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INTRODUCTION

Cholecystokinin (CCK) is a major intestinal hormone with an important role
in regulating the control of pancreatic secretion and bile ejection. CCK is also
one of the most widely distributed of brain ncuropcptides. Its presence in the
brain was first conclusively demonstrated in 1976 (1). Gastrin and CCK-8
have identical -COOH terminal penta-peptide sequences. Most gastrinlike
activity in the brain is present as CCK-8, which exists in sulphated (CCK-S)
and desulphated forms. CCK-containing neurones are widely distributed in
brain. In some neurones CCK-8 coexists with other neurotransmitters.

Over the past decade major advances have occurred in our understanding of
CCK receptors. As will be discussed later, there are at least 2 types of CCK
receptor designated CCK-A and CCK-B. The gastrin receptor is similar to the
CCK-B receptor and, to date, no compounds have been developed that will
clearly distinguish between these two receptors.

Early in the 1980s the presence of putative CCK receptors was demon-
strated in the pancreas and brain of the rat (2, 3) and derivatives of cyclic
nucleotides were shown to antagonize the actions of CCK in the guinea pig
pancreatic acini and ileum (4, 5). Although an important physiological role
for CCK receptors in the periphery was recognized, the function of CCK in
the brain was not understood.

In recent years specific and highly potent CCK antagonists have been
developed including some that are highly selective for CCK receptor subtypes
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and have good brain penetrability. The availability of these compounds has
prompted investigations into the functional role of CCK in brain and has
opened up new possibilities for the treatment of CNS disorders.

CCK ANALOGUE BINDING AND CCK RECEPTOR
SUBTYPES

High affinity CCK binding sites were initially demonstrated on isolated rat
pancreatic acini (6) and rat cerebral cortex (3). Distinct differences in the
specificity of brain and peripheral binding sites for various CCK-related
peptides were immediately evident (2, 3, 7). First, the minimum sequence
required for high affinity binding to brain sites differs from that in the
periphery. In the brain, C-terminal tri- and tetra-peptides of CCK (8-10)
appeared to bind to a single class of receptor to which CCK-8 also binds (11,
12), making the presence of separate high affinity binding sites for CCK-4
unlikely. However, at peripheral binding sites CCK-8 appears to be the
minimal sequence for high affinity binding. This may be related to the
sensitivity of the peripheral receptor to the presence and exact position of the
sulphate moiety (13). This is apparently not the case for the central sites,
hence CCK-4, gastrin, and desulphated-CCK bind to these sites, albeit with
some loss of potency when compared with CCK-8 (9, 14), whereas these
compounds have up to a 600-fold decrease in affinity for the peripheral site
when compared with CCK-8 or CCK-33. Sulphation of CCK at position 7
from the COOH terminal is essential for high affinity binding at peripheral
sites (13, 15) but not at central sites. This indicates structural differences
between the two receptor types, possibly reflecting the evolutionary pressures
for peripheral receptors to distinguish CCK from gastrin. It was later shown
that the order of potencies of CCK-7 and CCK-8 analogues with substitutions
at positions 3 or 4 differ markedly between pancreatic and brain receptors
(16). In addition, the development of cyclic CCK-related peptides highly
selective for central sites (17—-20) provided further useful tools for distinguish-
ing receptor types. The use of CCK fragments combined with autoradiogra-
phy provided the first evidence for the presence in the brain of two CCK
receptor types, “A” (alimentary) and “B” (brain) (21). The evidence from
binding studies for CCK-A and CCK-B receptors has been supported in
functional experiments, for example, amylase release from pancreatic acinic
(22) and excitatory responses in rat hippocampal neurones (23). Extensive
evidence now indicates that the original classification of peripheral CCK
receptors as CCK-A type and brain receptors as CCK-B is an oversimplifica-
tion. Yoder & Moody produced evidence for B type receptors in the periphery
on small cell lung cancer cells (24), although, as previously mentioned,
CCK-B receptors resemble gastrin receptors. Differences in peripheral recep-
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tors have been reported from studies on pepsinogen secretion from chief cells
from guinea-pig stomach. Here a class of receptors was designated as “C”
receptors, differing from CCK-A receptors in the ability of gastrin I to
stimulate secretion with equal potency to CCK-8. “G” receptors were similar
to gastrin receptors but again displayed equal affinity for gastrin and CCK-8.
The C receptors, like CCK-A receptors, were blocked by antagonists like
L-364,718 (devazepide) and proglumide (25).

The distribution of CCK-A and CCK-B receptors in brain has been an-
alyzed in a series of studies using binding and autoradiography techniques
(26-29) in conjunction with highly selective CCK-A and CCK-B antagonists
(30, 31). Autoradiography has revealed CCK-A receptors in area postrema,
nucleus tractus solitarius, and interpeduncular nucleus of the rat (30, 31).
There is, however, a substantial species variation in receptor specificity and
localization (26). Accordingly, in the primate, CCK-A receptors occurred in
substantia nigra (Figure 1), mammillary body, and substantia gelatinosa of the
spinal cord, whereas in rat these regions contained CCK-B receptors (30). In
the rat, the CCK-A receptors in the interpeduncular nucleus were presynaptic
since they were depleted following a lesion in the habenula (31). Neverthe-
less, the majority of brain CCK receptors as revealed by autoradiography are
CCK-B, with a high density of sites in ventromedial hypothalamus, cortex,
hippocampus, and areas of the limbic system and basal ganglia (30, 31).

A further way to examine potential receptor heterogeneity has been to
determine the molecular mass following solubilization and either photo-
affinity labeling or chemical cross-linking. A variety of photo-affinity labels
revealed some differences in the minimum molecular weights of receptors
from differing peripheral sources. Thus, in the pancreas the complex was
determined as a 76 kd subunit linked via a disulphide bond to a 40 kd subunit
(32, 33). In gastric smooth muscle tumors (34) the major subunit was
determined as 80 kd and in gallbladder as 70-85 kd (35). Both studies
reported minor bands on the polyacrylamide gels corresponding to a mol wt of
100-120 kd. In contrast, the only subunit identified in solubilized cerebral
cortex had a mol wt of 55 kd (36). This emphasizes the structural and
functional differences in pancreas and brain CCK receptors. These studies all
used probes based on long lengths of CCK (e.g. CCK-33 CCK-39) that can
give rise to potential degradation artifacts common in this type of approach.
Subsequent studies based on the shorter CCK-8 molecule (37—42) revealed a
receptor complex of minimum molecular mass 85-95 kd for the pancreatic
subunit (43) and 70-85 kd for the bovine gallbladder (44). All minor bands of
40 to 50, 92, 100, or 200 kd, previously reported, appeared to be dependent
on the cross-linker type and its concentration (44). This difference in mol wt
for the pancreatic and gallbladder receptor complexes might represent
molecular heterogeneity of the peripheral CCK receptor. Further, the applica-
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TOTAL +MK-329

Figure ]l Autoradiographs of 1251-Bolton Hunter CCK binding to progressively caudal sections
through the substantia nigra in cynomolgus monkey brain. CCK-A receptors defined with the
CCK-A antagonist MK-329 (devazepide) were present throughout the rostrocaudal axis of the
substantia nigra and were concentrated in the zona compacta (snc) rather than the zona reticulata
(snr). Taken from ref. 30.
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tion of such probes to central receptors might help to confirm the existence of
differences in the molecular structures of CCK-A and CCK-B type CCK
receptors.

The autoradiographic studies in the brain have proved a useful method of
locating CCK receptor subtypes. However, additional approaches are re-
quired to demonstrate possible functional relevances of the receptors. In this
respect the use of electrophysiological techniques has been particularly valu-
able and has revealed the presence of CCK receptors not readily detectable by
autoradiography. Using slice preparations maintained in artificial CSF and
recording from single neurones, excitatory responses to CCK can be demon-
strated in the ventromedial nucleus of the hypothalamus where CCK has
potent excitatory actions mediated by CCK-B receptors (45). However, in the
dorsal raphe nucleus a completely different pattern of pharmacological
specificity is observed. The 5-hydroxytryptamine (5-HT) containing neurones
in the dorsal raphe nucleus can be subdivided into at least three different
populations of cells. In one group the neurones are potently excited by CCK
but are unaffected or only rarely affected by bombesin (46, 47). The CCK
response appears to be mediated by CCK-A receptors (46, 47). About 40% of
5-HT-sensitive neurons in the dorsal raphe that are unaffected by CCK are
potently excited by bombesin; the third group of 5-HT-sensitive cells in the
dorsal raphe nucleus are unaffected by CCK or bombesin (46, 47).

Data summarizing the sites where CCK receptors have been located, the
type of receptor thought to be present, and the possible activity mediated by
CCK at this site are given in Table 1.

CCK RECEPTOR ANTAGONISTS

CCK receptor antagonists can be grouped into five broad categories: (a)
derivatives of cyclic nucleotides; (b) derivatives of amino acids; (c¢) partial
sequences and derivatives of the C-terminal sequence heptapeptides of CCK;
(d) benzodiazepine derivatives and (e) nonpeptide “peptoids”, based on frag-
ments in the CCK molecule.

Derivatives of Cyclic Nucleotides

Dibutyryl cyclic guanosine monophosphate (Bt,cGMP) (Figure 2) was the
first competitive antagonist of CCK-mediated actions to be discovered (4). It
was found to cause reversible and selective inhibition of CCK-stimulated
amylase secretion from rat pancreatic cells. Subsequently, it was found to
block the actions of CCK at many peripheral sites, for example it antagonized
the action of CCK on the ileum myenteric plexus of the guinea-pig (5),
inhibited the CCK-stimulated release of insulin from rat pancreas (48), and
prevented CCK-evoked contraction of guinea-pig gallbladder (49). However,
Bt,cGMP failed to act as a specific inhibitor of CCK binding in mouse
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Table 1
Action of CCK
Site of CCK receptor Type of receptor Species examined Well-established Unknown or speculative References
Pancreatic acinic A Rat, guinea pig, dog Amylase secretion 2, 3, 22, 186
Pancreatic islet cells A Rat Stimulation of insulin release 8, 48
Gastric mucosa (fundic A Guinea pig Control of pepsinogen secre- 180, 183, 189
glands) tion, and contraction of
longitudinal muscle
B Contraction of neurally
mediated circular muscle
Gallbladder (smooth A Guinea pig, cow, human  Contraction of longitudinal 35, 49, 189, 194,
muscle) muscle 205
B Contraction of neurally
mediated circular muscle
Pyloric sphincter + ileum A Cow, guinea pig Control of gastric emptying 187, 189, 201
+ colon and intestinal mobility
B Contraction of neurally
mediated circular muscle
Gastric smooth muscle A Human Inhibition of gastric emptying 34, 203
cells
Gastwric smooth muscle A Unknown
tumor cells
Stomach chief C+G Guinea pig Pepsinogen secretion 25, 206
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Retina
Caudate nucleus
Cerebral cortex

Dentate gyrus
Olfactory bulb

Claustrum
Nucleus accumbens

Substantia nigra
and striatum

Amygdala

Hippocampus

Caudate nucleus

unclassified
B
B

Toad

Rat

Mouse, rat, guinea pig,
human, hamster

Rat, hamster, macaque
Rat, hamster, human

Rat
Rat, human not in mouse

Monkey
Rat

Cow

Rat, macaque, hamster,
human, not in mouse or
guinea pig

Rat, macaque, hamster,
human

Rat, human

Mediation ef turning behavior
and enhanced dopamine
efflux

Unknown

Regulation of motor function

Modulation of dopaminergic
systems

Unknown

Control of food intake and
satiety

Unknown

Hypoexploration.

Increased firing rate of
dopamine neurons

Potentiation of the inhibitory
effect of apomorphine and
suppression of dopamine
release

Facilitation of memory

Facilitation of memory

Unknown

198

179, 182

26, 29, 63, 82,
181, 182, 188,
197

8, 63, 196, 199

8, 29, 63, 181,
182, 188

63

8, 27, 63, 133,
134, 184, 188,
207

8, 30

184, 190, 191,
195, 207

27, 29, 63, 181,
188, 191, 200

8, 23, 29, 181,
182, 188, 200

182, 188

N
>
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Table 1 (continued)

Site of CCK receptor

Type of receptor

Species examined

Well-established

Cerebellum

Area postrema and nu-
cleus tractus solitarius
Medial temporal lobe

Interpeduncular nucleus
Spinal cord (dorsal horn)

Dorsal raphe

CHP212 Neuroblastoma
cells

Vagus nerve complex

Hypothalamus

Thalamic reticular
nucleus

B

A

Mouse, guinea pig,
human, not rat
Rat, human

Macaque

Rat, mouse, not guinea
pig
Monkey, human

Rat
Human

Rat, hamster, human
Rat, human, hamster, not
mouse Or guinea pig
In magnocellular cell

groups
Rat

Regulation of oxytocin
vasopressin release

Satiety effects

Unknown

Modulation of sensory
transmission

S
b
(o)
Action of CCK
Unknown or speculative References
Unknown 26, 27, 188
Unknown 21
Modulation of cortical 191
afferents
Unknown 138
Mediation of pain and
morphine analgesia
Stimulation of cell firing 132
Unknown 137

29, 188, 192, 204
29, 202

63, 193
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Figure 2 Structure of dibutyrl cyclic GMP.

cerebral cortex (7), nor did it inhibit the CCK-evoked release of acetylcholine
from guinea-pig gallbladder (49), a process believed to be neurally mediated.

Further studies have shown that although unsubstituted cyclic nucleotides
do not act as CCK antagonists, the butyryl derivatives of cGMP and cAMP do
show antagonist activity, although Bt,cGMP is the most potent. In addition,
the 8-bromo derivatives of cGMP and cAMP are equipotent with Bt,cGMP
(50, 51). The potency with which these cyclic nucleotides inhibited CCK-
stimulated calcium efflux and enzyme secretion correlates closely with the
potency with which the nucleotide inhibits '>°I-CCK binding, suggesting that
the compounds are acting at the recognition site of the CCK receptor.

Amino Acid Derivatives

During the 1970s, some amino acid derivatives were found to possess anti-
gastrin activity (52, 53). The chemical similarities between gastrin and CCK
made it probable that such amino acid derivatives would show CCK an-
tagonist properties, and this was indeed the case (54). Proglumide (p,L-4-
benzamido-N,N-di-n-propylglutaramic acid) and benzotript (N-p-chloroben-
zoyl-L-tryptophan) have subsequently been shown to be competitive, CCK-
specific, antagonists for numerous peripheral sites. For example, both cause a
rightward shift in the dose-response curve for CCK-stimulated amylase secre-
tion (54, 55), antagonize the synergistic effect of CCK and glucose on insulin
release (56, 57), and block the antagonism of the CCK-induced contraction of
the smooth muscle in the gallbladder, stomach, and ileum (57). These
antagonists were found to be significantly more potent than Bt,cGMP,
and to have the added advantage of being active after oral administra-
tion (54, 57). Numerous studies followed in which proglumide was used to
determine the physiological role of CCK in mediating various behaviors.
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Interpretation of some of these results is difficult and discrepancies exist
between the doses required to block behavioral events and the potency of
proglumide at CCK receptors. Many of these studies were concerned with
satiety. Proglumide was found to reverse the CCK-induced reduction of food
intake in rats (58-60). This effect was observed when CCK was administered
either peripherally or centrally, specifically in the area postrema of the brain
(61, 62). Although the distribution of CCK receptors in the brain might point
to a CNS role for CCK in the control of feeding, it is not clear to what extent
the effect of the peptide on satiety is due to a peripheral mechanism (63).
Proglumide and benzotript have been used with limited success to analyze
other behavioral and functional actions of CCK (64—67). The results from
these studies need to be re-evaluated in the light of the development of
selective CCK-B antagonists and caution should be exercised in interpreting
results obtained using antagonists with relatively low selectivity between
CCK-A and CCK-B receptor subtypes in experiments intended to define the
receptor mediating the behavioral actions of CCK. This problem is com-
pounded by the finding that the original classification of CCK receptors into
“peripheral” and “central” subtypes no longer holds.

To determine the structural requirements for the interaction of the amino
acid derivative class of antagonists with the CCK receptors, derivatives of
benzotript and proglumide were tested. For derivatives of tryptophan it
appeared that potency was increased with increased hydrophobicity of the
N-acyl moiety (68), and of the various compounds tested N-carbo-benzoxy-
tryphophan (CBZ-tryptophan) was the most potent. Further testing of CBZ-
amino acids (69) established the additional importance of other structural
features, with aromatic amino acids being more potent than aliphatic ones of
comparable hydrophobicity.

The synthesis and evaluation of new glutaramic acid derivatives produced
CCK antagonists that not only displayed potencies hundreds of times greater
than proglumide (70, 71), but also had the added advantage, unlike the
CBZ-amino acids, that in the rat, mouse, and guinea pig no agonist activity
was observed (72).

Analogues of proglumide showed varying degrees of selectivity for CCK-A
receptors and suggested possible sub-types of the peripheral CCK receptor.
Thus, in a study of proglumide derivatives that differed in the length of the
di-n-alkyl group and in the substituents in the benzene ring, some derivatives
had higher affinity for the pancreatic CCK receptor than for the CCK receptor
mediating gallbladder contraction, and vice versa.

With CR 1409 or lorglumide (pL-4-(3,4-dichlorobenzoylamino)-5-(di-n-
pentylamino)-5-oxo-pentanoic acid), there was a 20-26-fold increase in
potency for blocking CCK-stimulated gallbladder contraction, but only a
twofold increase for blocking CCK-stimulated pancreatic amylase secretion
(73-77).
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Two compounds of this group are of particular interest. CR 1409 and CR
1505 or loxiglumide (p,L-4-(3,4-dichlorobenzoylamino)-5-(N-3-methoxypro-
pylpentylamino)-5-oxo-pentanoic acid are both potent and specific competi-
tive antagonists for CCK-A receptors, and both are active when administered
orally (76). These compounds have proved active at peripheral sites in
blocking the contractile or secretory effects of CCK on tissues such as the
ileum, gallbladder, and pancreas (77-82), and the trophic effects of CCK but
not bombesin in the pancreas (83). They also block the effect of CCK on
satiety and the effect of CCK-4 and CCK-8S administered intracerebroventri-
cularly on the abdominal irritant-induced stretch assay, although the in-
terpretation of these results is tenuous (84—86). Variations in relative potency
have been observed in different tissues and species. Thus, CR 1409 is 7000
times more potent than proglumide in displacing binding to CCK receptors on
pancreatic acini and 1000 times more potent for pancreatic secretion and
growth (83). In another study, CR 1409 was much more effective in its ability
to block CCK-induced pancreatic growth in hamsters than in rats (87). A
more recent addition to this series of compounds, CR 1392 (p,L-4-(3,4-
dimethylbenzoylamino)-5-(di-n-pentylamino)-5-oxo-pentanoic  acid) has
demonstrated good antagonistic potential in a study of exocrine pancreatic
secretion, and appears to be less toxic (88) although it is two-threefold less
potent than CR 1409. This compound may be useful in studying the in vivo
physiological effects of CCK, and may have therapeutic potential.

Peptides

The first CCK-related peptide found to act as a CCK receptor antagonist was
CCK-27-32-NH; (89), which antagonizes CCK-induced pancreatic enzyme
secretion. In further studies, a new class of CCK receptor antagonists was
created, based on COOH-terminal fragments of CCK (90), with a potency 30
times that of Bt,cGMP. Research on pancreatic acini tissue has identified
some important structural characteristics necessary for antagonist activity (89,
91, 92). In one study, the C-terminal amide (91) was shown to be an
important determinant of affinity for the receptor. The C-terminal phenylala-
nine was claimed to be essential for intrinsic activity but not for binding (89).
However, in a series of CCK 26-32 fragments including acetylated an-
alogues, the N-terminal acetyl group appeared to have little or no effect on the
affinity of the peptide for the receptor (91). The L-tryptophan residue is
important also for binding to both central and peripheral CCK receptors and
the significance of the correct stereochemistry is emphasized by the finding
that the replacement of the L-tryptophan residue by bp-tryptophan in C-
terminal octa- and hepta-peptide analogues of CCK results in peptides with
CCK-antagonist properties (92).

Peptide CCK antagonists have been used in functional studies, for example
the CCK analog CCK 27-33 antagonized a CCK-mediated depression of
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synaptic transmission in hippocampal slice preparations, whereas proglumide
appears to have no effect (93). In another study, a synthetic peptide derivative
of CCK-7, t-butyloxycarbonyl-Tyr (SOs-)-Met-Gly-p-Trp-Nle-Asp2-phenyl-
ethyl ester inhibited binding of labeled CCK-9 to both pancreatic acini and
cerebral cortical membranes (94) in addition to blocking agonist-stimulated
amylase secretion.

Since 1980, two classes of CCK binding sites are thought to be present on
pancreatic acini. Scatchard analysis following binding studies using radio-
iodinated CCK indicated the existence of a very high affinity site and a lower
affinity site (6). Recently, a COOH-terminal heptapeptide of CCK,Boc-
Tyr(SOs)-Nle-Gly-Trp-Nle-Asp-2-phenylethyl ester (CCK-JMV-180) was
found to distinguish between these high and low affinity sites (95). CCK-8-
stimulated amylase secretion from pancreatic acinii gives a bell-shaped dose-
response curve. The upstroke of the curve corresponds to the occupation of
high affinity stimulatory CCK receptors (Kd 70 pM). This secretory effect of
CCK is mimicked by CCK-JMV-180. The downstroke of the dose-response
curve reflects the occupation of low affinity, inhibitory, CCK receptors (Kd
10 nM). CCK-JMV-180 did not mimic the inhibition of amylase secretion at
these receptors but rather reversed the effects of the natural peptide. This was
interpreted as the compound having agonist activity at the high affinity
pancreatic CCK receptors and competitive antagonist activity at the low
affinity ones. Hence CCK-JMV-180 may provide a useful tool for analyzing
the functions of these receptor types. A recent study suggested that the
occupation of the low affinity CCK receptor sites is responsible for calcium
mobilization (96), thought to play an important role in stimulus-secretion
coupling in pancreatic acini. Likewise, the decapeptide CCK analog, caeru-
lein, is thought to induce pancreatitis in rats by interacting with low affinity
receptors (97) and inhibiting pancreatic digestive enzyme secretion. CCK-
JMV-180 was reported to protect against the caerulin-induced pancreatitis
7).

Although CCK-JMV 180 may provide further insights into the functional
significance of high and low affinity CCK receptors in the periphery, the lack
of oral availability of it and other peptide CCK antagonists severely restricts
their potential therapeutic use.

Benzodiazepine Derivatives

In a study involving iontophoretic application of CCK onto hippocampal
neurones, it was reported that the benzodiazepines flurazepam, diazepam, and
lorazepam, cither acutely or chronically, could block some actions of CCK
(98, 99), although some of the interpretations in these reports are open to
question. In a more quantitative study on peripheral CCK receptors, the
benzodiazepines chlordiazepoxide, medazepam, and diazepam were shown to
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antagonize the contractile response to CCK in isolated strips from guinea-pig
gallbladder (100, 101), although the potency of the compounds on CCK
responses was not very high. That the effects of the benzodiazepines referred
to above might be unrelated to their effects on benzodiazepine receptors was
indicated by the finding that tifluadom, a benzodiazepine derivative that is a
kappa opiate agonist but with very little effect on classical benzodiazepine
receptors, is a potent CCK-A antagonist (102).

Lorazepam and chlordiazepoxide also inhibited nerve-mediated responses
of ileal longitudinal muscle to CCK (103). However, benzodiazepines were
weak in displacing CCK-binding in mouse brain (ICso about 10 uM) (104).

The discovery during a natural product screening program (105) of a new,
naturally occurring benzodiazepine, asperlicin, isolated from the fungus
Aspergillus alliaceus, represented a major advance in the development of
CCK receptor antagonists. Asperlicin proved to have a 300 to 400 times
greater affinity for pancreatic, ileal, and gallbladder CCK receptors than
proglumide, and is thus selective for CCK-A receptors as opposed to CCK-B
or gastrin receptors. In further studies, four additional nonpeptide antagonists
of CCK from the same fungal source (106, 107) were isolated and their
structure determined. One compound, asperlicin B, was seven times more
potent than asperlicin in binding studies using rat pancreatic membranes
(106). Asperlicin had long-lasting CCK antagonist activity in vivo. However,
low water solubility and poor oral bioavailability severely limited its use as a
tool for pharmacological and physiological investigations. Thus, better an-
tagonists were sought from this benzodiazepine class of CCK receptor an-
tagonists (108). Analogues of asperlicin were synthesized that showed
marked improvements in potency and water solubility (109). Then, using the
known structures of 1,4-benzodiazepines and asperlicin, design and subse-
quent synthesis of the 3-substituted 1,4-benzodiazepin-2-amines followed
(110). These proved to be potent, orally available CCK-A antagonists. Of
particular interest was the compound 3S(—)-N-(2,3-dihydo-1-methyl-2-
oxo-5-phenyl-1H-1,4-benzodiazepine-3-yl)-1H-indole-2-carboxamide, now
known as L-364,718, MK-329 or devazepide. This compound is one of a class
CCK-A receptor antagonists with nanomolar affinity and selectivity for pe-
ripheral receptors, long-lasting efficacy in vitro and in vivo, and with oral
bioavailability (111). Recent work on the synthesis and biological evaluation
of 3-substituted benzolactams produced orally active, nanomolar potency
antagonists for the pancreatic CCK receptor. Thus, the benzodiazepine part-
structure is not essential for CCK antagonism. Molecular modeling studies
suggest that the necessary elements could be the benzodiazepine and benzo-
lactam core conformations, the 3-substituents, and a hydrophobic substituent
at N-1 of the benzolactams or at C-5 of the benzodiazepines. These could all
be similarly orientated so as to interact similarly with the CCK receptor (112).



Annu. Rev. Pharmacol. Toxicol. 1991.31:469-501. Downloaded from www.annual reviews.org

by Central College on 12/09/11. For personal use only.

482 WOODRUFF & HUGHES

Devazepide possesses potent CCK-A blocking activity in different tissues:
pancreatic amylase secretion is antagonized (113-115), with a potency 600
fold greater than CR 1409 and 2,000,000-fold more than proglumide. Also
antagonized is pancreatic protein, enzyme and pancreatic polypeptide release
(116, 117), CCK-induced evaluation of plasma insulin levels in fed mice
(118) and the camostate- and caerulein-induced growth of rat pancreas (119,
120). CCK-induced contraction of the colon and gallbladder is blocked by
devazepide (121, 122), as is gastric emptying (123, 124). Furthermore,
L-364,718 can readily penetrate the blood-brain barrier (125), although its
central actions have not been well studied. Reportedly, devazepide can
antagonize the CCK-8-induced effects on open field behavior (126) and
impair CCK-8-induced memory processes (127, 128). Devazepide has been
claimed to be a selective antagonist of the effects of CCK-8 on food intake
(129, 130); the necessary dose of L-364,718 to block the anorexic effects of
centrally administered caeruleins was at least two orders of magnitude higher
than those required to antagonize peripheral CCK effects (131). Although
devazepide shows selectivity for CCK-A versus CCK-B receptors it is never-
theless a potent CCK-B antagonist and care should be taken when attempting
to distinguish between effects mediated by CCK-A or CCK-B receptors with
this compound.

Nevertheless, because of its potency as a CCK-A antagonist, devazepide
has proved to be a useful tool to characterize receptor subtypes involved in
certain CCK-induced activities. It is now known, through the use of de-
vazepide, that CCK-A receptors mediate the CCK-induced excitation of
neurones in the rat dorsal raphe nucleus (46, 47, 132) and the CCK-related
facilitation of dopamine efflux from the posterior region of the nucleus
accumbens (133). This latter effect may be related to the finding that de-
vazepide blocked the CCK-induced increased emotional state following direct
injection into the posterio-median part of the nucleus accumbens (134).

Devazepide failed to bind significantly to solubilized CCK binding sites
from the pig cerebral cortex, helping to establish that these solubilized
receptor sites are of the CCK-B type with a similar pharmacological profile to
that observed in membranes (135). Devazepide was a key tool in the auto-
radiographical demonstration of the presence of CCK-A receptors in various
brain regions (30, 31). The use of radiolabeled 1-364,718 has supported
previous work showing the presence of CCK-A receptors in the area postrema
and nucleus tractus solitarius (136), and also, surprisingly, identified CCK-A
receptors on CHP212 neuroblastoma cells, in contrast to the CCK-B receptors
widely distributed in cells of the CNS (137).

Further examples of species variations in the distribution of CCK-A recep-
tors within the CNS have been demonstrated. The use of L-365,031 (1-
methyl-3-(bromobenzoyl)amino-5-phenyl-3H-1,4-benzodiazepine-2-ore), an
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Figure 3  Structures of the CCK-A antagonists lorglumide and devazepide and of the CCK-B
antagonists 1.365,260 and CI-988.

analogue of L-364,718 with similar selectivity for CCK-A receptors, revealed
significant species differences in the distribution of CCK-A receptor sites
within the CNS. A high density of CCK-A receptors is found in the region of
the interpeduncular nucleus in the rat and mouse but not in the guinea pig
(138). Thus, substantial differences appear even in closely related species.
Devazepide has also been used to demonstrate the presence of CCK-A
receptors in the dorsal horn (substantia gelatinosa) of the spinal cord, and it
dose-dependently inhibited '2I-CCK binding at low concentrations in the
monkey and human, but not in the rat spinal cord (139), again demonstrating
species-specific receptor distribution patterns.

During the development of L-364,718 it was observed that some analogues
lost their selectivity for CCK-A. This led to the design of 1-365,260 or
(3R(+)-N-2,3-dihydo-1 -methyl - 2-oxo-5-phenyl-1H-1,4-benzodiazepine)-
3-y1)-N'-(3-methylphenyl)urea) (134). The structure of L-365,260 and other
CCK antagonists are shown in Figure 3. 1.-365,260 interacts stereoselectively
and competitively with guinea-pig stomach gastrin and brain CCK-B recep-
tors and in the original publications its quoted affinities for both were over
two orders of magnitude higher than its affinity for peripheral pancreatic
CCK-A receptors (141). It shows a similar high affinity for CCK-B receptors
in rats, mice, and humans, although this affinity is lower in the dog. Addi-
tionally, [*H]L-365,260 binds specifically to guinea-pig gastric glands (142).
Whereas 1-364,718 was reported to have a 125-fold higher affinity for
pancreatic CCK-A receptors than for gastrin receptors, L-365,260 showed a
80-fold higher affinity for gastrin/CCK receptors than for pancreatic CCK-A
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Table 2 Inhibition of '?[-CCK binding to CCK receptors'

ICso(nM)
Mouse cortex  Rat pancreas  Pancreas/Cortex

Compound CCK-B CCK-A ratio
Agonist

CCK-8S 330.3 0.1 0.3

Pentagastrin 0.8 600 750

CCK-8US 2.6 59 23

CCK-4 2.6 5330 2050
Antagonist

CI-988 1.7 2717 1598

L-365,260 5.2 240 46

L-364,718 31 0.2 0.006

CR 1409 500 7.1 0.01

4Taken from Ref. 45

receptors (143). In our own studies, we found 1.-365,260 to be less selective
for CCK-B receptors than originally reported, with a ratio of affinities for
CCK-A versus CCK-B receptors of 46 (Table 2).

Recently, both .-364,718 and 1-365,260 were used to investigate whether
the satiety response to CCK is mediated by CCK-A or CCK-B receptors.
L-365,260 was reported to be 100 times more potent than devazepide in
increasing feeding frequency and preventing satiety in partially satiated rats
(144). The conclusion from this study was that endogenous CCK causes
satiety by interaction with CCK-B receptors in the brain, and contrasts with
previous results that implicated CCK-A receptors in this response. However,
these results must be interpreted with caution. A significant effect of L-
365,260 was reported with doses as low as 100 pg/kg. L-365,260 has very low
water solubility and in this study the compound was administered in a
suspension in a carboxymethylcellulose vehicle (144). Clearly it is difficult to
accurately inject such low doses from a suspension. Certainly there is a large
discrepancy in the reported potency of L-365,260 in the satiety test (144) and
its potency at other CNS effects believed to be mediated by CCK-B receptors,
such as the elevated plus maze (see section on anxiolytic effects below) where
the threshold effective dose of L-365,260 is nearly 1,000,000 times higher.

In a study from Japan, anthramycin, a benzodiazepine derivative produced
by some streptomyces microorganisms, was reported to be a potent antagonist
of CCK in mouse CNS (145). Anthramycin reversed CCK-8-induced anti-
nociception and satiety, and was shown to displace ['**IJCCK-8 binding in
various brain regions, but especially in the cortex. Further investigations into
this compound are required to elucidate its pharmacological potential.
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PEPTOIDS

Recently, we have reported on CI-988 (previously known as PD 134308) and
PD 135158 (Figure 3), members of a new class of potent nonpeptide CCK
antagonists of a novel chemical structure (45). These compounds are ex-
tremely potent displacers of binding from CCK-B receptors with IC50 values
in the low nanomolar range (Table 2). In binding assays, using mouse cortex
membranes as a source of CCK-B and rat pancreas as a source of CCK-A
receptors, CI-988 and PD 135158 showed 1600- and 400-fold selectivity for
the CCK-B receptors, respectively. This represents a unique selectivity com-
pared with the other nonpeptide CCK-B receptor antagonist available (L-
365,260), where in the same assays the selectivity ratio was 46 (45). The
selectivity of these new ligands extended to other receptor systems and the
compound were relatively inactive in displacing binding from muscarinic,
histamine, GABA, 5-HT, or dopamine receptors. The functional potency of
the compounds was also demonstrated in slices of rat brain, containing the
ventromedial nucleus of the hypothalamus, where the compounds were potent
antagonists of the stimulatory effects of CCK on cell firing. CI-988 and PD
135158 are also potent antagonists of the gastric secretory action of pentagas-
trin in the Gosh & Schild test (unpublished observation), providing additional
evidence for the similarity between CCK-B receptors and gastrin receptors.
CI-988 and PD 135158 have provided us with greatly improved research tools
for use in mapping the distribution of CCK receptor subtypes (Figure 1) and
for investigating the physiological role of CCK-B receptors.

As previously mentioned, functional CCK-A and CCK-B receptors can be
demonstrated in brain using electrophysiological techniques. In single
neurones in slices of the ventromedial hypothalamus CCK has a potent
excitatory action; the receptors mediating this response can be classified as
CCK-B and in this preparation CI-988 and PD-135158 were potent an-
tagonists of CCK-induced increased firing with a Ke for CI-988 of 7.9nM, a
result in good agreement with the Ki values obtained from binding data (45).
In contrast, in slices of the rat dorsal raphe nucleus, CCK potently stimulates
a subpopulation of the 5-HT-sensitive neurones and this response is mediated
by CCK-A receptors (45) and is essentially unaffected by the two peptoid
CCK-B antagonists.

OTHER COMPARISONS OF POTENCIES OF CCK
ANTAGONISTS

Numerous studies have compared the potencies of various CCK-A antagonists
on various in vitro and in vivo CCK-mediated activities and some of these
have already been referred to. For accurate comparisons of potency all
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Table 3 In vivo and in vitro potency of compounds at peripheral
CCK-A receptors

ICsp* In vivo In vitro In vitro
Antagonist wmol/kg  secretion secretion binding
Proglumide 740 ] 1 1
Asperlicin 11 67 300 600
CR1392 9 82 800 1,000
CR1505 6 123 900 1,000
CR1409 3 250 2,500 4,000
L-364,718 0.025 30,000 1,000,000 3,000,000

#1Csp, mean inhibitory concentration. Data obtained from Ref. 142,

assessments must be carried out under conditions as similar as possible and
several papers have addressed this question in some detail. The first direct
comparison of the in vivo potencies of various CCK antagonists was using a
simple mouse assay, based upon visual determination of gastric emptying of a
charcoal meal. This produced a rank order of potency of r-364,718 >
asperlicin > proglumide (146). A more recent study compared the potencies
of various antagonists in guinea-pig pancreas and gallbladder tissue slices.
Binding studies produced a rank order of potency in gallbladder sections as
L-364,718 > CR 1409 > asperlicin = CBZ-CCK-(27-32)NH, > Bt,cGMP
(147). Similar potencies were found in pancreas sections, and the potencies
required to inhibit CCK-stimulated contraction or amylase release correlated
closely with their ability to inhibit '>I-CCK-8 binding in gallbladder and
pancreas sections or acini, respectively. These studies provided no evidence
of CCK-A receptor subtypes as measured by CCK antagonist affinity. An-
other study examined CCK antagonist potency in rat pancreatic secretion in
vitro and in vivo (148). The rank order of potency of compounds to an-
tagonize caerulein-stimulated amylase secretion in vivo agreed with their
relative potencies in vitro, and with their affinity to bind to peripheral CCK-A
receptors in vitro (see Table 3). However, the antagonists CR 1409 and
L-364,718 were in relation to proglumide, 10-33 times less potent in vivo
than in vitro.

The specificity of proglumide. CR 1409 and L-364,718 on CCK-8, car-
bachol- and glucose-stimulated insulin and glucagon secretion was compared
in the mouse (149). Only L-364,718 antagonized CCK-8-stimulated secretion
and not that caused by carbachol and glucose, indicating a greater specificity
of the antagonist for this system. Structural comparisons between CCK
receptor antagonist classes may provide new directives in the design of new,
improved CCK antagonists. Recent efforts have been directed toward es-
tablishing links between the proglumaide and benzodiazepine classes (CR
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1409 and L-364,718), with the result that hybrid CCK antagonists have been
synthesized that show improved activity over existing proglumide-derived
antagonists (150). Of particular interest has been the compound A-65,186,
which possesses good potency and selectivity for CCK-A receptors. This type
of molecular modeling approach may give rise to a greater variety of CCK-A
antagonists in the future.

In terms of CCK-B antagonists, the most potent compounds yet described
are PD 135302 and CI-988 (Table 1). These compounds have the added
advantages of high receptor selectivity, good water solubility, and high
potency in vivo.

USES AND APPLICATIONS OF CCK RECEPTOR
ANTAGONISTS

CCK Physiology and Pharmacology

As described, CCK antagonists have been widely used to investigate the
physiological roles for CCK and to identify the receptor subtypes involved in
its actions. As better and more diverse antagonists have been developed, their
use has broadened our understanding of CCK pharmacology and physiology.

Considerable interest has focused on the interaction of CCK and CCK
antagonists with analgesics of the morphine type. Experiments revealed the
reversal of opiate analgesia and morphine tolerance first by proglumide (151)
and benzotript (152), and later by benzodiazepines (153) and L-364,718
(154). The initial studies using proglumide and benzotript supported the
previous theory that CCK acts as an opiate antagonist, since morphine
analgesia is potentiated by these antagonists (155). It was concluded that the
endogenous release of CCK in response to opiate administration may act to
return the organism to the basal level of pain sensitivity. It was later found
that .-364,718 enhanced morphine analgesia in rats, and that the doses
required were sufficiently high to block CCK-B receptors, indicating possible
mediation of CCK involvement in antinociception by CCK-B type receptors
(156). The earlier work also showed that proglumide can reduce and prevent
the development of morphine tolerance (157). However, recent work using
L-364,718 showed that, although still preventing tolerance development, this
compound did not prevent the onset of opioid dependence (158), indicating
that separate mechanisms mediate morphine analgesia and dependence. It was
not clear whether the effects of L-364,718 (devazepide) were mediated by
CCK-A or CCK-B receptors. The new generation CCK-B antagonist CI-988
has been shown recently to markedly potentiate the effects of morphine in the

rat hot-plate test and on the excitability of a spinal nociception flexor reflex
(159).
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Obviously in addition to providing a better understanding of the role of CCK
within an organism, CCK antagonists may possess great therapeutic potential
in humans. The recent improvements in potency, specificity, oral-bioavaila-
bility, and low toxicity of new CCK antagonists has increased hopes of
producing therapeutically useful compounds. Past reviews have speculated on
what these possible therapeutic uses could be (160, 161). Here we look briefly
at past and present hopes regarding the therapeutic potential of CCK an-
tagonists, referring where possible to recent relevant studies.

Periphery

PANCREATIC DISORDERS The inhibitory effect of CCK antagonists on
pancreatic amylase secretion, coupled with observations that caerulein can
induce a form of pancreatitis, suggests that they may have therapeutic poten-
tial for treatment of pancreatitis. Proglumide, CR 1409, CR 1505, and CR
1392 are demonstrably effective in reducing elevated serum amylase, pan-
creatic weight, and the histological alterations in the caerulein and the sodium
taurocholate models of pancreatitis, even when administered after the pan-
creatitis has been induced (76, 162, 163). L-364,718 did not offer protective
effects in these two pancreatitis models (164, 165) but improved biochemical,
morphological, and mortality indexes in two surgical models of pancreatitis
(166), where CCK potentiated the severity of the pancreatitis produced. So,
despite some discrepancies in their effects, CCK antagonists are causing
increasing optimism in this field.

Additionally, the ability of CCK to stimulate pancreatic growth and of
CCK antagonists to antagonize this, has caused speculation about their poten-
tial value in the treatment of pancreatic cancer. In fact, recent work has
demonstrated that CCK is involved in camostate-induced growth of acidophil-
ic putative preneoplastic foci in rat pancreas and that CR 1409 inhibits its
growth (167).

BILIARY DISORDERS CCK is believed to be a major regulator of gallbladder
contraction, with CCK antagonists reducing contractions. Biliary colic is
thought to result from intense contractions of the gallbladder when a stone
obstructs the outlet and causes recurrent abdominal pain. Recently, loxiglu-
mide was given to six human patients with biliary colic due to gallstones, and
an immediate response was observed in all cases. All patients were pain-free
in 20 minutes with no observed side effects (168). Thus, the use of loxiglu-
mide or other CCK-A antagonists in the treatment of biliary colic looks
promising.
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GASTRIC DISORDERS Since CCK antagonists inhibit the CCK-induced de-
lay in gastric emptying, they may be of therapeutic use in disorders involving
problems with gastric emptying, and could also reduce the development of
satiety by this mechanism and hence enhance appetite.

The role of CCK as a regulator of intestinal motility has led to suggestions
that CCK antagonists may be of therapeutic use in the treatment of irritable
bowel syndrome. This has not yet been demonstrated and it is not clear
whether CCK-A or CCK-B antagonists would be preferable.

GASTRIN The CCK-B receptor is similar .if not identical to the gastrin
receptor. Currently available CCK-B antagonists have additional gastrin-
blocking actions and as gastrin antagonists may be of value in the control of
gastric acid secretion and in the treatment of gastrin-dependent proliferative
disorders and gastrin-dependent tumors.

SATIETY As described earlier, there have been reports that CCK antagonists
can reverse the satiety effects of systemic infusions of CCK-8, leading to
increased food intake and hence improved appetite. Such observations sug-
gest a possible role for CCK antagonists in the treatment of some anorectic
conditions and possible appetite suppressant properties for agonists. Howev-
er, postprandial plasma levels of CCK are apparently not sufficient to produce
satiety (169), and the question of whether CCK antagonists could reduce
satiety in disease states is still speculative.

POTENTIATION OF OPIATE/MORPHINE ANALGESIA Since CCK antagonists
cause potentiation of opiate analgesia, while at the same time protecting
against the development of narcotic tolerance, they may be clinically useful in
the management of chronic pain, possibly by reducing the opiate dose re-
quired. In addition, this potentiation is achieved without the potentiation of
other conditions such as respiratory depression and constipation (161).
However, a recent study showed that whereas acute pretreatment with pro-
glumide or lorglumide enhances spinal morphine analgesia, chronic treatment
diminishes spinal morphine analgesia (170).

Central Nervous System Disorders

ANTIPSYCHOTIC The coexistence of dopamine and CCK in the midbrain
has led to speculation that CCK antagonists may be therapeutically relevant
for the treatment of schizophrenia. Clinically, neuroleptics and dopamine
receptor blockers are effective in the treatment of schizophrenia and agonists
or indirect agonists such as amphetamine produce or exacerbate the psychotic
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symptoms. CCK and dopamine are colocalized in certain midbrain regions,
those in the VTA projecting mainly to the nucleus accumbens, suggesting that
CCK receptors might have some role in psychotic disorders. This notion is
supported by findings that chronic treatment with amphetamine significantly
reduced the Bmax for [°H] CCK binding in the cingulate cortex (171). A
study showing that intravenous administration of the antagonist CR-1409
reversed the depolarization inactivation of dopamine cells in the A9 and A10
regions induced by chronic haloperidol treatment (172) led to a suggestion
that CCK agonists might be of use as antipsychotics. However, much more
work is required on the possible interactions between dopamine and CCK.
Whether either agonists or antagonists at CCK-A or CCK-B receptors would
be of any value as antipsychotics remains an open question that can be
addressed using the new CCK antagonists. It is of interest that CCK-A
receptors are present in the primate substantia nigra and VTA (30).

ANXIOLYTIC The development of the new and highly selective CCK-B
antagonists previously referred to has provided us with powerful new research
tools to explore the functional role of CCK in brain. Accordingly, we used
these compounds to investigate the possibility that CCK might be involved in
the regulation of anxiety. If so, CCK receptor agonists and antagonists would
have effects in animal models of anxiety. One suitable model for testing
anxiolytic drugs is the rat elevated X-maze (173). In this model untreated
rats spend most of the test period in the two enclosed arms of the maze.
Anxiolytics such as benzodiazepines cause an increase in the time spent
in the open arm of the maze and conversely anxiogenic-treatment increases
the time spent in the closed arm. The rat social interaction test can also be
used to detect anxiolytic activity; in this test, social interaction of
a pair of rats is suppressed by an aversive environment and this suppressed
behavior is restored by anxiolytic drugs (174). The mouse black-white box is
also sensitive to all types of anxiolytics (175); in this mouse test, suppression
of exploration of the white compartment of the black-white box is restored by
anxiolytics.

The CCK-B antagonists CI-988 and PD 135158 were found to be remark-
ably effective and potent as anxiolytics in the above tests. In the two rat tests
for anxiolytics, CI-988 and PD 135158 were potent anxiolytic agents with
maximal anxiolytic activity being produced at doses of less than 0.1mg/kg
subcutaneously or intraperitoneally (45). Anxiolytic activity was maintained
over a wide dose range and even at doses as high as 30 mg/kg there was no
sign of sedation. The compounds were similarly potent as anxiolytics when
used in the mouse black-white test (45, 176) and in the marmoset-human
threat test of anxiety (45). Both compounds are active orally or sub-
cutaneously.
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Our results lead to the conclusion that brain CCK-B receptors are involved
in anxiety in the mouse black-white box and in the rat elevated X-maze. The
two nonpeptide antagonists CI-988 and PD 135158 are the most potent and
selective CCK-B antagonists yet described and are potent anxiolytics in the
test mentioned above. Furthermore, in preliminary experiments in our own
studies the CCK-A antagonist devazepide also showed anxiolytic-like activity
in the mouse and rat tests for anxiety, although because of the relative
nonselectivity of the compound this was perhaps mediated by CCK-B recep-
tors (45, 176). We have also demonstrated anxiolytic activity with the benzo-
diazepine CCK-B antagonist L-365,260 in the rat and mouse tests, although it
is less active than PD 135158 or CI-988 (45, 176).

Based on these results, the role of CCK in anxiety was raised. We used the
rat elevated X-maze for more detailed investigation of the possible anxiogenic
actions of CCK agonists following intracerebral injection in rats. Caerulein (a
mixed CCK-A and CCK-B agonist) or pentagastrin (a CCK-B selective
agonist), at low doses (1 and 0.3 nmol; minimum effective dose respectively),
significantly reduced the time rats spent in the open arm of the maze,
suggesting an anxiogenic action. The anxiogenic effect of pentagastrin was
antagonized by systemic administration of CI-988 (176, 177). Similar results
were obtained in mice (G. N. W., J. H., & L. Singh, unpublished observa-
tions).

The results of our experiments with the new and selective CCK-B an-
tagonists argue for an important role of central CCK-B receptors in anxiety.
Important to the argument is the observation that the CCK-B antagonists
themselves are anxiolytic, presumably by blockade of the endogenous peptide
action. As previously mentioned, CCK-A receptors are now known to be
present in discrete brain regions and the possible role of these receptors in
anxiety and other behavioral states requires further investigation (178).

These observations form the first clear indication of a major physiological
role in the CNS for CCK and related peptides. Interestingly, the CCK-B
antagonists have several major advantages over the widely used benzo-
diazepine class of drugs. The sedation, common with benzodiazepine ad-
ministration, was absent even at high doses of the drugs (45). Further,
rebound anxiety upon withdrawal following chronic administration that
occurs with benzodiazepines was absent following CCK-B antagonist ad-
ministration (45).

DRUG ABUSE As previously mentioned, CI-988 (PD 134308) produced no
signs of tolerance following a chronic dosing regime nor did it produce a
withdrawal anxiogenesis. In fact, the CCK-B antagonists suppressed the
benzodiazepine-induced rebound anxiety (45). These data suggest that in
addition to an anxiolytic action the compounds themselves may have a role
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in treatment of benzodiazepine dependence. Indeed CCK-B antagonists might
well find a broader use in the treatment of withdrawal from drugs of abuse
such as cocaine, alcohol, and nicotine. Much more work on these areas is
required.
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