receptors, suggesting that the
peripheral and central CCK receptors appear to be different [5,6,46], the
similarity of their effects on pancreatic versus gastric functions suggests that
the peripheral type of CCK receptor is similar at different organs.
Experiments studying effects of the antagonists on secretin-stimulated
secretion suggest that the CCK antagonists also show specificity for the CCK
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Fig. 1. a In vitro experiments. Effects of various antagonists on amylase release from
isolated rat pancreatic acini stimulated by 60 pM CCK-8. In each experiment, basal
release was subtracted and stimulated release was calculated as a percentage of
maximal release in that experiment (r = 6). b In vivo experiments. Effects of various
antagonists on mean integrated 1-h response of pancreatic amylase secretion to
0.25ug/kg cerulein in the anesthetized rat. Data are calculated as a percentage of
the response to this cerulein dose in the absence of antagonists and are shown as
mean values for 4-8 experiments. For CR 1409, CR 1505, and CR 1392 doses of
2 pumol/kg or more significantly inhibited the response to 0.25ug/kg cerulein (p <
0.05, analysis of variance) [3,15]; for proglumide only the dose of 1.5 mmol/kg sig-
nificantly inhibited the response (p < 0.05). For L-364 718 the dose of 0.025 pmol/kg
already significantly inhibited the response (p < 0.05); for asperlicin 5.5 pmol/kg, or
higher doses, significantly inhibited the response (p < 0.05). [From 46,48]

receptor in vivo. The CCK antagonists CR 1409 and L-364 718 did not alter
secretin-stimulated secretion of volume or bicarbonate. The antagonists
did not significantly alter basal (nonstimulated) secretion of protein and
enzymes, indicating a lack of partial agonist activity. In vitro experiments
had shown that the antagonists studied here act as competitive antagonists at
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the CCK receptor [4-6,17,29,46,69]. In vivo, increasing doses of antagonists
also caused a rightward shift of the dose-response curve to cerulein, indicat-
ing competitive-like kinetics although the actual form of the kinetics did not
exactly mimic true competitive inhibition [48]. In particular, the upward part
of the dose-response curve for cerulein became less steep with increasing
doses of the antagonist than would be expected for the rightward shift of
competitive kinetics. Thus, the dose of antagonist needed to reverse inhibi-
tion by supramaximal doses of caerulein was smaller than expected for
a pure rightward shift of the dose-response curve. However, competitive
kinetics can only be clearly established in a situation where the concentra-
tions of agonists and antagonists at the receptor level are exactly known.
This is not the case for the present in vivo experiments. Thus, the results in
vivo appear to be compatible with in vitro competitive kinetics data. The
experiments on the action of the antagonists on CCK-stimulated pancreatic
secretion offer data on the doses of antagonists needed to inhibit the action
of various CCK doses in vivo [48]. Both the new potent peptidal and
nonpeptidal antagonists are powerful tools for further investigating the
physiologic actions of CCK in vivo and, potentially, may also prove useful
therapeutically [44,45].

Effects of CCK Antagonists on Pancreatic and Intestinal
Growth, Morphology, and Function

Short-Term Studies

It is well established that exogenous CCK and CCK analogues, like cerulein,
stimulate pancreatic growth in the experimental animal [12,21]. Feeding
of trypsin inhibitors [7,20] and pancreaticobiliary diversion [27,37] also
stimulate pancreatic growth, in each case by decreasing intraduodenal
activity of proteases. The inhibition of intraduodenal proteolytic enzymes by
protease inhibitors, such as camostate [72], or their diversion from the
duodenum [37] increase plasma CCK which may mediate pancreatic growth
under these conditions [27,37,72]. It has, however, been speculated that
other hormones like enteroglucagon may contribute to pancreatic growth
after pancreaticobiliary diversion [14]. 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 [14,25,37,72]. Proglumide significantly inhibited
pancreatic growth after pancreaticobiliary diversion and camostate feeding
[25,37] as well as after exogenous administration of CCK [71]. However,
proglumide only partly blocked pancreatic growth due to these stimuli.
Furthermore, large doses of proglumide itself exerted trophic effects which
were interpreted as a partial agonist activity [25,71]. To further evaluate
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the physiologic impact of CCK’s trophic effects, pancreatic growth was
monitored after exogenous CCK-8 and after chronic feeding of camostate
(FOY 305, Schwarz; Monheim, FRG) which is a potent inhibitor of serine
proteases [72]. The same conditions were also studied with administration of
the CCK receptor antagonist CR 1409 which is at least 1000 times more
potent than proglumide in vitro [46]. Further experiments studied pan-
creatic growth following 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.

Feeding of the protease inhibitor camostate for 10 days exerted a
marked stimulatory effect on the growth of the mouse pancreas [47] (Fig. 2).
These results also indicate that an increase in plasma CCK is responsible for
the stimulatory effect of camostate [47]. Not only was it found that chronic
camostate feeding increased plasma CCK to eight times that of control
values of chow-fed mice, but simultaneous administration of a CCK inhib-
itor greatly reduced the stimulatory effect of camostate. It is also remark-
able that plasma CCK in fasted mice increased fourfold 30 min 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 [27,37,72], exists in the mouse,
too. Exogenous CCK-8 had qualitatively similar but quantitatively smaller
stimulatory effects on pancreatic growth than camostate feeding. The rela-
tively small effect of CCK-8 compared to camostate feeding is, however, to
be expected in view of the CCK plasma concentrations measured under
these conditions. Although plasma CCK after s.c. injection of 2 pg/kg CCK-
8 increased to a range similar to that observed in camostate-fed mice [47],
this increase peaks after 30 min and then rapidly decreases toward previous
control values [47]. Thus, the plasma CCK in camostate-fed mice, integrated
over the entire study period of 10 days, was substantially higher than in
chow-fed mice which received s.c. injections of CCK-8. Injections of the
CCK antagonist before each injection of CCK-8 completely blocked CCK’s
stimulatory effect on pancreatic growth. In view of the rapid, long-lasting
and marked stimulatory effects of camostate on plasma CCK concentra-
tions, it is not surprising that three daily s.c. injections of the CCK antag-
onist were not sufficient to completely block camostate’s, and thus probably
CCK’s, stimulatory actions on pancreatic growth. In two recent reports
about proglumide’s inhibitory action on CCK-stimulated pancreatic growth,
proglumide was reported to have a partial agonist activity [25,71]. The
antagonist CR 1409, however, did not show any partial agonist activity [47].
Instead, the CCK antagonist given without exogenous CCK or camostate
exerted a small antitrophic effect. Thus, the short-term studies suggested
that physiologic increases of CCK in response to feeding may have trophic
effects on the exocrine pancreas. In most previous rat studies CCK increased
both the absolute DNA content of the pancreas and the ratio of protein/
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Fig. 2. Mean + SE of mouse pancreatic weight (n = 24), protein content (n = 12),
and DNA content (n = 12). The experimental conditions are as indicated: Camostate
was mixed with regular chow and fed to achieve a daily dose of 400 mg/kg for 10
days; no camostate (-) indicates that regular chow was fed ad libitum; CCK-8
(1pg/kg) was injected s.c. every 8h for 10 days; the CCK-receptor antagonist
(10mg/kg) was given s.c.-every 8h. In mice, which received CCK-8 injections, the
antagonist was given 15min prior to the injection of CCK-8. Mean data for the
various conditions were statistically compared to the corresponding group of mice
which received no camostate, CCK-8, or antagonist by analysis of variance using
Duncan’s methods [3,15]. *p < 0.05, **p < 0.01, ***p < 0.001. No asterisk means
NS, p = 0.05. [From 47]

DNA, and thus exerted both hypertrophic and hyperplastic effects [14,21].
In the mouse, camostate feeding and exogenous CCK appeared to induce
almost exclusively hyperplasia [47] (Fig. 2). The lack of hypertrophy may,
however, be due to the fact that mice were kept on the diets ad lib. Thus,
particularly in camostate-fed mice, there was still an ongoing stimulation of
exocrine secretion resulting in depletion of cellular protein at the time of
sacrifice. It might be that fasting of mice prior to sacrifice would result in a
greater increase in protein content and show hypertrophy. As in previous
reports in the rat [25,59], both exogenous CCK and to an even greater
degree feeding of the protease inhibitor, markedly increased the content of

the proteolytic enzyme chymotrypsinogen, but left that of the starch-splitting
enzyme amylase unaffected [47].
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Long-Term Studies

Further studies were designed to examine the hypothesis that CCK plays a
physiologic role in long-term maintenance of pancreatic growth. Pancreatic
growth was monitored during a 9-month period of feeding of the protease
inhibitor camostate [72] with or without simultaneous feeding of the CCK
antagonist CR 1409 [46]. Further experiments studied pancreatic growth
following feeding of the CCK antagonist alone, i.e., without camostate. It
has been reported that chronic increases of circulating CCK, either by oral
administration of a protease inhibitor or by pancreaticobiliary diversion,
induce formation of hyperplastic or adenomatous nodules in the rat pancreas
[33,37,64]. Therefore, the long-term experiments also evaluated whether
feeding of camostate leads to formation of pancreatic nodules and whether
this nodule formation can be inhibited by simultaneous feeding of a CCK
receptor antagonist. Since feeding of a protease inhibitor like camostate is
thought to act by release of CCK from the intestinal mucosa, one might
speculate whether a long-term stimulation induces not only pancreatic
hypertrophy but also hypertrophy of the intestinal mucosa. Thus, the pre-
sent studies also evaluated morphology and composition of small intestinal
mucosa. Finally, body weight and food intake were also monitored through-
out long-term feeding of the protease inhibitor and of the CCK antagonist
because it had been speculated that CCK is involved in regulation of satiety.
Several previous experiments had shown that administration of exogenous
CCK reduces food intake [35,41]. Tt is, however, unknown whether this
mechanism is of physiologic importance and whether it is mediated by
central or peripheral CCK receptors.

Acute and chronic feeding of the protease inhibitor camostate releases
CCK from the small intestine and increases its circulating concentrations
[24,47]. Although, the present experiments did not monitor plasma CCK
during the 9 months of camostate feeding, the results suggest that camostate
continuously released CCK throughout this period. Such long-term release
of endogenous CCK greatly increased pancreatic weight by induction
of marked pancreatic hypertrophy (increase of protein content) and of
moderate hyperplasia (increase in DNA content; Fig. 3) [50]. Increase
in chymotrypsinogen content was more pronounced than increase in amylase
content. Feeding of camostate also increased maximal secretory capacity
[50]. The CCK antagonist markedly inhibited the effects of camostate
which are therefore mainly mediated by CCK [50]. The feedback-regulation
induced by inhibition of intraduodenal proteases still functions after 9
months of continuous feeding of the protease inhibitor. The target-organ of
this mechanism, the exocrine pancreas, does not adapt to such long-term
stimulation. Compared with previous studies, in which camostate was fed
for 10 days [47], long-term feeding induced a more pronounced increase
in pancreatic growth [50]. Fed animals under all experimental conditions
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Fig. 3. Mean + SE of body weight, pancreatic weight and content of DNA and
protein of Naval Medical Research Institute (NMRI) mice (n + 12-24) which had
been fed different diets for 9 months: Control diet mice (open bars) which received
regular chow. In a second group of mice (diagonally lined bars) camostate was mixed
with chow at a daily dose of 100 mg/kg to induce release of endogenous CCK. In a
third group (solid bars) CR 1409 was mixed with chow to achieve a daily dose of
50 mg/kg. A fourth group received chow with camostate + CR 1409 (horizontally
lined bars) to achieve a daily dose of 100 mg/kg camostate and 50mg/kg CR 1409.
Fed indicates mice which received the corresponding diets until they were killed (12
mice per group). Fasted indicates mice which were fasted for 24 h prior to killing (24
mice per group). Body weight and pancreatic weight were significantly increased in
fed mice compared to fasted mice (p < 0.01; analysis of variance) [3,15]. Body
weights were identical between the four experimental groups (p > 0.2). Pancreatic
weights and contents of protein and DNA were increased in camostate-fed mice
when compared to the control group both under fed and fasted conditions (p <
0.01). Under fasted conditions pancreatic weight was slightly but significantly in-
creased in mice which received both camostate and CR 1409 when compared to the
control group (p < 0.05); under fed conditions pancreatic weight in mice which
received camostate and CR 1409 did not differ from control (p > 0.1). Simultaneous
feeding of CR 1409 and camostate reduced contents of DNA and protein to levels
which were not different from control (p > 0.1). Pancreatic weight and content of
protein and DNA did not differ between mice which received only CR 1409 and the
control group both in fasted and fed mice (p > 0.1). [From 50]

showed an increase in pancreatic content of protein and DNA compared to
animals which had been fasted for 24 h. This increase also occurred in mice
which received the CCK antagonist without camostate. Thus, feeding exerts
short-term trophic effects on the pancreas which are not mediated by CCK.
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Despite the long-term and marked hypertrophy and hyperplasia, forma-
tion of hyperplastic or neoplastic nodules could be observed in none of the
mice [50]. In previous rat studies the long-term feeding of protease inhibitors
and diversion of pancreaticobiliary juice induced formation of hyperplastic
and adenomatous nodules [33,37,64], the discrepancy may be due to a
species difference. Long-term effective blockade of the CCK receptor only
slightly inhibited pancreatic growth and secretory capacity [50] (Fig. 3). This
inhibition was less pronounced than that seen after short-term administra-
tion of CR 1409 [47]. CCK is, therefore, not an essential growth factor
for the pancreas although increases of endogenous and exogenous CCK
markedly stimulate pancreatic growth. Neither long-term CCK-stimulation
nor CCK-blockade altered morphology or composition of the duodenal
mucosa. Thus, despite continuous release of CCK from the small intestine,
there was no indication of intestinal hypertrophy [50]. Neither long-term,
effective, and continuous blockade of the peripheral CCK receptor nor
long-term and continuous release of endogenous CCK altered food intake
or body weight [50]. These observations suggest that the peripheral CCK
receptor is not involved in physiologic modulation of food intake and satiety
and support other recent studies which also suggested that the satiety
effect induced by exogenous CCK is not of physiologic importance [35,41].
Administration of an antiemetic substance could greatly reduce the satiety
effect induced by peripheral administration of exogenous CCK [41]. The
present results, however, do not exclude the possibility that the central CCK
receptor may be involved in regulation of food intake because the CCK
antagonist used in the present experiments shows a 100-fold weaker affinity
to central CCK receptors than to peripheral CCK receptors.

Effects of CCK Antagonists on Plasma Concentrations
of Glucose and Insulin After Oral Administration
of Glucose and Camostate

Insulin release after ingestion of nutrients is thought to be facilitated by the
release of various gut factors which have been termed insulinotropic factors
or incretins [9,10,67]. Since the first report of the insulinotropic effect of
extracts of intestinal mucosa [36], several investigators have shown that
CCK is one of several gastrointestinal hormones capable of stimulating
insulin secretion in vitro and in vivo [26,67,68]. Since CCK is released from
the small intestine into the circulation in response to a meal [32], it might act
as a physiologic incretin. Gastric inhibitory polypeptide (GIP) has been
suggested as another major factor involved in the enteroinsular axis [9,10,
16,54], and further studies support the involvement of yet other factors
[17,18]. Pure preparations of natural CCK [53], synthetic COOH-terminal
octapeptide of CCK (CCK-OP) [57,70], and synthetic cerulein, which con-
tains a COOH-terminal pentapeptide identical to CCK [51-53,57], have
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also been shown to stimulate insulin secretion in vivo and in vitro. Never-
theless, it has been difficult to determine whether the insulinotropic action
of these peptides administered exogenously is physiologic. In order to
evaluate the physiologic influence of CCK on the plasma insulin response
after ingestion of nutrients the studies employed the specific CCK receptor
antagonist CR 1409.

CR 1409, at a dose which abolishes the actions of physiologic plasma
concentrations of CCK and even the actions of pharmacologic doses of
exogenous CCK [46-50,62], did not significantly alter the increase in cir-
culating concentrations of glucose, insulin, and C-peptide after an oral
glucose load with and without simultaneous oral administration of the
protease inhibitor camostate (substances given by an orogastric tube; Fig.
4). The rise in plasma concentrations of glucose and CCK after feeding of
glucose and camostate [47] did not potentiate the increase in insulin or C-
peptide, i.e., no incretin effect was observed. Similar results were observed
when a blenderized chow diet was fed by an orogastric tube instead of
glucose and when mice were used instead of rats (data not shown). In the
present animal studies we cannot exclude effects of the CCK antagonist on
gastric emptying. Our present results are in contrast to previous animal
work in which CCK receptor blockade antagonized the stimulatory effects of
CCK on glucose-mediated insulin secretion in vitro [67,68] and on meal-
induced insulin secretion in vivo [56]. Although the present study does not

Fig. 4. Maximal plasma concentrations of insulin and glucose after tube feeding of
1 mg/kg glucose, 1 mg/kg glucose + 50 mg/kg CR 1409, 1 mg/kg glucose + 100 mg/kg
camostate, and 1 mg/kg glucose + 50 mg/kg CR 1409 + 100 mg/kg camostate. Plasma
insulin and glucose significantly increased after glucose administration by orogastric
tube (p < 0.01 by analysis of variance) [3,15]. However, simultaneous administration
of CR 1409 or camostate, or both, did not alter the increase in plasma insulin and
glucose (p < 0.2). Values are given as mean * SD for 10 rats
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exclude the possibility that at some physiologic condition CCK may increase
insulin secretion in man and in the experimental animal, the results make it
unlikely that CCK acts as a major physiologic incretin after ingestion of
regular meals in healthy humans as well as in rats and mice.

The Effect of CCK Antagonists on Feedback Regulation
of Rat Pancreatic Secretion

The diversion of pancreaticobiliary secretions from the small intestine
produces a marked increase in pancreatic secretion in the rat [27,28,38,39].
A similar increase in secretion is seen if rats are fed trypsin inhibitors [19],
or after the infusion of trypsin inhibitors into the duodenum [31,59]. This
stimulation of secretion is thought to be due to feedback inhibition of
pancreatic secretion which is suppressed when the protease activity in the
duodenum is lowered. On the other hand, intraduodenal administration of
proteases abolishes the increase in pancreatic secretion seen after diversion
of pancreaticobiliary juice. Feedback-regulation has been demonstrated in
the rat [27,28,31,38,39], chicken [1,7], pig [8,30], hamster [2], mouse [47],
and calf [11], but appears to be absent in the dog [13,58]. Several studies
indicate that the increase in pancreatic secretion induced by diversion of
pancreaticobiliary juice or administration of protease inhibitors is associated
with an increase in endogenous CCK [22,63]. Our own experiments show
that, in the anesthetized rat amylase output in pancreaticobiliary secretion
only slightly increased after diversion of pancreaticobiliary juice [43,48].
This increase was completely inhibited by both the CCK antagonists CR
1409 and L-364718. The potent CCK antagonists CR 1409 or L.-364 718 did
not alter basal enzyme secretion prior to diversion of pancreaticobiliary
juice [43].

In conscious rats equipped with pancreatic and biliary cannulas pancre-
atic protein output markedly increased after diversion of pancreaticobiliary
juice (Fig. 5) [43]. The CCK antagonists CR 1409 and L-364 718 significantly
inhibited this increase in pancreatic protein secretion after diversion of
pancreaticobiliary juice. However, after diversion there was still some in-
crease in protein output compared to prior basal values despite complete
blockade of CCK receptors (Fig. 5). Pancreatic protein secretion during
recirculation of pancreaticobiliary juice tended to be lower in the presence
of CCK antagonists although the differences compared to the infusion of
0.9% NaCl did not reach statistical significance (Fig. 5). Atropine, however,
markedly decreased basal pancreatic protein secretion during recirculation
of pancreaticobiliary juice when compared to control studies with NaCl
infusion (Fig. 5). Atropine only partly inhibited the increase in pancreatic
protein secretion after diversion of pancreaticobiliary juice, similar to what
was reported previously [38]. Only the simultaneous administration of
atropine and CR 1409 completely inhibited the increase in pancreatic secre-
tion after diversion of pancreaticobiliary juice in conscious rats. The simul-
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Fig. 5. Effects of the CCK antagonists CR 1409 and L-364718 and of atropine on
ductal amylase output in pancreatic secretion in the conscious rat equipped with
pancreatic and biliary cannulas. Data are mean * SD of 4-6 independent experi-
ments. Amylase output increased 30 min after diversion of pancreatobiliary secretion
(p < 0.01 by analysis of variance) [3,15]. This increase was markedly reduced but
not completely abolished by CR 1409 and L-364 178. Neither CCK antagonist altered
amylase secretion under recirculation of pancreatobiliary secretion (p > 0.05).
Atropine, however, markedly reduced secretion under recirculation (p < 0.01)
and partly reduced the increase in amylase secretion after diversion. Only the
simultaneous administration of both atropine and CR 1409 completely abolished
the increase in amylase secretion after diversion. [From 43]. The i.v. infusions
were 0.9% NaCl (solid circles), 10mg/kg per hour CR 1409 (open circles), 1 mg/kg
per hour L-364718 (open triangles), 0.1 mg/kg per hour atropine (squares), and
0.1 mg/kg per hour atropine + 10 mg/kg per hour CR 1409 (solid triangles)

taneous administration of atropine and CR 1409 also caused a marked
inhibition of basal pancreatic secretion (pancreatic juice recirculated). Thus,
the basal tone of rat pancreatic secretion under the physiologic conditions of
drainage of pancreatic and biliary juice into the proximal small intestine
appears to be mainly regulated by cholinergic mechanisms. In the rat,
atropine had no effect on pancreatic enzyme output during intraduodenal
infusion of a protease inhibitor [23]. The stimulation of pancreatic secretion
after diversion of pancreaticobiliary juice appears to be regulated mainly by
CCK and to a lesser degree also by cholinergic factors. In addition, other
factors such as secretin might be involved in the mediation of feedback
stimulation after diversion of pancreaticobiliary juice [65]. As in results
obtained with CCK receptor antagonists, immunoneutralization of circu-
lating free CCK with an anti-CCK serum also inhibited the increase in
secretion induced by diversion in the rat [63]. Thus, several recent studies
using specific CCK antagonists and anti-CCK serum support the original
proposal of Green and Lyman [27,28] that CCK plays the central role in the
mechanism of exocrine pancreatic feedback inhibition in the rat.
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Role of Cholecystokinin in Regulating Gallbladder
Contraction and Pancreatic Secretion in Man:
Studies with Loxiglumide*

C. BEGLINGER! and G. ADLER?

Introduction

The gallbladder and the exocrine pancreas are two principal sites of action
of cholecystokinin (CCK) in the gastrointestinal tract [1]. However, it has
been difficult to demonstrate that these actions are truly physiologic events.

The elaboration of specific peptide hormone antagonists with CCK as a
model has been a keystone in biomedical research [2]. CCK antagonists
should open the way for the investigation of physiological roles of this
important gastrointestinal regulatory peptide.

Loxiglumide is one of the potent and highly specific antagonists of CCK
that has become available for use in man [3-5]. It is specific for peripheral
(A-type) CCK receptors and antagonizes the effects of CCK by competitive
binding. This chapter summarizes some of our results obtained in human
subjects. The objectives of these studies were (a) to evaluate the role of
CCK in regulating postprandial gallbladder contraction and exocrine pan-
creatic secretion and (b) to determine whether CCK interacts with the
cholinergic system to regulate gallbladder contraction and exocrine pan-
creatic secretion.

Effect of Loxiglumide on Gallbladder Contraction
and Exocrine Pancreatic Secretion

To determine whether loxiglumide is an effective antagonist of CCK,
subjects received i.v. infusions of loxiglumide or, as control, saline prior
to stimulation with CCK-8 in a randomized, controlled fashion [6]. Dose-
response curves were constructed in six healthy subjects with CCK-8 (1-27
pmol/kg per hour) with and without loxiglumide treatment. Gallbladder
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contraction was measured by abdominal sonography, pancreatic enzyme
secretion was measured by a multilumen intestinal tube and marker per-
fusion technique, and plasma CCK by a specific RIA [7]. Gallbladder
and pancreatic responses are given in Figs. 1 and 2. Baseline gallbladder
volumes ranged from 12.5 to 17.6ml and pancreatic amylase and lipase
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Fig. 1a,b. Effect of loxiglumide (10mg/kg per hour; open circles) or atropine
(5 nug/kg per hour; squares) on gallbladder volumes during infusion of graded doses
of CCK-8 (a) or gastrin-releasing peptide (b). Gallbladder volumes were measured
sonographically in six healthy subjects. Gallbladder volumes are expressed as a
percentage of initial volume, and results are mean + SEM. Both loxiglumide (p <
0.01) and atropine (p < 0.05) induced a significant inhibition of gallbladder con-
traction to both stimuli compared to placebo (saline; closed circles)
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Fig. 2a,b. Effect of loxiglumide (10mg/kg per hour; open circles) or atropine
(5 ng/kg per hour; squares) on incremental CCK-8-stimulated pancreatic amylase (a)
and lipase (b) outputs in six healthy subjects. Loxiglumide abolished the pancreatic
response (p < 0.01). Atropine induced a significant inhibition of pancreatic response
at the lower two dose of CCK-8 (p < 0.05, respectively). Results are expressed as
mean + SEM. Closed circles, control experiment (saline)

outputs from 1.62 to 4.3kilo international units (KIU)/15min and from
4.2 to 20.0mg/15min, respectively. An i.v. dose of 10mg/kg per hour
loxiglumide completely abolished CCK-8-stimulated gallbladder contraction
and pancreatic enzyme responses (Figs. 1,2). Other studies support these
findings by demonstrating a dose-dependent inhibition of gallbladder con-
traction and pancreatic secretion [5,8]. These studies demonstrate two
important points. Firstly, CCK-stimulated gallbladder contraction and
pancreatic enzyme secretion can be completely inhibited by loxiglumide
administration. Secondly, the degree of inhibition is dose dependent, thus
suggesting competitive Kkinetics. The results suggest, furthermore, that
loxiglumide is a specific tool to study the physiology of CCK in man.

Effect of Loxiglumide on Postprandial Gallbladder Contractlon
and Pancreatic Enzyme Secretion

In order to evaluate the effects of blocking CCK receptors with loxiglumide
on postprandial gallbladder contraction and pancreatic enzyme secretion,
subjects received the same dose of loxiglumide (10 mg/kg per hour i.v.) or
saline as a control together with a standard liquid meal (500 ml Ensure).
There was no significant difference between fasting gallbladder volume after
placebo and after loxiglumide treatment (19.1 £ 2.1 vs 16.7 £+ 3.5ml). Oral
intake of the liquid meal was followed by a significant time-dependent
contraction of the gallbladder (Fig. 3). However, when the CCK antagonist
loxiglumide was given before the test meal, gallbladder contraction was
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Fig. 3a,b. Effect of loxiglumide (triangles) or atropine (open circles) on galibladder
volumes after oral ingestion (a) or duodenal perfusion (b) of a liquid testmeal.
Results are expressed as a percentage of initial (premeal) gallbladder volume. Values
given are mean = SEM. Loxiglumide abolished (p < 0.01) and atropine induced (p
<-0.05) a significant inhibition of gallbladder contraction compared to placebo
(saline; closed circles)

completely abolished. The gallbladder even tended to increase during the
observation period. Pancreatic amylase and lipase responses to oral food
intake rose immediately after taking the meal (Fig. 4). Loxiglumide caused a
significant reduction in pancreatic enzyme secretion which amounted to 26%
for amylase and 31% for lipase output, respectively (Fig. 4).
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Fig. da,b. Effect of loxiglumide (broken line) or atropine (dash-dot line) on pancre-
atic amylase (a) and lipase (b) secretion after oral ingestion of a liquid meal.
Loxiglumide caused a significant reduction in enzyme secretion (p < 0.05), whereas
atropine virtually abolished pancreatic enzyme output (p < 0.01). Data are mean *
SEM in six healthy subjects. Solid line, control experiment (saline)

Conclusions Regarding the Effects of Loxiglumide

It has been known for many years that exogenously administered CCK can
induce gallbladder contraction and pancreatic enzyme secretion [1]. The
lack of hormone receptor antagonist-has made it difficult to pursue this line
of investigation. These studies demonstrate that loxiglumide is a potent
and specific CCK antagonist. The complete inhibition of meal-stimulated
gallbladder contraction demonstrates that endogenous CCK is a major
regulator of the postprandial gallbladder response in man. The partial inhib-
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ition of pancreatic enzyme secretion observed after meal intake further-
more suggests that CCK participates in the physiologic control of enzyme
secretion.

Effect of Atropine on Gallbladder Contraction
and Pancreatic Enzyme Secretion

CCK has a central role in regulating postprandial gallbladder contraction
and pancreatic enzyme secretion. On the other hand, it is well known that
cholinergic control of gut functions is crucial for the coordination of normal
digestion [9]. To determine the interactions of CCK with the cholinergic
system, we performed the following studies: 1. dose-response curves to
CCK-8 with and without concomitant i.v. infusion of atropine (5 pg/kg per
hour) and 2. oral intake of a liquid test meal (500 ml Ensure) with and
without atropine (5 pg/kg per hour). As expected, CCK-8 caused a dose-
dependent contraction of the gallbladder and an increase in pancreatic
enzyme secretion (Figs. 1, 2) Atropine caused a small, but significant inhibi-
tion of the dose response curve with a dose response relationship remaining
apparent. Atropine caused a reduction of pancreatic enzyme secretion to
each single dose of CCK-8, but this was most apparent and only significant
at the lower two doses of CCK-8, where the inhibition amounted to 83%
and 77%, respectively. These studies demonstrate an important point: both
the gallbladder and the exocrine pancreas are dependent on a cholinergic
background in order to react maximally to CCK stimulation. The meal
studies revealed that atropine caused a small, but significant, decrease in
gallbladder contraction (Fig. 3), but it virtually abolished the pancreatic
enzyme response (inhibition 85%—-99%).

Physiological Implications

The results of the studies summarized in this chapter clearly show that,
while the gallbladder is less sensitive than the exocrine pancreas to
cholinergic blockade, it is crucially dependent on CCK, whereas the
exocrine pancreas is less dependent on CCK, but requires a cholinergic
tone.

Several recent studies with different CCK-blockers have established the
role for CCK in regulating gallbladder contraction in humans [4,5,10]. The
present data extend these observations with the implication that any inter-
ference with CCK action will ultimately abolish gallbladder contraction. The
cholinergic system participates in this control, but it is not a prime regulator
of gallbladder contraction. Several mechanisms whereby atropine inhibits
CCK-stimulated gallbladder contraction are possible. Firstly, cholinergic
innervation may be necessary to maintain the gallbladder tone and/or CCK



Role of CCK in Regulating Gallbladder Contraction 133

responsiveness. The cholinergic input would have a modulatory function on
CCK’s action. Secondly, CCK could stimulate the release of acetylcholine
from cholinergic neurons within the wall of the gallbladder. Finally, CCK
could activate inhibitory inputs whose actions only become evident when the
cholinergic activity is blocked by atropine.

Recent work supports a role for CCK in regulating postprandial pancre-
atic secretion [6]. It has been known for a long time, however, that atropine
inhibits pancreatic enzyme responses. The present observations extend these
findings and suggest a predominant regulation of the exocrine pancreas by
cholinergic pathways. The peptidergic (CCK) system participates in this
control, but it is not a prime regulator of pancreatic exocrine secretion.

The physiological implications of these observations can be summarized
as follows:

1. CCK appears to be the major regulator of postprandial gallbladder con-
traction in man, and interference with CCK abolishes the contraction.
The findings furthermore show that cholecystokinin, previously also
called cholecystokinin-pancreozymin for its enzyme-stimulating pro-
perties, is adequately named, as its prime action is on the gallbladder.

2. Pancreatic enzyme secretion is much more dependent on a cholinergic
innervation, supporting the Pavlowian concept that the cholinergic
system is the major regulator of pancreatic secretion.
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Effect of MK-329 on Pancreatic Secretion in Man

P. CanTOR!

Introduction

The relative importance of hormonal and neural factors in the regulation of
pancreatic exocrine secretion in man has been much debated. Circulating
cholecystokinin (CCK) is generally regarded as an important stimulant of
the postprandial pancreatic enzyme output based on studies where the
enzyme response to physiological doses of exogenous CCK have been com-
pared to the food stimulated response [1,2]. Most of these studies have
concluded that postprandial elevations in plasma CCK concentrations are
sufficient to produce the pancreatic enzyme secretion normally occurring
after a meal. However, such evidence does not prove conclusively that CCK
is the sole, or major, physiologic regulator of pancreatic enzyme secretion
compared to other hormonal or neural factors.

Specific blockade of the peripheral (type A) CCK receptors by MK-329
and loxiglumide has now enabled specific evaluation of the physiologic
importance of CCK for the function of the pancreas and other organs.
Several animal studies have shown that MK-329 effectively antagonizes the
stimulatory actions of exogenous as well as endogenous CCK on pancreatic
enzyme secretion and gallbladder contraction {3,4]. Following oral admin-
istration in man, this agent also antagonizes the effect of exogenous CCK
on gallbladder emptying and blocks postprandial gallbladder contraction, in-
dicating a major role of CCK in regulating gallbladder motility [5]. Recently,
we completed the first human studies on MK-329 and pancreatic secretion
[6,7], which will be summarized in the following sections.

Effect of MK-329 on CCK-Stimulated Pancreatic Secretion

At present, a preparation of MK-329 for parenteral administration in
humans is not available. This renders studies of pancreatic exocrine secre-
tion somewhat troublesome, since aspiration of duodenal contents for as-
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Table 1. Percentage difference in CCK-stimulated pancreaticobiliary output after
MK-329 (10 mg orally) in relation to placebo in six normal subjects

CCK-8 dose
Basal 15 pmol kg™ ' h~! 40 pmol kg~! h™!
(%) (%) (%)
Trypsin -39 —T74** -38
Bicarbonate -26 —75* —65*
Duodenal flow +21 —T2** —39*
Bilirubin —100 —0g** —

The data during CCK infusion were calculated from the integrated median increase
above basal.
*p<0.05; **p<0.01.

sessment of pancreatic output may affect the absorption of the drug after
oral intake. Preliminary pharmacokinetic studies in man have shown that
peak plasma levels of MK-329 occur 2—4h after oral intake, and that the
half-life is in the order of 6—12h (J. Lin, unpublished observation). There-
fore, in order to obtain full absorption, the drug in our studies was given to
the volunteers 2h before starting duodenal aspiration. A previous study
showed that an oral dose of 10 mg MK-329 is sufficient to block both CCK-
and meal-stimulated gallbladder contraction in man [5].

The ability of 10 mg MK-329 orally to antagonize the effect of exogenous
CCK on pancreaticobiliary secretion was tested in normal subjects using
a duodenal marker perfusion technique and a background i.v. infusion
of secretin in a physiologic dose (5pmol/kg per hour) [6]. Compared to
placebo, MK-329 was associated with non-significant reductions in the basal
outputs of trypsin and bicarbonate of 39% and 26%, while the duodenal
flow was slightly higher (Table 1; Fig. 1). Plasma CCK concentrations of
8-9pM, similar to upper postprandial levels, were mimicked by an intra-
venous infusion of 15 pmol/kg per hour of CCK-8. During this infusion rate,
MK-329 caused a marked inhibition (>70%) in the outputs of trypsin as well
as bicarbonate and duodenal flow compared to placebo (Table 1; Fig. 1).
This finding illustrates the synergistic effect of CCK and secretin in stimulat-
ing pancreatic bicarbonate and juice secretion. During a higher CCK-8 dose
of 40pmol/kg per hour, which produced supraphysiological plasma CCK
levels of about 23pM, the inhibitory action of MK-329 was still evident,

Fig. 1. Effect of MK-329 (10 mg orally) versus placebo on integrated trypsin output
(A), bicarbonate output (B), and duodenal flow (C) in six normal subjects before and
during CCK stimulation. Data are given as medians — 25th quartile, since strict
normal distribution was not verified by statistical tests [6]. The results during CCK
stimulation represent integrated response above basal. *p < 0.05; **p < 0.01
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although not significantly for trypsin (Table 1; Fig. 1). Bilirubin output
was virtually abolished after MK-329 (Table 1), indicating almost complete
inhibition of gallbladder contraction. The plasma CCK concentrations after
MK-329 did not differ from those observed after placebo, neither basally nor
during CCK infusions. Thus, MK-329 was found to be an orally effective
antagonist of CCK-stimulated pancreaticobiliary output in man.

Effect of MK-329 on Meal-Stimulated Pancreatic Secretion

Assessment of pancreatic exocrine secretion after a meal using duodenal
aspiration is complicated by the mixture of food components and pancreatic
juice, which renders valid measurements of bicarbonate and volume output
impossible. Sampling of pure pancreatic juice by endoscopic duct can-
nulation cannot guarantee complete recovery of pancreatic juice, which
potentially may lead to inaccurate determinations.

In our study, the volunteers ingested a normal mixed meal 3h, 15 min,
after an oral dose of 10mg MK-329 or placebo using a marker perfusion
technique and aspirating at maximum 20 ml/15 min of the duodenal contents
[7]. This set-up has previously been evaluated and found to yield reprodu-
cible intraindividual assessments of the pancreatic secretory capacity [8]. As
in the first study (Table 1), the basal output of trypsin was nonsignificantly
reduced, in this case by 43%, after MK-329 (Table 2). During the initial
45min following the meal, trypsin secretion was inhibited by about 30% —
60%, but thereafter the trypsin output was almost the same as after placebo
(Fig. 2A). Thus, the integrated postprandial response was only reduced by
15% (NS) (Table 2). This finding strongly suggests that the action of cir-
culating CCK is not essential for the pancreatic enzyme response after a
normal meal in healthy subjects. In studies involving another type of CCK
antagonist, loxiglumide (CR 1505), direct stimulation of CCK release by
intraduodenal perfusion of nutrients reduced pancreatic enzyme secretion by
40%—75% compared to the response in controls [9,10], suggesting a major
stimulatory role of CCK. However, these studies are not strictly physio-
logical, since the cephalic and gastric phases of pancreatic secretion are
bypassed, which may lead to insufficient activation of other stimulatory
mechanisms, most importantly the cholinergic system. Our findings are in
agreement with a recent study in normal subjects, where a 7-day treatment
with loxiglumide only induced a 15% (NS) reduction in pancreatic enzyme
secretion as determined by the para-aminobenzoic acid (PABA) test [11].
Although the PABA test only offers a rough, indirect extimate of pancreatic
function, the study shows that, in man, even prolonged CCK antagonism
does not cause a major reduction in pancreatic enzyme secretion. Taken
together, these results indicate that the effect of neural regulation and/or
other hormones is sufficient to maintain an almost normal postprandial
€nzyme response.
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Table 2. Percentage difference in meal-stimulated
trypsin secretion, bile acid output, and plasma CCK
concentrations after MK-329 (10 mg orally) in relation
to placebo in six normal subjects

Basal Postprandial
(%) (%)
Trypsin —43 —15%*
Bile acid -96* —T77**
Plasma CCK +20 +175%*

The data were calculated from the inte-
grated mean values.
*p<0.05; **p<0.01.

Since bicarbonate could not be precisely determined in the aspirates,
due to the buffer capacity of the food components, the pH was used as an
indirect estimate of the influence of MK-329 on bicarbonate secretion. The
pH in the basal duodenal aspirates tended to be lower after MK-329,
although the pH of 4.89 in the period immediately before the meal was
almost identical to that of controls (Fig. 2B). After the meal, the pH
increased to about 6 in both groups during the initial two periods, but
thereafter MK-329 caused a sustained decrease in duodenal pH, with mean
values ranging from 3.5-4.1 compared to 4.5-5.0 after placebo (Fig. 2B).
Since no in vitro or animal studies suggest that MK-329 may stimulate gas-
tric acid secretion, this pH difference is probably explained by a decreased
output of pancreatic bicarbonate. Irrespective of the possibility that other
sources of bicarbonate, most importantly bile and duodenal mucosal secre-
tions, may play a significant role in neutralizing gastric acid entering the
duodenum, the present results demonstrate that the action of CCK is
important for the maintenance of a normal duodenal pH.

In contrast to the modest effect on enzyme secretion, MK-329 markedly
inhibited the postprandial gallbladder contraction as determined by a 77%
reduction in bile acid output (Table 2). Besides confirming the crucial role
of CCK in regulating gallbladder motility, this also serves as an indirect
proof of the presence of MK-329 in the circulation, at least in quantities
sufficient to inhibit gallbladder emptying. The significance of this finding is
further strengthened by in vitro studies showing that the relative binding
affinities of MK-329 compared to CCK-8 are similar for the gallbladder and
pancreatic receptors [12,13]. Valid data on the plasma concentrations of
MK-329 await the development of a sensitive and specific assay.

The premeal plasma CCK concentrations tended to be slightly higher
after MK-329 than after placebo (Fig. 2C; Table 2). However, the post-
prandial plasma CCK levels were markedly higher after MK-329 than after
placebo (Fig. 2C), resulting in a 175% increase (p < 0.01) in the integrated
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meal-response (Table 2). The augmented plasma CCK concentrations after
MK-329 were manifest 30 min after food ingestion and continued to be
significantly elevated throughout the study (Fig. 2C) in spite of almost equal
secretion of trypsin in the two groups (Fig. 1A). Thus, no inverse relation-
ship was demonstrable between the trypsin activity in the duodenal lumen
and the plasma CCK levels after MK-329. A detailed discussion on the
mechanism(s) involved in the augmented postprandial CCK response during
CCK receptor blockade is outside the topic of this chapter, but, at present,
attractive explanations are (a) activation of a negative feedback mechanism
due to low concentrations of bile constituents in the duodenal lume and,
more speculatively (b) interference with autoregulating, inhibitory CCK
receptors on the vascular side of the CCK cell leading to enhanced secretion
of CCK to the bloodstream.
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Regulation of Gallbladder Contraction and Gastric
Emptying by the CCK Receptor Antagonist MK-329

R.A. LippLE!

Introduction

The gastrointestinal hormone cholecystokinin (CCK) has been proposed as
having a number of physiologic actions. These include stimulation of gall-
bladder contraction and pancreatic protein secretion as well as regulation of
gastric emptying, stimulation of intestinal motility, stimulation of insulin
secretion, and induction of satiety [23]. However, it has been difficult to
establish whether these are pharmacologic or true physiologic actions of
CCK. Studies on the physiology of CCK have been hampered by difficulty
in measuring plasma levels of the hormone, primarily because of the struc-
tural similarities between CCK and gastrin [25]. Both hormones share an
identical pentapeptide sequence at the carboxyl terminus consisting of Gly-
Trp-Met-Asp-Phe-NH,. Since this portion of the molecule is the biologically
active region of CCK, it is important that an assay for CCK be able to detect
all molecular forms of the peptide without cross-reactivity with gastrin. Such
a radioimmunoassay must be specific for the amino terminal region of CCK-
8 which would confer the ability to recognize larger forms of CCK yet not
cross-react with gastrin. Development of these radioimmunoassays has been
difficult and an antibody is not yet universally available. An alternative
method has been the development of a sensitive and specific bioassay based
on the ability of CCK in plasma extracts to stimulate amylase release from
isolated pancreatic acini [14,15].

The classical approach to determining whether a candidate transmitter
acts as a hormone has been to measure plasma levels of the transmitter
simultaneously, with its target tissue response. Then, by infusing exogenous
hormone to reproduce the same plasma levels that occur endogenously, and
measuring the same target tissue response, it is possible to determine if a
transmitter functions in a physiologic manner, i.e., as a true hormone. This
approach has been taken to determine the possible physiologic actions of
CCK [1,13,15,17,18,26].
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Another way of investigating, the role of candidate hormones is to
selectively inhibit the hormone of interest by a specific antagonist. Recently,
a nonpeptide CCK receptor antagonist has been developed, termed MK-329
(35(-)-N-(2,3-dihydro-1-methyl-2-oxo-5-phenyl-1H-1,4 benzodiazepine-3-yl)-
1H-indole-2-carboxamide, previously designated L-364718) [2,5]. MK-329
is specific for peripheral (type A) CCK receptors and has an approximately
1000-fold lower affinity for binding to cerebrocorticol CCK (type B) re-
ceptors [2,5]. In vitro studies have shown MK-329 to be an effective in-
hibitor of CCK binding to pancreatic membranes and gallbladder tissues
with ICsy, of 81 and 45 pM, respectively [2,5]. In animals, MK-329 has been
shown to inhibit CCK-stimulated pancreatic exocrine secretion and colonic
contraction as well as gallbladder contraction and CCK-induced inhibition of
gastric emptying [20]. These data indicate that MK-329 is a specific CCK
antagonist which may be used in vivo.

Our laboratory has recently had the opportunity of investigating
MK-329 in humans [19]. The objectives of these studies were (a) to deter-
mine whether MK-329 was an effective CCK antagonist in humans, and (b)
to establish whether CCK receptor antagonism could inhibit gallbladder
contraction and modify gastric emptying after a meal.

Effect of MK-329 on CCK-Stimulated Gallbladder Contraction

To determine whether MK-329 was an effective antagonist of exogenous
CCK, subjects were treated with MK-329 prior to infusion of CCK in a
randomized, controlled trial [19]. Two hours before receiving an infusion of
CCK-8 at a rate of 30 pmolkg~'h~! subjects ingested placebo or 0.5, 2, or
10mg of MK-329. Plasma CCK levels were measured by radioimmunoassay
using an antibody directed against the amino terminus of CCK-8, thus
allowing measurement of the multiple molecular forms of CCK [19]. Basal
plasma levels of CCK averaged 0.8 pM and increased to between 7.7 and
10.4 pM within 15 min of starting the infusion. No significant differences in
plasma CCK concentrations were achieved during CCK infusion with any of
the drug or placebo treatments. Gallbladder volumes were measured by
abdominal sonography (Fig. 1). Baseline gallbladder volumes were in the
range 21.1-25.1ml. In placebo-treated subjects, infusion of CCK caused a
decrease in gallbladder volume of 26% within 20 min and a 57% decrease
within 2h of beginning the infusion. MK-329 inhibited CCK-induced gall-
bladder contraction in a dose-dependent manner. The 2 mg dose of MK-329
reduced the decrease in gallbladder volume to 36% at the end of 2h, while
10mg MK-329 completely inhibited CCK-stimulated gallbladder contrac-
tion. These studies demonstrated two important points. First, CCK infusion
approximating postprandial CCK levels, stimulated gallbladder contraction,
suggesting a hormonal role for CCK. Second, this degree of gallbladder
contraction was completely inhibited by 10 mg of MK-329.
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Fig. 1. Effect of MK-329 on gallbladder volumes during infusion of CCK. Gall-
bladder volumes are expressed as the percentage of initial volume. Asterisks indicate
values statistically different from placebo [from 19]

Effect of MK-329 on Meal-Stimulated Gallbladder Contraction
and Gastric Emptying

In order to determine the effect of MK-329 on meal-stimulated gallbladder
contraction and gastric emptying rates, subjects received placebo or 10mg
MK-329 2 h before eating a mixed meal. The 10 mg dose was chosen because
it was the maximally effective dose observed in the previous study. In
patients treated with placebo, plasma CCK concentrations increased from
basal levels of 0.6 pM to peak postprandial levels of 2.3pM (Fig. 2). How-
ever, in subjects receiving MK-329, there was an accentuation of the post-
prandial increase in plasma CCK concentrations with median peak levels
reaching 13.8pM.

In placebo-treated subjects, gallbladder volume decreased by 68% 2h
after eating (Fig. 3). However, in subjects taking 10 mg MK-329, despite
much higher circulating CCK concentrations, gallbladder contraction was
completely inhibited after the meal.

Gastric emptying of both the solid and liquid components of a mixed
meal were measured by gamma camera scintigraphy using **™Tc as a label of
solid food and "'In for liquids (Fig. 4). Gastric emptying of the solid
component of the meal was based on the rate at which the *™Tc-labeled
marker disappeared from the area of the stomach. With placebo treatment,
the solid marker emptied slowly with a half-life of 128 min. Furthermore,
there was no difference between placebo and MK-329 treatments. After
placebo, liquids emptied more rapidly with a half-life of 58 min. The rate of
emptying of liquids from the stomach was also unaffected by MK-329.
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Adverse Effects

No serious adverse effects were observed after the administration of MK-
329. Symptoms of diarrhea and abdominal cramping occurring in several
patients may have been drug related but were self-limited and resolved
within 24 h.
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Fig. 3. Effect of MK-329 on gallbladder volumes after ingestion of a mixed meal.
Values are the mean =SEM [from 19]
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Discussion

These studies demonstrate that MK-329 is a potent, orally active, CCK
antagonist in humans. In a dose-dependent manner, MK-329 inhibited
CCK-induced gallbladder contraction. To determine the effect of CCK
receptor blockade on postprandial responses, 10mg of the antagonist was
shown to (a) completely inhibit meal-stimulated gallbladder contraction, (b)
dramatically increase postprandial plasma CCK levels, and (c) have no
effect on gastric emptying. The ability of MK-329 to completely inhibit
meal-induced gallbladder contraction indicates that CCK is the major
hormonal regulator of gallbladder contraction.
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Similar effects of CCK receptor antagonism on gallbladder contraction
have been supported by studies using another type of CCK receptor antag-
onist. Loxiglumide, a glutamic acid analogue has also recently been studied
in humans. Several studies have confirmed that CCK receptor antagonism
inhibits the decrease in gallbladder volume after a meal [4,9,10,22,24].

The observation that MK-329 markedly increased meal-stimulated
plasma CCK concentrations could be explained by three possible mech-
anisms. First, the rate of CCK clearance could be reduced by MK-329,
indicating that a receptor-mediated mechanism participates in removal of
CCK from the circulation. However, with infusion of CCK, steady-state
plasma CCK levels were achieved and there were no significant differences
in CCK levels between any dose of MK-329 or placebo. These findings
indicate that the receptor antagonist does not influence CCK clearance and,
therefore, it is unlikely that a receptor-mediated mechanism is necessary for
CCK metabolism.

A second possible reason CCK levels were higher after MK-329 treat-
ment could be due to increased delivery of nutrients to the duodenum
secondary to accelerated gastric emptying. However, gastric emptying rates
were not increased after MK-329, thus excluding increased nutrient delivery
to the small intestine. Therefore, this mechanism could not explain the
increase in CCK responses after drug treatment.

The third and most likely possibility that could account for the higher
postprandial CCK levels after MK-329, is a negative feedback mechanism
regulating CCK secretion. It has been well demonstrated in the rat that
diversion of pancreaticobiliary juice from the duodenum, or inhibition of
duodenal pancreatic enzyme activity with trypsin inhibitors, causes a prompt
increase in pancreatic exocrine secretion [8]. Furthermore, it has been
confirmed that CCK is stimulated by both of these mechanisms [12,16].
Therefore, CCK appears to mediate negative feedback regulation of pan-
creatic secretion [21]. Recent evidence also suggests that bile acids par-
ticipate in negative feedback regulation of CCK secretion [7,11]. In the
present study, the observation that peak plasma CCK levels were much
higher in subjects who received CCK receptor antagonist treatment suggests
that MK-329 may have inhibited meal-induced pancreatic secretion and
gallbladder contraction, thereby increasing the stimulus for CCK release.
The absence or reduction of bile and pancreatic juice in the duodenum
is a likely cause of the accentuated CCK response. These data support
the concept of negative feedback regulation of CCK secretion in humans.
Similarly, recent studies using loxiglumide have observed increased CCK
levels after CCK receptor antagonist treatment [9,22].

At the dose studied, MK-329 had no effect on gastric emptying of solids
or liquids. These findings suggest that CCK alone is not a major hormonal
regulator of gastric emptying. However, these experiments must be inter-
preted with caution since other factors may compensate for, or obscure, the
effects of CCK in the milieu of ingestion of a mixed meal. It is also possible
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that higher doses of MK-329 might have demonstrated an acceleration of
gastric emptying. Since gastric emptying and CCK release are regulated by
various properties of a meal, including nutrient composition, it is also
possible that an alteration of gastric emptying with MK-329 would have
been observed with a meal composed of different nutrients.

Conflicting reports have been published regarding the effects of
loxiglumide on gastric emptying. One recent study indicated that CCK
receptor antagonism with loxiglumide had no effect on gastric emptying of a
meal [4]; however, another report demonstrated that gastric emptying of
nondigestible markers was accelerated with loxiglumide treatment [22].
Therefore, the precise physiologic role of CCK in regulating gastric empty-
ing may not yet be fully established.

In summary, these studies have demonstrated that CCK is an effective,
orally active antagonist of CCK based on its ability to inhibit CCK-induced
gallbladder contraction. We may also conclude that CCK has an import-
ant physiologic role in regulating postprandial gallbladder contraction.
The significant effect of CCK antagonism on plasma CCK concentrations
supports a mechanism of negative feedback regulation of CCK secretion.
Finally, at present, it appears that CCK may have a limited role in regulat-
ing gastric emptying rates after a meal.

A number of postulated physiologic effects of CCK suggest several
possible therapeutic applications for a CCK receptor antagonist drug [6].
Therefore, it will be important to examine the effects of such an agent on
appetite, the treatment of eating disorders, and the modification of bowel
motility. The selectivity of antagonists for peripheral (type A) CCK recep-
tors such as MK-329, and central (type B) receptors such as L-365260,
should also make it possible to distinguish between the physiologic effects of
CCK receptor subtypes [3]. Together these antagonists provide valuable
tools for studying the physiologic actions of CCK.
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Regulation of CCK Release by Bile Acids

1. Koop!

Introduction

Cholecystokinin (CCK) is the most potent hormonal stimulus for contrac-
tion of the gallbladder [1-3] thereby markedly increasing the delivery of bile
acids into the duodenum. Together with monoglycerides and phospholipids,
bile acids form mixed micelles to facilitate fat absorption. Eventually, 95%
of them are reabsorbed by the terminal ileum to finish the enterohepatic
cycle [4]. Since bile acids presumably get in contact with intestinal CCK cells
and are closely linked to the digestion and absorption of fat, a potent
stimulus for CCK secretion, there is likely a relationship between bile acids
and CCK release.

Acute Effects of Bile Acids and Bile Diversion on CCK Release

Duodenal perfusion of “bile excess” or chenodeoxycholic acid had marginal,
if any, effects on basal plasma CCK concentrations in dogs and humans
[5,6]. However, the influence on stimulated CCK release was far more
pronounced. Bile acids decreased stimulated CCK release in humans, dogs
and guinea pigs [5—9]. This inhibitory effect was independent of the chemical
nature of the stimulus, such as amino acids [7], triglycerides [5] or a mixed
liquid testmeal containing protein, long chain fatty acids and glucose [6,8]
(Fig. 1). Furthermore, taurocholate, chenodeoxycholic acid and pooled bile
exerted the inhibitory action in a similar way, irrespective of the site of
administration (oral ingestion or intraduodenal infusion). Elevated plasma
CCK concentrations due to diversion of pancreaticobiliary juice in rats were
reduced by 70% following duodenal infusion of taurocholate [10].

Bile diversion can be achieved by either bile duct ligation or external or
internal drainage of bile. In addition, the nonabsorbable bile salt binding
resin cholestyramine [11] has been used as a tool to mimic intraluminal
bile acid depletion. Almost unequivocal results have been obtained by the
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Fig. 1. Basal and stimulated plasma CCK concentrations in patients with bile duct
obstruction (upper panel) and in healthy controls (lower panel). L liquid tastmeal; L
+ CDC, testmeal with 4 g chenodeoxycholic acid (from [8])

removal of functional bile acids from the intestine: augmentation of CCK
release stimulated either by nutrients or pancreatic juice diversion [6,7,
10,12]. While amino acid- or meal-stimulated CCK levels were enhanced by
bile diversion in dogs or by cholestyramine in humans, addition of bile acids
reversed this effect [6,7] suggesting that bile acids are the key constituents of
bile responsible for the modulation of CCK release. Basal CCK release was
not at all or only weakly stimulated by bile diversion [5] or duodenal
cholestyramine-infusion [6,7]. In contrast, oral ingestion of cholestyramine
caused a significant rise of CCK [12].

It is unknown whether bile acids act directly on the CCK cell. Indirect
modulation of CCK release may be due to increased trypsin activity in the
upper intestine: bile acids enhance release of enterokinase from the duo-
denal mucosa to activate trypsinogen [13,14]. Furthermore, in vivo studies
in rats suggested an important role for bile acids as a stabilizing factor for
trypsin activity [15,16]. Recently, a trypsin-sensitive, CCK-releasing monitor
peptide was discovered in pancreatic juice [17,18]. Thus, bile acids may
affect CCK release by enhancing tryptic activity, thereby decreasing the
activity of the monitor peptide and release of CCK.
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Chronic Effects of Bile Acid Administration
and Bile Depletion on CCK Release

After 1-5 weeks of either bile duct ligation or cholestyramine administra-
tion in animals [7,9,19,20] basal plasma CCK concentrations were unchanged.
In humans, however, basal CCK levels were substantially elevated up to 21
days after initiation of cholestyramine treatment but had normalized after 28
days [12]. It was assumed that the CCK cell had changed its responsiveness
to the chronic overstimulation by cholestyramine during the 4-week treat-
ment, a phenomenon which has also been described in rats following long-
term protein administration [21]. In parallel, patients with long-lasting bile
duct obstruction due to a malignant tumor and marked hyperbilirubinemia
showed normal CCK levels [8] (Fig. 1).

While basal CCK levels did not change at all, or returned to normal
values after a certain period of time, CCK release in response to nutrients
was reported to be enhanced both after 7 and 28 days of cholestyramine
administration in dogs and humans [7,12]. Patients with chronic, advanced
bile duct obstruction showed the same postprandial CCK response as healthy
controls. However, inhibition of stimulated CCK release by concomitant
administration of bile acids was more pronounced in patients with biliary
obstruction than in healthy controls, suggesting again that the responsive-
ness of the CCK cell to bile acids had changed during long-term intraluminal
bile depletion [8] (Fig. 1).

There is evidence that bile acids modulate the number of CCK receptors
in guinea-pigs: cholestyramine feeding for 5 weeks resulted in an increase in
CCK receptors on gallbladder muscle whereas taurocholate administration
had the opposite effect [9].

Bile Acid-Induced Effects on the Exocrine Pancreas:
Influence of CCK Receptor Antagonism

Changes in CCK release following intraduodenal bile salt infusion or deple-
tion are paralleled by changes in gallbladder contraction/biliary output
and exocrine pancreatic secretion and pancreatic growth. Proglumide, a
CCK receptor antagonist of the first generation, almost entirely suppressed
pancreatic protein output induced by intraduodenal infusion of amino acids
and cholestyramine in dogs [7]. In humans, intravenous infusion of the
highly specific CCK receptor antagonist loxiglumide inhibited pancreatic
trypsin output by 60%. Inhibition of cholestyramine-enhanced enzyme
secretion by loxiglumide amounted to 73%. Enzyme output did not differ in
both groups during loxiglumide administration, suggesting that elevated
plasma CCK levels were responsible for enhancement of pancreatic secre-
tion by cholestyramine [22].



Regulation of CCK Release by Bile Acids 155

pancreatic wet weight (g)

DMSO Chol Chol L364
+L364

trypsin (U/mg DNA)

1000 A

800

600

400

200 4

y

Fig. 2. Effect of 4-week administration of 6% cholestyramine and L-364718
(MK329) on pancreatic wet weight and trypsin content of the rat pancreas. DMSO,
dimethylsulfoxide, vehicle for the antagonist; Chol, cholestyramine. *p < 0.05,
***p < 0.01 vs. DMSO (from [6])

DMSO Chol Chol L 364
L364

Long-term cholestyramine feeding has a trophic effect on the exocrine
pancreas in rats and guinea-pigs [9,19,23]. The CCK receptor antagonist
MK-329 (formerly L-364718) completely abolished this effect in rats [19],
indicating that CCK was the mediator of the cholestyramine-induced trophic
effect on the pancreas (Fig. 2). Furthermore, it antagonized the increase of
trypsin and chymotrypsin content by cholestyramine.

Intraduodenal infusion of chenodeoxycholic acid reduced meal-stimulated
CCK output but did not inhibit pancreatic enzyme secretion in humans
[22]. In consequence, loxiglumide had no influence on enzyme release, sug-
gesting that stimulation of pancreatic exocrine secretion by chenodeoxycholic
acid involved a mediator other than CCK. However, in previous studies
taurocholate has been shown to inhibit amino acid- and fat-stimulated
enzyme release [24,25]. Thus, the effect of bile acids on exocrine pancreatic
secretion may differ according to the type (and amount/concentration) of
bile acid used whereas their inhibitory action on CCK release seems to be
uniform (Fig. 3).
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Summary

Bile acids play a regulatory role in the control of CCK release, especially in
the postprandial state. Though most studies have proven bile acids to inhibit
and removal of bile acids to enhance stimulated release more investigations
are needed to define the role of CCK in bile acid-induced changes of biliary
and pancreatic secretion. Specific CCK receptor antagonists which are now

available provide a useful tool to elucidate this interrelationship.
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Pyloric Cholecystokinin Receptors*

T.H. MORAN, L. SHNAYDER, G.J. ScHwaRTz, and P.R. McHucH!

Introduction

Central or peripheral administration of the brain gut peptide cholecystokinin
(CCK) results in a range of biological actions. CCK binding sites at which
these actions may be mediated have been identified in multiple brain regions
and at various sites in the gastrointestinal tract. This chapter focuses on the
anatomy, pharmacological characterization, and functional significance of a
population of CCK receptors localized to the circular muscle layer of the
pyloric sphincter.

Autoradiographic Demonstration of Pyloric CCK Receptors

Exogenous CCK exerts a potent inhibition on liquid gastric emptying in
a variety of species at dose levels in the picomolar range [8]. Our efforts
to identify the particular mechanisms and sites of actions through which
CCK exerts this gastric inhibitory effect stimulated our search for specific
CCK receptors in the gastrointestinal tract of the rat [20]. Utilizing auto-
radiographic techniques and computerized microdensitometry, an initial
screening of the upper gastrointestinal tract demonstrated increases in
specific binding in the areas of the proximal pyloric sphincter, the distal
pyloric sphincter, and the proximal duodenum. As demonstrated in Fig. 1,
the particular anatomical localization of CCK binding sites in this region
corresponds to the area of a thickening of the gastric circular smooth muscle
occurring in the most distal portion of the pyloric sphincter. Binding to this
region was specific, reversible, and of high affinity. Some nonspecific bind-
ing was evident to the gastric mucosa and in the submucosal layer.

The discretely localized concentration of CCK receptor sites and their
correspondence to the bands of circular muscle fibers suggested that these
receptors are located directly on the muscle fibers. However, the gastric
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Fig. 1a-f. Photomicrographs of toluidine blue-stained tissue section of pyloric sphinc-
ter (PS) and corresponding autoradiographs, showing total and nonspecific CCK
binding sites: a cross section of distal pyloric sphincter, b autoradiograph of section
in a showing total CCK binding, ¢ autoradiograph of adjacent tissue section showing
non-specific CCK binding, d longitudinal section of pyloroduodenal junction, e and f
autoradiographs showing total and nonspecific CCK binding respectively. LM,
longitudinal smooth muscle; CM, circular smooth muscle; SM, submucosa; BG,
Brunner’s glands; GM, gastric mucosa; DM, duodenal mucosa [from 20]

branches of the vagus nerve also contain and transport CCK receptors [9],
raising the possibility that the CCK receptors identified in the pylorus
represent a terminus for the peripheral transport of vagal CCK receptors. In
order to assess this possibility, we examined the effects of severing the vagus
nerve on pyloric CCK receptors. Total subdiaphragmatic vagotomy did not
significantly alter either the location or the density of pyloric CCK receptors
[9]- This finding is consistent with the view that these receptors are located
directly on the circular muscle fibers.

Pyloric CCK binding localized to the circular muscle layer has also been
demonstrated in tissue samples from mouse [21], rhesus monkey [17], and
man [17].

Pharmacological Characterization of Pyloric CCK Receptors

Pyloric CCK receptors fit the pharmacological profile of type A CCK
receptors [10]. That is, while they demonstrate a high affinity for sulfated
CCK, nonsulfated CCK and gastrin have only a low affinity for these
receptors [9]. Figure 2 demonstrates a comparison of the relative ability of
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Fig. 2. Abilities of CCK and various CCK antagonists to inhibit the binding of 125I-

CCK to pyloric CCK receptors. Values are expressed as a percentage of maximal

binding and represent the means of three determinations. Values were generated by
computerized microdensitometry from autoradiographs

CCK-8 and a series of CCK antagonists to inhibit the binding of '*I-CCK to
this population of pyloric CCK receptors. L-364 718 had the highest potency
with an ICsq similar to that demonstrated for pancreatic CCK receptors. The
relative affinities of proglumide and the proglumide analogues for pyloric
CCK receptors are also similar to those that have been demonstrated for
pancreatic CCK receptors [5]. Furthermore, the patterns of potencies of the
antagonists in inhibiting CCK binding are consistent with those that would
be expected for type A CCK receptors. That is, these receptors demonstrate
a high affinity for the specific type A CCK antagonists 1.-364 718, CR 1409
(lorglumide), and other of the proglumide derivatives that have been dem-
onstrated to differentiate between type A and type B CCK receptors [5].

Biological Actions Mediated by Pyloric CCK Receptors

CCK induces a variety of gastric events ranging from in vitro contraction of
gastric muscle [1,2] to the inhibition of gastric emptying [7,8,15]. Only
recently has a direct and separate role for pyloric CCK receptors in the
mediation of these events been investigated. Work by Murphy et al. [13],
Margolis et al. [6], and Schwartz et al. [18] demonstrated dose-related
contractions of the isolated neonatal and adult rat pylorus in response to
CCK. This contraction of the pylorus produced by CCK is different from the
contractile effects of CCK on guinea pig fundus or gastric antrum in a
number of ways. In contrast to CCK’s actions on guinea pig antrum [1],
CCK-induced contraction of the rat pylorus is resistant to either the addition
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of atropine or tetrodotoxin [13], indicating that CCK is probably acting
through a CCK receptor population which does not lie upon vagal nerve
endings or other neural elements but through a direct action on the circular
muscle fibers.

CCK'’s action on the isolated pylorus is not mimicked by nonsulfated
CCK or gastrin [13], while CCK’s action on guinea pig smooth muscle is [2].
Furthermore, the type A CCK antagonists 1.-364 718 and CR 1409 block the
pyloric contractile actions of CCK [14]. Together, these results indicate that
CCK-induced pyloric contractions are mediated by type A CCK receptors
while the antral and fundal contractile effects of CCK in guinea pig are
probably mediated by type B or gastrin receptors.

The work of Murphy et al. [13], examining the in vivo actions of CCK on
the pylorus, has suggested a physiological relevance of CCK-induced pyloric
contractions observed during in vitro studies. They demonstrated that the
intravenous administration of CCK resulted in fluctuations in pyloric perfu-
sion pressure, again in a dose-related fashion. Thus, these CCK receptors
appear to play a role in the regulation of pyloric sphincter function.

A direct role for pyloric CCK receptors in the mediation of the inhibi-
tion of gastric emptying by the exogenous administration of CCK has recently
been demonstrated. In the rat, CCK appears to inhibit the gastric emptying
of liquid meals by multiple mechanisms. Recent work by Raybould and
Taché [15] and McCann et al. [7] has demonstrated a role for vagal afferents
in this inhibition. Vagal afferent capsaicin lesions result in the elimination of
CCK’s ability to inhibit the emptying of nonnutrient or glucose test meals.
Removal of pyloric CCK receptors by pylorectomy produces a mixed result.
While the ability of CCK to inhibit the emptying of a saline test meal was
intact following pylorectomy, CCK’s ability to inhibit the emptying of a
glucose test meal from the rat’s stomach was eliminated [12]. Thus, CCK
appears to act through both a vago/vagal reflex and directly on pyloric CCK
receptors for the inhibition of gastric emptying. If no inhibitory signal to
emptying is generated by the gastric contents, an intact vagus is sufficient to
mediate the full inhibitory actions of CCK. However, if emptying is already
slowed by an inhibitory signal arising from the gastric contents, a further
slowing produced by CCK appears to depend both on an intact vagus and an
intact pylorus.

The ability of exogenous CCK to inhibit food intake has long been
noted [3,4,19], and recent work with CCK antagonists has demonstrated the
physiological significance of this action of CCK [16]. Pylorectomy, eliminat-
ing pyloric CCK receptors, results in a significant attenuation in the ability
of exogenous CCK to inhibit food intake. The nature of this attenuation is
such that the dose response curve is truncated [11]. This means that the
inhibitory actions of low doses of CCK are intact while higher dosages are
unable to produce further inhibitions on food intact (Fig. 3). Thus, an action
mediated through pyloric CCK receptors appears to play a role in the effect
of CCK on food intake. We have hypothesized that this enhancement is due
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to, and secondary to, CCK’s effects on the gastric emptying. The demon-
stration that pylorectomy eliminates the ability of exogenous CCK to pro-
duce a slowing of the emptying of a glucose test meal from the stomach
supports this interpretation.

Summary

The work discussed in this chapter has demonstrated the presence of a
subpopulation of CCK receptors localized to the circular muscle layer of the
pyloric sphincter. This CCK receptor subpopulation exists in both rodent
and primate species, and the pharmacological characteristics of these
receptors indicate that they are type A CCK receptors. The interaction of
CCK with this receptor population results in the contraction of the pyloric
sphincter. CCK’s actions at this receptor site appear to play a role in CCK’s
ability to inhibit the gastric emptying of nutrient test meals and in the
inhibition of food intake produced by CCK.
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Effects of CCK Antagonists
on Intestinal Motility in Dogs*

M. Karaus! and C. NIEDERAU?

Introduction

The motility of the canine small and large intestine consists of cyclic motor
patterns which are controlled by neural and hormonal factors. During the
interdigestive state, a specific motor pattern called the migrating motor
complex (MMC) occurs rhythmically in the small intestine. The MMC cycle
is characterized by four phases: Phase one has little or no activity, phase two
has intermittent and irregular contractions, during phase three the bowel
contracts at its maximum frequency, and phase four is the following transi-
tion period back to quiescence. Phase three of the MMC is migrating
aborally along the bowel. A meal sharply interrupts the MMC cycle and
causes a prolonged increase in irregular contractile activity similar to phase
two activity [2,14,22]. The canine colon also shows a cyclic motor pattern
called the colonic motor complex (CMC), consisting of rhythmic bursts of
tonic and phasic contractions [16]. After a meal the cyclic motor pattern of
the colon is not interrupted but the motor activity is increased in the distal
half of the colon. This is called the gastrocolonic response [15].

The neural and hormonal mechanisms which control the cyclic motor
patterns of the small and large intestine are not fully understood. Likewise,
it is not yet known which factors cause the postprandial changes in the
intestinal motor patterns. Cholecystokinin (CCK) is one of the substances
which have been suggested as regulatory peptides of small and large intes-
tinal motor activity. CCK is a brain-gut peptide known to act both as a
circulating hormone and a neurotransmitter within the the brain and the
enteric nervous system (ENS) [13,19]. Exogenous CCK is known to stimulate
the motility of both the small and large intestine causing an irregular pattern
in the small intestine similar to the fed pattern and inducing an increase in
colonic motility resembling the gastrocolonic response. The development of
potent and specific CCK antagonists has made it possible to study the role of
endogenous CCK in the regulation of the intestinal motor patterns.
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Forschungsgemeinschaft (Ka 631/5-1 and Ni 224/2-2).

! Freie Universitit Berlin, Universitatsklinikum Rudolf Virchow, Standort Charlotten-
burg, Spandauer Damm 130, 1000 Berlin 19, FRG

2Heinrich-Heine-University of Disseldorf, Department of Internal Medicine, Div.
of Gastroenterology. Moorenstr. 5, 4000 Disseldorf, FRG

G. Adler and C. Beglinger (Eds.)
CCK Antagonists in Gastroenterology
© Springer-Verlag Berlin Heidelberg 1991




166 M. Karaus and C. NIEDERAU

Effects of CCK-Antagonists on Motor Activity of Canine Ileum
and Colon In Vitro

Niederau and Karaus [12] investigated the effects of various CCK antag-
onists on muscle strips from canine ileum and proximal colon in a perfu-
sion apparatus. The muscle strips containing both circular and longitudinal
layers were mounted in longitudinal direction. The CCK analogue caerulein
and CCK-8 caused a dose-dependent increase of contractile activity with
maximal effects seen at 1-3*10"® M. The dose-response curves of the
longitudinal muscles of colon and ileum were virtually identical for the two
different CCK agonists. However, the colon was 2—5 times less sensitive to
CCK agonists than the ileum.

The concurrent perfusion of various CCK antagonists dose-dependently
inhibited the actions of the CCK agonists on the longitudinal muscle strips
of both ileum and colon. L-364718 was the most potent antagonist fol-
lowed by asperlicin and the peptides CR 1409, CR 1392, CR 1505, and by
proglumide. All antagonists except proglumide were able to abolish the
stimulation due to maximal effective doses of the CCK agonist. Concentra-
tions of the antagonists (107>M CR 1409 and 3+*10~7 M L-364718), which
markedly inhibited the actions of the CCK agonists, did not alter the sponta-
neous (basal) motor activity of the muscle strips. The CCK antagonists
did not affect either the contractile responses of ileal and colonic muscle
strips to substances which are thought to act via different receptors on the
intestinal muscle (107’M acetylcholine, 5*107°M histamine, 3*10~3M
motilin, 3*107°M substance P). This study further showed that combined
application of caerulein and acetylcholine, both at concentrations resulting
in near maximal effects of these substances, caused an increase in motor
activity which was greater than the responses to either substance alone.
The CCK antagonist CR 1409 (10~°M) reduced this additory effect to that
seen with acetylcholine alone, indicating a noncholinergic action of CCK
on intestinal muscle [12]. This corresponds to the in vitro studies from
colonic muscle of other species (man and cat) where additional applica-
tion of atropine did not affect the stimulation of colonic contractions or
myoelectrical spike-activity by CCK [4,20]. However, one cannot conclude
from these studies that CCK acts directly on colonic smooth muscle. It
has been shown in the guinea pig colon that CCK-generated contractions
of longitudinal muscle strips are mediated by a neural pathway involving
serotonin and substance P [27]. This pathway was atropine-resistant, sug-
gesting substance P as an important final excitatory transmitter of the gastro-
intestinal tract [27]. In contrast to the colon, the effects of CCK on the small
intestine of dogs and guinea pigs seem to be completely neurally mediated,
involving a final cholinergic pathway [21,25].

CCK antagonists may be a useful tool for further elucidation of these
complex regulating mechanisms of intestinal motor activity involving CCK.
A previous study by Niederau and Karaus has shown that the new CCK-
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antagonists specifically and selectively act at the CCK-receptor in the ileum
and the colon [12].

Effects of CCK Antagonists on Motor Activity
of the Small Intestine in Dogs In Vivo

CCK given exogenously at doses that mimic the postprandial rise in CCK
plasma levels interrupts the interdigestive motor cycle (MMC cycle) and
causes an irregular pattern resembling that after feeding [10,17]. CCK
further increases the coordination of contractions in the jejunum causing an
increase of propagating contractions [19]. There are so far three reports
dealing with the effects of CCK antagonists on motor activity of canine small
intestine in vivo. Two studies by Thor et al. [23,24] used serosal electrodes
to measure myoelectrical spike activity. The third, a study by Niederau and
Karaus [11], used extraluminal strain gauges to measure contractile activity.
The CCK antagonists tested were CR 1409 and L-364718 [23,24] and CR
1505 (loxiglumide) [11].

Effects on CCK- and Caerulein-Induced Motor Activity

The study by Niederau and Karaus [11] showed that intravenous injection of
caerulein caused a burst of phasic contractions resulting in a dose-dependent
increase in the area under contractions. This stimulation of motor activity
had already occurred at a dose of 10 ng/kg caerulein which increased plasma
CCK immunoreactivity to postprandial levels. Simultaneous infusion of CR
1505 at 10mg kg~! h™', in addition to caerulein, reduced the area under
contractions to control levels. Likewise, Thor et al. [23], showed that the
MMC cycle which was disrupted by CCK-8 infusion at 100 pmol kg™! h™!
was immediately restored by simultaneous infusion of CR 1409 (2 umol
kg~! h™!). This effect was dose-dependent. Reversal of the mimicked after
feeding pattern to the fasting pattern was observed at doses of 1 pmol kg™!
h~! or higher.

Effect on Interdigestive Motor Activity

The results from the three studies we have mentioned are conflicting as to
the effects of CCK antagonists on fasting motor patterns of the canine small
intestine. Niederau and Karaus [11] showed that the contractile activity
during phase two of the MMC cycle was diminished by 20% during infusion
of CR 1505. In contrast. Thor et al. [24], did not see a change in the
percentage of slow waves with spike activity at this phase of the MMC cycle.
It is possible that small changes of motor activity are detected more readily
by measurement and analysis of contractile activity than by that of spike
activity. The characteristics of the MMC cycle under the CCK antagonists
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Table 1. Effects of CCK antagonists on postprandial motor patterns of the small
intestine in dogs in vivo

Thor et al. [23] Niederau and Karaus [11]
Method of motility Myoelectrical spike activity Contractile activity
measurement
CCK antagonists CR 1409 (2-8umol kg~! h™1) CR 1505 (loxiglumide)
1.-364718 (0.5pmol kg~' h™") (10mg kg~'h™Y)
Disruption of the No effect No effect
MMC by a meal
Motor activity Slow waves with spikes Area under contractions
during the fed reduced and contractile
state frequency reduced

were also seen differently. Thor et al. [23,24] observed a prolongation of the
MMC cycle during infusion with the CCK antagonist which was due to a
prolongation of phase one. Niederau and Karaus [11], on the other hand,
reported no effects of the CCK antagonist on MMC-cycle period and on the
percentages of the different phases of the MMC cycle. Thus, the role of
endogenous CCK in the regulation of interdigestive cyclic motor patterns is
not yet clear. The high variability in MMC-cycle periodicity requires longer
recordings of the interdigestive motor activity than were performed in each
of the previous studies to finally address this question [7].

Effects on Postprandial Motor Activity

Concerning the effects of CCK antagonists on fed motor patterns of the
small intestine, there was agreement between the different studies. As
shown in Table 1, infusion of the CCK antagonists did not prevent the
interruption of the interdigestive MMC cycle after a meal in these studies.
However, both the contractile activity (area under contractions) and the
spike activity were significantly reduced in the postprandial state during
CCK antagonist infusion [11,23] (Table 1).

These results suggest that CCK plays a physiological role in the regula-
tion of postprandial motor activity of the small intestine in dogs. However,
other factors in addition to CCK mediate the meal-induced motor activity.
These additional mechanisms are probably more important than CCK.
These studies in dogs did not investigate whether CCK is involved in the
maintenance of the fed pattern after a meal. The normal duration of the
postprandial motor pattern in the dog is about 16h, which makes the
investigation of this pattern very cumbersome in the dog model [26]. A
study in rats, which have a much shorter MMC-cycle period and a shorter
duration of the fed pattern, evaluated the effects of centrally administered
CCK antagonists on the postprandial motor pattern. Infusion of a CCK
antagonist into the ventromedial hypothalamic region reduced the duration
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of the postprandial disruption of the MMC by 25% at the duodenum,
suggesting an additional physiological role of CCK in regulating intestinal
motor activity at the CNS level [8].

Effects of CCK Antagonists on Colonic Motor Activity
in Dogs In Vivo

Application of exogenous CCK stimulates colonic motility in vivo. In man,
administration of CCK causes an increase in colonic motor activity which
mimics the postprandial increase in colonic motor activity, also called the
gastrocolonic response [3,5]. These observations indicate that CCK is also
involved in the regulation of colonic motility. The role of endogenous CCK in
the control of fasting and fed motor activity of the canine colon in vivo
was investigated by Karaus and Niederau [6]. They used strain-gauge trans-
ducers sutured onto the colon to measure contractile activity. The conscious
dogs were studied in the fasting and fed state. CR 1505 (loxiglumide) at a
dose of 10mg kg™' h™' was used for CCK-receptor blockade.

Effects on Caerulein-Induced Motor Activity

The intravenous injection of 10ng/kg caerulein had no consistent effect on
colonic motor activity compared to saline. Caerulein at a dose of 50ng/kg
caused a regular motor complex consisting of phasic and tonic contractions.
The area under contractions was significantly increased compared to con-
trol. Simultaneous infusion of CR 1505 abolished the stimulating effect of
caerulein and reduced the area under contractions to control levels [6].

This means that the colon is less susceptible to CCK than the small
intestine which confirms the in vitro results reported before [12]. Similar
results were obtained in the anaesthetized dog where physiological doses of
CCK-8 could not stimulate colonic motility. Only high doses of CCK-8
injected into an artery directly supplying the colon induced bursts of colonic
contractions [1]. One can conclude from these studies that, in dogs, the
responses to CCK antagonists in vivo will not indicate a physiological hor-
monal effect of CCK on the colon. However, a response to the antagonist
may indicate a mediation due to neural blockade of CCK receptors in the
enteric nervous system where CCK acts as a neurotransmitter.

Effects on Interdigestive Motor Activity

In vivo infusion of CR 1505 (loxiglumide) did not change the cyclic occur-
rence of colonic motor complexes in the dog [6]. The area under contrac-
tions in the fasted state was reduced in the proximal colon as shown in Fig.
1. CR 1505 did not alter the area under contractions in the distal colon [6].
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These results suggest a physiological role of CCK in the regulation of
colonic motor complexes in the proximal part of the canine large bowel.
There may be regional differences in the responses to endogenous CCK,
explaining the restriction of the effect to the proximal colon. This would
imply a differential distribution of CCK-containing neurons and CCK recep-
tors along the colon. Indeed, in vitro studies from feline colon showed that
only the proximal colon responds to CCK [9]. However, this has not been
proven for the colon from dog and man.

Effects on Postprandial Motor Activity

In the study by Karaus and Niederau [6] infusion of the CCK antagonist
reduced postprandial motor activity in both parts of the colon when com-
pared to the postprandial control experiments without CR 1505 (Fig. 1).
During infusion of the CCK-antagonist, the postprandial areas under con-
tractions in the proximal and distal colon were not significantly different
from fasting values. Thus, the increase of motor activity in the distal colon
after a meal was abolished during CCK-receptor blockade [6].

This indicates that in dogs the gastrocolonic response is at least partially
mediated by endogenous CCK. As discussed before, this has to be a neurally
mediated mechanism. Within the complex neural network of the ENS, CCK
is only one of the neurotransmitters involved in this regulation. More studies
are needed, including those of other peptides, if the control mechanisms
of postprandial changes in colonic motor activity in dogs are to be fully
understood.
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Fig. 1. Effects of the CCK antagonist loxiglumide (CR 1505) on contractile activity
of the dog colon measured by implanted strain-gauge transducers and analysed as
area under contractions (n = 7). Loxiglumide at a dose of 10mg kg™ h™' reduced
significantly fasting motor activity in the proximal colon and postprandial motor
activity in both parts of the colon (*p < 0.05).

O, control experiments; @, experiments with loxiglumide [6]
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Summary

The substances that have been proven to act as potent antagonists of CCK
on the gallbladder and the pancreas also act as specific and potent antag-
onists of the CCK effects on the motor activity of small and large intestine in
dogs. By using the CCK antagonists the role of endogenous CCK in the
regulation of fasting and fed motor patterns of the canine small and large
intestine has been evaluated. However, because of conflicting results, the
effects of CCK-receptor blockade on fasting activity of small intestine is not
yet fully understood. Prolonged monitoring would be necessary to work
out the role of endogenous CCK for the cyclic occurrence of intestinal
motor patterns. Phase two of the MMC cycle seems to be reduced by CCK-
receptor blockade. The postprandial activity of the small intestine is par-
tially controlled by CCK because the antagonists significantly reduced the
motor activity after a meal. This may indeed be a hormonal effect because
physiological doses of CCK, which increase plasma CCK to postprandial
levels, stimulate small intestinal motor activity. However, the disruption of
the MMC cycle after a meal is not affected by the CCK antagonists in dogs.
This indicates that factors other than CCK play a more important role in the
regulation of postprandial motor activity. In the canine colon CCK does not
cause any motor effect in vivo at physiological doses. Therefore, CCK-
receptor blockade only reveals the role of CCK as a neurotransmitter in the
colon. In the fasted state only the proximal colon responds to the CCK-
antagonists by reduction of motor activity, suggesting a regional variability
in the response to CCK. The postprandial increase in colonic motility, the
gastrocolonic response, was inhibited by the CCK-antagonist. This indicates
an important physiological role of CCK in the control of this motor pattern
in dogs.
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The Role of CCK and CCK Antagonists in Human
Esophageal and Gastroduodenal Motility

M. KATSCHINSKI!

Introduction

The pancreas and the gallbladder are known as the principal target organs
of cholecystokinin (CCK) in the gastrointestinal tract. However, CCK
receptors are located throughout the entire gut, having been identified on
smooth muscle cells of the esophagus, stomach, small intestine, and colon
[1]. Therefore it is conceivable that CCK is also involved in physiological
modulation of gastrointestinal motility.

However, it has been difficult to establish whether actions of CCK on
gastrointestinal motility are truly physiological or only pharmacological.
One way to test whether or not a candidate transmitter acts as a hormone is
to measure plasma levels of the transmitter simultaneously with its target
tissue response. If infusion of exogenous hormone replicating the same
plasma levels that occur endogenously brings about the same target tissue
response, it is possible to consider this transmitter as a true hormone.
However, in the postprandial state many different hormones are concom-
itantly released together with an activation of neural pathways. Therefore,
under physiological conditions, a specific transmitter acts in concert with
other stimulatory and inhibitory factors. Of course, this situation cannot be
mimicked by exogenous administration of a single transmitter.

An alternative method of investigating the physiological role of can-
didate hormones is to selectively inhibit the hormone of interest by a specific
antagonist. Recently, newly developed, potent and highly specific antag-
onists of CCK have become available for use in humans. These agents
considerably extend the possibility of investigating the significance of CCK
as a physiological modulator of gastrointestinal motility. They provide the
opportunity of studying the effects of endogenously released CCK acting as
hormone and neurotransmitter.

In this chapter, I address human esophageal and gastroduodenal motil-
ity. The effect of exogenous CCK on gastrointestinal motility in the respec-
tive regions is discussed since these results must be viewed in concert with
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studies applying CCK receptor antagonists. This paper mainly focuses on
studies with loxiglumide. This pentanoic acid derivative highly specifically
binds to CCK receptors and has an affinity constant for this binding site
about 7000 times greater than that of proglumide [2,3]. Furthermore, cur-
rent opinion on the mode of action of CCK is discussed for both regions.

Esophageal Motility

Effect of Exogenous CCK on Esophageal Motility

It is well established that pharmacological doses of CCK given as intra-
venous bolus or constant infusion decrease lower esophageal sphincter
pressure (LESP) [4-7]. It has also been observed that ingestion of a meal
with high content of fat can cause a rapid and sustained decrease in LESP
[8]. Because fat is a potent stimulant of CCK secretion [9], it has been
hypothesized that fat-induced increases in circulating levels of CCK lower
LES tone postprandially [4,8]. However, a meal rich in fat also releases
other transmitters, potentially lowering LESP (e.g., neurotensin). So from
these studies a role for CCK as a physiological regulator of LES tone cannot
be directly deduced.

In a recent study, CCKg was infused in concentrations bringing about
postprandial and supraphysiological levels [10]. Postprandial levels did not
significantly inhibit LESP, which was only lowered by supraphysiological
concentrations. These results argue against the notion that hormonal CCK is
a major physiological regulator of LES tone in the human.

Studies with Loxiglumide

We carried out these studies [11] to investigate the influence of endogenous
CCK on esophageal motility by blocking its effects with loxiglumide in both
basal and postprandial states.

Methods. Studies were performed on 12 healthy male volunteers. Each
subject underwent three different manometric studies on 3 different days.
The probe incorporated four recording orifices in the esophageal body and
a Dent sleeve sensor to study LESP. In the first series (investigation of
basal CCK) saline and loxiglumide (10 mg/kg per hour) were intravenously
infused during consecutive 45-min periods on the same day. The loxiglumide
recording period was preceded by a loading phase. In the second series
(investigation of postprandial CCK) two experiments were carried out on 2
different days: During a background intravenous infusion of saline on 1 day,
or loxiglumide at 10 mg/kg per hour on the other day, a Lundh testmeal was
intraduodenally perfused at 4ml/min for 45 min. The testmeal (volume:
300ml, total caloric content: 367 kcal, i.e., 1.2kcal/ml) contained 40g
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carbohydrate, 15g protein, and 18g lipid. Analysis of esophageal motility
was computer-assisted by home-made software.

Results: Inhibition of Basal CCK (First Series). As compared to saline,
loxiglumide did not significantly change LESP. In terms of esophageal
peristalsis it slightly enhanced esophageal motility index (area) by 10.4% =+
4.7% (mean * SEM; p < 0.05), increased duration of contraction by 3.5%
+ 1.6% (p = 0.06) and slowed velocity of peristaltic progression by 9.9% =+
3.2% (p = 0.01). The remaining parameters of esophageal peristalsis were
left unaltered.

Effect of Testmeal (Second Series). As compared to basal state, intra-
duodenal perfusion of the testmeal reduced LES pressure by 30.9% =+ 9.8%
(p < 0.01), but increased motility index by 30.9% % 9.6% (p < 0.05) and
duration of contraction by 15.5% =+ 2.5% (p < 0.01). The remaining
parameters of peristalsis were left unaltered.

Inhibition of Postprandial CCK (Second Series). Loxiglumide significantly
raised LESP (p = 0.0005) approximately restoring the basal interdigestive
tone. Values amounted to 24.9 + 2.9 mmHg (mean * SE) in the interdiges-
tive state, 16.8 = 2.5 mmHg postprandially without loxiglumide, and 22.7 *+
2.7mmHg postprandially with loxiglumide. The drug did not change the
parameters of esophageal peristalsis as compared to saline.

Conclusions. In the interdigestive state, the specific antagonist loxiglumide
proves CCK to exert a slightly inhibitory effect on esophageal peristalsis but
not to change LESP. CCK is no major regulator of interdigestive esophageal
motility. This conclusion is substantiated by a study we performed on six
patients with reflux esophagitis grades 1/2 according to Savary and Miller. In
this group intravenous loxiglumide did not change parameters of interdiges-
tive esophageal motility as compared to saline.

It is suggested that, in the digestive state, CCK plays an important role
in the regulation of LES tone, considerably contributing to the postcibal
decrease of LES tone. Loxiglumide could arguably be of therapeutic value
in patients with postprandially hypotensive LES.

Mode of Action of CCK on the Esophagus

The relaxation of LES is explained by an indirect neural effect via post-
ganglionic inhibitory nonadrenergic, noncholinergic nerves overriding a
direct excitatory effect on smooth muscle receptors. Therefore, CCK was
proposed as a tool to identify disturbed inhibitory innervation in achalasia
[7]. Vasoactive intestinal polypeptide (VIP) and peptide histidine isoleucine
may function as the neurotransmitter for this pathway [12,13]. The inhibi-
tory neuronal receptor is quite specific for CCK, whereas the stimulatory
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smooth muscle receptors do not discriminate between CCK and gastrin.
Proglumide shifted the dose-response curves of the inhibitory as well as
excitatory effects of CCK analogues to the right [14].

On the one hand, exogenous CCK at postprandial concentrations does
not interfere with LESP [10], on the other hand, blockade of postprandially
released endogenous CCK significantly elevates LESP [11]. Taken together,
these findings render an action of circulating CCK less likely although it
cannot be ruled out. Increased vagal input on postganglionic inhibitory
neurons in the postprandial state could hypothetically augment their response
to circulating CCK acting on receptors located on these inhibitory neurons.
This would result in enhanced release of neurotransmitter lowering LES
tone. However, the action of neurally released CCK operating via the
inhibitory esophageal innervation may conceivably be more important in
terms of regulation of LES tone. In animal models there is evidence of such
an action as neurotransmitter [15]. In the human LES nerve fibers contain-
ing CCK have not been demonstrated yet [16]. Further experiments are
clearly necessary to better elucidate the suggested role of endogenous CCK
regulating human LES tone by acting as as neurotransmitter.

Gastroduodenal Motility

Effects of Exogenous CCK on Gastric Emptying and Motility

Liquids with nutrient value, particularly fats and protein, empty from the
stomach at a slower rate than nonnutrient liquids. As these foods are the
primary stimulants of CCK release this finding suggests a role for CCK in
the regulation of gastric emptying. It is well established that pharmaco-
logical doses of CCK inhibit human gastric emptying [17]. However, whether
this is a physiological action of CCK has been a matter of controversy
[18,19]. Recent studies have claimed a role for postprandial concentrations
of CCK in retarding gastric emptying of liquid and semisolid meals [20,21].
The effect of CCK was suggested to constitute a feedback system whereby
CCK would regulate its own release. When food left the stomach and
entered the duodenum CCK would be released. The released CCK would in
turn inhibit gastric emptying. Consequently, less food would be delivered
to the duodenum and the stimulus for subsequent CCK secretion would
be decreased [22]. This concept, however, has been challenged by recent
studies employing CCK receptor antagonists (see next section).

As to the effects of exogenous doses of CCK on human gastroduodenal
contractile activity, data are limited. Relaxation of the gastric corpus by the
CCK analogue cerulein has been demonstrated [23]. A suppression of antral
contractile activity and an induction of isolated pyloric contractions by CCK
have been described [24,25]. These phenomena are motor correlates of
retarded gastric emptying. However, at plasma concentrations approximat-
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ing to postprandial levels effects were minimal, thus rendering the physio-
logical significance questionable [24].

Effect of CCK Receptor Antagonists on Gastric Emptying

Several studies have shown that gastric emptying of nutrient meals is
not significantly altered in the presence of a CCK receptor antagonist:
Antagonism with loxiglumide did not accelerate gastric emptying of yolk
meal [26] or a normal mixed meal [27]. Accordingly, another study applying
the nonpeptide CCK receptor antagonist MK-329 showed no effect of this
agent on gastric emptying of solids and liquids [28]. These data strongly
argue against CCK being a physiological regulator of the gastric emptying of
nutrient meals. They suggest postprandial gastroduodenal motility not to be
significantly affected by CCK receptor antagonists.

Regarding the effect of CCK receptor antagonists on gastric emptying
of nondigestible markers, data are different. Recently, emptying of non-
digestible markers was found to be accelerated by loxiglumide [29]. This
result would argue in favor of an earlier occurrence of phase III of the
migrating motor complex with loxiglumide.

Effect of Loxiglumide on Cephalically Stimulated Human
Antroduodenal Motility

The aim of our study was to characterize the regulation of cephalically
stimulated antroduodenal motility, and gastric and pancreatic secretion by
cholinergic neural input and CCK.

Methods. With sham feeding, three different tests — each on a separate day —
were performed on each of six healthy male volunteers. During an intra-
venous background infusion (random order) of saline, atropine (0.005 mg/kg
per hour), or loxiglumide (10mg/kg per hour) a modified 15 min sham
feeding was performed. This cephalic stimulation was done during inter-
digestive phase I. Gastric and pancreatic secretion and antroduodenal
motility were continuously measured for at least 120 min from the beginning
of the sham feeding. On a fourth study day gastrointestinal motility and
secretion were monitored during a time-adjusted interdigestive period with-
out sham feeding.

Results. Sham feeding brought about a parallel stimulation of gastrointestinal
motility and secretion lasting for 30 min as compared to time-adjusted inter-
digestive recording. During this period, atropine inhibited gastric acid and
pancreatic enzyme secretion by approximately 86%. Loxiglumide did not
significantly inhibit cephalically stimulated gastric acid and pancreatic enzyme
secretion. Atropine completely abolished antral activity and consequently
coordinated antroduodenal motor activity. In the duodenum it reduced
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frequency of contractions by 57% * 18% (mean £SE) and inhibited motility
index by 80% = 8%. Loxiglumide reduced contraction frequency and motil-
ity index in the antrum by 73% =+ 19% and 74% % 17%, respectively (Figs.
1, 2), did not change these parameters in the duodenum, and lowered
absolute number (Fig. 3) and the probability of coordinated antroduodenal
contractions by 87% =+ 13% and 90% =+ 10%, respectively. With atropine
there was no reappearance of phase III of the migrating motor complex in
the post-sham feeding recording interval. Under loxiglumide, reappearance
of phase III was significantly earlier than under saline (mean intervals: 70.7
and 120 min, respectively).

Fig. 1. Atropine (open bars) almost abolishes and loxiglumide (CR-1505; cross-
hatched bars) inhibits cephalically stimulated contraction frequency in the antrum.
Mean *SE. Asterisks indicate values significantly different (p < 0.05) from saline
(solid bars)

Fig. 2. Atropine (open bars) strongly and loxiglumide (CR-1505; cross-hatched bars)
to a lesser degree reduce cephalically stimulated motility index (M) in the antrum.
The motility index is the integral of contractile activity. Mean *SE. Asterisks
indicate values significantly different (p < 0.05) from saline (solid bars)
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Fig. 3. Atropine (open bars) and loxiglumide (CR-1505; cross-hatched bars) lower
cephalically stimulated antroduodenal coordination. The number of duodenal con-
tractions following an antral one within a 10-s interval is depicted. Mean £SE.
Asterisks indicate values significantly different (p < 0.05) from saline (solid bars)

Conclusions. There is a definite cephalic stimulation of gastrointestinal
motility and secretion. It is primarily regulated by the cholinergic system.
CCK is suggested to be involved in the physiological regulation of cepha-
lically stimulated antroduodenal motility. The effects obtained with the
CCK receptor antagonist suggest that endogenous CCK prolongs the re-
appearance of phase III following sham feeding and increases antral con-
tractile activity and antroduodenal coordination. As there was no detectable
CCK release into the circulation in this study support is given to the notion
that neuronally released CCK may act as a local messenger in this setting.

Mode of Action of CCK in the Gastroduodenal Area

It is important to bear in mind that differences in species and experimental
models, especially differences of in vitro and in vivo models, have to be
considered. Moreover, data on the human are scarce. Derived from experi-
mental models the following mechanisms can be suggested: In the rat,
intravenous CCK decreases intragastric pressure by relaxing the body of the
stomach leading to an inhibition of gastric emptying [30]. It is suggested
that the hormonal action of CCK on the gastric body is exerted in the first
place by a direct action on vagal afferents that otherwise mediate gastric
mechanoreceptor discharge. Interestingly, there is autoradiographic evi-
dence for the presence of CCK binding sites on vagal fibers [31]. It is
suggested, therefore, that CCK stimulates vagovagal reflex mechanisms that
relax the body of the stomach. The efferent arm probably involves both
increased discharge to preganglionic parasympathetic vagal fibers that
terminate on nonadrenergic, noncholinergic (probably VIP-containing)
gastric neurons which directly relax the stomach, and decreased discharge of
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vagal efferent excitatory fibers which terminate on cholinergic postganglionic
neurons in the stomach [30].

Concerning antral, pyloric, and duodenal motility, effects of circulating
and locally released CCK seem to be different. In man, circulating CCK
was shown to inhibit antral and duodenal pressure waves and to stimulate
isolated pyloric contractions [25]. In this study the response to CCK was not
atropine sensitive.

In experimental models CCK has been intraarterially administered
close to the stomach, mimicking the effect of locally released CCK. In such a
dog model, in vivo excitatory actions of CCK have been found [32-34]. The
response to low concentrations of CCK can be blocked by atropine or
tetrodotoxine, suggesting that a receptor for CCK exists at postganglionic
neurons and releases acetylcholine when it is occupied [32]. This concept is
further supported by another study showing that CCK releases acetylcholine
from myenteric neurons, suggesting that this mode of action contributes to
the physiological effect of CCK [35]. Higher concentrations of CCK elicit an
excitatory response even in the presence of atropine and tetrodotoxine,
pointing to the existence of an additional muscle site of action of CCK [32].
This concept is further supported by studies demonstrating CCK to interact
directly with pyloric smooth muscle [36] and by use of the glutaramic acid
derivative CR-1392. This CCK receptor antagonist still exerted an inhibitory
effect on CCK-induced stimulation of antropyloric motility after the chol-
inergic system had been blocked by atropine [32].
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Regulation of Gastrointestinal and Colonic Transit
by CCK Antagonists

B. MEYER-Wyss, B. WERTH, and C. BEGLINGER!

Introduction

CCK is an oligopeptide synthesized within the intestinal mucosa and
released into the blood stream in response to the intake of a meal [1]. It is
well-established that the main action of the hormone CCK is induction of
gallbladder contraction [1] and stimulation of exocrine pancreatic secretion
[2]- The recent elaboration of peptide hormone antagonists with CCK as a
model has opened the way to conclusively investigate the physiological
role of CCK. Thus, studies with loxiglumide, a specific and highly potent
receptor antagonist of CCK, have recently shown that CCK is a physiologic
mediator of the intestinal phase of meal-stimulated exocrine pancreatic
enzyme secretion and gallbladder contraction in humans [3]. CCK binds,
however, not only to receptors on smooth muscle cells of the gallbladder
or pancreatic acini, but CCK binding receptors have also been found on
smooth muscle cells of the stomach, small intestine, and colon [4]. Further-
more, it has been shown that CCK stimulates colonic myoelectric activity
[5] and induces contraction of muscle strips from human taeniae coli [6].
Studies on humans have revealed that CCK directly inhibits gastric emptying
[7] and radiologists have finally made use of CCK to accelerate the transit of
a barium meal through the small intestine [8]. Thus, it is conceivable that
CCK has a physiological role not only in stimulating pancreaticobiliary
secretion, but it may be involved in the regulation of gastrointestinal motil-
ity as well.

Role of CCK Antagonists in the Regulation of Gastric Emptying

The physiological role of the stomach rests on its ability to store ingested
nutrients, break them up, and release them in such size and quantity into
the duodenum that they can be optimally digested and absorbed [9]. This
goal depends on gastric emptying of nutrients, a highly complex phenomenon
requiring the coordinated action of the fundus, antrum, pylorus as well as
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Fig. 1a—c. Cumulative gastric emptying of radio-opaque markers. a After admin-
istration of a mixed liquid test meal, b after the guar meal, and ¢ after 5% glucose
solution (from [10}])

the duodenum [9]. The regulation of these concerted actions in turn depends
on the autonomic nervous system, hormones, the intrinsic intestinal nervous
system, and finally an intact smooth muscle layer of the gastrointestinal
tube. The intestinal peptide hormone CCK administered intravenously to
healthy volunteers delays gastric emptying of liquids [7]. This action of the
peptide hormone CCK on the stomach forms the rationale for studies
designed to investigate its physiological role in regulating gastric emptying.
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Fig. 2. Colonic transit time of radio-opaque markers in ten healthy volunteers
treated for 7 days with oral placebo (control) or loxiglumide (from [10])

As outlined above, the availability of peptide hormone antagonists has
made it possible to elegantly design such studies. We have assessed the
effect of the potent and highly specific CCK antagonist loxiglumide on
gastric emptying of radio-opaque markers [10]. Nineteen healthy volunteers
were repeatedly studied in random order after oral intake of loxiglumide
(30mg/kg) or placebo and different types of test meals containing radio-
opaque markers. Gastric emptying of the markers was assessed by obtaining
plain radiographs of the upper abdomen 1.5, 3, 4.5, and 6h after ingestion
of markers and meals, respectively. Figure 1 shows that markers emptied
significantly faster when the volunteers were treated with loxiglumide, the t,
of marker emptying being approximately 3h compared to 4.5h in the con-
trol experiments. There was no intrinsic effect of loxiglumide on gastric
emptying; the guar meal and glucose meal did not induce CCK release
(Fig. 2) and gastric emptying of markers was not affected by loxiglumide
treatment (Fig. 1b,c). These experiments therefore suggest that CCK is
physiologically involved in the control of gastric emptying. Similar results
have been reported by Fried and coworkers [11]. They measured gastric
emptying of a liquid test meal labeled with **™Tc and found that it was
significantly accelerated by oral treatment with loxiglumide. By contrast,
Liddle and coworkers found that MK-329, a different CCK antagonist, did
not affect gastric emptying rates of liquid or solid meal components in
healthy volunteers [12]. These authors concluded that CCK possibly has
only a limited role in regulating gastric emptying. Further studies are cer-
tainly needed to clarify these conflicting results.
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Effects of CCK Antagonists on Small Intestinal
and Colonic Motility

Hormones have been implicated in inducing changes in gastrointestinal
motility. Cholecystokinin infused intravenously in humans produces changes
in gastrointestinal motility patterns [13]. In addition to inducing a change in
the pattern, CCK also causes a dose-dependent increase in spike potential
activity [5,14]. The octapeptide of CCK has furthermore been shown to
accelerate transit of contrast material through the human small intestine [8].
CCK, however, probably does not act only as a hormone, as it also exists
among many other peptidergic transmitters in enteric nerves [15]. Continu-
ing with this argumentation, CCK directly stimulates colonic myoelectrical
and contractile activity when injected intravenously in humans. This effect is
probably pharmacological rather than hormonal.

We have investigated the effect of blocking CCK receptors with
loxiglumide on small intestinal transit time in healthy volunteers [10]. The
subjects who participated in this study received a naso-gastro-duodenal
tube. A liquid test meal containing 12ml of lactulose was then instilled
directly into the duodenum over a period of 5min. Small bowel transit time
was measured by breath hydrogen analysis [16]. End expiratory breath
samples were collected at baseline before instillation of the meal and then
every 15min for up to 5h. Small bowel transit time was defined as the time
between meal instillation and the initial rise in the breath hydrogen con-
centration of at least 10 ppm above fasting levels [16]. This rise indicates the
arrival of the nonabsorbable meal component lactulose in the cecum and its
metabolism by colonic bacteria. The five subjects were studied twice on 2
different days. In random order, they were treated during the experiments
with either loxiglumide or saline administered intravenously. The mean
small bowel transit time of the liquid test meal assessed by hydrogen breath
analysis was similar after loxiglumide and after saline treatment: 117 +
21 min vs 115 + 48 min, respectively. The failure to demonstrate an effect of
loxiglumide on small bowel transit time may, however, be the result of
methodological problems [17] and not necessarily reflect a lack of CCK
influence on the regulation of small bowel motility. Thus, we have observed
a large variability of transit time measurements among our healthy volun-
teers and it is well-known that large intra-individual differences occur if
small bowel transit time is assessed repeatedly by hydrogen breath analysis
in the same subjects [17,18]. Furthermore, the hydrogen breath test simply
reflects the time gap required for the head of the meal to pass from the
duodenum to the cecum. This parameter may not be representative for the
time required for the bulk of the meal to travel through the small intestine
[16,19], and therefore, studies using radionucleide scanning are needed to
evaluate a potential effect of CCK on small bowel transit time.

The effect of the CCK antagonist loxiglumide on segmental and total
colonic transit time was investigated in a randomized, double-blind, placebo-
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Table 1. Total and regional colonic transit time (h) in ten healthy subjects with
and without concomitant oral loxiglumide administration (800mg t.i.d.). Data are
mean + SEM

Treatment Right colon Left colon Rectosigmoid Total colon
Placebo 8.8+2.1% 11.5+2.9° 9.6+4.0 29.4+4.1
Loxiglumide 3711 5.6+2.0 52+1.2 15.0 £3.4?

"p <0.05-0.01.

controlled cross-over trial in healthy subjects [10]. They were treated for 7
days each with 800 mg loxiglumide or placebo t.i.d. The subjects ingested
three sets of 20 radio-opaque markers at 24-h intervals and a single ab-
dominal X-ray was taken of each subject 24 h after ingestion of the last set
of markers. The films were evaluated to count the number of markers within
the colon, and colonic transit time was calculated according to published
methods [20,21]. Figure 2 shows the individual transit times of the ten
volunteers during the control period and during loxiglumide treatment.
There was a highly significant difference (p < 0.05) and mean colonic transit
time was much shorter after loxiglumide than after placebo treatment (15.0
+ 3.4h vs 29.4 £ 4.1h). The analysis of segmental transit time makes it
possible to further characterize the site of action of the CCK antagonist
loxiglumide. From Table 1 it is obvious that transit time through the right as
well as through the left side of the colon were significantly shortened by
loxiglumide treatment. In contrast, the transit through the rectosigmoid
colon was not affected by treatment with the CCK antagonist. These find-
ings therefore suggest that CCK is involved in the regulation of the storage
capacity of the colon and it does not seem to have an influence on defeca-
tion. Moreover, they indicate that CCK antagonists may be used clinically to
treat slow transit constipation.

Conclusion

CCK is involved in the physiological regulation of gastric emptying and
colonic motility in humans. Blocking CCK receptors with specific CCK
antagonists results in dramatic acceleration of both gastric emptying and
colonic motility. These findings suggest that CCK blockers may be very
potent prokinetic agents. Unfortunately, CCK receptors are found through-
out the gastrointestinal tract and long-term blocking of CCK receptors may
be associated with significant side effects. Further studies are therefore
clearly needed to investigate not only potential benefits of treating patients
with CCK antagonists, but also to carefully search for potential adverse
effects. Such clinical studies may lead to the development of a new class of
potent drugs, the peptide hormone blockers.
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The Role of CCK in Tumor Growth

T.E. SoLoMoN!

Cancers of the gastrointestinal tract, particularly those of colonic, pancre-
atic, and gastric origin, are major causes of disability and death in the
Western world. There has been little progress in our understanding of the
causes and progression of these diseases in spite of remarkable advances in
the area of tumor biology. One such advance is the realization that “growth
factors” may modulate the proliferative rates of malignant neoplasms.
Peptides such as epidermal growth factor, the transforming growth factors,
and several others may affect tumor growth through direct actions on tumor
cell receptors, receptors may be “overexpressed” in tumor cells, and these
factors may even be synthesized and released by tumor cells to initiate
autocrine growth stimulation. It is also possible that other substances, such
as gastrointestinal hormones, may modulate cancer cell growth rates. This
idea comes from the well-known trophic effects of gastrointestinal peptide
hormones on various target tissues, and the possibility that malignant cells
originating from these tissues may retain specific hormonal receptors that
still influence proliferation. CCK is a potent growth stimulant of the normal
exocrine pancreas [1], and many studies have used this background as an
impetus to determine whether CCK also affects pancreatic cancer growth.
Several reviews are available on the topic of gastrointestinal hormones and
their potential role in pancreatic and other gastrointestinal cancers [2—-6].
Pancreatic cancer in humans occurs more commonly in men than
women and shows a progressive increase with age; its incidence has
increased dramatically in the past 70 years [7]. There are rather vague
suggestions that, among several risk factors, diets high in meat and fat
increase the incidence of pancreatic cancer [8]. This suggests that the protein
and fat components of such diets may elevate plasma CCK levels and
predispose subjects to growth promotion of cancer cell clones. Overall,
there is no convincing data to support any connection between risk factors
and development or course of pancreatic cancer, however. It would be
useful to determine whether subjects at risk of developing pancreatic cancer
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have elevated plasma CCK levels over long periods of time and whether
patients with pancreatic cancer have altered plasma CCK levels. Whatever
the results of such studies, it is still possible that growth rates of pancreatic
malignancies may be modulated by normal levels of circulating CCK. It
would also be of interest to determine the presence of CCK receptors
on primary pancreatic cancers and the presence of CCK gene expression
products in such tissue.

Experimental studies on the effects of CCK on pancreatic cancer growth
can be broadly divided into those using various animal-derived tumors
and those using tumors of human origin. Considerable information can be
gained about the general properties of pancreatic cancer growth regulation
in experiments with animal-derived neoplasms, but human cancers must
ultimately be studied to define potential growth regulatory and therapeutic
effects associated with CCK. Thus, most of the work discussed here will
involve studies on human pancreatic cancer cell lines grown in vitro or as
xenografts in the immunodeprived nude mouse. These two systems each
have advantages: in vitro studies allow careful control of the hormonal
medium, fairly rapid characterization of growth effects, and the ability to
perform many experiments under similar conditions; in vivo studies provide
a system in which to determine the effects of dietary manipulation, sex, age,
and other host factors.

In the few available studies with xenografts of human pancreatic cancer
in nude mice, results suggest that endogenous CCK can modulate tumor
growth. Hudd et al. [9] administered an extremely large dose of CCK-8
(50 ug/kg twice per day for 2 weeks) to groups of mice bearing either early
passages of four different primary nonpancreatic tumors or two different
established pancreatic cancer cell lines. In two of the groups bearing non-
pancreatic cancers, tumor growth was suppressed. No effects were seen in
the groups bearing pancreatic cancers. The lack of data on lower doses of
CCK makes these results difficult to interpret. Smith et al. have examined
the effects of CCK, a high fat diet, and the CCK receptor antagonist L-
364718 on growth of the established human pancreatic cancer cell line SW-
1990 in nude mice {10,11]. Large doses (5, 15 or 25 pg/kg twice per day s.c.
in gelatin for 4 weeks) of a synthetic CCK analog increased several measure-
ments of tumor growth after 4 weeks of treatment [10]. In other studies, it
was found that tumor xenografts in mice fed a high fat diet grew more
rapidly than those in mice fed a normal diet [11]. The CCK receptor
antagonist 1.-364 718 reversed the effects of the high fat diet and also slowed
the growth of the tumors in mice on a regular diet. Although these findings
are suggestive of a growth effect of endogenous CCK, further data on
plasma CCK levels would be helpful, as would studies with a greater num-
ber of cancer cell lines. In a related study, Alexander et al. [12] found that
bombesin, a releaser of CCK in some species, inhibited the growth of a
human pancreatic cancer xenograft but stimulated pancreatic growth in the
host animals. Again, measurements of plasma CCK in response to bombesin
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in this model would be helpful in understanding the mechanism of this
effect.

There are also a few studies available on growth effects of CCK on
human pancreatic cancer cell lines in vitro, but the results are as yet some-
what unclear. It is likely that differences in culture conditions, peptide
purity, degradation of peptide during culture, passage number, clonal selec-
tion, and other factors can alter the responsiveness of cell lines to peptides
such as CCK. For example, it has recently been shown that six human
pancreatic cancer cell lines demonstrated growth responses to various
molecular forms of CCK, although the magnitude and sensitivity of growth
stimulation varied markedly among the different lines [13]. Two of these
cell lines (PANC-1 and MIA PaCa-2) were studied at a later time under
different conditions and found to be totally unresponsive to growth stimula-
tion by CCK, although clear growth responses to insulin and EGF were
found [14]. Pronounced degradation of CCK occurred in the culture medium
of both cell lines, as determined by radioimmunoassay; however, even
multiple additions of CCK to maintain culture concentrations did not produce
any growth response [14]. Another group has reported weak growth re-
sponses of an unrelated cell line to high concentrations of CCK [15]. The
cell line SW-1990 previously described has also been examined in terms of
growth effects of CCK and the receptor mechanisms involved [10]. Tritiated
thymidine incorporation into DNA was increased by 24-h exposure to
concentrations of a synthetic CCK analog as low as 107'°M (lower con-
centrations were not examined). CCK also increased cell counts when added
to culture medium for up to 12 days. The nonspecific CCK receptor antag-
onist proglumide almost completely reversed the growth stimulation by
CCK, and the effective concentrations of proglumide were surprisingly low
(1077 and 107° M). When proglumide was added to culture medium alone in
concentrations from 1078 to 107%M, it had no inhibitory effect on cell
growth. These results suggest that at least certain human pancreatic cancer
cell lines do exhibit a proliferative response to CCK that is mediated by
CCK A or B receptors. The lack of an inhibitory effect of proglumide alone
on cell growth in the study described above indicates that no autocrine
effects of CCK were involved in the regulation of this particular cell line. It
has also been reported that secretin stimulated cell growth in the SW-1990
cell line, although very high concentrations were required [10]. Whether this
represents a true decrease in sensitivity to secretin or degradation of the
peptide (as has been reported for CCK [14]) is unknown. High concentra-
tions of secretin and CCK did not interact to cause potentiated growth, but
the effects of lower concentrations were not tested [10].

The one clear result of all of these studies is that the role of CCK in
modulating human pancreatic cancer growth is not yet established. More
information is required before assessing the importance of CCK as a growth
factor. A fruitful approach would be to screen large numbers of primary and
established cancer cell lines for the presence of CCK receptors and to
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characterize the nature of these receptors with other related peptides and
specific CCK A and B receptor antagonists. This approach should provide a
more logical prediction of growth responses to CCK. The existence of CCK
gene expression products in human pancreatic cancer cell lines should also
be helpful, as this might indicate that autocrine growth factors are present
that may blunt the effects of exogenous CCK. Screening the potential
inhibitory growth effects of CCK receptor antagonists in different cell lines
would complement these studies. Interactions of CCK and other growth
factors might also occur, although this has yet to be determined. As is
obvious, this area of research is in a very early stage. The potential import-
ance of CCK receptor antagonists as therapeutic tools in this dismal disease
lends some credence to the need for expanding our current knowledge.
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Part I'V: Clinical Potentials of CCK Antagonists



Experimental Pancreatitis

J.H. GReNDELL}

Introduction

The search for a specific, clinically useful treatment to arrest or reverse the
autodigestive process believed to be the central pathophysiologic event in
acute pancreatitis has so far been frustrating and unsuccessful. One major
approach to this problem has been the use of agents such as anticholinergic
drugs, glucagon, calcitonin, and somatostatin which have been shown in
physiological studies to inhibit pancreatic exocrine secretion. Unfortunately,
none of these substances proved to be of value in prospective, randomized
clinical trials [1].

With the recent development of new classes of potent cholecystokinin
(CCK)-receptor antagonists capable of in vivo administration [2], it has
become possible to modulate pancreatic acinar cell function in a new and
more specific way, raising the prospect that these compounds might prove of
value in the treatment of acute pancreatitis. Cause for hope that this might
be the case was the observation that cerulein, a CCK analogue, worsened
the severity and mortality of acute pancreatitis produced in rats by intra-
ductal injections of bile salts [3]. In addition, supramaximal stimulation with
cerulein in the rat [4] or mouse [5] produces acute pancreatitis. Therefore, it
seemed reasonable to investigate whether CCK played a role in the patho-
physiology of acute pancreatitis and whether CCK receptor blockade might
have a beneficial effect.

CCK Receptor Antagonists in Cerulein-Induced
Acute Pancreatitis

Acute pancreatitis produced by supramaximal stimulation with cerulein
appears to be due (at least in the rat) to interaction of cerulein with a low-
affinity CCK receptor which mediates high-dose inhibition of pancreatic
enzyme secretion [6]. Therefore, treatment with CCK receptor antagonists
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should ameliorate the severity of cerulein-induced acute pancreatitis; and
pretreatment with an antagonist of sufficient potency should prevent it.
This, in fact, has been demonstrated in experimental studies using both
glutaramic acid-derivative [5,7] and asperlicin-derivative CCK receptor
antagonists.

CCK Receptor Antagonists in Acute Pancreatitis
Produced by a Choline-Deficient, Ethionine-Supplemented Diet

That CCK receptor antagonists can prevent cerulein-induced acute pancre-
atitis is hardly surprising. However, far more provocative was the observation
that proglumide, a glutaramic acid-derivative CCK receptor antagonist,
markedly reduced the severity of pancreatitis and improved survivial in
the highly lethal, necrotizing acute pancreatitis produced by the choline-
deficient, ethionine-supplemented (CDE) diet in mice [8]. Even more
remarkably, proglumide was effective whether administered prior to or
following initiation of acute pancreatitis (Fig. 1), unlike the potent serine
protease inhibitor gabexate which was only effective when administered
prior to initiation of pancreatitis. This beneficial effect of proglumide
occurred even though plasma CCK concentrations in animals fed the CDE
diet were not elevated. That proglumide’s beneficial effect was due to CCK
receptor blockade was suggested by the ability of CCK-8, at a dose which in
itself did not produce pancreatitis, to totally reverse the beneficial effects of
proglumide (Fig. 1).

However, whereas lorglumide (CR-1409), a more potent glutaramic
acid-derivative CCK receptor antagonist than proglumide, also produced
beneficial effects similar to proglumide in CDE diet-induced pancreatitis
(9], studies with the asperlicin-derivative CCK receptor antagonist MK-329
(formerly L-364718), one of the most potent inhibitors of CCK-stimulated
enzyme secretion by the pancreas, failed to show a beneficial effect in CDE
diet-induced pancreatitis [10,11]. This was true even at doses which markedly
reduced the severity of pancreatitis produced by supramaximal stimulation
with cerulein.

Indirect support for a therapeutic role for CCK receptor antagonists in
CDE-diet-induced acute pancreatitis is provided by studies which showed
that the feeding of cholestyramine to mice prior to starting the CDE diet
produced both higher plasma CCK levels and higher mortality, whereas
feeding with taurocholate strikingly reduced both plasma CCK levels and
mortality from CDE diet-induced pancreatitis (Fig. 2) [12]. In addition, the
adverse effect of cholestyramine feeding was mitigated by administration of
lorglumide (CR-1409), whereas the beneficial effect of taurocholate feeding
was reduced by giving CCK-8 (Fig. 2).

It is difficult at present to reconcile the striking beneficial effects of
proglumide and lorglumide in this model of pancreatitis with the apparent
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Fig. 1. The effects of proglumide on survival in CDE-diet-induced pancreatitis
compared to the saline-treated control (saline). The CCK receptor antagonist
proglumide improved survival whether administered before (proglumide A) or after
(proglumide B) the onset of pancreatitis. Administration of CCK-8 at a dose which
does not produce pancreatitis totally reversed the protective effect of proglumide
(proglumide A + CCK-8). [From 8]

lack of effect of MK-329. Although it is possible that the beneficial effects of
the glutaramic acid derivatives are unrelated to blockade of CCK receptors,
the reversal of the effect with CCK-8 [8] and the studies with cholestyramine
and taurocholate feeding [12] suggest otherwise. Alternatively, the delete-
rious effects of CCK which contribute to the severity of acute pancreatitis
may be mediated by an as yet undescribed CCK receptor class for which the
glutaramic acid derivatives have a greater affinity than does MK-329. Recent
work has suggested the presence on pancreatic acinar cells of CCK receptor

classes other than the high- and low-affinity receptors previously described
[13].

CCK Receptor Antagonists in Other Models
of Acute Pancreatitis

Studies involving the use of CCK receptor antagonists in other models of
acute pancreatitis are limited, and the results are mixed. In one report [14] a
continuous infusion of MK-329 (L-364718) improved survival and reduced
the biochemical and morphological severity in experimental acute pancre-
* atitis produced by perfusion of the pancreatic duct with sodium taurocholate
in the rat or by mechanical trauma in the guinea pig. Other investigators
have shown a beneficial effect of the CCK receptor antagonist asperlicin in
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Fig. 2. a The effect on survival in CDE diet-induced pancreatitis of feeding
taurocholate or cholestyramine. Taurocholate feeding decreased plasma CCK levels
and improved survival compared to the control, whereas cholestyramine feed-
ing increased CCK levels and decreased survival. b Administration of CCK-8
(taurocholate + CCK-8) reduced the protective effect of taurocholate feeding,
whereas administration of the CCK receptor antagonist lorglumide (cholestyramine
+ CR-1409) improved survival in cholestyramine-fed animals, suggesting that CCK is
contributing to the severity of acute pancreatitis in this model. [From 12]

acute pancreatitis induced by perfusion of the pancreatic duct with sodium
taurocholate [15] and of lorglumide (CR-1409) in pancreatitis produced by
direct injection of taurocholate into the parenchyma of the pancreas [16].
However, another group of investigators failed to show a beneficial effect
for the glutaramic acid-derivative loxiglumide (CR-1505) in pancreatitis
produced in the rat by perfusion of the pancreatic duct with taurocholate
[17].
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Conclusions

Although not all studies show a beneficial effect of CCK receptor antag-
onists in experimental acute pancreatitis, there are now positive results in
four different models (supramaximal stimulation with cerulein, CDE diet,
taurocholate perfusion of the pancreatic duct, and trauma) in three different
species (rat, mouse, guinea pig). These findings warrant further investiga-
tion in experimental models and consideration of clinical trials.

The striking difference in effect in the CDE diet model between
glutaramic acid derivatives such as proglumide and MK-329 (L-364718)
suggest that the therapeutic efficacy of proglumide may be mediated by
blockade of a CCK receptor unrelated to stimulation of digestive enzyme
secretion by the acinar cell but, perhaps, regulating intracellular metabolism
in some way. That the beneficial effects of CCK receptor antagonists in
acute pancreatitis are unrelated to inhibition of pancreatic secretion would
not be surprising given the observation that, in both clinical pancreatitis [18]
and in experimental models [19], pancreatic exocrine secretion is already
markedly reduced as part of the disease process itself.
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Cholecystokinin-Receptor Antagonists
in Experimental Pancreatic Tumor Growth*

C.B.H. LaMmers!, B.R. DoucLas, J.B.M. JanseN, and R.A. WOUTERSEN

Introduction

Cholecystokinin belongs together with gastrin and secretin to the classical
gut hormones [1]. Cholecystokinin is produced by the I cells in the upper
small intestinal mucosa and is released into the circulation in response to
ingestion of nutrients or infusion of the neurotransmitter bombesin/gastrin
releasing peptide. The polypeptide hormone is named cholecystokinin
because of its property to stimulate gallbladder contraction. In addition to
its gallbladder-contracting property, cholecystokinin has been shown to be a
potent stimulus of pancreatic growth and pancreatic enzyme and hormone
secretion, to affect motility of the gastrointestinal tract, and to play a role in
the regulation of satiety. Because of its pancreatic growth promoting action,
cholecystokinin has been studied in pancreatic carcinogenesis [2—4]. The
recent development of highly effective and specific cholecystokinin-receptor
antagonists has enabled to delineate the various actions of cholecystokinin in
great detail [5,6]. Two types of cholecystokinin-receptor antagonists can be
used for in vivo studies, glutaramic derivates (proglumide, lorglumide,
loxiglumide) and non-peptide compounds (asperlicin, L-364718). Most in
vivo studies have been performed using the glutaramic derivates lorglumide
(CR-1409) and loxiglumide (CR-1505) and the non-peptide antagonist
L-364 718 (MK-329). Studies on the role of cholecystokinin on gastrointestinal
tumor growth have been concentrated on the role of cholecystokinin in
pancreatic cancer.

Cholecystokinin and Pancreatic Cancer

The effect of cholecystokinin on pancreatic cancer can be studied by various
approaches:
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1. Effect of exogenous cholecystokinin on tumor growth
— Pancreatic cancer in vitro
— Xenografted pancreatic cancer
— Chemically induced pancreatic carcinogenesis
2. Effect of endogenous cholecystokinin (surgery, drugs, or nutrients) on
tumor growth
— Xenografted pancreatic cancer
— Chemically induced pancreatic carcinogenesis
3. Characterization of cholecystokinin receptors on pancreatic tumors
4. Effect of specific cholecystokinin-receptor antagonists on tumor growth
— Pancreatic cancer in vitro
— Xenografted pancreatic cancer
— Chemically induced pancreatic carcinogenesis
— Advanced pancreatic cancer

Several studies have shown that cholecystokinin not only stimulates the
growth of the normal pancreas but also promotes pancreatic carcinogenesis
and tumour growth of the pancreas [7,8]. In fact, long-term administration
of cholecystokinin to rats induces pancreatic hypertrophy, hyperplasia,
and premalignant changes [9]. Furthermore, cholecystokinin has been re-
ported to enhance azaserine-induced pancreatic carcinogenesis in rats [10]
and nitrosamine-induced carcinogenesis of the pancreas in hamsters [11].
Two different carcinogenicity models have been used in animals. Azaserine
is administered to rats and produces acinar cell-like pancreatic tumors,
whereas N-nitrosobis (2-oxopropyl) amine provokes ductular cell-like tumors
in hamsters. Although histology of human pancreatic adenocarcinomas
resembles hamster ductular cell tumors better than rat acinar cell tumors, it
cannot be excluded that some human adenocarcinomas also derive from
acinar cells. Therefore, both the azaserine rat model and the nitrosamine
hamster model should be investigated in studies on the carcinogenesis of
pancreatic tumors. In addition, several studies indirectly point to an import-
ant role of cholecystokinin in the development of pancreatic cancer. In man,
factors suggested to increase the risk of pancreatic cancer, such as high fat
and protein intake and previous gastrectomy, are known to be accompanied
by a raised plasma cholecystokinin secretion [4]. In animals, especially in
rats but also in hamsters, there are numerous studies pointing to a role of
cholecystokinin in pancreatic carcinogenesis; tumors can be induced by
various manipulations that increase plasma cholecystokinin, such as dietary
manipulations (nutrients with trypsin-inhibiting properties such as raw soya
flour and camostate), bile salt-binding drugs such as cholestyramine, and
surgical interventions inducing deficiency of intestinal proteases or bile salts
(pancreaticobiliary diversion), and, possibly, cholecystectomy [12-16]. Fur-
thermore, these plasma cholecystokinin secretion-stimulating manipulations
promote pancreatic carcinogenesis induced by chemical carcinogens. It has
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been shown that azaserine-induced pancreatic carcinogenesis in rats can be
enhanced by raw soya flour and a high-fat diet [16—18] and that nitrosamine-
induced pancreatic carcinogenesis in hamsters can be stimulated by dietary
fat [19]. Furthermore, receptors for cholecystokinin have been demon-
strated on human pancreatic adenocarcinomas [20]. Upp et al. [21] have
shown that the presence or absence of cholecystokinin receptors on such
cancers may predict the responsiveness of the tumor to hormonal treatment.
It has further been shown that cholecystokinin stimulates the growth of
xenografted human pancreatic cancer [20,22,23].

The recent availability of specific cholecystokinin-receptor antagonists
have enabled study of the role of cholecystokinin in pancreatic cancer
in more detail. Furthermore, in analogy with the growth-inhibiting effect
of steroid-receptor antagonists in breast cancer, the effects of these
cholecystokinin-receptor antagonists in pancreatic cancer are presently
studied. Recent studies have demonstrated that the specific cholecystokinin
receptor antagonists asperlicin and L-364718 inhibit the growth of xeno-
grafted human pancreatic carcinomas [22,24,25]. It was shown that a diet
high in unsaturated, but not saturated fat, stimulates pancreatic carcino-
genesis in the azaserine rat model and growth of a xenotransplanted human
adenocarcinoma in the nude mice [17,25]. Interestingly, the cholecystokinin
receptor antagonist L-364718 inhibited the growth of a xenotransplanted
human pancreatic cancer not only during a high-fat diet but also during
standard chow [25]. Furthermore, Douglas et al. [10] have shown that
enhancement of asazerine-induced pancreatic carcinogenesis by the trypsin
inhibitor camostate in rats can be reduced by treatment with the specific
cholecystokinin-receptor antagonist lorglumide (Fig. 1). As shown in Fig. 1,
lorglumide inhibited the size, but not the number, of the preneoplastic
acidophilic lesions and the drug also reduced the total pancreatic area
occupied by these lesions. These workers have also shown that the growth-
promoting effect of bombesin was not significantly inhibited by lorglumide,
suggesting that the stimulating effect of this neuropeptide on pancreatic
carcinogenesis in this model is not fully mediated through the stimulation of
cholecystokinin secretion by bombesin [26]. Interestingly, the same group
has recently shown that cholecystokinin, but not bombesin or camostate,
stimulates the development of advanced ductular lesions in the hamster
pancreas [27]. The cholecystokinin-receptor antagonist lorglumide inhibited
the effect of cholecystokinin, but had a stimulating effect when given in
combination with bombesin or the trypsin inhibitor camostate [27].

It is apparent from the above and several other studies that chol-
ecystokinin may be involved in the development and growth of pancreatic
cancer and that the availability of specific cholecystokinin-receptor antag-
onists may open a new area of research on pancreatic cancer and may
ultimately offer new hope to the desperate patients afflicted by this dismal
disease.
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Fig. 1a—c. Stimulation of azaserine-
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lesions by exogenously administered
cholecystokinin, and by endogenously
released cholecystokinin during
stimulation by oral administration of
the trypsin inhibitor camostate (CAM),
and the partial inhibition of
cholecystokinin- and camostate-
stimulated pancreatic carcinogenesis by
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rats. a The percentage area of the
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b the number, and ¢ the diameter of
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denote significant differences from the
control studies (*P < 0.05; **P < 0.01)
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Conclusions

The gut hormone cholecystokinin exerts various actions on the gastro-
intestinal tract including the regulation of growth. The hormone has been
reported to induce hypertrophy and hyperplasia of the pancreas and to
enhance chemically induced pancreatic carcinogenesis in animals. Stimulation
of endogenous cholecystokinin secretion through the induction of deficiency
of intraintestinal proteases and bile salts by trypsin-binding nutrients bile
salt-binding drugs, or surgical intervention is also capable of stimulating
growth and tumour development in the rat. In man, factors suggested to
increase the risk of pancreatic cancer, such as a high-fat and high-protein
diet or gastrectomy, are known to stimulate plasma cholecystokinin secre-
tion. Receptors for cholecystokinin have been demonstrated on human
pancreatic adenocarcinomas, and cholecystokinin has been demonstrated to
enhance the growth of xenografted human pancreatic cancer. The recently
developed cholecystokinin-receptor antagonists inhibit not only growth of
the normal pancreas, but also pancreatic carcinogenesis in animals and
growth of xenotransplanted human adenocarcinomas in nude mice. These
new drugs may be valuable new tools for inhibiting pancreatic cancer growth
in humans.
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Efficient Treatment of Biliary Colics with Loxiglumide*

C. BEGLINGER!

Introduction

The recent development of antagonists of cholecystokinin (CCK) has not
only generated great interest in the scientific and medical community [1],
but the CCK antagonist may also have therapeutic potentials and represent
a new class of therapeutic drugs. The role of CCK in regulating biliary
motility has been extensively described in various chapters of Part 3 of this
book and will therefore not be discussed here. The potent antagonistic effect
of CCK blockers on gallbladder motility are the basis for its application in
biliary colics [2,3]. Biliary colics are thought to result from intense contrac-
tions of the gallbladder when a stone obstructs the outlet. CCK antagonists
can then induce relaxation of the gallbladder which forms the basis of the
hypothesis that these agents might be beneficial in treating biliary colics.
In this pilot trial, the effect of loxiglumide (50mg by slow i.v. injection
or 400 mg orally) was tested in nine patients with biliary colics due to
cholecystolithiasis.

Effects of Loxiglumide on Biliary Colics

Nine patients with biliary colics due to gallbladder stones were treated.
These patients (3 males, 6 females) were among a group referred for extra-
corporeal shock wave lithotripsy. After lithotripsy, they were struck by
typical biliary colics that were treated in the emergency room with hyoscine-
N-butylbromide (10—-20 mg) given as a suppository or i.v. They all failed to
respond to this standard treatment within a prefixed time frame (2h) and
were therefore subsequently given loxiglumide (50 mg i.v. or 400 mg orally).
An immediate response was observed in all nine patients who were painfree
within 20 min after drug administration. Pain was evaluated by the patient
by visual-analogue-scale using a rating system ranging from “no pain” to
“unbearable pain.” No side effects were recorded in this pilot trial.
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Discussion

The present, limited experience with loxiglumide indicates that CCK antag-
onists may be an efficient treatment alternative to standard procedures for
biliary colics. A randomized, double-blind study is necessary to evaluate the
treatment efficacy of these compounds in this disease.
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The Role of CCK in Chronic Constipation

B. Mever-Wyss!, R. Meier?, K. Gyr?, and C. BEGLINGER'

Importance of Constipation

The importance of constipation is reflected by the high rate of physician
visits for this problem [1]. Constipation is the most common digestive
complaint amongst the general population [2].

There is clear evidence that the prevalence of constipation increases
with age [1-4], but the mechanisms responsible for this increase, par-
ticularly among the elderly, are poorly understood. A diet low in fibre,
reduced physical activity, the side effects of medication, and endogenous
factors such as increased opioid activity and reduced strength of intestinal
smooth muscle contractions are thought to play a role [5]. Only a few
studies, however, have attempted to objectively quantify bowel habits in
constipated elderly patients [6,7], and furthermore, the results of such
studies are conflicting [3,6]. Data from animal experiments suggest, how-
ever, that mean colonic transit time increases as animals grow older [8].
There is also evidence of diminished in vitro sensitivity of intestinal smooth
muscle cells to cholinergic and electric stimuli and of less frequent bowel
innervation with age [8]. Accordingly, electrophysiological experiments with
human circular muscle strips from sigmoid colon specimens, removed during
surgery from patients with nonobstructing colonic cancer, reveal a strong
inverse association between aging and amplitudes of inhibitory junction
potentials [9]. From such studies it has been concluded that possibly a form
of functional obstruction is present in the colon of aging patients [9].

Hormones as Regulators of Colonic Motility
Little is known about the physiologic regulation of colonic motility and the

factors that induce colonic mass movement and consequently induce defeca-
tion [10]. Myogenic factors and neural control are certainly important, but
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hormones may be involved as well. Substance P, gastrin, motilin, and
neurotensin have all been shown to exert some effects on colonic motility,
but studies with CCK analogues are particularly abundant [11]. They have
revealed a wide spectrum of actions on intestinal smooth muscle in vitro and
intestinal transit in vivo. For example, CCK directly stimulates colonic
myoelectrical and contractile activity in humans when injected intravenously
[12]. Moreover, CCK stimulates colonic smooth muscle spike activity and
induces contractions of isolated muscle strips from human taeniae coli
[13]. These effects seem to be mediated both directly and via neural inter-
mediators. It is thought that CCK does not just act as a hormone but also
functions as an exitatory cotransmitter with acetylcholine in the generation
of the peristaltic reflex [14].

Treatment of Patients with Chronic Constipation
with a CCK Antagonist

The recent elaboration of peptide hormone antagonists using CCK as a
model has opened the way for the investigation of putative physiological
roles of CCK [15]. We have recently been able to show that blocking
CCK receptors with the potent and highly specific antagonist loxiglumide
dramatically shortens colonic transit time in healthy human volunteers [16].
We therefore performed a study in chronically constipated nursing home
patients [17]. In a randomized, placebo-controlled, double-blind, cross-over
study 18 patients were treated for a 3-week period with either 800 mg
loxiglumide t.i.d. or placebo. Bowel habits were noted and the colonic
transit time determined after each treatment period. Loxiglumide treatment
induced a significant increase in stool frequency and a decrease in the need
for enemas. The median colonic transit time decreased from 112.8 h (range
57.6 to 144h) to 80.4h (range 19.2 to 144.0h) (p < 0.0014). Only 3 of the
18 patients did not have a decrease in transit time while treated with
loxiglumide, but all three had more bowel movements and required fewer
enemas during loxiglumide treatment.

The principal site of action of the CCK blocker seems to reside in the
ascending colon. We observed that segmental colonic transit time was most
markedly accelerated by loxiglumide in the ascending colon. These observa-
tions fit nicely into the concept that the ascending colon acts as a storage
area for colonic contents [18,19] and that in idiopathic chronic constipation
the abnormality is usually located in the ascending colon [20]. Therefore
drugs working on that part of the colon may particularly be expected to
accelerate transit. We speculate from our data that CCK exerts predom-
inantly inhibitory effects on the propulsive motility in the ascending colon in
humans and that this inhibitory action can be reversed by CCK antagonists.

The data presented here suggest that blocking CCK receptors with
loxiglumide significantly relieves chronic constipation. Peptide hormone
antagonists therefore may constitute a new class of potent therapeutic
agents.
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The Rational Use of CCK Antagonists
in Irritable Bowel Syndrome

N.W. REap!

What is Irritable Bowel Syndrome?

The irritable bowel syndrome (IBS) is the name given to a condition that is
characterised by the combination of abdominal pain or discomfort and a
disorder of bowel habit, for which no pathological cause can be found.
The pain is often manifest in the lower abdomen and may be induced or
exacerbated by eating a meal, particularly if that meal has a high content of
fat. The disorder in bowel habit may vary from diarrhoea to constipation;
many patients actually complain of alternating diarrhoea and constipation.
Manning et al. [1] have identified a number of symptoms that are charac-
teristic of the irritable bowel; they include abdominal distension, a feeling
of incomplete evacuation, abdominal pain relieved by defaecation, looser
and more frequent stools with the onset of pain and rectal mucus. These
symptoms are also found in inflammatory conditions of the rectum, such as
ulcerative colitis [2] and solitary rectal ulcer syndrome [3], and probably
indicate rectal “irritation”. Patients with the IBS also frequently suffer from
symptoms such as nausea, bloating and early satiety that are referable to the
upper gastrointestinal tract, and even drowsiness, irritability, headaches,
wheeziness and frequency of micturition that may indicate functional dis-
turbances in other parts of the body.

The pathophysiology of the IBS is not well understood. Disturbances in
colonic and small intestinal motility have been described [4,5], although
most motor disorders described in IBS are not abnormal patterns, but
exaggerated responses to stimuli such as luminal distension [6], ingestion of
a fatty meal [7] and emotional disturbances [8]. Measurements of bowel
transit correspond with the predominant bowel habit; both small bowel and
colonic transit tend to be short in patients with diarrhoea and prolonged in
patients with constipation, but very few values fall outside the normal range
[9].

The variety of symptoms, the poor response to treatment and the
absence of physiological or biochemical markers indicate that the IBS is
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not a single condition but may include several different pathophysiological
entities. The challenge is how to recognise and identify different subsets.

One of the commonest findings in patients with the IBS is that the
rectum is abnormally sensitive to balloon distension [6,10]. In a recent study
[11], we found that 58% of patients with the IBS had abnormal rectal
sensitivity in that the threshold volume required to induce a desire to
defaecate was outside the normal range. These same patients also had low
distension thresholds for other rectal sensations (wind, pain), a low rectal
compliance (tight rectum) and showed increased rectal contractile and anal
relaxation responses to rectal distension. Values in patients with nonsensi-
tive rectums were very similar to normal controls. It is not known whether
patients with a sensitive rectum are the same patients who show an enhanced
rectal motor response to ingestion of a fatty meal.

Although more patients with a sensitive rectum present with diarrhoea,
about a third of constipated patients also have a sensitive rectum. The latter
can be separated from the rest of the constipated patients in that they have a
frequent desire to defaecate. The sensitive rectum of these patients gen-
erates a desire to defaecate on entry of small faecal pellets, but these
patients (like normal subjects) have great difficulty in evacuating the small
faecal pellets that they produce [12]. Finally, it is interesting that anxiety
scores are much higher in the “sensitive” group than in patients with non-
sensitive rectums. We feel these features justify the segregation of patients
with a sensitive rectum into a distinct subset for the purpose of epidemi-
ological and therapeutic studies.

Physiology of Cholecystokinin

Cholecystokinin is released into the blood stream from the neuroendocrine
cells of the duodenal epithelium following exposure to intraluminal fats, acid
and some amino acids. It binds to receptors on the smooth muscle of the
gall bladder and the pancreatic acinus to cause gall bladder contraction
and pancreatic enzyme secretion. It also directly inhibits gastric emptying,
accelerates small bowel transit [13] and, when injected intravenously in
humans, stimulates colonic myoelectrical and contractile activity [7]. This
effect of CCK on the colon can be inhibited by the opiate antagonist,
naloxone [14].

CCK does not just act as a hormone, it exists alongside other trans-
mitters in enteric nerves. It is thought to function, for example, as an
excitatory cotransmitter with acetylcholine in the peristaltic reflex [15]. CCK
is present in afferent nerves from the colon to the inferior mesenteric
ganglion [16] and in afferent vagal nerves from the gastroduodenum [17],
where it may play an important role in satiety [18]. CCK may also act as a
paracrine agent on afferent nerve terminals in the stomach and duodenum,
where it mediates or modulates sensory signals from a meal [17,19]. The
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possible action of CCK on afferent neurones is supported by the recent
observation that the CCK antagonist, 1.-364 718, delays small bowel transit
under basal conditions, but reverses the delay in small bowel transit caused
by infusion of fat in the ileum [20]. The best explanation for these data is
that the antagonist is acting at a common afferent terminal to blocking the
normal acceleration in transit caused by the bulk of the meal as well as the
delay in transit induced by fat.

The Gastrocolonic Response

The gastrocolonic response is probably a nervous reflex; it can be inhibited
by atropin and naloxone and it is absent in paraplegic patients [21]. The first
indication that cholecystokinin may be implicated in the pathophysiology of
the IBS came with the pioneering study of Harvey and Read in 1973 [22].
These workers showed that infusion of CCK caused an abnormal increase in
colonic motility and pain in patients with the IBS. It is possible that the
CCK may have contained impurities that were responsible for the increase
in colonic motility. Nevertheless, the essential features of the study were
confirmed by Snape and his colleagues [5,7] some years later. Strong sup-
port for the involvement of CCK in the gastrocolonic response is provided
by the observation that the CCK receptor antagonist loxiglumide abolishes
the gastrocolonic response in normal volunteers without diminishing basal
colonic motility [23].

In patients with the IBS, colonic motor response to a meal is often
delayed [24] and corresponds more closely with the rise in CCK. There are
several ways in which CCK could be involved in the exaggerated gastro-
colonic response of IBS. Firstly, normal blood levels could increase the
response of the sensitised smooth muscle, secondly, more CCK could be
released into the blood in IBS and thirdly, CCK could interact with sen-
sitised afferent nervous pathways.

We have recently shown that a drink of coffee can elicit a gastrocolonic
response that is associated with a rise in plasma CCK [25].

Gastro-Ileal Response

Eating a meal can increase the activity of the ileum. This response could be
mediated by CCK. Kellow and Phillips [26] have shown an exaggerated ileal
response to a meal in patients with IBS. These same investigators [27] have
also demonstrated that the response of the ileum to CCK is also exaggerated
in patients with the IBS. Using intravenous doses of CCK that caused 50%
contraction of the gall bladder (assessed by ultrasound), they showed that
ileal motility was greater in IBS patients with diarrhoea than in controls.
Higher doses elicited prolonged propagated contractions in the patients, but
not in the controls, and these contractions were often associated with pain.
The authors concluded that CCK octapeptide may unmask dysmotility of
the small bowel in IBS.
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Action of CCK Antagonists on Intestinal Motility

Administration of the cholecystokinin analogue, caerulein, to conscious
dogs increased the motor activity of the small intestine and the large
intestine [28]. These effects were blocked by the specific CCK antagonist,
loxiglumide, but loxiglumide did not have any effect on the increase in
motility induced by neostigmine.

In humans, loxiglumide accelerated colonic transit time, both in normal
subjects [29] and in geriatric patients with constipation [30], but is did not
affect the transit time of the head of a liquid test meal (Ensure) through the
small intestine [29]. The effect on the colon is unlikely to be due to impaired
digestion of fat; normal excretion of urinary para-aminobenzoic acid indi-
cated that pancreatic exocrine function was normal. Finally, loxiglumide
inhibited the colonic response to a fatty meal in man, but increased basal
motility [23]. This strongly implicates CCK in the generation of the gastro-
colonic response.

Conclusions

Since CCK may be implicated in the enhanced ileal and colonic motor
responses to a meal in IBS and these exaggerated motor responses are
associated with symptoms, it seems likely that blocking CCK receptors could
reduce postprandial abdominal pain in IBS. Moreover, there is evidence
that CCK may play an important role in transducing sensory signals from
the gut; if that is the case, then CCK-receptor antagonists may be very
useful in reducing sensitivity and reactivity in the subset of IBS patients
characterised by a sensitive bowel. Unfortunately, CCK receptors are found
throughout the gut and also in the central nervous system and the currently
available antagonists may not be sufficiently selective to be useful in clinical
practice. Is there a use for a drug that directly reduces colonic motility, but
increases the delivery of unabsorbed fat to the colon, resulting in pain and
diarrhoea? Further development should be aimed at finding a dose or a
compound that can act selectively on gastrointestinal motility.
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Cholecystokinin, Cholecystokinin-Receptor Antagonists
and the Sphincter of Oddi

J.B.M. JanseN and C.B.H. LaMERs!

As a result of modern techniques like endoscopy, manometry, electro-
myography and hormonal assays, knowledge of the physiology and
pathophysiology of sphincter of Oddi motility is now rapidly increasing.
Opening of the sphincter of Oddi, once thought to be a simple passive event
is a synchronized, dynamic action, involving both neural and humoral
mechanisms.

CCK is believed to play an important role in the regulation of sphincter
activity, like it does for gallbladder motility. Therefore, recently developed
specific CCK receptor antagonists may contribute to further delineate the
role of this hormone to sphincter motility in health and disease. The present
review examines recent developments in the understanding of sphincter of
Oddi function with special references to the contribution of CCK.

Anatomy of the Sphincter of Oddi

In man, the bile duct and the pancreatic duct usually empty together into
the greater duodenal ampulla, located about 7cm from the pylorus on
the concavity of the duodenum. The bile duct often intertwines with the
pancreatic duct and in more than one-half of instances the two ducts unite
and form a short hepatopancreatic ampulla which opens into the papilla of
Vater. In other instances the two ducts meet, but open separately into
the duodenum at the mouth of the papilla. Each duct usually acquires
sphincteric muscle coats. That about the lower end of the bile duct is known
as the choledochal sphincter, which can be divided into a superior portion,
encircling the distal choledochal duct just before it enters the duodenum,
and an inferior portion, surrounding the submucosal intraduodenal part of
the common bile duct. When the choledochal and pancreatic duct form
an ampulla, a sphincter of the ampulla may be present surrounding the
ampullary duct at the greater duodenal papilla. Variation in extent and
thickness of the choledochal and ampullary sphincter is common.
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The choledochal  sphincter, apparently, is not continuous with the
musculature of the duodenum, and it has a separate nerve supply. The
sphincter is the chief mechanism controlling the flow of bile into the
duodenum and preventing reflux of duodenal contents into the biliary tree.
These functions are facilitated by a complicated system of mucosal folds in
the papilla.

The involvement of a sphincter mechanism in the regulation of bile flow
into the duodenum was originally described by Oddi in 1887 [1].

Sphincter Motility

In man, the physiologic sphincter segment is about 4-6 mm in length. In this
segment, basal steady state pressure is about 4mmHg higher than in the
common bile duct or pancreatic duct. Spontaneous pronounced contractions
are superimposed on this basal steady state pressure with a frequency of 4.1
* 0.9 per minute, measuring 101 £ 50 mmHg in amplitude and 4.3 + 1.5s
in duration [2]. Corresponding phasic contractions are absent in the com-
mon bile duct, the pancreatic duct and the duodenum.

It has been demonstrated that 60% of these phasic wave activities occur
in antegrade direction, 14% are retrograde and 26% occur simultaneously
[3]- Although species differences in phasic wave directions make the physio-
logic purpose of this phenomenon unclear, it is believed that the main
mechanism of spontaneous bile duct emptying in opossums, rabbits, guinea
pigs, and prairie dogs is antegrade contraction of the sphincter complex
[4-7]. These antegrade contractions function like a pump with a systolic
phase, during which the contents of the sphincter segment are expelled into
the duodenum, and a diastolic phase, facilitating bile flow from the duct into
the sphincter segment. Increased antegrade phasic wave activity is initially
accompanied by increased flow across the sphincter, but when contractions
become more intense and exceed a certain level of about 8—10 per minute
[8] the diastolic interval becomes to short for adequate refilling of the
sphincter segment and flow ceases. In other species, like cats [9], dogs [10],
and man [2], a negative correlation between sphincter activity and bile flow
has been reported, in line with the idea that intense motor activity impedes
bile flow, whereas less intense activity facilitates bile flow.

Although, the biliary sphincter complex seems to be the major regulator
of bile flow into the duodenum, muscular activity of the gastrointestinal tract
also contributes to regulation of bile flow, particularly in the fasting state. In
several species, bile flow impedes when the amplitude of duodenal contrac-
tions is of the same magnitude as those observed during phase III of the
migratory motor complex [11]. Further evidence for a link between gastro-
intestinal and biliary sphincter motility was obtained from studies demon-
strating the existence of a reflex mechanism between stomach and sphincter
of Oddi [12].
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Regulation of Sphincter Motility

The motility of the sphincter of Oddi is regulated by complex interactions
between neural and humoral mechanisms.

Neural Mechanisms

It has been demonstrated that the sphincter of Oddi has a separate nerve
supply containing cholinergic, adrenergic, and peptidergic neurons.

In guinea pigs, norepinephrine in low concentrations induced a relaxa-
tion of the sphincter of Oddi, which could be blocked by either the a-
adrenergic-receptor antagonist phentolamine or the B-adrenergic-receptor
antagonist propanolol, while norepinephrine in high concentrations induced
a contraction of the sphincter which was blocked by phentolamine [13]. This
suggests the existence of excitatory a-adrenergic receptors and inhibitory B-
adrenergic receptors in the sphincter of Oddi. Although species differences
in adrenergic response should be appreciated, it is believed that during
sympathetic nerve stimulation mainly a-adrenergic receptors are activated,
causing the sphincter to contract.

The biliary sphincter also receives parasympathetic innervations from
the vagus nerve. The parasympathetic neurotransmitter acetylcholine and its
equivalent bethanochol have been demonstrated to increase the frequency
of sphincter contraction in several species [4,14,15]. However, electro-
stimulation of vagal nerve branches produces less clear sphincter responses
[16—18]. Again, species differences may be responsible for these contrasting
findings, although, stimulation of non-cholinergic, non-adrenergic neurons
in the vagus nerve may contribute to these results [9,19].

Hormonal Influences

Regulatory peptides have been demonstrated to act upon sphincter of Oddi
motility. However, interpretation of studies on the effect of regulatory
peptides on sphincter motility has been complicated by numerous confound-
ing factors like species differences, electrical versus manometrical studies,
and in vitro versus in vivo experiments. As a result of these confusing
factors, the function of most regulatory peptides in the regulation of sphinc-
ter of Oddi motility is still rather speculative.

Peptides from the secretin-glucagon family have been demonstrated to
decrease both electrical and motor activity of the sphincter of Oddi in
several species, including man [2,5,20,21]. Consequently, bile flow into the
duodenum is increased by these peptides. It remains to be established to
what part these effects are mediated by potentiation of the action of CCK
on the sphincter.

Bombesin (BBS) and its mammalian counterpart gastrin-releasing
peptide (GRP) have also been demonstrated to modify sphincter activity. In
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rabbits, BBS increased electrical spike activity [5]. In this species, like in
guinea pigs, opossums, and prairie dogs, increases in electrical and motor
activity in the sphincter complex propel bile actively into the duodenum.
After intravenous injection of BBS or GRP into dogs, phasic sphincter
contractions disappeared and basal sphincter pressure fell, resulting in in-
creased bile flow into the duodenum [10]. The effects of BBS or GRP on
sphincter activity are likely to be explained by the release of CCK [10].

Motilin has also been reported to affect sphincter of Oddi motility. In
the prairie dog both motilin and CCK stimulate sphincter of Oddi motility
[22]. Motilin may therefore be involved in the regulation of sphincter motil-
ity, especially during the interdigestive period.

Somatostatin (SST) has also been demonstrated to modify sphincter
motility. In rabbits, SST decreased myoelectrical sphincter activity [23],
resulting in decreased bile flow into the duodenum. To what part SST acts
by indirect effects via inhibition of the release of other regulatory peptides,
such as CCK, remains to be established.

Other regulatory peptides like peptide YY (PYY), neuropeptide Y
(NPY), and substance P have also been demonstrated to influence sphincter
of Oddi motility. PYY inhibits the effect of CCK on sphincter motility in
prairie dogs [24], while NPY has been demonstrated to increase sphincter
activity and consequently bile flow in this species [25]. In vitro, substance
P has been demonstrated to stimulate sphincter of Oddi contractions in
dogs [26]. The physiologic significance of these observations awaits further
investigation.

CCK and the Sphincter of Oddi

Among all regulatory peptides, the effect of CCK-like peptides (CCK33,
CCKS8, caerulein, gastrin) on sphincter of Oddi activity is by far the most
extensively tested. Again, the response of the sphincter to CCK varies
according to species. In guinea pigs [6,20] rabbits [5], oppossums [21], and
prairie dogs [7] CCK increases electrical and phasic wave activity without
affecting baseline pressure, resulting in an increased bile flow into the
duodenum. In guinea pigs CCK contracts the sphincter by a direct effect on
the smooth muscle cells and by an indirect effect mediated by the release of
acetylcholine from postganglionic parasympathetic neurons [6].

In other species, like cats [9], dogs [10,16,19], and man [2], bile flow
into the duodenum in response to CCK is facilitated by a decrease in
baseline pressure and a reduction of phasic wave activity in-the sphincter.
However, in in vitro experiments CCK has no effect on canine sphincter
motility [26,27]. This suggests that intact innervation of the sphincter of
Oddi is of importance for the observed effects in vivo. This is supported by
studies in cats, demonstrating that sphincter of Oddi relaxation by CCK is
abolished by complete denervation induced by tetrodotoxin, but not by
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selective cholinergic or adrenergic blockade [9]. After complete denervation
with tetrodotoxin, CCK causes the sphincter to contract instead of to relax.
This indicates that there are at least two receptors for CCK in the sphincter
of this species, one that is inhibitory and present at the non-cholinergic,
non-adrenergic neurons, and another excitatory at the circular muscle. In
vivo the effects of CCK on the non-adrenergic, non-cholinergic receptor
predominate over the effects of CCK on the smooth muscle receptor. Sim-
ilar findings have been reported in dogs. In this species it has been claimed
that the mediator of this CCK-stimulated non-adrenergic, non-cholinergic
pathway is vasoactive intestinal polypeptide (VIP) [19]. To what part CCK,
released after a meal, is responsible for postprandial sphincter of Oddi
motility has not yet been demonstrated convincingly. Although some studies
have provided evidence for a physiologic role of endogenous CCK in sphinc-
ter motility [28,29], other studies have demonstrated less convincing evi-
dence. In several species, fat and protein are potent stimuli for the release
of CCK [30]. However, previous studies have failed to demonstrate relaxa-
tion of the sphincter of Oddi in response to fat in man, whereas protein was
effective [31]. Recent work in prairie dogs has shown that sodium oleate
decreases sphincter of Oddi activity, whereas protein stimulated sphincter
activity [7,32].

Pathophysiology

Abnormalities in sphincter of Oddi function have been related to several
pathological conditions like cholecystectomy, biliary dyskinesia, papillary
stenosis, chronic recurrent pancreatitis, and disturbances in nerve supply
like vagotomy and Chagas disease.

Cholecystectomy may alter sphincter of Oddi function since it has been
demonstrated that sphincter activity in prairie dogs is at least in part mediated
by the degree of gallbladder distension via a cholecystosphincteric reflex [7].
Furthermore, it has been demonstrated in this species that the sphincter
response to intravenous CCK is blunted after cholecystectomy, while resting
sphincter motility is unaltered [7]. Since CCK release is negatively influenced
by the concentration of bile salts in the lumen of the small intestine in
several species [33], the blunted response to CCK may have been com-
pensated for by an increased release of CCK after cholecystectomy. How-
ever, the sphincter response to endogenously released CCK by intraduodenal
oleate was also blunted [7]. This suggests that alterations in neural pathways
after cholecystectomy rather than alterations in CCK release are related to
possible disorders in sphincter function after removing the gallbladder in this
species.

Increases in luminal pressure in [34] and dilatation of the bile duct [35]
have also been reported after cholecystectomy. However, studies in man did
not convincingly confirm these effects [36,37].
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Although a clear-cut effect of cholecystectomy on sphincter of Oddi
functions has not been demonstrated with certainty in man, at least two
pathological conditions of the sphincter of Oddi have been related to
cholecystectomy, that is, papillary stenosis and biliary dyskinesia. Papillary
stenosis has been defined as a fibrotic narrowing of all or part of the
sphincter, while biliary dyskinesia is a disorder of the tonic or phasic motor
activity of the sphincter [38]. Papillary stenosis may result from operative
procedures, infection, or impacted stones, while biliary dyskinesia is a
primary disorder responsible for pain after cholecystectomy.

To distinguish papillary stenosis from biliary dyskinesia, a classification
based on clinical, laboratory, radiological, and manometrical findings has
been proposed [38]. In papillary stenosis, pathological manometric findings
are not influenced by CCK [39], while in biliary dyskinesia at least two
subgroups of patients can be identified [40]. One group of patients has a
normal response of sphincter motility to CCK, while a second group of
patients showed a paradoxical response to CCK resulting in an increase in
basal sphincter pressure and/or an increase in the amplitude of phasic wave
contractions.

Abnormalities in sphincter of Oddi motility may also play a role in
idiopathic recurrent pancreatitis, since elevated basal sphincter pressure,
increased numbers of retrograde phasic wave contractions, absence or in-
creased frequency of phasic wave contractions, and paradoxical responses to
CCK have been reported in these patients [41].

Abnormalities in nerve supply have also been related to a disturbed
sphincter of Oddi function. Increased resistance in the sphincter due to
alterations in phasic wave activity has been reported in the prairie dog
after vagotomy [42]. In man, autonomic denervation due to Chagas disease
resulted in marked increases in basal sphincter of Oddi pressure and in
minor increases in the amplitude of phasic wave activities [43]. The response
to CCK is not disturbed in these patients. This suggests that neural impair-
ment is limited to preganglionic fibers in these patients.

CCK-Receptor Antagonists and the Sphincter of Oddi

Although CCK has been demonstrated to have important effects on sphinc-
ter of Oddi motility in several species including man, the physiologic import-
ance of this peptide in the regulation of sphincter of Oddi function has
not yet been fully established. Therefore, studies with recently developed
specific CCK-receptor antagonists like CR-1505 and L-364718 may explain
the contribution of CCK to sphincter motility under basal and stimulated
conditions.

CCK-receptor antagonists may not only be of value in elucidating the
physiologic and pathophysiologic role of CCK in sphincter of Oddi function,
but may also contribute to treatment of biliary disorders associated with
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abnormal responses of the sphincter to CKK, such as biliary dyskinesia and
chronic recurrent pancreatitis. Studies with these receptor antagonists are
now in progress.

References

1. Oddi R (1887) D’une disposition a sphincter spéciale de I'ouverture du canal
cholédoque. Arch Ital Biol 8:317-332

2. Geenan JE, Hogan WJ, Dodds WJ, Stewart ET, Arndorfer RC (1980) Intra-
luminal pressure recording from the human sphincter of Oddi. Gastroenterology
78:317-324

3. Toouli J, Hogan WJ, Geenan JE, Dodds WJ, Arndorfer RC (1982) Action of
cholecystokinin-octapeptide on sphincter of Oddi basal pressure and phasic wave
activity in humans. Surgery 92:497-503

4. Toouli J, Dodds WJ, Honda R, et al. (1983) Motor function of the opossum
sphincter of Oddi. J Clin Invest 71:208—220

5. Sarles JC, Delacourt P, Castello H, et al. (1981) Action of gastrointestinal
hormones on the myoelectric activity of the sphincter of Oddi in living rabbit.
Regul Pept 2:13-24

6. Harada T, Katsugari T, Furukawa T (1986) Release of acetylcholine mediated
by cholecystokinin receptor from the guinea pig sphincter of Oddi. J Pharmacol
Exp Ther 239:554-558

7. Grace PA, Pitt HA (1987) Cholecystectomy alters the hormonal response of the
sphincter of Oddi. Surgery 102:186—-194

8. Toouli J (1984) Sphincter of Oddi motility. Br J Surg 71:251-256

9. Behar J, Biancani P (1980) Effect of cholecystokinin and the octapeptide of
cholecystokinin on the feline sphincter of Oddi and gallbladder. Mechanisms of
action. J Clin Invest 66:1231-1239

10. Sievert CE, Potter TJ, Levine AS, Morley JE, Silvis SE, Vennes JA (1988)
Effect of bombesin and gastrin-releasing peptide on canine sphincter of Oddi.
Am J Physiol 94:755-761

11. Mochinaga N, Sarna SK, Condon RE, Dodds WJ, Matsumoto T (1988) Gastro-
duodenal regulation of common bile duct flow in the dog. Gastroenterology
94:755-761

12. Webb TH, Lillmoe KD, Pitt HA (1988) Gastro-sphincter of Oddi reflex. Am J
Surg 155:193-198

13. Nakata K, Kurahashi K (1981) Effect of C-terminal octapeptide of chol-
ecystokinin and prostaglandins on adrenergic functions of the guinea pig gall-
bladder and sphincter of Oddi. Jpn J Pharmacol 31:77-83

14. Crema A, Berte F (1963) Actions of sympathomimetic drugs on the isolated
junction of the bile duct and the duodenum. Br J Pharmacol Chemother 20:
221-229

15. Persson CGA (1971) Adrenoreceptor functions in the cat choledocho-duodenal
junction in vitro. Br J Pharmacol 42:447-461

16. Funch-Jensen P, Stadkilde-Jurgensen H, Kraglund K, Lugreen NA (1981)
Biliary manometry in dogs. Influence of selective electrostimulation of the right
and left vagus nerves. Digestion 22:89-93

17. Hopton D, White TT (1972) Effect of hepatic and celiac vagal stimulation on
common bile duct pressure. Am J Dig Dis 16:1095-1101

18. Tansey MJ, Lunes DL, Martin JS, Kendal FM (1974) An evaluation of neural
influences on the sphincter of Oddi in the dog. Dig Dis 19:423-437



CCK, CCK-Receptor Antagonists and the Sphincter of Oddi 227

19.

20.
21.

22.

23.

24.

25.
26.

27.

28.

29.
30.

31.
32.

33.
34.
35.
36.
37.
38.
39.

40.

Wiley JW, O’Dorisio TM, Owyang C (1988) Vasoactive intestinal polypeptide
mediates cholecystokinin — relaxation of the sphincter of Oddi. J Clin Invest
81:1920-1924

Kamata M (1980) Electrical and mechanical properties of smooth muscle cells of
the guinea pig biliary tree. Jpn J Physiol 30:179-204

Honda R, Toouli J, Dodds WJ, Geenan JE, Hogan WIJ, Itoh Z (1983) Effect of
enteric hormones on sphincter of Oddi and gastrointestinal myoelectric activity
in fasted conscious opossums. Gastroenterology 84:1-9

Muller EL, Grace PA, Conter RL, Roslyn JJ, Pitt HA (1987) Influence of
motilin and cholecystokinin on sphincter of Oddi and duodenal mobility. Am J
Physiol 253:G679-G683

Adani GF, Leandri R, Sarles JC (1986) Effect of somatostatin on the rabbit
Oddi’s sphincter in vivo. Interrelation of somatostatin and cholecystokinin.
Gastroenterol Clin Biol 10:108-811

Grace PA, Couse HF, Taylor IL, Pitt HA (1988) Peptide YY inhibits
cholecystokinin-stimulated sphincter of Oddi activity in the prairie dog. Surgery
104:546-552

Lillemoe KD, Webb TH, Pitt HA (1988) Neuropeptide Y: a candidate neuro-
transmitter for biliary motility. J Surg Res 45:254-260

Guo YS, Singh P, Gomez G, Rajaraman S, Thompson JC (1989) Contractile
response of canine gallbladder and sphincter of Oddi to substance P and related
peptides in vitro. Dig Dis Sci 34:812—-817

Lluis F, Fujimura M, Lonovics J, Guo YS, Gomez G, Greeley GH, Townsend
CM, Thompson JC (1988) Peptide YY and gallbladder contraction. Studies in
vivo and in vitro. Gastroenterology 94:1441-1446

Ono K, Suzuki H, Hada R, Sasaki M, Endoh M (1985) Gastrointestinal
hormones and motility of the human sphincter of Oddi. Nippon Heikatsukin
Gakkai Zasshi (Suppl 12) 21:69-75

Allescher HD (1989) Papilla of Vater: structure and function. Endoscopy (Suppl
1) 21:324-329

Hopman WPM, Jansen JBMJ, Lamers CBHW (1985) Comparative study of the
effects of fat, protein and starch on plasma cholecystokinin in man. Scand J
Gastroenterol 20:843—-847

Bergh GS (1942) The sphincter mechanism of the common bile duct in human
subjects. Its reactions to certain types of stimulation. Surgery 11:299-330
Webb TA, Lillemoe KD, Pitt HA (1987) Intraduodenal protein stimulates rest-
ing but inhibits CCK stimulated sphincter of Oddi motility. Gastroenterology
92:1687

Gomez G, Lluis F, Guo YS, Greeley GH, Townsend CM, Thompson JC (1986)
Bile inhibits release of cholecystokinin and neurotenisn. Surgery 100:363-368
Judd ES, Mann FC (1917) The effect of removal of the galibladder. Surg
Gynaecol Obstet 24:437-442

Mahour GH, Wakim KG, Soule EH, Ferris DO (1988) Effect of cholecystectomy
on the biliary ducts in dogs. Arch Surg 97:570-574

Longo MJ, Hodgson JR, Ferris DO (1967) Size of the common bile duct
following cholecystectomy. Ann Surg 165:250-253

Mahour GH, Wakim KG, Ferris DO, Soule EH (1967) The common bile duct
after cholecystectomy. Ann Surg 166:964—-967

Hogan WIJ, Geenan JE (1988) Biliary dyskinesia. Endoscopy 20:179-183

Yasui A, Nimura Y, Kamiya J, Hayakawa T, Shibata T, Shionoya S (1989)
Sphincter of Oddi response to caerulein after endoscopic sphincterotomy for
papillary stenosis. Surg Endosc 3:216-219

Rolny P, Arleback A, Funch-Jensen P, Kruse A, Ravnsbaeck J, Jarnerot G
(1986) Paradoxal response of the sphincter of Oddi to intravenous injection of
cholecystokinin or cerulitide. Manometric findings and results of treatment in
biliary dskinesia. Gut 27:1507-1511



228 J.B.M. JanseN and C.B.H. Lamers: CCK and the Sphincter of Oddi

41. Toouli J, Roberts-Thomson IC, Dent J, Lee J (1985) Sphincter of Oddi motility
disorders in patients with idiopathic recurrent pancreatitis. Br J Surg 72:859-863

42. Pitt HA, Doty JE, DenBesten L, Kuchenbecher SL (1982) Altered sphincter of
Oddi phasic activity following truncal vagotomy. J Surg Res 32:598-667

43. Guelrud M, Bettarello A, Cecconello I, Pinott1 W, Mantelmacher H, Velasquez

T (1983) Sphincter of Oddi pressure in Chagasic patients with megaesophagus.
Gastroenterology 85:584—588



Subject Index

Acetylcholine
and CCK 127,212
and muscle strips 166
and neural control of sphincter
of Oddi 222
Acinar cells
and CCK receptors 95
in rats 112
Amylase
and CCK binding sites 80
and protease inhibitor 116
Analgesia
and CCK 50
antagonization of morphine 50
interaction of CCK with opiates 50
spinal cord 50
Antroduodenal coordination 179
Anxiety 49
Asperlicin, see Receptor antagonists
Atropine
and antroduodenal motility 177
and exocrine pancreas in man 132
and feedback in rats 121
and gallbladder in man 132
Autonomic nervous system 184
Autoradiography
and peptide binding sites 12
and pyloric CCK receptors 159

Benzodiazepine 49
Benzodiazepine derivatives,
see CCK receptor antagonists
Bicarbonate
and pancreatic fluid secretion 136
CCK and 136
Bile acids
and CCK 153
and CCK receptors 154
and exocrine pancreas 154
and gallbladder contraction 154
chenodeoxycholic acid 152, 155
taurocholate 152
Bile flow 221

Bile diversion
and bile acids 152
and bile duct ligation 154
Biliary colics 209
Bilirubin
and CCK 139
and gallbladder contraction 154
Bombesin
and CCK release 191
and sphincter Oddi 222
Brain
analgesia 50
anxiety and CCK 49
CCK receptor agonists 45, 47
CCK receptor antagonists
classes of 45, 47
type A CCK receptor 44
type B CCK/gastrin receptor 46
central nervous system and CCK 44
characterization of CCK
localisation 19, 44
receptors 14
dopamin and CCK 48
heterogeneity 47
neuroleptics and CCK 49
Brain-gut axis 12
and antroduodenal motility 177
cephalic stimulation 177
Brain-gut peptides 10
Breath hydrogen analysis 186
and lactulose 186
and small bowel transit 186

Caerulein, CCK analogue 4, 49
and acute pancreatitis 197, 198

and motor activity of small intestine 217

and muscle strips 166
skin peptide 4
Camostate 114
and feedback in rats 121
and pancreatic DNA and protein
content 118 '



230

Camostate 114
and pancreatic nodules 117
and plasma CCK 117
Capsaicin 58
Cholecystokinin (CCK)
and acinar cell 44, 45
acinar receptors for 67
actions of 35
in afferent vagal fibres 56, 179
amino acid sequence 4
and bicarbonate response 136
bile flow affected by 74, 154
binding sites 19, 56, 80, 81
biologic actions 35
and cancer cells 74
cells 14,15
cellular localization (I-cells) 14, 15
and central nervous system 44
cleavage 7
and colonic motility 169
distribution, see: Brain-gut
and dopamine 48
enteric neurons containing 14
and esophagus 173
and food intake 37, 47, 59, 62
and gallbladder contraction 35, 38, 39,
40, 73, 127, 145, 183
and gallbladder emptying 127, 145, 183
gastric acid secretion affected by 35, 177
gastric emptying affected by 35, 39, 40,
161, 176
gastric motility affected by 173, 176
gastric smooth muscle affected by 161
gastrointestinal motility affected by 165,
173, 176, 183
gene 5
and growth 74, 191
and I-cells 14
immunoreactivity 4
influence on hormonal secretions 18,
35,39,75
isolation 3
and lower esophageal sphincter relaxa-
tion 174
measurement of 37, 74
molecular forms of 4, 37
and nerves 15, 56, 179
as neurotransmitter 169, 176
and pancreatic cancer 203
and pancreatic growth 74, 115, 190
and pancreatic islets 18, 35, 39, 40, 192
and pancreatic polypeptide (PP) 35, 39,
75
and pancreatic secretion 35, 38, 39, 41,
135, 183

Subject Index

as hormonal regulator of 132
as neural mediator of 56, 169
trophic effect of 74, 115
and postprandial motor activity 168
and posttranslational processing of 6
and propulsive motility in ascending
colon 212
and pyloric contractions 162
receptor antagonists 29, 38
classes of 47
asperlicin 44, 70
benzodiazepine derivatives 70
MK-329 (also described as
L-364,718) 45, 70, 93, 136, 147,
155, 161, 198, 203
devazepide (see MK-329)
glutaramic acid derivatives
lorglumide (also described as
CR 1409) 44, 65, 112, 161, 198,
203
loxiglumide (also described as
CR 1505) 65, 127, 183
proglumide 44, 66, 197
in pancreatic acinar cells 45, 183
receptors
biochemical characterization
affinity labeling 30
probes 31
and contraction of isolated smooth
muscles 166, 183
classification 27, 44
on gallbladder smooth muscles 220
heterogeneity 27, 44, 47
high affinity binding sites 80
low affinity binding sites 81, 197
location of 19, 44
on pancreatic acinar cells 97
on pylorus 159
on submucosal neurons 15
type A CCK receptors 28, 44, 45, 71,
94
type B CCK receptors 28, 45, 71, 94
gastrin receptor 28, 149
relation to physiologic events 35
release 135,139, 143, 153
satiety and behaviour affected by 47, 67
smooth muscle affected by 166, 183,
211
somatostatin cells affected by 223
sphincter of Oddi affected by 223
structure of 3
submucosal neurons affected by 18
in vagal afferents 56, 179
Cholecystokinin-pancreozymin 3, 35
amino acid sequence of 3



Subject Index

CCK releasing monitor peptide 153
cDNA, sequence of CCK 5
Cholecystolithiasis 209
Cholestyramine 153, 154
Cholinergic system
and exocrine pancreas 127
and gallbladder 127
and gut functions 132
peristaltic reflex 212, 215
and tone 132, 133
Chymotrypsinogen
and protease inhibitor 116
Colon
contractions of
myogenic factors affecting 211
peptides affecting 211
peristaltic reflex 165
motility 165, 183, 187, 211, 212
and radio-opaque markers 187
smooth muscle activity 212
transit time 186, 187
Colonic motor complex (CMC) 165, 183
Colonic transit time 187
and constipation 187,211
and radio-opaque markers 187
and receptor blockade 186,212,217
and rectosigmoid 187
and segmental transit time 187
Constipation
and bowel habits 211
and colonic transit time 187, 211
and elderly 211
and opioid activity 211
and slow transit 187
Contraction, muscle
of colon 165, 183, 187 (see also: Colonic
contraction)
in smooth muscles of esophagus
173, 174
of isolated smooth muscle cells, and
cholecystokinin receptors 166, 183
of lower esophageal sphincter 174
of gallbladder 35, 38, 39, 40

Diffuse neuroendocrine system 10
Dopamine 48

release 48
Duodenal aspirates 140
Duodenal pH 140

EGF, epidermal growth factor 192

Electron microscopy 11
gold-labeled antisera in 11
semithin technique 11

231

Endocrine cells 14
G-cells 14
I-cells 15
Esophagus
and CCK 173
and lower esophageal sphincter 174
and motility 175
and peristalsis 175

Food intake 35,37, 47,59, 62
FOY-305 59

Gallbladder contraction
and CCK 35, 38, 39, 40, 129, 144
CCK receptor antagonists 73, 129, 140
postprandial 127, 147, 148
and relaxation 129, 209
Gallbladder motility 209
Gallbladder emptying 127, 145, 183
Gallstones, cholesterol-containing 72
Gastric distention 58
Gastric emptying
and CCK 35, 39, 40, 161
and CCK antagonists 145, 176, 183, 187
of glucose meals 185
of guar meals 185
of liquid meals 184
of radio-opaque markers 185
Gastric secretion 35, 177
Gastrin 65, 93
amino acid sequence 4
and CCK 4, 143
chicken gastrin 4
and colonic motility 212
G-cells 14
immunoreactivity 44
localization 10
GRP, gastrin-releasing peptide 222
Gastrocolonic response 165, 216
and coffee 216
Gastroileal response 216
Glucagon and CCK 40
Growth
and bombesin 191
and camostate 114
and CCK 115
and pancreaticobiliary diversion 114
receptor antagonists 114
and tumor growth 191 -
Gut and pancreas 19

Haloperidol 49
Hyperplasia 116

Immuno cytechemistry 10
Incretin 119



232

Insulin
and CCK 39, 119
and CCK receptor antagonist 120
and tumor growth 192
In situ hypridisation 11
Interdigestive motor activity 167
Irritable bowel syndrome (IBS)
and constipation 214
and CCK 35,215
and diarrhea 214
and motor disorders after
emotional disturbances 214
fatty meal 214
and rectal sensitivity 215

JIMV-180
agonist on high affinity receptors 81
antagonist on low affinity receptors 81
adenylate cyclase activity 85
calcium mobilization 83
and experimental pancreatitis 86
and smooth muscles 87

Lactulose 186

Liver and CCK metabolism 7

Lower esophageal sphincter 174
Loxiglumide (also described as CR 1505),
see CCK receptor antagonists

Lundh test meal 174

Migrating motor complex (MMC)
165, 177
MK-329 (also described as L-364,718 or
devazepide), see CCK receptor
antagonists
Motilin 212,223
Motility pattern

and CCK 186

and colon 165, 183, 187, 211
Myoelectrical and contractile activity 186

Negative feedback regulation 74
in rats 121
and trypsin inhibitor 121
NPY, neuropeptide YY 223
Neurotensin 212
Nerves
in gastrointestinal mucosa 14
neuronal activity in dorsomedial
medulla 57
primary sensory nerves 15
vagus 56

Pancreatic acinar cells
and CCK receptor 97
rat acini 112

Subject Index

Pancreatic cancer 203
and CCK 190
Pancreatic islets
and CCK regulation 35, 39, 40, 75
tetrapeptide of CCK and gastrin 18
Pancreatic polypeptide (PP) 223
and CCK 35, 39,75
release 35
Pancreatic secretion 74
bicarbonate secretion 136
cephalic stimulation 177
enzyme secretion 127, 136
exocrine secretion 112, 135
negative feedback regulation 74, 122
Pancreaticobiliary diversion 114
Pancreatitis
and caerulein 197
and CCK receptor antagonists
and choline-deficient, ethionine-supple-
mented diet 198
glutaramic acid derivatives 67, 198
MK-329 198
and pancreatic secretion 201
experimental acute 201
Pancreozymin, see CCK
Papilla of Vater, see Sphincter of Oddi
Pavlowian concept 133
Peptide binding sites 12, 44
in vitro autoradiography for 12
Peptide hormone blockers 187
Peptidergic system
and CCK 133
and transmitters 186
PYY, peptide YY 223
Plasma CCK
and CCK receptor antagonist 139
and food ingestion 35
and postprandial exocrine
pancreatic secretion 35, 135
pancreatic cancer 190
radioimmunoassay 143
Proglumide, see CCK receptor
antagonists
Pylorus
contractions 162
coordination 183
sphincter 159
CCK receptors and 159, 160

Radioimmunoassay for CCK 143
Radionucleide scanning
and gastric emptying 185
and transit 186
Receptor antagonists
bioavailability 67, 72



Subject Index

Receptor antagonists
biological actions
on gallbladder contraction 127, 144
on gastric emptying 112, 144, 184, 185
on motility 165, 183
on pancreas 112, 127, 136
classes of 35, 47, 93, 199
amino acid derivatives 45, 99
benzotript 45
asperlicin 45, 70, 103, 199
benzodiazepine derivatives 70, 103
MK-329 (also described as 1.-364,718
or devazepide) 45, 70, 103, 112, 135,
144,155, 161, 198, 203
cyclic nucleotide derivatives 45, 98
glutaramic acid derivatives 65
lorglumide (also described as
CR 1409) 44, 65, 112, 161, 198, 203
loxiglumide (also described as
CR 1505) 65, 127, 148, 152, 183,
200, 215
proglumide 45, 114, 161, 198, 203
JIMV-180 81
a terminal fragments of CCK as 101
and growth 114
pharmacokinetics of 67, 72
plasma levels of 68, 73
selectivity of 103
toxicity of 68, 71
mutagenic potential 71
Receptors
biochemical characterization 30, 31
on circular muscle fibers 159
classification of CCK 27, 44
high affinity binding sites 80
low affinity binding sites 81, 197
and contraction of isolated smooth
muscles 166, 183
on gallbladder smooth muscles 220
heterogeneity 27, 44, 45, 47
location of 19, 44
on pancreatic acinar cells 97
and satiety 47

233

type A CCK receptor 28, 44, 45, 94
in gastrointestinal tract 44, 71
on pylorus 160

type B CCK receptor 28, 45, 94
in brain 45, 46
BC 264, receptor agonist 46
L-365,260 46,71
PD 134 308 46

type gastrin receptors 28, 149

Satiety 47, 67
Secretin
and pancreatic secretion 136
and sphincter of Oddi 222
and tumor growth 188
Somatostatin 223
Substance P 212, 223
Sphincter of Oddi
anatomy of 220
and bile flow 221
CCK and 223
hormonal control of 222
and luminal pressure 224
and motility 225
neural control of 222

Trypsin
and CCK 136
inhibitor 59, 114
Tumor
growth 203
and pancreatic carcinogenesis 203

Vagotomy 160
Vagovagal reflex 162
Vagus nerve 56
afferents 56, 179
CCK binding sites 56, 160
and gastric distension 59
and gastric motility 57
and inhibition of gastric emptying 58
and intragastric pressure 60
and VIP 59
VIP, vasoactive intestinal polypeptide
59,224




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFA1B:2005
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200039002000280039002e0034002e00350032003600330029002e000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003100200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




